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• Abstract 

A study of electronic temperature profiles and atomic 

spectral line-widths has been carried out in air-acetylene 

and nitrous oxide-acetylene flames. A method has been de-

vised to permit the selection of atomic line-pairs in the 

"two-line" spectroscopic method of flame temperature mea-

surement in order to minimize the effects of self-absorption 

of the atomic line emission from iron on the flame tempera-

ture values obtained with this element. A computer programme 

has been written to enable the selection of useful iron 

line-pairs for the determination of flame temperatures be-

tween 1600 - 3300°K. Typical results obtained using the re-

commended line-pairs are presented for premixed air-acety-

lene and nitrous oxide-acetylene flames, and the incorrect 

temperature results obtained by a more arbitrary selection 

of line-pairs are also demonstrated for these flames. The 

variation of temperature with height above the primary re-

action zone for shielded and unshielded premixed nitrous 

oxide-acetylene flames has been investigated. Temperature 

profiles for the lean, stoicAometric and fuel-rich flames 

with argon and nitrogen separation of the flames have been 

obtained. The line-widths of the Ca 4226.73 A line emitted 

from air-acetylene and nitrous oxide-acetylene flames have 

been recorded at various calcium concentrations. Values 

for pressure broadening and a-parameters have been evalu-

ated in both flames, using the half-widths which are obtained 
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from extrapolation to zero concentration. The emission 

Profile in an air-acetylene flame at extrapolated zero 

concentration is compared with an absorption profile, 

also obtained experimentally against a broadened calcium 

emission source. A line-shift to the red has been observed 

and measured for the absorption profile in the air-acetylene 

flame. 
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CHAPTER I  

INTRODUCTION 

1.1 	Temperature and Line ,Widths Measurements in Flames  

The recent rapid growth in the use of atomic emission, 

absorption and fluorescence spectroscopy as analytical 

techniques has focused interest on the development of 

suitable atomic line sources and has stimulatedgeat 

activity in the development of new or improved flames 

as sources of free atoms. Temperature measurements in 

flames and line-widths studies in line-sources and flames 

represent an important part in this development work. The 

evaluation of temperature permits a better understanding 

of the processes which govern the production of free atoms 

of elements in flames. There is a particular need for 

temperature measurements in inert gas-shielded premixed 

nitrous oxide-acetylene flames, which have been shown to 

permit improved detection limits and sensitivities for the 

determination by flame atomic mission, absorption and flu-

orescence spectroscopy of elements which form refractory 

oxides. It is not yet understood whether the high temper-

ature or the appreciable partial pressure of reducing spe-

cies in the interconal zone of these flames is the more 

determining factor for the support of high atomic popula-

tions of refractory oxide forming elements. 

Line-widths studies are of considerable value for the 
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physical characterization of sources of radiation as they 

provide information about the processes occurring in the 

source of radiation. In addition the line profile influ-

ences the shape of the analytical curve and is therefore 

of particular importance for analytical flame spectrometry. 

Knowledge of atomic line profiles allows the prediction of 

analytical curves in atomic fluorescence spectroscopy. In 

atomic absorption spectrometry the relative widths ofEmis-

sion lines from hollow-cathode lamps or electrodeless dis-

charge lamps and absorption lines in flames can account for 

the linearity, decreased slope and bending of the analyti-

cal curve. 

At first sight temperature and line-widths in flames seem 

to be two different properties. The actual line profile of 

atomic lines in flames is determined, however, by Doppler 

and pressure broadening, both of which depend on the par-

ticle velocity. As the particle velocity distribution is a 

function of temperature, the close correlation between tem-

perature and line-widths becomes evident. Measurements of 

line-widths in flames 'require therefore the assumption of 

a meaningful temperature for the broadening process. The 

difficulty of defining the flame temperature is generally 

realized as flame gases are possibly not in equilibrium. 

It is, therefore, important to consider carefully the impli-

cations of thermal and radiative equilibrium and to discuss 

the mechanisms which lead to electronic excitation and 

to chemiluminescence. This has been done very generally 

in the following sections of the introduction. A more 
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energies, however, the quantum restrictions reduce the 

amount of energy which can go into these degrees of free-

dom. The distribution of molecules or atoms among the 

possible energy states is then a function of temperature 

and is given by the Maxwell-Boltzmann distribution law. 

If for any one energy value there are a number g of 

physically distinguishable states of the molecule, all 

having the same energy E , then the proportion of mole-

cules with this energy E will be increased by a factor 

g to g . e - E/kT, g is known as the statistical weight, 

and its value can be assigned if the type of energy term 

is known from spectroscopic data. 

In equilibrium the rate of conversion of energy of one form 

into that of another must be the same as for the reverse 

process. Thus, for example, deactivation of an electroni-

cally excited molecule by collision must be balanced by ex-

citation by collision; deactivation by emission of radiation 

must be balanced by absorption of radiation; release of trans-

lational energy following chemical reaction must be balanced 

by loss of translational energy in activating the reverse 

chemical reaction. This is sometimes referred to as the prin-

ciple of micro-reversibility. 

In most flames the emissivity of a line or band is usually 

much below unity. The attainment of electronic equilibrium 

thus depends on the efficiency of the exciting and de-excit-

ing collisions, such that de-excitation by radiation is only 

a small fraction of. the de-excitation by collisions. 
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At low pressure this will not be the case, even if the 

gases are otherwise in chemical and vibrational eauili-

brium. The consequence is the lowering of the population 

of the electronic state and thus a decrease in line or 

band emission. This condition has been called 'radiation 

depletion' or 'collision limiting'. 

If flames are in thermal equilibrium and thus the principle 

of micro-reversibility holds true, temperature measurements 

carried out by different methods will lead to the same re-

sults. These values can then be compared with theoretically 

calculated temperatures allowing for heat losses due to con-

duction, radiation and air-entrainment. Temperature measure-

ments are, therefore, apart from the very useful practical 

information they provide, a suitable procedure for testing 

thermal equilibrium. Even when equilibrium does not exist, 

studies of the effective temperature distribution in a flame 

can be of great value as they may indicate the extent and the 

type of the departures from equilibrium and contribute to 

the understanding of energy transfer processes in the flame 

gases. Major departures from thermal equilibrium, however, 

have been only observed in the reaction zone or flame front. 

As the project described here deals only with temperature 

measurements in the interconal zone of small steady flames 

burning at atmospheric pressure, it was not expected that 

significant departures from thermal equilibrium would be 

observed. 
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1.3 Processes of Electronic Excitation 

Much of the information about the temperature, line-widths, 

species concentrations and state of equilibrium of flame 

gases comes from study of the visible and ultra-violet ra-

diation, which results from emission by electronically ex-. 

cited atoms and molecules. For a quantitative interpretation 

of the data obtained from emission spectroscopy it is neces-

sary to know something of the processes leading both to ex-

citation and to quenching. 

For electric discharges excitation is due to impact by fast 

electrons produced by the discharge and accelerated by the 

electric field. In flame gases, however, the concentration 

of electrons is much lower and the proportion of electrons 

with sufficient energy to cause excitation will be•;'much less. 

For burnt gases in equilibrium the number of free electrons 

should certainly be much too small to contribute appreciably 

to the excitation. 

The conversion of translational energy of particles of mole-

cular mass into energy of electronic excitation is unlikely 

to account for appreciable excitation as it is rather im-

probable that a relatively light electron will gain much ener-

gy and therefore change its orbit because of collision with 

a more massive particle. By the principle of micro-reversi-

bility the conversion of kinetic energy of translation into 

electronic excitation must also be inefficient. There may be 

exceptions in special cases when a crossing of potential 
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energy curves occurs, as indicated below. 

There appear to be two remaining methods of producing elec-

tronic excitation, conversion of internal molecular energy 

into electronic excitation by collision, and chemical pro-

cesses. 

A4-B 

AB* 

AB 

Inter-atomic distance 

Fig. 

The conversion of internal molecular energy (i.e. energy 

of vibration and rotation) into electronic excitation during 

a collision is best understood in terms of the potential ener-

gy surfaces of the collision complex which is momentarily 

formed. Fig. shows two potential energy curves of a diato-

micuolecule AB, one dissociating to normal atoms A + B, and 

the other to a normal atom A and an excited atom B. As the 

two curves cross at the point X, a radiationless transition 

may take place from one electronic state to the other. If the 
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point X lies above the dissociation limit to A + B then 

the well-known phenomenon of predissociation occurs, in 

which the transition from a level of the excited molecule 

AB*  above X will lead to the formation of a normal mole- 

cule AB with more vibrational energy than it can retain, 

and the molecule will dissociate. If the crossing occurs 

below the dissociation limit, the energy levels of both 

AB and AB*  will be perturbed in the region of the crossing 

point X, and the radiationless transition from state AB*  

to AB will only lead to conversion of the electronic exci- 

tation energy into vibrational energy. 

The collision between a normal atom A and an excited atom 

B4  can momentarily lead to the formation of a molecule in 

the excited state AB*  which can undergo radiationless tran-

sition to the normal molecule AB which then, having too much 

vibrational energy, dissociates to normal atoms. The net re-

sult is conversion of excitation energy into translational 

energy with which the atoms fly apart. The reverse process, 

collision of normal A and B atoms with large amounts of trans-

lational energy, could lead to the formation of an excited 

atom B*. However, this process is more complex because usual-

ly the collision will not be head-on. If the collision is not 

head-on, the system will possess angular momentum, and the 

potential energy curves must be replaced by effective poten-

tial energy curves in which the energy due to the angular mo-

mentum or rotation, is included. At first sight there appears 

a good chance of crossing of potential curves as indicated in 

Fig. 1. However, many of the possible molecular states will 
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be unstable, having, repulsive energy curves, and crossings 

are only important if the selection rules for radiationless 

transitions are fulfilled. For diatomic molecules there is 

a further restriction that crossing of curves of states of 

the same electronic species is forbidden (3). Thus, in prac-

tice, conversion of translational energy into electronic ex-

citation by this process will be rare for collisions between 

free atoms. 

For collisions between molecules or between an atom and a mo-

lecule, the potential energy curves must be replaced by po-

tential energy surfaces. These surfaces may be more numerous 

than for the diatomic case, and being surfaces instead of 

lines, there is a better chance of crossing. Also the non- 

crossing rule does not 

cules (4) so that more 

apparently apply for polyatomic mole-

crossings are allowed. 

The high efficiency of interconversion of electronic and vi-

brational energies was suggested by observation of the effi-

cient quenching of resonance fluorescence by molecular gases 

(5, 6, 7) but not by atomic gases. In the quenching of mer-

cury resonance fluorescence by carbon monoxide Polanyi (8) 

and Karl, Kraus and Polanyi (9) have shown that the CO mole-

cules emit in the infra-red, a high proportion of the'elec-

tronic energy is converted into vibrational energy. To ex-

plain this effect it is necessary to assume the formation 

of a collision complex with crossing of potential energy sur-

faces. The reverse effect, the direct electronic excitation 

of atoms (Na) by vibrationally excited molecules (N2) has 
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been demonstrated by Starr (10). It seems that when there 

are departures from equilibrium the electronic excitation 

temperature is likely to be closer to the effective vibra-

tional temperature than to the translational temperature (1). 

Chemical processes may also be important in causing electronic 

excitation. These may fall into two general classes of reaction 

A + B + C AB + C*  

and 

AB + C = A*+ BC or AB + CD = AC + BD*  

where A, B, C and D may be either single atoms or molecular 

groups, and the asterisk,*  , always denotes electronic exci-

tation. 

The first reaction involves three-body collisions. From gas 

kinetic values, three-body collisions are about a thousandth 

as frequent as two.-body ones at atmospheric pressure. Thus 

reactions of this type need to be very efficient to contri-

bute appreciably to excitation at atmospheric pressure. It 

should, however, be remembered that effective cross-sections 

for this type of reaction may be much larger than those from 

gas-kinetic data, and also for large molecules the formation 

of collision complexes may increase the proportion of three-

body collisions. 

The second type of reaction requires only two-body collisions 

and so may appear more likely, but the number of possible re-

actions of this type is much more limited, and it would, for 

example, be difficult to find reactions of this type to account 
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for the excitation of free metallic atoms in flame gases. 

This type of reaction involving a re-arrangement of the 

system may be also less efficient because of steric factors. 

The types of chemical processes leading to electronic exci-

tation have been discussed in detail by Laidler (5). 

1.4 Conditions for Radiative Equilibrium 

As mentioned previously, the attainment of electronic equi-

librium depends on the efficiency of the exciting and de-

exciting collisions, such that de-excitation by radiation 

is only a small fraction of the de-excitation by collisions' 

The The collision processes must be rapid compared with the ra-

diation deactivation, otherwise the amount of excited atoms 

and molecules will fall below that expected from the Maxwell-

Boltzmann distribution law, and any measurement of temperature 

depending on the determination of the population of excited 

states will fail. 

The radiative life, that is, the average time before an un-

disturbed excited atom or molecule loses its excitation by 

radiation, can be determined from quantitative measurements 

of the strength of the absorption or emission from the gas 

at known concentration and temperature, or from direct mea-

surement of radiation decay. Some illustrative values taken 

from various literature sources are given by Gaydon and 

Wolfhard (1). 

The number of collisions which a molecule suffers is diffi-

cult to define because the gas-kinetic value is not directly 
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related to the value for transfer of excitation energy. 

However, it may serve as a yard stick. From kinetic theory, 

the number of collisions of molecules of type 1 with mole-

cules of type 2 is: 

Z = 2 n1 n2G 12 

where n1 and n2 are the concentrations, M1 and M2 are the 

molecular weights and.012 
 
2  is the effective collision cross-

section. Values of the effective collision cross-section can 

be derived from measurements of viscosity, diffusion coeffi-

cient, thermal conductivity or van der Waals's equation. Some 

values for effective cross-sections fox-deactivation of elec-

tronically excited atoms can be derived from quenching of 

fluorescence. 

Gaydon and Wolfhard (1) suggest that in a flame at atmospheric 

pressure an excited atom may suffer up to perhaps 5 x 109  

effective collisions for deactivation per second. For a fully 

allowed transition with a radiative life of 10-8 sec, which 

is the order of magnitude for Na 2S - 2P and K 2S - 2P, 

a molecule will thus suffer about fifty collisions during 

this time. Therefore, it seems that under normal circumstances, 

processes of activation and deactivation by collision are like-

ly to be much more important than radiation processes at at-

mospheric pressure. 

This appears to be supported by experiment.. Measurements of 

flame temperature by the sodium-line reversal method at atmos-

pheric pressure give flame temperatures usually only 50 to 

100 degrees below theoretical values, and part of this 

DI1  + M2 2 ir R T M1 . M2 
2  
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difference.  may be due .to heat losses from the flame rather 

than to any lack of equilibrium (1). 

1.5 Chemiluminescence  

When a chemical reaction leads directly to the formation of 

an atom or a molecule in an electronically excited state from 

which radiation may occur, the observed light emission may 

be far more intense than that to be expected for thermal 

emission. This phenomenon is usually referred to as chemi-

luminescence. It has been pointed out previously that even 

in complete equilibrium reversible chemical processes may 

contribute to the formation of excited atoms and molecules. 

There is also the possibility of indirect chemiluminescence, 

in which excited molecules formed by chemical reaction pass 

on their excitation by collision to other species from which 

abnormally high emission results. 

Chemiluminescence effects have been mainly observed in cool 

organic flames such as the emission of formaldehyde bands 

from the bluish flames of ether, aldehydes and some hydro-

carbons at temperatures between 500°K and 700°K. For the re-

action zone there is ample evidence that the emission is much 

stronger than could be accounted for thermally. For OH in 

organic flames the radiation is vastly stronger from the re-

action zone than from the interconal gases, although the con-

centration could not possibly be higher to an extent which 

would account for the effect. Also the effective rotational 

temperature of OH is very high, rising from around 5400°K 
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at atmospheric pressure to near 10 000°K at very low 

pressure. This effect is best interpreted as direct 

chemiluminescence (11). The latter observation plays 

an important part in section 2.1 of the following chapter, 

where various methods of temperature measurements are dis- 

cussed on their applicability in nitrous oxide-acetylene flames. 
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CHAPTER II 

THE SEIRCTION OF LINE-PAIRS FOR THE IRON "TWO-LINE"  

METHOD OF FLAME TEMPERATURE MEASUREMENT  

2.1 	Methods of Flame Temperature Measurements  

2.1.1 Introduction 

Among the many methods devised for the measurement of flame 

temperature the "two-line" method has been selected as most 

suitable for very hot flames like the nitrous oxide-acetylene 

flame with a maximum temperature of approx. 3000°K. It is the 

purpose of this section to outline the main procedures current-

ly employed for measuring flame temperatures, to discuss their 

applicability to very hot flames, and thus to explain the ul-

timate choice of the "two-line" method for our work. 

The methods of flame temperature measurements can be divided 

into two principal groups: 

(a) wire methods which involve the introduction of 

a thermometric body into the flame 

(b) optical measurements based on the radiation 

properties of flames. 

Optical procedures include spectroscopic methods such as 

the "two-line" and the "line-reversal" method. They have in 

general an advantage over wire methods in that they do not 

disturb the flame gases. On the other hand they often have 

the disadvantage that it may not be possible to make a point-

by-point study of the temperature distribution through the 
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flame, the methods only giving a mean value along the 

path of the light beam. The methods of flame temperature 

measurements are discussed in four parts. Due to the im-

portance of the "line-reversal" and "two-line" methods, 

they are treated as subsections on their own. More compre-

hensive reviews have been given by Gaydon and Wolfhard (1) 

and by Tourin (12). 

2.1.2 Hot-Wire Methods 

The temperature of a wire immersed in flame gases may be.  

measured in three ways (13-15): 

(a) from its electrical resistance 

(b) from the thermo-electric e.m.f. at a junction. 

(i.e. thermocouple) 

(c) from its brightness and emissivity with 

an optical pyrometer. 

The wire will normally be cooler than the flame gases owing 

to heat losses by radiation and by conduction down the leads, 

but there are methods available to reduce or correct for 

this error. The convective heat transfer coefficient increa-

ses for finer wires so that if progressively finer wires are 

used, the true flame temperature is more and more approached. 

There is obviously a limit set by the mechanical strength of 

the wire, but it is possible to extrapolate results for wires 

of different thickness to that for an infinitely thin wire. 

The chief limitations of hot-wire methods are due to the 

melting point of the wire and to catalytic effects on the 

surface. Resistance thermometers and thermocouples of the 
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conventional type are not usually usable for the determina-

tion of flame temperatures greater than 2300°K, and in the 

case of more elaborate devices which may be employed above 

this temperature difficulties often exist in the interpreta-

tion of their calibration and the effect on the probe of the 

flame gases. Due to these limitations hot-wire methods are 

not suitable for temperature measurements in nitrous oxide-

acetylene flames. 

2.1.3 The "Line-Reversal" Method 

The "line-reversal" method which is one of the most frequent-

ly used spectroscopic methods of measuring flame temperatures, 

was first described by Kurlbaum (16). It is usually carried 

out using sodium. The instrumental set-up is illustrated 

by Fig. 2-e1. 

Fig. 2-1 

Light from a background source B, such as a strip filament 

tungsten lamp, is focused with lens L1  to give an image of 

the lamp in the flame F. A second lens L2 then forms an 

image of both flame and lamp on the slit S of the spectro-

graph. An aperture stop A is used to restrict the aperture 
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so that the solid angle of light taken from the flame is 

the same as that from the image of the lamp. The correct 

place for this aperture stop is at the position of the 

image of the lens L1  formed by L2  (17). 

When sodium is introduced into the flame it emits two yellow 

D lines at 5890 and 5896 A. It can be shown from Kirchhoff's 

law that when light from a bright background source giving 

a continuum spectrum is passed through a flame containing 

sodium vapour, the sodium lines will either appear in absorp-

tion, as dark lines against the continuum, or as bright lines, 

standing out brighter than the continuum, according to whether 

the brightness temperature of the background source is higher 

or lower than the flame temperature. When the brightness tem-

perature of the background source and the flame temperature 

are exactly the same, then the lines are invisible. Thus, 

if the brightness of the background is varied until the so-

dium lines just disappear and the brightness temperature of 

this background is measured with an optical pyrometer, the 

flame temperature can be determined. 

Careful alignment of the optical system and a correction for 

reflection losses by lens L1  are required to obtain accurate 

results. When the reversal point is established visually with 

a small hand or table spectroscope poor spatial resolution 

may result for flame temperature profiles. If a spectrograph 

or scanning monochromator and photoelectric detector are em-

ployed these difficulties may be minimised but the determina-

tion of the reversal point becomes more tedious. This is par-

ticularly the case when flame temperature profiles are measured, 
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as for each temperature a large number.  of spectra must 

be obtained at different values of the background source 

temperature. This may be overcome when an instrument in-

corporating rapid scan and continuous spectral line dis-

play, such as that described by inelleman (18) is employed. 

The chief limitation of the method is the maximum tempera-

ture at which the background source can be run. The strip-

filament tungsten lamps are reliably calibrated up to a 

temperature of about 2700°K. Willis and co-workers (19) 

have shown that it is possible to run such lamps hotter up 

to a brightness temperature of 3000°K, but it is doubtful 

whether these lamps are reliable as permanent standards 

above 2700°K. In this laboratory a D.C. carbon arc was pm-

viously used as the high temperature background source for 

temperature measurements in nitrous oxide-acetylene flames 

(20). This method proved to be very tedious as a rotating 

chopper with a variable aperture was employed to decrease 

the intensity from the background source. In view of these 

difficulties the "line-reversal" method does not seem to 

be the best choice for temperature measurements above 2700°K. 

2.1.4 Other Optical Methods 

Some of the methods of temperature measurement discussed in 

this subsection require flames with particular properties and, 

therefore, can be discounted for being used for nitrous oxide-

acetylene flames. In the Kurlbaum method (16) an optical 

pyrometer, usually with a red filter, is sighted alternately 

on a suitable background source directly and on the same 
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source viewed through the•flame. The brightness of the 

background is adjusted until the two values are the same. 

The brightness temperature is then read from the optical 

pyrometer. The colour-temperature method is based on the 

measurement of the relative brightness at two wavelengths. 

Both the Kurlbaum method and the colour-temperature method 

are only applicable to luminuous flames. 

Brightness and emissivity methods (12,21,22) depend on the 

determination of the emissivity and brightness temperature. 

The brightness temperature is usually obtained by isolating 

a certain wavelength with a monochromator or spectroscope 

and comparing the brightness with that of a standard source. 

Unless very high resolving power is available, the method 

is only accurate for luminuous flames. All flames under in-

vestigation must be of reasonably high emissivity. 

It is also possible to determine the temperature from the 

distribution of intensities among the lines of the rota-

tional fine structure of a band spectrum (23) or from the 

vibrational intensity distribution of bands within a system 

(24,25). The effective rotational and vibrational tempera-

tures are obtained in this way. Both rotational and vibra-

tional methods have the disadvantage that the radicals, 

whose molecular emission is measured, take part in the che-

mical reactions occuring in the flame and, therefore, are 

subject to chemiluminescence effects as described in Chapter I. 

These chemiluminescence effects are not necessarily restricted 

to the primary reaction zone, but can extend above the zone, 

if a lag. in reaching chemical equilibrium occurs. 
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2.1.5 The "Two-Line" Method 

The "two-line" method was originally proposed by L.S. 

Ornstein and H. Brinkman (17) in 1934. It depends on the 

measurement of the relative populations of two different 

enerby levels for a particular atom introduced into the 

flame and provides an "electronic" excitation temperature 

which should be identical to that obtained by the "line-

reversal" method. No special apparatus is required other 

than a spectrograph or monochromator and photoelectric de-

tector which will permit the relative intensities of the 

lines of the atomic spectrum to be measured. The application 

range of the method is not restricted by a maximum tempera-

ture limit and reliable results may be obtained for high 

temperature flames with less experimental difficulty than 

the "line-reversal" method. Therefore, the "two-line" method 

seems to be the best choice for temperature studies in nitrous 

oxide-acetylene flames. The accuracy of the method, however, 

is affected by lack of accurate data for gf values and by 

self-absorption within the source, which changes the relative 

intensities of the lines and leads to incorrect results. In 

the following section a new method is proposed which over-

comes the effects of self-absorption by selecting those line-

pairs whose intensity ratios are unaffected by self-absorption 

within a particular temperature range (27). For this purpose 

a computer programme was written to select the best paibs of 

lines in the atomic spectrum of iron for application in the 

"two-line" method in the temperature range 1600 to 3300°K. 

Experimental temperature measurements in the premixed air- 
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acetylene and nitrous oxide-acetylene flames employing 

the selected line-pairs are shown to yield accurate results, 

and the relatively poor results obtained with a more arbi-

trary selection of the line-pairs are illustrated. 

2.2 	The Selection of Line-Pairs  

2.2.1 Theory of the "Two-Line" Method 

When radiation is emitted in a transition from an atomic 

energy state En  to another state Em, it may bd shown (2) 

that the intensity of the spectral line which results is 

given by an expression of the type 

Inm  = (h.c.No.gn.Anm/Q. 	) .exp (-En/k.T) 	(2.-;1) 

where h is Planck's constant 

c 	is the velocity of light 

No is the number of free atoms 

gn is the statistical weight of the level En 

Q 	is the partition function of the atom 

Anm is the Einstein transition probability for spontaneous emission 

knm  is the wavelength of the spectral line 

k 	is the Boltzmann constant 

T 	is the absolute temperature. 

No will not normally be known, but it can be eliminated 

(together with h, c and Q) by the application of equation 

(2-1) simultaneously to two or more lines of the same element. 

It is then possible to calculate 1' directly if gn.Anm  (or the 

relative values for the lines concerned) is known, or vice 
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versa (26). A number of workers have also employed the 

graphical solution whereby In (gn.Andknm.I ) is plotted 

against En  for groups of emission lines to obtain an average 

result directly. In both methods the main difficulty in ob-

taining accurate temperatures (apart from the lack of good 

values of gn.A for some lines) is that any self-absorption 

within the source alters the relative intensities of the 

lines and leads to incorrect temperature results. This problem 

may be overcome either by empirically choosing lines and/or 

line-pairs whose intensity ratios are unaffected by self-

absorption under the conditions of measurement, or by correc-

ting the graphical solution for self-absorption. The former 

method is the easier and has been used by a number of workers 

(20, 28-31). Simplified methods of correcting the graphical 

solutions for self-absorption have been described (32-34) 

but these methods still involve the calculation of the curves 

of growth of self-absorption, and quite complex interpretation 

is necessary with each set of results. 

It is also possible to reduce the effects of self-absorption 

by using an absorption method. However, a number of experimen-

tal difficulties are involved and the method has had only 

limited application, such as that by Kostkowski and Broida 

(35) who employed the OH molecular band absorption rather 

than that at atomic lines. The required absorption equivalent 

of equation (2-1) may be derived (36) by integrating the ab-

sorption coefficient of an atomic line across the entire 

width of the line. with the appropriate substitutions, this 

gives" Kmn  = (h.No  .gm  .B /Q.A ).exp(-Em/k.T) 	. (2-2) mn • mn 

*Equation (2-2) only holds if it is assumed that at normal 
flame temperatures the populations of the upper energy levels 
are negligible compared with that of the ground state levels. 
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where Bmn  is the absorption transition probability 

Amn 

The actual value of Kmn  can only be obtained by plotting 

the line profile with an ultra high resolution monochromator 

and this is probably the main experimental difficulty of 

using an absorption method based on equation (2-2). 

In the method proposed here, equation (2-1) is used with 

pairs of emission lines but equation (2-2) is used to cal-

culate from available data those line-pairs whose intensity 

ratios will be least affected by self-absorption at particu-

lar temperatures. We have used this method in preference to 

the graphical methods because it is often possible by this 

technique to overcome self-absorption effects on the tempe-

rature result obtained from the intensity ratio of two lines 

even when the individual lines thow self-absorption. 

2.2.2 Theory of the Proposed Method of Selection of Line-Pairs 

The nomenclature used to apply equations (2-1) and (2-2) to 

transitions between the upper and lower levels of two spectral 

lines is illustrated in Fig. 2-2. Using these symbols we ob-

tain four equations 

(-Ei/k.T) (2-3) 

I2=Ik1.(h.c.No.gk.Aki/Q.4 kl)  .exp (-Ek/k.T) (2-4) 

K1=Kji.(h.No.gj.Bji/Q.1\ji).exp (-Ej/k.T) (2-5) 

K2=Kle(h'NoiSl*Blk/Q'qk) .exp (-E1/k.T). (2-6) 

Notation of the type i\ij  refers to the wavelength of a tran- 

is the wavelength of the spectral line and 
is equal to . 
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sitionfrorathelevel. El to level E etc. and may be 

simplified by remembering that 

lj . . = and. 	- 	A 2. al. Al 	kl lk 

I, and I2 are the integrated intensities of the two emission 

lines and K1  and K2 are the integrated absorption coefficients 

of the two absorption lines. 

It may be shown (2) that Anm   and Bmn  are related in the form 

Bmn. Anm3.gn.Anm/8.1r .h.gm. 	(2-7) 

Hence, equations (2-5) and (2-6) may be rewritten in the form 

K1  --(NoI  .g..A.. 2  . -1 	a 
K2.(No°gICAkl°  /\22/8. N .Q).exp (-El/k.T).- 

(2-8) 

(2-9) 

We may now obtain expressions for 11/12  and K1/K2  respectively 

1\2/gk.Akl.A1)•exp((Ek-Ei)/k•T) 	(2-10) 

112/gICAkl* 22).exp((Ei-Ei)/k.T). (2-11) 

In practice it is generally more convenient to work in terms 

of the oscillator strength, fnm. This has been defined (2) 

in terms of Anm as 

Ann  (8.1t2.e2/m.c).(fnm//nm2). 	(2-12) 

Hence, we may rewrite equations (2-10) and (2-11) in the form 

I1/I2.(gi.fij. A23/gk'fkl'1\13)* exp((Ek-Ei)/k.T) 	(2-13) 

K1/K2.(gi. fij/gk'fkl)*  exp ((El-Ej)/k.T). 	(2-14) 

Equation (2-13) is used to calculate temperatures from the 

intensities of atomic emission lines assuming that the 
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Fig. 2-2 

observed intensity ratios are identical to the ratios of the 

intensities of the emitted lines, i.e., assuming that self-

absorption has no effect on the measured ratios. The tempe-

rature at which this will occur for each line-pair is found 

by substituting Ki = K2  into equation (2-14). This condition 

only holds if it is assumed that the spectral lines concerned 

are infinitely narrow, since the relationship between the emit-

ted and observed intensities of a line is then (2) 

Iobs..(Iem..6../K).(1 - exp (-K.L)) 
	

(2-15) 

whereGlis an instrumental constant and L is the optical path 

length through the flame. Hence for the line pair we have 

  

(1 - exp (-K1.L))/K1  
(2-16) 

obs.2 Iem.2 (1 - exp (-K2.L))/K2  

i.e., if Ki  = K2  we have the required condition that Iobs.1/ 

Iobs.2 	Iem.1/Iern.2 regardless of the actual intensities ' = 	. 

0 
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of the lines or the.fact that self-absorption is occurring. 

Thus values of Iobs..1/Iobs.2 may be used in equation (2-13) 

to measure flame temperatures. Although lines giving self-

absorption in a flame are obviously not infinitely narrow 

we lave found experimentally that the condition K1  = K2  

works well in practice because we are using two lines of 

the same atom, in the same source and with similar wavelength 

and intensities. 

It should be noted that the well known iso-intensity method 

which has been widely employed (23) with band spectra for 

rotational temperature measurements is a special case of 

the conditions outlined above. Elimination of the gf values 

from equations (2-13) and (2-14) together with the substi-

tutions kl h.c/(Ei-Ej) and 12 = h.c/(Ek-E1) yields 

	

K1 1 23 	h.c 
. exp 	. 

	

2 K2 ik13 	k.T A2 

(2-17) 

i.e., two lines which have very similar intensities and very 

similar wavelengths also give Ki  = K2  and will, therefore, 

allow temperature measurements relatively free from self-

absorption effects. The iso-intensity method gives grater 

freedom from self-absorption effects than our simple condition 

that K1  should equal K2, since the more similar the two lines 

the more the errors inherent in both the theory and the ex-

perimental measurement tend to cancel out. Unfortunately, 

with an atomic line spectrum it is quite rare to find at any 

given temperature line-pairs with very similar intensities 

and wavelengths. Also, "X1/K2  values" form a convenient way 
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of classifying and listing suitable line-pairs by computer 

techniques. We have, therefore, found it useful to calculate 

values of K1/K2 rather than to apply computing techniques 

directly to identifying "iso-intensity" lines, in spite of 

the fact that K1/K2 values may be regarded as only a quali-

tative guide to the effects of self-absorption. 

2.2.3 Implementation of the Proposed method 

Previous temperature measurements in the nitrous oxide-

acetylene flame by the two-line method (20) were performed 

utilising the above considerations in the most obvious way; 

spectra were photographed and for any particular temperature 

line pairs were chosen which exhibited the following proper-

ties: 

(1) Intensities as similar as possible. 

(2) Wavelengths as close as possible. 

(3) Largest possible difference in upper energy levels 
to produce good sensitivity to changes in tempera-
ture and better accuracy. 

(4) The smaller of the two lower energy levels as high 
as possible above the ground state, since this will 
help to minimise self-absorption. 

(5) Lines whose wavelengths and intensities lie within 
the optimum range of the detector. • 

In practice, however, this method of line-pair selection is 

quite tedious and it is very easy to miss a useful line-pair. 

Each line-pair must be checked for its general suitability, 

it is then necessary to decide whether the wavelength diffe-

rences and intensity ratios lie within the required ranges, 

and finally it is necessary to test whether line-pairs which 

are far apart but of similar intensity or close together but 
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of different intensity may employed. The selection of lines 

on this basis improves with experience, but always remains 

rather empirical. 

A more satisfactory method of selection of line-pairs results 

from a more systematic approach. The value of K1/K2  is cal-

culated at different temperatures for all line-pairs which 

can be formed and which meet the minimum requirements for the 

wavelength difference and the difference in upper energy le-

vels. This is easily accomplished by preparation of a pre-

liminary set of spectra and applying the data for the lines 

observed to a simple computer programme based on equation 

(2-14). A number of line-pairs can then be found which give 

K1/K2  = 1 at a temperature lying within any desired tempera-

ture range. The pairs selected in this way may then be tested 

for the chosen temperature range. As there will be only a 

restricted number within a temperature range of one or two 

hundred degrees it is quite easy to select the best pairs 

manually by applying the five criteria given above. It is 

often not possible to obtain suitable.. line-pairs with K1/K2  

exactly equal to unity at any given temperature. HOwever, 

provided that the self-absorption is not extremely serious 

this condition may be relaxed somewhat and line-pairs whose 

K1/K2 
value lies between fairly narrow limits either side 

of unity may be employed. These limits may be found as shown 

below. 

It is only possible to obtain a sufficient number of line 

pairs if the element chosen produces a complex spectrum with 

a large number of lines. The transition probabilities of 



30 

these lines (gf values) must then be known with good accu-

racy, otherwise accurate temperature measurements are im-

possible. Iron is frequently used in the two-line method 

as it exhibits a complex line spectrum in most flames, and 

an extensive list of oscillator strengths and transition 

probabilities have recently been published by the National 

Bureau of Standards (37). These values were derived from 

a critical evaluation of the data available in the literature. 

Iron also shows a number of other desirable features for two-

line temperature measurements. Many of the lines have suffi-

ciently low excitation energy to be detectable even in cool 

flames; a high population of free atoms'is obtained in the 

flame as iron does not form thermally stable oxides exten-

sively in moderate temperature flames, and the ionisation 

potential of iron is 7;9 eV so that the degree of ionisation 

is insignificant in most flames. The lines of the atomic 

spectrum of iron are easily identified spectrographically 

as the iron arc spectrum has long been used as a reference 

spectrum and the iron lines emitted by flames are easily 

assigned by reference to an arc spectrum on the same plate. 

2.2.4 Experimental 

a) Burner arrangement 

Premixed air-acetylene and nitrous oxide-acetylene flames 

burning at long slot laminar flow burners were used in this 

work. Both burners have been described previously (38,39) 

and were used without inert gas shielding. The burners were 

supported on the optical bar of the spectrograph by means 

of a stand which had a rack and pinion lateral adjustment 
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and a screw adjustment and vernier scale for vertical 

travel. This permits accurate positioning of the selected 

part of the image of the flame at the spectrograph slit. 

The iron solutions were introduced into the flames as aqueous 

1000 tIg/ml. solutions of ammonium ferric sulphate via an in-

direct nebuliser and expansion chamber (Evan Electroselenium 

Ltd., England). Aspiration of the solution into the flame was 

via the air or nitrous oxide supply. Calibrated rotameters 

were used in both fuel and oxidant lines. 

b) Spectrographic equipment 

The experimental set-up is shown in Fig. 2-3 

Nebutiser 	 Spectrograph 

Fig. 2-3. Diagrammatic arrangement of 
apparatus employed 
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A Hilger large quartz spectrograph was employed in the 

manner described previously (20). The burners were mounted 

on the optical bar so that they were "end-on", i.e. an image 

of the flame either from the 1.5 mm side of the air-acety-

lene burner or from the 0.375 mm side of the nitrous oxide-

acetylene burner was presented at the spectrograph and fo-

cused on the slit by a quartz lens of 63 mm focal length. 

In this way an inverted full-size image of selected parts 

of the flame was obtained vertically along the slit. Expo-

sures were made in the wavelength range 2710-4500 A on 

Kodak B 10 spectrographic plates developed for 4 min under 

standardised conditions. A calibration spectrum was inclu-

ded on each plate by exposing an iron arc through a Hilger 

step-sector to produce intensity ratios of 1:2:4:8:16:32. 

These spectra were used to produce calibration curves of 

blackening versus intensity at the required wavelengths. 

No attempt was made to calibrate the Kodak B 10 plates for 

changes in sensitivity with wavelength, as it had been found 

previously (20) that in the wavelength range used any such 

changes were negligible over wavelength intervals of ca.100 A. 

The blackening of spectral lines was measured with a Hilger 

non-recording microphotometer. Several exposure times were 

used for each spectrum so that all intensity measurements 

could be made at a blackening which lay on a linear part of 

the calibration curve. 

c) Computer Programme ROSAC 

A simple programme was prepared to select from a list of 

iron lines obse'rved in the nitrous oxide-acetylene flame 
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all those pairs which met the requirements for difference 

in upper energy level and wavelength. Equation (2-14) was 

then applied to each pair at pre-selected temperature in-

tervals between 1400 and 3300°  K. The programme was written 

so that the result for each line pair was only printed if 

at least one value of K1/K2 lay within the limits selected. 

A further sub-routine then calculated and printed the tempe-

rature at which K1/K2 was equal to unity for each of these 

line pairs. The programme was written in Fortran IV and de-

signed to run on the University of London CDC 6600 computer. 

The programme listing is shown in Table 2-1. In order to 

allow further use of ROSAC its name list of variables is 

given below: 

Names of variables used in the computer programme ROSAC 

WL 	Wavelength of line 

GF 	gf value of line 

ELOW 	Lower .energy level of line in K (cm-1) 

EUP 	Upper energy level of line in K 

IT 
	

Intermediate temperatures used in the calculation 
T 

ROSACO Ratio of self-absorption coefficients K1/K2  

WLA 
Wavelengths values used in the calculation 

WLB ) 

XPO 	Intermediate value of the exponential term 
used in the calculation 

BETEMP Temperature at which K1/K2 = I 

TLOW 	Temperature at which K1/K2  = COLOW 

TUP 	Temperature at which K1/K2 . COUP 

NPAIRS Number of line-pairs for which K1/K2  is calculated 
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Table 2-1. .Computer programme ROSAC 

PDOGR401 pnSAc (ImPuT9obTPuT I TAPE5=INPuT,TAPE6=UUTPUT) 

J(:pitwciln16) 
C 	PoSmc 	cALCuLAT10,1 OF RATIOS OF SELF ABSORPTION 
C 	 C0EFFIGIENTS FOk PAIKS OF IRON LINES. 

()IHENsIoN INI(1000),GF(1n60),ELOY(1000),FUR(100(,),IT(1U00)0(10(:0), 
ipoSAco(inno).wLA(1000)9wL8(10001,XPOW00 )9i.ETEmP(101,0),TLOw(100()) 

?,TUP(1'.00) 
NPAIPS=A 
NPRINT=n 
L=1 
l'IPITE(,.1000) 

1000 FoRmAT(1H),;?7x,g1HCALCULATIoN OF RATIOS OF THE SELF AbSORP1ION COE 
IFFICIEUTS FOR PAIRS OF IRON LINES///64X9AHS.VEITER/////) 
READ(5.1n01)NLIMES9mINT1mAXT,INT,EmINIOLOIMA,COmIN,COMAX,CoUP,COLO 

1 w 

1001 FO41AT(41,39F10.3,3n0.1,2F1n.2) 
Fn1NK=EIN*0069.7 
wRITF((-00(1?)(N,LIMFSIMINT,MAXT,INT7wL0ImA4EMINtEmINKIcOmIN,COmAA 

1002 FORMAT(6X94111,474////1A,I4,1X,SHLINES94X912HHIN.TEMP. IS91595HDEG. 
1K+ 4A91P-lmAX.TEmP. IS,I59SHOF6.K,4A917HTEvP. INTERVAL IS,1595HOEGek 
P94A,19H.,Axs WAVFL. D1FF.IS,F6.191x91HA//3X,20HmIN. ENERGY UIFF. IS 
1,F6.1,4wFv =,FA.241HK,4X,34HMIN. AND MAX& SELF ABS. COEFF. ARE'F4. 
4394H AI': ,F4.1////) 
PEAD(591n03)01.(I),sF(I),ELOW(I),EUP(I),I=1,NLINES)' 

1003 FORMAT(10X,F10.3,E10.292F10.1.) 
WRITE(t1.1n04) 

1(104 FORMAT(1110,2b)(914HWAVELENGTH (A)914X,2HGF,10,8HELOW (K)919X,7HEUP 
1 (K)//) 
!,, RITF(6.1005)(41(1).GF(I),ELOw(1),EUP(I),I=IINLINES) 

1005 FOR(iAT(2qX 1 F10.3,1PX,E10•3,)1X,F10.3 ,17;<,F10.1) 
t.RITE(o.100A)LITN,EmINKOLDIMA,COMIN,COMAX 

1006 FORmAT(11-41,(,0X,7HREsULtS////5X+21HNO RESULTS PRINTED IF:14A93H-- 
1;:leHUPPFP ENEP6Y DIFFe LESS TIIAN,Fh.3,6HEV =f1-81,211X,1HK//40X,3H-- 

P,25HWAVEL. (IIFF. GREATER THAN,F.1,2H Al//40X,3H-- 926HsELF ABS, C 
?oEFF, LESS THA:,i,F4.1918H At.1D GREATER THAN,F4.1/////) 
NT=(mAXT-HINT)/INT+1 
00 10 JJ=1,NLI0IES 
PO 20 KK=1,NLIMES 
FN(jAPK=I7DP(JJ)-FUP(f*.) 
ENUAp=Fid(oPK*0.000124 
IF (ENG.%Pic *LT. EMINK) GO TO 20 
t.4LUAP=11(JJ)-1,0L(KK) 
AwLGAP=ARS(?LLOAP) 
IF WILogAP .GT. WLOIMA) GO TO 20 
MPAIPS=,IPAIRS+1 
M=1 
ITS=dINT 

3( IF (ITS .GT. MAXT) GO TO 40 
IT  
T(N)=TTR 
XPON=(ELOV(KK)-FLOw(JJ))*1.23981*1•6021/(1.38054*T(M)) 
PoSAc0(.1 )=GF(JJ)*EXP(XPOrfl/GF(KK) 
ITS=ITS+TuT 
M=M .1 
(;O TO 

40 CONTI:lUr 

00  45 I1 =1 ,NT 
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Table 2-1. (Continued) 

IF (RoSpr.n(m) .flT. cOmIN .AmD. ROSAcO(M) .LT. COHAX) GO TO 4A 
45 CnNTIMIA7 

TO 21  
6t3 '::1:1 TE(6.10(17) 14L(JJ)9WL(KK),ENGAPK9L MGAP,(IT(M),ROSACO(0),M=1,NT) 

10f? FORmATtlwrIr.x.mLINFSIF]0.3,1493HAN0.F1u.3937H9ENERGY DIFFERENCE 0 
IF UPPER LFVFLS IS.FF(.1,1x9114K9IX,IH=IF7.491)(92HEv////6(3x,5HTENP,. 
??Xt5HKI/K2)//6(3x9I492X9F6.3)) 
'bLA(L)=-.'L(JJ) 
A1-5 (L)=-1L(KK) 
ylau(L)=-4LnG(GF(KK)/(zF(JJ)) 
LETEmP(1.)=“_o4(Kfc)-ELOw(JJ))*1.239R1*1.6(J21/(1.3a054*XPO(L)) 
TLOw(L)=CFLOw(KK)-ELOw(JJ))*1.23981*1.6021/(1.36054*(XP0(L)+ALOG(C 
loL04))) 
TUP(L)=CFLON(KKI-ELOW(JJ))*3.23981*1.6021/(1.38054*(XPO(L)+ALOG(c0 
Imp))) 

L=L+1 
mPRNT=NRRINT*1 
EGAPL=ELnw(K)<)-ELOw(JJ) 
IF (F 'APL .NE. 0.0) GO TO 50 
t.:PITE(6.1009) 

1009 FORvIAT(1H0013w)IFFFRENCE RFTREEN LOwEP ENERGY LEVELS IS ZERO. THE 
1PEFOPE vl/t.:2 IS INDEPENDENT OF TEMPERATURE FOR THIS LINE PAIR.) 

tic) ,qpITE(6.1010) 
1010 FORMAT(tHo160X,12H************////) 
20  CoNTINuF 
10 CONTTNuF. 

?4. ITE(6.1011)NPAIPS.NPRINT 
1011 FoRmAT(IHP,!-.X.32HNUrAER OF LINE PAIRS ON THIS RUN,I691H7,3X.28HNUM 

IiiER OF LT-F_ PAIRS PRINTEDII6) 
.J.,PITF(61InI2)C0Lot.-tcouP 

101.e. FoR:IATW-11,4AA,;?Hc.t.LcuLATinm OF PEST TEMP. FOR EACH PRINTED LINE 
1p41 14///lnx,&6HTHE 3F  ST rEmP. IS THE TEMP. AT wmICH 	= 1//l0X, 
p46HTEmp, PAN(E IS GIVEN uY TEMP. AT WHICH K1/K2 =9F7.3,3HANDIF7.3/ 
3///) 
wpTTE((,1013)NLA(K).M_R(K),PETEmP(K)ITLOW(K),TUP(K).K=1,NPPOT) 

1013 FoRMAT(15HLImES,F)0.3,4H ANu.F10.3,14H BEST TEMP. =,F81.1t2H K,5 
IX.13HTEHP. RANGE 9F8,1,2H K94:491H-OX,FP.112H K//) 
STOP 
ENU 
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NPRINT 	Number of.11PAIRS for which results are printed 

NLINES 	Number of lines 

MINT 	Initial temperatUre used for a run 

MAXT 	Final temperature used for a run 

INT 	Temperature interval used for a run 

EMIN 	Minimum upper energy level difference in eV 

EMINK 	EMIN in K 

WLDIMA 	Maximum wavelength difference 

COMIN 	Minimum K1/K2 

COMAX 	Maximum K1°  K / -2 

COUP 	K4/K0  which corresponds to the upper limit of 
the optimum temperature range, 

COLOW 	K /K2  which corresponds to the lower limit of I  the optimum temperature range 

2.2.5 Results 

The iron spectrum emitted by tha hottest flame available to 

us, premixed nitrous oxide-acetylene, was photographed in 

the wavelength region 2710-4500 A with exposure times which 

varied between 2 and 30 min. The spectrum recorded with a 

30-min exposure was then used to identify all iron lines 

which are sufficiently resolved and whose intensity against 

any flame continuum background was high enough to allow mea-

surements of their blackening. The wavelengths, gf values 

and lower and upper energy levels of the 68 lines found to 

be measureable are listed in Table 2-2. The data have been 

taken from the tables of Corliss and Tech (37). In order to 

apply the computer programme to these lines the restrictive 

conditions detailed above for the selection of line pairs 



Table 2-2. Characteristics of iron lines used 

Wavelength 
(A) 

gf 
value 

Lower energy 
level (K) 

Upper 
energy level (K) 

2947.877 
2953.941 
2957.336 
2994.428 
3000-949 
3008.140 
3021.074 

0.372E+ 00 
0.245E + 00 
0-170E + 00 
0.447E + 00 
0.437E + 00 
0.309E + 00 
0.646E+ 00 

416.0 
704.0 
888.0 
416.0 
704.0 
888.0 
416.0 

34329-0 
34547.0 
34692.0 
33802.0 
34017-0 
34122.0 
33507.0 

3024-034 0.813E - 01 888.0 33947.0 
3025.844 0.269E + 00 978.0 34017.0 
3037.390 0.372E + 00 888.0 33802.0 
3047.606 0.468E + 00 704.0 33507.0 
3059.087 0.363E + 00 416.0 33096.0 
3440.990 0.151E + 00 416.0 29469.0 
3443.878 0.813E - 01 704.0 29733.0 
3465.862 0.115E+ 00 888.0 29733.0 
3475.451 0.145E+ 00 704.0 29460.0 
3476.704 0.575E - 01 978.0 29733.0 
3490.575 0.100E+ 00 416.0 29056.0 
3497-842 0.537E - 01 888.0 29469.0 
3513.820 0-316E+ 00 6928.0 35379.0 
3521.263 0.372E+ 00 7377.0 35768.0 • 
3558.517 0.525E+ 00 7986.0 36079.0 
3565.381 0.129E + 01 7728-0 35768.0 
3570.100 0.245E+ 01 7377-0 35379.0 
3581.195 0.398E+ 01 6928.0 34844-0 
3505.450 0.133E+ 02 21999.0 49727.0 
3608.861 0.178E + 01 8155.0 35856.0 
3618.769 0.191E+ 01 7980.0 35612.0 
3631.465 0.166E+ 01 7728.0 35257-0 
3047.844 0.138E + 01 7377.0 34782.0 
3687.459 0.339E+ 00 6928.0 34040.0 
3705.567 0.794E- 01 416.0 27395.0 
3709.248 0.501E+ 00 7377.0 34329.0 
3722.564 ' 0.955E - 01 704.0 27E60.0 
3727.621 0.501E + 00 7728.0 34547-0 
3733.319 •0.G6IE - 01 888.0 27666.0 
3734.866 0.372E + 01 6928.0 33695.0 
3737.133 0.316E + 00 416.0 27167.0 
3743.364 0-457E + 00 7986.0 34602.0 
3745.562 0.234E + 00 704-0 27395.0 
3748.264 0.135E + 00 888-0 27560-0 
3749.488 0.275E+ 01 7377.0 34040.0 
3758.235 0.204E + 01 7728.0 34329.0 
3763.791 0.129E + 01 7986.0 34547.0 
3767.194 0.955E + 00 8155.0 34692.0 
3787.883 0.339E+ 00 81550 34547.0 
3795.004 0.417E+ 00 7986.0 34320.0 
3798.513 0.200E + 00 7377.0 33695.0 
3799.550 0.339E + 00 7728.0 34040.0 
3812.966 0.251E + 00 7728.0 33947.0 
3815.843 0.398E + 01 11976.0 38175.0 
3820.427 0.257E + 01 6928.0 33096.0 
3825.883 0.182E + 01 7377.0 33507-0 
3834-224 0.102E + 01 7728.0 33802.0 
3840.440 0.640E + 00 7986.0 34017.0 
3856-373 0.724E- 01 416.0 26340-0 
3878.574 0.661E - 01 704.0 26479.0 
3886.284 0.115E + 00 416.0 26140-0 
3895.658 0.363E - 01 888.0 26550.0 
3899.709 0.479E - 01 704.0 26340-0 
3906.481 0.120E - 01 888.0 26479.0 
3920-260 0.331E- 01 978-0 26479.0 
3922.913 0.363E - 01 416.0 25900.0 
3927.922 0.501E - 01 88$•0 26340-0 
3930.298 0.490E - 01 704.0 26140.0 
4045.815 0-457E + 01 11976.0 36686.0 
4063.596 0.275E + 01 12561.0 37163.0 
4071.740 0.263E + 01 12069.0 37521.0 

The gf values are presented in computer exponential format. In this number format the interior sign and the 
succeeding digits represent the power of 10 by which the preceding digits are to be multiplied. 
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were set. A maximum wavelength difference of 100 A was 

required, as above this limit changes in plate sensitivity 

with wavelength cannot safely be ignored. The minimum ener-

gy difference for the upper energy levels of each line pair 

was set at 0.2 eV. This value was used owing to the fact 

that the gf values are available with three significant 

figures only. Reference to equation (2-13) shows that if the 

temperature is maintained constant the value of the denomi-

nator becomes smaller as the energy difference in the nume-

rator becomes smaller. When the intensities are of the same 

order of magnitude the requirements for the precision of 

the gf values therefore increase with decreasing energy dif-

ference. when the energy difference falls below ca. 0.2 eV 

the precision of the available gf values is not sufficient 

to allow reliable temperature calculations. With these re-

quirements alone, the computer programme would have indica-

ted 233 suitable line pairs. However, after the introduction 

of the additional condition that at least one value of K1/K2 

must lie between 0.7 and 1.5 for the temperature range 1400 

to 3300°K, this was reduced to 75 line pairs. The set of 

K1/K2 values and the temperature at which K1/K2 was unity 

for each pair (henceforth termed Topt)  were printed out. 

The range of K1/K2  values chosen was deliberately selected 

so that even marginally useful line pairs would be included. 

The line pairs actually used for the temperature measurements 

were selected from this list using the closer limits 0;85 4  

K1/K2  41.15. This range was chosen because it is the most 

restricted which can be used while retaining sufficient line 
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pairs at the required temperatures. Even under the con-

ditions favouring self-absorption which we have deliberate-

ly employed (long flame and concentrated iron solutions) 

the temperatures which correspond to self-absorption co-

efficient ratios of 0.85 and 1.15 for a given pair of lines 

form a range of temperature over which self-absorption effects 

have an insignificant effect on the calculated temperatures. 

Table 2-3 contains all the line pairs formed from the lines 

of Table 2-2 which are suitable for temperature measurements 

between 1600 and 3200°K. The 57 line pairs are placed in 

order of increasing Topt. For each line pair the value of 

Topt and the proposed useful temperature range for that pair 

is given. Line pairs are marked with an asterisk if the. in-

tensities of the lines of a particular line-pair might not 

be sufficient to allow temperature measumments in the pro-

posed temperature range, although this will depend to some 

extent on the method of line intensity measugment employed. 

Temperature measurements using the line pairs of Table 2-3 

have been made for an air-acetylene flame and for a fuel-

lean and slightly fuel-rich nitrous oxide-acetylene flame. 

The line pairs used, the proposed range of application and 

the temperature results obtained are given in Table 2-4. 

These examples of the application of the most favourable 

lines to the determination of the temperatures of these par-

ticular flames show that the average temperatures obtained 

lie within the optimum temperature range for each line pair 

used. The results obtained agree well with the results of 
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Table 2-3. Line-pairs selected and optimum temperature ranges 

Line pairs, (A) Topt (°K) Optimum temperature 
range (°K) 

3820.427-3906.481 1619 1570-1660' 
3825-883-3906.481 1859 1800-1910' 
3820.427-3920-260 1967 1900-2030 
3497-842-3581.195 2018 1940-2090 
3820.427-3895.658 2040 1970-2110 
3733.319-3734.866 2156 2070-2230 
3812-966-3815.843 2212 2090-2330• 
3798-51373815.843 2213 2100-2320' 
3834.224-3906.481 2215 2140-2290 
3787.883-3815.843 2232 2090-2370' 
3820.427-3899.709 2249 2160-2330 
3825.883-3920.260 2298 2210-2380 
3733.319-3820.427 2374 2270-2470 
3825.883-3895-658 2385 2290-2470 
3705-567-3734.866 243G 2340-2530 
3497.842-3570.100 2444 2340-2540 
3722-564-3734.866 2445 2340-2540 
3820.427-3878.574 2446 2340-2540 
3476.701-3570.100 2454 2350-2550 
3799.550-3815.843 2482 2330-2630• 
3733.319-3719.488 2502 2400-2600 
3490.575-3.531.195 2543 2440-2640 
3795.004-3815.843 2545 2370-2710' 
3825.883-3922.913 2558 2460-2650 
3840.440-3906.481 2562 2460-2060 
3734.866-3748.264 2621 2500-2740 
3820.427-3856.373 2625 2510-2730 
3825.883-3899.709 2640 2530-2740 
3743.364-3815.843 2652 2470-2840• 
3722.564-3820.427 2720 2500-2840 
3815.843-3906.481 2749 2670-2820• 
3733.319-3825.883 2816 2680-2940 
3705.567-3749.488 2825 2700-2940 
3834.224-3920.260 2833 2700-2950 
3722-564-3749.488 2857 2730-2980 
3733.319-3758.235 2870 2740-2990 
3825-883-3878.574 2896 2760-3020 
3727-621-3815.843 2949 2730-3160 
3748-264-3820.427 2950 2800-3100 
3834.224-3895.658 2950 2810-3080 
3820.427-3886.234 3016 2870-3160 
3617.844-3733.319 3073 2920-3220 
3497-842-3565.381 3096 2950-3240 
3748.264-3749.488 3098 2940-3250 
3825.883-3856.373 3106 2900-3250 
3476.704-3565.381 3122 2970-3270 
3490.575-3570.100 3131 2980-3270 
3758.235-3850.373 3151 3010-3290 
3834.224-3022.913 3153 3010-3200 
3815.843-3840.440 3157 2900-3420 
3812.966-3906.481 3237 3070-3300 
3734.866-3745.562 3237 3060-3410 
3705.567-3758.235 3241 3090-3390 
3834.224-3927.922 3266 3100-3420 
3722.564-3758.235 3301 3130-3460 
3834.224-3899.709 3304 3140-3460 
3834.224-3930.298 3329 3160-3490 
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earlier experimental temperature measurements in these 

flames (2119,20). The lower precision of the results for 

the fuel-lean nitrous oxide-acetylene flame may result from 

difficulties with measurement close to the primary reaction 

zone. 

It can also be shown that the precision of the temperature 

results becomes very poor when line-pairs are used far out-

side their optimum temperature range. This has been done in 

two different ways. First, we have made measurements of the 

temperature in an air-acetylene flame 1.5 mm above the pri-

mary reaction zone using the same spectral lines and measured 

intensities that produced the results in Table 2-4(a). This 

is in order to ensure that any errors due to intensity measure-

ment or incorrect gf values are comparable. We have thus used 

only line-pairs which can be formed from the same lines as 

in Table 2-4(a). The line-pairs used, the best temperature 

range, the self-absorption coefficient ratios , and the 

temperature results obtained are shown in Table 2-5(a). The 

ratios of the self-absorption coefficients have been calcula-

ted using the average temperature of 2430°K which was obtained 

for the air-acetylene flame from the measurements shown in 

Table 2-4(a). The large deviations from the averagetemperature 

which are shown in Table 2-5(a) are unlikely to be due to 

errors in the gf values or the intensity measurements as the 

same data as employed for Table 2-4(a) have been used. Second-

ly, we have also considered measurements of the temperature 

in the slightly fuel-rich nitrous oxide-acetylene flame 12 mm 
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Table 2-4. Temperature results. (a) Air-acetylene Flame at 1.5mm and 

4.5mm above primary reaction zone. (Air: 10.01/Min; C2H2: 1.35 1/Min) 

Line pair 
(A) 

Temp.range 
(K) 

Temp.result 
at 1.5 mm (°K) 

Temp.result 
at 4.5 mm (°K) 

3825.883-3895.658 2290-2470 2390 2410 
2385 2410 
2390 2415 

3705.567-3734.866 2340-2530 2435 2420 
243 5 2415 
2435 2425 

3722.564-3734.866 2340-2530 2470 2445 
2465 2445 
2470 2450 

3733.319-3749.488 2400-2600 2430 2405 
2415 2390 
2420 2390 

Average temperature* 	2430 ± 35 	2420 ± 25 

*The uncertainty indicated for the average temperatures is the standard 
deviation calculated by taking the results from each individual exPosure 
as a separate set. 

Table 2-4(b). Fuel-lean nitrous oxide-acetylene flame at 3 mm above 

primary reaction zone. (N20: 6.4 1/Min; C2H2: 2.85 1/Min) 

Line pair (A) 	Temp. range (°K) 	Temp. result (°K) 

3733.319-3825.883 	2680-2940 	2805 
2815 

3705.567-3749.488 	2700-2940 	2965 
2920 

3834.224-3920.260 	2700-2950 	2990 
2940 

3722.564-3749.488 	2730-2980 	2950 
2935 

3825.883-3878.574 	2760-3020 	2885 
2865 

3834.224-3895.658 	2810-3080 	2970 
2910 

3820.427-3886.284 	2870-3160 	2825 
2835 

Average temp. 2900°K ± 65 
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Table 2-4(c)Slightly fuel-rich nitrous oxide-acetylene flame at 12 mm 

above primary reaction zone. (N20: 6.4 1/min; C2H2: 3.7 1/min) 

Line pair (A) Temp.range (°K) Temp.result (°K) 

3722.564-3820.427 2590-2840 2805 
2835 

3733.319-3825.883 2680-2940 2800 
2820 

3705.567-3749.488 2700-2940 2845 
2855 

3722.564-3749.488 2730-2980 2885 
2885 

Average temp. 2840°K ± 35 

Table 2-5. Erroneous results (a) Air-acetylene flame at 1.5 mm above 

primary reaction zone (Air: 10.0 1/min; C2H2  1.35 1/min) 

Line pair (A) Temp. range (°K) Temp. result (°K) 

K2 

3733.319-3734.866 2070-2230 2305 1.58 
2305 
230o 

3705.567-3749.488 2700-2940 2555 0.56 
2545 
255o 

3722.564-3749.488 2730-2980 2595 0.55 
2580 
2610 

Table 2 -5(b). Slightly fuel-rich nitrous oxide-acetylene flame at 12 mm 

above primary reaction zone. (N20: 6.4 1/min; C2H2  3.7 1/min) • 

Line pair (A) 
	

Temp. range (°K) Temp. result (°K) 	K1  

K2 

3825.883-3895.658 2290-2470 2740 1.85 
2730 

3705.567-3734.866  2340-2530 2730 1.73 
2765 

3722.564-3734.866 2340-2540 2775 1.66 
2805 

3733.319-3749.488 2400-2600 2700 1.55 
2690 
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above the primary reaction zone using.the same line-pairs 

which gave correct results in the air-acetylene flame. These 

results are shown in Table 2-5(b). The ratios of the self-

absorption coefficients shown were calculated using the 

.average temperature of 2840°K given in Table 2-4(c). It may 

be seen that the new temperatures are considerably lower than 

those in Table 2-4(c). In this case we have used not only the 

same theoretical data but also line-pairs which gave correct 

results in their recommended temperature ranges. It, therefore 

seems most probable that the errors in the results of Table 

2-5 are due to the existence of unequal self-absorption 

effects on the two lines of each pair employed. 

Accurate temperature results can only be obtained by the two-

line method if the available gf values are correct. The gf 

values found in the literature vary considerably for any 

particular line. It is unlikely, therefore, that results of 

greater accuracy than those reported here may be obtained 

by this method. In our temperature measurements we have ob-

served two line-pairs which obviously gave low temperature 

results far outside the expected range of deviation. This 

effect was observed in both the lean and slightly rich nitrous 

oxide-acetylene flame for the line-pairs 3733.319-3758.235 

and 5748.264-5820.427.A. The systematic error observed with 

these line pairs is most probably due to incorrect gf values 

for one line in each pair, probably 3758.235 and 5748.264.The 

temperature results for these pairs have therefore been omit-

ted from Table 2-4(b) and (c). Some of the line-pairs which 

should be usable but which have not been used for measurements 

in the flames studied in this work were either too weak for 
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accurate intensity measurements or were subject to back-

ground interference .  in the flames. In fact, the perceptive 

reader may note that several of the temperature results in 

Table 2-4(b) and 2-4(c) appear to be in error. These errors 

are much smaller than those noted for the two excluded line-

pairs. We suspect that these errors are due to errors in the 

intensity measurements of one or both lines of the pair 

caused by blackening of the plate at wavelengths close to 

the CN band system. 

2.2.6 Conclusion 

The method of selection of line pairs for the two-line method 

of temperature measurement with iron presented here gives the 

best line pairs which can be used within different temperature 

ranges. The experimental conditions used favoured self-absorp-

tion to a greater extent than would normally be expected in 

a flame source whose temperature was to be determined. The 

limits chosen for the ratio of the self-absorption coefficients, 

therefore should be relatively conservative for temperature 

measurements in other flames under conditions which favour 

self-absorption less. The line pairs chosen should therefore 

be useful to other workers and applicable to any flame. Ob-

viously considerations of background emission from the par-

ticular flame which is investigated will govern which of the 

line-pairs of Table 2-3 are employed. The weakness of the two-

line method lies in its reliance on experimental values of 

the gf values. As the results obtainable when the line-pairs 

are selected with regard to elimination of self-absorption 

agree well with the electronic excitation temperatures for 
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the same flames obtained by other methods and with the cal-

culated thermodynamic values, however, the method offers 

the possibility of making measurements of flame temperature• 

profiles which are reliable and require little special 

equipment. 
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CHAPTER III 

THE EFFECT OF INERT GAS SHIELDING ON TEMPERATURE PROFILES 

IN PREMIXED NITROUS OXIDE-ACETYLENE FLAMES  

3.1 Introduction 

Premixed flames generally consist of an inner reaction zone 

and an outer diffusion zone separated by an interconal zone 

containing an appreciable concentration of the atoms and ra-

dicals produced in the reaction zone. These are readily 

attacked by atmospheric oxygen which supports the secondary 

diffusion flame so that their presence is usually only appa-

rent in quite fuel-rich flames. The entrainment of air can 

be prevented by using a separated flame in which the secon-

dary diffusion zone is physically moved some distance from 

the primary zone leaving a greatly extended zone between 

the two. This separation may be obtained by surrounding the 

lower part of the flame with either a solid wall or a wall 

of an inert gas. The effect of inert gas shielding on the 

zones of the nitrous oxide-acetylene flame is shown in Fig.3-1. 

The lifting of the outer diffusion zone results in a con-

siderable increase of the atom and radical concentration in 

the interconal -zone. It is then possible to look at the ra-

dicals or atoms in the interconal zone without spectral or 

chemical interference from the outer diffusion flame. 

The first recorded separation of any flame was that of the 

inner and outer cones of a Bunsen-type flame, achieved in-

dependently in 1891 by Smithells (40) and by Teclu (41). 

Both of these workers found that if they fitted a glass 
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CO 	 (b) 

 

(a) Conventional flame 
(b) Separated flame 

:.. 
A: Primary zone 
B: Red (interconal) zone 
C: Secondary zone 
D: Burner head 
E: Laminar flow packing 

Fig. 3-1 

Effect of Separating Nitrous Oxide-Acetylene Flame 

tube over the top of the Bunsen burner and lit an ordinary 

luminuous flame at the top they could reduce the fuel until 

a critical value was reached when the flame struck back 

leaving the outer cone burning at the top of the glass tube 

while the inner cone burnt at the top of the Bunsen tube. 

Since this first application a lot of research has been 

carried out with glass or quartz tube separated flames, How-

ever, some difficulties are encountered using this type of 

separation technique. As the primary and secondary, combustion 

process have different burning velocities, it is not possible 

to use a wide range of mixture strengths for a particular 

flame. Further, carbon particles present in the flame tend 

to deposit on the silica walls and decrease considerably the 

transparence of silica. In view of these difficulties the 

replacement of silica by an inert gas "wall" seems to be of 
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some advantage.' Although the shielding•of an arc or spark 

discharge with nitrogen or argon, in order to reduce the 

background spectrum and to increase the emission line in-

tensities, has been well known in spectrography for many 

years (42,45), there appear to be no previous applications 

of inert gas shielded flames to analytical spectroscopy 

before reports from this laboratory, where R. Hobbs and 

M. Sargent investigated inert gas-shielded air-acetylene 

and nitrous oxide-acetylene flames. A true separation of a 

flame using an inert gas stream was previously reported by 

Alkemade and Zeegers. They have described the separation of 

premixed, cylindrical air-acetylene flaMes (44-46) and also 

air-hydrogen and air-carbon monoxide flames (47) using a 

stream of cold nitrogen gas. These flames were used for a 

prolonged study of the formation, recombination and electronic 

excitation of flame radicals where it was necessary to ex-

clude additional OH radicals normally formed by secondary 

combustion at the flame border as well as entrained atmosphe-

ric oxygen. The beneficial effects of separated flames in 

analytical flame emission, absorption and fluorescence spec-

troscopy are described in the next sub-section. 

.2 The Inert Gas-Shielded Flame in Analytical Spectroscopy 

The separation of the secondary reaction zone of premixed 

flames by inert gas-shielding has been shown to be beneficial 

in analytical flame emission, absorption and fluorescence 

spectroscopy (39,48-51). The separation of the flame by gas- 

shielding instead of tube separation has several advantages (50). 
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There is no tube wall which the flame radiation must traverse, 

so contamination problems do not arise. The separated flame 

can be maintained for a wide range of mixture strengths, and 

organic solvents may safely be aspirated into the flame. In 

particular, inert gas-shielding of the premixed nitrous oxide-

acetylene flame reduces the flame background intensity and 

increases the volume of the reducing atmosphere in the inter-

conal zone of the fuel-rich flame. This flame has been shown 

to permit improved detection limits and sensitivities for the 

determination by flame atomic emission (50), absorption (39) 

and fluorescence (51) spectroscopy of elements which form re-

fractory oxides. 

In order to permit a better understanding of the processes 

which govern the production of free atoms of elements in these 

flames, and to correctly interpret the observations of in-

creased sensitivity in the nitrous oxide flame for these ele-

ments on inert gas-shielding, a knowledge of the effect of 

the shielding gas on the flame temperature is necessary. This 

chapter reports the results of an investigation of the effect 

of inert gas-shielding of the premixed nitrous oxide-acetylene 

flame on the flame temperature profiles. 

Temperature profiles for unshielded premixed nitrous oxide-

acetylene flames supported at long slot burners commonly used 

in atomic absorption spectroscopy have been reported by two 

groups of workers (19,20). In this laboratory the "line-

reversal" and "two-line" methods were employed (20), and 

Willis et al. have employed the "lire-reversal" method with 
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strontium and iron (19). Both groups of workers obtained 

maximum temperatures, in these flames which were somewhat 

lower than the maximum calculated temperature recorded in 

the literature (52). In the study reported here the "two -

line" method with iron has been employed to obtain effective 

electronic excitation temperatures in the conventional and 

inert gas-shielded flames examined. All temperature results 

presented in this chapter were measured by the same experimen-

tal procedure using line-pairs selected as described in 

Chapter II. 

3.3 Burner and Spectrograph 	 ement  

The experimental arrangement was nearly identical to that 

described in section 2.2.4. Only two changes were made. A 

long path burner with a single slot (50 mm in length and 

0.38 mm wide) suitable for use with argon or nitrogen-shiel-

ded nitrous oxide-acetylene flames (Beckman - R.I.I.O., Glen-

rothes, Scotland) was employed. In order to provide adequate 

vertical and horizontal resolution for the temperature pro-

files the quartz lens of 63 mm focal length and 28 mm dia-

meter was stopped down using a lens mask of 10 mm diameter. 

As the base of the cone of radiation which is received by 

the lens is then 1 mm radius at the flame ends, the vertical 

or horizontal resolution is ± 1 mm, although the intensity 

received from the flame ends is not high. A spectrograph 

slit height of 5 mm was employed, and by adjustment of the 

micro-photometer slit height 0.5 mm vertical sections of 

the image of the slit were sampled. For the exposures with 
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the iron arc and the flame the same spectrograph slit-

width (10 11) was employed. 

3.4 Iron Line-Pairs  

The iron line-pairs used for the temperature measurements 

were chosen from Table 2-3. In addition to the criteria for 

suitable lines by which this primary selection was effected, 

the following additional requirements governed the selection 

of the lines used: 

(a) The line-pairs must not be obscured or affected by the 

flame background emission, and 

(b) The line-pairs must be suitable for use over a relatively 

large temperature range in order to avoid as far as•possible 

the necessity to change from one line-pair to another during 

the measurement of the temperature vs. height profiles. 

This latter requirement is important because all of the tempe-

rature results may show a small systematic error due to any 

error in the Igf' values for the lines. When different line-

pairs are used during the course of obtaining a temperature 

vs. height profile the difference in systematic errors may 

then affect the continuity of the temperature curve. With 

exceptions only where noted, the temperature results were ob-

tained using the following two line-pairs: 

Fe 3705.507 - Fe 3749.488 ( 2700 - 2940°K ) 

Fe 3722.564 - Fe 3749.488 ( 2730 - 2980°K ) 

The temperature range over which the use of each of these 
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line-pairs offers the greatest freedom from self-absorption 

is given in parentheses. In order to avoid the necessity to 

change to the use of other recommended pairs of lines at 

slightly lower or higher temperatures than those given above, 

the above line pairs were employed over the range 2650 to 

3035°K. This does not result in a serious systematic error 

due to self-absorption effects as the rate of change of the 

ratio of the absorption coefficients (K1/K2) for these pairs 

is relatively slow with change in temperature and only falls 

just outside the desirable limits of 0.85 and 1.15 which were 

found to be acceptable from the earlier work (section 2.2.5). 

For the nitrogen-shielded fuel-rich and'stoichiometric flames 

at a height of 20 or 25 mm above the primary reaction zone 

the temperature was below 2650°K. Under these conditions the 

following three line-pairs were employed: 

Fe 3705.567 - Fe 3734.866 (2340 - 2530°K) 

Fe 3722.564 - Fe 3734.866 (2340 - 2540°K) 

Fe 3733.319 - Fe 3749.488 (2400 - 2600°K) 

The optimum temperature range for the use of each line-pair 

is again given in parentheses. 

For each of the three flames burning at different fuel/oxi-

dant concentration ratios temperature measurements were made 

at six different heights above the primary reaction zone. This 

procedure was followed for both unshielded and shielded flames. 

At each height the temperature was determined from three 

different exposures and using each line-pair recommended. 
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The precision obtained for each height is presented in the 

temperature profiles (see Figures 3-2,3-3,3-4) as a bar at 

each height. These bars indicate the range over which tempe-

rature results were obtained from three different exposures 

where the result from each exposure is the average for the 

line-pairs employed. The overall spread of -results at any 

height was never greater than 40°K, and was frequently sig-

nificantly better than this. The bars on the graphs at diffe-

rent heights represent principally the random error obtained, 

and do not take into account the existence of any systematic 

error which is introduced by the uncertainty in the 'gf' va-

lues used. The data used in these measurements were taken 

from the tables of Corliss and Tech (37), whose values were 

derived from a critical evaluation of the data available in 

the literature. These tables give the 'gf' values to three 

significant figures. A small systematic error was observed 

during the measurements; the line-pair 3722.564/3749.488 con-

sistently produced results higher than those obtained under 

the same conditions for the line-pair 3705.567/3749.488. The 

three iron lines of these two line-pairs used for most of the 

measurements (in the range 2650 to 3035°K) have been success-

fully used previously, however, to form different line-pair 

combinations with other lines for the measurement of the tempe-

rature of the air-acetylene flame (Table 2-4(a)). The three 

line-pairs employed for temperatures below 2650°K are also 

amongst those which have been used successfully in the same 

temperature range to yield temperatures for the air-acetylene 
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flame which agree .weil with the calculated temperature 

allowing for heat losses. As the accuracy of these previous 

measurements appeared to be good, we concluded that the 

accuracy of the 'gf' values employed was adequate for the 

method employed here. 

3.5 Flame Conditions  

The variation of temperature with height above the primary 

reaction zone was investigated for each of the three diffe-

rent acetylene: nitrous oxide concentration ratios supplied 

to the flame. 

1) A stoichiometric flame corresponding to the reaction 

C2H2 + 2 N20 	2 CO + H2 + 2 N2 

Acetylene flow-rate: 3.2 litres/minute. 

Nitrous oxide flow-rate: 6.4 litres/minute. 

232° 	ra2112 	= 2 . 0 

2) A flame which was fuel-lean with respect to 1) above. 

Acetylene flow-rate: 2.1 litres/minute. 

Nitrous oxide flow-rate: 6.4 litres/minute. 

/12° / [021'2 l = 3.0. 

3) A flame which was fuel-rich with respect to 1) above. 

Acetylene flow-rate: 3.6 litres/minute. 

Nitrous oxide flow-rate: 6.4 litres/minute. 

ZR2° / Z°2112 	= 
	1.8. 
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Air entrainment into the unshielded flame above the primary 

reaction zone was not taken into account when the gas flow-

rates were selected. With the burner and flow-rates employed 

the primary reaction zone was ca. 2 mm in height above the 

burner plate in each of the flames used. The flow-rate of 

shielding gas required to 'lift-off' the secondary reaction 

zone to a given height varied with the fuel / oxidant concen-

tration ratio employed. In order to provide for effective 

separation of all three flames to between 10 and 20 mm above 

the primary reaction zone, somewhat higher shielding gas flow-

rates than those reported previously for the separation of 

premixed fuel-rich nitrous oxide-acetylene flames were em-

ployed (50). The nitrogen and argon flow-rates were held con-

stant at 25 and 35 litres/minute respectively. 

3.6 Results  

Under the conditions used to support the stoichiometric flame 

with a nitrous oxide / acetylene mixing ratio of 2, a red 

interconal zone of height 1 mm was visible above the primary 

zone, but the use of additional acetylene immediately pro- 

duced a very substantial 'red feather' interconal region. 

Similarly, nitrogen or argon shielding of this stoichiometric 

flame produced an interconal region which exhibited a red 

emission for the first 15 and 10 mm respectively above the 

primary zone. The unshielded fuel-rich flame showed a more 

intense red interconal zone ca. 10 mm in height, which on 

shielding with nitrogen or argon was extended to ca. 20 and 
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15 mm respectively. The interconal zone of the fuel-lean 

flame exhibited blue emission which consists of the continu-

um radiation from the CO oxidation and emission in the ultra-

violet region from OH species. As described in the .experimen-

tal section, the height to which the secondary reaction zone 

was 'lifted-off' by the shielding gas depends on the gas flow-

rate and the flame used. Nitrogen in general lifts off the 

secondary zone further than argon at a fixed shielding gas 

flow-rate. 

Figures 3-2,3-3 and 3-4 show the results for the tempe-

rature profiles in the three flames studied. In each Figure 

the reproducibility obtained in the temperature measurements 

is shown, and the position to which the secondary reaction 

zone separates at the inert gas flow-rates used is shown. 

At each height in each flame the measurements were made for 

each line-pair in each of three exposures. 

2,2  Discussion 

As expected from earlier work (19,20) the calculated maxi-

mum temperature of 3228°K was not obtained in any of the 

flames studied. This value obviously takes no account of 

actual heat lossesin practice which occur by conduction, ra-

diation and air-entrainment with practical burners. The maxi-

mum temperature recorded in this study was obtained 2 mm above 

the primary reaction zone and is ca. 200°K less than this 

value. 
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1) Stoichiometric Flame  

The maximum temperature recorded for the unshielded flame 

at 2 mm above the primary reaction zone was 3000°K. The 

temperature falls quite rapidly with increasing height 

above the primary zone. This behaviour has been observed 

previously for this flsme in earlier work (19,20). A similar 

observation has been made by Janin et al.(53) for the pre-

mixed oxygen-acetylene flame. The rate of decrease of the 

temperature is considerably less, however, between 15 and 

25 mm above the primary zone in the unshielded flame. At this 

height above the primary zone the secondary combustion pro-

cess releases considerable heat and provides an effective 

shield around the interconal zone. 

Shielding the flame with inert gas has two principal effects 

on the flame temperature: 

(1) By prevention of air entrainment the shielding gas pre-

vents the secondary combustion process from providing 

a•.heat shield to the interconal zone. The secondary 

combustion can only occur much higher above the primary 

zone when the laminar flow of the inert gas becomes 

ineffective. 

(2) Greater cooling of the centre of the flame by heat trans-

fer to the shielding gas than occurs when the unshielded 

flame burns in an open atmosphere of air. 

The argon slid nitrogen-shielded flames are thus always cooler 

than the unshielded flame. The greater cooling effect of ni-

trogen than argon is consistent with its higher thermal ca- 
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Figure 3-2. Variation of temperature with height above primary reaction 
zone for stoichiometric flame. N20.7 L- C2H2j = 2.0 
A. Unshielded flame 
B. Argon-shielded flame 
C. Nitrogen-shielded flame 

Approximate position of visible secondary reaction zone 
shown by dotted line. 
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-pacity and conductivity. The temperature difference between 

the unshielded and. shielded flames is a minimum just above 

the primary reaction zone (2 to 5 mm). The prevention of the 

secondary combustion process near the primary zone on shield-

ing thus does not appear to have a very great effect on the 

temperature; possibly at this height in the unshielded flame 

the secondary combustion process does not make a substantial 

contribution to the total heat released. The temperature diffe-

rence between the shielded and unshielded flames becomes 

greater with increasing height. It would be expected, however, 

that higher in the shielded flames, when the secondary reaction 

occurs due to breakdown of the shielding gas flow, the tempe-

rature gradient might again decrease. This behaviour is obser-

ved for the argon-shielded flame, where above 15 mm from the 

primary zone the rate of temperature decrease becomes less. 

This effect is not observed for nitrogen shielding, however; 

when the secondary combustion occurs at ca. 20 mm height the 

temperature continues to decrease at the same rate. This may 

be attributed to the more effective cooling of the gases by 

dilution with nitrogen than argon due to its higher thermal 

capacity. 

2) Fuel-Lean Flame  

As shown in Fig. 3-3,, the maximum temperature recorded for 

the unshielded flame at 2 mm above the primary zone was 

3025°K. The fuel-lean flame corresponds to the stoichiometry 

02H2  + 3 N20-0-2 CO + H2O + 3 N2. 
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Figure 3-3. Variation of temperature with height above primary 
reaction zone for fuel-lean flame. 1-N20.7 g2H27.3.0 

A. Unshielded flame (x) 
3. Argon-shielded flame (o) 
C. Nitrogen-shielded flame 

Approximate position of visible secondary reaction 
zone shown by dotted line. 
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Owing to the fact that the overall oxidation process 

is more nearly complete in the primary reaction zone of 

this flame than in that of the stoichiometric flame, more 

heat is released initially in the primary reaction and less 

in the secondary zone than in the stoichiometric flame. The 

temperature curves obtained reflect this change in the com-

bustion reactions. At 2 mm above the primary zone the fuel-

lean flame is slightly hotter than at the corresponding 

height in the stoichiometric flame. Between 5 and 15 mm the 

temperature decreases in a similar fashion to that•in the 

stoichiometric flame, but no decrease in the rate•of fall of 

temperature is observed between 15 and 25 mm due to secon-

dary heat release as observed in this latter flame. Argon 

or nitrogen shielding 'lifts-off' the secondary combustion 

zone to 10 to 15 mm above the primary zone. As shown in Fig.5-

3 the temperature curve for the argon-shielded flame is not 

significantly different from that of the unshielded flame, 

whereas the nitrogen-shielded flame becomes notably cooler 

from 5 mm above the primary zone. This behaviour is in agree-

ment with that expected when the secondary combustion does 

not contribute very much heat to the flame above the primary 

zone. Thus prevention of the secondary combustion by argon, 

which does not cool the flame significantly by heat transfer, 

does not affect the flame temperature profile; prevention of 

the secondary combustion by nitrogen, however, still results 

in a cooling effect due to heat transfer to the shield gas. 
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3) Fuel-Rich Flame  

As shown in Fig. 3-4, the maximum temperature recorded 

for the unshielded flame at 2 mm above the primary zone 

was 3035°K. The temperature profile for the unshielded fuel-

rich flame is similar to that for the stoichiometric flame 

over the region up to 10 to 15 mm above the primary reaction 

zone usually employed in analytical atomic spectroscopy. The 

difference in the flame temperatures observed for the fuel-

rich and stoichiometric flames over this region is not sig-

nificant. The fuel-rich flame, however, shows a quite diffe-

rent behaviour between 15 and 25 mm above the primary zone. 

Whereas in the stoichiometric- flame the rate of decrease of 

the temperature with height in this region simply becomes 

less, in the fuel-rich flame an actual increase in tempera-

ture is observed in this region. The secondary combustion 

process in the rich flame must therefore involve reactions 

which release considerably more heat than the reactions 

occurring in the secondary combustion zone of the stoichio-

metric flame. The reactions may be those in which the re-

ducing carbonaceous species in the interconal zone of the 

rich flame (e.g. CN, 02, CH) are finally consumed by atmos-

pheric oxygen. 

The 'red-feather' zone in the argon and nitrogen-shielded 

flames extended to 15 and 20 mm respectively. The observa-

tion made for the stoichiometric flames that nitrogen cools 

the flame more than argon is also made for the fuel-rich 

flames. The temperature decrease between 2 and 10 mm above 
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Figure 3-4. Variation of temperature with height above primary 
reaction zone for fuel-rich flame. 1N21 / Zo2  H2 j

7=1.8 

A. Unshielded flame 
B. Argon-shielded flame 
C..Nitrogen-shielded flame 

Approximate position of visible secondary reaction zone 
shown by dotted line. 
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the primary reaction zone on shielding.the rich flame is 

larger than that observed for the stoichiometric flame in 

the same region. When the secondary combustion process 

finally proceeds in the argon-shielded flame at ca. 15 mm 

above the primary zone a lower rate of decrease of the tempe-

rature with height is observed as in the stoichiometric flame. 

The temperature does not actually increase, however, as in 

the unshielded flame at the tip of the 'red-feather' region. 

The curve for the nitrogen-shielded flame is steeper than 

that for the argon shielded flame up to a height of 15 mm 

above the primary zone, as expected, but a very sharp drop 

in temperature is observed in the nitrogen shielded flame 

between 15 and 20 mm above the primary zone. This effect 

occurs reproducibly and was observed for each of the line-

pairs employed. It is difficult to explain this effect un-

equivocally. As the sharp drop in temperature is observed 

before the shielding becomes ineffective, however, it is 

possibly related to the lack of oxidant to maintain heat 

releasing reactions; under these conditions the cooling effect 

of the nitrogen shield gas would be more pronounced as no 

additional heat is generated to counterbalance the cooling 

effect. At 20 to 25 mm height in the nitrogen shielded flame, 

when oxygen of the atmosphere again becomes available to 

support heat releasing oxidation reactions with the species 

of the reducing interconal zone, the rate of fall of the tempe-

rature is again minimised. 
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3.8 Conclusion 

We have observed little difference in temperature between 

the unshielded stoichiometric and fuel-rich flames in the 

part of the flame most frequently used in analytical flame 

spectroscopy. The sensitivity obtained in atomic absorption 

spectroscopy in the fuel-rich flame for elements which form 

refractory oxides, however, is considerably greater than that 

obtained in the stoichiometric flame. The shielded fuel-rich 

flame is cooler than the unshielded flame by between 40 and 

180°K in the region used for AAS. This temperature difference 

depends on the height of observation and the shielding gas 

employed. The cooler shielded flame, however, has been shown 

(39) to provide at least equal, if not superior sensitivities 

in AAS for a range of elements which form refractory oxides. 

Both of the above observations support the suggestion made 

by several groups of workers (e.g. 20,54,55) that in hot 

flames the maintenance of appreciable partial pressures of 

reducing species in the interconal zone of the flame is a 

more necessary factor for the support of high atomic popu-

lations of refractory oxide forming elements than the high 

temperature of the flame. 
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CHAPTER IV 

SCANNING OF ATOMIC EMISSION AND ABSORPTION PROFILES IN 

FLAMES WITH A FABRY-FEROT INTERFEROMETER 

4.1 Introduction 

In recent years the study of atomic spectral line profiles 

has been the subject of increased interest for analytical 

atomic spectroscopists. The reasons behind this interest are 

of both a pure analytical and a more physical nature. The 

profile of an atomic spectral line reflects the interaction 

of the radiating particles with their surroundings and pro-

vides information concerning the processes occurring in the 

radiation source. Line profile measurements can thus be 

used for the physical characterization of sources of radi-

ation, and under some circumstances even for temperature 

measurements in low pressure line sources. A knowledge of 

the absorption line profiles is certainly of considerable 

importance in atomic absorption flame spectrometry. In this 

method it is necessary that the half-intensity width of the 

spectral line source be narrower than the half-intensity 

width of the absorption line being studied; in this way loss 

of sensitivity and deviation from linearity in the analyti-

cal curve is avoided (56-61). The absorption line in a flame 

may also be shifted with respect to the source emission line 

and this also leads to reduced absorbance. The knowledge of 

the half-intensity width of absorption lines is therefore 

of great value for the choice of suitable spectral lines, 
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for the design of instrumentation and for the prediction of 

shapes of analytical curves. In atomic fluorescence flame 

spectrometry a knowledge of absorption line-widths of atoms 

in flames, as well as source line-widths is needed in order 

to choose properly the optimum spectral lines for study, to 

decide on the best experimental system and to predict the 

influence of experimental conditions on the shapes of ana-

lytical curves and the limit of detectability. Winefordner, 

Parsons, Mansfield and McCarthy (62) have given the basic 

equations for the prediction of analytical curves in atomic 

fluorescence spectrometry and several examples have been 

calculated by Hooymayers (63). 

Until now research has been concentrated on the investigation 

of line profiles in spectral line sources such as hollow• 

cathode lamps, and on the estimation of the atomic vapour 

temperatures from the Doppler widths obtained (64-70). In 

this department a piezoelectric scanning Fabry-Perot inter-

ferometer was assembled for the study of line-widths in 

hollow cathode lamps, vapour discharge lamps and electrode-

less discharge lamps. An examination was also made of the 

amount of self-absorption in hollow cathode lamps and vapour 

discharge lamps by a procedure based on the measurement of 

the intensity ratios of the hyperfine structure components 

of thallium (71). 

Little work, however, has been concerned with line-width 

studies in flames. Most of the available information on 

line broadening in flames has been obtained from measure-

ments of the total line intensities in emission. The shape 
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of the double-logarithmic plot of the total line emission 

intensity vs. the atomic concentration depends upon the 

ratio of the interaction broadening to Doppler broadening, 

i.e. the a-parameter. Consequently, if an experimentally 

atermined curve of growth is compared with a set of theo-

retically calculated curves, the value of 'a' for the tran-

sition concerned can be derived from the matching curve. 

This completely determines the profile of the atomic spectral 

line provided that it can be described by a Voigt function. - 

The method has, however, the disadvantage that the shape of 

the curve of growth is fairly insensitive to changes in the 

a-parameter and that the rate of aspiration and the degree 

of atomization of the element must remain constant over the 

wide range of solution concentrations which are required. 

In view of these ].imitations it seemed to be a very valuable 

project to study directly the width of spectral lines in air-

acetylene and nitrous oxide-acetylene flames in dependence 

of varied analyte concentrations and to compare these results 

with values of absorption line-widths if a method could be 

found to measure these with the instrumentation available. 

The calcium 1So - 
1

'1 4226.73 A resonance line was chosen 

for these studies. The main calcium isotope, Ca401  has an 

abundance of 97% so that any isotopic fine structure in the 

calcium spectral lines is negligible. Since calcium has also 

an even number of neutrons and an even number of protons 

there is no nuclear spin hyperfine structure. Due to these 

favourable properties the calcium spectral line is the ideal 

choice for our purposes. 
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The experimentally observed profile is actually a convo-

lution of the true emitted line profile with the instrument 

function. Thus, any quantitative measurement of spectral 

line-widths requires considerable background knowledge of 

the broadening factors in the source of radiation and of the 

instrument contribution. Therefore, an introduction to 

sources of line broadening and theoretical profiles is given 

before the instrumentation and the experiments are described. 

The width of the instrument function is discussed in the 

instrumental section. 

4.2 The Width of Spectral Lines  

An atomic spectral line can be defined as a transition bet-

ween two atomic energy levels specified by values of S (spin 

quantum number), L (orbital quantum number) and J (angular 

quantum number). That is, we ignore hyperfine splitting, but 

account for normal fine structure. Even the sharpest "line" 

that can be produced has a finite width and a line can never 

be considered as represented by a unique frequency. A common 

notation of the intensity distribution of an emission line 

is shown in Fig. 4-1. The intensity is written as Iv, which 

is a function of frequency, Y, Since the value of Y1 - Y2 
cannot be measured accurately, it is customary to define the 

breadth of any line in terms of its half-width, AV", i.e. the 

distance between the two points where 
1Y  = 10/2.  

It is sometimes convenient to express the half-width in terms 

of wavelength k or wavenumber G rather than frequency r . 
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Fig. 4-1- Eomenclature of a spectral line profile 

From the known relationships, 

	

Y (sec-1) = c/4 
	

(4-1) 

	

(cm-1) = 1/4 
	

(4-2) 

where c is the velocity of light, the following equations 

for finite intervals are obtained after differentiation: 

...Ak/A2 	 (4-3) 

= 	/,(2 
	

(4-4) 

It may be mentioned here that wavenumber units are very 

often expressed in Kaisers (K) or milli-Kaisers (mK), where 

1K= 1 cm-1 and 1 MK = 10-3 cm-1 

A spectral line-from any source will be broadened by a num-

ber of factors, although the contributions of different 
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factors will vary with the source. All of th3 factors listed 

below apply to both emission and absorption lines except for 

self-absorption and self-reversal broadening. 

4.2.1 Natural Broadening 

The natural width of a spectral linel Ora, is determined by 

the finite mean lifetime / of the excited state and results 

from Heisenberg's uncertainty principle, aE.ist = h/2 sr . 

The half-intensity width can be defined as 

A YN = 1/21/ T 
	

(4-5) 

The line profile has a Lorentzian frequency distribution and 

can be described by the equation 

I 
(Y) = 
	(4-6) 

(a2:=1/-0/)2 v- 	1  ,  

Using the value f = 1.49 (72) for the absorption oscillator 

strength of the calcium 4226.73 A resonance line, 'T = 5.4 x 10-9  

sec is obtained, and hence AYH  = 3 x 107  sec-11  or 6,k m  = 

0.00018 A or AGN = 1 mK. This value is completely negli-

gible compared to other sources of broadening. 

4.2.2 Doppler Broadening 

If a monochromatic light source is moving with a velocity 

whose component in the line of sight is vx, the frequency 

appears shifted by an amount, Nro.vx/c , compared with the 



frequency yo  of the source at rest. Owing to this Doppler 
effect, the random motion of the atoms of a gas causes the 

spectral lines emitted or absorbed by the gas to be broadened. 

If the lines emitted by atoms at rest are considered as in-

finitely narrow, i.e. if natural line-width and broadening 

by external influences are neglected, the intensity distri—

bution follows immediately from Maxwell's distribution law. 

The relations 

dN (vx) aC exp [-(M.v/ 2 R T)] dvx  

and 
	

Y = v (1 - vx/c) 

give directly the intensity as a Gaussian frequency distri— 

bution of the form 
N  

I (v) = I0  exp 	c2/2  RT) (v°- ,t 
)
2 

\cc" 

 

(4-7) 

 

where M, R and T are molecular weight, universal gas constant 

and absolute temperature respectively. The half-width is 

found from equation (4-7) to be 

flY 	
2 Nr 	2 RT ln 2 - 7.16 x 10-7  v 

D = (4-8) 

For the calcium 4226.73 A resonance line equation (4-8) 

gives akp  = 4.78 x 10-4  NT A, and hence tAD  = 0.0234 A 

and 0.0262 A or &G D 
= 131 mK and 147 mK for flame tem-

peratures of 2400°  K (air-acetylene flame) and 3000°  K 

(nitrous oxide-acetylene flame) respectively. 
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4.2.3 Lorentz Pressure Broadening 

Two different theories have been advanced to describe the 

interaction of the radiating particle with surrounding 

particles. The statistical theory considers the average force 

acting upon the radiating paticle, which is taken to be at 

rest during the interaction. The results obtained by this 

analysis are applicable at very high pressures 	10 at) or 

for wavelengths far away from the line centre. For moderate 

pressures encountered in spectroscopic sources of radiation 

the alternative collision theory provides more reliable re-

sults especially for wavelengths near the line centre that 

are of primary interest to us. 

The collision mechanism for broadening was first considered 

by Lorentz in the year 1905. According to Lorentz, atomic 

emission resulted from the harmonic vibration of an electron 

within an atom. At the moment when an atom collided with a 

foreign particle, the vibration was interrupted, while after 

the collision it was renewed at the same frequency. The vi-

brations were thus considered as segments of a sine-wave, 

with the phases distributed at random in separate segments. 

The Lorentz effect gives lines the same form of profile as 

natural broadening: 

I 

 

Io (4-9) 
Y ( 	j )2  

YL 

where I0  is the intensity at the line centre and 6,\Ch is 

the Lorentz half-width which in turn depends on the experi- 



mental conditions in accordance with the equation 

75 

2 2 	I I AY= 	GN 	2 IT RT ( 	) 

 

(4-10) 

2  where 1TG L is the effective cross-section for Lorentz 

broadening, N is the number of foreign gas molecules per c.c. 

and M1 and M2 are the molecular weights of radiating 

particles and foreign molecules respectively (36). For one 

atmosphere pressure, and expressing d i,  in angstrom units, 

as Parsons et al. (73) have done, equation (4-10) reduces 

to (74) : 

3.55 x 10-9 ^
/2 ,2 (4-11) 

The simple Lorentz theory, however, cannot account for the 

line shift AY and line asymmetry which are found to 

accompany pressure broadening. To explain these, more refined 

impact theories are required, such as those developed ini-

tially by Lenz (75) and Lindholm (76). According to modern 

ideas, interaction between particles does not cause a break 

in vibrations, but merely a change in their phase. All the 

phase changes caused both by close and distant approaches by 

the interacting particles are taken into account in the cal-

culation and explain why the lines are shifted by Vrs  

relative to the initial frequency Y . For a simple van der 

Waals interaction (^, -06 r-6) Lindholm's theory gives the 

half-width and line shift by the equations 

2/5  3/5 N  = 2.71 06 	V (4-12) 
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Ys  = 0.98 C62/5 v3/5 N 	(4-13) 

where C6 is the van der Weals constant for the interaction 

between emitter and perturber, v the average value of the 

relative velocity between emitter and perturber and N the 

number of perturbers per unit volume. The Lindholm theory 

enables to establish a relationship between av-L  and Aves  

If equations (4-12) and (4-13) are compared the following 

expression is obtained 

VS 	0.36 	(4-14) 
6 IrL 

It should be noted that according to both theories pressure 

broadening does not depend upon the concentration of the 

radiating particles. It is quite difficult to calculate the 

pressure half-width in flames as no accurate effective cross-

sections or van der Waals constants are known for flame con-

ditions. However, Parsons et al. (73) have estimated half-

widths in various flames assuming that collisional cross-

sections fall into the range 20-100 A. They give two values 

for collisional half-widths which correspond to the minimum 

and maximum values of the collisional cross-sections. 

4.2.4Resonance n a r k Broadening  

The line broadening which results from the strong exchange-

type interactions between the emitting atoms and atoms of 

the same kind has a frequency distribution similar to that 

of Lorentz broadening. The half-width is given by 
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2 
H N (4-15) 
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where N is the number of atoms per c.c. and1IGH2  is the 

effective collisional cross-section for atoms of the same 

kind. 

Parsons et al. (73) and de Galan and Wagenaar(77) have shown 

that resonance broadening is insignificant in flames even if 

molar solutions are sprayed into the flame. Behmenburg (78) 

also indicated that resonance broadening is negligible as com-

pared to collisional broadening for the Na 'D' lines. 

4.2.5 Stark and Zeeman Broadening  

These effects are caused by splitting of an atomic line due 

to the effect on the energy levels of electric and magnetic 

fields respectively. The latter will not.be  present in our 
• 

experimental equipment. The linear Stark effect 	C2/ r2) 

is only important for hydrogen lines and some helium lines. 

The quadratic Stark effect (- C/ r4) results from the inter-

action between charged particles and the dipole induced in 

the radiating atom. The electron concentration in flames, 

howeverl'is too low to allow the Stark effect to make a signi-

ficant contribution towards the total line-width. 

4.2.6 Isotopic and Nuclear Spin Hyperfine Structure 

The natural abundances of the calcium isotopes are Ca40 

(96.97ifJ), Ca42  (0.64;:)), Ca43  (0.1455), Ca44(2.065), Ca46 
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(0.0033:0) and Ca48  (0.182.5). Since the major isotope, Ca40 

has zero nuclear spin, the calcium resonance line is expected 

to be very close to a pure single line. 

40 The isotopic shift for Ca48 relative to Ca has been found 

to be 0.0091 A (66). This is close to the value of 0.0097 A 

predicted by the "normal" mass shift expression (66): 

6.\eab = me 
Ma - Mb. 

q
b  

co (4-16) 

where Ma and Mb are the masses of the isotopes a and b and 

me is the electronic mass. If we assume the isotopic shifts 

of the intermediate isotopes are also given approximately by 

equation ( 4-16) and if the natural abundances are taken into 

consideration it is quite obvious that the resulting hyperfine 

structure can be neglected. 

4.2.7 Self-Absorption Broadening 

Self-absorption broadening is caused by self-absorption and 

self-reversal of spectral lines and therefore only applies 

to emission lines. It occurs because the proportion of the 

light absorbed under given conditions decreases as the distance 

from the line centre increases since the absorption coefficient, 

k v. , has the same distribution as I. . Thus, the greater the 
self-absorption the "flatter" the line profile becomes and 

the greater is its effective half-width. As this multipli-

c ation factor is applied.to the sum of all the other broadening 

factors, self-absorption broadening may be more important than 

any other factor alone. 
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4.2.8 The Voigt Profile 

When the broadening of a spectral line is due to contri-

butions from a Gaussian shape (e.g. Doppler effect) and 

from a Lorentz shape (e.g. Lorentz broadening) the resulting 

intensity distribution may be expressed by a convolution 

integral if the broadening mechanisms act independently. 

Strictly speaking, this condition is not fulfilled because 

Doppler broadening and Lorentz pressure broadening depend 

both upon the particle velocity. However, Mizushima has shown 

that this interdependence may be ignored for the central 

portion of the line profile (79). The resulting intensity 

distribution is given as a good approximation by the equation: 

-Y 
2 

a H (a, uo ) 	e2 (4-17) 
j a  d

y e
+(.0-y)  

The quantities appearing in eauation (4-17) are defined by 

a = 	
\rL 	21 

2 ('c-') 
co -  	ln 2 

A VD 

(4-18) 

(4-19) 

where 	is the Doppler half-width and c041,  is the total Lorentz- 

ian half-width which might, apart from the Lorentz pressure 

half-width also include the instrumental half-width. The in-

tensity distribution (4-17) is commonly called a Voigt profile 

because of the original discussion of this effect by Voigt (80). 

The Voigt integral H (al w ) is usually tabulated as a fraction 

of H (a, o) with a and w as varying parameters. This has been 

done fairly comprehensively by Posener (81). As mentioned in 

the introduction the a - parameter is widely used for the 
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characterization of an observed profile and can also be 

obtained by comparing theoretical and experimental curves 

of growth. 

11..3 	The Fabry-Perot Interferometer 

4.3.1 Description of the Instrument 

The instrument introduced in 1897 by ITabry and Perot (82) is 

the most versatile of the interferometers. In its standard 

form it has been used for high resolution spectroscopy, absolute 

wavelength measurements, evaluation of the metre, determination 

of the refractive index of gases and measurements of small dis-

placements. 

It has been described by Tolansky (83) together with other 

interferometric devices. It consists of two thick plane paral-

lel glass or quartz plates rigidly mounted in a frame. The two 

inner surfaces are polished as plane as possible and coated 

with a suitable reflecting film. This film should have a high 

reflection coefficient, a small transmission coefficient, and 

the smallest possible absorption coefficient. Thus,when a beam 

of light is passed through the two plates multiple reflections 

occur in the space between them and some of the light is trans-

mitted to the far side. This is made up of a large number of 

coherent light beams of different path length so that inter-

ference will occur at infinity. If the light is collected by 

a lens an interference pattern is seen. This is a set of rings 

because of the circular symmetry about the optical axis. If 

the light is monochromatic each ring will correspond to a 
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different order of interference. If the incident light 

consists of various wavelengths it is necessary to isolate 

the spectral line of interest. This may be done by a filter 

for simple spectra; the classical technique is to combine 

the instrument with a spectrograph. 

The resolving limit for a given experimental arrangement and 

a particular wavelength is a fixed function of the wavelength 

range which may be covered :•rithout overlap of orders. The 

wider the plate separation the narrower is the range covered 

and the better is the resolution. For this reason the most 

useful type of plate mounting for high resolution work is 

one which allows a variable gap with a suitable means of ad-

justing the plates for parallelism. The optimum wavelength 

range for any spectral line may then be selected. 

The photographic Fabry-Perot interferometer has changed little 

since its introduction. The main area for improvement is in 

the plate surfaces and their coatings. The object is to obtain 

a surface which is absolutely flat and coatings which give low 

absorption of light. Glass plates have been widely used but 

quartz or fused silica allow better quality surfaces and may 

also be used at wavelengths down to 2000 A. The flatness of 

the plates is usually quoted as a fraction of a wavelength 

for green light. The very best modern plates are flat'to 

/'green / 200 in the centre of the plate. Unfortunately these 

are very expensive. 

Much greater improvement has been possible in the coatings 

of the mirror surfaces. Traditionally the coatings are ob-

tained by sputtering on a layer of silver or aluminium, 
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The best results which can be reproducibly obtained are 

about 945 reflection and 55, absorption for silver and 90% 

and (Xli for aluminium. Silver cannot be used below about 

4000 A whereas aluminium gives good results down to about 

2000 A. In the last few years coatings made up of multiple 

layers of dielectric materials such as ZnS, Mg2F and Pb 012  

have been introduced. In the visible it is now possible to 

produce coatings giving less than 0.1% absorption with 99% 

reflection. However, these dielectric coatings have the serious 

disadvantage that they can be used only over a very limited 

wavelength range. It might, therefore, be necessary to prepare 

a set of plates for each spectral line to be examined. 

4.3.2 The Fabry-Perot Spectrometer 

Although the combination of a .Vabry-Perot interferometer 

with a spectrograph has been widely used, it has the serious 

drawback that the rings may only be recorded photographically. 

As the rings obey a parabolic law, the measurement of the se-

paration of the rings does not give directly the wavelength 

separation or widths of the components which produced them. 

A reduction method is usually reauired which is extremely 

laborious as measurements have to be made on several orders. 

In 1948 Jacquinot and Dufour (84) suggested the replacement 

of the photographic plate by a small aperture placed on the 

optical axis so that only the central fringe of the system 

is observed. The order of the observed fringe is then changed 

by changing the optical retardation, i.e. the effective opti-

cal path length between the two plates. Each change of A/2 
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in the optibal path results in a scan through one order 

so that only minute changes are needed. If the light passing 

through the aperture is recorded photoelectrically, a scan 

is obtained which is linear with respect to both the wave-

length and the intensity of the incident light. 

There are two ways of varying the optical path length. 

Jacquinot and Dufour (84) suggested altering the refractive 

index (u) of the gas between the plates by changing its 

pressure. In theory the method is simple because any commer-

cial photographic Fabry-Perot interferometer may be converted 

to pressure scanning by placing it in an air-tight box. In 

practice a number of difficulties are encountered. If the-

gas used is air, a pressure change of 1 atm is just sufficient 

to scan one order with a wavelength range of 1 A. It is quite 

difficult to change the pressure uniformly with time so as 

to obtain a linear wavelength scale. Finally, the fastest 

scanning speed is around one order per second, Even at lower 

speeds most instrumental arrangements do not allow continuous 

repetitive scanning. 

The other method of changing the optical path length is simply 

to move one of the plates. The main problems are to produce 

linear and reproducible movements of the order of a few thou-

sand•angstroms while maintaining the two plates absolutely 

parallel. This can be achieved using a piezoelectric trans-

ducer to move the interferometer plate. The first really 

successful instrument using this principle was designed by 

Cooper and Greig (85,86). It was intended for ultra-high 

speed scanning rather than really high resolution and was 

mainly operated at the resonance frequency (15 KHz) of the 
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ceramic transducer. It is the prototype of the instrument 

used in the present project and has been found to work 

equally well at slow scanning speeds. Its major advantage 

over pressure scanning instruments is the ability to observe 

a line profile on an oscilloscope while the instrument oscil-

lates continuously. Fine adjustments to the plate parallelism 

may then be made much more easily than with the stationary 

interferometer. 

4.3.3 Interferometry Theory 

Interference fringes are obtained from two or more light beams 

which have different path lengths but the same frequency and 

the same initial phase, i.e. which originate from coherent 

sources. In case of the Fabry-Perot interferometer the diffe-

rent path lengths are obtained by using a semi-reflecting sur-

face to divide the amplitude of the light beam. The resulting 

fringe pattern forms a series of concentric rings with all 

the maxima being of equal brightness. The angles at which the 

maxima occur are given by 

cos G n A 
tut 

 

(4-20) 

 

where t is the plate separation, u the refractive index and 

A the angle between the cone of transmitted light and the axis. 

As the Fabry-Perot interferometer used only the central fringe 

for which A = 0 equation (4-20) is reduced to 

2 ut = nA 	 (4-21) 

The change needed to scan one order is found by substituting 

n = 1 into equation 4-21). If u is taken as 1 in air it can. 
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be seen that t must be changed by A/2. The wavelength range 

corresponding to one .order can be found by using the fact 

that if everything else is kept constant, two wavelengths 

IN  and 	hi corresponding to orders n and n + 1 are related 

by 

= (n+1) A' (4-22) 

Hence 
( A - 	4') = -A' 

(4-23) 

It can be seen that the higher the order the smaller the 

wavelength range. The actual order n is found from equation 

(4-21) using u=1. The wavelength range, which is generally 

referred to as the free spectral range (FSR), is obtained 

by substituting n = 2t/A into equation (4-23). This gives 

FSR = AA = 	A2  / 2t 	(4-24) 

The wavelength range apends on the wavelength and this is 

inconvenient for the Fabry-Perot interferometer. The problem 

can be avoided by working in wavenumbers. This conversion is 

carried out using equation (4-4) and it is found that 

FSR = o G = 1/2t 	(4-25) 

which is independent of wavelength. 

4.3.4 The Fabry-Perot Finesse and Instrumental Width 

The resolving power of the Fabry-Perot interferometer is known 

as the finesse. The "theoretical" finesse of the instrument . 

wiabe considered first. As this depends only on the reflection 

coefficient of the mirror surfaces it is usually referred to 
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1 -R 
Gm = ( 1-A-R  

(4-28) 
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as the reflection finesse, NR. This is calculated using 

the Airy function (83) which describes the fringe intensity 

in terms of the reflection and transmission coefficients, 

R and T, of the mirror surfaces. For the transmitted fringes 

it takes the form 

/ 

	
1 + 

2 	 -1 
GT 

4R 	sin1TG 2  1 	 (4-26) 
( 1 - R (1- R)2  

where GT is the fraction of the incident light which is trans-

mitted, G the wavenumber and A.the optical retardation. This 

is equal to 2 ut cos G (equation (4-20)). Transmission maxi-

ma occur when t.--= nA . Since n is an integer, sin n1T is 

zero. Therefore the transmission factor at each maximum is 

simply 	
Gm  = T2 / (1-R)2 
	

(4-27) 

In practice the plates have always an absorption coefficient 

A giving T + R + A . 1. Gm  may then also be calculated from 

the alternative expression 

The finesse, N, is defined as the free spectral range divided 

by the observed half-width of a fringe obtained from an in-

finitely narrow source line. For NR  the half-width used will 

be that due to the value of the reflection coefficient. It 

can be found using the value of A obtained when GT  = Gm/2 

is substituted into equation (4-26). This gives 
1/2 

1- R.  
R N - 7  1 - R (4-29) 

This value of NR calculated from the plate reflectivity would 

only represent the practical finesse of the instrument if all 
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components were optically perfect. The most serious deviation 

from perfection is the fact that the plates have a finite 

flatness and can never be set exactly parallel. Less impor-

tant is the finite size of the scanning aperture which adds 

to the recorded width of the fringes. Both of these factors 

may be expressed in terms of a finesse. 

The surface defects finesse, ND, is affected by the original_ 

grinding of the plates, the setting of plate parallelism and 

bowing of the moving plate due to its fixture to the piezo-

electric transducer. It can be shown (87) that if the flat-

ness is expressed in the form A. m, then 

ND 
	m 	 (4-30) 

e.g. if the plates are flat to lc green/5°'  ND  will be 25 for 

green light. It is almost always the limiting finesse for the 

instrument, especially when light of shorter wavelength is 

used. Some improvements may be obtained by using a stop so 

that only the centre area of the plates is utilized. This is 

because it is easier to set and maintain plate parallelism 

over a small area at the centre and because commercial plates 

usually exceed their specified flatness in this region. 

The scanning finesse, NN, depends on the size of the solid 

angle accepted by the scanning aperture used to record the 

fringes, i.e. on the diameter of the orifice and the focal 

length of the lens used to focus the fringes. It is defined 

as 

NF = 2 Tr eG 
(4-31) 

 



where AG = FSR.(in cm) 

G = wavenumber of light used (in cm-1) 

= the solid angle associated with 

the diaphragm hole 
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If the radius of the hole is r , the focal length of the 

lens f and -band. = r/f, equation (4-31) can be rewritten 

for small cr, in the form 

NF 	2 ( oG  

 

f 2 
(4-32) 

  

r 

NF will not be the limiting finesse since large values are 

easily obtained. 

The combination of NR,  ND and NF to give 'a resultant finesse 

Ndpends on their relative values. It may be shown (88) that 

to a good approximation 

-2 --7 --2 
'R 	ND 

(4-33) 

This means that the maximum value of N can never exceed the 

smallest of the three components. Furthermore, making one 

component very much larger than the others will only cause 

a small increase in N. If this is-done at the expense of the 

reducing of the light transmission, the small increase in N 

is accompanied by a large reduction in the luminosity of the 

instrument. 

The best compromise between high finesse and good luminosity 

is to have NR=ND=NF. In practice it is inconvenient to change 

NF  for each different scan and usually NF  is made sufficiently 

large so that 1/111,2  0 under most conditions. This gives N 

as approximately 0.7 NR  or 0.7 ND. 
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The instrumental half-Width as which was previously 

mentioned as an important line broadening factor can be 

simply defined in terms of resultant finesse N as 

FSR 
N (4-34) 

In section 4.5.1 it will be shown how the resultant finesse 

N and the instrumental half-width are obtained experimentally. 

• 4.4 Experimental 

4.4.1 Apparatus  

A schematic diagram of the Fabry-Perot spectrometer employed 

is shown in Fig. 4-2. The apparatus, its alignment and use 

have been described earlier (71,89). Apart from measurements 

of the finesse, the source in Fig. 4-2 is always represented 

by a flame. Two different sets of interferometer plates were 

used during the project. In all experiments, except for the 

calcium emission measurements in air-acetylene flames, a pair ' 

of vitreous silica plates flat to I\/50 at 5461 A with alu-

minium coatings giving a reflectance of approximately 86% 

at the same wavelength were employed. The same experiments 

were carried out at slow scan speeds and the signal was recor-

ded on a potentiometric chart recorder (Servoscribe, Smiths 

Industries, England). Calcium electrodeless discharge lamps 

(EDL) were used as background sources for the absorption measure-

ments. They were prepared in the laboratory as described pre-

viously (90). The EDL sources were powered from a 2450 MHz 

microwave. generator (Nicrotron 200 Mk II, Electromedical 

Supplies Ltd., Hantage, England) in a 3/4-wave resonant 
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Fig. 4-2. Schematic diagram of the Fabry-Perot spectrometer 
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cavity (Model 210 L,.Electromedical Supplies). The EDL 

source was in optical, alignment with the interferometer 

and was focused onto the flame by a glass lens of Ei cm 

focal length. 

During the project it was realized that it would not be 

possible to observe the calcium emission profile in an air-

acetylene flame owing to the fact that its emission intensity 

was far too weak to be recorded with the instrument. Only 

one month before the completion of this project two major 

changes in the instrumentation allowed these measurements 

to be made. The use of improved interferometer plates and 

the introduction of a time-averaging computer improved sig-

nificantly the sensitivity of the instrument for weak signals. 

The new interferometer plates (Hilger and Watts, London) were 

made of vitreous silica and had a flatness to A/150 to the 

central 10 mm at 4227 A with dielectric coatings giving a • 

reflectance of 96% and an absorption of ca. 1% at the same 

wavelength. The higher flatness, the increased reflectivity 

and the lower absorption factor resulted in a far better 

finesse and luminosity than observed with the previously em-

ployed interferometer plates. The 200 point averager model 

DL 102 (Data Laboratories Ltd., England) was used in order 

to improve the signal-to-noise ratio. The averaging process 

is applied to time locked signals where the presence of noise 

makes it impossible to study the signal by ordinary methods. 

A prerequisite is that some suitable, clearly defined occur-

rence to a known point in time is used to provide a triggering 

signal for the averager. In order to obtain the signal average, 
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the signal is sampled at discrete points, digitised and 

stored so that it may be summed up with corresponding 

samples from successive sweeps. After the required number 

of sweeps have been completed, the result is scaled, dis- 

played on an oscilloscope and output to some recording device.  

If the sit5aal is locked to the sweep and assuming a Gaussian 

noise distribution, the signal-to-noise ratio is improved 

by \PT, where N is the number of sweeps. 

All calcium emission measurements in the air-acetylene flames 

were carried out at a fast scan rate of 4 Hz. The output from 

the photomultiplier tube was fed into the DL 102 via an ampli-

fier with a gain factor of approximately 200. It was construc-

ted around a commercially available Philbrick Nexus PF 85 AU 

operational amplifier. The sweep time of the DL 102 was ad-

justed to 0.1 sec which allowed to scan two successive orders. 

It was triggered by a square wave output from the oscillator 

which is synchronised with the scanning frequency. After the 

required number of sweeps had been completed the resultant 

signal was recorded by an x-y recorder (Bryans Auto-Plotter, 

Model 21001). The information from the DL 102 was transferred 

to the x-y recorder employing an output rate per point of 

either 0.2 or 0.5 sec. 

4.4.2 Burners  

For the line profile measurements in the various flames the 

same nebuliser type was used as described in section 2.2.4. 

The uptake rates were 4.6 and 4.4 ml/min and the aspiration 
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rates 0.45 and 0.5 ml/min for the nitrous oxide-acetylene 

and air-acetylene flame respectively. The following burners 

were employed: 

1) Nitrous oxide-acetylene flame 

a) Long flame: a long path burner with a single slot (50 mm 

in length and 0.38 mm wide) suitable for use with inert 

gas-shielding (Beckman - RIIC, Glenrothes, Scotland). 

b) Round flame: a burner for flame-shielded flames without 

using the flame-shielding facilities. The burner has been 

described before (89). It is shown in Fig. 4-3. The out-

side diameter of the inner burner slot is 15.2 mm. The 

centre piece gives a slit width of 0.9 mm. For the outer 

burner steel capillary tubes of 0.4 mm inside diameter 

are used. They are arranged on two concentric circles of 

26 and 28.7 mm. 55 tubes are placed on the inner row and 

55 on the outer row. 

c) Flame-shielded flame: the same burner as under b) with 

flame-shielding. 

d) Nitrogen-separated flame: a round nitrous oxide-acetylene 

Unicam burner of 19 mm outside diameter together with a 

Beckman - RIIC separator. 

2) Air-acetylene flame 

a) Long flame: the same burner as under 1 a) 

b) Round flame: a round air-acetylene Unicam burner of 19 mm 

outside diameter. 
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c) Flame-shielded flame: the same burner as under 1 b) 

d) Nitrogen-separated flame: the same burner as under 2 b) 

with the same separator as under 1 d). 

3) Hydrogen-nitrogen diffusion flame  

a) Round flame: the same burner as under 2 b). 

4.5 	Results 

4.5.1 Measurements of the Finesse  

As mentioned earlier, the finesse of the instrument is a 

function of the reflectivity of the mirror surfaces, the 

flatness and parallelism of the plates and the size of the 

scanning aperture if this is not made negligibly small. Since 

these factors vary in relative importance with wavelength, 

the calculation of the overall finesse is difficult and is 

usually found experimentally by measuring the instrument pro-

file. This is carried out by scanning the calcium emission 

line from a hollow-cathode lampe using an extremely large 

FSR which is obtained by setting the plate separation to a 

fraction of a mm. At a large FSR the actually emitted pro-

file is negligibly small compared to the instrumental pro-

file. The finesse N is therefore obtained from equation (4-34) 

as H = FSR/As where l'SR is the separation of two successive 

orders and h.s the half-width of the recorded profile. 

The finesse at the Ca 4227 A wavelength was determined for 

both sets of interferometer plates. The measurements for the 

aluminium coated plates were carried out at slow scan (1/2 

cycle/4 min approx.) and a finesse of N = 14 was obtained. 
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The dielectric Coated plates were used.at a fast scan rate 

of 4 Hz and a finesse of N = 20 was measured. Traces of the 

scanned profiles are shown in Fig. 4-4. 

4.5.2 Calcium Line Emission Profiles at 4227 A in 

Nitrous Oxide-Acetylene Flames  

The profiles of the Ca 4226.73 A line emitted from four 

different nitrous oxide-acetylene flames have been recorded 

at various calcium concentrations introduced into the flame. 

Round, long, nitrogen-shielded and nitrous oxide-acetylene 

flame-shielded flames were employed for this investigation. 

The following flow-rates were used: 

- acetylene 	: . 	3.2 1/min 

	

- nitrous oxide : 	6.4 1/min 

- nitrogen 	: . 	8.0 1/min 

- acetylene 	• ! 6.2 1/min l 

/ - nitrous oxide : 	1.3 1minc 
for the outer flame-shielded 
flame 

An aqueous calcium nitrate solution with a concentration vary-

ing between 50-1000 ppm was sprayed into these flames (in case 

of the flame-shielded flame only into the inner flame). All 

measurements were taken approximately 1 mm above the primary 

reaction zone. A free spectral range (FSR) of 2125 mK was 

employed. Typical profiles obtained are shown in Fig.4-5. 

The dependence of observed half-width &Gobs  from concen-

tration is shown in Fig. 4-6. 

It can be seen from Fig. 4-6 that the half-width increases 

with increasing concentration, the slope of the curves being 

dependent on the type of flame employed. As resonance broaden-

ing is insignificant at the calcium concentrations used and 
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a) Aluminium coated plates at slow scan 

b) Dielectric coated plates at fast scan 
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as Dopplerl'pressure and instrumental broadening are con-

stant and not concentration dependent, the increase in half-

width with increasing concentration can be only attributed 

to self-absorption broadening.- This is clearly supported 

by the observation that the degree of self-absorptionbpends 

on the type of flame used. Self-absorption broadening is ob-

viously most pronounced in the long flame, where the emitted 

light has the longest path across the flame and where the 

flame ends are subject to considerable cooling. In the case 

of the long flame self-reversal was observed to occur at 

1000 ppm. The shielding of the round flame by nitrogen leads 

to considerable self-absorption particularly in the outer 

cooler zones of the flame. This results in significant self-

reversal if higher concentrations of calcium are used. The 

curve for this flame is actually discontinued at 600 ppm 

because of the onset of self-reversal. Flame-shielding of a 

flame cannot prevent self-absorption occurring at all, but 

it can prevent self-reversal as the outer zone of the flame 

is not cooled. The curve for this flame actually crosses the 

curve for the unshielded round flame at a high calcium con-

centration where self-reversal starts to become significant. 

Measurements at higher concentrations show that no self-

reversal is observed for the flame-shielded flame even at 

a concentration of 2000 ppm whereas the unshielded round flame 

is subject to self-reversal at 1500 ppm. 

The most important part of these half-widths measurements is 

the extrapolation to zero concentration. At this point no 

self-absorption does occur and it is, therefore, expected 
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that the curves for the four different flame types inter-

cept the half-width axis at the same point.'This is observed 

in Fig. 4-6 to occur approximately at AGobs  . 350 mK. This 

value is of particular relevance because it should also re-

present the half-width of the absorption line as emission and 

absorption line profiles should be identical under conditions 

which exclude self-absorption. 

From the observed half-width 6,Gobs = 350 mK, the previously 

calculated Doppler half-width (section 4.2.2) ,6,GD  = 147 mK, 

and the instrumental half-width, which is calculated from 

equation (4-34) as b.s = FSR / N = 152 mK, the Lorentzian 

pressure half-width AG can be obtained if the resulting in-

tensity distribution is considered to be expressed to a good 

approximation by a Voigt profile (section 4.2.8). In this 

case the total Iorentian half-width is the sum of the widths 

pGL  + AS. Therefore equation (4-18) is changed to 

From Posener's numerical calculations (81) of Voigt profiles 

a' can be calculated if the quantity w is known or vice 

versa. w is given as.  

w 	= A 
obs

1/N17.T / LGD 	(4-36) 

In our case w = 1.985 and a' is found to be 1.615. The 

pressure half-width is therefore LGL  = 135 mK or Lisii  = 

0.0241 A. The a-parameter (equation (4-18)) is calculated to 

be a 3-47-n—.2-76AD  = 0.76 which results in a total 



102 

emitted line width (not including instrumental width) of 

&GT  = 231 mK or al\T  = 0.0415 A. 

The calcium emission line profiles have also been recorded in 

flames of varying stoicbbmetries. This has been done for a 

flame-shielded nitrous oxide-acetylene flame at a constant 

calcium concentration of 200 ppm. A free spectral range (FSR) 

of 990 mK was used and the following flow-rates were employed: 

- inner flame : N20 : 6.4 1/min 

C2H2 : variable 

- outer flame : N20 	6.15 1/min 

C2H2 : 1.4 1/min 

The dependence of the observed half-widths .6,5obs and the ratio 

of the nitrous oxide / acetylene flow-rates employed for the 

inner flame is shown in Table 4-1. 

Table 4-1. 

AT2Q7 / /02H27 Half-width AGobs (mK) 

1.8 350 

2.0 345 

2.5 33o 

3.0 315 

3.5 295 

The results shown in Table 4-1 can only be interpreted quali-

tatively as self-absorption broadening is part of the observed 

half-width. The decrease in line-width with a decreasing flow- 
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rate of acetylene cannot be attributed to Doppler broadening 

as the temperature does not vary significantly with changing 

stoichbmetry near the primary reaction zone (Chapter III). 

Self-absorption broadening is also not expected to vary con-

siderably with changing stoic1ometry. Therefore, the change 

in line-width must be related to a change in pressure broadening. 

From equation (4-10) we would assume, that with decreasing 

acetylene flow the particle concentration N will decrease 

which results in a lower pressure broadening term. The effec-

tive molecular weight of the perturbing particles will increase 

with decreasing acetylene concentration due to the higher 

molecular weight of nitrous oxide. This leads also to a decrease 

in Lorentz pressure broadening. 

4.5.3 Calcium Line Emission Profiles at 4227 A in Air-

Acetylene Flames  

The profiles of the calcium 4226.73 A line emitted from four 

different air-acetylene flames were recorded at various 

calcium concentrations. The same flame types were employed as 

for the nitrous oxide-acetylene flame in the previous section. 

The flow-rates employed were as follows: 

- air : 9.0 1/min 

- acetylene : 1.1 1/min 

- nitrogen : 6.5 1/min 

- air : 14.0 1/min for the outer f lame- 

- acetylene : 1.1 1/min shielded flame 

The minimum calcium concentration for whose profiles the half- 
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width could be measured was 200 ppm ; only in the case of the 

long flame a calcium concentration down to 25 ppm could be 

used. All measurements were taken approximately 1 mm above 

the primary reaction zone. A free spectral range of 1223 mK 

was employed. The measurements were carried out with the 

time averager DL 102 using 8192 sweeps at a scan rate of 0.1 

sec. Typical profiles obtained are shown in Fig. 4-7. The de-

pendence of observed half-widths AGobs on concentration is 

shown in Fig. 4-8. 

It can be seen from Fig. 4-8 that nearly all observations made 

for the nitrous oxide-acetylene flame in Fig. 4-6 are also 

true for the air-acetylene flame. In Fig. 4-8 the long flame 

is also most affected by self-absorption and the emission from 

the nitrogen-shielded flame is also more self-absorbed than 

the emission from the round flame. The explanations for this 

behaviour given in .section 4.5.2 are also true here. The mea-

surements for the long flame and the nitrogen-shielded flame 

had to be discontinued at 600 and 800 ppm respectively because 

the emitted profiles were so strongly self-absorbed that no 

half-width readings could be taken. The air-acetylene flame 

behaves differently only in the case of the flame-shielded 

flame, which is least affected by self-absorption over the 

whole concentration range. 

As for the nitrous oxide-acetylene flame all four curves can 

be extrapolated to zero concentration and they are all found 

to intercept the half-width axis at approximately nel -- obs 

250 mK. The Lorentzian half-width ac.L may again be calculated 

from Posener's tables using the calculated Doppler half-width 

(section 4.2.2) eG D  = 131 mK and the instrumental half-width 



Fig. 4-7. Calcium line emission profiles at 400 ppm in air-acetylene flames 

A - long flame 	B - round flame 

C 	nitrogen-shielded flame 	D - flame-shielded flame 
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A s = 61 mK. In this case w = 1.59 (equation (4-36)) 

and a' is found to be 1.13. Thus AGI  = 117 mK or to( = 

0.0209 A. The a-parameter (equation 4-18) is 0.74 and the 

total emitted line width LGT  = 204 mK or akT  = 0.0365 A. 

4.5.4 Calcium Line Absorption Profile at 4227 A in an 

Air-Acetylene Flame 

The calcium absorption profile in an air-acetylene flame 

has been obtained using a strongly self-absorbed calcium 

EDL as a background source. The EDL was operated at 150 W 

and the resulting emission profile was found to be broader 

than the calcium absorption profile in the air-acetylene 

flame. The following flow rates were used: 

- air 	: 7.9 1/min 

- acetylene : 0.9 1/min 

A 1000 ppm calcium concentration was sprayed into the flame. 

The measurements were taken approximately 1 mm above the 

primary reaction zone. A free spectral range (FSR) of 590 mK 

was employed. The calcium emission profile from the EDL viewed 

through the flame was scanned when a blank and a 1000 ppm Ca 

solution was sprayed into the flame. The absorption profile 

could then be constructed by substracting arithmetically the 

intensities of the profile absorbed by a 1000 ppm calcium 

solution from the intensities of the profile which is not ab-

sorbed by a calcium solution. All three profiles including 

the constructed absorption profile are shown in Fig. 4-9. 

The half-width of the absorption profile was measured as 

6 s obs = 235 mK, the instrumental half-width as Ls = 42 mK. 
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Fig. 4-9. Calcium line absorption profile in an air-acetylene flame 

S - source emission profile 

F - source profile after being absorbed by calcium in the flame 

A - absorption profile • 

S 

F 

O 

10 
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This leads to w = 1.495 and from Posener's tables we obtain 

a' = 1.01. Thus AGL  = 117 mK or A41,  = 0.0209. The a-para-

meter is found to be a = 0.74 and the total emitted half-

width &GT-. 204 mK or Aik T  = 0.0365 A. The values a, A,GL  

and oG T for the absorption profile are exactly the same ob-

tained from the emission profiles in an air-acetylene flame 

where the method of extrapolation to zero concentration has 

been applied. 

It can be seen from Fig. 4-9 that the profile absorbed by a 

1000 ppm calcium shows clearly a dip which is not exactly in 

the centre of the line. This indicates that the absorption 

line in the air-acetylene flame is shifted with respect to 

the emission line from the EDL. The Lindholm theory which is 

concerned with pressure broadening and line-shifts has been 

discussed in section 4.2.3. From this theory and particularly 

from equation (4-14) follows that a line-shift is always re-

lated to the occurrence of pressure broadening. A line-shift 

can therefore be expected to occur in all flames where pres-

sure broadening represents an important factor in the over-

all broadening process. A possible line-shift in the EDL 

source will be insignificant compared to that in flames bur-

ning at atmospheric pressure as the EDL sources used were 

filled with argon at a• pressure of only 5 Torr. In our case 

the centre of the absorption profile is shifted to the red 

compared with the centre of the profile emitted by the EDL 

source. This shift is approximately 1.5 mm which corresponds 

to a line-shift of AG,0  = 1.5 . 590/30 . 30 mK or &As  

0.0054 A. According to Lindholm's theory AGs/ AG L  = 0.36, 
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but in our case a value of aGs/ o GL  = 0.25 is obtained • 

which is considerably lower. 

4.5.5 Calcium Line Absorption Profile at 4227 A in a 

Nitrogen-Hydrogen Diffusion Flame  

The calcium absorption profile in a nitrogen-hydrogen diffu-

sion flame was obtained in exactly the same way as the absorp-

tion profile in the air-acetylene flame described in the pre-

ceding section. The same calcium concentration and the same 

FSR were used. The measurements were taken 15 mm above the 

burner top. The following flow rates were used: 

- nitrogen 	: 	4.0 1/min 

- hydrogen 	6.9 1/min. 

The calcium emission profile not absorbed by calcium, the pro-

file absorbed by 1000 ppm calcium and the constructed absorp-

tion profile are shown in Fig. 4-10. The half-width of the 

absorption profile was measured as 	obs = 180 mK, the in-

strumental half-width as ps = 42 mK. The Doppler width for 

this flame cannot be calculated as no reliable data for its 

temperature are available. Therefore, the pressure broadening 

term and the a-parameter cannot be evaluated. It should, how-

ever, be noted that the observed absorption line-width in this 

low temperature flame is considerably lower than the absorption 

line-width in an air-acetylene flame. Pressure broadening in 

the nitrogen-hydrogen diffusion flame is obviously small as 

no line-shift could be observed. 
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Fig. 4-10. Calcium line absorption profile in a nitrogen-hydrogen diffusion flame 

S - source emission profile 

F - source profile after being absorbed by calcium in the flame 

A - absorption profile 
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4.6 Conclusions  

The results of the line profile studies of the calcium 

4226.73 A line in the nitrous oxide-acetylene, air-acetylene 

and nitrogen-hydrogen flames are comprised in Table 4-2. 

The most important and novel feature of the emission measure-

ments is the possibility of the extrapolation of the measured 

half-widths to zero concentration. This method has been success-

fully applied to both the nitrous oxide-acetylene and the air-

acetylene flames. For each of these two flames the curves for 

the different flame types used intersect the half-width axis 

at the same point. The half-widths obtair,led in this way will 

also represent the half-widths of the corresponding absorption 

profiles as the influence of self-absorption has been excluded. 

This is strongly supported by the observation that both emission 

and absorption measurements in the air-acetylene flame lead to 

the same pressure half-widths, total half-widths and a-para-

meters. Absorption measurements could not be carried out in 

the nitrous oxide-acetylene flame as no background line source 

was available which emits a calcium line profile of the re-

quired width. It has been possible to demonstrate that changes 

in the stoichometry of the nitrous oxide-acetylene flame affect 

the total observed line-width in a predictable fashion. 

The total half-width obtained for the nitrous oxide-acetylene 

flame agrees with the value obtained by de Galan and Wagenaar 

(77) in a similar experiment. De Galan and Wagenaar, however, 

give a higher value for the a-parameter. This is probably due 

to the use of the approximate eauation 4/q;= "D2  +4 



Table 4-2 

Flame Spectroscopic 
technique 

Doppler 
half-width 

A  /‘D(mA) 

Pressure 
half-width 

A A L(mA) 

Total 
half-width 

A kT(mA) 

Parameter 
a 

Values 

AA T 

taken from 

a 

literature 

Reference 

N20 - C2H2 Pnission 26.2 24.1 41.5 0.76 39.1 0.93 de Galan (77) 

Air - C2H2 Emission 23.4 20.9 36.5 0.74 35.0 0.62 Hofmann 	(91) 

Air - C2H2 Absorption 23.4 20.9 36.5 0.74 29.0 0.43 Hollander(92) 

N.2 	- H2 Absorption 

. 

32.2 

(uncorrected) 
• 

. 
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which de Galan and Wagenaar apply to calculate the pressure 

broadening term. In this work only the more accurate numeri-

cal calculations of Voigt Profiles have been employed in order 

to evaluate the pressure and the total half-width. De Galan 

and Wagenaar apparently do not correct for the instrumental 

half-width. They mention that the FSR should exceed the line-

width five times. As the total observed half-width is 220 mK, 

a FSR of approximately 1100 mK is required..This means that 

the instrumental width is larger than 40 mK at a finesse of 

25. Neglecting this instrumental width will lead to a notice-

able increase in the pressure broadening term and the a-para-

meter. 

The total half-width for the calcium line in the air-acetylene 

flame is similar to the value obtained by Hofmann and Kohn 

(91) (Table 4-2), and is within the range of 25 to 39 mA 

calculated by Parsons et al. (73), but the a-parameter is 

higher than that published by Hofmann and Kohn (Table 4-2). 

Hollander et al. (92) have also scanned absorption profiles 

of calcium in an air-acetylene flame employing a Zeeman 

scanning method. Their measured total half-width is lower 

than that obtained in this work (Table 4-2). In section 4.5.4. 

an estimation is also given for the line-shift in the air-

acetylene flame. The ratio of line-shift to pressure broad-. 

ening has been calculated as AG S/ 6,G L  = 0.25. Although 

this value is considerably lower than the theoretical value 

of 0.36, it is within the range of 0.29 ± 0.06 found by 

Hollander et al. (92) in their Zeeman scanning experiments. 

Hollander et al-. and de Galan and Wagenaar (77) have also 
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investigated the-line-shifts for other elements, and have 

consistently found lower values than the theoretical value 

of 0.36. 

It can be noted that the total half-widths and a-parameters 

reported in the literature vary considerably. Apart from 

the different methods employed these inconsistencies may 

be attributed to the fact that the fuel/ oxidant mixture 

strengths and the height above the primary reaction zone, 

where the measurements have been carried out, are very often 

not mentioned in the literature. The different workers might 

possibly have used different mixture strengths and might 

have taken the measurements in different flame zones with 

widely varying temperatures and particle densities. 

4.7 Suggestions for Future Work 

The acquisition of the new dielectric coated interferometer 

plates and the time averager DL 102 considerably increases 

the scope of the Fabry-Perot spectrometer. With this equipment 

it'is possible to monitor very weak emission signals from 

calcium line sources. This means in the case of the hollow 

cathode lamp that the line profile can be investigated for 

lamp currents of 5 mA and below, where 5 mA is the recommended 

operating current. Due to the high finesse of the dielectric 

coated plates at slow scanning, the instrumental width can 

be disregarded if these experiments are carried out at a 

suitably small FSR. The use of the aluminium coated plates 

in connection with the time averager permits to scan weaker 

emission profiles from various sources between 3000 and 600Q A, 

although the instrumental width cannot be disregarded for 
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these plates. 

A great amount of work can still be dedicated to the evalua-

tion of atomic absorption profiles. This concerns mainly low 

temperature flames and non-flame atom cells such as the 

graphite furnace or the carbon-rod. In both cases electrode-

less discharge lampslrun at a suitably high Power, can be 

employed as background line sources. For the carbon-rod the 

main difficulty exists in timing the fast scan in such a way 

that the absorption profile is recorded when the atomic vapour 

pressure above the carbon-rod reaches its maximum. With the 

present instrumentation it would be worthwhile investigating 

whether a stabilized continuum background source can be em-

ployed for the evaluation of absorption profiles. The main 

problem encountered is the matching of-  FSR and monochromator 

bandwidth. If this work were successful the study of absorption 

profiles could be extended to hot flames which are of particular 

interest in atomic absorption spectroscopy. 
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