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Abstract

A study of some flames and spectral light sources has
been carried out in order to determine possible improveuments
for their use in the trace analysis techniques of atomic
emission, absorption and. fluorescence spectroscopy.

Flame characteristics which show significant changes on
flame secparation were examined in considerable detail, with
particular emphasis on the spectra of the flame radiation and
the flame temperature. The latter has been measured by novel
adaptations of two spectroscopic methods. The use of nitrogen
or argon separated flames as free atom sources in both atomic
emission and absorption spectroscopy was investigated; Some
examples of improvements to determinations of trace metals
by both techniques are reported for the air-acetylene and
nitrous oxide-acetylene flames. 3

A Fabry-Perot interferometer system has been assembled
in a form suitable for the routine testing and evaluation of
spectral light sources used in atomic absorption and
fluorescence spectroscopy. The high resolving power of the
instrument was used to record the profiles of lines emitted
by the light sources. The theory, construction and use of the
instrument is fully described. Techniques for measurement of
the relative intensities of hyperfine structure components
and of actual line widths were investigated. Examples are
given of their use for the evaluation of thallium and calcium
hollow cathode lamps, electrodeless discharge tubes and a
vapour discharge lamp. Possible means of improving the

sources are suggested on the basis of these results.



Preface

The volume of research into the use for chemical
analysis of atomic emission, absorption and fluorescence
spectroscopy has grown enormously during recent years and
now encompasses a very wide range of techniques and skills.
The work described here naturally reflects the interests of
the author and the Analytical Chemistry Group at Imperial
College. However, this thesis attempts as far as possible to
discuss in general terms the implications of the research
carried out into the flames and spectral sources which form
such an important part of the three techniques. -

Some explanation is necessary concerning the general
arrangement of this thesis. I firmly believe that a research
project such as that described here cannot be presented in
isolation with merely a few short references to the ideas and
work which have preceded it. In view of this, the reader will
find a fairly detailed discussion of the theoretical and
historical background to the present research. Unfortunately,
the wide range of topics covered would result in an epic
work indeed if all were g&ven an equal treatment of this
kind. I have, therefore, attempted a compromise between the
desirable and the practical; a framework is presented which
includes most of the relevant topics and within this frame-
work several items of particular interest to the author are
descri%ga in detail. Thus it has been possible to discuss
coﬁprehensively the theory which is necessary for a full
understanding of the most important aspects of the practical
work. It is hoped that this approach has resulted in a
personal treatment of the subject which avoids the common
pitfall of close resemblance to large sections of well-known
textbooks.



Finally, I must afologize for the inconsistencies which
appear from time to time in the units used. This 'is the
result of the varied editorial policies of the journals in
which some of the diagrams and tables originally appeared; it
would have been uneconomic to redraw them merely to change
the units. The most common example lies in the variation
between X, nm and mp for the unit of wavelength. In spite of
the recommendations of the CGPM and IUPAC on the use of SI
units, I feel, in common with many other workers in this field,
that the angstrom remains the most useful unit of wavelength
in the optical region of the spectrum. It has, therefore, been
used throughout this work except for the special cases )

mentioned above.
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Chapter I

Introduction

11 History

1.1.1 - General

The work to be described in this thesis is concerned with one
small section of the electromagnetic spectrum: the range from
approximately 1000 to 10000 R (1075 to 10™ *cm) embracing the region
of visible light. Thus when terms such as spectrum, spectroscopy,
spectroscoper are encountered, it should be remembered that they are
to be interpreted only in this most limited sense. Much of vhat is
to be discussed does hold true for a considerable region on either
side of the chosen range, but this should not be taken for granted.

Abiding by these somevhat arbitrary limits, it may be said
that the history of spectroscopy dates back over two centuries to the
discovery of the visible spectrum by Newton1. Since that time,
spectroscopers at any given period have concentrated their efforts on
one of two fields: analytical chemistry and the interpretation of
physical and atomic properties, Over the years, both of these
fields have experienced periods of outstanding interest and progress,
usually as the result of an innovation in theory or instrumentation.
At the present time, the increasing sophistication of analytical
spectroscopy has brought the two projects much closer aqd any
distinction between them is becoming less clear.

Three closely related branches of atomic spectroscopy are
usually recognized in this field - emission, absorption and
fluorescence (proper definitions will be given later). They have
probably been of equal importance in the interpretation of physical
properties, but until very recently (about the last fifteen years) only
emission spectroscopy was used as an analytical tool. This situation

is being rapidly rectified.
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1.1.2 Atomic emission spectroscopy

Following Newton's study of the spectrum of the sun was a
period almost entirely concerned with analytical flame spectroscopy,
since no other means of exciting spectra existed. Chemists such as
Melvill (1752) and Talbot (1836) were able to relate colours
imparted to flames by metallic salts to particular materials, while
physicists such as Wollaston (1802) and Fraunhofer (41820) were able
to relate the solar and flame spectra of elements such as sodium.

However, the progress of all of these workers was limited by
their use of simple, luminous diffusion flames. It was only after
the development by Bunsen in 1855 of the Bunsen burner with its
colourless, premixed hot flame that real progress could be made. This
flame enabled Kirchoff and Bunsen to develop an instrument which must
be considered the forerunner of all modern spectroscopesa'j. They
were able to demonstrate that the visible spectral lines were due to
the elements and not to the compounds added to the flame. This gave
rise to the foundations of qualitative analytical spectroscopy with
the identification of the spectra of many elements (some of which were
previously unknown). .

Shortly after this, in 1869, the possibility of quantitative
analysis using a flame as spectral source was suggested by Janssen.
The principles announced by Janssen were first put. into practice in
1873 by Champion, Pellet and Grenierh, vho compared the intensity of
sodium emission from two flames using a blue glass.wedge. Improvement
of flames and atomization systems was continued for some time after
this by spectroscopers such as Gouy, but gradually the flame was
replaced by various electrical devices which were developed towards
the end of the nineteenth century. Thus, by the early 1900's the
flame had virtually been replaced as a source of emission spectra. The
‘arc and spark reigned supreme in analytical spectroscopy, emission
spectrographic analysis now becoming of major importance. Meanwhile,
the field of theoretical and atomic spectroscopy had seen the

development of low pressure discharge sources such as the Geissler tube.



13

These were ideal for many purposes, producing spectra at low
temperatures and unaffected by the contaminations associated with
open air and flames.

Interest in flame emission spectroscopy was restored from
1928 onwards, vhen the work of the Swedish chemist Lundegardh5 laid
the basis of modern flame spectrophotometry. His development of the
aireacetylene flame fed by a pneumatic atomizer together with the
spectral analysis of the emission using a spectrograph and )
Photoelectric densitometer was the real beginning of quantitative
analytical spectroscopy. Today, the requirements of direct reading,
photoelectiric spectrophotometers for a stable noise~free emission
source have once again centred interest on the flame rather than the

conventional arc and spark sources.

141.3 Atomic absorption spectroscopy

The phenomenon of atomic absorption has been known as long as
emission, being first observed as the now famous Fraunhofer lines of
the solar spectrum. By the 1860's, the work of Bunsen and Kirchoff
had allowed these observations to be correctly interbreted and
reproduced in flames. This work was continued and placed on a sound
theoretical basis by the physicists and astronomers of the early
twventieth century. This research, which has been-summarized by
Mitchell and Zamanskys, was mainly performed at low pressures in
enclosed vessels. The main objectives were the interpretation of
atomic structure and spectra, with occasional practical application to
the study of solar and stellar atmospheres.

Unlike emission spectroscopy, virtually no attempt was made to .
apply these discoveries to practical chemical analysis (except for the
rather exceptional case of mercury vapour in air). Thus, when belated
attempts were made to introduce atomic absorption spectroscopy as an
enalytical tool by I'.VaZLsh'z in 1953 and Alkemade and Milatz8 in 1955,

they found that emission methods of analysis were firmly established and
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difficult to replace. However, their combination of modern
instrumentation and a high temperature flame as the atom reservoir
finally succeeded in overcoming the objections of the emission
spectrographers and the analysts using simple flame photometers.
Today, a wide range of instruments is available commerciall& and new

publications on AAS greatly outnumber those on the emission methods.

1.1.4 Atomic fluorescence spectroscopy

The development of this branch of spectroscopy resembles in
many ways that of AAS, It was first reported in 1905 when \'.’ood9
succeeded in exciting fluorescence of the D lines of sodium vapour.
This, and much other early work, was concerned with fundamental studies
in enclosed cells of atomic vapour (see Mitchell and Zemansky6 and
Pringsheimqo). Although a number of workers reported atomic
fluorescence from flamesqq’ 12, 15 there was no real interest until
Boers, Alkemade and Smit1u'studied quenching processes in flames by
AFS and Alkemade15 suggested using it for analysis. This suggestion
was followed up in 1964 by Winefordner, Vickers and Staabqs' 7 and
since then a number of workers have used AFS for a variety of
determinations.

A}

Te2 Spectroscopic Theory

1¢2.1 General

Tt is proposed to discuss the basic theory necessary for a
proper understanding of the experimental work to follow. Obviously, in
view of the restricted space available, the treatment can be of only a
cursory nature, except for one or two particularly relevant topics. For
a more comprehensive coverage along the same lines, the reader is

referred to the very readable treatise by Mavrodineanu and Bo:i.teux‘18
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Sources of even more detailed information on particular subjects
will be indicated as the discussion proceeds.

Radiation in the region with which we are concerned is
generally divided into three basic classes of spectra, depending

on the source of the energy changes producing it,

&) Atomic or line svectra. This type of spectrum is associated

with quantized changes in atomic energy produced by variation in

the orbital motions of the valence electrons. The wavelengths
transporting the energy appear, in general, to be isolated and
without any order. Hence the name "line spectra'. In the present
work we shall be concerned almost entirely with spectra of this type,
Indeed, the survey of early experimental work given in Section 1.1
has foreshadowed this by dealing only with the three types of atomic ,

spectra. In view of this, a fairly detailed discussion c¢an be found

in the following pages.

(2) Molecular or band svectra. This type of spectrum is

associated with the energy changes of molecules and gives rise to
closely packed groups of spectral lines. Hence the name '""band spectra.
They will be encounfered in this work in the form of the intense
background radiation produced by the molecules present in flame gases.
Their great complexity usually means that‘with conventional flame
spectroscopic equipment one can only treat them as unproductive regions
where measurements of atomic spectra are impossible. This complexity
extends to their theoretical analysis and arises because the energy of
a molecule comprises three independenf parts:
(1) The electronic excitation emnergy, corresPSnding to that
of an atom. As in atoms, the electrons can make certain
quantum jumps between different orbits, .
(ii) The vibrational energy, due to vibration of the atomic
nuclei comprising the molecule, As with electronic

excitation, only discrete vibrational states are possible.
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Even a simple diatomic molecule can exhibit a large
variety of vibrational possibilities for any given
electronic state.
(iii) The rotational energy, caused by the possibility
of groups of atoms rotating about axes within the
molecule. Again, only discrete values of the
rotational energy are possible, each corresponding to
a distinct rotational frequency. The energy
differences between two consecutive rotational states
are generally quite small and rotational spectra may
be thought of as the fine structure of a vibrational
band.(which, in turn, is said to belong to a system
corfe5ponding to a given electronic transition of the
molecule).
Clearly, the possibilities for energy itransitions and the selection
rules governing them will give rise to an extremely intricate
theoretical analysis. This is unnecessary for our present purposes
and no more will be said here, except to mention that the flame band
spectra observed in the visible and ultraviolet regions are mostly
due to electronic transitions, associated with superposed rotational
and vibrational transitions. Pure rotation and vibration—rotation
spectra are, of course,'possible but the energy transitions are so
small that radiation is produced chiefly in the infrared region,

although a few vibrationwrotation bands in the orange and red regions

are observed in flames,

x
(3) Continuum spectra. In these spectra the energy is distributed

in an uninterrupted manner between all wavelengths within a given

domain. A continuum of this kind is most commonly observed as the

* This type of spectrum is often referred to as continuous. The
correct definition of continuous spectral sources will be found in
Section 1.5.1 and to avoid confusion it should not be used as an

slternative to continuum.
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. black body radiation from a hot solid or liquid (e.g. the anode of
a carbon arc). This type of continuum spectrum can be produced in
flames by the presence of incompletely vaporized particles, such as
carbon or high melting oxides. Another type of continuum commonly
observed for flames is the result of an energy trensition in wvhich
one of the energy states is unquantized; the continuous nature of
the energy state is the result of free kinetic energy in some part
of the atomic or molecular system. Thus these spectra correspond
To processes such as ionization, dissociation or association;

e.g. the recombination of K ions and electrons.v Once again,
although both types of continuum will be noted in the experimental
work to follow, a more detailed theoretical treatment is unnecessary
here. The subjéct has been discussed fully by Gaydon; continuum
spectra due to hot solids in Ref. 19, Ch. VIII.IX, and those due to
reaction processes in Ref. 20, pp. 66-72. It should also be noted
that from time to time in the literature one finds en extensive,
rather diffuse band system referred to as "a continuum'. This should

be treated as a description rather than a definition.

Finally, a note of caution must be added. The distinction
between emission and absorption of radiation often appears to be
reserved for atomic spectra. This is not so, and band and continuum
(process) spectra in absorption are just és common as the emission
variety. Indeed, continua due to dissociation, ionization end
association are probably more common in absorption than emission.
Furthermore, experimental work on the absorption band spectra of OH and

CN molecules will be found in Chapter III of this thesis.

1.2.2 Atomic energy levels and atomic spectra

As was mentioned in Section 1.1, the existence of atomic
emission and absorption spectra with a fixed, characteristic pattern
for each element was recognised well before the end ot the last

century. Empirical studies by a number of workers showed that the
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spectrum of any element could be represented by a set of values,

or spectral terms, calculated in inverse wavelength units, or

wvave numbers; each line of the spectrum was found to correspond to
the difference between two of the terms. Further, many of the

simple elements were found to give rise to spectral series of lines

in vhich one of the two terms was common to all of the lines. The
lines of such a series could be represented by a simple empirical
equation.

During the early part of this century, efforts continued to
group empirically the.lines of ever more complicated spectra and to
find simple equatioﬁs or series to represeﬁt the lines of each group.
Simultaneously with this empirical progress, vorkers such as Bohr
attempted to explain the experimental grouping of th; spectrél lines
on a sound theoretical basis involving the structure of the atom.
The culmination of these efforts was reached during the period 1920
to 1930. In an era of quite remarkable progress, the spectra were
systematically classified according to the set of rules'knéwn as the

quantum theory. The "quantum numbers" and "selection rules"

introduced artificially for this purpose were explained in a logical
manner by quantum mechanics based on the wave equation.

A detailed study of the consequences of the wave equation
becomes rather abstract when attempting to relate results to the
actual "appearance" of the atom. For most purpoges of practical
spectroscopy, it is sufficient to combine the results proved by
quantum mechanics with a simple vectormodel of atomic structure.
This has been discussed by authors such as Whitea1 but even this
simplified treatment would be out of place here. However, it is
proposed to give a brief summary of the most important details. This -
will avoid repeated explanations of spectroscopic notation later in
this work and introduce many of the principles needed to discuss the
hyperfine structure'of spectral lines in Chapter VII, The summary
will be given in a series of short, numbered paragraphs for ease of

reference,
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Te Spectral lines are caused by transitions from one fixed energy

level of an atom to another, the energy change and wavelength being
related by

(1=1)
The quantitative study of the energy changes will be dealt with in
Section 1.2.3. For the moment we are only concerned with deciding
just which energy levels are fixed for a single atom and then which

transitions between the set of levels can actually occur.

2e The energy of the atom is governed by the interaction of the
nucleus and the electrons. Changing the position (or orbit) of an
electron (or electrons) will therefore change the energy of the atonm.
Unless a change occurs the atom cannot emit or absorb light and it is

said to be in a stationary state.

e The orbit of each electron may be defined by a set of four
quantum numbers:
n, the principal quantum number with values
19 2y 3y by ceveeess
1, the orbital gquantum number with values
Oy 1y, 2y eeceen=2, n=1,
j, the inner quantum number with the valués
1 + s, where s is the spin quantum __
number of the electron and is +3.
m, the magnetic quantum number which may teke the values
Jy J=1) 0040y eeeel=j, =J

when the atom is in a strong magnetic field.

L, Electrons with different values of 1 are designated with’
letters according to:

l=0 1 2 3 4 ...
Electron is s p d f g ...
The value of n is placed immediately in front of this symbol.
e.g. n =3, 1= 2 gives 3d.
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The cptical spectra originate only from the positional
changes of electrons in the outermost subshell vhich with most
elements is incompletely filled. These are known as the optical

electrons.

6o The different energy levels (or states) possible for any
atom are found by calculating the different orbital yossibilitieé
of its optical electrons. This is done by adding vectorally certain
of. their quantum numbers. Each possibility obtained corresponds to

a different discrete energy of the atom as a whole.

7e The result of a vector addition often depends on the order in
which it 1s performed so it is essential to decide on the correct

vector coupling scheme, The two commonly used are LS coupling (works

best for light elements) and jj coupling (more important with the-

heavier elements).

8. LS coupling involves vector addition of the individual 1
values of the optical electrons (resultant L); the s values .
(resultent S); and finally L and S (resultant J). Tor two electrons
with 14 and 1,, L may take the values
13+ 1, g+ 11,141, =2, eavee |1, =14]
With a third electron present, this is repeated using L as an
intermediate (etc.).
The spin values s4, Sz, etc. (each of which is %) are added
in the same way but the limit is reaches at ¥ or O.
The possible values of J are now given by
L+8S, L+8=1,L+8a2, eees |L= 8] .
All states with the same value of L are called a term and
designated according to:
‘'L=0 1 2 3 L ...
Term is S P D F G ...
The sum (25 + 1) is called the multiplicity of the term and is shown
as a superscript to the left of this symbol. e.g. S =1, L =2

gives a ?D term. The terms are thus classified as singlets,

doublets, triplets, etc.

Each -value of J corresponds to a separate state
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(or energy level) and to signify this the value of J for a
particular term is written to the right as a subscript. e.g. if J =1

in the term shown above, the state is designated 3D,.

e If only one optical electron is present, as with the alkali
metals, exactly the same system is used with the 1,s and j values
of the particular electron being used instead of L, S and J.

eege if 1 = 1, s = 3 (the only possible value) and j = 3, the state

would be shown as 2Ps,.
2

10. Since the same %erm can be obyained from different electron
configurations, it is customary to show the configuration of the
optical electrons to the left of the term symbol. Thus if the

zﬁg state mentioneq above arose from an electron in a 3p orbit it
would be written 3p ?Ps.  Similarly, if the state D, arose from two
optical electrons havi;g n=3,1=2 and n=54, 1 =1 it would be
written as 3dkp Dy,

11, jﬁ éougling involves adding the 1 and s values for each
eléctron vectorally to give a veétor j for the electron, then adding
these values (again vectorally) to give a resultant J for the atom.
Since s = + %, each electron will give j = 1+ 3 and 1 - %.

For values j4 and j, from two different electrons, J can take
the values

34+ G20 Ja*t G2 =Ny G4t G2 =2y eenes |31 = 34]

If a third electron is present, these values are taken as
intermediates and each is added to j3 in the same way, etc.

Each set of (Jj1y J2 see) is a term, the different values of J
giving the different states. These states are written in the form

(s J2 .-.)J Ce e (gi 2)3 or (%' %)1

12. LS and jj coupling both give the same total number of states

in &8 given case and the same values of J the same number of times.
However, the grouping of these states into terms will not be the same.
For example, a dp configuration is found to give three triplet and
three singlet terms by LS coupling but two quartets and two doublets by
3j coquing.
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13, Pure jj coupling never occurs, the heavier elements giving a
greater and greater proportion of it mixed with LS coupling. In view
of this, and because the LS coupling symbols for states and terms are
much easier to print in tables, almost all spectral tables show the

LS coupling notation for all elements.

14, It will be observed that neither the LS nor jj coupling
schemes make any use of the fourth quantum number, m. This means that
if they are used with two or more electrons having the same values of

n and 1 (so-called equivalent electrons) they cannot take into account

the exclusion principle. Therefore, only some of the predicted states
are actually permitted: e.g. two p electrons give ten states but-only
five could actually exist if they were, say, both 3p electrons. The
problem can be avoided by using a secondﬁset of.quantum numbers
normally only required when studying magnetic splitting of spectra.

The calculations are laborious, but fortunately results for many

combinations of equivalent electrons are tabulated in the literature22

15. The parity of the electron configurations giving rise to a
term is often indicated with it in spectral tables. It is said to be
odd if the sum of the 1 values of the optical electrons is odd and is
indicated by writing a small letter o as a superscript to the right of
the term symbol. Even parities are indicated by omitting the o. For
ekample a dp configudation (15 = 2, 1, = 1) hes an odd parity so we
should write 3dip ’p41°, etc. The parity is useful in formulating the

selection rules which predict the transitions between energy levels

(states) of an atom which can actually occur (see Section 16.3 of
Ref. 18 for details).

16. Intercombination lines are lines which are forbidden by the

selection rules of LS coupling but permitted by those of jj coupling.
They are very faint for the light elements, but can be among the
strongest lines of the heavy elements where jj coupling is important
(e.g. Hg 2537h).
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17. . Multiplicity of spectral lines. We have already defined the

multiplicity of a term as (25 + 1). The same word multiplet is
applied to a group of lines corresponding to transitions between
initial levels belonging to one term only and final levels belonging
to one other term: i.e. the upper (or lower) levels differ only in
their value of J. It should be noted that the group of lines is

. designated, say, a triplet if the terms are triplets but the actual
nuﬁber of lines will often be greater than this. e.g. the calcium
triplet at L4ooR (4p3PQE;46}D) is actually composed of six lines.

18. Intervals betwcen states (energy levels) of a term. In the

case of LS-coupling, the Landé interval rule states that the energy
difference between any two levels designated by J and J + 1 is
proportional to ¥ + 1, This applies whether the terms are normal
(smallest J = lowest energy) or inverted (largest J = lowest energy)
but not if only partial inversion occurs. -

The rule does not apply to jj coupling, so that the deviation
of the energy levels of any term.from the rule is a measﬁre of the

amount of jj coupling applying to that term.

19. Relative intensities of lines of a multiplet. These are

controlled by a sum rule which states:

The sum of the intensities of all lines of a multiplet which
start (or finish) on the same level is proportional to the quantum
weight (2J + 1) of the initial (or final) level.

The value (2J + 1) is often designated the statistical
veight, g.

.The sum rule alone is insufficient to calculate the relative

intensities but this is possible by using L and S (or j4 and J,) as

vell as J. It is not necessary to use thesc equations because all
of the results have been tabulated in the literatureZB.
N.B.1. The tables will not give accurate results for

coupling intermediate between LS and jj.
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N.B.2. Unless all the lines of the multiplet
are very close together, the intensities
obtained from the table will need
temperature and wavelength corrections
before comparison with experimental
results, ‘

20. Grotrian diagrams The easiest way to summarize the terms and

states of a particular element and to indicate the values of the
energy levels corresponding to them is on a diagram. These diagrams
are commonly referred to as Grotrian diagrams (after their originator),
term diagrams or energy level diagrams. In many cases, for reasons

of clarity, only some of the levels and the most intense lines are
indicated.

1.2.3 The emission and absorption of energy

Vle have so far discussed the effects of atomic énefgy levels
and selection rules on spectral transitions. From this it should be
clear that the intensity of a spectral line produced by a gas comprising
a group of emitting or absorbing atoms will depend on two main factors.

First, given a fixed population for all levels, the chance of
any particular transition occurring will depend on the intrinsic
properties of the atom as expressed by the quantuii mechanics. Thus,
in a group of atoms, the greater the probability of a particular .
transition the greater the intensity of the corresponding spectral
line. Since this probability is a fundamental property of the atom
itself it will be. discussed below.

Secondly, the number of times a particular transition occurs
will depend on the number of atoms existing at any given time with the
energy of its initial level. The population of any level will depend
on the properties of the group of atoms as a whole; for example, on the

temperature and pressure. This particular factory controlling the
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intensity of the spectral lines will, therefore, vary'with the
means used to obtain a population of free atoms or to excite emission
lines. In view of this its discussion will be deferred to
Section 1.3.3.

The Einstein probabilities The probability of transitions

from given energy levels of a fixed population was expressed by
Einstein in the form of three coefficients, There are usually

written Aij’ Bji and Bij and are denoted the transition probabilities

of spontanecus emission; absorption; and stimulated emission

respectively. The meaning of the subscripts should be clear from
Fig. 1-1 .

"rIncreasing N Ni atoms in a level of
energy energy .

Ay Bsy Bij

\/ \Y/ Nj atoms in a level of
energy Ej

Fig. 1=-1 The Einstein Transition Probabilities

The correct definitions of these three probabilities can be
found on p.513 of reference 18 but for our purposes it is sufficient
to cohnsider them as representing the ratic of the number of atoms
undergoing a transition to the number in the init;él level.

The intensity of a spontaneous emission line is related to
Aij by the equation ‘

Top = Aij' h. v. Ny : ) (1-2)
where Vv is the frequency of the line,

' The intensity of absorption and of stimulated emission will
depend on the intemsity, I,, of the incident light. If the
resultant reduction in Iy (after allowing for any stimulated emission)

is dI, it may be shown that
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dI _ hv (B,.N, = B, N, -
T == (B35l = Bygly) (1-3)
o]

(This naturally ignores any spontaneous emission which is quite

independent of Io).

Use of the transition probabilities, Any quantitative

expression relating the intensity of an emission or absorption line
to the number of atoms must be based on equations (1-2) or (1-3).

Hence Aij’ Bji
Because of this, it is useful to list some formulae relating them to

and Bij will be extremely important practical quantities.

other spectral quantities.
If we denote the statistical weights of the levels Ei and Ej
as g, and gj (see Section 1.2.2,para. 19 for definition) it may be shown

that the following expressions hold true:

;éi _ 8mv3. &

i P X ‘ (1=-5)
A, . 3
- §.1;_h32_ (1-6)
ij

These equations show clearly just how oloéely related are the emission
and absorption processes of a gas. They will also prove useful for
substitutions into formulae defined only in terms of Aij'

For example, in practical spectroscopy it is frequently
advantageous to replace the transition probability with another
coefficient called the oscillator strength, f. The emission oscillator
strength fij’ is defined by

A, . = 8m2e?, f..
ij 'x75§~ ij (1-7)

where e and m are the electron charge and mass.

Substituting the values of the constants gives

—1 8 . d
Aij 0.6612 # 108, fij . (1-8)
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vhere Aij is in sec” ! and A is microns.

The absorption oscillator strength, fji’ is related to fi.
by

85755 = Bifyg _ : (1-9)
In view of this tables of values of f are usually given as “'gf"
values which may be used for emission or absorption.

Although it is theoretically possible to calculate the value
of Aij (and hence all the related coefficients) from the coordinates
of the atomic electrons and the wave functions of the energy levels,
this is not practical for atomic spectra. Most values found in the

literature are measured experimentally from the intensities of

emission and absorption lines.

Observed svectra As mentioned previously, we are concerned

with three types of spectra. Emission spectra occur when the atom

is raised to an excited level by a non-radiative process (e.g. due to

a high temperature or collisions with high speed electrons) and then
drops back to a lower level by emission of a quantum of energy as
radiation. With absorption spectra, the atom is actually raised to a
higher level by absorption of a quantum of energy from light with which
it is irradiated. The wavelength corresponding to an absorption
transition between two energy levels is the same as that of an emission
transition,

An atom which has been excited by absorption in this way may
lose its excess energy by a non-radiative process, but if instead it
re-emits a quantum of energy as light, the process is known as
fluorescence. The re~-emission of light may often occur by a number
of different transitions (each corresponding to different energy
differences and hence wavelengths), so that each absorption line could
give rise to more than one fluorescence line, The different types of
fluorescence spectra have been discussed in detail elsevhere by the
author24 but AFS rost commonly uses a line at the wavelength of the

main absorption line and this is known as resonance fluorescence.
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The observed emission spectra are usually much more complex
(i.e. they have more lines) than the other two types. This is
because absorption lines usually only originate from energy levels at
or near the ground state (due to the tiny populations of higher levels
in most sources) and this in turn limits the number of fluorescence
lines. On the other hand, emission lines can be detected at much lower
intensities and it is possible to observe lines from higher energy
levels with very low populations of atoms. In addition to this, some
of the emission lihes will have their lower levels well above the
ground state but their upper levels no higher than other lines which are
observed in absorption and emission. Also, some of the sources used
for emission are capable of giving anomalously high populations for
excited levels (i.e, higher than the Boltzmann distribution for the

actual temperature of thesource; this is explained in Section 1.3.4).

1.2.4 The width of spectral lines

A brief introduction to the subject of spectral 1line widths is
given here, A more detailed, mathematical treatment of certain

aspects will be found in Chapter 7 in connection with the work on the

Fabry-Perot interferometer.

1

Even the sharpest line that can be produced has a finite width
so a line can bever be considered as represented by a unique frequency
(or wavelength). A common notation of the intensity distribution of

an emission line is shown in Fig. 1-2.
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Fig, 1=2 Nomenclature of a Svectral Line Profile

The intensity is written as Iv' wh%ch is a function of
frequency, V.  Since the value of v4 = Vv, 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 IV = IO/Z. Some authors defin? the half-width as AY/Z S0 care
must be taken to avoid confusion,. The same nomenclature is used for
absorption lines with I replaced by the absorption coefficient kv’

A spectral line from any source will be broadened by a number
of factors, although the contributions of different factors will vary
with the source. A1l 6f the factors listed below apply to both

emission and absorption lines, except for self-reversal broadeninge.
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Natural broadening is the result of the finite lifetime of

any atom in an excited state. By Heisenberg's principle this leads
to an uncertainty in the energy of the level and hence in the frequeﬁcy
of a transition to that level. Thus the line corresponding to the
transition has a finite width, Avh. This is negligible, being of the

order of 108 sec™! which is about 0.0001 at 3000&.

Dovoler broadening is caused by the thermal motion of the

emitting or absorping atoms. The observed frequency of a transition
depends on the relative velocity between the atom and the observer.
Since atoms in a -gas move in random directions, the observed line is
broadened and has the shape of a probability distribution curve. The
halfewidth, AVD or AXD, depends on the atonic weight, the temperature
and the frequency of the line and in flames is generally in the range
0.005 to 0.05A.

Lorentz broadening depends on collisions with other particles

of a different kind. It is also known as collisional or pressure

broadening and increases rapidly as the foreign gas pressure is

increased. In flames at atmospheric pressure, AvL is of the same order
as A\JD. '

Holtsmark broadening is produced by collisions with atoms'

of the same kind as those emitting or abso}bing radiatior. It is also
krnown as resonance broadening and collisional or pressure broadening.
For a given pressurec, AyH is generally much greater than AyL. It will
still be negligible in flames (unless very strong solutioms are

sprayed) but can be important inside some spectral sources.

Stark and Zeeman broadening 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
analytical chemistry but strong electric fields may give line
broadening in arcs and sparks. The Stark broadening is generally

considered fairly small in spectral lamps such as HCL's and EDT's.,
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Self-reversal broadening 1is caused by self-absorption of

spectral lines and therefore only applies to emission lines (with
absorption lines this effect would be considered simply as the
expected shape of the line at a given level of shsorption). It
occurs because, as explained earlier, the proportion of the light
absorbed under given conditions decreases as the distance from the
line centre increases (since kv 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. Since
this multiplication factor is applied to the sum of 211 the other
broadening factors, self-reversal broadening may be more important
than any one of them alone, Vhen self-absorption does occur to any
extent inside a spectral lamp, this factor may well be the most

serious cause of line broadening.

The hyperfine structure (hfs) is often observed as a number

of closely packed lines vhen a single spectral line is examined under
high resolution. It may ve the result of the presence of more than
one isotope (i.e. just as if the lines of several elements almost
coincided) and/or the interaction of a nuclear spin with the spins of
the electrons (i.e. an extra quantum number is required to explain
further orbital possibilities). Some detailed examples of the
calculation of hfs and their effects on observed profiles are given in
ChapterVII. Meanwhile it must be realised that -they have a variable
and complicated effect on line width. Each hfs line is really a
single spectral line and will be broadened by all of the above factors.
If this results in a line width much greater than the hfs separation
so that complete overlap occurs the line may still be treated as a
single line for most purposes. In cases vhere the hfs separation is.
much wider (e.g. mercury 54613 line has its extreme components about
0.45§ apart), any calculations will be extremely complicated and
depend on the amount of overlap (i.e. on the amount of broadeﬁing).

A normal monochromator used in AAS would not resolve any of the

hfs components but unless they are completely overlapped they will still
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have an effect on the light absorbed. This is because the
equations of Sections 1.2.3 and 1.3.4 must be applied to each hfs
1line individually and the results summed. The value obtained will
be different from that using a "total" value of k,, for the whole
line in a single equation and will depend on the separation of the
componentse. The difference is usualiy negligible unless certain
special cases apply (e.g. if the source hfs components were Stark
broadened by a strong electric field which did not affect the

flame absorption line hfs)e.

The total line width is a complicated function of all the

above factors especially since the profile caused by say collision
broadening is a different type of function from the Gaussian )
distribution of Doppler broadening. Any generalisation is, therefore,
rather misleading. A useful equation to calculate widths for AAS

or AFS expressions (i.e. assuming that there is no hfs, that it is
completely overlapped, or that it has no effect on the calculations)

is '

Bpotay = [ + (0 + i ' (1-10)

This may only be used for these restricted purposes and also assumes
no self~absorption. It will not be the same as the actual width of
many lines encountered in AAS. \

1.3 Analytical Spectroscopy

1.3.1 General

In the previous pages we have reviewed the historical aspects
of atomic emission, absorption and fluorescence spectroscopy and
discussed in some detail the basic theory underlying these techniques.
It should be clear from this that qualitative analysis is largely

confined to the emission techniques and the basis on which emission
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spectroscopy allows the identification of individual elements has
been explained.

Ve must now introduce the extra theory necessary for everyday
use of all three techniques as methods of quantitative.analysis. At
this "practical" level, the theory required depends to a certain
extent on the apparatus used. We shall, therefore, take the
somewhat unusual step of first giving a brief résumé of the
instrumen tation. This will allow us to begin the discussion in
Sections 1.3.3 and 1.3%.4 with a background knowledge of both the basic

theory and the practical requirements of the techniques.

T1e3e2 Tnstrumentation

The instrumentation necessary for quantitative analytiecal
atomic emission, absorption and fluorescence spectroscopy will be
discussed in general terms., The flame and spectral sources with
which this thesis is particularly concerned, are described in more
detail in Sections 1.4 and 1.5 respectively.

The basic arrangement of the apparatus for the three techniques
is shown in Fig. 13,
——————
jLight Source
l (AFS)

) | r————__—

Atom/ I
Light Source
K--4 (h

i
|
(A4S) :

——— e~ - — )

Detector/ y c €
= . » Mono . —a s
Readout Device &—— Emission
Source

7N

Sanple
(Solution or Solid)

Tige. 1=3 Basic Apparatus for Analyfical Spectroscopy
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Going from left to right in the diagram, the apparatus may be broken

dovn into the following components.

(a) Detector/readout device. The traditional method of
recording and measuring the signal is with the photographic plate

and the microdensitometer. Although these are still useful when
measurements are required simultaneously at a large number of spectral
lines, they have serious disadvantages for rapid, quantitative analysis
and would be most impracticable for AAS. Therefore, they have been
generally superceded by direct-reading photoelectric devices. Host
instruments use a photomultiplier tube, usually coupled with an
amplifier which provides sufficient current to drive a chart recorder
or meter, allows backing off of unwanted signals and allows the tuned .

detection of modulated light sources (see below).

(b) Monochromator.It is usually necessary to separate the spectral
line(s) of interest before passing the light to the detector. Filters

are only suitable for the most simple instruments and, since the

introguction of AAS, the grating (rather than the quartz prism)
monochromator has become the most popular. This is mainly due to the
uniform dispersion and linear wavelength scale vhich it provides (and
also the considerable reduction in price of high quality replicate
gratings). Host of the commercial AAS instruments use monochromators
of this type with dispersions in the range 10 to 4QOA/mm, the better
ones also being well suited to AES.

(c) Atom/emission source. A&l1 three techniques require a means

.of vaporizing the sample and obtaining a population of free atoms of
the element to be determined. In AES the device used for atomization
is also used (in most cases) to excite the emission spectrum. At the-
present time, the flame is the most widely used for these purposes.

A large part of the work described in this thesis is Eoncerned with
flames and they are discussed in some detail in Section 1.kL. Other

sources used for AES are arcs, plasmas, sparks and lasers. At the
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present time, the first three are most widely used for spectrography
(especially quaiitative work). A number of devices have been used

as free atom cells for AAS and AFS. Turnaces (especially those with
long tubes for AAS cells) offer some advantages but have not ‘been very
widely used, mainly because of difficulties over memory effects,
interferences and lack of reproducibility. Graphite crucibles and
rods heated by a high electric current are capable of vaporizing

many samples and at the present time are gaining popularity as AAS

and A¥S cells. Their main advantages lie in the lack of background

emission and noise and the very tiny samples which may be used.

(a) Sample. Solid samples were used for many years in arc
spectrography but have largely been superseded in AES, AAS and AFS

by solution techniques. This is principally due to the ease with
vhich solutions may be nebulized into flames (see Section 1.4.7) or
added as small drops to other atomisation cells. The disadvantage of
sample dissolution is readily offset by the ease of obtaining
homogeneous and reproducible sazmples, of carrying out chemical
pretreatment and of preparing standards. At the present time it
would appear that the most likely reason for a return to widespread
use of solid samples lies in the ficld of laser probe analysis. With
this technique it is possible to sample and analyse tiny areas from
individual layers of a solid sample. '

(e) Lipht source. Both AAS and AFS require a source independent

of the means of atomising the sample which can emit spectra of the
elements to be determined (or of a suitable alternative). Although
the requirenients of both techniques can sometimes be met by the same
source, they are not in general the same. As far as sharp line _
sources are concerned, AAS requires extremely narrow lines which need
not be particularly intense, vhereas AFS requires extremely intense
lines which need not be particularly sharp. (The reasons for this
will be discussed later). The other types of sources may usually be
applied equa}ly well to both techniques because they provide optimum
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conditions for neither, a2lthough continuum sources are -an exception
to this. All types of spectral sources are described in some
detail in Section 1.5 because of their use with the Fabry-Perot

interferometer.

133 Distribution of atomic population

* We have already seen that spectra arise because atoms or
molecules may assume a number of discrete energy levels, and that
the intensity of a line depends, among other things,on the population
of its initial level. If the particular type of energy in question
(eege electronic or, say, Vibrational for a molecule) has attained
equilibrium the relative populations of the quantized levels may be
easily found using the Maxwell-Boltzmann law. The conditions under
vhich the law can be applied are discussed in detail for flames (with
which we are most concerned) in Sections 1.4.3 and 1.h4.54.

The law states that if at an absolute temperature T there are

Ni.particles with energy Ei and Nj with energy Ej’ then

N, - (B - E)
-N_‘ = exp' - kT (1-11)

J
provided that the two levels are both nondegenerate. As was
explained in Section 1.2.2, most energy levels vhich we look on as
a single level are in fact degenerate because they split into
(2J + 1) sublevels on application of a magnetic field. When there
is no magnetic field, each of these sublevels has the same energy.
Therefore, in the example above the number of particles with energy
Ei is actually given by (2Ji + 1) noy etc, If we revert to our
"single" levels as shown in Fig. 1-1 we now have Ni = g;n; and

Nj = g.n.. The law then becomes

NEN
N, g ~(E. = E.)
= = —=, exp. —r=—l- (1=12)
Nj gj kT
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This equation is extremely useful as it stands and is used for
calculations involving relative line intensities - e.g. for
calculations of "population'" temperatures as explained in
Section 1.4.5. However for AES and AAS it is often more

" convenient if the population of any one level can be expressed
in terms of the total number, N, of particles present. This is
easily done by expressing N as the sum of the populations of all
levels, i.e. N = EN;, (or §Nj,‘etc.?f 'Sincg from (1=12)

N, .y expl-E, /KT
.ﬁ_l - gl :xpL-El//llzT?] (1_13)
i By TP . :
we have ‘
N, By e (-E,/kT] By exp [-Ei/kT] (1
N - 'glgj.exP t-Ej/kTJ - F(T) -

This equation applies quite generally to both atoms and molecules
- and to all types of energy levels., The gﬁis the partition function,
F(T), for the type of energy in question and the difficulty of
calculating it varies enormously with specific cases.

' A number of expressions for the partition function under
different circumstances and also some approximations are given in
Ch. 20=4 of Flame Spectroscopy18. However, for our purposes it is
usually more convenient with atomic spectra to simply perform the
summation manually using the published 85 and Ei values for the energy
levels, This is especially true with flames since it should be
obvious from equatisn(i.il)that for normal temperatures (say, less than
3000°K), the value of Ni will be very small if E, is more than a few
electron volts; e.g. if T = 3000°K and E; = 2 eV, exp [-E,/kT) = 4 x 107"
so that Ni will be negligible compared with N. It is, therefore, rarely
necessary to consider levels more than about 1eV above the ground state

vhen carrying out the summation.



It has already been explained in Section 1.2.3 that AAS
determinations are not automatically much more sensitive than AES
ones, even though the initial level of the absorption line has a much
higher population than that of the corresponding emission line. This
-is largely for experimental reasons, but two other common fallacies
in AAS are connected directly with the Boltzmann law,

Tirst, it is often stated that, assuming a constant free atom
population, the number of atoms absorhing at a ground state line will
alwvays be independent of temperature. In fact this is only true
for atoms giving simple spectra where the only low lying level is the
ground state. VWhen a number of levels lie below about 1eV, changes
of population (and hence absorption) at any level will occur with
temperature. These changes are usually quite small but in some cases
fortuitous combinations of statistical weights and energies can make
them much more serious. This is illustrated for the 5p? 3P triplet
ground state of tin in Table 1=1. It can be seen that the population

Nj of the true ground state level drops rapidly with increésing

temperature.

Nj/N
J E, . 10000 1 000 000% 2 'oo° 000°
M A 5007 2 500° 3
0 0.000 1 0.772 0.563 0.433 0.354 0.302
1 0.210 3 0.200 0.332 0.384 0.400 0.407
2 0.k25 5 0.028 0.105 0.184 0.246 0.291

Table 1-1: Relative Populations of 3P Levels of Tin.

The second fallacy is that the most highly populated level at
flame temperatures will always be the lowest one. This is actually
disproved by some of the results in Table 1-1, but illustrated much

more clearly with aluminium as shown in Table 1-2. The two levels of
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the ground state doublet (3p ZP%,1%) are separaéed by only 0.0139eV
and even at 1000° the upper one is almost twice as highly populated.
Finally in this section, we must note that although N is the
total number of free neutral atoms present it often does not
represent the total amount of sample present. This is because some
atoms may be ionized and others present as stable compounds formed
by the element. Tonigzation presents no problem since when in
equilibrium it obeys the Boltzmann law. Howiever, the theoretical
treatment of compound formation and dissociation is very complex,
involving advanced thermodynamic principles. It is generally more
convenient to discuss the subject from an experimental point of view

and this is done later for flames.

N,
/N

J E.(eV) g . 1000%  1500° 2000° 2500° 3000°

J
+ 0.0000 2 0.370 0.358 0.351 0.348 0.345
L 0.630 0.642 0.648 0.652 0.655

Tahle 1=2: Relative Populations of 2P Levels of Aluminium

1.3.1 Theory and practice of quantitative spectroscopy

In order to place quantifative spectroscopy on a sound basis,it
is essential to have an expression which relates the observed emissioq
or absorption of light to the concentration of atoms producing it.
It might appear that we a2lready have such expressions in the first two
equations of Section 1.2.3, but these are of little use for analytical
calibration curves in the form shown. This results from a number of

practical difficulties, the most important of which is that every
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spectral line has a finite width. As explained in Section 1.2.4,
this means that rigorous expressions can only be obtained by using
complex functions to represent the line profile or by integrating the
radiation with respect to the total line width.

¥With emission, the integration is simply
fIvdv = Iem = Aijhwﬂi (i.e. egtn. (1-2) ).

In fact this is performed automatically when emission signals are
measured with a conventional monochromator and equation (1-2) may be
used to relate the signal to the atom concentration.

With absérption (and this includes selfe-absorption of emission
signals) the fundamental equation is

I, =10 exp (-k, L) : (1=15)

where Iv° and Iv are the initial and final intensities of radiation of
frequency Vv, kv is the absorption coefficient at the same frequency
and L is the length of the absorption cell. The equivalent of the
emission integration would be

K = f1<v dv = aI_ %y (BjiNj - BijNi) (1=16)

I
(from eqtn. (1=3) ).

However, K (the integrated absorption coefficient) can only be
measured practically by plotting the actual line ﬁfofile using an
ulira~high resolution monochromator. Conventional instruments only
allow measurement of JIv dv and fIv° dv. These are not related to
K by a simple integration of equation (1-15) because kv is also a
variable, . Therefore, not only must a complex expression for kv in
terms of the line profile be used, but also kv will still appear in
the final result (since fex dx is ex). In view of this, the
integration is usually only carried out for a few relevant
approximations. Those used for AAS and AFS have been discussed in

detail elsevhere by the author24 and only the most useful results are

summarized below.



L4,

AES calibration curves. If self-absorption is neglected, we

may use equation (1=2) and substitute for Ni in terms of the total
number of atoms present provided that there is thermal equilibrium

(see Scction 1.3.3). This gives

_ 5]
I, = Aij' he v, N. g.. exp. i (1-17)
F(T)

i.e. a plot of Iem versus N (or sample concentration in most cases)
should give a straight line calibration.

This equation applies whenever there is no self-absorption -
that is for non-ground state lines or for resonance lines at very low
concentrations - and is extremely useful. For example, it is the
basis of several methods of flame temperature measurement (see
Section 1.4.5). -

When self-absorption is not negligible, the decrease in Iem
obviously depends on the length of the flame. The expression for

the received intensity is therefore of the form

I= xjov [Iop I, oxpe (-kvg)dx] av (1-13)
where « is a factor depending on the instrument used.

The evaluation of this expression is extremely complicated
(see, for example, the textbook by Penneras)and depends on the nature
of the line broadening. It is usually found that after initially
varying linearly with N (i.e. no self-absorption), I is proportional
to N=. At very high éoncentrations,‘resonance broadening may occur

and result in a further change in the calibration curve.

AAS calibration curves. In view of the difficulties mentioned
above of using K or kv’ it is more practical to define two other ‘
quantities in terms of the total amount of light passing through the

absorption cell within the ''bandpass" of the spectral line used.

The total absorption factor, AT is defined

as

A =TI -1 i (1-19)
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(vhere I° and I are intensities integrated over the whole line).
The percent absorption commonly used in AAS is simply AT x 100.

The absorbance, A is defined as

T
A = logya (I—°> (1-20)

The relationship between AT or A and Nj can be found with certain

" special conditions for the widths of the source and absorption lines
and the value of k\}. kQL is usually referred to as the optical
density; kv incorporates all the factors affecting the amount of light
absorbed, such as the number of atoms, the width of the absorbing
line and its transition probability). .

One or more of the following conditions are normally invoked..:
(1) Source line much wider than absorption line. i.e. a continuum
~ source. ,
(ii) Source line much narrower than absorption line. i.e. a sharp-line
source.
(iii) Very small optical density.
(iv) Very large optical density.

These give the following special cases:
(a) For (i) + (iii) : A S (Nj.L)

(b)  Tor (i) + (iv)  : A: S (Nj.x.)%

(@) TFor (i) + (1) : A T (NuD)

(@) For (i1) + (i) : A = a constant value
(e)  For (ii) only R )

The situation arising from these results is as follows. If a
contimuum source is used, plots of percent absorption against
concentration will be linear at low concentrations. As the sample
concentration is increased, a point is rcached where the relation
changes (fairly sharply) so that the percent absorption is
proportional to the square root of the concentration. The position of
this change-over depends on the bandpass of the monochromator; generally
the narrower the bandpass the higher the concentration at which it

ocCcurse.
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This is useful, because a narrow bandpass also helps to increase the
size of the absorption for any concentration. However, it mey not
always be desirable to use a very narrow bandpass because the
situation under (d) may be reached at high concentrations and the
calibration curve will slope off to a horizontal line. ‘Plots of
absorbance against concentration should not be used with continuum
sources since there is no simple relationship.

For sharp line sources, cases (c) and (d) cover only the
extremnes of the concentration range, so that there is no simple
relationship between AT and Nj in the concentration range most
important for AAS. FPlots of A against Nj are much more useful in
this case, since (e) was obtained without placing a limit on the -
value of the optical density. Such plots should, therefore, be
linear over the whole concentration range. In practice, the source
line is never really narrow and an error is introduced into (e).
However, this usually only becomes serious at values of A greater than
about 0.5

AFS calibration curves . These are even more complex than

those for atomic absorption, since fluorescence involves both
absorption and emission and energy. Fortunately, under most
standardized AFS conditions the fluorescence signal is directly
proportional to the amount of light absorbed. Also AFS is usually
carried out with low concentrations of solutions @nd with cells of
small path length. Hence conditions (a) and (c) above will apply and
plots of fluorescence signal against concentration should be linear.
If stronger solutions are used, bending of the curves will occur due
to factors such as exceeding the range of (a) and (c¢) or absorption

of radiation before it leaves the fluorescence cell (i.e. the
fluorescence signal is no longer proportional to the absorbed light by

a factor independent of the concentration).

Relationship between concentration and N or Nj' In the above

discussion it has been assumed that the proportionality between sample

_ solution concentration and number of free atoms in the cell



remains constant over the whole concentration range provided the
experimental conditions are kept constant. In practice this may
not always be so and the shape of the calibration curve may be
altered. For example, the nebulizer efficiency may change at high
concentrations so that less sample enters the flame. Ionization is
an important effect with elements such as the alkali metals. The
percentage ionization becomes progressively smaller with increasing
concentration (due to the higher population of free electrons) and

the free atom population therefore increases faster than sample
concentration.

Detection limits and sensitivity. The only realistic method

of defining detection limits for AES, AAS and AFS and vhich allows

comparisons to be made between different methods is on the basis of the
signal noise levels The detection limit is usually defined as the
amount of the element vhich gives a ratio of signal to peak to peak
noise of 2 ¢ 1 or 1: 1,

The signal to noise ratio is usually measured at concentrations
somewhat above the detection limit, which is then célculated by simple
proportion. This may be done for AAS as well as AES (and AFS)
provided that the signal is kept below about ten percent absorption.
(i.e. 0.0L4 absorbance). This is because case (c) above then holds
and the absorption is linearly proportional to the concentration.

In AAS, it is also common to find sensitivity values quoted as
well as detection limits. These are a measure of the signal change
vhich can be expected for a given concentration change and take no
account of signal noise levels. The sensitivity is usually defined
as the concentration in ppm (Mg/ml) which gives an absorption of 1%
(or an absorbance of 0.0044). It may therefore be measured directly -
from the slope of the calibration curve.
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1.3.5 Conmparison of AES, AAS and AFS.

It must,first be stated that, in the opinion of the author,
all three techniques are complementary and, contrary to popular
belief, none has any outstanding advantage over the other two. This
is true whether based on the criterion of "limit of detection"” or
that of ease and convenience of analysis. First, at the present
time each technique has a group of elements for vhich it provides
Ehg most sensitive method of analysis. There also remain many
elements which are equally sensitive by two or even all three
techniques. Assuming equal advances (and research effort) in all
three arts, this state of affairs is likely to remain with us for
some time, although the individual elements in the groups may change.
Secondly, each technique has its own instrumental and experimental
advantages and disadvantages. Since many of these overlap it is
rather difficult to make a direct comparison. However the
following points may be noted:=-

1. AES requires no extra spectral light source whereas this is

essential with the other two techniques.

2. AES is much more easily adaptable to none-standard determinations

and may more easily be used for qualitative ahalysis.

3. AAS requires less operator skill and the performance deteriorates

less rapidly when cheaper instruments are used.

4, AAS is particularly easily adapted to automation and digital
readout for computers because of the reference provided by the

background source and the simplicity of using double beam operation.

5. Althouéh it gives good sensitivity for several elements, AFS

appears to combine many of the disadvantages of the other two methods.

6. Many of the best detection limits by AFS are obtained only in

cool flames vhere chemical interferences are very serious.
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To summarise, AAS is the best suited to rapid routine analysis

by relatively unskilled operators and to automation. AES is the

more versatile method for use by a skilled analytical chemist in a
laboratory where small numbers of noneroutine determinations are
required, often at short notice. Finally, it should be realised that,
apart from the spectral sources, essentially the same equipment is
required for all three techniques. Thus, in such a laboratory it will
often be possible to select one of the three techniques on its own

merits as the optimum for a particular determination.

1.3.6 Comparison with other techniques for inorganic analysis

In general, AES, AAS and AFS have the same advantages over
classical chemical methods of analysis as most other instrumental
Pechniques. For example, they allow determinations at much lower
concentrations vhile maintaining good accuracy and routine analysis
of large numbers of samples is much quicker. On the other hand,
results are relative to the standards used rather than absolute values
and much more expensive apparatus is needed. Since these advantages
and disadvantages of all instrumental methods are well known, ve are
rnore concerned with the factors distinguiéhing AES, AAS and:AFS from
other instrumental techniques. -

Perhaps the higgest advantage of the three techniques over
most of the others is their relative freedom from interferences and the
need for extensive sample pretreatment. This may sound a little
optimistic in view of the need to prepare solutions and standards and
the interferences quoted in the experimentzl part of this thesis.
However, a much more realistic picture is obtained if one considers fdr
a moment some of the other techniques. With electrochemical methods
such as polarography and covlometry most types of samples require
dissolution and a preliminary separation (in one or even more stages).

Similar disadvantages apply to the solution spectrophotometric



techniques, which also require stocks of many different resgents in
a laboratory covering a wide range of analyses. Even more
sophisticated techniques such as those of radiochemistry require
extensive sample treatment, usually by skilled technicians. ZXray
techniques allow the use of solid samples in much the same way as
arc spectrography but the complicated matrix effects mean that both
require the extensive use of accurately prepared solid standards.
Usually the best results are obtained for the routine examination of
large numbers of samples with only small variations in composition.
Although solid sampling often sounds attractive, it should be
remembered thet any pretreatment is much more complicated than with a
solution which is merely to be sprayed into a flame.

Obviously, there are also some disadvantages. These include
the difficulty of determining major sample constituents without a
large degree of dilution (with its attendant errors) and of

measurement of non-metallic constituents by direct methods. At the

h7.

present time, a number of specific metals and sample types also present

difficulties for routine analysis. However, the current
intensification of research seems to be removing these problems more

quickly than is the case for those inherent in other instrumental

methods of inorganic analysis.

1.4 Flames
1.4.1 General

A brief survey is given of the theoretical and practical

aspects of flames, but many of the topics are covered in much greater

detail in later chapters.
A flame is obtained by burning a mixture of a fuel and an

oxidant; with all of the flames described here both are in gaseous



form when they reach the burmer. The most important gases for
flame spectroscopic applications are :-

Fuels: co2l gas, propane, acetylene, hydrogen and bottled gas
(butane). )

Oxicdants: Air, oxygen, oxygen + inert gas, and nitrous oxide.
.These gases may be used to obtain four main groups of flames.

(a) Diffusion flames in air are obtained vhen only the fuel gas

is supplied to the burner and burns with the surrounding air.
Hydrogen is the best fuel for spectroscopic purposes since the flames
are very fuel rich and hydrocarbons form too much scot. The

hydrogen flame gives exceptionally low background emission but is
cool, limited to air as oxidant and solutions must be nebulized using

hydrogen (unless an inert gas is added, making the flame even cooler).

(b) Diffusion flames with additional oxidant have the oxidant as

well as the fuel supplied via the burner, which has outlets )
designed so that all mixing occurs by diffusion above the burner.
This allows the oxidant to be used to nebulize solutions and its type

and quantity may be varied.

(¢) Turbulent flames are a logical development of (b) in which

the burner jets are shaped to give forced mixing of the gases above
the burner, The flames obtained are just as safe from flash-back

as diffusion flames but much hotter. Unfortunat;iy, their turbulent
nature results in loud accoustic noise, noisy signals and no distinct
flame zones, large areas being equivalent to a reaction zone with

consequent high background emission. i

(4) Premixed flames have an explosive mixture containing the

correct proportions of fuel and oxident leaving the top of the burner.
This results in a quiet, stable flame with well-defined zones.
Flashback into the burner must be avoided by careful design (see
Section 1.4.6) but these flames are widely used in flame spectroscopy

because of their many advantages: they are as hot as turbulent flames
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with much lower background and noise outside the reaction zone; the
flame shape is easily varied; and the temperature and composition
of different flames is well documented and easily reproduced.

Much of what follows will be particularly concerned with premixed

flames.

1.4.2 Propagation and structure of premixed flames

The propagation of a stable flame using a particular
combination of gases and burner depends basically on three factors:e

The limits of inflammability are the upper and lower limits of
fuel to oxidant ratio between which combustion will spread through a
gas mixture that has been ignited. )

The ignition temperature is the lowest temperature at which
combustion propagates spontaneously through a gas mixture.

The burning velocity is the speed at which a flame moves
through a combustible gas mixture by propagetion of the reaction by
thermal conductivity between adjacent layers of the mixture.

For a given combination c¢f gases, all three factors vary
enormously with experimental conditions. ' The gas mixtures used in
flame spectroscopy must obviously lie within the limit of
inflammability and have ignition temperatures well above room
temperature (so that they can only be ignited by supplying heat in
the form of a match, spark, etc.), but the factor of greatest interest
to the flame spectroscoper is the burning velocity. The burner must
be carefully designed to match this to the upward gas velocity
through the bturner head so that the flame will neither "lift-off'
and extinguish itself nor flash back into the burner and cause an
explosion. This is discussed in Section 1.4.6.

The gases leaving the top of the burner are raised to their

ignition temperature in a small preheating zone by the heat of the
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existing flame. - Immediately above lies the brightly lunminous
primary reaction zone, vhose ocuter surface forms the flame front.
The shape of this is governed by the fact that the burning velocity
of the gas mixture always equals the component of the gas velocity
perpendicular to its surface. For a circular burner (or holes in
a burner head) its shape is conical, although scmevhat distorted

(see Gaydon and Wolfhard19

y Tor a detailed discussion). This
distortion is the result of a back pressure caused by the heating,
expansion and acceleration of gases in the flame front. (It is for
this reason that with nebulizers fitted with a constant head of water
at their drain outlet one can observe a change in water level on
lighting the flame). Also, the quenching effect of the burner
reduces the burning velocity Jjust above the burner head.

The hot gases leaving the flame front enter a region knowvm as
the interconal zone, In some flames this may be a dark region
extending for several millimetres around the front; in others it is
mich larger and a source of.strong emission (see Section 1.4.3). The
interconal zone can only be studied properly using é flame separator
and this is described in Chapter II. Except in the most fuel lean
flames, the gases in the interconal zone are not completely combusted
to their ultimate oxidation preoducts. Therefore, with flames burning
in the atmosphere, the interconal zone is surrounded by a secondary
reaction zone. This region is in fact a diffusion flame where the
gases burn further using the surrounding air as oxidant. It is
generally much larger than the other zones as is due mainly to the

combustion of CO and H, and species such as OH and NO (depending on
the flame).

1.4.3 Radiation from flames.

Discussion of the radiation from flames involves tvo
approaches. First, we must list the species from which it originates
and compare the intensities and types of radiation f{rom different,

regions of the flame, This is mainly a straightforward matter of
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quoting known exXperimental facts. Secondly, we must attempt to
interpret the excitation mechanisms responsible responsible for
radiation from different species and different parts of the flame.
Here the situation is much more confused with a notable scarcity of
experimental data and rigorous theory.

The most intense radiation from the flame originates in the
primary reaction zone, as might be expected, and is mainly due to .
molecular band spectra. However, atomic lines (due to C and to
metal atoms if these are added to-the flame) and a continuum
background (due to incandescent carbon particles or nonquantized
transitions) are also observed. The species producing the bands
obviously vary with the gases used, but some of the more cormmon ones
are C,, CH, CHO, OH, CN and NH. QRadiation from the interconal zéne
is much less intense due to low populations of many of the specieé
glving strong band spectra. Probably the most common emission from
this region is due to OH. However, there are one or two notable
exceptions, especially when fuel rich flames are used as higher
concentrations of carbon-containing species then persist into the
interconal zone. For example, the interconal zone of the fuel rich
nitrous oxide-acetylene flame is a bright pink colour due to the high-
concentration of CN radicals (see Chapter 3). The secondary reaction
zone also gives much less intense radiation than the primary zone, the
main bands arising from OH (Usually much more intense than in the
interconal zone). The characteristic blue colour of the outer cone
of hydrocarbon flames is caused by a continuum due to the reaction.

CoO + 0~ CO, + hv R
A similar reaction with NO produces the whitish yellow-green colour
at the tip of some hydrogen flames. The orange colour of the outer
cone of these flames is mainly due to vibration-rotation bands of
H,0 (and also of OH).

Radiation -from flames may, in the firs? instance, be
separated into two categories « thermal and non-thermal. The latter
is often referred to as simply chemiluminescence without further

explanation, but this can be nisleading; the reader will appreciate
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that all energy and radiation from flames is essentially chemical
in origin.

With thermal excitation, the emitting species is raised to
its excited state by virtue of the high temperature of its
surroundings. In other words, energy is transferred between species
and converted to electronic excitation by collision processes. This
energy is that responsible for the heat of the flame and released
during the reactions of the fuel and oxidant. It is contained in
the flame species by virtue of their motions (both internal and
external) and should not be confused with the flame species actually
existing in a high excited state. Gaydon and liolfhard have suggested
19 that energy transfers of this type which result in electronic
excitation are unlikely to be due to the translational motion of the
flame species but more probably occur via the rotations and vibrations
of the molecular species.,

The total radiation from a given region of the flame can only
be called thermal if complete thermal equilibrium is breseht. (This
is discussed in detail in Section 1.4.4). However, in flame
spectroscopy it is more usual to refer to the emission from each
individual species. It is then possible to indicate whether a
minority of species are giving non-thermal. radiation vhen the rest of
the hot gases are, for practical purposes, in thermal equilibrium. By
convention, a particular emission is referred to as ''non-thermal"
if more than a small amount is produced as such, although obviously
some part of it (however small) will still be thermal in origin. The
best indication of non-thermal origins for a particular emission is to
use that radiation to determine a spectroscopic temperature and compare
it with the true equilibrium temperature. (This is discussed further..
in the following sections).

Excité%ion of species sufficiently to emit radiation may be
produced by many factors other than the heat of their surroundings.
For example,the intense emission from discharges results from the
presence of large numbers of fast-moving electrons. However, in flames

by far the most common source of non-thermal radiation is
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chemiluminescence. This arises when the emitting species is
formed directly in an excited state as the result of a chemical
reaction. TFor example, chemiluminescence in the flame gases

themselves may result from reactions such as

CH + 0, - CO + OH* -
or
0 + C10, = Cl0 + 0,*
(* denotes on electronic excited state).

Similar processes may be obtained with metals added to the flame:

C+ KO~ CO+ M*
or .

H+H+ M~ H, + I ]
(This second example is really an induced chemiluminescence, not a
true one, since M is not chemically modified by the reaction).
It is elso possible that instead of an excited flame species losing
its excess energy by radiation as chemiluminescence! it coﬁld transfer

it to another flame speécies or a metal atom by collision

€afle OH* + M —~ OH + M*.
The emission from the metal atom in a case like this is often
termed chemiluminescent, but "energy transfer” would be more accurate.
In many cases, although non-thermal emission from a flame can
be identified as such, it may not be clear whether it is due to true
chemiluminescence, induced chemiluminescence or an energy transfer.
It is then much more satisfactory to tern the radiation "nonethermal"
or "overexcitation" rather than Ychemiluminescent". )
Discussion of the regions of the flame giving thermal and
noﬁ-thermal radiation will be postponed until the next section, since

it is closely related to equilibria in flames.

1.t Equilibrium in flames

Three types of equilibrium may be considered in flames:

chemical, thermal and radiational. The most significant failure to
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reach equilibrium will bé through incomplete combustion. However,
the main chemical reactions involved in flames are normally:
completed in a very short time and chemical disequilibrium is.
generally restricted to the reaction zone. Thus, in the
premixed flames considered in this work it is possible to calculate
the flsme gas composition assuming complete equilibrium and ohtain
a very good approximation to the actual situation outside of the
reaction zone. The minor chemical changes giving rise %o
rhenomena such as chemiluminescence will be considered in conjunction
with thermal equilibrium since they have a ruch greater effect on the
radiation from the flame gases than on their composition.

Vhen thermal equilibrium exists in a region of the flame, the
light emitted by 211 species will be a function of the flame
temperature. Conversely, if radiation from the flame is used to
measure its temperature the same value will always be obtained. Even
if we assume chemical equilibrium, thermal equilibrium does not
correspond to a state of complete equilibrium, which ﬁould also require
radiative equilibrium. The latter is only achieved if all radiation
emitted by the flame is replaced by absorption of light. This is only
true for a black body and clearly the situation in a flame is usually
very far from this. However, Gaydon and Wolfhard have éhown19 that
in flames at atmospheric pressure, the flame species experience far
more deactivations by collision than by emission of light. Thus,
radiation of light has a negligible effect on the thermal equilibrium.
(This is probably not true in very low pressure flames wvhere
radiation may cause a significant drop in flame temperature).

As might be expected, most overexcitation in flames originates
from the primary reaction zone, since the greatest release of energy
occurs there and thermal equilibrium cannot be expccted. Radicals
such as OH, CH, C, and HCO are well known for their non-thermal
emission from this region of the flame. Similarly, overexcitation
of metal atoms added to hydrocarbon flames occurs mainly in thé

reaction zone. At the other extreme, the outer-.cone a few
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centimetres above the reaction zone is a region where for most
-purposes thermal equilibrium has been achieved (minor variations
do occur, because as discussed below some equilibria, such as
ionization, take longer to achieve than others). The observed
radiation is then for all practical purposes entirely thermal.
Between these tvwo well=defined regions is a transition zone vhere
overexcited particles achieve sufficient collisions to reach
equilibrium. Thus, it is often possible to observe some
non-thermal radiation from the interconal zone. The amount and
the height in the flame to vhich it occurs will vary with the flame
and the species considered. For example, C, and CH chemiluminescence
will persist higher up in a fuel rich flame. OH chemiluminescence
generally persists much longer than that from metal atoms.

Two facts should be clear from vhat we have discussed so far.
First, for a study of flame spectroscopy, the equilibrium with which
we are most concerned is the thermal one. Secondly, thermal
equilibrium is best studied by considering the equilibfium'of
individual flame species; their state of equilibrium is directly
dependent on the number of collisions they have undergone since
formation in the reaction zone. Equilibrium of this type is
indicated by whether the energy of a species obeys the
Haxwell=Boltzmann Law. 1In its simplest form this merely states that
if a species has possible energy levels E,, B4, Ez, etc., then the
number of atoms/molecules with these eneréies will be very l

proportional to _
e-Eo/kT, é-E1/kT, etc.

Each type of energy requires different numbers of cqllisions to reach
this state of equilibrium, since different degrees of freedom are

involved. The approximate numbers are:
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Translational 10
Rotational 103
Vibrational 105

Fxcitation snd dissociation 107

Ionization 10°?

This merely means that if all species start their life in the
flame out of equilibrium,translational energy will be the first

class to reach equilibrium within its owmn class, i.e. to obey a

Maxwell-Poltzmann distribution. This will be followed by
rotational energy, and so on until after sufficient collisions
equilibrium is achieved between all classes and the flame gases

are in thermal equilibrium. The result of the finite number, of
collisions which have occurred by any point in the flame is that

we may be able to obtain, for example, an OH rotational teﬁperature
in the reaction zone because at that point the rotational energy
levels (i.e. the rotational spectral lines) obey the
Maxwell=Boltzmann Law. If‘we attempted to obtain the OH
vibrational temperature at the same point we might find that the
vibrational levels did not obey the Law. In this case, it would be
impossible to solve the equations, graphs, etc. used to calculate the
temperature from the vibrational spectral lines (see Section 1.4.5).
However, the OH rotational temperature that we did obtain bears no
relation to the "actual' temperature of the flame - it is just a
function of the reactions forming the OH, the point of measurement,
etc. '

In the region of the flame where most species have suffered
enough collisions to equilibrate 211 types of energy, it is usually
acceptable to speak of "thermal equilibrium" even if this is not
strictly true. For example, the same temperature might have been
measured in tﬁe outer cone of the flame using different iron lines or
a thermocouple, but the OH rotational temperature was much higher.

This would mean that some OH chemiluminescence was still being observed



due to a persistent reaction, but the amount of energy involved
woﬁld not be enough to make any difference to the practical ievél
of equilibrium of metal atoms added to the flame. Similarly, the
ionization of, say, potassium added to the flame might not have
reached equilibrium because of the high number of collisions
required. Thus a temperature measured using the ionization
distribution in the Maxwell~Boltzmann law might be erroneous. In
most cases, the energy invelved would be too small to prevent the

flame gases as a whole having an “actual" equilibrium temperature.

1.4.5 Flame temperature

The usuval concepts of temperature and conventiornal methods
of measuring high temperatures are not, in general, applicable to
flames. Devices such as thermocouples, resistance thermometers
and optical pyrometers can only be used with special precautions and
for certain restricted applications. The most widely used, and
the most informative, means of méasuring flame temperature are
spectroscopic; that is they utilise radiation emitted or absorbed
by discrete particles present in the flame gases or added to them.
In this thesis we are concerned only with the spectroscopic methods.

It should be clear from the discussion of Sections 1.4.3 and
1.4.4 that unless the whole flame were in thermal equilibrium we could
not expect the temperature to be the same in all regions. Turther,
unless each region of the flame studied is in complete thermal
equilibrium, different spectroscopic methods will indicate different
temperatures. Thus, it is possible to talk of translational,
rotational, electronic, etc. temperatures. As long as their
limitations are realised, such temperatures are still very useful.
Indeed, in many cases they provide more information about the flame
processes than can be obtained under equilibrium conditions.

Host spectroscopic temperatures are measured by applying the

Maxwell=Boltzmann Law to the populations of the energy levels of the



58.
species concerned. Thus, they are often referred to as "population"
temperatures. This applies even to the translational temperature
which depends on the-distribution of kinetic energy and ultimately on
the Maxwellian distribution of the velocities of the atoms or
molecules.

For the quantized energy levels of line and band spectra the
law is usually applied in the form of equaticn (1=-14)(Section 1.3.3).
The required populations may be measured from emission or absorption
spectra. Most work has been done with emission spectra because of
the low concentrations of many flame species, the difficulties of
malking the required quantitative absorption measurements (see
Section 1.3.4) and because chemiluminescence will only be revealed
by emission temperatures. The main disadvantage of emission methods
is the difficulty in avoiding the effects of self-absorption. This
problem is discussed in detail in Chapter III, together with a rather
empirical absorption method for molecular spectra which avoids
self-absorption effects completely.

In general, there are two widely used methods of measuring
population temperatures from spectral lines of bands. The line
reversal method involves matching the brightness of an emission line
from the flame against that of a calibrated continuum background source
at the same wavelength. then the line is seen in neither emission
pGr absorption against the continuum the two temperatures will be
identical., Since the continuum originates from a black body (or
something of known emissivity such as a tungsten filament lamp) its
temperature is easily measured with a pyrometer. Really, this amounts
to an indirect method of measuring the absolute intensity for
substitution into equation (1-14) and energy level populations may be .
deduced from the result. It may be applied to both atomic and
molecular spectra but is best knowvn with the yellow doublet emitted by
sodium added to the flame.

The other common method involves the elimination of N and F(T)

from equation (1=14) by measuring the relative intensities of two or
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more lines ffom the same element or flame species. If the species
are atomic, equation (1=14) applies directly and the measured
temperature will be an clectronic one. This is discussed in detail
using iron lines in Section 3.5 . With molecular species,
appropriate transition probabilities (involving further powers of V)
must be substituted into the equation, depending on whether the’
spectral lines used are rotational, vibrational, etc. The appropriate
expressions are derived in "Flame Spectroscopy"18 and their use is
illustrated with CN in Section 3.6 . The method requires an
accurate knowledge of transition probabilities and because of this
has been used much more widely with molecular species than atomic
species (since there is ample molecular emission from the flame gases

and accurate relative transition probabilities may often be calculated).

1.4.6 Durner design and shape

Although it is of fundamental importance in flame spectroscopy,
burner design has been given relatively little attention by analytical

chemists. The main requirements for the burners used with premixed,

laminar flames are:=

1. Complete mixing of the fuel and oxidant gases.

2 Laminar flow of these gases as they leave the top of the burner.

3. Minimum loss of analytical sample within the burner and ease of
cleaning. ‘

L, Burner port(s) designed to give a stiff, stable flame with the

required gas flows.and to prevent flash-back of the flame into

the burner.

5. If a.flash-back should occur it must be contained within the
burner. .

6. The burner should run for long periods without overheating or
clogging.

7e The flame obtained should be of a convenient size, quiet,and

usable over a wide range of stoichiometry.
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The main part of the burner may be constructed to meet most
of these requirements without too much difficulty, but the design
of the burner head and its port(s) is rather:more critical. Each
port must be narrow enough to quench combustion by the cooling action
of the walls if the flame should strike back. At the same time, the
total area of the port(s) must give an upward gas velocity (at the
required flow rates) which will balance the burning velocity and give
a stiff, stable flame., -Usually the gés velocity is chosen in a range
three to ten times greater than the burning velocity (which does not
act parallel to the gas-flow, but perpendicular tothe flame frgﬁtx The
usual choice for the burner port(s) ié between a set of small holes and
a narrow slit. The latter is more convenient to produce, since the
holes must either be drilled in a steel blate or obtained using a set:
of cepillary tubes. Holes are also more liable to clogging, more
difficult to clecan, and give a more untidy appearance to the flame but
it is usually easier to obtain the correct combination of quenching
diameter and total area for a given size of flame.

In addition to these requirements the burner must provide a
flame of the optimum shape for the instrument and technique to be used
with it. This simply means that it must put as many as possible of
the atoms in the flame within the optical path of the detector. Since
most modern detection systems are based on a narrow entrance slit
(giving a narrow solid angle amd optical path) and since hollow
cathode lamps give narrow light beams, a long, flat flame end=on is the
obvious choice for AAS. Given the same detector system, the same
shape would also be optimum for AES if it were not for the fact that
the effect of self-absorption on emission signals increases rapidly
with increasing path length.

If a new instrument wvere designed for AES it would be best to
have an optical path wide enough to allow a circular burner which
gives much less self-absorption. This would also have the advantage
of being optimized for AFS as well (the circular flame is needed to

get as large an area as possible within the solid angles of both the
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light source and detector and to reduce selfwabsorption of the
fluorescence signal). It would give the same AAS results as a
long flame if the background source could provide a light beam wide
enough to cover the full width of the flame (note that the link
between path length and absorbance via Beer's Law is a fallacy in
AAS).

With modern flame spectrophotometers, a long flame also gives
the best AES detection limits,because it matches the optical systen,
but self=absorption will bend the calibration curves at higher
concentrations. Provided there is sufficient emission intensity,
this curvature may be greatly reduced by turning the flame side=ways
on to the monochromator. Under these conditions, a long rectangular -
flame is a better choice for emission work than the traditional

circular flame.

1.4.7 Introduction of the sample into the flame.

Many different methods of adding solid or liquid samples to the
flame have been devisecd. In practice, by far the most common
technique is to dissolve up the sample, convert the solution to a mist
and vse one (or more) of the flame gases to carry it into the flame.
Even within this restricted field, there is a wide choice of
nebulizers which may be used to atomize the solution.

The simplest nebulizer, and still the most popular.in flame
spectroscopy, is the pneumatic type. This is usually made of narrow
concentric tvbes machined to a jet shape at one end. The gas is
forced through one tube and creates a suction vhich draws the liquid
up the othef. Vhen they meet at the jet, the liquid is dispersed
into a suspension of fine droplets in the gas stream. This nay be
introduced directly into the flame, but normally contains too high a
proportion of large droplets which give rise to noisy signals. It is
more common practice to pass the mist through a cloud chamber which

allows the larger drops to fall out and run to waste. -A simple
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chamber with perhaps one or two baffles is quite suitable for most
purposes but rather inefficient, allowing a maximum of about 5% of
the solution to reach the flame. More recently work has been carried
out with much more complicated cloud chambers. For example, heating
and condensing units may be fitted with theobject of removing a large
proportion of the solvent (but not the solutej before it reaches the
flame.

Although these devices help to improve the efficiency, they
detract from the basic advantage of the pnedmatic nebulizer - its
simplicity and reliability. Under these circumstances, other types
of nebulizer may become more attractive alternatives. For example,
ultrasonic nebulizers produce fine droplets by the action of sound
waves generated by a vibrating crystal. They allow much more precise.
and easy control of solution uptake and droplet size independent of
gas flow rate. If all the droplets can be produced to a fine,
uniform size by this technique an elaborate cloud chamber is no longer

required to obtain good efficiency and low signal noise.

1.5 Spectral Sources

1.5.1 General

lost of the spectral sources described here have been known
for many years but it is only since the introduction of AAS (and AFS)
that most of them have become of widespread commercial interest;
probably more hollow cathode lamps have been manufactured in the last
five years than in the previous fifty. In view of this, and also
because of the applications described in this thesis, the main.
emphasis in the following descriptions will be on the suitability of
each source for AAS and AFS.

Before describing any individual sources, it is useful to

emphasize the basic categories into vhich they may be placed. This
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classification may be done on the basis of the type of spectra

emitted and on the way in which the source is prepared and used.

(2) Spectral distinctions. First, the source may emit light

continuously with respect to time whenever it is in use or it may be

pulsed so that light is emitted only in short, specific bursts of
energy. Sources which are merely modulated (so as to provide a
tuned amplifier system for AAS or AFS) are generally referred to as
continuous. At the present time, pulsed sources have not been used
very much for AAS and ATS and they will not be described here. However,. .
they offer considerable promise for the future both because greater
intensity is obtainable and because of the possibility of time
resolved techniques. Secondly, either of these types of source may

enit a line spectrum or a continuum spectrun. These terms have been

defined in Section 1.2.1.

(b) Practical distinctions. The most common c¢lass of sources

encountered in AAS and AFS are permanently sealed=off. This offers
considerable advantages for ease of uée, good reproducibility and
simplicity, especially if the source is at very low or very high
pressure, The second class is knovm as demountable. These generally
have similar forms to the sealed-off types but allow alterations to
the contents to be made at any time after.manufacture. This is most
commonly done simply by fitting a tap instead of a seal and these
sources are much more versatile for research purposes. Most of the.
sources described below as sealed~off can be used in demountable form
with virtually no change in characteristics. TFinally we must
recognise a class of consumable sources in which the element whose
emission is required must be continually replaced. Sources such as
flames, arcs, plasmas and flow=through microwave discharges fall into'

this category.



6h.

1.5.2 Vepour discharge lamps (VDL)

These lamps have been widély used as sources of line spectra
from the volatile elements (Cd, Cs, He, Hg, K, Na, Ne, Rb, Tl and an.
For many years VDL's such as those made by Phillips and Osram (Wotan)
were the only widely available commercial lamps for line spectra.
They give intense outputs with very low background levels and are
ideal for purposes such as spectrograph calibration, since they are
easy to use, robust and require only simple power supplies.
Unfortunately, when run at the currents recommended by the manufacturer
(1.0 to 1.5 amp.) the lines are very broad and strongly self-absorbed
or even self-reversed. A few of them may be run at currents helow
0.5 amp. to give lines which are sufficiently sharp for AAS (see
Chapter VII) but only with a considerable loss in intensity.

1.5.3 Hollow cathode lamps (HCL).

The hollow cathode lamp is one of the most important sources of
intense, sharp-line spectra and has been widely used by spectroscopers
since its introduction in 1916. Many different designs have been
described over the years and they can generally be placed into two
classes. For ultra~high resolution studies of hyperfine structure,
especially of resonance 1ihes, the cathode is usually coéled with water
or liquid air giving extremely sharp lines. tWhen line width is less
critical or for studieé of high energy lines, a hot hollow cathode
may be used. Apart from greater simplicity, the latter gives a
much higher intensity. The line widths are still sufficiently small
for measurements of peak absorption and all commercial lamps used for
AAS are of this type. '

In most lamps used for AAS, the cathode is a hollow cylinder,
10 to 20mm long and less than 10mm in diameter, made of the required
element or..lined with it. The cathode is sealed inside the lamp

together with an anode whose exact position and size is unimportant,
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and the lamp is filled with an inert gas at a pressure of about i torr
then a voltage of 500 to 1000 volts is applied between the electrodes,
the inert gas is ionized and a stream of positive ions is directed
into the hollow cathode by the field. These ions cause a strong
sputtering action on the cathode surface so that particles are

ejected into the discharge vhich is concentrated in this region. The
atoms are then excited into strong spectral emission by collisions
with the excitgd atoms and ions of the inert gas. Helium is not often
used as the filler gas because it is too light to produce sufficient
sputtering and its high excitation potential (19.7 eV) results in
spark spectra. Until recently argon was the normal filler gas, but.
a number of the most modern lamps use neon (mainly to reduce the
background spectrum around the resonance lines of some elements).

Most commercial lamps are operated at the relatively low currents of
5 to 25mA. Use of higher currents leads to increased Doppler ,
broadening and self-absorption and also shortens the life-time of
HCL's made with the more volatile elements. .

A large number of improvements have been made in héllow cathode
lamps over the last few years because of the growth in AAS. These
can be placed into two groups. TFirst, significant advances in
étabi}ity, line width and intensity have been made by using auxillary
electrodes; electrode shields; improved shapes of electrodes and
lamps; different types of chemical matrices within the cafhode; etc.
Secondly, much work has been done on the production of multi-element
lamps to reduce the number required for tﬁe average laboratory.
Originally, multicathode lamps were produced but more recently better
results have been obtained with several elements inside one cathode.
In either case, the elements to be used together must be carefully

chosen with respect to the spectra, volatility etec.
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1.5.4 Flectrodeless discharge tubes (EDT)

The high frequency electrodeless discharge tube has been used
as a source of sharp, line spectra even longer than the hollow
cathode lamp. It has a number of advantages for basic work,
including studies of hyperfine structure: the discharge can be
maintained at pressures as low as 0.001 torr (very little pressure
broadening); only tiny quantities of the element are required; there
is no contamination from electrodes or difficulty with their high
vacuum sealsj and the tubes are easily cooled. In spite of this,
EDT' s have been less widely used than HCL's, Perhaps the main reason
for this is the difficulty of obtaining a stable discharge in the lamp
and a reproducible spectral output, except'for a few elements. then
the tubes are used for basic studies of spectra, the emitting element
is present only as an impurity and no real problem arises, However,
in order to obtain sources bright enough for AAS and particularly AFS,
it has been the practice to ﬁse much larger quantities. The metal or
its compound will then condense on the walls of theﬁtube ﬁnless they
are kept at a sufficiently high, uwniform temperature. This requirement
is often not met, the bulb having cold areas outside of the discharge,
and the particular way in which condensation occurs at any time
governs the nature of the spectrum obtained. Because of these
difficulties, EDT's have not been as widely available commercially as
HCL's. The construction and use of the modern type of microwave

frequency EDT used in a resonant cavity is described in Chapter VII .

1.5.5 Continuum sources

TIn theory continuum sources would appear to offer one
outstanding advantage for AAS and AFS over the sources already
described - it would no longer be necessary to provide a separate lamb
for each element studied. Unfortunately, there are many practical

difficulties and continuur sources have not been widely used for these
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purposes. As explained in Section 1.3.4 , the sensitivity for
AAS will only be as good as with a sharp line source if a high
resolution monochromator is used. Although this problem does not
arise with AFS, it is still difficult to obtain suffiéient intensitj,
especially in the U.V., with the continuum sources available at
present., Obviously, the conventional tungsten lamp will be of little
use for this type of work, but the newer quartzeiodine lamps are much
more intense. The well-knovn hydrogen lamps give a much greater
output, but even they cannot compare with the best line sources in the
U.V. and much of the visible region. (It must be remembered that for
AFS, it is the output of the continuum source over the width of the
spectral line which is important not that over the bandpass of the
monochromator; hence, with many instruments these sources appear
. misleadingly intense). Several recently developed pulsed sources

offer the promise of much greater contimmm intensities.

1.5.6. Other sources

A number of other sources, such as Geissler tubes and atomic
beams, have been developed over the years to providé sharp line
spectra of individual elements. However, none of them are of any
interest for AAS or AFS at the present time. lMore important are the
consumable sources mentioned earlier. A number of workers have tried
using flames, arcs and plasmas as light sources for AAS and AFS because,
like continuum sources, they do not require a separate lamp for each
element. ‘The main difficulty is to obtain lines sharp_enough for AAS,
Sources, such as the plasmas, which give sufficient intensity for AFS
are generally too noisy for good results, and they are also rather
expensive. The most detailed work on consumable sources for AAS has
been carried out by Strasheim, Butler and co-workersz6. They report
that the best results are obtained with a Kranzearc. This is nitrogen
stabilized and the signal is taken from a region outside the electric

field (thus avoiding Stark broadening of the lines).
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Chapter 11

Separated Flanes

21 Introduction

As explained in Section 1.L,2, premixed flames generally
consist of an inner reaction zone and an outer diffusion zone
separated by an interconal zone ccntaining an appreciable
concentration of the atoms and radicals produced in the reaction zone.
These are readily attacked by the same atmospheric oxygen vhich
supports the secondary diffusion flame so that their presence is
usually only apparent in quite fuel rich flames. If the flame could"
be stabilised in the absence of this secondary air, then the outer
zone of the fiame would disappear and the atom/radical concentration
of the interconal zone would greatly increase. Turther, it would be
possible to view (spectroscopically) and study the radicals in the
interconal zone without spectral or chemical interference from the
outer diffusion flame. ’

Over the years, several different ways of achieving some or all
of these aims have been devised. This has led to considerable .
ambiguity in the nomenclature used to describe the results obtained.
To avoid this in the present work, the terms defined below will be
used throughout the following discussion even if they differ from the

description assigned to a particular flame by its originator.

a) A separated flame 1is one in which the secondary diffusion zone

is physically moved some distance from the primary zone leaving a
greatly extended interconal zone between the two. This separation
may be obtained by surrounding the lower part of the flame with either

a s0lid wall or a wall of an inert gas.

b) A shielded flame is one in which the flame is protected in

sorie way from the surrounding atmosphere without physically separating

its zones. Examples include a sheath of filtered air(to protect the



flame from dust); a sheath of oxygen (to increase the temperature
at the edge of the flame); and a sheath of another flame (%o
protect species normally attacked by atmospheric oxygen).

Although the author's work has been mainly concerned with
(a),a brief literalure survey is given of both types. This is
necessary because many of the advantages described above can be
achieved by separating or by.shielding the flane and the final

choice of method is often quite arbitrary.

2.2 Historical

Since Smithells' pioneering work on flame separation (see
below) many descriptions of separated or shielded flames have
appeared in the literature. The majority of these have been
concerned with fundamental studies on flames, although some
analytical applications are also described. However, in either
case the relevant papers are extremely difficult to tréce,
especiglly in the older literature. This situation has arisen

becavse the separation or shielding of the flame was usually

considered a minor part of the work and is, therefore, not recorded

in the abstracis and indexes used for literature surveys. In view

of this, the reader should remember that a method of separating a
flame is not necessarily new just because no preggous record of it
cones readily to hand. In fact, the few examples quoted below

cover almost every possible means of separating or shielding a

flame. Usually only a particular application is new and even some

69.

of these have been "discovered' several times. For convenience, the

examples are grouped under the type of separation or shielding used

rather than chronologically.

2.2¢1 Glass or aquartz tube sevarated flames.

The first recorded separation of an& flame was that of the
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inner and outer cones of a Bunsen-type flame, achieved independently
ca. 1891 by Smithellsz? and by Tec1u28. Both of these workers
found that if they fitted a glass tube over the top of the Bunsen
burner and lit an ordinary luminous flame at the top fhey could
reduce the fuel (or increase the air) until a critical value was
reached vhen 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. .A slightly improved version is shown in
Fig. 2=1, which was taken from Smithells' original paperz?.

Using a separator identical to this, except for a more
versatile gas control unit than the Bunsen burner, Smithells and

Ingle27

and Smithells and Dent29 carried out a considerable amount of
research into the structure and appearance of various hydrocarbon and
cyanogen flames. The main part of their work was concerned with the
analysis of the gases in the three zones; a task which would have
been impossible without their flame separator.

In 1917, Hemsalech published ;everal papers dealing'with the
0

spectra of iron and in one of these he described the use of a
glass tube separated air-coal gas flame to determine which part of the
flame gave the most intense iron emission. He also mentioned

(Ref. 30, p. 233) that this type of separated flame was in common use
at that time.

Smith and Pickering A

used glass tube sepdration of BEunsen-
type airepropane, oxygen-propane and air-acetylene flames to study
the effect of excess fuel on flame shape in the absence of secondary
'airo ’ :

32

Some years after this, Iudlam”™ also used a.separated flame to
study flame spectra. He separated an air<hydrogen flame with a silica
tube in order to study the green band emission obtained when
vhosphorus vapour is sprayed into a cool flame.and reported that use of
a separator greatly enhanced this emission. Thirty years later this
discovery was put to commercial use for the analysis of phosphorus and

also sulphur and boranes (which give similar band emissions) with the
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Fig. 2-1

The Original Smithells Flame Separator

introduction of a number of monitoring devices (see below).
The next important development of the quartz-tube.separator
was described by Honma and Smith in 195#33. They separated a

natural gas~air flame in order to use it as a source for the flame

spectroscopic determination of nitrogen in organic compounds by the
CN band emission obtained at 3883A. This appears to be one of the
first practical, analytical applications of a separated flame.

A number of relatively cool hydrocarbon-air flames were also

burnt on a Smithells-type separator by Street and Thomas34

for a
study of carbon formation in flames, the separator being used to
prevent atmospheric oxygen attacking the carbon particles. An
interesting development for these cool flames was that the top of the
separator was covered with brass gauze to stabilise the secondary A

diffusion flame,
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In 1259, Drager35 described a novel separated flame for
quantitative determinations of halogens in gases by an adaption
of the Beilstein test. He used the burner arrangement shown in
Fig. 2-2 to separate two diffusion flames. The lower flame
atomises the halogen compounds and heats the copper necessary for
the Beilstein test; the copper halide formed then passes into the
upper flame where it is excited to give the characteristic green
emission. Several years later, this method was imvroved by Gilbert36,
who used the more conventional Smithells-separated air-hydrogen flame
and replaced copper by indium. Recently, this design has been further
improved by Herrmann and co-worker537 for the snalysis of chlorine in
organic pesticides. Their burner is shown in Fig. 2-3 and incorporates
an extra tube to protect the secondary zone from draughts and dust.

The separated air-hydrogen flame has also been used .
extensively in the phosphorus and sulphur monitors mentioned earlier.
The first of these was disclosed in 1962 by Drager38 and the burner
used is shown in Fig. 2-L., It was rather more elaborate than an
ordinary separated flame because the outer tube was cooled by a water
jacket to increase the chemiluminescent emission obtained in the fleme.
A similar burner for the same purpose was produced shortly afterwards:
in the United Stateng. At about the same time a quartz-tube
separated air-hydrogen flame without water cooling was developed for a
pentaborane monitorho and in 1965 this same burner was uscd by Crider41
as a monitor for sulphur dioxide in air, apparently without knowledge
of the previous work on phosphorus and sulphur. His burner
incorporated a light-tight exhaust tube and he did not mention whether
the secondary zone of the flame was actually supported inside this
chimney by atmospherie air., ,

In 1966 Brody and Chaneyz+2 used a phosphorus and sulphur detector
of this type in conjunction with gas chromatography,. the nitrogen from
the column being nixed with oxygen and used to support a glass tube
separated hydrogen flame of the now familar type. Sulphur and

phosphorus band emission in this type of flame has also heen
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described by Dagnall, Thompson and West43

and by Syty and Deanu#.
Finally, mention must be made of the work of Mavrodineanu,
vho has advocated the use of separated flames in analytical flame
spectroscopy for a number of years. In what is probably his longest
discussion of the topic (Ref. 45, particularly pp. 362-337) he
described in detail the separation of the premixed air-acetylene
flame with a quartz tube and anticipated much of the early work at
Imperial College on separated flames. This included: spectrographic
identification of the species present in the three zones of the
separated air-azcetylene flame; the effect of separation on the flame
background emission and its interfcrence in flame spectrophotometry;
the separation of molecular and atomic emission (specifically of
MgO and Mg); the enhanced emission from refractory elements in the
reducing interconal zone (specifically of Cr and Mo); the provision of
side arms with flat quartz windows to facilitate optical measurements
through the quartz separator; and the possibility of "application to
practical analytical measureéements in atomic emission or atomic
absorption mode "(Op. cit. p. 335, lines 3-5). Some of these
conclusions on separated air-acetylene flames are repeated together
with a large selection of results, flame spectra and colour photographs
in the massive textbook by HMavrodineaunu and Boiteux18 (op. 21, 168-169,
Plates 21-23 and Figs. 1-15, 12~13 and 12-14),

2.2.2 HNitrogen or argon separated flames.

The practice of shielding an arc or spark discharge with .
nitrogen or argon to reduce the background spectrum and increase the
emission line intensities has been well known in spectrography for
many years (for reviews of this subject see Refs. 46, 47). However,
there appear to be no previous applications of nitrogen/argon shielded
flames to analytical spectroscopy and only one or two descriptions of
nitrogen separated flames in the literature. Several workers have

43,49

sheathed low pressure flames with nitrogen to stabilize them
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and other workers have used nitrogen sheathed flames to maintain
2 uniform gas flow and an upward flow at the flame bowrdary in

particle track studies 50’51.

These flames were not actually
separated, since separation requires that the glass or quartz
tube be replaced with a vertical wall of an inert gas exhibiting
laminar flow. Egerton52 showed that such a flow of nitrogen could be
obtained by passing it through a coil of corrugated metal strip (see
Section 2.4.1), but used it to stakilize a flat flame burning on a
Powling=type burner rather than for flame separation. Padley and
Sugden53 have described a flame sheathed H,-C,-N, flame in which the
outer flame is further protected by a wall of nitrogen (see also
Section 2.2.35). This burner has also been used by Jenkin554 for
H;-0, flames with a variety of inert diluents.

The only true separation of a flame using an inert gas stream
in the way described in the prescent work appears to have been by
Alkemade and Zeegers at the University of Utrecht. They have

described the separation of premixed, cylindrical air-acetylene

55, 56, 57 53

flames and also air-hydrogen and air-carbon monoxide flames

using a stream of cold nitrogen gas. The construction of the burner

59

has been described in detail by Zeegers”’” and a diagram of it fitted
with a burner plate suitable for hydrogenTair flames is shown in
Fig. 2-5.

The exit channels for the nitrogen stream are 0.5cm long and
their outlets were placed 0.2cm higher than the top of the combustion
cones in order to prevent blowing-off and turbulence of the flame.
The nitrogen sheath provided was 1.2cm thick around a flame 2.Com in
diameter and gave a stable, cylindrical, laminar flame hndisturbed by
secondary combustion at the flame border up to heights about 8cm above
the reaction zone. -

These flames were used for a prolonged study of the formation,
recombination and electronic excitation of flame radicals (especially
OH) and it was necessary to exclude additional OH radicals normally

formed by secondary combustion at the flame border as well as
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Tig, 2—5 Burner For Nitrogen-Separated Flames

entrained atmospheric oxygen. Although no mention is made of the
reason for choice of nitrogen separation instead of quartz tube, the
latter would probably have introduced considerable experimental -
difficulties into their absorption measurements and their measurements
of very small chemiluminescent emission signals. Also, the solid wall
would have a more,serious effect on the flame equilibria than a
nitrogen sheath, No doubt these considerations have influenced other

vorkers and it is probable that other references to this type of flame
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separation may be found in the literature.

2+2e5 Tlzme shielded flames

So many different types of flame shielded flames have been
described by different workers that in the space available here it
is only possible to quote the work of one or two important
contributors as examples. Basically, the fundamental work with this

type of flame has been for two purposes.

a) To maintain the temperature of the inner flame at its
"normal" value right across the flame (in the unshielded
flame, the edge is cooled by contact with the atmosphere
and temperature measurements by methods such as sodium

line reversal are affected accordinglyGo).

b) To protect unstable species formed in the flame from attack
(oxidation and/or quenching ) by the surrounding atmosphere.
A great de2l of work on flame shielded flames providing optical
pafhs of uniform temperature has been carried out by Kohn and his
associates in the course of their studies on optical cross sections of

61, 62, 63, 6

spectral lines emitted by species in flames The flames
used included air-acetylene, air-nitrous 6xide-acetylene and
oxygen-acetylene and they have described burners with both partial
shielding (i.e. a long path flame with an extra fiamg at each end) and
complete shielding (i.e. two concentric burners, either rectangular or
circular).  The burners vere all constructed by supporting a large
number of steel capillaries between tvwo brass plates, the capillaries
being pressed into holes drilled in the plates. This is an

extremely versatile and safe mthod of burner construction since:

(1) The capillaries provide laminar gas flow and anti-flashback
protection and can be easily cut to the optimum length.

(i) Different width capillaries may be provided for different
combustion mixtures (if necessary in the same burner).
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(iii) The spacing between the capillaries is easily altered.

(iv) It is very easy to add the species being studies to the
inner flame independently of the outer one (vhich is nearly
alwgys required vhen flame shielded flames are used in this
way) e

(v) The relative sizes and shapes of the inner and outer flames
are easily altered, merely by connecting the capillaries to

common gas inputs as required.

Alkemade and his co~viorkers have produced a range of concentric
MHeker-tyve burners over a number of years for flame sheathing
air-acetylene, air-propane, air - or oxygen-hydrogen and air-carbon
monoxide flames. The ultimate result of this work is the simple
burner unit produced by Hollander65 and shovm in Fig. 2—6.‘ This
particular burner uses premixed gases for both the inner aﬁd outer
flznes, but the same author has also described a much larger burner
incorporating gas mixing chambers and a heated chamber for vaporizing
50lid salts into the flame, .

Although a concise review of the work with these flames has not
been published, mention should be made of their use for accurate line
reversal temperature measurements and resonance fluorescence .

55, 66, 67, 63

studies ; measurement of the ionization of the alkali

metals and of the dissociation energies of the alkaline carth metal
65, 69, 70, 71, 72.
b}

73

parameters ~,

oxides and measurement of o' iine broadening

Suggen and his co-workers.at Cambridge have also made
extensive use of flame shielded flames in their studies of radicals
and ions in flames during the past fifteen years. Their papefs are
far too numerous to list here, but details and references for their
earlier work (Mcker~type burners) are given in Ref. 7/t and for their
later work (burners constructed with hypodermic needles) in Refs. 53
and 75.
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A similar burner for sheathed oxygen hydrogen flames,
allowing independent aspiration to the inner and outer flames, has
been described by Bogdan and Zinman76 and is available commerically
(Bethlehem Apparatus Co., Burner Hodel A-FM20).

The sheathed :flame is of considerable importance in flame
emission spectroscopy since the outer flame sheath effectively
increases the temperature of the inner flame (into which solutions
are sprayed for analysis) and, hence, the emission signal. Even
more important is the protection it afford to excited species in the
inner flame from quenching and/or oxidation. Unfortunately, the
flame sheath increases the flame background rather than decreasing it
as does flame separation; conversely, flame separation decreases the
temperature rather than increasing it.

An earlier application to flame photometry was the
Veichselbaum~Varney atomizer burner showvn in Fig. 2-777.

This unit has a premixed oxygen-coal gas flame surrounding a
stream of oxygen carrying the nebulized sample. The result is an
oxygen-coal gas diffusion flame sheathed by a premiied flame. A more
modern and convenient unit giving a similar effect is the Gilbert
atomizer-burner described in Section 2.2.4.  Although this is
classed as an oxygen sheathing burner, it-effectively provides two
concentric, turbulent diffusion flames with the sample added to the

immer flame.

2.2.4 Air or oxygen shielded flames.

The construction of a burner providing air or oxygen shielding
of a flame is rather more simple.than that required for the nitrogen
separation described in Section 2.2.2, since there is no real
necessity for laminar flow of the shielding gas. The main advantages
of en air shield are increased stability of the flame and protection
from atmospheric pollution (e.g. dust particles), and a number of

commercial flame spectrophotometers have included burners with

30.
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Tfiltered air shields. A simple and efficient burner of this type
is shown in Fig. 2-8. It was designed by Ramsay78 for an air-coal
gas flame used with micro-determinations by flame photecmetry.

Recently, P.T.Gilbert has strongly advocated the use of
oxygen shielded fuel rich air-hydrogen and oxygen-acetylene flames.
His principal concern has been the ability of these flames to
produce chemiluminescent excitation of a variety of elements?9’80’81’82,
but he has also suggested that sheathing the fuel-rich oxygen-acetylene
flame with oxygen enhances its utility as a sourée.of atoms of elements
forming refractory oxides (Ref. 81, p.177). This latter effect
apparently occurs because the oxygen sheath allows a much more fuel
rich flzme to be supported on the burner, thus increasing the
reducing atmosphere at the centre of the flame,

The original oxygen shielded burner produced by Gilbertis
shown in TFig. 2=9. It can be seen that it is basically the well known
Beckman turbulent, total consumption atomizer-burner with a simple
modification. .In use the fuel (hydrogen or acetylene) emerging from
the burner forms a turbulent diffusion flame with the oxygen on both
sides of it = i.e. the result is really one diffusion flame sheathed
by another with sample added to the inner flame only. Gilbert has
suggested (Ref. 81, p.174) that high levels of chemiluminescence can
be obtained only with this type of flame because of its large area
corresponding to the small reaction zone of a premixed flame.

Apart from chemiluminescence possibilities, the increase in
tempersture afforded by the oxygen sheath is often useful in general

83

flame emission spectrophotometry.  Webb and Wordingham ~ have

reported a premixed oxXygen-propane flame shielded with oxygen vhich
suppressed the interference of phosphate on strontium and calcium
emission. More recently Mavrod:i.neanul{'5 has adopted an oxygen
sheathing device produced many years ago by Hcmsalechzo to increase
the thermal emission from flames by raising the temperature. This
simple arrangement consists of a quartz tube separator of the type

described in Section 2,2.1 placed around a normal premixed burner
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(e.ge. air-acetylene) and with an oxygen inlet tube near the bottom

of the separator. If necessary, the shielding oxygen can be

used to atomize the sample and the shield may be used with a premixed
oxygen-acetylene flame (use of this arrangement allows a tiny

burner jet for the premixed flame without the possibility of

atomized sample causing clogging). A similar, but more versatile,
sheathing arrangement has also been described by Byrnea#. He used
a pyrex tube resting on a perforated brass block fitted around the
burner head so that he could study the effect on methane, propane
and carbon monoxide.flames of different ambient atmospheres (ranging

from almost pure nitrogen to pure oxygenj.

2¢3. Previous Work AtImperial College -

The work carried out by the author and described in this .
thesis followed on directly from an extensive development of quartz
tube separated flames by Dr. A. Semb and Dr. D.N. Hingle. This was
the first systemmatic study of the use of high temperature separated
flames for analytical flame spectroscopy and because of its
importance to the logical development of nitrogen/argon separated
flames it will be described in some detail.

.-

2.3¢1 The quartz tube separated air-acetylene flan§5

The burner constructed for separating air-acetylene flames
is showvn in Fig. 2=10. It is basically a Unicam Meker type burner of
the usual premixed type fitted with a "Vitreosil" transparent fused
silica tube, 2Cmm internal bore and 120mm long. The Unicam
air-acetylene stainless steel burner head has thirteen orifices of
about 1.2mm diameter arranged in a square of side 9mm. The most
convenient separation was obtained with the top of the silica tube

60-80Cmm above the top of the burner., It was found that distances
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much greater than this caused instability of the flame and that
instability also resulted if the gas mixture was made too lean
or too rich. Provided these limits were observed, the flame was
easily separated into a stable primary zone on the burner head inside
the silica tube, and a secondary diffusion flame burning at the top
of the silica tube.

Dr. Semb found that this separation greatly reduced the
flame background emission from all species present, but especially
that from OH and CO (which occur mainly in the secondary combustion
zone)« Unfortunately, the temperature drop occuring on separation
also caused a reduction in the emission from metal atoms nebulized
into the flame, so that an improvement in detection limit was obtained
only from those elements giving their principal emission lines in the
regions of highest flame background te.g. Bi and Mg). The flame was
enriched with 15% oxygen in an attempt to overcome this difficulty,
but such a measure is not really suitable for routine use. Other
difficulties encountered were the inability to support fuel rich
separated flames on the burner and the tendency for dirt to accumulate
on the walls of the separator (especizlly if concentrated solutions
or organic solvents were nebulized).

86

2.3.2 The long path quartz tube separated air-acetylene flame.

The long tube burner described here differs from most other
devices of this type prodﬁced for atomic absorption spectroscopy in
that the suction used to draw the air-acetylene flame into the tube
does not suck in extra air at the same time. This arises because
the long tube is attached directly to a quartz tube separator snd the.
effective result is a separated flame turned through 90°%, i.e. the
light path passes through a horizontal interconal zone extended to
some 30cm while the secondary zone burns vertically ebove it as usual.
The burner used to achieve this is shown in Fig. 2-11.

A normal air-acetylene flame was burned on a stendard Unicam
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burner head at the base of the separator. The long tube was placed
.inside a furnace operating at 1100°C to maintain an even teﬁperature
along its length. Suction was provided at the side arm to the left
of the long tube so that the interconal gases would be drawn through
the furnace. The system worked well with most mixture strengths,
but in order to separate lean flames it was necessary to add
hydrogen at the top of the separator through the extra tube shovnm.
This stabilised the secondary diffusion flame burning at the top of
the separator,

In use, the burner arrangement was found to give a considerably
reduced background absorbance below BBOOR in spite of the long path
length. This contributed to the good sensitivity obtained with
Ag, Cu, Fe, Hg, Mg and Zn, all of vhich are relatively easily
atomised and give principal abeorbance lines below BBOOL. .

87,88

2e3.5 The quartz-.tube separated hitrous oxide-~acetylene flane

The first nitrous oxide-acetylene flames used in analytical
flame spectroscopy were all long path flames burnt on Scm. slot
burners similar to that designed by Amos and Willis for atomic
absorption (see Section 5.2). However, it was felt tha£ the high
temperature and reducing atmospherc of this flame would be just as
useful for flame emission spectroscopy of refrac£;ry elements if the
intense background emission due to OH and CO could be removed. i.e. if
the flame could be separated. This was not practical, nor desirable,
at the time with a long path flame and so Dr. Semb designed the first
1

circular nitrous oxide-zcetylene

Fig. 2-12.

Temission' burner. This is shown in

The original burner was based on the usual Unicam premixed burner
stem with the conventional Meker-type head replaced with a stainless
steel head with a circular slot 0.50mm wide and 11mm internal diameter.

The central steel plug used to obtain this slot was held in place by
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three small grub screws near the top of the burner. A brass rod .
was attached to the steel plug and centred in the burner stem by
three brass screws. - The main object of this arrangement was to
conduct heat awvay from the centre of the burner head.

Preliminary separations of the flame were obtained using a
simple guartz tube as described in Section 2.3.1. However, because
of the very high temperature of the nitrous'oxide-acetylene flame,
this soon became opaque and it was replaced with the quartz tube plus
side arm shown in Fig. 2-12. The clear silica window at the end of
this side arm could be used for long periods without becoming too
dirty. It also gave the adventage that the cone and window could be re-
moved to unseparate the flame snd could thus be cleaned without -
extinguishing the flame. . .

The most important observation made with this flame was that
2lthough the background emission due to OH and CO was reduced on
separation, the emission from species such as CN and C, actually -
increased. t was realised that this was due to their protection
from oxidation by atmospheric oxygen. Thus sepéfation of the
flame increased its reducing nature and extended the reducing
atmosphere to a nuch larger region of the flame. This could be seen
visually by the intense red CN emission obtained within the separator.
In view of this, the flame emission analysis studies were restricted
to elements which form refractory oxides in less reducing flames and
very good results were obtained for Al, Be,Mo,Ti, V and V.

The main problems encountered with the burner were: the
gifficulty of lighting the flame with the separator in place; the
difficulty of chenging from separated to unseparated flames (or vice
versa) for comparitive measurements; and reductions in the
transparency.of the quartz window after the flame had been operating
Tor some time.

The burner shown in Fig. 2-12 was modified by Dr. Hingle so that

89

it could be used for altomic fluorescence studies on a Techtron AAL"”.
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This involved removing the brass cooling stem from the centre of the
burner head, so that just the short nitrous oxide head could be fitted
to the Techtron burner base with an adaptor, and fitting a second
side-arm and window to the quartz separator at 90° to the first side-
arm, This burner was initially used for the determination of Be

by thermal emission and atomic fluorescence spcctroscopysg. Later,
the same instrument/burner combination was applied to an extensive

study of the atomic emission spectroscopy of the rare earthsgo.

-

2.4 The Development of Burners for Nifrégen and Argon-SeDarated

Flames.

The burners described in this section are placed in the
chronological order in which they were envisaged and constructed. This
provides a clearer idea of the gradual development which occurred than
if they were to be listed in the same way as the results in later
chapters, Also, describing all of the burners in this section, rather
than individually with the results obtained with them, avoids a great
deal of unnecessary duplication. This would result from the use of
the same basic burner for several different purposes with only slight
modification. Reference to this section will be made frequently in

the experimental parts of later chapters. -

2.6.1 The original nitrogen separated emission burners.

The initial nitrogen separation experiments vere bascd on a
completely standard Unicam (air-acetylene) burner (as supplied with
the SP 900). This is made up of a stem (about 12.5 cm long and 1.75cm
outside diameter) with a side arm fitted near the base to act as an
air inlet. Acetylene is supplied through a fine jet fitted into an
enti~blowvback valve unit screwed to the base and a Meker-type burner

head (about 3cm long and with 135 holes) is screwved into ‘the top.
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The first successful separator constructed was simply this burner
fitted into a pyrex glass tuﬁe about 10cm long and 3cm wide and
attached to the burner using z large cork. Nitrogen was added
through a single glass side~arm attached to the glass tube just above
the cork and some glass beads were placed inside the tube to give a
uniform nitrogen flow right around the burner. The secondary zone
of the air-acetylene flame was lifted about 2-3cm. above the level
of the burner head. However, a rather high nitrogen pressure was
required and to avoid this the glass beads were replaced with a
special "laminar flow" packing placed near the top of the glass tube.
This packing has been used for many years by chemical engineers and
physicists requiring leminar gas flows and is simply a tightly wound
coil of alternate layers of plain and crimped metal strip. The
result is the same as a solid block with hundreds of tiny holes
drilled through it and, provided a suitable ratio of diameter to
length is chosen, any gas forced through it must exhibit laminar flow.
These initial experiments were conducted using stainless steel strip
3/k inch wide, but better results were later obtained using strips

1 to 1} inches wide made of a cupro~-nickel alloy. This metal was
less springy than the stainless steel and allowed much tighter coils
to be wound more easily.

Although various angles were tried with the glass side-arm, a
feally uniform flow of nitrogen could not be obtained and a relatively
high pressure was still needed. Also, the glass separators with
side~-armns were rather fragile and rather difficult to make. All of
these problems were overcome with the separator design shown in
Fig. 2=-13. This uses a 13.5cm long brass tube fitted to the burner
stem with a rubber bung. The nitrogen waé admitted through four
narrow brass pipes spaced evenly around the rubber bung (only two
pipes are shown in Fig. 2-12 for clarity). Excellent results were
obtained with this separator - with the same nitrogen flow rate as
before, practically the vhole outer cone of the air-acetylene flame

could-be made to "disappear'. Using the lower, optimum flow rate
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(about 10 1./min) the secondary cone could be lifted 5-7cm ab&ﬁe
the burner head without any difficuliy. Further, the flame was
much more stable because of the more even and laminar nitrogen flow.

The seme basic burner was used for a nitrogen separated
nitrous oxide~acetylene flame by replacing the sir-acetylene burner
head with a special one of our own design. This was essentially
the head shown in Fig. 2-12 except that the long piece of brass
screwed into the steel centre piece was removed and the lower part
of the centre piece turned into a cone shape. It was found that the
three grub screws holding the centre piece in position were adequate
to remove heat from the centre piece without the extra brass column
and screvs. The width of the circular slot in the burner head was
found to be extremely critical in cobtaining a stable, easily
separated flame. Good results were obtained with a slot 0.75mm wide
and 11mm internal diameter, a nitrogen flow of about 15 1l./min. lifting
the secondary diffusion zone to a height of approximately 7cm. above
the primary zone. .

As well as 1lifting the secondary zone, nitrogen seﬁaration also
greatly increases the size of the red interconal zone obtained with
the slightly fuel rich flame. Replacing nitrogen with argon gives an
even larger red zone (see Section 3.3). The effect of separation
on the zones of the flame is shown diagramatically in Fig. 2-1k4.

2.1,2 The shortened nitrogen sevarators for emission burners.

Although the separator described in Section 2.4.1 worked

extremely well, it was found to have two short-comings:i-

(a) Its rather large overall height (about 22cm) meant that it
could only be used conveniently with a Unicam SP 900. Its
use with the Techtron AAL required the removal of the
optical bench of that instrument and supporting the

monochromator some distance above bench level.
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(b)- Vhen the separator was used with nitrous oxide-acetylene,
both it and the burner head tended to become overheated.
This was dangerous (because the hotter the burner, the
more likely is a flash-back) andalso inconvenient (because
the burner slot was found.to soot-up more quickly when hot).
With the quartz-separated flame this problem was overcome
by fitting a water cooling tank around the burner head
(see Ref, 89). However, to obtain similar cooling of the
burner head with the nitrogen separator (and not just cooling
the outside of the separator) would have been impossible

without completely redesigning it anyway.

The redesigned separator is shown in Fig. 2-15. It can be seen

that the height was reduced to only 3.75cm and that the dizmeter was
increased slightly to 6.25cm to allow an inner brass core to be
incorporated. The whole tank was constructed with brass tubing and
plates soldered (or braised in later models) together.  Winding the
packing (D) around the brass core instead of directly round the burner
head meant that the separator was independent of the burner and could
easily be removed at any time. However, the main purpose of the
brass core was that in conjunction with the small water tank at the
base of the separator it provided efficient cooling of the burner head.
It was found that a small flow of cold water thrqggh this tank was
sufficient to keep the whole unit cool, even when a nitrous oxidew
acetylene flame was burnt for long periods. The sheathing gas was
introduced through four pipes (A) asAbefore, but this time they were
horizontal rather than vertical (both to reduce the overall height and
because of the water tank at the base). The other, minor,
modification to the design was the incorporation of three steel pins .
(E) to support the packing inside the separator. This overcame the
problem experienced with the previous design of éccidentally pushing
the packing in too far when handling the separator.

The hole in the centre of the separator was made to give a good
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fit around the burner heads and ctem used previously. To allow the
separator to be used casily with a Techtron AAL as well, new
air-acetylene and nitrous oxide-acetylene burner heads were produced
to the same design as before but with the same height as the new
separator. Using a small brass adaptor (sece Ref. 89), the burner
and separator unit could then be plugged directly into the Techtron
atomiser/burner unit in place of the standard absorption head.

Although the new design gave adequate separation for most
purposes, it only lifted the secondary zone about half the height
achieved with the tall separator. This was mainly because of the
reduced sheathing gas velocity resulting from intrbducing it
horizontally (it was found that the height of separation depended
more on the velocity of the sheathing gas than on its volume,
presunatly because the higher the velocity the further above the
separator the laminar flow persists). Also, even this separation
could only be obtained by using a larger volume of nitrogen and the
separated flame was slightly less stable. However, a'compromise
between height and efficiency was essential if a seéarator was to be
fitted directly to a Techtron AAh, Tt was also considered that
water cooling was most desirable for the nitrous oxide-~acetylene
separator.because of the reduction in "sooting-up", so this design was
" also used with nitrous oxide-acetylene flames on the SPSCO. However, for
air - acetylene flames on this instrument the oripginal design of

separator was retained because of its greater efficiency.

2.4.3 The improved nitrous oxide-acetylene burner.

The determination of refractory metals by thermal emission
spectroscopy in a separated nitrous oxide-acetylene flanme 7
(see Section 4,2 ) was carried out using a burner of the type
described above, i.e. with a small stainless steel centre piece held

in position by three 6BA grub screws placed at 120% intervals around
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the rim, During the course of this work it became apparent that

the burner, although adequate, had certain practical disadvantoges:=

(a) The position of the three grub screws near the top of the
burner caused the gas stream at the base of the flame to
become turbulent as it passed around them. This resulted in
a primary zone divided into three sections and in the infusion
of atmospheric oxygen into the red (reducing) zone of the
flame. As a result of this the red zone of the unseparated
flame was reduced in size and its reducing properties were

decreased.

(b) The relatively high temperature of the centre piece of the burner
(even when water cooling was employed) meant that the slit was
easily "sooted-up" if a rich flame was burnt.

(e The three grub screws corroded rapidly, making removal of
the centre piece difficult. Further, once the burner had been
cleaned accurate relocation of the centre piece.was also
difficult and could take some time to accomplish.

These difficulties were also experienced by Dr. D.N. Hingle during

his work on beryllium89 and the rare earthsgo. A new type of nitrous

oxide-acetylene burner head was, therefore, designed jointly91 and a

diagram of the final result is shown in Fig. 2-16. In the new design

ﬁhe centre piece (A) of the burner has a long, narrow spindle tapped

(6BA) at the bottom. This allows it to be screwed into a central hole

(C) near the base of the hurner head. This hole is drilled through

a steel insert left when the main burner body is drilled out (see

Fig. 2=16 (C). This insert also carries seven other holes so that

the fuel gases can flow freely to the flame. The centre piece is held

rigidly in position by a brass inset fitting tightly around it and

specially shaped to give smooth gas flow (shown shaded in Fig.2-16 (a).

Holes are drilled-through the base of this brass insert to match those

in the steel one below it. The main purpose of the béass insert is to

conduct heat from the centre piecc to the main body of the burner which
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is water cooled (either by a separate water tank or by one
incorporated in a nitrogen separation tank). The size of the inner
piece was chosen to give a burner slit width of O.42Zmm., A screw
driver slot (B) cut in the top of the centre piece allows it to be
easily unscrewved. A second, smaller, centre piece was a2lso produced
giving a slit width of 1.15mm. This allowed a conmpletely stable
air-acetylene flame to be supported on the burner and nitrogen
separated if desired. )

The nitrous oxide-acetylene flame supported on this burner was a
considerable improvenient on any obtained previously. It was much more
stable and regular in structure, with an unbroken primary zone and a
much larger red zone when unsecparated. This was entirely due to the
reduction in turbulence and, hence, the entrainment of atmospheric
oxXygen. It was found to give an improvement in detection limits over

unseparated flames used previously for refractory elements,

2.h.t HWitrogen senmarated long »nath absorntion burners,

After the success of the round nitrogen separated burners in
flame emission spectroscopy, it was felt that the separation of a long
. path flame might prove useful in atomic absorption spectroscopy. This
is particularly true with the determination of refractorj elements in
the nitrous oxide-acetylene flame, since the sensitivity is reduced by
the influx of atmospheric oxygen along the long, exposed sides of the
flame. In view of this the first separator constructed was based on
the Techtrcn S5cm slot nitrous oxide burner, The construction is
showm in Fig. 2-17. Two small, brass boxes were cemented on to the
large top plate of the burner (using "Araldite' epoxy-resin). Each -
box had fine coppcr gauze framing the inside wall and copper nitrogen
inlet pipes at each end. It can be seen from Fig, 2-17 that no
shielding was provided at the ends of. the burner. In use, the device

vas found to separate the flsme to a small extent but also to make it

S

rather unstable. However, in a comparitive test with an unmodified
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burner, separation wes found to ‘give a useful improvement in
aluminium absorption. It was also found that even without the
nitrogen turned on a small increase in absorption was obtained,
presumsebly because the presence of the shielding tanks helped to
reduce the influx of atmospheric oxygen. This was a major factor - in
the decision not to proceed Qith a properly constructed separator of
this type, since the ability to switch from a separated flame to a
completely conventional flame would have been lost. There were also
considerable constructional difficulties.

A much more satisfactory solution to the problem of
constructing a burner for long path separated flame was found by
adapting the Unicam absorption burners vhich had been in use in the
laboratory for some time., These were based on the same stem as the
emission burners but the round head was replaced by a much 1argef
rectangular head (approx. 7.5 x 2cm cross section and 3cm deep). For
air-acetylene flames, this was used with the Unicam Meker burner plate
with a row of 17 holes 5cm long. TFor nitrous oxide-acetylene flames,
this burner plate was replaced by two stainless steel platés and spacers
giving a slot approximately 0.40 x Scm. Both burners had been tested
over a considerable period of time and found to give safe, quiet, stable
flames. Hovever, it was felt that if the burners were to be enclosed
by shielding tanks, some form of water cooling would be desirable,
especially with nitrous oxide-acetylene flames. --Since the burners
wvere so large anyway, it was decided to incorporate the water cooling
tank with the burner.(rather than with the shield as in Section 2.4.2).
The first separated burners constructed were based on existing
burners and the water cooling was provided by two small brass tanks
screwed to the flat base of the burner head on either side of the stem.

A later design incorporating these water tanks inside the sfeel
burner head is shown diagrammatically in Fig. 2-18. This diagram
does not show the actual construction of the shielding tank. It is
simply a double walled steel box with no tap and held together by a

. . - . . Ey
base which is welded to the inner box but screwed to the outer box so
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that the two can be separated if necessary. This construction was
adopted so that the burner could be removed easily from the inner
box without disturbing the laminar flow packing. This packing
could not be wound as with the round burners‘and was placed in cut
strips along the sides of the boxes. To facilitate this, the front
of the outer box was made removablé. The large size of the burner
and water tanks meant that there was no problem over space and a
packing depth of 1.5 inches was used. There was also room to leave a
large mixing space beneath the packing and only two nitrogen inlet
pipes were necessary. The four pipes for the water cooling tanks
were taken out through holes in the base of the separator.

In use, the separator was found to be extremely efficient with
both air~acetylene and nitrous oxide~acetylene flames. With thq
former, the secondary combustion zone could be lifted 5cm with no
difficulty using about 20 l./min. of nitrogen. The seme flow rate
of nitrogen or argon lifted the secondary zone of the nitrous oxide-
acetylene flame 3=kcm. above the burner plate and also gave a very
large increase in the size of the red interconal zone. A separation
of this order has been found to be more than adequate for all atomic
absorption purposes. It was also found that the separation was
extremely stable with both flames, especially in the region normally
used for absorption measurements (up to 2cm above the burner head).
Vhether used conventionally or separated, the water cooling of the
nitrous oxidé—acetylene flame was found to give a considerable
improvement in its "sooting-up" characteristics, allowing it to be

run for lonhg periods of time without attention. :

2.5 A Versatile Burner For Flame Shielded Flames.

Many of the advantages of flame separation may be obtained by
shielding the flame with an outer flame. Such a device is also

necessary for fundamental studies on flames. Usually the burner is
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arranged so that solutions are nebulized only into the centre flame.
Any emission observed will then originate from an area of uniform
temperature, This allows the temperature of the centre of the
flame to be accurately measured by the two line, line reversal, etc,
tcchniéues. It also prevents self-reversal of spectral lines and
this'type of burner is almost always used for hizh resolution studies
of spectral lines emitted by flames. In view of the interest in
this work of protecting the inner zones of fiames; of measuring
flame temperatures; and of using a Fabry~Perot interferometer to
study spectral lines, the construction of a flame shielded burner
seemed most desirable,

The construction of the burner is chown diagrammatically in
Fig. 2=19. It is a rather complicated design but the bﬁrner vas
intended for purely experimental purposes and it was desirable to
make it as versatile as possible. The inner burner is very closely
based on the designs described in previous sections; the burner stem
and the acetylene inlet/anti-flashback valve are copied from the
standard Unicam SP30C burner. The inner burner head is very similar
to that described in Section 2.4.3 but a number of improvements were
incorporated. The outside diameter of the burner slot was increased
to 0.600" (15.23mm)‘to give a larger flame area. Interchangeable
centre~.pieces were used to vary the slit width so that different géé
ﬁixtures could be used with the same burner. The initial order
snecified centre pieces giving slit widths of 0.017" (0.43mm) for
nitrous oxide~acetylene, 0.035" (0.89mm) for air-hydrogen flames, and
0.054" (1.37mm) for air~acetylene flames., The different slit widths -
gave stable flames with all gas mixtures used but care was needed to
select the correct centre piece on each occasion,

The design of the oﬁter burner for the flame shield presented
more problems. In order to encompass the inner burner it must
obviously cover a large area but the total area of the actual burner
ports must be small enough to prevent flashback. It was also

necessary to leave space for a water cooling tank, which the author®
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has found essential for use with fuel rich nitrous oxide~acetylene
flames. In view of this, az design using steel capillary tubes
was.chosén. As shown in Tig. 2-19 these are mounted in a brass
tank which fits around the inner burner head. In use the tank is
filled with water vhich therefore serves to cool toth the inner
burner and the capillary tubes of the shielding flame. Two inch
long (50.7mm) capillary tubes were used as this allowed the brass
tank to bte the same height as the inner burner head. It was
intended to burn nitrous oxide or even oxygen flames on the outer
burner so the area of the capillary tubes needed to be kept fairly
small (even though the quenching capacity of a two inch long,
vater-cooled capillary tube is very high). After scme calcvlation
it was decided to use 110 capillary tubes with an inside diameter of
0.017" (0.13mm). These were arranged on two concentric ciréles of
1.050" (26.00mm) and 1.130" (28.65mm) diameter respectively. 55 tubes
were placed on the inner row at a cenitre~to-centre distance of 0.C60"
(0.152mm) and 55 on the outer row at a distance of 0.0646" (C.164mnm).
The brass tank forming the outer burner head vas screwed into
place using a thread on the outside of the inner burner stem. It
then formed a gas-tight seal with a brass tube braised on to the inner
burner stem. This tube acted as a premixing space for the gases
producing the outer flame. To ensure uniform mixing and distribution
éf the gases, a laminar flow matrix of the type used for flame
separation (see Section 2.4.1) was placed near the base. Gases were
passed into the outer tube using standard Unicam-type inlets of the
same type as on the inner burner stem (see Fig. 2=13). The outer
flame shield worked well, especially with the nitrous oxide-acetylene
mixture. Use of élightly wider capillary tubes would probably hafe .
given better stability with slow burning flames (such as fuel rich

aireacetylene) without any lowering of safety standards.



Chapter IIX

The Effect of Senaration On

Flame Backpround and Temperature

The effects of separation on the structure and physical
apvearance of the flame and on its utility in analytical
chemistry have been discussed in general, qualitative terms in
Chspter 2. It is now proposed to describe in detail the changes
in the emission and absorption spectra of the flame gases produced
by separation. The flame temperatures have also been measured,
since their knowledge is important if a correct interpretation of

the changes in the spectra is to be obtained.

-

3.1 The Effect of Changipg Flame Shane and Instrumental

Characteristics,.

Since two different flame shapes and two different types of
instrument have been used, it is necessary to discuss briefly the-
differing effects they have on the background radiation received from
the flame and the way in vhich it changes on separation of the flame.

First, the shape of the flame, This has a relatively small
effect on the phenonena to be discussed in this chapter and is
certainly much less important than the type of.instrument chosen. The
most noticeable effect of changing from a circular flame to a long
flat one is the resulting increase in path length. This gives nmch
greater self absorpticn of species present in the flame in high
concentrations. An example of this is the change in the relative
intensities of the CN bands discussed in Section 3.6, It should also
be noted that with the nitrous oxide~acetylene flame there is a much
greatef increase of path length for species present in the red zone

whien the circular flame is separated than with the flat one.
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Conversely, when the circular flames are separated, there is a much
greater drop in the CO and OH emission than is observed with the
flat flames, since the thickness of the secondary zone at the ends .
if the flat flame is very small (this effect is even ﬁore noticeable
if the ontical system is such that only a small area of the flame is
observed).

The only other effects of flame shape vhich need concern us
are those of entrainment of air and flame temperature. It seems
likely that the flat flame allows more air to reach the centre of the
flame than does the circular one. This effect is particularly
important with the nitrous oxide-acetylene flame which is used for its
highly reducing atmosphere. Probably, in the conventional flames
more CN, CH, etc. are present in the circular flame than the flat one
for a given fuel: oxidant ratio (this should not be the case in the
separated flames, vhere the species are protected from the surrounding
air)e The extra air (or nitrogen/argon) entraimment, together with
the flame shape itself, probably also results in the flat flames having
a lowver temperature-than the circular ones. This would al=o result in
slightly different background radiation from the two types of flames.

The type of instrument used to make measurements can have a
profound effect on the background radiation observed from the flame
and the way in which it cﬁanges on scparation. It is important tg
understand these limitations if the observations“}eported in this
chapter are to be interpreted correctly. Leaving aside the
conventional spectrograph, two basic types of instrument are used in
analytical‘flame spectrophotometry. These are represented in this

work by:

a) The Unicam SPS00A flame spectrophotometer.  This type of
instrument is now beginning to disappear from the
nenufacturers' catalogues; it is designed for cmission
spectroscopy and therefore has a prism monochromator of fairly
low recolution but good light gathering power and an optical

system without lenses so that light is received from the vhole
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area of the flanme. Tt is intended to be used with a small

circular burner.

The Techtron AAL atomic absorptﬁon spectrophotometer. This
type.of instrument is now the most popular for all types

of flame spectroscony and a far larger range is on the market
than was ever available with the old flame (spectreo-)photometers.
Almost all of them use a grating monochromator of good resolution
but relatively poor light gathering .power-(often due to the

small maximum slit width).  Generally, the optical system
incofporates lenses and is designed for an image of a long flat
flame to be focussed on to the monochromator slit:

For our purposes, the differences between these two groups of

instruments can be summarized into two factors.

(1)

(ii)

Using a monochromator of higher resolution results in a
completely different appearance for many of the molecular bands
obtained frome the flame species and, in most cases, alters the
readings obtained for the relative intensities of the various
peaks. This is illustrated in Fig. 3-1 with the spectrum of
the C, 4737 R Swen band emitted by a nitrous oxide-acetylene
flame. Spectrum a) was obtained with the Unicam: SPYOOA and

b) with the Techtron AAlL, It can be seen that a much more
accurate reading of the intensity of, say, -the 4737.1ﬁ peak can
be obtained with the high resolution monochromator. This is
true vhether you want to measure the absolute intensity of the
peak or its intensity relative to the immediate background.

(in this case, the CO continuum). Thus when studyihg a list
of peak intensities or a printed spectrum, it is important to

note the type of monochromator used as well as the flame.

When an instrument such as the Unicam SPOCOA is used with the
conventional flames, background radiation is received from the
whole area of the flame. This means that when the secondary

zone is lifted out of the optical path by flame scparation there
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Fig. 3-1 Co 4737.1A Band: (a) With a Unicam SP9OOA,
(b) With a Techtron AA4

is a very large drop in the amount of OH and CO radiation
received. On the other hand, with the nitrous oxidee .
acetylene flame, the instrument is capable of receiving all
of the radiation from the considerably enlarged red zone
obtained on separating the flame. Thus there is a
considerable increase in the signal from CN, CH, C,, etc.
which are present in the interconal zone. With the more
sovhisticated optical systems used in instruments such as
the Techtron AAL, radiation is received only from a small
area of the flame, usually near the centre., Thus, these
changes are much less marked, particularly vhen a flat flame
is used @ith the optical path along the centre of the

interconal zone.
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3.2 The Background Fmission Spectrum of the Air-Acetylene Fleme.

The spectra of the conventional and nitrogen separated flames
are showvn in Fig. 3-2. They were recorded using the.circular
burner and separator described in Section 2.4.1 and a Unicam SPIOOA
spectrophotometer and ancillary apﬁaratus described in Section L.1.2.

With the conventional flame, only two features may be
distinguished, These are the continuum due to the reaction
CO + O = CO, + hv and OH bands with heads at 28118 and 3064k, 1t may
be seen that between them they recult in a strong background radiation
over the vhole of the visible and near ultraviolet regions of the
spectrun. This emission is particularly intense at thc head of the
second OH band, between 30641 and about 31005. The radiation due to
CO and OH is so intense over the whole region studied that emission
cannot be detected from other species present in the flame.
Fortunately, most of the CO and OH emission originates from the -
secondary combustion zone of the flame.  Thus, whep the fiame is
separated only a very small amount of CO and OH radiatioﬁ is observed
from the interconal zone. However, the other species present in the
flame have much higher concentrations within the interconal zone.
Therefore, in the separated flame it is possible to identify a number
of C, and CH bands which were previously obscured by the CO continuum.
This is shown by the second spectrum in Fig. 3<2.

It is important to note that the changes in intensity which
occur with the various band systers on separétion depend on the air:
acetylene ratio selected, The effect of acetylene flow-rate on the
OH emission from the nitrogen separated flame at 3068i is shown in
Fig. b-2(a). It may be seen that the intensity increases rapidly
as the mixture is made more fuel lesai. The change with fuel flow in
the conventional flame is much less rapid. Thus, a greater reduction
in OH emission intensity is obtained on separating a stoichiometric
flame than a lean one,

As mentioned earlier, the background radiation measured using
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én instrument such as the Techtron AAlL is somewhat different. The
biggest difference is the much smaller drop in OH and CO radiation
observed on separating the flame. It is also reasier to distinguish
the CH and C, bands emitted by the interconal zone from the radiation.

from the secondary zone.

2.3 The Background Emission Svectrum of the Nitrous Oxide-Acelylene

Flome.

The background spectrum of the nitrous oxide~acetylene flame is

far more complicated than that of air-acetylene and a simple scah such
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as that showvm in Fig. 3-2 would not be very helpful. This is
because the variations in intensity between the different bands make
it very difficult to show them all clearly on a single diagram.
Instead, the information is presented in the form of tables of
wavelengths and intensities.

The main features of the background emission spectrum from the
conventional and separated slightly fuel-rich nitrous oxide-acetylene
flames burning on the circular slot burner and observed with a
Unicam SPQOOA are listed in Table 3-1. A1) of the intensities were
measured as.the absolute peak heights above zero light level. In
view of this, some of the values include contributions from species
other than the main one indicated in column two. The measurements
were made with radiation from the primary zone excluded, so that the_

species contributing most to this '

'overall" background level is CO.

The most noticeable differences from the air-acetylene flame
are the vresence of intense emission from CN and KH, and the increase
in intensity is obviously pértly due to the higher flarie temperature,
but also indicates the absence of atomic oxygen in the interconal zone
of the slightly rich flame. As with air-acetylene, the other species
making major contributions to the flame background are the OH and CO
present in the secondary zone. .

In the argon- or nitrogen.. shielded flame, the background
eﬁission from OH and CO is suppressed due to the separation of the
secondary zone, just as with the air-acetylene flame. A slight
reduction in the CH emission intensity is also‘ﬁbserved on shielding,
vhereas the CN and C, background emission is considerably increased.
These results agreé with the visual observation (Section 2.4.1) of the
"lifting-off" of the secondary oxidising mantle and also the extension
and protection of the reducing atmosphere of the interconal zone which
is achieved on separation. The background emission from all species
is greater in the zrgon-shielded flame than in the nitrogen-shielded
flame. This is partly because nitrogen cools the flame more than argon,

owing to their different thermal czpacities (see Section 4.2 ), and
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Table 3-1

Overal! relative Relative intensitics of lines
Wavelength, Emitting i ity in in the lhu:c flames _ _
nm species . Type of emission hiclded Mame®  No shicld Argon shicld Nitrogen shicld
665-66 CN Red system 25 100 382 147
650-2) CN Red system 5 100 351 162
635-51 CN Red system 93 100 346 188
619-12 C, Swan band . 11 100 360 192
60128 CN . Red system 14 100 270 A 160
58176 CN Red system 39 100 233 110
s 87 CN Red system 7 100 422 198
563-55 Cs Swan band 28 100 420 187
902 CN Red system 30 100 23 119
$36-50 CN Red system 30 100 23 122
525-49 CN Red system 29 100 219 132
516°52 Ce Swan band 63 100 335 14
413N C, Swan band 170 100 2 69
4£6G-61 CN Violet band 160 100 141 128
440 Co Continuum 108 100 57 3s
436-52 C, Swan band 160 100 74 F3 )
43142 CH 220 100 24 35§
4250 CO | Continuum 110 100 646 333
422-5 Co Continuum 110 100 833 421
421-60 — CN Yiolet system 1320, 100 253 . 853
419-12 CN Yiolct system 1080 1 .
418-10 CN Violet syslem 742 |
41678 CN Violct system 512 t
388-34 CN Violet system 10000 100 268 1023
38114 CN Violet system 57110 b 4
38619 CN Violet system 3905 1
359-04 CN Violet system 1050 100 n u7
353-59 CN Violet system 1020 1 : .
35839 cn Violct system t
3435 Co Continuum 92 100 28 127
336-00 NH 400 100 83 53
343 CH H $ 100 823
308-90 OH Band peak 6050 25000% 100 o 76
306:36 OH Band head 5900 100 R} )
289-27 - OH + NO . Partly 8-NO system 380 100 7 51
28290 OH ‘Band peak . 510 100 45 30

® These values have not been corrected for the variation of instrumental sensitivity with wavelength.

t Relatisc intensitics are not given for these peaks because they are the same 3s those quoted fof the corresponding band-head.

$ This peak could not be measured in the unshiclded flame because of interfercnce ?rom the intense OH emission; in the argon-shiclded fame
the intensity ratio CHypy.p 2 OHyos o = F00:61 was measured, g

§ The reduction on shiclding is so cnormous at this waselength that this value for the relative emission from the unshiclded flame can only be an
approximate cstimate.

.

i?_is also possible that diatomic nitrogen molecules have a greatér
quenching effect on emission excitation than monatomic argon., However,
the interconal zone is much larger in the argon-shielded flame than )
the nitrogen-shielded one with a circular burner so that instrument

was able to receive radiation from a larger area. It seems likely
that tpis is due to argon disturbing the flame gases less than nitrogen
and thus entraining even less atmospheric oxygen. . )

This change in the size of the interconal zone between the
different flames makes it considerably more difficult te interpret the
results in Table 3-1. In border-line cases® where the change in
emission intensity on shielding is relatively small, it is ﬂi%ficult to
separate the effect of the femperaﬁure reduction known to occur.on

shielding from actual changes in the number of emitting species
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observed (either due to actual changes in concentration, or to
changes in the volume of flame in wvhich they may be observed).

This results in several species in Table 3-1 giving apparently
anonalous results. For example, all of the C, (Swan) bends show

an increase in emission intensity on argon-shielding, except that
with the shortest wavelength (4565.2R) which shows a decrease. Since
the effect of a temperature drop on enission intensity is greater at
shorter wavelengths, it is reasonable to assume that this example is
a case of the temperature effect predominating. An effect of this
type might explain why thie CH emission at h314ﬁ decreases on
shielding (vhen it would be expected to increase in the same way as
C, and CN), and wvhy certain of the CN peeks show an increase in
intensity with argon-shielding but a decrease with nitrogen shielding.

The additional results given in Table 3-2 should heip to make
the relative importance of these different factors more clear.

Both sets of results give the heights of the peaks above the inmediate
background level for all species except OH and CO.  These values are
given as heights gbove the zero 1iéht level measured with the shutter
shut (as in Table 3=1) because there is no other discernable
background at those wavelengths., The two sets of resulis in Table 3-2
represent the two extremes discussed earlier; i.e., radiation received
from the vhole area of the flame with large changes in size on
shielding the flame, and radiation received maini§ from the very centre
of the interconal zone with no significant changes in the size. It
nay be seen that the magnitude of the changes occurring on shielding

is considerably reduced in the latter case, proving that a large part
of the changes recorded in Table 3-1 results from variations in the
volume of the flame being observed.

First,the reduction in.intensity of OH and CO emission on
shielding is much less marked in the flat flame. This is because
there is only a tiny length of secondary zone at the end of the flame
and the detector mainly views the centre of the flame along its axis.

Secondly, the emission intensities of CNW and C, which showed large
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Table 3-2

Wavelength Species Relative Emission With  Relative Emission With

() ‘ Circ. Flame/Unicam SP9OOA Flat Flame/Techtron Aal

No Argon Nitrogen No Argon Nitrogen
Shield Shield Shield Shield Shield Shield

5877.6 cN 100 164 5k
4606.1 CN 100 275 136 100 129 100
L421€.0 CN 100 277 91 100 124 86
3883.4 CN 100 268 102 100 113 82
3590.4 CN 100 430 132 100 186 100
5635.5 c, 100 684 189 100 133 = 87
5165.2 cé 100 366 116 100 160 82
4737.1 C, 100 170 100 100 125 83
L4z65,2 c, 100 92 95 100 S 35
Lz14,2 CH 100 82 27 100 28 17
100 3L 31
3j43.4 CH - 100 96 ~ 100 90
3360.0 NH 100 L,2 3.9 100 1.8 1.3
3089.0 ol 25000 100 76 100 16 11
2829.0 OH 100 k.5 3.0 100 16 10
~ Lhlo co 100 57 35 100: 105 6L
~ 225 co 100 83.3 42,1 100 93 62
~ 3435 co 100 28 12.7 100 48 30

increases on shielding the circular flame now show much smaller
increases on argon shielding and usually decreases on nitrogen

shielding. This is consistent with an increase in population and a
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decrease in temperature, the latter effect predominating on nitrogen
shielding, plus the fact that the area of flame seen by the

detector no longer increases on shielding. Finally, the CH and NH
emission show a much larger decrease on shielding the {lat flame.
This is because these cpecies are found in the centre of the flame
(like CN and C,) so that without the effect of an increased flame
Size on shielding the temperature decrease becomes more noticeable,
These results also suggest that there is no increase in the actual
concentration of CH and WH, or else it is only small.

To help in the interpetation of these results, the effect
- of changing the acetylene flow rate on the emission from the main flame
species was measured. - The results are given graphically in Fig. 3-3.
They were measured using the circular slot burner with a nitrous oxide
flow rate of 4.0 l./nin. and the Unicam SPICOA, as before. lMeasurements
were made so that only radiation from the interconal zomne (and the
surrounding secondary zone with the conventional flame) was received
by the monochromator entrance slit. The sensitivity of the instrument
was adjusted for each curve so that the maximum emission recorded on it
gave full scale deflection of the meter. Thus the curves show only
the relative behaviour in the three flames. The shapes of the curves
and the positions of the pesks are the important points illustrated
showing the net effect of change in flame tempcrature and in
concentration of emitting species as the fuel flotw changes.

The argon- and nitrogen- shielded flames produce curves -
almost identical in shape, confirming that the greater emission
intensity obtained with argon is mainly a physical effect (since all
species are affected in the smae way). For CN, C,, CO and CH the -
curves for the shielded and unshielded flames are very similar except.
for the degree of fuel-richness at which certain features occur. Bach
of these species contains carbon, of which there is an increasing
abundance as the flame is made more fuel-rich, so shielding of the
flame mainly results in slightly less fuel-rich conditions being

required to obtain the same emission (since shiclding protects the
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reducing atmosphere from oxygen in the surrounding air), cf.
results for CN and CZ' However, with Oﬁ and NH emission, shielding
the flame produces’'a curve of completely different shape. It is
significant that these are the only two important species in the
flame that do not coﬁtain carbon. The minimum in the OH curve
for the unshielded flame becomes a very sharp trough on shielding.
It i; possible that the trough arises from the OH
emission from the inner cone of the flame (i.e. from the OH formed
by primary combustion) and in the ordinary flame this is masked.
by the much greater quantity of OH formed by secondar& combustion
at tﬂe outside of the flame.ﬁowever,it is less satisfactory to apply

such
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a simple explanation to the NH curves. Reference to Table 3-2 shows
that shielding with the flat flame/Techtron AAlL produces a greater
reduction in NH emission than shielding with the circular flame/
Unicam SPOC0A. It is, therefore, unlikely that a sufficiently large
portion of the NH emission originates from the secondary zone for the
above explanation to hold for NH. Further, a very interesting
result is obtained if the FH and CN curves from Fige 3-3 are redrawn
so as to show the two curves for each flame alongside each other.
This is done in Fig., 3~k. It may be seen that in the unshielded
flame the CN and NH emission increase together from an acetylene flow
rate of about 2.0l./min. upwardss hAs the CN eriission starts to
level off and then decrease (from about 2.2 l./min.) the NH emission
starts to rise quite steeply (even though the fuel-rich flame is
cooler). This strongly suggests a link between the fall in the CN
signal and the rise in the NH; The graphs for the two shielded
flames, which are almost identical, illustrate this point even more
clearly. The most noticeable feature is that the NH méxiﬁum at-
around 1.9 l./min. almost exactly coincides with thé CN minimum and
the NH minimum at about 2.2 l./min. coincides with the CN maximum.
Further, a sharp fall in NH emission coincides with a sharp rise in
CN, and vice versa. ‘

' This would seem to be almost conclusive proof that the
CN and NH populations are rigidly linked; i.e. in the shielded flame
with constant nitrous oxide flow rate, there is a given amount of
atomic N available (from the N,0) and if we moke conditions more
Tavourable for CH formation, the extra N needed must be obtained by
dissocation of some of the NH (or possibly by its not being formed in-
the firﬁt place). The nitrogen used for sheathing is unlikely to take
any part in this ceguilibrium because of its high dissociation energy
(9.76 eV), and this is in agreement with the fact that argon gives

exactly the same shaped curves.
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3.4 The Background Absorption Svectrun of The Nitrous

Oxide=Acetvlene IFlame

Although the emission results ﬁuoted above had proved .
extremely useful in interpreting the equilibria of the nitrous
oxide—aceiylene flame, there still remained some doubt as to how
faithTully the radiation emitted by each species reflected changes
in the concentration of that species. A more satisfactory criterion
of the concéntration changes is provided by absorption measurements.

. These have been made for CN and OH, no absorptioﬁ-being detectable
for the other species;

The absorption measurements were made using a 150 watt xenon
arc lamp as the background light source, together with the Techtron
AAL spectrophotometer. The circular emission burner used previously
waé used as the absorpticn cell. (Tt would have been desirable to
mzke some comparison measurenents with the flat flame, bu%_the long
path shielded burner had not been constructed vhen this work was done,
and subseguently a Xenon arc was not available). The light beam

from the xenon .arc was mocéulated at 285 cps using the standard Techtron
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emission chopner and then Tocussed through the flane on to a pinhole
- b

placed on the far side of the flame. Another lens was used to

iy

ocus the light from the pinhole on to the monochromator entrance slit.

g

his arrangement was used so that the radiation reaching the detector
from the flame itself was kept to a minimum; even though it is
unmodulated, the CN emission from the flame is so intense that
without this arrangement it gives a large, noisy signal. The light
beam was adjusted in size so that it was about 2mm square on the side
where it entered the flame and um square where it left it. The
same nitrous oxide flow rate was used as for the emission results
(4.0 1./min).

The absorption spectrum of the CN 3885ﬂ baud is shown in
Fig. 3«5 for each of the three flames. Only the first part of the
band with the four main vibrational peaks is illustrated; the
rotational fine structure continues for some time on the violet side
of the band but is of no interest. These spectra were obtained from
a region of the flame 2mm above the burner, with the acetylene flow
rate of 2.15 l./min. (approximately the "best red zone''), t can be
seen that the absorption does increase on separatiqg the flame, but
this is due to the increased path length as well as to any increase
in CN concentration.

The effect of acetylene flow rate of the CN absorbance is
shovn graphically in Fig. 3-6 at three different heights above the
burner. It may be seen that the shapes of the curves are very
similar to those previously obtained for CN emission. This would
suggest that the CN emission is a good indicator of CHN concentration
and that the CN emission is largely thermal in origin.within the red
interconal zone (although some chemiluminescence cannot be ruied out
in the region immediately above the primary cone where no measurements
 have been made). Unlike %the enission results, the absorbance values
are absolute quantities sgo that direct comparisons may be nmade
between the three graphs and all the different curves. The

..

difference in absorption recorded between the nitrogen and argon
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Fig. 3-6 Effect of Fuel Flow on CN Absorbance at 3883.4A

shielded flames is probably largely one of path length. This is
born out by the fact that the difference is quite small at 2mm and

7mm above the burner but becomes quite large at 16mm; the argon
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shielded flame retains a cylindrical red zone for some distance
above the burner, but in the nitrogen shielded flame the red zone
has a distinctly conical shape. The conventional flame generally
gives a much smaller CN absorption than the two separated ones,
except at high fuel flows., However, at 16mm 2bove the burner the
absorbance from the conventional flame at high fuel flows is’
considerably larger than that from the nitrogen shiclded flame;

The OH absorbance from the nitrous oxide-acetylene flame is
much smaller than that from CN, and a measurable amount of
absorption could only be obtained with the unseparated flame. The
effect of acetylene flow rate on the absorbance at 3089& in this
flame is shown in Fig. 3=7. The nmost important feature of this
curve is that it is quite different from the corresponding emission
one in Fig. 3-3. Over most of the range studied, the absorbance
decreases with increasing fuel flow vhereas the emission increzses.
It is very difficult to explain this other then by assuming that a
large portion of the OH emission is chemiluminescent in origin. This
would also azccount for the intense OH emission froﬁ'the conventional
flame when the absorption can only just be measured. The concentration
of OH would be expected to drop as the fuel flow is increased (since
the disoocation energy of OH is much lower than that of species such
as CN and CO) and this is in agreement with the absorption result.

We must, therefore, look for a chemiluminescent réaction invﬁlving a
carbon~containing species as the most likely way to account for the
increase in emission intensity. Gaydon has suggested (Ref. 20, p.195)
that the most likely reaction of this type in the reaction zone of
oxy~acetylene flames is

CH + 0, = CO + OH*,

Although it is by no means certain that this provides the complete
enswer in the present case, it is interesting to refer again to Fig.3-3.
The OH emission 'from the two separated flames starts to rise steeply

at the same fuel flows as that at which a sharp increase is obtained

from the emission of all of the carbon containing species. Prior to
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this,’the OH emission had been falling steeply, as expected if tﬂe
OH concentration decreases with iﬁcreasing fuel flow. . Probably the
much slower change in the conventional flame is due to the fact that
the detector is receiving a large amount of thermal OH radiation

from the secondary zone as well as any chemiluminescent emission.

3.5 Flame Temperature Determinations By The "Iron-Two-Line Method"92

3.5.1 Introduction

The problems associated with_flame temperatureidetermination
have been ocutlined in Section 1.#.5,.together with the rmost important
mefhods. If a method applicable to a wide range of flames is
required, these technigues must be applied to the atomic spectra of
elemcnts added to the flame. The sodium line-rcversal method is
the most popular in this respect and is capable of giving accurate

results for medium temperature flames. Unfortunately at higher
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temperatures (2300°K or above) the selection and calibration of a
suitable background source becomes difficult. It is also difficult
to obtain spacial resolution good enough for flame temperature
profiles unless a spectrograph or scanning monochromator is used to
detect the reversal pvoint, but the detcrmination of the reversal
point then becomes rather tedious.

In view of these difficulties, the author several years ago
investigated a method involving the use of equation 1=14 with the

95, 9%

relative intensities of pairs of iron lines This provides

an electrornic excitation temperature which should be identical to
that obtained by the line reversal method but requires no background
light source and only a conventional spectrograph or monochromator

to mele measurements. However, if it is to be used as a general
method over a vide range of temperatures, the element chosen must
emit a conplex spectrum with a large number of lines vhose relative
transition probabilities are known with good accuracy. At that time,
the only logical choice from this voint of view was to use iron.
Since then, the publication by the National Pureau of Standards of an
extensive list of oscillator strengths and transition probabilities

95

for iron”’” has made this choice even more satisfactory. The NBS
values were derived from a critical evaluation of {the data available
in the literature and probably form the best single set for a large
nuaber of spectral lines to be published to date.- Iron also shows a
number of other desirable features for two~line temperature
measurements in flames. Many of the lines have sufficiently lov
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 extensively even in moderate temﬁerature_
flames; and the ionisation potential of iron is 7.9 e.V. so that the
degree of ionisation is insignificant in most flames.

In spite of this, there is still a serious difficulty in
using the method with flames. Any self-absorption of the iron lines

may lesd to large errors in the intensity ratio and hence in the
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measured temperature. As a result of this, the method has been
applied in the past mainly to plasma sources which are optically thin
(i.e. give low absorption) with respect to many useful lines (see,for
example, Section VI of the review by Robinson and Lenn96). ¥ith
optically dense sources, such as flames, the problem may be overcéme
either by empirically choosing lines and/or line pairs whose intensity
ratios are unaffected by self-absorption under the conditions of
measurement, or by correcting a graphical solution for self-sbsorption.
The former method is the easier and was used by the asuthor end a2lso by
97, 93, 99, 100

several other workers Simplified methods of

correcting graphical solutions for selfwabsorption have been

described101'102'103

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 avoid self-absorption completely by measuring the relative
intensities of lines in absorption. However, as explained in

Chapter 1, this measurement involves a number of serious experimental
difficulties and it does not appear to have becn used for atomic
spectra. An approximate application to CN band spectra is given in
Section 3.6 and Kostkowski and Broida104 used it with OH absorption
bands.

93,94

In the previous worlk line éairs unaffected by self-
gﬁsorption vere chosen on a rather empirical basis. Quite good-
results were obtained because the selection of lines improved quickly
with experience, but the selection is tedious and opeﬂ to criticism.
In view of this a method of line selection based on sound theoretical
principles has been developed and adapted for use with a simple
computer programme. Another programme has been written to carry out
the actual temperature calculations. The tables of results prepared
by these two programmes may then be used to select line pairs and '

calculate temperatures with the minirium of effort.
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3.5.2 Theory

The nomenclature to be used for transitions between the

upper and lower levels of two spectral lines is illustrated in

Fig. 3-8.
Energy E
increasesct y; i
\
ER B
Line Line emitted N -
zzsirbed at A Line Line emitted at
1 sbsorbed A
: 5, at A
83 3 2
\! B
gy, 1
o.
Fir, 3-8 Nomenclature Used For a Pair of Spectral Lines

For the two emission lines we may apply equation (1-17) directly,

giving
Ti=Tgy = heeell gy Ay | exp (< B, 4T) O -1)
FT) A ¥
Ip = Tyq = hecN. g . A, . exp (- Ek/kés (3-2)
F(T) Aa

vhere I, and I, are the integrated emission intensities.
The expression for 1,4/, is therefore:

I,=g, - fi;i' Aao  exp.[- (B, - E%)/kT] (3-3)

1

T E; Akl A4

For the two absorption lines, equation (1-16) may be apoplied in
simplified form since in flames at normal temperatures the mopulation

of the upper level is negligible,
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i.e.

K = h. B...N,
by J

To meke use of equation (3«4) wve must substitute for Nj in terms of
N using equation (1=14). This gives
= 1o - B T -
K= -1:' Bji' I"Ej' exp ( 'L'J/l"T) (3 5)
A F(T)

—
This is rore useful if Bji is replaced by Aij using equation (1-5),

i.e.
- 2. ! ’ U . 5
81 . F(T)

Hence, with the two lines in Fig. 3-8 we obtain:

K, &. A,

X_B My M eol, - B/l CGD
K, & Ay A ) .
2 1

vhere K4 and K, are the integrated absorption coefficients for the

two lines.

In practice, it is more convenient to work in terms of the
oscillator strength. Using equation (1-7), the expressions for
I./I; and K4/K, become

:[1 5. .. }\g

—_ T Le 3] ‘(T - T -
T e 3. [. (B, nk)/kfr] (3-8)
K1 - gl. fi. . -
E; ' E;T_};i . exp [-(Ej - Ei)/k?] . (JT9)

Equation (3-8) is used to calculate temperatures from the intensities
of the emission lines assuming that the rafio of the observed
intensities is identical to that of the emitted intensities, i.e.
assuning thet self-absorption has no effect. This condition is

found by using equation (3-9), since it can be seen that for a given
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pair of lines there will only be one temperature vhere K./K, = 1
end this is calculated simply b& substituting the spectral data for
the lines into the equation.

The ratio of K4/K, cannot be used to measure éelf-absorptibn
because it can orly be obtained by »lotting the line profiles with
an uwltra-high resolution monochromator. It will also only give a
guantitative result for the ratio of self-zbsorpticn with two lines
vhose intensities are measured using a conventional spectrograrh or
monochromator if the lines are gssumed to be infinitely nerrow. This
is obviously not true for lines giving self-absorption in a flame.
However, the ratio for two lines of the same atom, in the same source
and vhose vavelengths and intensities are similar will be a good
guide to the relative degrees of self-absorption shown by the two
lines. Therefore, we may assume that to a good approximation the
intensity ratio of a line pair will be unaffected by self.absorption

in a source vhose temperature is such that ¥, = X, for those two- lines.

3.5.3 Implementation of the method

In order to make temperature measurcments by the original

93,9k

method, spectra were photographed and for any particular

temperature line pairs were chosen vhich exhibited the fellowing

properties:

(&D)] 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 temperature and-
better accuracy.

() 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 vhose wavelengths and intensities lie within the

optimum range of the detector.
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Conditions (1) and (2) form the well-known iso-intensity
r.ethod vhich is frequently used for temperature dpternﬂnatﬂons from
band spectra O.

Eliminating the-gf velues Irom equations (3-8)'and (3-9) eand
substituting for the energy differences in terms of the iavelengths
of the lines gives ’

I = 51' Al; . €YD [f 123 . (%_ _ j:;ﬂ

I, K, X4 k.T. v A (3-10)
Substitution of the two condlLlons 1nto tnls equation gives the
result K1/K2 = 1) i.e.-our oveseﬂilueynoﬁ is in ‘fact 2 derivation of
the isc~intensity method. However, since the value of K4/K, is
readily calculated from equation (3-9) it provides a much more
convenient means of finding the temperature at vhich any line pair will
be least aifected by self-absgrption.

In practice, it is often not possible o obtain suitable line
pairs with K4/K, exactly equal to unity at any given temperature.
lowever, provided that the self-.absorption is not extremely serious
this condition mey be relaxed somevhat and line pairs whose K4/K,
value lies between fairly narrow limits either side of unity may be
employed. It is not possible to specify a given temperature range
for all line pairs because the rate of change of K1/K, with temperature
varies a great deal with different line pairs. In view of this the
computer programme is used to calculate a table of’K1/KZ valucs at
suitable intervals within the required temperature range and the useful
range for each line pair is determined by inspection. If the
approximate.temperature of the flame is known, the table may then be
used to select a small set of line pairs which should be unaffected by
self—abscrpti&n in the flame. Conditions (3), (4) and (5) are then
easily apvlied to this small set to select the two or three line pairs

which should give the best possible results for a particular flame.
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3.5.4 SAECO: A commuter nrogramme to calculate self-absorption

coefficients for vairs of snectral lines.

Equation (3-9) forms the entire calculation so that this
occupies only a small part of the programme. The rest is designed
to 2llow a set of data for a number of spectral lines (selected by
tsking a preliminary spectrum from the flame) to be read into the
computer and automatically selected into suitable line pairs on which
the calculztion is performed. To prevent calculations on unsuitable
line pairs, a minimum value is;set. for the.difference between the
upper energy levels of each line”ﬁéir;u -bﬁé energy difference between
the lover levels is also calculated because if it should be zero K,/K,
will be independent of temperature. If this should occur the
programme is designed to print results for all temperatures but.pléce
an explenatory note below.

The actual programme listing is shown in Table 3=3. As well
as the four variables for each spectral line, the data read includes
the number of lines for a run; the initial and final temperatures and
the temperature interval; znd the minimum upper energy level difference
for a usable line pair. Tor ccnvenience, 211 data is printed out
with the results, as shown in Table 3-k. .An example of the block of
results obtained for each line pair is also shown in Table 3-lL, The
total nuuber of these blocks on any run is printed-out at the end as
the nusber of line pairs.

The use of the programme should be clear from Tables 3-3 and
Zelty The data cards for the lines should be placed in order of
increasing wavelength. The two "DO" loops are designed so that the
results will then be given with the line of higher upper energy level
first for each pair and with the first lines of the pairs arranged in
order of increasing wavelength. To facilitate further the use of

SABCO, its name list of wvariables is given below.:



Table 3-3

[ SABCOeesssA PROGRAM TO CALCULATE RATIOS OF SELF ABSCRPTION
[ COEFFICIENTS FOR PAIRS OF SPECTRAL LINLbe
c .
<

OIMENSION WAVEL(JUU)+ GFLIUO0)e ELOWERC]100)s EUPPERI1001« 1TL1000)

Je TLI000)s SABLIVOUY

NPAIRS = O

[

WRITE (6e¢ 1000)
1000 FORMAT (1Ml 27Xe BIHCALCULATION OF HATIOS OF THE SELF ABSO0RPTION
1COEFFICIENTS FOR PAIRS OF IRON LINESs /7 64Xs THMsDARGENTs ///)
[
READ (5+3001) NLINESe (TEVPAs ITEMPSe ITINTs ENGMIN
1U03 FORMAT ¢ JO0Xs 4110+ F10.3 )
WRITE (6+1002) N_INESs 1TEMPAs ITEMPHs ITINTs ENGMIN
1U02 FORMAT ( 26X+  AaHDATAs /7 IXs 15¢ SHLINESe aXe 16HINITIAL TEMPe 1
15s [Se SHDEGeKs aXe JaHFINAL TEMPe ISs 15¢ SHOEGeKs aXe J7HTEMPe
2INTERVAL 1Se 15¢ SHOEGeK?Y 4X+ 1IHMINCENERGY DIFFe 1Se F6eI+2HEV/)
[«
READ (5¢1003) (WAVELC1le GFE1)e ELOWER(I)e EUPPERCIle I=]eNLINES)
1003 FORMAT ( 10Xs F10.2% F10e4s 2F10e3 1
WRITE (6¢100a) . g , .
1004 FDRMATIlHOcZSX-]AHWAV&LENGTH {A)e 15Xe 2HGF+ 1SXs 12HE-LOWER (EV)s
1 15Xe 12KHE-UPPER (EV)s // )
WRITE (6+1005) (WAVELE[)e GFEL) e ELOWERII)- EUPPER{I)e 1s1sNLINES)
1005 FORMAT ( 26Xs F1042¢ 12X¢ F10,a¢ 11Xe F10eJr 17X%e Fl0e3 )
[«
c
WRITE 1611006) ENGMIN
1006 FORMATI JHI +25X e THRESWL TSe// 11Xe BOHINO RESULTS PRINTED FOR LINE P
1AIRS WITH UPPER ENERGY LEVEL DIFFERENCES LESS THANs F6Gele IHEV)e/)

[
[«
NTEMPS = (1TEMPB ~ ITEMPA) 7 ITINT + 1
[
DO 30 JJ = 1s NLINES
1= 99
c
DO 20 KK =2 }e¢ NLINES .
1 a kK
ENGAP = EUPPER(JJ) = EUPPERIKK)
IF ¢ ENGAF o+LTy ENGMIN ) GO TO 20 ’
NPAIRS = NPAIRS + 1 .
c

. WRITE (6 1007) WAVELIJJ) e WAVELIKK)s ENGAP
1007 FORMAT (1HOe SXs SHLINESe FQe2¢ I1Xe IHANOs FQe2s I9H ¢ ENERGY DIFF
1ERENCE OF UPPER LEVELS 1S+ F6ede 3HEVes /77 8L 33X+ SHTEMPes 2Xe
25HK1/K2e ) 47 ) *
c L
M= 1
- 1TS = I TEMPA ¢
10 IF ¢ ITS +GT« 1TEMPB ) GO TO 15
ITiMy = ITS
T(M) = TS

c
XPON » ( ELOWERIKK) ~ ELOWER(JJ) ) 7 t 0,0000862 ¢ TiM) )
SABIM] = GFLJJ) #» EXPIXPON] 7/ GFIKK)
c
1TS = ITS 4 ITINT
M=M4+ ]
Go To 10 .
[

15 WRITE (6s 1008) ¢ IT(M)e SABIMIs M = le NTEMPS )
1008 FORMAT ( a( 3Xs 14s 2Xe FGe3 1 )
c A
ENGAPL = ELOWER(KK) -~ ELOWER(JJ} oo
IF | ENGAPL +NEs 040 ) GO TO 40
c
WRITE (6e¢ 1010)
1010 FORMAT (1HO+114HIOIFFERENCE BETWEEN LOWER ENERGY LEVELS IS ZEROs T
IHEREFORE K1/K2 1S INOEPENDENT OF TEMPERATURE FOR TH1S LINE PALIR)s)
c L
40 WRITE 16+ 1011)
1011 FORMAT (1HOs GOXe 12HRRRXRRRBERARe /77 )
20 CONTINVE
30 CONTINUE
c
c -
WRITE (6¢1009) NPAIRS
1009 FORMAT (1HOe 5Xe¢ JGHNUMBER OF LINE PAJIRS ON TH(S RUN EQUALS' 16 )
sTOP
ENO

129.
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WAVEL Wavelength of line in Angstrom units. .
GF gf.valué of line.

ELOWER Lower energy level of line in eV.

EUPPER  Upper energy level of line in eV.

NLINES Number of lines put in as data. . :
ITEMPA  -Initial temperature (%K) used for a run.

ITEMPB TFinal temperature (%K) used for a run.

ITINT Temperature interval used for a run. :




ENGMIN lMinimum upper level energy ¢ifference for a usable line pair.

ENGAP Energy difference between the upper levels of a line pair.

ENGAPL Energy difference between the lower levels of a line pair.

SAB Ratio of self-absorption coefficients.

NPAIRS Number of line pairs for which SAB is calculated.

NTEMP Number of temperatures for vhich SAB is calculated with each °
line pair.

IT

T Intermediate temperatures used in the calculation.

ITs

XPON Intermediate value (the exponential term) used in the

calculation.

%.5.5 IRTMIS: A computer programme to calculate the temperatures

corresponding to the intensity ratios of pairs of

snectral lines.

The method of reading in the data and of selecting line pairs
is virtually identical to that used for SABCO. The main difference
from the previous programme is that in this case the calculation

performed is based on equation (3-8). There are also minor

131,

differences in the instructional data read in at the beginning and the

varning notes printed in the output. The programme listing is showm
in Table 3-5 and the data print~out and a sample of the results in
Table 3w6. The name list is largely the szme as for SAECO, but some

additional variables are as follows.

FEIR Intensity ratio of a pair of lines.

FEIRA Initial intensity ratio used for a run.

FTEIR3 Final intensity ratio used for a run.-

FEIRIN Intensity ratio interval used for a run.

FEIRS Intermediate intensity ratio used for a calculation.

EOTLOG Intermediate value (logarithmic term) used in a calculation.
DENOM Intermediate value (logarithm to the base ten of EOTLOG)‘used

in a calculation.



Table 3-5
.

[ IRTEMSs esssA PROGRAM TO CALCULATE THE TENMPERATURES CORRESPONOING
c TO THE INTENSITY RATIOS OF PAIRS OF SPECTRAL LINESe
c

OINENSION WAVEL(]00)e GFLI00)s ELOWERIIOO) EUPPER(1001 s

1 FEIR{]000]e TEMP(1000) .
c
c.

NPAIRS s O

(4
(4

WRITE (6+1100) .
1100 FORMAT [ 1HIs 17Xe SOHCALCULATION OF TEMPERATURES CORRESPONOING T
10 GIVEN INTENSITY RATIOS OF PAIRS OF IRON LINESe // 64Xe
29HM4 SARGENT /777, )
c -
c
READ (S+311031) NLINESe FEIRAe FEIRBe FEIRINe ENGMIN
1101 FORMAT ( 10X+ 110e¢ 4F1043 )
c
WRITE (6031302) NLINESe FEIRAs FEIRBe FEIRINe ENGMIN
1102 FORMAT | 26Xe aHOATAs 7/ 26X« aHEBsBs /77 1Xe 15¢ 6H LINESe 3Xe
116HINITIAL J1712 §Se F6e3e 3Xe 1AHFINAL 11/12 1Se F6e3ds 23X
221HINTERVAL FOR 11712 IS¢ F6o3v 3Xe 19HMINGENCRGY DIFFs 1Se FGe3e
33HEVes 7 ) . :
c
READ (Se1103) (WAVEL(1)s GFIl)e ELOWER(I)s EUPPER(])e 1s1sNLINESI
13103 FORMAT ( 10Xs FJO0e2v F1044¢ 2F10e3 )
c
WRITE (6911041
1104 FORMATIJHO+25Xe IaHWAVELENGTH (A)s 1S5Xe 2HGFs 15Xs 12HE-LOWER (EVI]e
1 15Xe 12HE=UPPER (EVYs /7 )
[
wRITE (601105) (WAVEL{I)s GFLT)+ ELOWERC(I)e EUPPERCIle I=1sNLINES)
1105 FORMAT ( 26Xe F10s2% 12Xs F10e4s 11Xe F10e¢3s 317Xe F1043 )
c
WRITE (641106) ENGMIN
1106 FORMATIIHI»25Xe 7THRESULTSe// [1Xe BOHINO RESULTS PRINTED FOR LINE P
1AIRS WITH UPPER ENERGY LEVEL DIFFERENCES LESS THANe F6Ge3s 3HEV)e/e
211Xe BIHI1/12 IS INTENSITY OF FIRST LINE OVER INTENSITY OF SECONO
JLINE FOR EACH LINE PAIRe //7 ) -

c
NTEMPS = ( FEIRB ~ FEIRA ) 7 FEIRIN 4 1.0 .
c
DO 3130 JJ = 1+ NLINES
1 =9
DO 120 KK = 1+ NLINES .
1 = KX .
c
~ ENGAP s EUPPERIJJ) =~ EUPPERIKK)
IF € ENGAP «LTs ENGMIN ) GO TO 120
NPAIRS = NPAIRS + 13
c .

WRITE 6+ 1107) WAVELIJJ) ¢ WAVELIKK)s ENGAP
1107 FORMAT [1HOe¢ S5Xs¢ SHLINES® F9e2% 1Xe IHAND® FPe2¢ 39H ¢ ENERGY DIFF
1ERENCE OF UPPER LEVELS 15+ F6e3¢ 3MEVes ///7¢ T{ aXe SHII/12e 2Xe
27HT DEGeXet ) 7/ )
c —
c
M a1

FEIRS = FEIRA
110 IF t FEIRS +GTe FEIRB ) GO TO 11S
FEIRIM) = FEIRS
BUTLOG = GFUJJIAWAVELIKK)I*#3 7/ ((GF(KK)®#WAVEL(JJI*#3) & FEIR(M) )
DENOM = ALOGIO {BOTLOG)
TEMPIM) = 5040,0 ¥ ENGAP / DENOM h

c
c .

FEIRS = FEIRS + FEIRIN

MaM+}

6o To 110 )
c

115 WRITE € 6¢ 1308) { FEJRI{M)s TEMPIM)e M = ]+ NTEMPS )
1108 FORMAT ( 70 3Xe FGe3e 2Xe F742 ) )

WRITE (6+ 3131}
1111 FORMAT (1HOs 60Xs (2HARsRNssNssNne ///7 )

120 CONTINVE
130 CONTINVE

c
WRITE (6¢1109) NPAIRS '
1109 FORMAT (1HOs 5X+ 3IOHNUMBER OF LINE PAIRS ON THIS RUN EQUALS: 16 )
c
stop

END

132.



TEMP Temperature corresponding to a given intensity ratio of a

line pair.
%.5.6 Results

The two programmes vere vun for a small number of iron lines
using the Imperial College IBH 7094 computer and the FUFFT (Purdue
University Fast Fortran Translator) compiler system. The results
wvere applied to the spectra used for the previous teumperature

93,94

determination to see vhether the new system gave a significanﬁ

change in the measured temperatures as well as being more convenient
to use.
The previous measurements on the air-acetylene flame

(Ref. 93, Table 7) had given a temperature of 2450 + 65%K, based on
nine different line pairs. Using the present system, it was found
that only two of these line pairs could be recommended for that
temperature region: . '

3749.49 - 3733.32

3734.87 - 3705.57

A third suitable pair had not been chosen by the previous procedure:
3734.87 - 37222.56

Using only the recommended line pairs and the more recent gf values
from Ref. 95, the revised flame temperature becomes 2460 -+ 25%.
i.e. a result well within the previously quoted limit of error.

ks ancther example, a large number of measurements were
previously made in the red interconal zone of a slightly fuel rich
nitrous oxide-acetylene fleme (Ref. 93 , Table 10). Temperaturés at
heights between 7.5mm and 17.5mm above the burner were measured using
five éifferent 1line pairs. The results lay within the range 2750 %o
2650 ‘K. bn the present system of line selection, only two of these

line pairs could still be strongly recomiended (3749.49 - 3705.57 and
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374949 - 37222.56). A third pair (3820.43 -.382h.h4) also gives its
optimum results in this range but the BSEQ.QQK line is a ground state
line and should be avoided if possible. Of the other two pairs used,
one (3734.87 - 37k3.26) is on the edge of its useful fange and the
other (3749.49 - 3733.32) is only recommended for lower temperatures.
The new system also shows that one Qery suitable pair was missed
(3758.2% = 3733.32) and two others could have been used with the
available data (3820.43 - 3722.56 and 3825.88 - 3733.32) although they
are rather widely spaced. However, since most of the previous
measurerients were concentrated on the two line pairs still recommeﬁéed,
ro serious error appears to have been made.

The following conclusions may be érawn from these two examples:

(i) With the old system, even long experience was not always a -
guarantee that only suitable line pairs would be used and that
no useful pairs would be missed.

(ii) The neu system allows a much larger number of line pairs to be
selected much more quickly without a great deal of practical
experience. _

(iii) With the new system the chance of using an unsuitable line pair
is greatly reduced. )

(iv) The new system should improve the pfeciéion of the temperafure
measurements somewhat, but more important is the greater certainty
with which the reliability of the measurement may be assessed.

(v) Justification of the choice of a particular line pair (to
someone using the results) is much easier with the new systenm.

In view of these facts, the method of choosing line pairs outlined here

92

has been used extensively by Mr. S. Vetter”™ for the measurement of

flame temperature profiles. He has rewritten the computer prograrme
SABCO in a form which is capable of handling large numbers of spectral
lines without printing enormous amounts of unwanted output and which may
be run on the rmch larger University of London CDC 66CO computer. At the

present time, the results are being applied to the measurement of the
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temperature differences between conventional and sepafated
ajreacetylene and nltrous oxide-acetylene flames. Prellmlnary )
results are in good agreement with those outlined elsewhere in. this
thesis. They suggest that the temperature drop at the very centre
of the long path flames is much smaller than that observed with the

circular flames, but that quite large temperature drops occur near
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the sides of the flames on separation.

3.6 The CN Vibrational Temverature of The Nitrous Oxide-Acetylene

Flame,

A knowledge of the temperature of the nitrous oxide-acetylene
flame and the way in which it changes on flame separation is a most
useful aid in interpreting the results given in this chapter. Several
different ways of measuring flame temperature have been tried by '
the author (see Sections 1..4.5 and 3.5), but the one described here
is the most appronriate for the present purpose. It has a number

of advantages:

(1) No additional substance need be added to the flames.
(ii) TWo CN is present in the outer cone of the flame so that there
- can be no confusion as to which area of the flame the
temperature measurements apply.
(iii) Tt has been shown that CN vibrational temperatures appear to
give a good approximation to the actual flame temperature
(see below), even thougﬁ this is not the case with many

rotational and vibrational temperatures,

There are also some disadvantages. First, the method can only be
used vhen sufficient CN is present. This is no real problem in our
case because we are mainly interested in the "best red zone' flame
used for the atomic enission and absorption spectroscopy of the
refractory elements. Secondly, the method involves a number of

experimental and theoretical uncertainties, These are discussed below.

2.6.1 Introduction

The mecasurement of effective flame temperature from the

rotational and vibraitional fine structure of band spectra of molecular
T

species present in tle flime gases is vell known and hss been reviewed
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by Gzydon (Ref. 20, Ch.8). ' However, these methods mostly invelve

the use of large spectrogrephs vhich are capable of complete

1

resolution of the bands and allow measurements to be made of

ndividual rotational lines. (These arc used directly for

=

H

otational temperatures or summed in the appropriate way to give the
total band intensities for vibrational temperatures). Zven when
such appareatus is available, there are many difiiculities which must
be overcone. If rotational tenmperatures are required, it is
usnally possible to select suificient isolated lines for a calculation,
although this becomes nore difficult if precautions are reguired to
avold seli-absorption. TFor vibrational temperatures, the situation
iz much more compliceted because all of the lines of each tand must
be measured and the vibrational bands almost always overlap.
Alternatively, individual rotational lines of different vibrational
hands may be compared, but the czlculation of the vibrational
temperature then requires a knowledge of the rotational temperature
and transition prohability as well as the vibrational transition
probability (see Ref. 13, p. 527, egn. 21-92). Unfortunately, only
one or two stuvdies of a flame band have been systemmatic enough for
his method to be employed, even though it gives the nost reliable
vibration temperatures., '

There is also another method of measuring vibrational
temperatures vhich involves much léss laborious wérk than the two
nethods above and, even riore important, does not require the ultra-high
resolution monochromator needed for the rotational tenperatures. It
requires neasurement of some prominent feature of the vibrational bands,
usually the maximum intensities of the band heads. These relative
values can then be used to czlculate vibrational temperatures just as
if they were the true relative intensities ¢f the whole bands. Great
care must be tazken in the selection of band heads used in this way,
because for a given vibraltional temperature the apparent intensity will

vary with changes in the rotational temperature due to changes in the



pattern of the rotational fine structure. Since different
vibraticnal bands of the same molecule can be affected in quite
different ways, the errors in the relative intensities may often be
large, leading to serious errors in the temperature unless corrections
are again made from the rotational temperature.

Fortunately, several workers have shown that reasonable results
may be obtained from one or two, at least, of the CN violet bands
without making corrections and the bands recommended by them will be
used here.

The first work on the method vas carried out at Utrecht 1931 °
by Ornstein and Brinkmanqo5 who measured the temperature of a D.C.
carbon arc using the cmitted CN bands. 1In this first paper they were
mainly concerned with obtaining the vibrational transition probabilities
of the CN violet bands using a low dispersion prism spectrograph so
that the values could he used with similar instruments for straight-
forward temperature determinations. They achieved the following

results:i-

(i) They photographed the spectrum of the Av = 0 CH sequence (main
head at 3883.4A) in great detail using a large grating
spectrograph. The results were used to calculate the .
rotational CN temperatures of the arc and the true relative
intensities of the band heads (by summing the intensities of
the lines, correcting for the rotational té;perature, etc.).

(ii) They vhotographed the spectra of the Av = -1, 0, 1, 2 CN
sequences using a low resolution prism spectrograph and
measured the relative intensities of the observed band heads,
Good agreement was obtained for the Av = O sequence between
these results and those under (i), especially for the first two
or three bands.

(iii) Using the results of (ii), they summed the intensities of a2ll

1 from

band heads within each progression for values of v
0 to 6 (some of the higher v! progressions required extrapolated

values). By plottiing these sums egainst the enérgies of the
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levels corresponding to the different v' values, they were
able to obtain a value of the CN vibrational temperature
without a knowledge of the vibrational transition probabilities.
The tenperature was in reasonably good agreemeﬂt with the
rotational temperature obtained under (i).

(iv) Using this temperature value, they were able to calculate from
the relative band head intensities the relative vibrational

transition probabilities of all the CN violet bands.

In order to make use of these results, we require two further pieces

of information. First, how accurate are these transition probabilities
and vhich are the most reliable, Secondly, will the nethod also give
accurate temperature values for flames and which of the CN bands will

be most useful.

(a) Aecuracy of the transition nrobability ratios.

1. A considerable amount of work on CN temperatures was carried
out by the successors of Ornstein and Brinkmen at Utrecht. . Fuch of
this was concerned with ''calibrating' various features of the CN bands
with respect to temperature, rather than direct use of intensity ratios
as carried out above, and has beeﬂ reviewed by J.A. Smit106. Although
the calibrations were calculated theoretically, they still involved

the experimental transition probabilities. Dr.Smit has stated _
(Ref. 106, p.693) that results with these calibrations indicate that

the most reliable ratios of the set are 1= 1/0 = 0 and 1~ 2/0 = 1.

2e Theoretical values of the same-transition probabilities,
obtained by numerical integration (and also by another technique) vere
published by Fraser, Jarmain and Nichollsqo7. The relevant
expézimental snd theoretical vzlues are listed side~by-side in

Table 3-7, arranged in sequences. The ratio of the two values for
each band is given in the last columna It can be seen that although
the overall agreement between the tuo sets of values is not very high,

the aprecment within each sequence is good. This is particularly true
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Table 5-7

A by v vt Av Transition Probebility FRatio:

Ornstein,et.al Fraser,et.al. Ornstein
H e i t—

] : ' Fraser
4606.1 0 2 +2 0.003 0.005 0.6
hs578.0 1 3 +2 0.007 0.014 0.5
45531 2 L +2 0.009 - -
4531.9 3 5 +2 0.012 - -
4514,3 L 6 +2 0.016 - -
hs02.2 5 7 +2 0.02 - -
4216.0 0 1 +1 0.055 0.074 0.74 .
4197.2 1 2 +1 0.095 C.121 0.78
1181.0 2 3 +1 0.12 0.147 - 0.81
4167.3 3 L +1 0.15 - -
1158.1 i 5 +1 0.19 - .-
L1524 5 6 +1 0.23 - -
3883.4 0 0 0 1.0 0.920 1.09
2871.4 1 1 0 0.37 0.787 1.10
2861.9 2 2 0 " 0,77 0.691 1.11
335h.7 3 3 0 0.67 . 0.625 1.07
3350.9 L L 0 0.59 - -
3590.4 1 -1 0.16 -- 0.079 2.02
3585.9 2 -1 0.29 0.137 2.2
3583.9 3 2 -1 0.24 ‘ 0.181 1.33

of the Av = O sequence with differences of less than 1% fof the
ratios 0 > 0/1 - 1 and 1~ 1/2 = 2. Even with 0 = 1/1 = 2 and
1= 0/2 = 1, the difference between the two sets of values is only
.%. It should also be remembered that Ornstein and Brinkman's ‘
data may be more suitable for our purposes, because any experimental

errors due to overlapping of the band heads and change of the spacing
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of the rotaticnal lines vhen going from one band head to another

should nartly cancel out.

(v) Suitability of the method for flane temweratures.

1. As mentioned above, most of the viork on this métboé has been
carried out at Utrecht where the only interest was in the carbon arc.
Eowever, one or two workers have also applied it to other sources.
Brewer, Templeton and Jenkins 108 measurced CN equilibrium
temperatures in a King furnace and found good agreement with those
obtained by an opticel pyrometer. Thomas, Gaydon and Brewer109
measured the temperature of an oxygen~cyanogen flame using the main’
bands of the (0,1) and (0,0) sequences. They obtained good

agreement with the calculated maximum temperature and with C,
rotational temperatures obtained by the conventional method. Fishburne,
Rao and weinbérg11o measured temperatures of nitrous oxide-cyanogen
flanes using the infra-red CN rotational bands and obtained good

agreement with calculzted temperatures and those from the relative
intensities of iron lines. Finally, Walson, Planet and Pitts111 have
suggested that the non-resolved CN violet bands may be used (by a
different technique to that described here) to measure temperatures
of a variety of hot gases, including thosé surrounding spacecraft on
atmospheric re-entry. Thus, it would appear that. provicded they are
accurately made, CN tenperature measurements should correspond closely

to the "actual" temperatures in the equilibrium region of a flame.

2. From the author's cxperience with the iron two line
temperatures (see Section 3.5) the main problem in using the CN
bands for flame temperatures would seem to be self-absorption. This
is less of a problem in arcs and other high temperature sources wvhich
cen cenerally be considered as "cptically thin'. Even so, Ornstein
end Brinkman's original viork was criticised on this basis by
Lochte~Holtgreven and Haecker112. This could te the cause of the

discrepancy between the tuo scts of results in Table 3-7 when the -

different sequences are compared. Because of this and beceuse of
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the need to obtain sufficient intensity of the bands to be used,
our measurements will be restricted to the 3883, 3871 and 3361 e
9

peaks, Thomas et. al.1 reported no self-asbsorption effects on
their emission measurements but this was mainly becauée their flame
was much hotter (48C0%K) so that the population of lower levels vas
much reduced, They also avoided where possible using transitions
involving the zero vibrational-state of the ground state. This is
not possible in the present work and it will be shown experimentally

that only temperatures neasured in absorption are reliable.
3.6.2 Theory

The equations derived for atomic spectra in Section 3.5.2 may
also be applied to molecular spectra. However the gh values must be
replaced by 2 term Pv?® wherc P is the molecular transition
probability of the form given in Table 3.7. The frequency, Vv, of
the treusition rust bs introduced s a cubic temi beczuse ? must now
allow for the rotational, vibrational and eleatroaié transition
probabilities (see Ch. 21-l=3 of Ref. 18). Eguations (3-3) and
(3=7) may thercfore be rewritten~as: l

I, _ Py (A" -(By = B (3-11)
I, " B (7\1)2"GXP [ kT ]

and

K4

I

>
o

4
[ L
Py
t"FJ
1
il

iz - Bp T T (3-12)
vnere By and E, are the upper energy levels of the two transitions
and E.  and EL the lower cnergy levels.

I+t should be noted that the reliability with which equation
(3-11) can be applied to the relative intensities of the CN band
heads will depend on the extent to which they represent the ratios
of the total vibration band intensities.  From the discussion of

Section 3.6.1 it would avpear that there is fairly good correlation,
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but this obviously depends to a certain extent on the excitation
source and the measuring apparatus. There is even less theoretical
justification for applying equation (3-12) to the relative strengths
of the absorption band heads. This is discussed further in

Sectibn 3.6."".
5.6.3 Results.

As mentioned earlier, only the CN sequence with a head at
3883.hﬁ was used for temperature measurements. All measurements
were made using the Techtron AA4 described in Section 3.1. The
narrovest possible monochromator slit width was generally used and a
typical scan obtained with the sequence in emission and a 15M slit
is shown in ¥ig. 3-9.. The energy levels corresponding to the
transitions are shown diagrammatically in Tig. 3-10.

Equation (3-12) may be used to estimate the effects of.self-
absorption on the emission intensity ratics of the CN peaks just as
vas described for iron lines in Section 3.5. At 3000%K, this gives
a ratio of K4/K, of about 3 for both 3883 - 3871 and 3871 - 3861;i.e.
neither of these pairs will be suitable for emission measurcments of
the temperature of the nitrous oxide-acetylene flame unless the CN
concentration is very low or the optical path length is small. To
ii}ustrate the serious effect of self-absorption on the observed
tenperature, measurements were made in the slightly fuel rich nitrous
oxide-~acetylene flame giving the "best red zone'. " Different CN
conéentrations covld be obtained by separating the flame and different
path lengths by using either the circular burner (see Section 2.4.3)
or the long path burner (see Section 2.4.%4) in its ¥end-on" or -
"sideways—on'' positions. The results are shown in Table 3-8, It
should be noted that each temperature in the table is a mean of
several determinations and is subject to considerzble uncertainty
(of the order of + 555) e Héwever, because of.the high CN

concentration in the fuel rich flames used the self-zbsorption
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Table 3.8
Burner Auparent  Temmerature (%K)
Type Unseparated Argon Nitrogen

Separated Separated

Circular 4730 LE30 k150

Iong path end on 6980 10200 3580
Long path 3545 L6320 1220

sideways on

is severe and significant differences may still be observed between
different conditions. It may be seen that all of the results are
well above the maximum flame temperature of 3228 and that those
with the long burner end on are particularly ludicrous. ith the
circular burner, separation reduces the observed temperature as
expected but with the long slot burner separation gives an apparent
increase in temperature due to the higher CN concentration. It
should be clear from these recults that a self-absorption effect is
present . vhich prevents any useful temperature determinestions from
the emission spectrum.

As mentioned earlier, more promising resulis were obtained by
using the same method in absorption. Equation (3-12) was applied to
the absorption spectra CHN bands described in Section 3.4t; i.e. those
obtained from the slightly fuel rich nitrous oxide~acetylene flame
on a circular burner. The 3883 znd 38714 peaks were sufficiently
intense for accurate measurement in all three flames and gave the

following temperatures:

Unseparated flame 31209K
Argon separated flame 2060%K

Nitrogen separated flame 2990°%K
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The 3861 & pesk was only sufficiently well defined in the separated

flemes and for these two the 3871-3861 temperatures were:

Argon separated flame 3060°%K

Nitrogen sevarated flame 2970°K
i.e. there is very good agreement between the two sets of results and
the actuel temperatures and their changes on separation are very
close to those which were expected from previous experience with

these flames.

3.6.+ Conclusions

A method has becn described which, in theory, 2llowus temperatures
of flames containing CN to be measured with simple equipment and the
ninimum of experimental difficulty. In practice it has been found
that successful results could not be obtained using the emission spectra
because of the effects of self-zbsorption. It should be possible to
avoid this for a number of useful flames. For example, the CN
concentration drops markedly with a slightly more lean flame. The
loss of intensity would be no real problem since the author would
suggest using wider monochromatof slits - ideally the best results
should te obtained with a dispersion which completely separates the peaks
to be measured but does not resolve any of the rotational fine structure.
Under these conditions, the experience of the author and other vorkers
suggests that the emission method should give temperatures close to the
"actual" flzme tcmperature, especially if the optical path length
through the fleme is kept to a minimum. i

The absorption methodAappearcd to give ruch more satisfactory
results even under strong self-absorption conditions. However, it
must be cmphasized that the reason for this is somevhat uncertain
since there are several theoretical difficulties to be recsolved. First,
Penner25 has explained at some length (and, unfortunately, with

extrenely complicated mathematics) that conditions giving strong
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self-absorption in emission may elso affect the ratios of absorption
intensities. In the author's opinion this effect should be very
small under the conditions of measurerment used here. ) Juch more
important is the theoretical basis by which the temperature is
calculated from the heights of the absorption pesks. It was
emphasized in Section 3.5 that ratios of K/K, chould only be used
quslitatively because they can only be measured from spectral line
profiles using ultrae~high resolution apparatus and that the same
"integration" is not performed in absorption with the non-resolved
pesks obtained with low dispersion apparatus, The situation is efen
more complicated with molecular vibrational bands since it is always
uncertain whether the intensity ratios of band heads are the same as
the ratios obtained by surming the intensities of all rotational peaks
neasursd individually.

These problems will vary enormously with the experimental
concditions. Therefore the absorption method requires calibration
before it cen be trested as reliable. This could be done by
measuring the absorption spectrum under ultro-hish resolution and
czlculating the true vibration band intensities for several bands. The
vork would be extremecly leborious but if results in agreement with the
"quick" method were obtained for several different flames the latter
would prove very useful for future work. For the present, we may
say that under the conditions used here the threé-flames should be
subject to similar errors. The absorption method has, therefore,
provided a useful estimate of the temperature drop on flame separation
vhich is in good agreement with the "iron two line" results mentioned

in Section %.5.6.
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Chapter IV

The Anplication of Sepzrated Flemes To

Atomic Emission Spectroscopy

t has already been shown (Chapter 3) that fleme separation
considersbly reduces the band and continuous emission of molecular
species present in the secondary zone of a flane. As discussed in
Chapter 2, this reduction in the signal strength ané noise of the
fleme background is accompanied by the protection of reactive species
in the interconal zone from attack by atmospheric oxygen. The
combination of these effects has proved particularly advantageous in
the determination of certain elements by flame emission spectroscopy.
These advantages are illustrated and discussed below by way of some

representative examples investigated by the author,

L. The Nitrogen Sevarated Air-Acetylene Flame For The

. , . 113%
Determination of Bismuth .

L,1.,1 Intrbduction

Since the introduction of atomic absorption spectroscopy, the

determination of bismuth at concentrations down to 1-2 ppm has

presented no real problems., However, determination of trace quantitie

has, in the past, proved to be rather more difficilt. The reason for
this difficulty may be seen from the data given in Teble 4=1, wvhich
shows the ten strongest bismuth emission lines obtained in flames,
together with their appfoximate relative intensities,

Dy far the strongest line is the resonance line at 3067.7R

(”Sqi - “Fb;), but unfortunately this is extromely close to the strong
2 2

S
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Table L1

Principal Flame Emission Liines of Bismuth

Wavelength Intensity i gf Energy Levels (eV
A Flame Arec Value Lowver Upper
2223.3 17 100 0.010 0 = 5.562
2230.6 30 100 0.047 0 = 5.556
2276.6 7 100 0.014 0 = S5.4hh
2627.9 3 200 1.2 1.416 - 6.132
2398.0 35 500 4.0 1.416 - 5.692
2933.3 10 300 7.8 1.91 - 6.132
2989.0 10 250 2.3 146 - 5.562
3067.7 400 3000 0.99 0 - L.0ko
3397.2 5 100 0.66 191 - 5.562

OH band hezds at 3067.8 and 3063.7A.  Bven the next strongest line at
2893.04 lies on an OH band. Since most conventional flames which are
hot enough to excite bismuth emission also give strong OH band emission
fromm their secondary reaction zones, both of these lines showm poor
signal to noise ratios. This is not the case with an oXy-Ccyanogen
flame, and Gilbert114 vas able to obtain a detection limit of 3pnm for
bismuth, However, this flame has several other disadvantages and at
the present time has still not been used for routine analysis.

115

Dean and Carnes wvere also able to obtain good results by using organic
solvents and a special light guide and reported detection limits of

Gt port at 2230.6} in the primary zone of an oxy-acetylene flame and

2.3 ppn at 2898.0R in an air-liydrogen flame. It has been possible

to obtain a considerable improvement on these results by using the
nitrogen separated air-acetylene flsme, since this has a high enough

temperature to excite the 5067.73 line of bismuth but the OH band
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emission is so low (see Section 3.2) that spectral interference
becomes almost negligible. This effect can be éeen in Fig, L=-1,
vhich shows the spectra of the conventional and separated air-scetylene
flames with 1C00ppm bismuth solution aspirated. In"the former, the
bismuth 3067.75 line cannot be distinguished from the OH peaks, but in

the latter it stands out clearly against the flat background.

L,1.,2 IExperimental

Apparatus

The burner used is described in Section 2.4.1 and illustrated
in Fig. 2-10. It was fitted in place of the standard emission burner
on a Unicam SPOO0A flame spectrophotometer. This was used in its
standard form in the emission mode, except that the vhotemultiplier
tube was replaced by an EMI 9601B to give increased sensitivity in the
ultravioclet region. Also, the needle valve/manoneter assembly fitled
to the instrument for monitoring the acetylene flow rate was sealed off
and replaced by a calibrated rotameter (1-10 1l./min,) fitted with a
needle valve. Rotameters were also used to measure the.air and
nitrogen (shield) flow rates. The air was maintained at 7 1./min. for
all of this work giving an stomizer pressure of 28 psig. This was
fbund to give optirmum results with the Unicam indirect atomizer and
"cyclone' type sovray chamber used to introduce sample solutions into
the flame. The nitrogen shielding gas was usually set to about
10 1./min., but the exact flow rate was not critical. A Honeywell
0 - 10mV chart recorder was connected to the instrument for the

measurement of noise levels znd detection limits,

Reagents,

A 10CO ppm stock solution of bismuth was prepared by
dissolution of the pure metal in a small volume of concentrated nitric

acid and dilution with water. Vorking strength solutions of bismuth
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Fig. 4-1 Flame Spectra With 1000ppm Bismuth Solution

Atomized
(The separated flame spectrum is shown with a scale four

times greater than that for the conventional flame).

were prepared by further dilution of this solution. Ethanolic
solutions containing up to 60% ethanol could be prepared simply by
diluting the stock solution with the appropriate amounts of ethanol
and water. However, if colutions containing higher percentages of

ethanol were prepared, precipitation occurred after some hours.
Lh.1.3 Results

Height of observation in flame

The emission intensity in the separated flame decreases rapidly

with height owing to the absence of the surrounding hot diffusion zone.
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However, it was found that the meximum benefit from separating the
flame was derived immedistely above the primary zone, since the
reduction of flame background is meny times greater in lthe interconal
zene than in the primary zone of the fleame. It was also found

that the vosition of maxirum emission is relatively independent of the
mixture strength and occurs Just above the primary zone. In view
of this, all measurements were made with the level of the bottom of
the monochromator entrance slit just above the top of the primary
zone, i.e. about 1 cm high in the separated flame. As the fiame was
merely placed about 5cm from the entrance slit without any lens
system, stray radiation from the primary zone was screened from the
s51it by a small metal shield placed adjacent to the flame. The top
of the fleme was screened from the slit in a similar way so that the
only radiation from the fleme entering the slit was from a completely

nitrogen-shielded region of the interconal zone ca. 2.5cm high.

Effect of acetvlene flow rate

The effect of varying the acetylene flow rate on the emission
signal at 30688 is shown in Fig. li-2. Results are plotted for
(a) the flame background emission (i.e. OH), (b) the signal noise
level and (¢) the emission from an aqueous solution of bismuth. The
results for (b) were obtained by taking the noise level us the
qistance hetween opposite exiremities of a recorder trace produced
during a period of €0 seconds by the flame emission at 30684
from en aquoous (100pum) bismuth solution.

t can be seen from Fig. U~2 that the bismuth emission
increases steadily as the acetylene flow is reduced until abeut
0.7 l./min. (this is simply due to the increasing flame temperatu;e)..
Hovever, Fig. L4=2 (&) and (b) show that both the OH emission and the
signal noise level increase sharply when the fuel flow is reduced
below about 0.9 1./min. The optimum fuel flow for the lowest detection

linit was, therefore, chosen as 0.9 1./min.
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Effect of adding ethanol to samples

The wost efficient use of organic solvents in flame .
spectrophotonetry is obtalned with a solvent extraction to increase
the actual solution concentration of the sample which is hebulized.
However, a significant improvement in detection limits may often be
obtained sinply by adding a water mixible organic solvent to the
agueous samples. This is princinally becazuse of the large increase
in atomizer efficiency given by organic solvents. The effect of
adding ethanol to the samples is shovm in Fig. U=3. Since the )
ethanbl acté as a fuel, it is necessary to adjust the acetylene flow
rate to maintain constant flame conditions. Fig. k=3 (a) shows the
acctylene flow rate needed with different percentages of ethamol to
maintain the optimum {lame conditions for bismuth determinations.

Fig. k=3 (b) shows the effect of ethanol on the uptake rate of the
atomizer. A peak is reached at about 50%, but the efficiency of the
atomizer (i.e. the percentage of sample actually reaching the flame)
probably continues to increase with higher ethanol concentrations. The
actual bismuth emission signal (Fig. 4=3 (¢)) increases sharply up to
about 55¢ ethanol, but then starts to level off. In view of this and
because of the difficulty of preparing bismuth solutions containing
higher concentrations of ethanol, samples.of biemuth in 508 aqueous

ethanol were used for detection limit measurements.

Detection limits

Bismuth detection limits in the nitrogen separated flame were
measured with both aqueous solutions and solutions in 50% aqueous
ethanol. The results were calculated on the basis of a 1:1 signal:
noise ratio from recorder tracings ébtained using 50ppm (aqueoué
solutions) or Sppm (50% ethanol solutions) bismuth., The detection
limits obtained were 2.0ppm in aqueous solution and O.3ppm in

ethanolic solution.
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b,1.,4 Conclusions

It has been shown that nitrogen separation of the air-acetylene
flame reduces the bismuth detection limit at the 3067.7A emission line
from greater than 1000ppm to 2.0ppm (or O.3%ppn in ethanolic solutions).
Kore important, these detection limits are somevhat better than the
best values reported in the literature for any other emission line
in any of the commonly used flames. Further, they compete very
favourably with the best atomic absorption results reported for
gir-acetylene flames (O.1ppm116). Improved atomic absorption results
may be obtained with air-hydrogen flames (O.OBppm117), but this flame
is more prone to chemical. interferences. Thus, the riethod described
here provides a simple, sensitive determination of bismuth without
the expense and inconvenience of providing the hollow cathode lamp
needed for AAS and with only minor modifications to a standard flame

spectrophotometer..

L2 The Nitrozen or Arron Separated Nitrous Oxide-Acetylene

118

Ilame For The Determination of The Refractory Elements

L.,2.1 Introduction.

The elements Al, Be, Ge, Hf, Mo, Nb, Si, Ta, Ti, V, W and 2r
are usually grouped together as "the refractory metals" because of
their common property of forming extrenely stable, high melting
poeint (i.e. refractory) oxides. They are used for a wide variety
of industrial applications and in recent years several have become
of even greater interest because of their applications to the aero=-
space and nuclear power industries. Thus, their precise and
sensitive analysis is of particular importance. Unfortunately,
their very refractory nature made the production of free atoms needed

for atomic spectroscopic methods extremely difficult and only emission
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spectrography in arcs or sparks could provide anything like the
sensitivity needed. However, this technique is notorious as being
more of an art than a science and by the early 1960's could no longer
meet the demands of industry for ever more precise and sensitive
determinations of these elements. Neither flame emission
spectrophotometry, nor the then newly developed atomic absorption
spectroscopy, could provide the solution since the flames available
at that time were just not capable of breaking down the refractory
oxides to form free metal atoms. The situation in flame photometry
at that time is showvn in Table 4=2. This table is made up of the best
results talten from a large compilation published by Herrmann and
Mkenade ' 12 and corrected to mid=-1962 by P.T. Gilbert. It may be
assumed that refractory elements for which no values are quoted give
extremely poor sensitivities. The best results were obtained with
molecular band emission in relatively cool flames, but in practice
these would be of limited use because of the high level of chemical
and spectral interferences.’ One or two good results were obtained for
atomic lines by using a turbulent, oxygen sheathed oxy~acetylene flame
with organic solvents (see also Section 2.2.4), but this flame is so
noisy that the precision of determinations would have been very poor.
The situation was changed dramatically in 1965 with the
introduction by Willis120 of the nitrous oxide-acetylene flame for
atomic absorption spectroscopy. This flame combines the high
temperature associated with oxy-acetylene flames with an extremely
reducing interconal zone and since 1965 has become as widely used in
AAS as the air-acetylene flame (see Section 5.2.1 for a full discussion
of AAS applications). The wide~spread interest in atomic absorption
appears to have resulted in the overlooking of the fact that the
refractory metal atoms formed in the nitrous oxide-acetylene flame
could also be determined by their atomic emission. This situation was
corrected in 1968 when Kirkbright, Semb and West showed (sce Section
2.3%.3 for full details) that by using a quartz-tube separated flame to

reduce flame noise they could obtain by AES detection limits
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Table h-2
Element] Wavelength | Character {Det. Limit] Flame Solvent
&y *) (ppm) **)

Al 3961.5 A 0.3 oc Water
3961.5 A 0.05 OA Hexone
48h2 B 0.15 OA Hexone

Be 2348.6 A 0.k OAO Vater
1709 B 15 OH Vater

Ge 2592.5 A 14 AH Isopropanol

Mo 55C0 B O.h AH Vater

Nb 5500 B. 2 AH Water

Si 2516.1 A 7 G40 Methanol

Ti 5450 B 0.22 OH Water

v 5737 B 0.09 AH Water

Zr 5740 B 8 OH Water

{A : Atomic line emission
*®

B : Molecular band emission or a continuum

(Af: Air-hydrogen

0C: Oxy-cyanogen

**Y0A: Oxy-acetylene

OAO: Very fuel rich OA sheathed with oxygen -

OH: Oxy-hydrogen

which compared very favourably with those by AAS. Further proof of
this was provided shortly afterwards by Pickett and Koirtyohann121.

By using all the instrumental advances associated with AAS (in fact
their prototype instrument was considerably better than most
commercially available instruments) they were able to obtain extremely
low detection limits for the refractory elements by AES using a

standard, long path nitrous oxide~acetylene burner of the type supplied
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for AAS, The case vhich can be made for the renewal of interest in
AES for the analysis of the refractory elenents is further advanced
by the present work, in which it is hsown that by using a simple
separated flame results equal to (and in some instances surpassing)
those obtained by AAS can be obtained using a commercial f{lame

spectrophotometer of relatively low resolution.

L.2.2 Bxperimental

Apraratus

Most of the work described in this section (including all
measurements of detection limits) was carried out using the circular
nitrous oxide-acetylene burner and separator described in Section 2.4.1
and illustrated in Fig. 2-10 in conjunction with the Unicam SPOOOA
flame spectrophotometer described in Section 4.1.2. This was
nodified by fitting a heat shield made up of layers of asbestos and
aluminium foil along the side nearest the flame. The shield was
essential for preventing overheating of the monochromator, caused by
the close proximity of the nitrous oxide-acetylene flame. This is
necessary because no focussing system is used in the emission mode,
the flame merely being placed as close to the entrance slit of the
monochromator as possible. In fact, this caused-the slit plates to
overheat and resulted in rapid drifting of the signal. As a compromise,

the fleme was moved to about 10cm from the slit. Also, another
'asbestos shield was placed close to the burner with a hole cut in it
such that only light from the red interconal zone of the flame could
enter the monochromator. Although these precautions reduced the
absolute intensity of the emission signals from elements nebulized
into the flame, it was possible té obtain much more reproducible results
and also lower detection limits (8ue to the reduced noise levels).

For comparison purposes, the effects of flame separation on the

refractory metal emission were also measured using the long path
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nitrous oxide—acetyleﬁe burner and separator described in

Section 2.4.4 and illustrated in Fig. 2-15. This was used with the
Techtron AAl flame spectrovhotometer described in Section 5.2.2. The
instrument was used in the atomic absorption arrangeﬁent descéibed
there, exceot that the A.C. amplifier was short-circuited to allow it
to ezmplify the D.C. emission signel from the flame. This avoided
the use of the emission chopper accessory vhich would have restricted
the light path and made a direct comparison between the different
flames more difficult.

Vith both arrangements the standard nebulizer -and spray chamber
supplied with each instrument were used to atomize the seample solutions
via the nitrous oxide supplied to the flame, However, in both cases
all gas cdnt;ol units fitted to the instruments were by-passed, a set
of three cazlibrated rotameters being used to control the flemes. The
outputs from the air and nitrous oxide rotameters were linked via a
Tepiece placed between them and the nebulizer so that the flames. could
be 1it with air as oxidant hefore gradually changing over to nitrous
oxide.. The circular burner was used with a nitroué oxide flow rate
of 4.0 1./min. giving a pressure of 15 psig at the Unicam nebulizer,
but the long slot burner (which has a considerably larger exit slot
area) was used with 8.5 1./min. giving a pressure of 25 psig. at the
Techtron non-adjustable nebulizer. The acetylene flow rates used
wvith these flames depended on the element being studied and are given
in Section 4.2.3. The nitrogen or argon sheathing gas was used at
about 10 1./min. with the circular separator and 20 1l./min. with the

rectangula} one, although the exact flow rates were not critical,

Reagents

Analytical grade metals or their salts were used to prepare
stock solutions of suitable strength. These were diluted with
distilled uater to provide working strength solutions except in the

case of tungsten vhich was diluted with 0.2M hydrofluoric acid.
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Molybdenum, 10COnom.

Prepared by dissolution of ammonium molybdate in distilled
water.

Aluminium, 1C00ppme.

Prepared by dissolution of the metal foil in 1M hydrochloric
acid,

Beryllium, 10C0OnpM.

Prepared by dissolution of the metal in the minimum quantity
of agua regia end dilution with distilled water,

Vanadium, 100001,

Prepared by.dissolution of the metal in 0.5M nitric acid.
Silicon, 50000vnvm.

Frepared by dilution of B.D.H. reprecipitated silica in the
minimum quantity of hydrofluoric acid.

Tungsten, titanium, niobium and ziranium, 5C0Opom.

Prepared by dissolution of the metal in the minimum quanfity

of hydrofluoric acid and dilution with distilled water.
4,2.% Results

Height of observation in flame

With the circular burner and the SPSO0OA it-was found that the
best results with shielded or unshielded flames were obtained by
setting the burmer so that its top was exactly level with the bottom
of the monochromator entrance slit and then adjusting the Height of
the aperture in the absestos shield until a position was reached
vhere no light from the primary zone of the flame could reach the slit
but light from the region immediately above it was not cut off - i.e,
about the lower 1cm of the red zone was being used, VWith the long
burner and the Techtron AAl, a more critical aﬁjustment of the flame
height for each element was necessitated by the focussing system used.

The height was set to the optimum position as described for AAS in

section 5.2.2.



161.

Effect of acetylene flow rate

The effect of acetylene flow rate on refractory metal emission
was measured in the circular flame using the SPSO0A, with a nitrous
exide flow rate of 4.0 1./min. The resulis are shown graphically
in Fig. b-k. The relative heights of the peaks for the different
flames on each of these graphs should not be compared, since the
amplifier gain was set to give approximately full scale deflection
for the peak rcading of each set.

t can be seen from Fig. Ul that the atomic emission
intensities increase rapidly as the mixture is made more rich and that
the maximum intensity is obteained for each element only within a very
narrow range of fuel flows (particularly in the separated flames),
Vith the' separated flames this peak was usually obtained with fuel
flows corresponding to a bright red zone. In the case of;the
conventional flame, a higher acetylene flow rate was always needed
and usually the flame became quite luminous with streaks of incandescent
carbon. In both types of flame, the decrease in signal occurring as
the flame is made increasingly rich is largely due to the cooler flame
obtained with such a mixture. IHowever, it is also likely that
efficiency of the flame in reducing the metal oxide deteriorates
under these conditions (cf. the corresponding absorption results

given in Section 5.2.3).

ffect of flame sevarstion on atomic emission sipgnals.

As was mentioned in Chapter III, the effects of flame
separation depend a great deal on the nitrous oxide:acetylene ratio =
if 2 lean flame is used, the signal from a refractory element may
increase enormously whereas the same element in a very rich flame can.
actually show a decrease on shielding. To avoid the confusion
resulting from this, all the measurements given below were recorded
using the optimum fuel flow for the element/flame combination to which

they refer, While this system has some disadvantages, it does allow
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the analyst to see the effect of flame separation on the best result
obtainsble (which is what he is interested in). In Teble 4.3, the
results are given for the circular burner/SPSCOA combination and for

the long slot burner/Techiron AAL combination.  The latter were .
obtained at a later date and a number of extra results are given so

that comparisons can be made with the AAS results quoted in

Chapter V.  For convenience, some of the AAS results from Section 5.2.3
have been converted to the same relative form as the emission results

and are given in Table 4-3.

Table 43
Element| Vavelength) Relative Emission Relative
(A) Circular flame Long flame Absorption
I 1T TII I 1T I11 I I 111
Al 3961.5 100 87 197 -00 96 420
3092.7 100 406 128 |400 431 150
Be 23435.6 100 4 62.5 100 67 79 |00 2 432
Ge 2651.6 100 53 61 | 100 119 12h
Mo 3194.0 1C0 61 103 1C0 106 127
3i32.6 100 106 i2h 100 i1 120
Nb 4058.9 100 127 334 100 103 143
3349.1 100 112 154
Si 2516.1 1C0 43 96.5 100 43 ~ 57 |10 117 135
Ti 3653%.5 100 128 206 100 100 127
3998.6 100 133 208 100 106 139
36h2,7 100 99 125 {100 157 190
v 4379.2 100 124 254 100 104 125 '
3184.0 100 407 127 | 100 149 164
W 4008.8 100 118 235 100 110 122
2551.4 . 100 76 88
Zr 3519.6 10C 72 167 100 115 135
2601.2 100 40k 425 l1co T 122 165

I = Conventional, II = Nitrogen senaration, IIT = Argon separation.




16k,

The following points should be noted in connection with the

results showm in the table.

1. The best cemission results in the long flame arc almost always
obtained with a slightly more lean flame than the best absorption
results. This is true in the conventional or separated flames and
suggests that the optimum absorption conditions corresmond to the

rost reducing flame whereas the optimum emission conditions are the
best compromise between a very reducing flame and the highest
temperature.

2. Since the atomic abeorption signal is a direct measure of the
number of free sotoms present, one would not expect the emission signals
to show a larger increase on flame separation than the absorption
signals (unless some emission was chemiluminescent and was enhanced by
separating the flame). This is, in fact born out by the emission
results from the long flame but not for several elements in the circular
flame. This latter effect is almost certainly a result of the optical
system of the SPICOA; i.e. the monochromator field of view is
sufficient to take in the whoule flame, and as the red (reducing)zone

is considerably enlarged on sepzration (especially with an argon sheath)
the increase in signal is due to an increase in the number of free
atoms in the field of view as well as to the increase in their actual
concentration per unit volume of flame. Iven if the circular flame
vere used with a focussing system such as that of -the AAlL this effect
would still ve anpareut, since the length of flame red zone along the
optical path incre.ses considerably on separation (whereas with the
long slot burner this effect is negligible).

3. 7ith the sbsorption signals, the effect of flawc seperation
really just deponds on the properties of the rarticular metal oxide.
Bowever, the relative size of the emission signals depends to an even
greater extent on the particular wavelength being monitored. At

long wavelengths, flame separation gives a large increase in the
emission signal,vhereas at short wavelengths z decrease is often

recorded. This is simply a result of the drop in flame temperature
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produced by separatién (see Section 3.6); the shorter the wavelength
of the line, the larger is the drop in emission signal prcduced by a
given f2l1l in temperature. In Fig. 45-(2) the results for the
circular shielded flame given in Table k-3 Lave been plotted against
wavelength in the form of the change in emission relative to the
conventional flame produced by separation. It can be seen that
although an approximation to a straight line is obtained, the points
sre somewhat scatterec. However, this is to be expected since the
different elements used zre not 211 equally refractory and will shov
different incresses in atomic population on shielding. This can be
corrected by using the absorption results given in Table L=3, since
these are 2 direct measure of the change in atomic population on

flame sepzration. The values obtained after normalizing the emission
results in this way (only for those elements which were used for
absorption studigs) are plotted in Fig. 4~5 (b) on the same scale as

. before, It can be seen that a much better straight line is obtained.
This is fairly conclusive evidence that thermal equilibrium prevails
in the red interconal zone of the circular flame, although the results
are still too scattered to be absolutely certain of this.

L, The emission results from the long flame (obtained with the
Techtron AAL) are plotted in exactly the same way in Fig. 4-6; (a) and
(b) show the uncorrected results for nitrogen and argon separation
péspectively and (c¢) and (d) show some of the same results after
normalizing with the atomic absorption results. These graphs look
completely different from those given in Fig. =5 and at first sight
the points plotted do, in fact, appear to be scattered rather at
randon. If, however, one allows for a high level of inaccuracy in the
individual readings (which might be caused by varying sclf-absorption
in the long flame), it may be possible that many of the points from
3000 « L500 A lie on a straight line parallel to the wavelength axis.
This suggests, in effect, that the change in emission signal on
seperation no longer alters enough with vavelength to show up

significantly. If this is indeed the case there are two immediate
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rossible explanations - either the flame is no longer in thermal
eouilibrium or there is only a small temperature change on separation.
This then poses the question of why either of these factors should
show up in the long flame but not the circular one. The most likely
explanation lies in the optical arrangements used - with the long
flame the Techtron AALY monochromator was really viewing only the very
centre of the red zone immediately above the primary zonc. Thus any
chemiluminescence would be more apparent and any temperature change
would be kept to a mininume. On balance, appreciable changes in any
chemiluminescence which might (if at all) be present seem unlikely

and the small temperature change seems the most probably explanation
of Fig. b-6.

Notes on individual elements

The brief notes on ecach eleuwent given in this section are
merely intended to record some useful facts observed during this work
and which could not conveniently be fitted into the tebles of results.
They include such things as reasons for the choice of a particular line
as the best one (this can sometimes vary with the monochromator used);
choice of the best slit-width for each element; indications of the
range of linearity of calibration graphs, etc. At this point it is
worth noting that with a low resolution instrument such as the SPOOCA,
the selection of the monochromator slit width giving the best
detection limit is particularly difficult. Thiéais because the size
of the emission signal.can be increased (until the noise level becomes
too high) by either opening the slit further or by increasing the
anplifier gain. In regions of low flame background the slit can be
opened fully without causing too serious noise levels, but in other
cases a emall increase in slit width beyond the optimum may increase '
the spectral band pass of the monochromator sufficiently to encompass
a nearby fleme band end cause a sericus increase in signal noise
level, The empirical method used by the author Lo colve this problem

was as follows. At a given slit width, the galvanoneter of the
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instrument was set to zero using the "backing-off' device provided
vhile water was sprayed into the flame. A signal was then
measured for an appropriate solution of the element being determined.
The slit width was then altered and the galvanometer.was rezeroed on
water by using the emplifier gain control (the backing-off control
being left untouched). A new signal from the same solution of fhe
element was then measured. This.was repeated at different slit
vidths and the combination of slit width/amplifier gain giving the
best results was chosen. Operator judgement was necessary in some
cases to decide vhen further increases in signal were accompanied
by too large an increase in signal noise, Also, if two or more
conbinations gave similar signal size, the pen recorder was used to

decide which gave the best signal to noise ratio.

Aluninium gives only three reasonably strong flame emission
lines, even in this strongly reducing flame. These are 3961.5,
394h.0 and 3092.7 R end the latter is much weaker than the other ‘two.
These iie rather close to the CN 3383% band head and with the SPICOA
are observed on a sloping background. The 5961.53 line is the
stronger of the two and lies further from the band head so that it
was chosen. Because of the proximity to the CN band, a narrow siit
Awidth vas needed, 0.0hmm being used for the conventional flame. The
aluminium solution used for measuring detection %}mits was prepared
using aluminium metal dissolved in hydrochloric écid because it was
found that solutions prepared from the sulphate [Alz(SO§)3. 16H20]
gave much smaller signals. A test calibration‘curve vas found to be

linear from 0.3 to 10ppm.

Beryllium gives only one strong flame emission line, at .
2348.6R. The low flame background from the separated flames in this
region allowed the maximum slit width of 2.0mm to be used, but this
hzd to be reduced. to 0.3mm in the conventional flame. A linear

calibration curve was observed up to 10ppm.
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Holybdenum gives its principal flame emission lines at
3132.6, 3170.3, 319k.0, 3798.3, 3864.1 and 3903.08. The .
3864.1% line lies right on the 3883§ band and cannot be used. 3798.3
and 3903.03 lines are the strongest of the others buﬁ lie too close
to the CN band to be detected by the SPSOOA unless very strong
Solutions and a narrow slit width are used. The other three lines give
approximately the seme emission intensities but 3132.6 lies between
the OH (30894) and CH (3143} ) band heads and 3170.3 also lies on a
strong part of the OH band. Therefore, the 3194.05 line was chosen .
as the most suitable (with a better monochromator such as on the AAh,
the 3903 X line would probably give better detection limits). A slit
width of 0.065mm was used with the separated flames but was reduced to
0.0hmm with the conventional flame because of the high noise level
from the OH band. '

Niobium pgives a number of relatively strong emission lines in
the nitrous oxide~acetylene flame. The most intense group is
4058.9, 4079.7, 4100.9 and 4152.6% and of these the 4058.9% line is
the strongest and lies on the most level background. It was found
that the slit width had little effect on the size of the signal and
0.02rm was chosen for the unshielded flame and 0.03 and 0.0hkmm for the

argon and nitrogen separated flames.

Silicon gives several strong lines in the U.V. region of the
spectrum, not all of which can be resolved with the SP90O
monochromator. The main ones are 2881.6, 2528.5/252k.1,
2516.1/25M.3 and 2506.9% and of these the most intense pesk is
2516.1/2514.3. Because of the relatively low flame background
emission at this wavelength, a wide monochromator slit could be used;
0.25mm being chosen for the conventional flame and 1.0mm for the

separated flames.

{
Titaniun gives two main groups of strong emission lines in
e p———

this flame. The first (and more intense group) is made up-of
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3998.6, 3989.8 and 3958.2/3956.%), and of these the strongest is
3998.68.  The second group is made up of the 3653.5, 3612.7 and
3635.5% lines and of these the 3653.5% line is slightly more intense.
Although the 3998.64 line is much more intense then 7653.5%, the
latter lies in a region of much lower flame background intensity so
that both lines gave similar detection limits. Because of these
differences in background emission a slit width of 0.03mm was used at

3998.6%. vhereas 0.05mm was possible at 3653.51.

Vanadium gives a large number of atomic emission lines, the
strongest ones in the nitrous oxide-acetylene flame being at 4488.9,
4408.5/4506,1 and 4379.2%. The latter is the strongest and as the
flame background is no worse for this line than the others it was
selected as the optimum wavelength. The optimum slit widths were
found to be 0.Olnm for the conventional flame and 0.05mm for the
separated flames.

Tungsten gives several emission lines above 40005, but by far
the strongest of those in this flame is 4008.8A. This also lies in a
region of reasonably low, level background in the séparated flames so
it was chosen for tungsten determinations. The slit width was found
to have little effect on the sensitivity and 0.02mm was chosen for the
conventional flame with 0.04 and 0.0S5mm for the argon and nitrogen
sgparated flames. It was found that the tungsten emission signal
depended quite strongly on the concentration of hydrofluoric acid
present, Best results were obfained by using 1ml. of LO%
hydrofluoric acid per 100ml. of 5, 10 or 20 ppm solutions (plus the

trace already present from diluting the stock solution).

Zirconium gives a relatively large number of lines in the
nitrous oxide~acetylene fleme. The stréngest ones lie at 3764;h,
3601.2 and 35k7.7&, but all are in regions of noisy, steeply sloping
background emission and are not suitable for use with the low
resolution monochromator of the SP300A. The next most intense lines
are at 3663.7, 3623.9 and 3519.6X and of these the latter probably

gives the best compromise between high intensity and lov noise levels.



Tt allowed a slit width of 0.03mm to be used with the conventional
flame and 0.06mm and 0.08mm with the argon and nitrogen shielded
flames. The calibrations were observed to be linear up to 100ppm.
It wés found that, as with aluminium, addition of sulphate gave a

large depression of the emission signals.

Detection limits

The detection limit of each element studied was measured
in the conventional and nitrogen and argon separated flames. This
was done by recording a signal using a solution of the metal which
was relatively close to the detection limit then calculating the
concentration in ppm which would give a signal to noise ratio of 2:1.
The mastimum damning provided by the SPIO0OA was used, but no extra
damping was provided to the recorder output: so that realistic
time~constants were maintained. The results are summarized in
Table b-l,

Table b=l

Flement Wavelength Detection Limit (ppm)

(i) Conventional Nitrogen Argon
] 3961.5 o 0.0k 0.02.
Be 2348.6 1.5 0.3 0.15
Ho 3194.0 20 0.5 . 0.3
b 4058.9 0.5 0.09 0.06
Si 2516.1 60 10 6
Ti 365345 7 1 0.5
Ti 3998.6 5 0.4 0.2
v L379.2 2 0.08 0.05
L} 4008.8 10 0.8 0.4

Zr 3519.6 9 2 1.2

171.
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L .2,k Conclusions

An extensive study has been conducted on the effect of
separation of the nitrous oxide-acetylene flame on tﬁe flame
emission signals from the so=called refractory elements. It has
been shown that with a flame sﬁectfophotometer such as the Unicam
SPOCOA, this technique results in imorovements in detection limit
ranging from 7 to 6C-fold (depending on the element being determined).
Experimental evidence has also been obtained on the reasons for these

improvenents, the conclusions from which may be summarized as follows.

1. Flame separation greatly reduces the amount of OH and CO
emission received by the SPOOOA detector over a wide range of
wavelengths. The reduction in signal noise associated with this,
combined with the fact that flame separation allows less fuel rich
nixtures to be used, gives a considerable improvement in the signal

to noise ratios recorded for all of the refractory elements. This is
in spite of the fact that separation actually increases the strength
of the CN, C, and CH emission observed from the interconal zone of the’
flame and that it decreases the absolute emission signal observed at

some analytical lines in the ultre-violet.

2. Further, the improvement in the reducing power of the flame
resulting from flame separation produces é higher-concentration of
refractory metal atoms in the flame and, in the'éase of the SPS0OA,
it is possible to observe these free atoms over a wider area of the
flame. This means that in spite of the drop in flame temperature
associated with flame separation, an increase in the absolute
emission intensity is actually observed for many of the refractory

elements.

3. The approximately two-fold improvement of argon separation
over nitrogen separation observed with the SPOOOA has been shown to

be caused by two main factors, Firstly, monatomic argon removes
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less heat from the flame than diatomic nitrogen, thus causing a
smaller drop in flasme temperature. Secondly, argon appears to
cause less disturbance to the flame gases than nitrogen, possibly
again because of its lighter weight. The effect of this may
tentatively be said to result in less entrainment of air and
dilution of the reducing atmosphere at the outside of the flame.
This is observed as an increase in the overall size of the red zone
and hence of the "useful" flame area viewed by the monochromator of
the SPSCOA. It is also possible that to a small extent some
improvement of reducing nature is obtained throughout the red zone

(since the rates of diffusion of 211 species concerned are extremely

high).

L. _ When a high resolution monochromator and elaborate -
focussing system are used, as with the Techtron AAL, the effects of
reduced signal noise and larger useful flame area are no longer so
pronounced. However, the enhanced reducing power of the flame is
still important and this combined with a useful (if.SOmewhat smaller)
reduction in signal noise is sufficient to retain the analytical
utility of flame separation. This is, indeed, borne out by the

results to be presented in Section 4.3).

ho3 The Use of The Separated Nitrous Oxide~Acetylene Flame

For The Removal of Interferences In Flame Emission

Snectrosconx.

he3.1 Introduction

The work presented in Section 4.2 has shown how separation
of the nitrous oxide-acetylene flame extends to flame emission
spectroscopy its utility for the determination of refractory elements

vhich had previously been reported by other workers for atomic
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absorption spectroscopy. Another well known application of the
nitrous oxide-acetylene flame in AAS has been for the determination
of those elements vhich are particularly prone to chgmical
interferences in cooler, less reducing flames. The classic exemples
of this type of element are calcium and magnesium.  Their
determination is essential in'a wide range of sample types, ranging
from biological fluids to mineral ores. In almost 211 cases these
determinations are necessary in the presence of large concentrations
of elements and anions which cause severe interferences in ‘
conventional flames (particularly with calcium) = e.g. Al, PO, ,

Fe, Na, V and each other. Although some of these interferences are
spectral in nature, most of them can be attributed to the presence in -
the flame of stable species (e.g. mixed oxides) which prevent the
formation of free atoms of the element being determined. Amos and
Willis122 indicated in their first full paper on the use of the nitrous
oxide~acetylene flame for AAS how its highly reducing atmosphere was
capable of breaking down these species and removing‘many of the
interferences observed in the air-acetylene flame. Shortly
aftervards, Manning and Capacho-Delgado123 illustrated that most of
the interfercnces still observed in the nitrous oxide flame were
jonization effects and could be removed by ensuring that an excess of
an easily ionizable element (e.g., potassium) was always present.
Fleming 12k showed that several elements still interfered with
magnesium (which does not give significant ionization), but that this
could-be avoided by diluting the nitrous oxide with the correct
percentage of air to give a flame of exactly the right temperature.
In the past year or two many vorkers have reported that the alkaline
earths may be determined by AAS with a nitrous oxide-acetylene'flame .
in a wide variety of matrices without elahorate sample preparation.
For example, Taylor and Belcher125 found that by using the nitrous
oxjide-acetylene flame they could determine calcium and magnesium in

steels with good sensitivity and freedom from interferences simply by
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adding 1500ppm (Sr + Na) to samples. The most detailed study of
interferences to be observed in the AAS determination of calcium

and magnesium is that by Ramskrishna et. al.126.

Obviously, all of these advantages reported for AAS will
also apply to atomic emission spectroscopy. As with the determination
of the refractory elements, this fact occurred to both the present
author and to Koirtyohann and Pickett (see Section 4.2.1).  Shortly
af%er the work described below was completed, these authors reported

127

in some detail on the use of a conventional, long path nitrous
oxide~acetylene flame for the determination of Ca, Mg and the other
alkaline earths by AES. As mentioned earlier (Section 4.2.1) the
main difficulty with using this flame for emission work is the high
background intensity and noise, and Koirtyohamn and Pickett overcame
this by using a specially built instrument with a high resdlution
monochromator and high gain amplifier, In the present work, the
alternative approach of flame separation has been used, thus allowing
a conventional flame spectrophotometer (the Techtron AAL) to be
employed. It will be shown that AES provides‘a simple determination
of calcium and magnesium with good sensitivity and the same freedom
from interferences as AAS. Iron has been studied under the same
conditions, both as a "control" element and because its determination
is often required in the same semples as the alkaline earths. In all
¢cases a full comparison with the air-acetylene flame has been made =8
this is also useful for the determination of these elements if
interfering species are absent and it is desirable to compare fully

the relative merits of the two flames.

k3.2 Txperimental

Apparatus

The work with-calcium and magnesium was carried out with the
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shortened circular separator described in Section 2.4.2. This was
used with a standard leker-=type head for air-acetylene flames and
with the special head described in Section 2.4.3 for nitrous
oxide~acetylene flames. Both burner heads vere fitted with brass
adaptors so that they could be fitted directly into the burner/
atomizer unit of the Techtron AAl spectrophotometer with which this
work was carried out. Apart from the burner, this instrument was
used in its standard form, one of the lenses supplied for AAS being
used to focus the flame on to the monochromator entramce slit. .The
detection system was used in its D.C. form, as described previously.
A Servoscribe chart recorder was fitted for the measurement of
detection limits. Calibrated rotameters were used to control the
air, nitrous oxide and acetylene flow rates. Sample solutions were
sprayed via a Techtron adjustable atomizer using either air at 15 psig
(6 1./min,) or nitrous oxide at 10 psig. (&4 l./min.). The acetylene
flow rates requires for the various elements and flames are given in
Section 4.3.3. '

Reagents '

Stock 10,000ppm solutions of the elements to be studied
were prepared as shown in Table L.5, using analytical grade metals
or their salts. ' ) ‘

Table bw5
Element A.W. Compound Used M.W.  Wt. taken® Dissolved in

Ca 40,1 CaCOx 100.1 12.5 gnm. 0.5N HCL
¥g  2bh.3  HgCl,. 6H,0 203.3 11.8 Water

TFe 55.9 Flectrolytic iron - 5.0 0.5 HC1

powder

Al 27.0  Analar metal foil - 5.0 3.5 HC1
Na 23.0 NaCl : 58.5 12.7 Vater

K 39.1 KC1 4.5 9.5 Water

PO, > - Analar phosphoric - - -

acid (H;POI,)

(* For 500ml. of 10,0COppm solution).
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A1l the solutions (except the phosphoric acid) have the
chloride ion as their common anion. This was chosen
because.:

(a) Previous workers have shown that this is the only
common acid anion which does not interfere with Ca and Mg
determinations even in the cool air-hydrogen flame (see
for example Ref. 128).

(b) It is often vnresent in high concentrations in samples

used for Ca and Mg determinations (e.g. blood plasma).

There is some confusion in the literature as to which svecies
should be used to exnress the concentration of the interfering
ion when measuring the effect of vhosphoric acid on Ca., Mg, etc.
To avoid this here., 21l vhosvhate solution concentrations are
given as molarities and the apvroximate relations to vpom

"(PO,7)" and pom "P' are shown in Table L-6.

Table 46
Molarity of H3FO, Approx. ppm PO,3" Avprox, ppm P
0.0001 T 0.33
0.001 10 3.3
0.01 100 : 33
. 0.1 1000 330
0.5 5000 T 1650
1.0 10000 3300
L.3.3 Results

.Optimum conditions

The instrumental and flame settings giving the best

sensitivities and detection limits for the three elements are

surmarized in Table 4-7. The optimum flame heights are not quoted
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because it was found more convenient to optimize the position of the
flame each time before taking a set of readings. The fuel flow
values given in Teble L4-7 were also used with the interference
neasurements so that a completely fair picture could be presented.

This was sometimes a disadvantage as explained later.

Table 4=7

Condition Ca Mg Fe
Wavelength of line () 4226.7  2852.1 3719.9
Monochromator slit width:

Air-acetylene flames (p) 100 125 125
Nitrous oxide-acetylene 50 125 125
flames (M) ‘
Acetylene flow rate (l./min.):
Air-acetylene flames 0.83 0.70 0.73
Nitrous oxide-acetylene flames 1.52 1.56 1.48

Detection limits

These were measured for all three elements in all four flames
(i.e. conventional and separated air-acetylene and nitrous oxide-
acetylene). The resulis were calculated on the basis of a signal
to noise ratio of 2:1. The amplification of the signal was
increased until the noise level was easily measurable (using both the
Techtron amplifier gain control and, if necessary, the sensitivity
contrel of the Servoscribe recorder). The detection limits obtained
are summarized in Table k-8. It can be seen that, merely from the
point of view of the best detection limits, the air-acetylene flame
is superior to conventional nitrous oxide~acetylene for all three
elements. This is entirely due to the high noise levels of the
latter and if the separated nitrous-oxide-acetylene flame is used it
offers a very worthvhile improvement in detection limit for Ca and Mg

and only a small increase in detection limit for Fe.
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Table L8
Flame Detection Limit . (prm)
Ca* Me Fe
Conventional air-acetylene 0.022 0.235 0.715
Separated air-acetylene (N,) 0.008 0.235 0.50
Conventional N,O-acetylene 0.03 2.1 5.0
Separated N,O-acetylene (N,) 0.0017 0.1 2.06
" " " (Argon) 0.0027 0.077 1.1

(* A1l values in presence of 1000 x excess of K+ to suppress ionization).

Interferences

The detailed interference studies made for each element are
summarized in tabular form. Unless otherwise stated, all readings
were zeroed using distilled water. Alse, all readings shown are
normalized to a value of SO.with no interfering anions present. This
makes the trend of the results easier to interpret but, of course,
prevents comparisons between relative signal strengths of the
different flames. Some brief explanatory noteé are given after each
table as to the types of interferences observed and any special

circunstances are noted. The key letters used in each table are:

A: Conventional air-acetylene flame.
B: Separated air-acetylene flame.
C: Conventionsl nitrous oxide~acetylene flame.

D: Separated nitrous oxide~acetylene flame.

(a)  Calcium ,
All readings were tzken using lppm Ca. Except for the test for
K interference, all Ca solutiens including the standard contained an
excess of 1000ppm K to suppress ionization. This allows all the
interferences recorded for the other elements to be unaffected by

changes in Ca ionizatiecn. The readings are given in Table L=9.



Table =9
Interfering Concentration Relztive Signal
Element A B o . D
- - 50 50 50 50
K 10 ppm . 80 80
" 50 923 92
" 100 96 95%
" 500 96 95%
Hg . 10 59 66 523 51
" 100 63 74% 52% 52%
Al 5 8 51% 50%
" 10 b 113 50 49
i 80 48 50 Shd 52%
Fe 50 Lot 43 50% 50
" 100 43y W7 50% 51
" 500 4 30 b9 503
" 800 37. ' 26 50 - 50
* r0,% 0.0001M h8% 43 49 hot
" 0.0005 L7 i3 50 503
" 0.001 L6 39 493 49l
" 0.010 39 3h 3 16
" 0.015 ko 3k 43 L
" 0.100 263 . 192 I 40
" 0.500 20 173 32 33
(f Results were corrected using a blank solution for the zero

reading because of Ca in the phosphoric acid used)e

130,
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It can be seen that all the elements give serious interference
in the air~acetylene flame, lig giving an enhancement of signal and
Al, Fe and FO, a depression. The interferences caused by Mg, Al and
Fe are almost completely removed wvhen the nitrous oxide-acetylene
flame is used and that due to PO, is greatly reduced. It was found
that by ﬁsing a much more fuel rich nitrous oxide flame (i.e. more
reducing), almost all interference by the FO, could be removed as well,
although this advantage was off=set by a poorer detection limit.

The interference caused by lig is due to band emission from MgO
and MgOH, The depression caused by the other elements is due to
the formation of complex mixed compounds and is well known. The
result with Al whereby the depression decreases as the Al .
concentration increases is most odd. If it were due to the presence
of Ca in the Al solution, one would expect a large enhancement of
signal in the nitrous oxide.flame and this was not observed. One
possible explanation is that when excess Al is present the complex
formed between the two elements and oxygen starts to break up releasing
Ca atoms. This has been discussed in detail by Herrmann and
Alkemade(Ref. 119, p. 302ff.).

(b) Magnesium ) )

A1l readings were taken using 10ppm lg. The results are éiven
in Table L=10. "

It can be seen that interferences in the air-acetylene flame are
much less serious than for Ca and that there is no ionization effect,
even in the nitrous oxide flame. Ca and PO, do not interfere at all,
and the interferences from Al and Fe are not too serious. A1l
interferenées are removed by using the nitrous oxide-acetylene flaﬁe..

The depression of the Mg signal by Al is caused by compound
formation. This has been studied in detail by Harrison and Wadlin129.
They conclude that the interference is caused by the formation of the
spinel Mg0.A1,;03, and-they too found that the nitrous oxide flame

would brezk dovm the spinel if conditions were carefully chosen. They
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also point out that under certain fleme conditions this type of
interference can appear as either am enhancemént or depression of
the signal, but offer no explanation. This was in fact observed
by the author for the effect of Fe on the Mg signal in the aire
acetylene flame (see Table L=10).

Table =10
Interfering Concentration Relative Signal

Rl ement A B C D
- . - 50 50 - 50 50
K 100 ppm 50 50% 50 50
" 500 43 43 437 48
" 1000 50% 50 50 50
" 5000 51 50% 51 51
Ca 100 52 50 50 50
" 500 .50 49% 50 . 50
" 1000 52 51 50 - 50
A 100 L5 LT 50 50
" 500 41t . g 52 50%
" 1000 25 Lo 50 50
Te 100 55 56 50% 50%
" 500 n6} bl . 50 50
n 1000 513 52 50 503
TO, 0.001H 50 50 50 50
" 0.01M L9 51 52 503 ’
" 0.1M iy 50 50 L9l :
" : 0.5M 50 49 50 L5l

(* Results were corrected using a blank solution for the zero

reading because of g in the Ca stock solution).
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(¢) Iron
A1 readings were taken using 10ppm Te. The results are
given in Table 4-11.

Table b=11

Interfering Concentration "Relative Signal

Ilement . A B C D
- - 50 50 50 50
K 100 ppm 51% 52 51 52
" 500 491 50 50 50
" 1000 50 508 50 50
" 5000 50 50 503 50
Ca 100 53 54 503 50
" 500 58% 58 52 52%
" 1000 67  67% 56 56}
Mg 100 100 96 50 50
" 500 140 >200 51 50
n 1000 >200  >200 57 58
AL 100 50 50 50 50
" 500 512 52 51 51%
" 1000 53 52 50 50
FO, 0.001M 5k 55 50% 50
" 0.01 . 53 62 50 50
" 0.1 60 60 51 51%

" ) 0.5 75 74 50 50

It can be seen that again there is no ionization effect and
that Ca and Mg show only a small interference in the nitrous oxide=-
acetylene flanme. This could be removed by using a nore reducing
flezre (i.e. more fuel rich) at the expense of a worse detection limit.

In the air-acetylene flame, Al gives only a small interference but
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Ca, Mg and PO, give large enhancements of signal. These are due

to bend emission coinciding with the Fe atomic line. The species
primarily responsible for the 5and emission are Cao,.HgO/HgOH and

HPO/FO.

L. 3.l Conclusions

The results presented have shown that the determination of
Ca and Mg by flame emission spectrometry in the presence of a
nunber of important extraneous ions presents considerable difficulty
vwhen the air=acetylene flame is used as a source of atoms., This
difficulty has been largely overcome by the application of the
separated nitrous oxide-acetylene flame to the problem. The use
of this flame removes almost all of the interferences froﬁ‘elements
vhich are important in biological and metallurgical samples, and
at the same time affords a considerable improvement in detection
limits over those obtained with the air-acetylene. TFurther, it has
been shown that elements such as Fe vhich are also important species
in the samples mentioned (e.g. Fe, Co and Ni in steél samples) may
be determined simultaneously with good sensitivity and freedom from
interference. This capability should provide a useful alternative
to the widely quoted AAS 'methods, especially in laboratories vhere

such samples are only encountered occasionally.
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Chapter V

The Application of Separazted Flames

To Atoriic Absorvntion Spectroscopy

It should be obvious from the work presented in Chapter IV
that one of the major advantages of applying separated flames to
emission spectroscopy is the large reduction in signal noise levels.
This advantzage is no longer velid in many AAS applications because
the use of high intensity sources and modulated detection systems
(see Section 1.3)has effectively banished flame noise. However,
there are still one.or two AAS appliications in vhich separated flames
can offer an advantage over their conventional counterparts and the
most obvious examples are studied in detail below. These applications
to the determination of arseénic and selenium and of the refractory
elements were chosen by the author as the most useful at the present

time; vhen the occasion arises others will doubtless be found.

5.1 The Nitrosen Separated Air-Acetylene Flome For The Determination
. .. 130
of Arsenic and Selenium -~

5.1.7 Introduction

The.determination of arsenic and selenium by flame emission
spectroscopy is extremely difficult because the resonance lines of both
elements require excitation energies above 6eV, vhich is unobtainable
with normal flames. In fact, the only reported direct determinations
by this megh%d ?%gcar to be those of arsenic by Deans amd

15,

cc-workers ‘By using the arsenic chemiluminescent emission



obtained from the reaction zone of a fuel-rich oxy-acetylene flame
when organic solvents are aspirated, they were able to obtain a
detection limit of 2.2ppm at the 2350 A line. i

The application of AAS to the problem has improved matters
but up to now not to the significant extent observed vith elements
such as zinc. Two reasons can be put forward to explain this. First,
the preparation of hollow cathode lamps for As and Se has so far
proved to be rather difficult,mainly because of the volatility of
the elements: Secondly, the most sensitive absorption lines of both
elements lie below 20008 in a region of high background absorbance
for the commonly used flames, This has aggravated the problem of
the rather dim hollow cathode lamps and the high level of flame
noise has led to poor detection limits. In spite of these -
difficulties, successful determinations using hollow cathode laﬁps
and air-acetylene flames have been revorted in the literature. Tor

32

exzmnle, Slavin, Sebens and Sprague1 were zble to obtain a
sensitivity of 2ppm for As at 19375 and Chakrabarti133.ha§ reporited
a sensitivity of 0.72ppm for Se at 1960A, '

Several workers have attempted to improve the detection
limits by using a hydrogen-argon-entrained air flame which gives
much iowgr background absorhance and noise in the regioﬁ of the As

134,135

and Se resonsnce lines This flame works well with samples
in pure solution, but unfortunately its low temperature results in
chemical interference from many species, especially if a turbulent,
135,136

total consumption burner is used Attempts have also been

made to improve detection limits by using an electrodeless discharge
tube to give a much brighter source e.g. Menis and Rains135 have
obtained a detection limit of O.1ppm for As and Rann and Hamb1j137
obtained lppm for Se, The most.successful results using EDT's

were by Dagnall, Thompson and Vest. They have obtained detection
138 in an airepropane flame of 1.0ppm by AAS and 0.25ppm

by AFS and for 252 in a nitrogen-hydrogen flame of 0.9ppm by AAS and

limits for Se
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0.15ppm by AFS.

In the present study, it was hoped to improve the detection
limits for As and Se without increasing the chemical interferences
by using a nitrogen separated air-acetylene flame, As was
described in Section 2.k this flame gives a much lower background
absorbanee below 2000} without a significant drop in flame temperature.
At the same time, it was decided to use EDI's as the background
source, since the work cited above would suggest that these are more
reliable than the hollow cathode lamps for As and Se available at
the tine.

5.1.2 Experimental
Avparatus

A Techtron AAL atomic absorption spectrophotometer as
described previously was used. The standard air-acetylene burner
was replaced by the separated burner described in Section 2.4.4 and
illustrated in Fig. 2-15. The air and acetylene flow rates were
controlled by calibrated rotameters as usual, the air flow being
maintained at 7 l./min. giving an atomizer pressure of 20 psig. The
EDT's used as line sources were prepared as described by Dagnall,
Thompson and Wes£138’139. For the Se tuﬂe, ca.10mg. of the metal
vwere used in a quartz bulb 3.5cm long with an argon pressure of ca.
0.1 torr. The As tube was prepared using ca. 10mg. of a mixture of
arsenic and iodine (ratio 2:1 W/W) in a buldb Lcm long with an argon
pressure of ca. 1 torr. Both tubes were used without cooling in .
conjunction with a 200-watt microwave generator (2450 Mﬁz) and a
model 210L (3/4-wave) resonant cavity (Electro-Medical Supplies Ltd.).
liodulation of the light at 285 Hz was obtained by means of the .
standard Techtron rotating sector placed between the source and the

flame.

Reagents

Standards were prepared by dilution of 1000ppm stock solutions

of As or Se, |
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1.320é of analytical reagent grade arsenious oxide (As;,03)

was dissolved in 500ml.of distilled water containing a

little sodium hydroxide.

Se

0.9959g of analytical reagent grade anhydrous sodium

selenite was dissolved in 500ml. of distilled water.

Stock 100,000ppm solutions of the anions and cations used for

interference studies were prepared using the compounds shovn in

Table 5-5.

Vhere possible, the cations were used as aqueous

solutions of their salts; vhere the presence of an acid was essential

its concentration was kept to a minimum.

5.1.3 Results

Optimum conditions

A1l variables were optimized in the usual manner.

The

resulting sets of optimum conditions are shown in Table 5-1 and the

effects of EDT power are shown in Tables 5-2 (arsenic) and 5-3

{selenium).

The oscillations referred to in Table 5-2 were

observed as large regular pulses in the output of the tube,

accompanied by a colour change between pink and blue.

They-appeared

to be the result of vapour alternately condensing and vapourising

inside the tube.

Tzble 5=1

Ootimun Conditions Por Determination of Arsenic and Selenium

Variable

Havelength.

Fonochromator slit width

Height of optical path above burner
EDT power

Acetylene flow rate:conventional flame

Acetylene flow rate: separated Iflame

Arsenic’

19374

251

Smm

35 watts
1.5 1l./min.
0.8 1./min.

Selenium

19614

1000

2mm

25 watts
0.7 1./min.
0.7 1./min.




Table 5-2
Lffect of Fower on Arsenic EDT at 1937&

189.

Pover (watts) Signal Absorbance*
20 1 Tube colour pink instead
25 3 of blue
20 6 Still pink and oscillating
35 60 0.230
Lo 30 0.200
50 77 0.170
60 77 0.160
75 65 Tube oscillating; more than before.
Table 5-3

Effect of Power on Selenium EDT at 1961A

Power (watts). Amplifier Gain Absorbance*
20 20} 0.520
25 17,3/4 " 0.500
30 153 0.400
35 S 1% 0.150

(* Recorded in nitrogen separated flame under optimun conditions).

. The selenium EDT was the easier of the two to use, giving a
stable output at all the operating powers tested. However, it can
be seen from the tables that the absorbance for both elements
dropped off quickly if the power was increased very much above the
minimum., This was attributed to line broadening and self reversal

caused by the high volatility of the two elements.
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Bffect of flamne separation on background absorbance

The background absorption and noise lév_els under optimum
conditions are shown in Fig. 5-1 for the arsenic ’193’7ﬁ line and
Fiz. 5-2 for the selenium 1961 R line. It can be seen that there is
a considerable redvction in the level of background absorption on
flame separation, especially for selenium which reqﬁires the same
fuel flow in both flames. The level of signal noise (recorded
with the absorbance set to zero on distilled water prior to
taking a reading) is also significantly reduced at both

wavelengths -—— of the order of three-fold.
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Fig. 5-3 Selenium Calibration Graphs .

Calibration curves, scnsitivities and detection limits

Arsenic was found to give linear calibration graphs between
1 and 100ppm in both the conventional and separated flames. The

selenium calibration graphs, vhich are shown in Fig. 5-3 were found

" to be linear in both flames from 1 to 20ppm but to slope slightly

towards the concentration axis from 20 to 100ppm.

The sensitivities for both elements were calculated for the
two flames from the slopes of the calibration graphs, using the linear
portion for selenium. The results are shown in Table 5-4 together
with the corresponding detection limits. These were calculated on the
basis of a signal:inoise ratio of 2:1, using‘the chart recorder to give

a permanent record of the signal noise levels,
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‘ Table 5=k

Sensitivities and Detection Limits 6f Arsenic znd Selenium

Flame Arsenic Seleniun

Sensitivity Detection Limit Sensitivity Detection Limit

Conventional 1.5ppnm 7.8ppm 0.9ppnm 3.6ppm
Separated 1.6ppm 3.2pom O.6ppnm 1.2ppm

It can be seen that in all cases the detection limit is worse than
the sensitivity. This is rather unusual in AAS and was due to the
high noise level of the signal from the EDT's. However, with both
elenents the reduction in flame noise on separation was sufficient to
give a three-fold improvement in the detection limits. As expected,

flame separation had only a small effect on the sensitivity.

Interferences

The interference effects of various anions and cations on the
absorption of arsenic and selenium were measured in the separated
flames using the optimum conditions established above. ~All
interferences were recorded for 100-fold weight excesses of the
diverse ions using 100ppm solutions of arsenic or¥ selenium. The
results obtained are shown in Table 5-5. After alloving for the
standard deviations in absorbance readings, it was decided to accept
only changes in absorbance greater thaﬁ 0.030 as true interferences.
On this basis, out of 28 potential interferences tested, only 10 -

interfered with arsenic and 11 with selenium.
5.1.4 Conclusions

.Use of the nitrogen separated air-acetylene flame has been

shovm to allow the determination of arsenic and selenium with good



Table 5-5

Potentlal Intorforences on 100 ug/ml Arsonle and 100 2g3/ml Selanjum

fon Compound Arsenic Selonivm
Added Used Absorb. A Abs. Interf. Absorb. A Abs, Intert.
- - 0.320 - - 0.420 - -
NOT HNO, 0.320 —0.002 Nil 0480 0 N1
SO  H,S0,. 0.320 o Nil 0.485 +0.005 N1t
_POS  HPO, 0320 0 Nit 0.430 0 N1
ci~ HCl "0.320 ) Nil 0.475 —0.005 Nl
F HF 0.315 —0.005 Nil 0.483 +0.003 Nit
NH,+ NHCl 0.320 0 Nil 0.485 +0.005 NIt
Mgt Mg(NO3), 0.200 —0.120 - 0.390 —0.090 -
ARH AlCl, 0.215 —0.105 - 0.400 —0.030 -
K+ xcl 0.320 ) Nil 0.450 —0.020 Nit
Catt CaCl, 0.275 —0.045 - 0.375 —0.105 -
Tit+ Ti/HE® 0.290 —0.030 Nil 0.3%0 —0.090 -
v+ V/HF* 0.210 —0.110 - 0.310 —0.170 -
Crs+ KiCr Oy 0.235 —0.085 - 0.340 —0.140 -
M2t MnSO, 0.300 —0.020 Nil 0.475 —0.005 Nil
Fo*t FeCl, 0.230 —0.090 - 0315 —0.165 -
Cott+ CoCly 0.280 —0.040 - 0.395 —0.085 -
N+ Nicl, 0.205 —0.115 - 0.320 —0.160 -
Cut CuCly 0.285 —0.035 - 0.450 —0.030 NIl
Int+ 50, 0.310 —0.010 Nil 0.480 0 Nt
It Zr(SO4)s 0.320 0 Nil 0.480 0 N
Mot (NH):MoO, 0.260 —0.060 - 0.300 —0.180 -
Agt AgNO, 0.315 —0.005 Nil 0.475 —0.005 Nit
Cdi+ cdcl, 0.295 —0.025 Nil 0.450 —0.030 N
Tet+ NasTeO, 0.315 —0.005 Nil 0.480 (1} Nil
Ta$t Ta/HE* 0.290 —0.030 Nil 0.400 —0.080 -
Hg?+ Hg(NO,), 0.320 0 Nil 0.450 —0.030 Nit
PRt PB(NO;), 0.320 0 Nil 0.475 —0.005 Nil
Bit+ Bi(NO3) 0.310 —0.010 Nil 0.455 —0.015 ol

*Pure metals dissolved in minimum 40% HF.
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Sensitivity combined with relatively high freedom from chemical

interferences. This should prove useful in many practical

applications, since the only flame offefing better sensitivity

at the present time is the argon-hydrogen diffusion flame which

suffers interference effects from almost all elements.For example,

Menis and Rains

135

have recently reported the

determination
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of As in cast iron by AAS using this ‘flane. They were forced to
use an extraction with diethylammonium diethyldithiocarbonate
because it was found that 21l elements interfered at concentrations
greater than 1000ppm due to scattering. Further, they found it
necessary to use a stripping process to obtain an aqueous sample of
arsenic because spraying organic solvents caused a new interference

near 1937i from the CH and C, radicals introduced into the flame.

5.2 The Nitrogen or Argon Seperasted Nitrous Oxide-Acetylene

Flarme For The Determination of The Refractory Blementsqgo

5.2.1 Introduction

The nitrous oxide-acetylene flame has already been discussed
in some detail in this thesis and reference has been made to many of
the developments renorted iﬁ the literzture since its introduction in
1965 (see, for example, Sections 1.4, 3.5, 4.2.1 and k.3.1). On
several of these occasions, it was mentioned that by far the most
wide-spread application of the flame has been in its 5cm long slot
form for atomic absorption spectroscopy. ' Since the literature
references on this subject must by now run into the hundreds, it would
obviously be unwise to attempt a review of the subject here. It is
sufficient to say that almost all atomic absorption spectrophotometers
are now available with the nitrous oxide-acetylene flame, either as
standard or as an optional zecessory. Until recently, nost of these
burners were very sinilar to the original one described by WilliSTZO
and published investigations were mainly concerned with extending its
applications. An extensive swmary of these developments and
applications has been given by Willis1h1. The various possibilities
in this direction are now becoming exhausted and several attenpts have

been made to improve the burners themselves, TFor example, attempts



195.

have been made to reduce the burner clogging'associated with fuel-
rich flames by water cooling the burner142 and by cutting away the
top edge of the plates so as to maintain a high temperature and

13

to entrain more air . Attempts have also been made to improve
43, 140
. In the

present work, it is hoped to show that the use of a separated nitrous

detection limits by heating the burner chamber

oxide-acetylene flazme can greatly improve the burner clogging
situation and at the same time give an improvement in the detection

limits of the refractory elements by AAS;

5.2.2 Ixverimental

Avparatus

A Techtron AAL spectrophotoneter was used as described previously
vith its optical bar realigned to allow the standard absorption -
burner head and stand to be replaced by a larger one. This burner
is described in detail in Section 2.k.h. To allow the flame to be
positioned accurately and reproducibly with respect to the optical
path of the instrument, the burner was supported by a stand fitted
with horizontal and vertical screw adjustiients giving an accuracy
better than 0.5mm. The "zero' positions were set by forming an
illuminated image of the monochromator entrance slit over the burner
and aligning the bottom of this image with the top of the burner
plate and with the centre of the burner slot. All vertical
measuremen%s could then be recorded as "the height of the base of
the optical path above the burner' using a scale attached to the
stand.  The Techtron indirect nebulizer and expansion chamber were
retained, but the acetylene inlet to the expansion chamber was
sealed off because the burner used had an independent acetylene inlet
at its base (see Fig. 2-15).

The gas control unit of the instrument was replaced by a set
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of colibrated rotameters fitted with needle valves. The burner wvas
used with a nitrous oxide flow rate of 6.75 1/min. ‘The nitrous
oxide was used to nebulize the somple solutions and this flow rate
resulted in a nebulizer pressure of 22.5 psig. This gave a
solution uptake rate of ca. 5.5 ml./min. and was found to be the
most efficient setting with the ncbulizer employed. Acetylene flow
rates in the range 3.2 to L.6 l./min. were found to be the most
useful for atomic absorﬁtion studies of the refractory elements.
Hollow cathode lamps of the following types were used as the

absorption light sources:-

21, Be, Ge, C : Atomic Spectral Lamps Fty. Ltd.

Mo, Si : tonmic Spectral Lemps Pty. Ltd. High Intensity
Lanps (in conjunction with Techtron XLS.2
auxili ary pover supply). )

Zr : Perkin-Elner Corporation

Ti

Perlcin-Elner Corporation high intensity

"Intensitron' lamp.

A Servoscribe potentiometric chart recorder was used for the

measurement of detection limits.

Rearents

Analytical reagent grade metals or their salts were used to
prepare 10CO or 50COpmpm stock solutions of the i&ﬁs of the elements
studied. Be, Si, Ti and Zr solutions were prepared by dissolution
of the elements in the minimum quantity of 405 hydrofluoric acid and
dilution with distilled water. Al and V solutions vere prepnared by
dissolution of the metals in 1M HCL and 0.5M HNOj respectively.

Ge solutions were prepared from germenium dioxide in 2% KOH and
dilution with cistilled water, while Mo solutions were chtained by
dissolving armonium molybdate in distilled water.

A stock 100,0C0ppm solution of potassium was prepared from

analytical reagent grade KC1,
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Table 5-6

Optimum Operating Conditions For Elements Studied

Wavelength, Slitwidth, Lamp current,

Element nm pm mA
Aluminium 309-27 100 8
Beryllium 234-86 100 6
Germanium 265-16 35 15
Molybdenum* 313-26 50 8t
Silicon* 251-61 50 16}
Titanium 364-27 35 18
Vanadium 318-40 100 20
Zirconium : 360-12 50 20

* High intensity lamps of Sullivan and Walsh type
T Current to auxiliary electrodes 400 mA.

-

5.2.3 Results

Optinum conditions

The conditions giving the best combromise between high
sensitivity and low detection limits (i.e. low signal noise levels)
were established for each element. The instrumental variables
(absorption line, monochromator slit width and hollow cathode lamp
current) are summarized in Table S-6.

The flame variables (height and fuel flow) were studied in
sone detzil over a wide range. The effect for each element of
height of measurement in the flame on the absorbance over a large
part of the red interconal zone is shown in Fig. 5-4. The readings

were recorded at the optirum fuel flow for each element.
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Two differences between the conventional and separated flames are
immediately apparent. First,the pezk absorbance in the
conventional flame is invariably obtained with the base of the
optical path less than 2mm above the burner, VWith the separated
flames this distance may be increased to as much as 6 or 8mm
(eege V eng Ti). Secondly, the rate of decrease of absorbance with
-height is much more rapid in the conventional flame, so that the
effect of shielding at, say,20mm above the burner is extremely large.
These results illustrate how significant is the effect of diffusion
of atmospheric oxygen into the centre of the conventional flame.

The effect of acetylene flow rate on absorbance is showm in
TFig. 5=5. The readings were recorded at the optimum height in the
flame for each element. As showm, the pesk absorbance in the
conventional flane is always obtained with a more fuel-rich nixture
than is required for the separated flames. This is an advantage of
the latter, since rich flames are associated with higher noise
levels and are subject to carbon deposition. Cn the other hand; the
separated flames do show a sharper absorption peak so that the setting
of the optimum fuel flow must be more closely regulated. This was
not found to be a serious problem in practice, however, and was

far outweighed by the freedom from carbon deposition during operation.

Absorntion characteristics of individual. elements.

The following notes indicate the concentration range studied
for each element, the shapes of the calibration graphs; the
existence of any ionization for the metal in the flame, (i.e. whether
the addition of 10,000ppm of K*-to the samples increased the
absorption); and any other significant facts recorded during the work
with that element.

Aluminjum The calibration graphs were linear over the range
5 to 50ppm, but curvature towards the concentration axis occurred from
50 to 200ppm (125 deviation from linearity at 200ppm). The addition
of KC1 gave a sipgnificant increase in absorbance but did not
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significantly alter the shape of the calibration graph for each
flame.
Beryllium The calibration graphs were linear from
0.05 to 2.5ppm; a slight curvature towards the concenfration axis
occurred between 2.5 and Sprm (555 deviation from linearity at Spopm).
This was most noticesble with the conventional flame.
Germenium The calibration graphs were linear from 5 to
200ppm with the separated flames, but only from 5 to 150ppm with
the conventional flame. The latter exhibited slight curvature
towards the concentration axis between 150 and 200ppm (2.3%
deviation at 200ppm).
lolybdenurn The calibration graphs were linear from 2.5 to.
S0ppm, but curvature towards the concentration axis occurred from
50 to 1COppn. This vas only very slight in the separated flames
but quite marked in the conventional flame.(E%% deviation at 100ppm) .
Silicon The calibration graphs were linear from 5 to 200ppm.
The very refractory nature of this element demanded an unusually
high fuel flow for the separated flame. This resuited in an
instability at the ends of the burner slot with the nitrogen shielded
flame; this effect was not experienced with argon shielding. Hence,
the latter gave a rmuch more pronounced improvement in detection limit
than nitrogen shielding. This effect was not found uith the other
elements studied. -
Titanium The calibration graphs were linear from 10 to 250ppm.
The addition of KCl gave an increase in absorbance at all concentrations
of titaniuﬁ.but had no effect on the linearity of the calibrations.
Vanadium The calibration graphs were linear in the range
5 to 1COppm but between 100 and 200ppm curvature away from the
concentration axis was observed (L9, deviation at 200pmm).  The
addition of KCl increased the azbsorbance and resulted in a curvature
touards the concentration axis between 100 and 200ppm (5% deviation
at 2COppn) .
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Zirconiurn The calibration graphs were linear from 500 to
10COppm, but over the range 50 to 500vpm sloped away from the
concentration exis. The addition of KC1 increased the absorbance
but had no.effecﬁ on the shape of the calibration gréphs. In both
instances argon shielding vas found to produce a larger improvement
in absorbance relative to nitrogen shielding than was observed for

the other elements studied.

Sensitivity and detection limits.

These were recorded for each element in all three flames
and the results are listed in Table 5-7. Where appropriate, the
values with a concentration of 10,000ppm K4.(as KCl) present were
also measureds A typical set of calibrations is showm in TFig. 5-6
to illustrate the effect of separation on the sensitivity.- The
linear poitions of the graphs were used to calculate the sensitivity.
The cetection limits were defined as the concentrations giving a
signal to noise ratio of 1:1. They were measured using the chart
recorder and an appropriate degree of scale expansion. Sample
solution concentrations were chosen so as to give less than 5%
absorption (i.e. the range where concentration is linearly related
to percent absorption), and detection limits were calculated by
extrapolation of the signals and noise levels recorded. The fecorder
was denped with a 2000uF condenser so as to provide a time constant

of dcr/second over a chart width of 20cm.

5.2.4+ Conclusions

The use of a separated nitrous oxide-acetylene flame on a
vater cooled burner as described here zllows the determination of the
refractory elements by AAS with much less fuel rich conditions than
usual. This results in lower noiée levels, giving better detection
limits and precision and also removes the scoting up of the burner

experienced with the conventional flame. The latter effect also
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Table 5-7

SENSITIVITIES AND DETECTION LIMITS OBTAINED IN CONVENTIONAL AND SHIELDED FLAMES

Sensitivity, ppm Detection limit, ppm
Element
Normal N, separation Ar separation Normal N, separation Ar separation
Aluminium 1-6 1-3 111 029 0-14 011
Aluminium* 1-4 11 0-98 0-24 012 010
Beryllium 0033 0-026 0-024 0-006 0-003 0-003
Germanium 2-8 24 23 0-20 0-12 011
Molybdenum  0-70 062 0-59 0-18 010 010
Silicon 36 28 2-5 0-45 0-37 0-24
Titanium 41 2:6 2 0-14 0045 0-041
Titanium* 32 21 1-7 0-11 0-036 0-034
Vanadium 2:5 1-7 1-6 0-18 0-053 0-045
Vanadium®* 19 1-4 1-4 0-14 0-04 0-04
Zirconium 16 13 97 0-83 0-38 0-26
Zirconium® 14 12 89 0-74 0-35 0-24

* Results with potassium chloride added to sample. . -

o9
0.8~

o7+

Absorbance

o) ] l l ] ]
o 1.0 2.0 3.0 4.0 5.0
Concentration, ppm.

Fig. 5-6 Calibration Graphs For Beryllium
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increases the precision, but more important is the considerable
reduction in inconvenience during the determination of these elements.
Thus, a significant saving in time is achieved during a routine set
of analyses. If the full benefit of this saving is to he obtained,
it is essential to control the gas flows with reliable rotameters

and needle velves (as was done here) so that resetting of optimunm
conditions is unnecessary during the processing of a set of samples.
A smaller, but still useful, advantage of the flame separation is

the improvement of the actual sensitivity of determinations by
betuveen 15 and 5C% for elements such as Al, Be, Ge, Mo, Si, Ti, V and
Zr. Ixcept for Si and Zr, argon shielding offers no significant
advantage over nitrogen shielding. Since the latter is far cheaper,
it would probably prove the best choice for most routine analytical

purposes.
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Chapter VI

High Resolution Spectroscopy With A Fabry-Perot

Interferometer

6.1 Introduction

iention has already been made several times in this work of
the importance of spectral line widths in atomic absorption and
fluorescence spectroscopy. In spite of this importance and the
great interest in recent years of producing improved spectral
sources for AAS and AFS, very few analytical chenists have attempted
measurements of the actual profiles of the lines from their spectral
sources (see Chapter VII for details).

Testing of a nev source usuelly involves use of a cbnventional,
low resolution monochromator to measure the intensify and stability
of its output. Measurements of absorption sensitivity may aleo be
made under standardized conditions since with conventional analytical
equipment the sensitivity will generally increase with decreasing
line width. Unfortunately, this can provide no more than an .
indication of the processes occurring within the Source and the
information is easily misinterpreted unless the results are evaluated
very carefully. Furthermore, it is almost impossible to correlate
the results with actual measurements of line profiles made by
spectroscopers under quite different conditions.

In view of these facts, a project to study the line profiles
of spectral sources used by snalytical chemists appeared to be most
desirable. A preliminary study soon dispelled any ideas that
accurate measurenment of line widths would simply involve purchasing
a more expensive spectrometer than is usually usced in the department.

The difficulties of obtaining an ultra-high resolution instrument
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vhich is not prohibitively large or expensive and vhich gives a
réaSOnably high light transmission are discussed below.

Even when a suitable instrument has been selected & number
of experimental difficulties remain. The observed profile of the
spectral line always includes a contribution due to the instrument;
the relation between the actual and observed profiles varieé not
only with the instrument but also with the type of intensity
distribution in the source lines. .Hence considerable expertise
is necessary to decide on the broadening factors within the source
before any attempt can be made to measure line widths. TFurthermore,
many spectral lines have a hyperfine structure (see Section 1.2.4)
vhich complicates measurements and mekes it difficult to relate
actual line widths to the gquantities important.in AAS, Thus any
quantitative measurement of spectral line widths requires considerable
background knowledge and a detailed study of each line of each
element - rapid progress through a long list of elements is not
possible. Fortunately, leés sophisticated results are often
sufficient for the analyst and, as will be shown léfer, quite rapid
evaluations of the suitability of light sources for AAS and AFS may
be made by qualitative techniques.

6.2 Historical

6.2.1 High resolution spectroscopy

Barly work on high resolution spectroscopy was mainly
concerned with practical optics. Towards the end of the last
century and during the early 1900's a number of workers were actively
searching for means of obtaining better resolution than is possible
with the conventional prism spectrograph. This resulted in the
introduction and refinement of several new ways of dispersing spectra,

including the diffraction grating, the echelon grating and a number
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of interferometers. Thus, Michelson was first able to view the
hyperfine structure (hfs) of a spectral line in 1881 and the
structures of other lines were published in the literature from time
to time. However, the main interest lay in the instruments
themselves and line structures vere merely used as convenient
examples to show how further progress had been made towards the
three main goals (high resolution, good light transmission and.
coverage of wide wavelength regions without overlap).

This situation changed dramatically in the late 1920's vhen
the introduction of the quantum theory (see Section 1.2.2) and the
discovery of nuclear spin led to a wide interest in hyperfine
structure studies. It was then found that the factor retarding
progress was no longer the lack of instrumental resolving powver but
the non-existence of light sources giving lines intense enough to
study yet sharp enough for all of the his components to be separated.
Thus, for the next twenty or so years most work was concerned with
the analysis of the hfs of large numbers of lines and the development
of spectral sources giving ultra-narrow lines; impfovements to
instruments were largely confined to the level of practical detail.
The more exotic of these sources, such as the atomic beam, are of
little interest in the present work where we are concerned with
routine atomic absorption and fluorescence spectroscopy. Hovever,
some of the earlier measures tzken to provide sharp, intense lines
would appear to have direct applications to AAS and it is unfortunate
that this important branch of high resolution spectroscopy has largely
been overlooked by current workers in this field..

In recent years the situation has once again reversed; by the
end of the 1940's sources had been developed giving lines so sharp
that it was difficult to find instruments to take full advantage of
them. Furthermore, most of the interesting hfs znalyses had been
completed and work was largely restricted to improving the accuracy
of the measured line separations. This has led to a reneved interest

in instrument development and a number of sophisticated interferometers
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have been introduced, often using computers to control their wave-
length scanning or for the interpretation of results. Apart from
this instrument development, the most popular high resolution work
during the past few years has been the measurement of spectral line
widths for comparison with calculated values (to test the theory).
ltiost of these measurements have been'made with simple Fabry-Perot
interferometers rather than the most recent sophisticated instruments.
Before describing further the reasons for the choice of the
instrumental techniques which have been applied to high resolution
spectroscopy, it is necessary to define exactly vhat is meant by
high resolution and to outline the practicel requirements. These

k5

points have been discussed in detail by Tolansky1 and only a brief
sumnmary will be given here,

The resolving limit of an instrument is the smallest wavelength

interval, d\, wvhich can be separated at a particular wavelength (or,
of course, we can use &0 or dv). The actual point at which
separation can be said to céase rmust be defined in a staﬁdard way and
it is usual to use the original value given by Rayleigh (see

Ref. 145, p. 86). For historical reasons the resolving limit of
conventional spectroscopes and spectrographs is usually replaced by

another quantity due to Rayleigh and knownh as the resolving power.

This -is simply A/dX ‘at any wavelength A. With high resolution
instruments it is generally more helpful to quote the resolving limit
and this will be used in the present work.

The resolving limit at which an instrument is séid to be of
high (or ultra-high) resolution instead of just conventional good
quality is obviously quite arbitrary. For present day purposes -a
useful definition is : '"high resolution spectroscopy involves an
interest in the hyperfine structure end energy distribution of the
lines of the electronic spectra which with conventional equipment
would be regarded as single, uniform, sharp lines'. From the
discussion of spectral line widths given in Section 1.2.4 it will be

seen that for most purposes this will reguire a resolving limit



208.

better than 0.055. This corresponds to a resolving power of
100,000 at 50005. Generally, instruments with this capability
would be intended only for high resolution work as defined above,
although the best general purpose instruments used for, say, studies
of molecular band spectra would give a resolving power of this order,

Apart from a very sﬁall resolving limit, there are two
other requirements for a high resolution instrument. First, the
light transmission at the required resolution must be sufficiently
high to allow convenient study of the spectral sources to be used.
Secondly, many of the instruments work by interference (including
diffraction) of light and hence give spectra corresponding to the
order of interference. If these spectra overiap in such a way as to
make individual lines coincide a small resolving limit will be of
little use. Both of these difficulties are high~lighted vhen
attempts are made to obtain high resolution by using a conventional
instrument at its masxtimum resolving power; e.g. a grating
spectrograph used in the third order with 5p slits..

The bhest compromise between these requirements and the
greatest versatility was given for many years by the Fabry-Perot
interferometer and it has been used for the majority of hyperfine
structure investigations. The introduction during the past twenty
years of adaptations permitting scanning of spectral lines has given
it a nev lease of life and this type of instrument is used in the
present worlk, A detailed description of its development will be
found in Sections 6.2.2 and 6.2.3. The diffraction grating offers a
rmach wider wavelength range without overlap and is more convenient
for routine use but its performance has always been restricted by the
quality of the gratings. Although these have improved enormously
in recent years the combination of resolution and light transmission
is still inferior to that of the Fabry~Perot. The reflection echelon
grating offers better performance but gives problems of order overlap

similar to' those of the Fabry-Perot. In any case its high cost has
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restricted its use. It is described by Tolansky145 together with
some other interferometriec devices vhich have had limited application
to high resolution spectroscovy in the past. The nost modern
derivatives of these interferometers have been reviewed by Jacquinot1h6
but, as mentioned earlier, they are extremely complicated vhen compared
with the scanning Fabry-Perot and have not been widely applied to

routine high resolution work.

€.2.2 The Fabry-Perot interferometer

The instrument introduced in 1897 by Fabry and Perot‘w7 is

probably the best knowm of the interferometers and is certainly the
most versatile. In its standard form it has been used for high
resolution spectroscopy; absolute wavelength rieasurements; evaluation
of the metre; determination of the refractive index of gases;
measurement of small displacenents; ete. _

. In spite of this the instrument is simple in design end contains
only a small number of components. It consists of two thick plane
parallel 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 is such that it has 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 transmitted to the far
side. This is made up of a large number of coherent light beams of
different path length so that interference will occur at infinity.
Therefore if the light is collected by a lens (such as that in the
eye) an interference pattern is seen. As explained in Section 6.3,
this is a set of rings because there is circular symmetry zbout the
optical axis.

If the light is monochromatic each ring will correspond to a

different order of interference; with a number of wavelengths in the
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incident light each will give a similar set of rings so that the
observed fringe pattern is extremély complicated. For this reason
it is nearly always necessary to isolate the spectral line of interest
vhen the interferometer is used for high resolution work.  Although
a filter may be suitable for simple spectra;, the classical technique
is to corbine the instrument with a normal spectrograph. If the
spectrum is photographed using light which has passed through the
interferometer, a conventional spectrum is obtained across the
photograrhic plate but it is found that in the perpendicular direction
each line consists of a narrow section of its own ring system. If
there is a hyperfine structure this ring system will contain one set
of rings for each hyperfine component.

Vhen attempts are made to use this ring system to analyse an
unknowvn hyperfine structure, one of the main difficulties of the
Fabry-Perot interferometer becomes obvious, The resolving limit for
a given ekperimental arrangement and a particular wavelength is a
fixed function of the wavelength range which may be covered without
overlap of orders. The wider the plate separation the.narrowver is
- the range covered and the better is the resolution. Since the
wavelength range is usually only 10 to 100 times greater than the
resolving limit (depending on the quality'of the inétrument) overlap
of orders can be a serious problem even for an isolated spectral line.
For this reason the mogt useful type of plate mounting for high
resolution work is one which allows a variable gap with a suitable
means of adjusting the plates for parallelism. The optimum wave-
length range for any spectral line may then be selected.

Even variable mounts are a fairly simple problem and the
pvhotographic Fabry~Perot interferometer has changed little in this
respect since its introduction. The main arca for improvements has
been in the plate surfaces and their coatings. The object is to
obtain a surface vhich is absolutely flat and a coating vhich gives

extremely low absorption of light. (lass plates have been quite
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widely used but quartz or fused silica allow better quality surfaces
and may also be used at wavelengths dovn to 20008,  The flatness of
the plates is usually quoted as:a fraction of a wavelength for green -
light; X green/50 has been accepted as the minimum for good quality
plates for many years. This corresponds to a flatness of about 1004
and, of course, the shorter the wavelength of the line used the worse
is the relative flatness of the plates.. The main improvement has been
to increase the size of the plates (to give a better light gathering
pover) and commercial plates of 5 to 6cm diameter are now available
with this. flatnessf The very best modern plates are flat to lgreeq/
200 with Kgreeq/?O possible for the whole area:of a plate 10 to 15cm
in diameter, Unfortunately these are only produced in a few
specialist laboratories and are very expensive. .

Much greater improvements have been possible in the coatings
of the mirror surfaces. Traditionally the coatings are obtained by
sputtering on a layer of silver or aluminium (i.e. using an electrical
discharge at low pressure). Silver gives between 90 and 98%
reflection in the visible but cannot be used below about 4000i.
Aluminium gives a maximum of about 905 but is much more uniform with
respect to wavelength and gives good results down to about 20008, A
high reflection coefficient is useless if. almost no light is transmitted
and during the first 4O or 50 years of this century the main interest
in Fabry-Perot development was in depositing extrezmely thin uniform
layers of these metals so as to obtain very low absorption of light.
Zven so, the best results which can be reproducibly obtained (with
green light) are about 94% reflection and 5% absorption for silver and
90% and 9% for aluminium. In view of this a major developrent during
the last twenty or so years has been the introduction of coatings
made up of multiple layers of dielectric materials such as ZnS, Mg,F
and FbCl,. In the visible it is quite possible to produce coatings
giving less than 0.7% absorption even with 995! reflection. Although
such high reflection coefficients are not normally needed (see Section

6.5.3) the very low absorption gives an enormous improvement in light



212.

transmission. The combination of resolving power and luminosity
obtainable using dielectric plates is far superior to that which

cen be obtained with even the most expensive grating spectrometers.
Current research on dielectric coatings is concerned with two main
problems. TFirst, each particular coating only gives its optimum
results over a fairly narrow wavelength range of, say SOOA and may
only be usable over 1000 to 20004, Secondly, much poorer results
are obtained in the ultre-violet because of the difficulty of
obtaining sufficiently transparent dielectric materials. Tortunately,
this problem applies to the widely used interference filters as well
as Fabry-Perot plates so that it is receiving considerable attention.
It should soon be possible to obtain excellent results over the whole -

range covered by aluminium mirrors at the present time.

6.2.3. The Fabry-Perot spectrometer

Although the combination of a Fabry-Perot interferﬁmeter with
a spectrograph has been widely used and given exceiient service it has
a number of serious drawbacks:
(i) The rings nay ohly be recorded photographically.
(ii) The rings obey a parabolic law; measuring the
separation of the rings will not give directly
the wavelength separation or widths of -the
components which produced them.  Reduction of
the observations is extremely laborious (see
Tolansky ™2, Ch. 9).
(iii)These reduction methods normally require
nmeasurcments to be made on severzl orders, which
means using rings some distance from the centre
of the pattern. However, the resolving limit
grows larger with increasing distance from the
centre because of lens aberrations, loss of

light beams etc.
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(iv) The intensity of the rings falls off with distance
from the centre so that accurate relative intensity
measurenents are difficult, quite apart from the

need to calibrate the photographic plate;

The problem of photo-électric recording could easily be overcome
using the techniques applied to prism and grating spectrometers-
(i.e. alter the angle of incidence of the light, either by rotation
of the interferometer or of the diaphragm through which observations
are made). _However, this does not remove the other difficulties.
A much better method which removes all of the drawbacks listed above
vas proposed in 1948 by Jacquinot and Dufour1h8. They suggested
replacing 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 optical path length between the two
plates. Each change of A/2 in the optical path results in a scan -
through one order (see Section 6.3.1) so that only minute changes
are needed. If the light passing through the aperture is recorded
photoelectrically a scen is obtained which is linear with respect to
both the wavelength and the intensity of the incident light.  Thus
the laborious reduction of observations neéessary with the FP
interferometer is no longer required. At the same time, a1l of the
aavantages of the FT-P over other instruments are retained and its
optical quality is actually improved by using only the central fringe.
There are two ways of varying the optical path length. Jacquinot
and Dufour1h8 suggested altering the refractive index (u) of the gas
betveen the plates by changing its pressure. This method has heen
used by many workers and most high resolution applications of the
F-P during the past twenty years have employed pressure scanning
instruments. In theory the method is simple because any commercial
photographic F=P may be converted to pressure scanning by placing it in

an air-tight box and there are no special problems of maintaining the
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are encountered:

(i) 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. If larger ranges or more orders are
required either another gas (such as freon) or high
pressures must be used.. _

(ii) It is difficult to change the pressure uniformly with
time so as to obtain a linear wavelength scale.

(iii)Adjﬁstments to the parallelism-of the plates cannot
readily be made during scanning and in any case are
only possible by the traditional methods of viewihg
fringes visuslly. The construction of the vacuum
system often makes this difficult and tedious.

(iv) The windows of the vacuum box lead to light losses.

(v) The fastest scanning speed is usally around 1 order.
per second (to avoid heat effects and uneven pressure
changes). Lven at slower speeds most instrumental
arrengements do not allow continuous repetitive

scanning.

In view of these difficulties pressuré scanning instruments
have not been available commercially and were not considered suitable
for the present project (even though they have been widely used for
the type of measurements envisaged).

The other method of changing the optical path length is simply
to move one of the plates. The main problems are to produce
linearly ana reproducibly movements of the order of a few thousand
Angstroms(i.e. 0.C01mm) while maintaining the two plates absolutely
parallel, Several workers have managed to achieve this with .
mechanical systems based on springs, the most useful instrument
probably being that of Tolansky and Bradley1u9. However, most

interest in this field has been concerned with instruments capable of

214,



- 215.

fast scanning and this is much easier to achieve using a ﬁiozéelectric
transducer to move the interferometer plate. The first really
successful instrument using this principle was designed by Cooper and

Greig 001191,

It was intended for ultra<high speed scanning rather
than really high resolution and was mainly operated at the resonance
frequency (15KHz) of the ceramic transducer. It is the prototype of
the commercial instrument used in the present project and has been
found to work equally well at slow scanning speeds. A more
sophisticated instrument was produced at about the same time by

152

Ramsay . ' He used three ceramic transducers to oscillate the moving
plate with a complicated servo-mechanism linking them so that the
parallelism of the two plates could be maintained. A piezoelectric
F-P designed for use with slow scanning has been described by
Mielenz, et. al.153. They avoided the problems of maintaining
parallelism by having the plates and the transducer permanently mounted
within a quartz tube.

During the last five years a number of workers have produced
F-P spectrometers using change of plate separation, mostly by
plezoelectric transducers and with variable space etalons, Most
report that a major advantage over the pressure scanning instruments
even for slow scanning is the ability to dbserve a line profile on an
o5cilloscope vhile the instrument oscillates continuously. Fine
édjustments to the parallelism may then be made much more easily than
with the stationary interferometer, The instruments are also much
more compact than the pressure scanning type and are certainly more
versatile. As a result of these advantages several cormercial
instruments have recently been introduced, one of which features two
piezoelectric transducers for the non-oscillating plate so that fine
adjustments to the parallelism may be made without disturbing the
instrument. This last feature is particularly important because the
main disadvantage of these instruments over the pressure scanning

type is their susceptibility to vibrations (since one of the plates is
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nov rigidly mounted). Under most conditions they must be placed

on an anti-vibration mounting.

6.3 Interferometry Theory

€.3.1 Interference spectroscopy

The principles of the interference of light are well known and
will not be reveated here. However, it is useful to summarize
one or two topiecs which help to avoid any misunderstanding of the
vorking of the Fabry-Perot interferometer and which illustrate its
similarities with other spectrometers. Several equations needed for
the experimental work will also be introduced. ‘

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. vhich originate from coherent sources. This
generally implies that the origin of the light is a single source and
the different path lengths may be obtained by (a) dividing the wavefront
into two or more parts or by (b) using & semi-reflecting surface to
divide the amplitude of the light beam. With both methods it is
possible to use just two éifferent path lengths (e.g. the Rayleigh
refractonieter for (a) and the Micheleson interferometer for (b), or
meny different path lengths (e.g. the diffraction grating for (a) and
the Fabry-Perot interferometer for (b). In the letter case,
instruments of type (b) are usually referred to as multiple beam or
multiple reflection interferometers.

liethod (a) usually involves the use of Very narrow apertures
or surfaces so that the interference pattern is complicated by a
diffraction pattern (diffrsction is simply interference vhich arises
from mutual interactions of different parts of the same wavefront so
that it can be obtained at a single slit wire, etc.). The classic

example is the diffraction grating. (Although this is generally
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thought of as just an alternative dispersive system to the prism,
other instruments using division of wavefront, such as the Rayleigh
refractometer, are. 2luays classed as interferonmeters). The fringe
pattern is complicated by the combined interference and diffraction
but-if the grating is illuminated normally by light of wavelength 1,
the angles at vhich the principle maxima occur are given by

p(atb) sing = ni ’ (6=1)
vhere a and b are the widths of the two types of spaces on the grating,
P 35 the refractive index and n is an integer known as the order of
interference. The sharp line seen at each maximum is an image of
the entrance slit used as a light source and spectra may be scanned
by changing ©.

Hethod (b) gives a rmore simple fringe pattern because there is
no diffraétion. A1l of the maxima are now of equal brightness and
the equation corresponding to (6-1) is

2ut cos® = nh : (6=2)
vhere t would be the plate séparation in the case of the Fébry—Perot
interferometer. Since the straight line symmetry imposed by the
diffraction grating and its slit source no longer apply, each value of
nAk nov corresponds to a cone of transmitted light rays all of which
make an angle © with the axis. Hence the fringes are seen as a
series of concentric rings. As explained in Section 6.2.3 the T-P
spectrometer uses only the central fringe for vhich 6 = 0. IHence
equation (€~2) becomes- .

2pt = n\ ‘ (6-3)

The change needed to scan one crder with either the diffraction
grating or T-P spectrometers is found by substituting n = 1 into
equations. (6-1) or (6-3) respectively. If the F-P is scanned by
changing the plate separation (and p is taken as 1 in air) it can be
scen that t must be changed by A/2. For either type of spectrometer
the vavelength range corresponding to one order (i.e. the wavelength

range without overlap) may be found by using the fact that if everything

4 .
else is kept constant, two wavelengths A and i’ corresponding to
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orders n’ and n” are related by

n’ )\' - nu )\n . (6_)4_)
Hence

X - ) =X\ (u"- n')/n" (6-5)

Some results of this for A = 5C00} are given in Table 6-1. It can

be seen that

Table 6=1
n' T (o'~ m)/m" (O~ M in A -
1 2 1 2500
3 1/3 1667
9 10 1/10 500 -
99  100. 1/100 50 i
999 1000 1,/1000 5
etc.

the higher fhe order the smaller is the wavelength fange. This is
the only reason for the difference between the two types of .
spectrometer; the diffraction grating spectrometer is used at very low
orders vhereas the F=P is used at very high qrders. The actual F-P
order may be found by substituting the value of t into equation (6-3).
However, the wavelength range is such an important factor with the

F-P that it is generally referred to as the free spectral range (FSR)

and found from the formula obtained by substituting n'= 2t/ into
equation (6-5). This gives
FSR = AL = \%/2t (6-6)
The wavelength range depends on the wavelength and this is inconvenient
for the F-P where it is small and changes rapidly. The problem can
i

be avoided by working with wavenumbers. Equation (6-3) for the TF=-P

then becomes n = 2utoc and by the same method it is found that

——
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FSR = A0 = 1/2‘[; . (6—7)

vhich is independent of wavelength,

6.3.2 Theoretical resolving power..

Ve have already defined the preactical resolving power of
a spectrometer in Section 6.2.1. However, the instruments also
have a theoretical resolving pover vhich assumes that-all of the
optical components are perfect (e.g. infinitely narrow slits,
perfectly flat surfaces, otc.). This depends only on the optical
retardation of the dispersing system and with interferometric
instruments is determined by the maximunm path difference possible
between two rays for which interference occurs, It may be shown that
for all of these instruments the theoretical resolving pover is the -
product of the order of interference and the number of different light
paths.,

Thus for a diffraction grating the theoretical resolving
pover is Found by multiplying the order and the numﬁer of lines on
the grating. Low orders are used with a large number of lines so
that a fairly wide wavelength range can be obtained without overlap.
e.g. a grating with 50,000 lines will give a theoretical resolving
pover of 50,000 in the first order, 100,000 in the second, etc. It can
be seen that there is a limit to the combination of large wavelength -
range and high resolution which may be obtained. Equation (6~1)
shows that n is directly related to @ and (a+b). Since sin® camnnot
exceed 1, the smaller (a*b) becomes (i.e. the closer the lines on the
grating) the smaller is the maximum value of n for the grating.
Therefore to obtain really high resolution with n in the range
10 to 20 it is necessary to use an extremely large grating so as to
have a large number of lines which are not too closely spaced. Apart
from this the diffraction pattern of the fringes means that about

1/n2TT2 of the incident light goes into each order. Therefore in
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higher orders the problem is not sirply one of overlap with other
orders of equal intensity (as in the F-P spectrometer) but with much
more intense orders. The problem is greatly reduced by using

blazed gratings in which the 1vlings are specially shaped grooves.
These can be made so that’for any desired vavelength region most of

the light is concentrated in the order required. Even se¢ this should -
help te illustrate that the diffraction grating is not such an
attractive alternative to the Fe.P as it might appear at first sight.

Vith interferometers a much larger order of interference
is used with many fewer path lengths. Since the resolving power
is still the product of the order and the number of light beams,
instruments such as the MHichelson interferometer with only two beans
are generally greatly inferior for hipgh resclution work when compared
with multiple beam interferometers such as the F-P and the reflection
echelon grating. With the two beam devices and the multiple bheam
ones like the echelon, the number of light paths is known. The
theoretical resolving power can therefore be found with the same
simple multiplication used for the diffraction grating. However, with
multiple beam devices using semiereflecting surfaces (such as the F.P
spectrometer) the maximum number of path lengths possible for one ray
will depend on the number of reflections which can be obtained before
the intensity becomes too low; i.e. the higher the reflection
qéefficient of the surfaces the greater the number of reflections
and the better the theoretical resolving power becomes.

There is no azbsolute number of reflections since the limit
is reached only when the intensity becomes too small to have any
effect. It is, therefore, not possible to define a theoretical
resolving power for the F-P spectrometer using the method above. This
can only be done in terms of a practical resolving limit as explained
in Section 6.2.1. Howvever, it is still possible to have a
theoretical factor based only on the reflection coefficient of the
mirrors and a practical factor taking into account all deviations
from perfect optical quality. To avoid confusion with the resolving

powver of other spectrometers a special factor known as the finesse is
used, -
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6.3.3 The Fabry-FPerot finesse

We shall first consider the "theoretical" finesse of the
instrument. Since this depends only on the reflection coefficient
of the mirror surfaces it is usually referred to as the reflection

‘finesse, Nq. This is calculated using the Airy function which

describes the fringe intensity in terms of the reflection and
transmission coefficients, R and T, of the mirror surfaces. TFor the

transmitted fringes it takes the form

G = <%%ﬁ>z {1 +(%§R)2 sin? HOA} (6-8

where GT is the fraction of the incident light which is transmitted,
0 is 1/A and A is the optical retardation. This is equal to the left
hand side of equation (6-2). Hence, transmission maxima occur when
A = n. Since n is an integer, sin nm is zero. Therefore the
transmission factor at each maeximum is simply

T2 .
Gm :(E:R)z (6-9)
It can be seen that if the plates absorbed no light we should have
T+ R=1, giving Gm = l;.i.e. the intensity of each peak would equal
that of the incident light. This explains why the F-P gives such high
luminosity even though it is working at very high orders of interference.
In practice, of course, the plates always have an absorption coefficient
A giving T+ R+ A =1, Gm may then also be calculated from the

elternative expressions

% =Cif§“R>z - G (6-10)

The resolution of the instrument will depend on the sharpness of

the fringes and this in turn will depend on the rate at which GT falls

to a minimum (obtained vhen sin(ToA) equals unity). From equation (6-8)
it can be seen that this depends solely on the factor 4R/(1-R)2. This
was. therefore termed the coefficient of finesse, F, by Fabry. However,

it is not very useful in practice because it neither has any relation

to the resolving power of other spectrometers nor illustrates the relation

between the resolving power and FSR of the F-P (vhich is very important

with such a small FSR).



222.

In view of this, the finesse, N, is defined as the free spectral
range divided by the observed half-width of a fringe obtained from an
infinitely narrow source line. Thus for NR the half-width used will
be that due to the value of the reflection coefficient. It nmay
therefore be found using the value of A obtained when GT = Gm/2
is substituted into equation (€-8). This gives

¢ = MRS
N, = g (6-11)

{(In the older literature the reflection finesse is often given on
the basis of Rayleigh's criterion for the resolving limit. This

results in the slightly smaller value

_ 2.98%¢
N = SR (6-12)

but is rarely used with the F.P spectrometer. It corresponds to a
resolving limit slightly larger than the half-width of the fringe).
Values of NR corresponding to sone different values of R are
shown in Table 6-2. Also given aré the values of Gm for different .
values of A, It can be seen that, except at very low absorption
levels, increasing R decreases the pezk intensity much more than it
increases the finesse even if the absorption of the plates is kept
constant; e.g. for plates giving 6 absorption, increasing NR from 18
to 38 reduces the pesk intensity 6.5 fold.  The situyation is even
worse if the higher value of R is achieved at the cxpense of an
increase in plate absorption. For example, if the same increase in
N, were obtained by increasing the plate absorption from 2% to 6%, .
there would be almost a 13 fold reduction in the peak intensity. It
will be shown belov that because no instrument is optically perfect
velues of NR greater than 30 to L0 seldom give a significant
improvement in the overall finesse of the instrument. Therefore,
unless the plates give very low absorption (rmuch less than 19%) it is
alvays best to use the minimum acceptable value of NR with the lowest

possible absorption of light by the plates.
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Table G2

(The numbers in the main part of the table are values of Gm){

LA 0.80 0.8k  0.08 oR.9z 0.96  0.98
Np = 141 18.0  24.6 37.6 77.0 156
0.18 0.01 - - - - -
0.1k 0.09 0.02 - - - -
0.10 0.25 0.14  0.03 - - -
0.06 0.49 0.39  0.25 0.06 - -
0.02 0.81 0.77 0.69 0.56 0.25 -
0.01 0.90  0.88 0.8%  0.77  0.56  0.25
0.005 0.95 0.94 0.92 0.88 0.77 0.56
0.001 0.99 0.99 0.93 0.98 0.95 0.50

Deviations from ontical perfection

As mentioned above, the value of NR calculated from the plate
reflectivity would only represent the practical finesse of the
instrument if all 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 (especially when
one is moved to scan fringes). Less important is the finite size of
the scanning aperture vhich adds to the recorded-width of the fringes.

Both of these factors may be expressed in terms of a finesse.

The surface defects finesse, Nb will be affected by the original .

grinding of the plates, the setting of plate parallelism, bowing of the
moving plate due to fixing to the piezoelectric transducer and the
forces on it while it oscillates, etc. It may be shown (Ref. 146,
Section 3.2) that if the flatness of the plates is expressed in the
form A/m then ND = m/2; e.g. if the plates are flat to Agreen/50
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then 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 (plates specified as flat to A/50 at 54615 will
give Ny values of only 18 at 40008 and 11.5 at 25008).-  Some
improvement may usually be obtained by using a stop so that only the
centre area of the plates is utilised. This is because it is easier
to set and maintain plate parsllelism over a small area at the centre
and because commercial plates usually exceed their specified flatness
in this region. '

The scanmning finesse, NF depends on the size of the solid angle

accepted by the scanning apefture used to record the fringes; i.e.
on the diameter of the hole and the focal length of the lens used to

focus the fringes. It is defined as
2.m.Ag

NF = .0 . » (6=13)
where AC = FSR (in cm~').

O = wavenumber of light used (in cm™ ')

{1 = the solid angle associated with the diaphragm hole.

If the radius of the hole is r, tlhe focal length of the lens f and we
define an angle & such that tan @ = r/f, the solid angle is given by
2M(1=cost.) .

Hence,

Ao
NF = 5(A=cosa) — (&1

Tt is difficult to evaluate equation (6-14) directly because @ is
always extremely small. However, this fact allows a useful -
approximation.  Substituting 2sin? a/2 = (1=cos0) into equation

(6-1L) gives ‘

N = Ao .
—_— ’———'.—.T- .
F ~ 2.0.sin%y/2 (6-15)
But for small a, sing - Q. Hence we have
Ag _ 2.0

N

F - 2.0.(0/2)2 -~ o0.a? (6'16{
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But for small o, tan ¢ = o. Therefore,
2.A0

Yo = Gltanay? (6=17)
Substituting tan o = r/f gives
2./ha. £\?
NF = 5 = (6-18)

This approximation wgrﬁs well even for quite large values of r/f
(i.e. small NF); e NF = 1.5 is obtained to five significant
figures.  Some values of Ny obtained using equation (6=18) with

AG = dem™ ', @ = 20000cm ' (i.e. A = 50008) and useful values of r
and £ are given in Table €~3. It can be seen that NF will not be
the limiting finesse since large values are easily obtained. Nf
should not be made unnecessarily large as this reduces the
lpminosity‘of the instrument, but it must be sufficient to cover the

FSR's likely to be used.

Table 6=3
T r(mm)
Lem) 0.1 0.2 0.3 0.5 0.7 1.0
25 625 141 69 25 1% 6
30 900 225 100 36 18 9
55 - 1225 -+ 306 136 L9 25 12
L0 1600 ele] 178 64 33 16
L5 2025 - 506 225 81 iy 20
50 25C0 625 277 100 51 25
55 3025 756 336 121 62 30
€0 3600 900 400 14l 73 36

Practical instrwzental finesse, N

The combination of Np, Np end Np to give a resultant finesse

154

I devends on their relative values. However, it msy be shown

that to a good approximation
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1
2 = 1 + 1 + 1 .. €t 9)
2 I < 2 .
NR I\D NF _

This has several very important consequences:
(i) The maxirmum value of N can never exceed the smallest
of the three component values. IPurthermore, it
would oniy equal this one even if the other two

vere infinitely large, which is unlikely.

(ii) Meking one component very much larger than the others
will only cause a small increase in N. If this
" were done at the expense of the reducing of the light
transmission (e.g. by increasing the reflectivity of
the plates), the smzll increase in N would be.
acconpanied by a large reduction in the luminosity of

the instrument.

The best compromise between high finesse and good luminosity is to
have Np = Ny = .. This gives N as approximately O.6NR (etc.).

In practice it is inconvenient to change Np for each different scan
and usually NF is made sufficiently large so that 1/Nf2 = 0 under
rmost conditions. Then putting NR = ND gives N as about O.?Nﬁ or
O.?ND. Since it is difficult to qbtain Yalues of Np higher than
about 35 even with green or yellou light, values of R greater than
0.92 to 0.94 are unnecessary for most purposes. __The corresponding
&alue of ¥ would be about 25. -

6.1 The Apparatus

6.4.17 The basic interferometer

The instrumentation is constructed around the Hilger and Vatis
N250 Fabry-Perot interferometer vhich, as mentioned earlier, is

based very closely on the prototype instrument of Cooper and Greig.
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(The Gesign and construction of the prototype is described
extensively in part II of Ref. 155). For our purpvoses the instrument

nrovides three basic facilities:

(i) A rigid framevwork vhich supports the interferometer

plates and allows a variable rSR.

(ii) Spring adjusted mounts to allow the mirror surfaces

to be set accurately parallel.

(iii) A piezoelectric transducer wvhich allows the plate
separation to be altered by distances of the order
of A/2 vhile accurately maintaining the mirror

parallelism,

The construction of the N250 interferometer is showm in Flates 1,2
and 3. In the description below the components will be referred
to using notation of the type 2/5, which means the part numbered 5
in Flate 2. '

The base of the instrument is made up of two heavy stainless
steel bars (2/2) held together at their ends by two clamps. These
clamps rest on three adjustable feet (2/3) by which the instrument
may be leveled. The interfercmeter plates and their mounts are
supported in two frames (2/1A and 2/1B) which slide along the steel
bars so that any plate separation from O to 75mm may be used. The
frames are clamped to the bars by capstan screws 23/5) when in the
required position. A sma2ll bar (3/3) with locking screws (3/4) is
Tfitted between the tops of the frames to damp.any vibrations vhich may
occur. Tﬂe frame 2/1A is used to support the piezoelectric
transducer and the oscillating plate and is fitted with three adjusting
screvs (2/h) used to set the exact position of the plate. The other
frame supports the stationary nlate (2/5) and its nount and has three
similar screws (3/1). However, it also carries three other screw
controls (3/2). These alter the tension of the springs vhich hold

the mirror mount to the frame. They therefore provide a very fine
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adjustment and are used to make the final trimming of the plate so
that the two mirror surfaces are exactly parallel.

The method of supporting the two interferometer plates in
their mounts can be seen from Plate 1. The stationary mirror (1/9)
is placed inside a split ring (1/8) which has one side bevelled.
The ring is fitted into a locking ring (1/5) with a matching bevelled
surface. Vhen this ring is screved to the mount the plate is
locked rigidly in place by the contraction of the split ring. (The
conponents 1/6 and 1/7 are spacers used to hold the two plates face
to face for storage purposes). The other plate is cemented with
epoxy resin to one end of the piezoelectric trarsducer (1k4). 'This
is a barium titanate tube of length 75mm and internal and external
diameter of 19mm and 25mm respectively. (The tube in the photographs
is a different one 150mm long). Silver is plated on to iﬁe inner »
and outer surfaces of the tube to form two electrodes to which two
thin copper wires are soldered, as shorm. A rubber '0O' ring inside
a bevelled split ring (1/3) is fitted over the ceramic tube and set
so that it is exactly at the centre of mass of the £ube~and plate.
Two locking rings (1/1 and 1/2) are then added from opposite ends
of the tube and screwed together so that the split ring contracts and
the ceramic tube is locked in place. The larger of the two rings
(1/2) also has an internal thread on the opposite side and this is
used to screw the vhole assembly to its mount. The two copper wires
are supported by two terminals mounted on an insulating block (2/6).
Vhen a voltage is applied across the two wires, the piezoelectric
expands or contracts. This movement moves the interferometer plate
and gives the required change in plate separation to scan fringes.

The interferomcter plates used in the present work were
Hilger and Watts type B358. These are vitreous silica of 26mm
diameter and specified flat to A/50 at 5&61&. The mirfor coatings
were also supplied by Hilger and Vatts. They are aluminium giving
a usable wavelength range of at least 2000 to 8000A. They are

specified only as giving 2% transmission. From the attainable finesse
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at 5&61A (sce Section 6.5) it was estimated that the plates are
probably flat to about A/60 over their central 1cm and that their
surfaces give about 86% reflection and 12% absorption, i.e.

NR = 21 and Gm = 0.02. .

6.1.2 Arrengement of ontical components

The interferometer and all ancillary optical conponents vere
nounted on a 180cm optical bar of the stendard spectrographic type.
This bar was fitted with three feet so that it could be leveled and
rested on antivibration mounts. The interferometer va2s mounted on
the optical bar with the Hilger and Vatts F1565 stand which also
incorporates rubber pads to damp vibrations. The arrangement of the
optical components on the bar is shown schematically in Fig. 6—1..

All lenses employed were of fused silica and the focal lengths
were chosen to give a convenient arrangement of the optical bar, -

It was intended to use the instrument with a variety of sources,
including HCL's, VDL's and EDT's. To facilitate the interchange

of sources the light from the source was fecussed on to & source
aperture which provides a reproducible secondary source for alignment.
PUrposes. Its diameter is arbitrary but. 2mm was useful for studying
gelected areas of the emission source. The sources used for
experiments are described in Chapter VI. Tor setting up and testing
the instrument a mercury EDT was used. The maximum usable diameter
of the interferometer plates is limited to 19mm by the internal
dizmeter of the ceramic tube but it was further reducecd by the use of
2n iris diaphragm to improve the finesse and reduce flare at the lens.
A diameter of 10mn was used for most work. The diameter of the
scanning aperture is very important and 0.5mm was chosen in ccnjunction
with the 300mm lens to give Il = A4y,  This is sufficiently large

to have a negligible effect on the total finesse, N, but only a small
increase in light intensity vould be obtained with a larger hole

because the maximum slit-width of the monochromator used is only 0.Jmm.
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The plate containing the scanning aperture was cemented directly
over the entrance slit of the monochromator which is a Si-Ro-Spec
grating instrument normally supplied with the Techtron AAYL -atomic
absorption spectrometer. It has a reciprocal linear dispersion
of BBA/mm and an aperture of £10. A nine-stage side~window
photormltiplier tube.(Hamanatsu R213) was mounted immediately in
front of the exit slit of the monochromator and used as the
radiation detector.

The 300mm lens used to focus the fringes was placed about
LOcm from the end of the interferometer. This allowed space for
the head to be inserted to study the fringés visually (almost
essential when setting up the instrument). The extra space also
meant that when this lens was removed a Hilger and Vatts N306
fringe intensity viewer cculd be fitted to the optical bar. This
instrument is a highly corrected achromatic telescope focussed on -
infinity and fitted with a Leam splitter and eyepiece. The latter
is in a side tube so that it is extremely convenient for viewing the
fringes, It is also fitted with a scanning aperture and
photomultiplier housing so that it may be used directly with the
scznning interferometer. This was not done in the present work
because of the need for auxiliary equirment to isolate a spectral
line and because the glass optics only allow lines dovm to about
ESOOK to be used. However, the viewer was always used to set the
alignment of the components on the optical bar, as described in
Section 6.5.1. The eyepiece is fitted with a graticule vhich sets
the optical axis exactly 18cm above the éentre of the optical bar.
This corresponds to the centre of the interferometer plates when all
of the recommended accessories are used and all components on the bar.
were adjusted to this standard height. The viewer also incorporates
a lemp to illuminate the graticule. The interferometer plates may
be adjusted perpendicular to the optical axis by viewing the image

of this graticule reflected from them.
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6.4.3 The.electrical system of the spectrometer

(a) The scanning powver supply

Although it is only necessary to alter the length of the
ceramic tube by A/2 to scan one order fairly high voltages are
required to do this. It was found that the plate separation is
altered by about 25k per volt applied to the tube; e.g. at 5461L
about 110v is required to scan one order. In view of this a
conventional signal generator is unsuitable for use in the rapid
scanning mode and a special generator was required. This was
therefore designed to provide both slow and rapid scanning power
supplies. The unit is mounted in a standard "nineteen inch" rack

and is made up of the following modules:

(1) An Aim Electronics PSU 101 stabilised power supply which
provides +20/~20v at 1Amp and +150/-150v at 50mA and is used

to power the other modules.

(ii) An Aim Electronics SSG 212 slow scan generator which provides.
a triangular wave output with a peak to peak voltage
continuously variable from O to 20v. The time taken
to scan one wave (i.e. the peak to peak voltage) is also
continuously variable in two calibrated ranges which provide
frequencies of 1 cycle in 5 seconds to 1 cycle in 55 seconds
and 1 cycle in 50 seconds to 1 cycle in 556wseconds. The

generator may be stopped and held at any required position on

the rampe.

(iii) A Chelsea Instruments TWG10 rapid scan generator which
provides a triangular waveform with a peak to peak voltage
_continuously variable from O to 10v. The frequency is also
continuously variable in two switched ranges of 0.2 'Hz to
16.5 Hz and 6.25 Hz to 500 Hz. This generator also supplies
a fixed amplitude square wave output which is used to switch
off the oscilloscope cathode ray tube during each return trace

(to prevent a double image being seen).
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(iv) A Chelsea Instruments HVA 10 amplifier. This is driven
by either of the above generators and amplifies the
voltage 100 times so that the ceramic tube may be
conveniently driven. It will supply a maximum of
+ 40O volts to the tube, which is sufficient to scan
about 7 orders at 5461} and correspondingly more at
shorter wavelengths. The amplifier is only capable of
following the rapid scan generator up to about 100 Hz and
a distorted waveform is obtained if higher frequencies are
used. The unit may also be switched to an internal
voltage control which provides a manual control of the

voltage applied to the tube over the full range of +400
tO —LFOOV.

(v) An output module fitted with a moving coil DC meter
(0=~25pA, calibrated 0~-500v on a.5-inch scale) to
measure the slow scan -voltage applied to the tube. The
unit is also fitted with a reversing switch for the meter,
input and output connections for the other modules and a
switch to select slow or fast scan inputs for the

amplifier,

(b) The read-out equipment

The R213% photomultiplier tube was powered 5; a Hilger and
Watts FA187 EHT supply unit. This provides a continuously variable
voltage in two ranges of 350V to 1050V and 750V to 2100V, the lower
range being suitable for this type of photomultiplier. The output
from the photomultiplier was switched to either an oscilloscope or
a chart recorder, depending on the scan speed. The oscilloscope used’
was a Telequipment D53A fitted with two independent y-axis amplifiers.
The signal is fed directly into the second input of a type B
differential amplifier. This input features reversed polarity so that
the negative signal from the photomultiplier is displayed on the screen

as fringes which are the "correct way up'. No extra amblificatiqn of
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the signal was required since the amplifier has a sensitivity

range of TmV=5V per cm. and the observed signal is very noiéy even
vhen 5mV per cm is used. The time base of the oscilloscope was
generally 'switched to external and driven by an auxiliary triangular
wave output from the oscillator. This waveform was also fed iﬁto

the input of the second amplifier (type J') so that it could be
monitored when required. The oscilloscope was also fitted with a
"Zemod" input so that the sguare wave output from the oscillator could
be used to blank out the return trace during each cycle.

' At slow scan speeds the DC signal from the photomultiplier was
amplified by a microammeter unit (RCA Type 84C) before being paésed
to a unit providing variable degrees of backing-off and a range of
time constants. The circuit diagram of this unit is shown in
Pig. 6«=2. 5S4 is a single pole switch used to switch off the battery
if the recorder is to be used without any backing off. S, is a double
pole, double throw, centre~off switch which is used to select two
backing-off ranges or to switch off simultaneously the batfery and
the signal. The two ranges provided are 9v to 18v kwhen the fixed
10K resistor is switched into circuit) or Ov to 18v (vhen the 10K
resistor is switched out). Since the same amount of control is
available over both ranges, the former provides a finer degree of
control at high backing-off voltages than would be possible with a
simple 0=18v range. In both cases a ten turn prééision 10K
potentiometer provides the course voltage adjustment and a ten turn
precision 1K potentiometer is used for fine adjustment. The circuit
is arranged so that this fine control allows the same percentage
voltage change no matter what backing off voltage is used (10% on the
0-18v range and 5% on the 9=18v range).

The variable condenser, C, which provides variable signal
damping is actually a wafer switch fitted with condensers so that
o, 5, 10, 25, 50, 100, 250 or 500uF may be selected to provide damping.
In use it was found that condensers up to S0uF had little effect on

the recorder time constant with the present system; factors such as the
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signal size and the combination of amplifier and recorder settings
were much more important. ' With the larger condensers the capacity
used was the controlling factor. The time constants for 90% of
full scale deflection were approximately 3;5, 9.5 and 20 seconds for
the 100, 250 and 500uF condensers respectively. These large time
constants could be used with only extremely slow scan speeds to avoid
distortion of the recorded fringes.

The unit was connected to the chart recorder (Servoscibe Desk
Type) by a twin core shielded cable. The shield was used to link the
metal case of the unit to the earfh terminal of the recorder and
greatly reduced signal noise and drift. The combination of a wide
range of recorder sensitivities (2, 5, 10, 20, 50, 100, 200, 500:V,
1, 5y 20V) with those of the amplifier (X0.01, 0.1, 1.0, 10, 100,
1000) meant that relative peak intensities could be measured over

large variations of intensity.
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(c) Source power supplies

she HCL's were powered by a Techtron FLS1-A power supply unit
of the tyve fitted to the AAL spectrometer. This is able to
provide a 3-25mA DC warm-up output on three channels éﬁd a 3=30mA
stabilized DC output on one chamnel. The VDL's were powered by
2 half wave rectifier commected to a "Variac" adjustable transformer..
The latter was used to vary the current supplied to the VDL's, the
normal range being 0.3 to 1.5A. Since only half-wave rectification
is used, the VDL's could not be normally used to observe a profile
on the oscilloscope. The EDT's were powered by a Microtron 200
microwave generator which provides an output of 20 to 200 watt at
2450 MHz. The generator was normally used in conjunction with a
standard 9ft microwave cable and a 210L discharge cavity
(Electromedical Supplies). The optimum conditions for EDT's were
usuzlly found using the optional portable reflected power meter which

may be connected between the generator and the cable.

6.5 Adjustment and Use of The Interfercmeter

6.5.1 Setting-up

If the highest resolution is to be obtained from the
interferometer it is essential that no unnecessary distortion of the
fringes be produced. This requires that the components on the
optical bar‘be aligned extremely carefully. However, it was found
that the necessary adjustments could be completed quickly and easily
using the following systematic approach.

Initially the interferometer is removed from its stand on the
optical bar and all components on the source side of the system are
positioned approximately by measurement. The fringe viewer is placed
on the bar and the source aperture is illuminated using a mercury EDT

and a green optical filter. The positions of the source aperture and
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the 8cm lens are then varied until a sharp image of the aperture is
seen exactly on the optical axis of the graticule in the viewer. .
The adjustable diaphragm is then placed centrally in the light beam
and set to about 1cm to reduce the flare at the lenses. The final
adjustment to the focussing may then be made.

The fringe viewer is now removed and the 30cm lens and the
monochromator adjusted until a sharp image of the source aperture is
obtained on the plate containing the scanning aperture. The latter
should lie at the centre of the circle of light. The exact position
of the 30cm lens is marked so that it may again be replaced by the
fringe viewer. 'The interferometer is then placed on its stand on the
optical bar but with only the movable plate and ceramic tube in
position. The lamp in the viéwer is now switched on so that an image
of the graticule reflected from the surface of the plate may be seen.
The adjusting screws (2/4) are nov moved until the two images of the
graticule exactly coincide. The interferometer plate is now normal
to the optical axis. The sécond interferometer plate is now mounted,
the approximate plate separation set and the locking screws (3/4 and
3/5) tightened. The illuminated graticule is sgain used to set the
position of the plate, using the screws 3/1.

The two plates are now parallel, but only approximately by
interferometric standards. The fringe viewer is again replaced by the
Z0cm. lens and the head is placed between the interferometer and the
"lens so that fringes may be vieved directly. The screws 3/1 are
again used until a set of sharp conceﬁtric rings is observed. If the
ceramic tube is now oscillated at 20 to 30 Hz and the green filter
removed.it should be possible to see a series of broad fringes on the
oscilloScopé at the 54618 line. The oscillator voltage level should
be set to give four or five fringes and the fine adjustment screws
(3/2) must now be used until the fringes are as tall and sharp as
possible and give approximately equal peak heights in successive orders.
Tt will be necessary to repeat the fine adjustments from time to time

to maintain optimum results.
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The complete resetting of all components should not be
necessary unless one component is accidentally moved. Similarly, -
it will only be necessary to use the illuminated graticule in the
fringe viewer if the plates are demounted. If the pléte separation
is changed, or if the spectrometer is not used for several days, it
vill probably be necessary to reset the parallelism using the screws
3/1 while viewing the fringes visually. In all other cases
adjustments are made using only the fine screws 3/2 while watching
the oscilloscope trace. If care is taken to tension all springs
equally the setting should give optimum results for up to two hours
and the mirrors should remain sufficiently parallel to observe a line

profile for at least 43 hours.

6.5.2 Scanning spectra

With the interferometer accurately set up using the above .
procedure, it was in a sultable form to scan spectra using fhe selected
FSR., Routine testing of spectral sources was usualiy carried out with
rapid scanning at about 25Hz. At higher speeds it is more difficult
to maintain plate parallelism and the sharpness of the peaks is
reduced. At slower speeds much better quality is obtained but "flicker"
of the oscilloscope trace makes study-of the line profile difficult.
Rapid scanning also allows study of the line profile from sources giving
an unsteady output; for exémple, during varmeup. In view of this,
rapid scans at 25Hz were extremely useful for studying the suitability
of sources used in AAS and AFS and some examples of the iechniqﬁe are
given in Chapter VII.' '

The main disadvantages of fast scanning using the oscilloscope -
for readout are the difficulty of making accurate measurements-on the
line profiles andG the fact that low signal noise levels are only
obtained using relatively intense sources., These problems are easily

overcome using the slow scanning mode (say, one cycle per minute or



21,

slover) and a chart recorder. A tracing of fhe scan is then permanent
and immediately available for accurate measurements. It was also
found that slow scanning allowed the use of much less intense sources
without excessively high noise levels due to the signal integration
and demping inherent in the system. Apért from this, the slower scans
result in considerably higher finesse than is possible using the
oscilloscope, Some examples of the accurate measurements and low
intensity levels allowed by slow scanning are again given in

.Chapter V1T,

It should be noted that before -any meaningful results can be
obtained from a spectral source by either rapid or slow scanning a
1iterature check on the required line is essential to determine the
nature of any hyperfine structure (hfs) vhich may exist. If the line
width greatly exceeds the selected FSR it will be extremely difficult
to identify the peaks obtained on the scan unless a full analysis is
made by measuring the actual separations on a recorder chart. Even
if the FSR is sufficiently 1érge, some practice is usually hecessary
before individual peaks can be quickly identified. This is because it
is extemely unlikely that all hfs components of a line will be
resolved, so that each observed peak may be the integrated intensity of
several components. The amount of separation obtained will depend on
both the line broadening in the source and the instrumental width of
the spectrometer. - .

These aspects of high resolution work which apply, of course,
to all types of spectrcmeters, are well illustrated by scans of the
mercury 54618 line. The hyperfine structure of the line is shown in
Fig. 6~3. It is extremely complicated because mercury has six abundant
isotopes and two of these are odd giving an additional nuclear spin fine
structure. The total width of the line is almost 1600mK (i.e.

0.535% at this wavelength)., However, the extreme component (201a) is
very weak and the line may be scanned without serious overlap using
a FSR of 1500mK, as shown in Fig. 6~4.

It can be seen that none of the central components are resolved
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Fig, 6-4 Slow Scan of The Mercury 546714 Line With a FSR of"
1500mK or 0.5A4 (Two Orders)
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but the true structure of the line is easily recognised.

WVhen overlap of orders is used it is essential that the exact
FSR to be used is calculated so that no overlap of the major
components is obtained. Suitable values for the 5461} line are
650mK end 490mK. However, the technique is only successful if the
individual components are fairly sharp and quite widely spaced. That
this is not the case with this line can be seen from the two scans
shown in Fig. 6-5. None of the peaks shown are produced by a single
couiponent and the scans are of little practical use. The components
forming each peak could only be found by accurate measurements of
the separations énd calculation of the theoretical pattern. For
650mK they are (for the three smaller peaks, starting from the left) :
199A-~201h; 201f-201b; 201g-199C. For 490mK the two smaller peaks are
made up of 201-199C; 201f-199A-201g. (The components forming each

pezk are not, of course, all from the same order).

6.5.3 Attainable finesse

As mentioned earlier, the finesse of the instrument is a function
of both the reflectivity of the mirror surfaces and the flatness and
parallelism of the plates (together with the size of the scanning
aperture if this is not made negligibly small). Since both of these
factors vary in relative importance with wavelength, the calculation of
the overall finesse is difficult and it is usually found experimentally
by measuring the instrument profile. Ideally this is carried out by
scanaing an extremely sharp single line, such as that obtained from a
single isotope of even atomic number (i.e. no nuclear spin hfs). Such
a source was'not available during the present work,but a good
approximation may be obtained by scanning any source line using an
extremely large FSR. This is obtained by setting the plate separation
to a few thousandths of an inch.

An example of the results which may be obtained is given in

Fig. 6~6 vhich shows three orders of a scan of the sodium D-lines
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MERCURY: 5481A, FSR 650K (O-19A) -MERCURY: 5461A, FSR 490X (O-15A)

Fig. 6-5 T Slow Scans Made With Overlap of Orders (Two Orders)

(obtained from a Wotan VDL). The plate separation was too small to
measure accurately using a travelling microscope, but the FSR may
be calculated from the order separation of the two lines, Wwhich
corresponds to 6.  The FSR .is then found to be 20} or 58K,

which corfésponds to a plate separation of only 0.086mm or 0.0035".
The finesse calculated by measuring the half-width of the 589OR line
is 18. This means that the limit of resoclution is just over 1k at
this FSR. However,it should be noted that the value of the finesse
will apply to all values of the FSR at this particular wavelength
(provided the plates are reset with the same precision). Therefore,
values of the finesse obtained in this way may be used to calculate
the instrumental line width for line width measurements made at much
smaller FSR: )

In view of the importance of the finesse if accurate
measurements of line widths are to be made, its variation with
wavelength was found by making measurements at a number of mercury
lines. A scan of three orders of the 5461i line (using the same plate
separation as with the sodium D lines) is shown in Tig. 6-7. The

finesse of 17.5 obtained is only possible with a slow scan; under the
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SODIUM D LINES (FSR 204 or 58K)

Fig. 6-6

same conditions-an oscilloscope trace obtained at 25Hz showed.a
finesse of 13. Hence, rapid scanning usually results in
approximately a 20% reduction of the finesse values shown in Fig. 6-8
for the wavelength range 2500 to SSOOA. It can be seen that the
finesse shows a reproducible decrease with decreasing wavelength. The
irregularity in the region of 4000k was quite reproducible (even a
measurement made at the calcium h226.7i line and described in
Chapter VII lay on the curve shown) and is probably characteristic

of the particular plate coating.
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MERCURY : 5461A, FSR 58K (17-3A)

Fig. 6-7
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Chapter V11

The Evaluation of Spectral Sources

By Measurement of Line Profiles

7.1 Intreduction

Over the years many papers have been published on the widths
of spectral lines, concerning both theoretical studies and practical
spectroscopic measurements. The measurements have been used both
to check the increasingly sophisticated calculations of line widths
and for more practical purposes, such as studies of plasma temperatures
or stellar gases. However, as mentioned in Section 6.2, work of.
direct interest to the znalytical chemist using atomic absorption or
fluorescence spectroscopy has been rather limited. A short list of
the most useful of the recent papers in this area should help to
indicate the scope of the work which has been carried out. There are
also many papers by analytical chemists on isotopic énalysis by‘optical
spectroscopy (usually using very large grating spectrographs or pressure
scanned F-P spectrbmeters) and some of these contain useful information
on spectral sources suitable for AAS.

' Several workers have attempted theoretical calculations of line
widths and of the effect on calibration curves of changing the source
and absorp%ion line widths (see, for example, L'vov156, Parsons et. 31.157

158).

and Rann Some of these results are very useful but much confusion

has resulted from their use outside of their original context. Probably
actual practical measurements are of greater interest. In an' early
paper, Russell, Shelton and Walsh159 used an echelle spectrum of the
cadmium 22888 line to illustrate the unsuitability of vapour discharge
lamps as sources for the AAS determination of this element. Shimazu
and Hashimoto1 0 used a pressure scanned F-P to study the relationship
betueen the source line profile from a sodium VDL and the shape of the

. . . 161
analytical calibration curve, Atkinson and co-workers conpared
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Osram VDL's with their own electrodeless discharge tubes for potassium
and rubidium. They tested their suitability for excitation of

atomic fluorescence by measurement of the effects of lamp current and
temperéture on selfwreversal, line widths, hfs intensities and
integrated intensities using a photographic F-P. Bodretsova, L'vov

. \ :
62,163 | cd a pressure scanned F-P to measure line

and co-workers
widths of metals excited in conventional HCL's and those with an
auxiliary high frequency discharge. They also reported that self-
absorption was a major broadening factor and estimated the amount of
absorption from the relative intensities of hfs components, as in the
present work. Yasudaﬁ64 also used a pressure scanned F-P to make a
detailed study of the profile of the calcium 1+226.7x rcsonapcé line in -
emission from a HCL and a flame and also in absorption from both
sources. Unfortﬁnately, some of the assumptions made during the
evaluation of his results appear to Be open to criticism,. Davies165
investigated the mechanism of the Sullivan and Walsh type of high-
intensity hollow cathode lamp by observation of the line profile and
self-absorption of the copper 32&7.53 resonance line’using a pressure
scanned F-P. He also derived an expression (for this particular case)
which relates the amount of absorption given by a sample to the
relative intensities of the hfs groups in the source line (i.e. to the
amount of self-absorption within the source) so that comparisons could ‘
be made with the intensity ratios measured at different lamp currents.
Recently Human and co-workers studies the profile of the calcium
4226.78 1ine from several sources during an investigation of
multielement sources for AA826 and also carried out a theoretical
study166 on the effect of line width on AAS calibration curves.

In the present work, line profile measurements have been used in
two ways to evaluate the suitability of spectral sources for AAS and
AFS. For elements such as thallium, which have a well-defined
hyperfine structure, amounts of self-absorption within the source have
been estimated by visual inspection of the observed profile and by -

relative intensity measurements on the hfs peaks. In the case of
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elements such as calcium, vhich have no hfs detectable on the existing
instrument, evaluation has been carried out by accurate measurement
of line widths and also by visual observation of very serious self-

absorption and self-reversal.

7.2 Estimation of self-absorption effects in thallium sources from

the relative intensities of the hyperfine components.

7.2.1 General

The thallium atomic spectrum is well-suited to the type of
studies envisaged for the present work. It is simple, with a few
well separated and intense lines. Of these, the resonance line at
3775.728 is within the useful range of our instrument and was easily
studied. The well knovn green line at 5350.&63 lies at the optimum
wavelength region for study with the instrument and, since its lower
level lies only 0.966eV above the ground state, shows self-absorption
like thatobtained at the resonance line. Both lines have a well-
defined hfs which assumes a useful and easily recognized pattern with
the resolving power of our instrument., Turthermore, VDL, HCL and
EDT sources are readily available for thallium so that a comprehensive
comparative study is possible. -

The instrumental arrangement used was exactly as described in
Section 6.4. Commercial VDL and HCL sources were employed (VWotan
lamps and Atomic Spectral Pty. Ltd., respectively) but the EDT was
prepared in the laboratory. The vacuum line and method of preparation
used has been described in detail by Thompson167- The tubes were
made by using transparent quartz tubing (Jencons Ltd.) of 8mm internal
diameter and 1.%mm wall thickness with argon as the filler gas.

EDT's were prepared using extremely small quantities (less than Smg) of
thallium metal, thallium metal + iodine, thallium iodide and thallium

chloride. Discharge tubes using the metal alone would only emit a
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sufficiently intense spectrum at very high power and were ver&
unstable. Those made with the metal and iodine were also of little
use. They were troublesome to prepare and invariably contained too
much iodine. No significant differences could be detected between
good'tubes made with the iodide or chloride. Since it was generally
easier to prepare a good tube using the iodide, an EDT of this type
was used for the results given here. It worked well with an argon
pressure of. 5 to 7 torr. A short bulb was essential to keep all of
the bulb well within the discharge region of the cavity (this prevents
condensation of solid material at the ends of the bulb) and best
results were obtained with a length of about 2.5cm. The tube would
give a thallium spectrum at the minimum power of 20 watts, but only
assuned the characteristic intense green discharge at about 30 to 35

watts.
e2e2 Results

Measurements were made at both 5350A and 3776} since although
the former is a non~resonance line it indirectly provides useful
information concerning self=reversal of the resonance line. This is
important since with many Fabry-Perot interferometers only non-
resonance lines in the visible region are accessible to study (because
of the restrictions due to the nature of the plate-material and mirror
coatings).

The hyperfine structure of both lines contains a number of
components due to the existence of two stable isotopes (T12%°3 and
T1295%) both of which have a nuclear spin. The accepted hyperfine
splittings of the energy levels of the two lines and the resulting
configuration of the hyperfine structure are shown in. Figures 7-1 and
7=2.

The experimental values for the splitting 2ggthe energy

levels are taken from the work of Schuler, et. al. but the relative

intensities shown are the theoretical values calculated from the tables
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of Vhite and Eliason @, As a result of the line broadening within
our sources, and to some degree the limited finesse of the interfero-
meter, not all of the components could be resolved. The EBSOL line
was observed as two peaks (a/A/b/B and c/C using the symbols of the
diagrans). The 3776& line was recorded as three peaks, each of
which includes the corresponding component from the two isotopes.
The hfs of both lines is very useful in assisting the rapid evaluation
of conditions inside the spectral sources. This arises from the fact
that the principal reason for loss of atomic absorption sensitivity wvhen,
for example, the current to a hollow cathode lamp is increased appears
to be an increase in the self-absorption which occurs. The increase in
broadening duc to other causes (Doppler and collisional) seems to be
quite small in these instances. The relative intensities of the
hyperfine structure components of the two thallium lines studied are
guite sensitive to self<absorption effects. It is therefore
unnecessary to meke accurate measurements of line widths or of
absolute intensities to evaluate the conditions vhich prevail within
the source and its suitability for AAS, (This is only true under the
conditions commonly found in sources used for AAS. In many other
situations, where self-absorption is less important (especially for
none-resonance lines), the changes of Doppler and collisional half-
widths with operating parameters etc. may have much greatér significancej.
Changes in the degree of self-absorption within the sources
are manifested as changes in relative intensity of the hyperfine structure
components in two ways. First, if two lines have very similar energy
levels any difference in intensity will depend on their relative
transition probabilities. Thus if one line is twice as intense as the
other the aﬁoﬁht of absorption at those lines will be approximately in,
the same ratio. This applies quite accurately to hyperfine structure
components where the differences in excitation and wavelength have a
negligible effect on intensity. As the most intense line is not only
proportionally more sirongly absorbed but also suifers from a larger

absolute change in intensity, a rapid change in the intensity ratio occurs
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as the self-absorption increases. Thus, for example, if the two his
components have true intensities of 1C0 and 50 units and the smaller
peak suffers 205 self-absorption, its observed intensity is 40 units
(50 - 20/100 x 50) vhile that of the larger peak is 60 units

(100 = L0O/100 x 100), i.e. the ratio changes from 2:1 to 1.5:1 for only
a moderate level of self-absorption. The calculated change in the
intensity ratio of such a line pair is plotted in Fig. 7-3 over a wide
range of self~absorption. It is emphasized that this is only a
qualitative guide to conditions within the source and the method cannot
give a rigorous evaluation of the effect of self-absorption on line
intensities. . .

The 2/A and b/B pesks of the 3776} thallium line showm in
Fig. 7=-2 may be used as an example of this method of estimating the
degree of self-absorption. The c¢/C and b/B peaks may not be used in
this way because the lower energy level of the former line is a
different state to that of the other two pesks. However, this allows
the second method of noting changes in self-absorption to be applied.
It has been shown by Turkin169 that the upper of the two levels (6 2p,,
F = 1) is actually metastable and has a higher population. Therefore,§
even without the effect outlined zbove, c¢/C would show less self=-
sbsorption than b/B. Thus, except at zero self-absorption the intensity
ratio of b/B and c¢/C will not be identical to that of Q/B‘and a/A.
Hovever, since a/A and ¢/C have the same theoretical intensities they
will show only the effect of the metastable level. The increase in the
intensity ratio (¢/C : a/A) with self-absorption therefore gives an
indication of the relative populations of the two levels as well as
the degree qf self~absorption.

Although a change in the ratio of the intensities of the two
peeks observed for the 5350ﬁ line will occur as self-absorption
increases, it is more difficult to make an accurate evaluatidn of the
results. This arises Trom the fact that the larger of the two pezks
incorporates hyperfine structgre components due to two different

transitions (nuclear spin splitting) as well as to two isotopes.
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Fig. 7-3 Effect of Self-Absorption on The Intensity Ratio of

a Pair of Hyperfine Structure Components With a

Theoretical Intensity Ratio of 2:1

A graphical integration of the components of each peak using the known
separations and intensities and an estimate of the line width
(including the effect of instrumental half-width) indicates that the
ratio of the observed peak heights at zero'éelf-absorption should be
in the region of 2.75 to 3.0 : 1. The change in the ratio will
therefore be more rapid than with the 3776k line as self-absorption
increases. To some extent this effect comﬁensates for the lower degree
of self-absorption at 53505 line, whose lower level is 0.966eV above
the ground state, znd a useful indication of self-absorption is still
provided. )

The hyperfine structure intensity measurements were carried oué
using a FSR of 750mK at the 5350k line and 1500mK at the 3776} line,
i.e. ca. 0.2k at both lines. These values give maximum recolution of

the components before overlap of adjacent orders becomes a problem. -
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The results obtained for the HCL and VDL sources are showm in

Tables 7-1 and 7-2. The resulis obtalned with high operating currents
for the vapour discharge lamp are not very precise, particularly at
37761, because under these conditions with this source the separate

peaks were not well resolved. A1l of the hyperiine structure’
intensities in both tables are shown relative to each other. The
intensities shown are uncorrected for change in vhotomultiplier and
instrumental sensitivity between 5350 and 3776A. The "conventional
intensity measuremcnts showvn at the right hand side of each table were
made using the same instrumental arrangement as for the other measurements
with the-exception that the interferometer was removed fram the optical
bar. The tables alsc show the values obtzined for the intensity ratios
discussed above. Several of the scans from which the data of Tables 7-1
and 7-2 were teken are shown in Figures 7-l4 and 7-5 since they illustrate
very clearly the effect of increasing the lamp current.

An attempt was made to obtain similar data for the thallium
electrodeless discharge tube., Unfortunately, the reproducibility of
the EDT source (with respect to intensity, self-absorption and power
input) was not sufficiently good to warrant a comprehensive tabulation
of intensity measurements. The effect of variation in the power input
to the EDT source employed is, however, illustrated in the scans showm
in Figures 7-6 and 7-7. These are reproduced from photographs
oﬁtained using the fast scan facility in conjunctien with the oscilloscope.
No difficulties are encountered from drift of signal intensity during
each measurement when photographs are taken using the instrument at
fast scan rates. The vertical axis gain is given for each photograph
so that the changes in intensity produced under different operating
conditions may be gauged. These operating modes are indicated -
only as "low absorption', high absorption' modes etc., rather than by
the power settings from the microwave generator employed as the power
settings vary somevhat vith the position of the compound in the tube and the
tube within the cavity used. Typically the conditions showm were
obtainable over the range 20 to 60 watts input power. ’

As an approximate guide, the EDT source gives about the same



S et

257.
Table 7-1

Effect of Lamp Current at Thallium 5350R Line

Current Intensity of hfs* (a/A/b/B): Conventional**
mi a/A/b/B c/C (c/C) Intensity

(a) Hollow cathode lamp.

10 - - - 16.5

12 - - - 20
15 260 100 2.6 100
1w . 520 200 2.6 9
20 661 269 2.5 uh6
22 792 334 2.k 850
25 1430 637 2.3 1240

(b) Vapour discharge lamp.

200 60 22 2.8 1
400 391 159 2.5 T 106
500 1290 727 1.8 ' 269
600 1845 1145 1.6 1295
700 2160 1580 1.4 2550
8co ) 2200 1870 T Y- © 3950
900 2250 2260 1.0 5800
1000 2070 2200 0.9 ~ 6150
1100 2030 2180 0.9 6600

* All to the same scale relative to an intensity of 100 for the ¢/C
hyperfine structure component from thefH.SBSOﬁ line emitted from the
HCL source at 15mA.

xx A1l to the same scale relative to an intensity of 100 for the
5350A line emitted from the HCL source at 15mA.
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Table 7=2

Effect of Lomp Current at Thallium 3776 Line

Current Intensity of hfs* (b/B): (c/C): Conventional**

(mA) a/A b/B </C {c/C) (a/h) Intensity
(2) Hollow cathode lamp.

10 45.5 86.5  bh.5 1.9 1.0 29

12 97 182 97 1.9 1.0 52.5

15 234 o2 236 1.8 1.0 172

17 436 773 b3 1.8 1.0 - 330

18 513 910  5%0 1.8 1.0 490

20 7hh 1262 773 1.7 1.0 335

22 925 1545 935 1.7 11 1670

25 1260 . 2055 1400 1.6 1.1 2460 -

(b) Vapour discharge lamp.

300 55  97.5 52 1.8 1.0 18
400 364 670 422 1.8 1.2 154
500 1010 1690 1320 1.7 1.3 530
600 2560 3480 3420 1.4 1.3 1860
700 3410 4150 4260 1.2 1.3 3350
800 4510 L4430 5150 1.0 1o k750
900 3510 3350 7900 1.0 1.1 5700
1000 3180 3060 3480 1.0 1.1 5670
1100 2980 2860 3140 1.0 1.1 5720

A11 to the same scale relative to an intensity of 100 for the
c/C hyperfine structure component from the T1 5350& line from the .
HCI source at 15mA.

3k

A1l to the same scale relative to an intensity of 100 for the Tl
53503 line emitted from the HCL source at 15mA.
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Fig. 7=4 Interferometer Scans of The Thallium S5350A Line

FSR = 750mK, two orders shown, relative intensity scale on left.
(a) HCL at 15mA (b) HCL at 25mA (¢) VDL at 300mA
(d) VDL at 600mA (e) VDL at 1000mA

intensity as the HCL source vwhen operated at the lowest self-absorption,
but produces greater intensity for a given degree of self-absorption

than the VDL source at the high power end of the operating range.
7e2:3. Discussion

~ The results of Table 7«2 provide an accurate guide to the
effect on the resonance line of changing the current to the HECL and VDL
sources. The graph of TFig. 7-3 may be used to convert the ratio )

b/B : a/A for the HCL source to apprroximate degrees of self-absorption.
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Fig. 7-5 . 1Interferometer Scans of The Thallium 3776A Line

or%

FSR = 1500mK, one order shown, relative intensity scale on left,

(a) to (e) for HCL and VDL as in Fig. 7-k.

This is only ‘possible at very low operating curfents for the VDL
source as the overlap of thé components due to ling& broadening/self-
absorption becomes too large to allow the individual pesks to be
accurately measured; hence the constant values achieved for both ratios
in Table 7-2(b) when the self-absorption is obviously inc}easing '
rapidly. This is shown by the cbntiﬁued change in the ratio in

Table 7=1 (b) which arises because mecasurements are still possible at
the 55503 hfs due to the better separation of the peaks. The results
of Table 7-1 also show that, except at very low self-absorption, the
5350& line is well able to indicate changes in self-absorption
occurring at the 37?6& resonance line, It does, therefore, provide a

useful alternative if measurements cannot be made at 5776&.
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Fig. 7-6 Oscilloscope Traces of The Thallium 5350A Line
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From an EDT Source
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FSR = 750mK, identification of peaks as in Fig. 7-4(a).

(a) Low self-absorption (y axis 10mV/cm.)
(b) Medium self-absorption (y axis 20mV/cm.)
(¢c) High self-absorption (y axis 50mV/cm.)
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Fig. 7-7 Oscilloscope Traces of The Thallium 39762 Line

From an EDT Source

FSR = 1500mK, identification of peaks as in Fig. 7-5(a)

(a) Very low self-absorption (y axis 5mV/cm,)
(v) Low self-absorption (y axis 20mV/cm.)
(¢) Medium self-absorption (y axis 50mV/cm.)
(d) Self-reversal (y axis 50mV/cm. )

(e) Serious self-reversal (y axis 50mV/cm. )
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It can be seen from the tables and figures ?7=b and 7-5,
that self-absorption is low within the HCL at the operating currents
recommended by the manufacturers (15 to 20mA) and changes only slowly
with current variation. Conversely, the VDL shows severe self-
absorption at its recommended operating current of 1Amp and the change

in self-absorption with variation in the operating current is very

~marked. The VDL does give self-zbsorption and line-width comparable

to the HCL, however, if it is operated at very low currents, but it
is then less intense than the HCL (cf. VDL at 00mA and HCL at 18mA
in Teble 7=2). - .

As mentioned above, the behaviour of the thallium EDT vas

less predictable than that of the other two types of source. The

AR e ™ . . Y-

relatiqnship between the output intensity and degree of self-
absorption can vary with the operating conditions, vwhereas it appears
to be substantially constant for az particular HCL or VDL. The mzin
reason for this appears to be that the conditions within the IEDT change
considerably dependent upon the position of the solid compound in the
tube and this varies each time the EDT is used. Thus it is possible
under favourable conditions to obtain from the thallium EDT a
resonance line which is as narrow as that from a HCL and of at least
equal intensity. At other times, however, the self-absorption may

be worse than that with a VDL. Under most operating conditions the
IEDT was found to be very sensitive to changes in coupled power input,
and may rapidly change from a "low intensity" mode, suitable for
application to AAS,%o the well-knowm "high intensity" mode. It should
also be mentioned that under certain conditions the compound in the
tube will condense out of the hot discharge region and a resonance

line of the fype shovn in Fig. 7-7 (a) and 7=7 (b) can be obtained over
a wide range of input power. From observations of the line profiles
made when the EDT was working at its best, it would seem that an EDT
is capable of giving a better combination of intensity and small half-
width than the standard HCL. However, these benefits will only be
obtained by design of a tube configuration which gives such results

reliably, reproducibly and with stable output.
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73 Accurate Measurements of Changes In Line Width

<

7¢3.1 General

The method outlined in Section 7.2 for the evaluation of a
spectral source is obviously inapplicable for an element whose
spectral lines have no hyperfine structure. However, useful results
may still be obtained and calcium will be used as an example to
illustrate the measurements which are necessary. The main calcium
50

isotope, Ca’?, has an abundance of 97% so that any isotopic fine

structure in the calcium spectral lines is'negligiblé for Bﬁf‘-ﬂ
PUrposes. Since calcium also has an even atomic number (20) there is
no nuclear spin hyperfine structure. The main calcium resonance line
lies at 4226.73k vhich is well within the useful range of the F=P
spectrometer employed for this work. The only difficulty is the
provision of a suitable source. A calcium HCL (Atomic Spectral Lamps
Pty.) was used at a current of 10mA (although the recommended setting
for AAS is 5mA) to obtain a sufficiently high signal to noise ratio.
Calcium EDT's with a useful operating lifetime are extremely difficult
to prepare but it was possible to obtain a tube suitabie for line
width measurements (but not for AAS) by using the following technique.
The tube was prepared in the same way as those for thallium using
a bulb of quartz tubing 2.0 to 2.5cm in length (8mm diameter, 1.71mm
wall thickness) and an argon pressure of 5 torr. The calcium was
added to the blank in the form of a solution of calcium chloride. This
was prepared at a concentration of 10,000 ppm calcium by dissolving
analytical grade calcium carbonate in 0.5 N hydrochlorié acid,
approximately 1 {4l. of the solution being added to each tube (i.e. 10 Vg
of calciunm). Some of the water was evaporated off by gently warming
the tube at atmospheric pressure and the rest removed under vacuum.
Care was tsken to remove all traces of water vapour by repeated
evacuation, flushing with argon and gentle warming before sealing off

the bulb. Tor use with the interferometer the calcium EDT was used in
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the pover range 100 to 150 watts, reflected power being approximately
15 to 5 watts (the lowest reflected power being obtained at the
highest incident power, presumably due to more efficient coupling in
the untuned microwave cavity). TUnder these conditions the tubes
produced an intense pink discharge vhich is mainly due to strong
calcium oxide band emission. This'does, of course, have no effect on
the calcium resonance line at 422?& which is observed with an
extremely high signal to background ratio using a conventional
monochromator. Except at the lower end of the power.raﬁge, the
discharge occupied the full width of thc bulb only at the endes; taking
the form of a narrow ''neck” over the main part of the bulb. This
constriction was normally observed to occupy a width of about‘me at
the centre of the bulb and was quite stable. Several tubes were.
prepared and in each case the ends of the bulb became partially coated
with a white layer after a short period of running, leaving the centre
part:(around the constricted discharge) transparent. Thercafter this
condition became stable and no change was observed in the operation

of each FDT even after 50 to 100 hours of use.
7.3.2 Results

The line profile of the 4226.?3ﬁ line emitted by the calcium
EDT was recorded at several different operating conditions. The
operating condition of the EDT was taken as "standard' using the
emission from the constricted part of the discharge at 130 watts
(Fig. ?-8): The less intense output obtained from the‘same part of
the discharge at 120 watts was classified as low power (Fig. ?;9).
Some scans of the line profile obtained from the two distinctive ¢
regions of the EDT at high power are shown in Fig. 7-~10. It may be
seen, even without a hyperfine structure to study, that serious self-
absorption and the onset of self-reversal are clearly visible.
Smaller increases in line width may also be noted by carefully choosing

the FSR =o that it is only slightly larger than the observed line width.
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(a) (b)
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Zero Light Level

100

Fig., 7-8 Profile of The Calcium 4226.7R8 Line From an EDT
Source at Standard Power (130watts).

(a) Very large FSR (b) FSR = 1113mK
(¢) FSR = 807mK (d) FSR = 603mK

AL

Zero Light Level
Fig. 7-9 Profile of The Calcium 4226.7R From an EDT
Source at Low Power (120watts),

(a) FSR = 890mK (b) FSR = 603mK

265,
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(b) (c)
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or— 1w
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Fig. 7-10 Profile of The Calcium 4226.7A Line From an EDT

Source at High Power

(2) FSR = 807mK, 14Owatts, constricted region of discharge.
(b) FSR =-603mK, " " " ) "
(¢) FSR = 807mK, 14Owatts, full width region of discharge.
(d) FSR = 603mK, 1" " n "
(e) FSR = 900mK, 150watts, full width region of discharge.

Increases in line width are then quite easily seen by the smaller

" separation between orders near the zero light leveil. Several

different FSR's were used for the scans in the diagrams and this
effect may be seen by studying the scans made with a FSR of 603mK¥
even the small change between 120 watts in Fig. 7=-9 (b) and 130 watts
in Fig. 7-8 (d) is quite clear,

To indicate the very large halfewidth of these lines from .the
calcium DT, some scans frém the calcium ECL are shown in Fig. 7=-11.
Six different FSR's were used and the lamp was run at 10mA, which is
a good 6bmpromise between the manufacturer's recommended current of
S5mA (giving a signal of insufficient intensity) and the maximum

current of 20mA. Comparison of Fig. 7-8 (c) and 7-11 (b) wvhich were

= e mmme e imcses  Sgrmme m e - —
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{a) {b) {c)
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Zero Light Level
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o

Fig. 7-11 Profile of The Calcium 4226.73A Line From A Hollow
Cathode Lamp Source at 10mA.

or—2

or2

(a) FSR
(d) FSR

LOCmK
216mK

1610mK (b)) FSR
265mK (e) FSR

800mK (c¢) FSR
249mK (f) FSR

made using approximately the same FSR, shows very clearly the large
difference in the line widths of the two sources. Similarly, the

separation of the peaks in Figs. 7-8 (c¢) and 7-11 (f) is approximately

the same even though the latter was recordecd using a FSR almost four

times smaller. Thus it may be seen that even without a hfs to study

it is possible to detect a wide variety of changes in the line

- profile simply by visual observation. . Rapid evaluation of new sources

using fast ‘scanning and the oscilloscope should, therefore, still be
possible in many cases, ‘

) More precise information may be obtained, however, by making
actual measurements of the hal.f-width of the line. As mentioned
earlier, this involves a number of problems. The observed width is
easily obtained from the profile by measuring the fraction of an order

to which it corresponds. This fraction is then converted to the
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halfewidth by multiplying it by the FSR. The‘values of this shown
in the diagrams were found by mecasuring the plate separation with a
travelling microscope and are sufficiently accurate for the present
experiment. The instrumental width may also be calculated fairly .
easily by measuring the finesse. This was calculated from the scan
in Fig. 7-8 (a) vhich was recorded using a very large FSR. The
value of 1k obtained for the finesse is in good agreement with that
given in ¥ig. 6~8. Thus, for each scan the instrumental width is
teken as simply (FSR/14). The calculation of the true half-width of
the line from the observed and instrumental widths is a far more
serious problem and can, in fact, only be overcome by using a source
carefully chosen to give a certain type of profile. ZEven with a very
sophisticated technique involving complex theorctical calculations it
is extremely difficult to measure the line width of a source chosen
completely at random.

This problem arises because the relation between the true angd
observed widths of the 1ine'depends upon the distribution éurve of
the line; i.e. on the mathematical expression which‘may be used to
represent the variation of intensity with wavelength. The simplest
case is with the so-called Lorentzian profile which results from
natural broadening, collision broadening and resonance broadening.

To a good approximation the observed width is then given by direct

addition of the true and instrumental widths,i.e.”

W=w+b (7-1)

vhere v is the true half-width of the line and b is the instrumental
half-width.  Although the lines from 211 normal sources will have
some Doppler broadening, equation (7-1) will give fairly good results
if the profile of a line is mainly due to, say, resonance broadening.
Vith lines having a Doppler broadened profile, the situation is
rmuch more complicated; the relationship between the true and observed
widths varies with the ratio of the instrumental and true widths.

Fortunately, all of these relationships were summarized in the form of a
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plot of w/W versus b/V by Minkowski and Bruck17o. Although more

sophisticated treatments have been given by later workers, this

simple graphical solution is quite sufficient for our purposes.

Since the Doppler broadened profile is Gaussian, its combination with
the Lorentzian one vhen both types of broadening are present becomes
extremely complex (especially as there is still the instrumental
function to take into account). Several solutions of the problem
have been published with suitable tables or graphs to allow the
interpretation of results. TUnfortunately they may only be used if
the ratio of Doppler to collisional (etc.) broadening is already known.
They are, therefore, of no use in the present wvork.

The measured half-widths obtained from the line profiles in
Figures 7-8 to 7=-11 are given in Table 7-3. This shows the observed
width, the true width assuming pure Doppler broadening (WD5 and the
true width assuming pure resonance broadening (NR). As would be
expected, Vi and wp are never equal, the latter in general being
somevhat smaller. Unless there is pure Doppler brgaﬁening or a pure
Lorentzian profile neither value will be correct and the true half-
vidth presumably lies -somevherec between the two values. This is
discussed further below. It should also be noted that the error in
eack value will depend on the FSR used to 'measure it. Thus these
values cannot be used directly cven to measure changes in line width.
Teble 7-4 shows some of these changes calculated from the half-widths
given in Table 7-3. It can be seen that from this point of view
calculation of Vi and Wp Serves no purpose since they both give the
same change as simply using W. Also the indicated change in half=-
width depends very largely on the FSR used. For this reason great
care must 5e taken when consulting papers which give only uncorrected -
half-widths for''comparison of relative values" (see, for example,
Ref. 162); when copditions are varied these relative values ma& have

no simple relationship.
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Table 7=3

Half-Width of The Calcium 4226.73% Line

Type of. FSR
Source (mK)

1) EDT at 120 890
watts. 603

2) EDT at 130 1113
watts 807

603

3) EDT at 140 807
watts 603

(discharge centre)

Ly  EDT at 140 807

watts 603
(discharge end)

5) EDT at 150 900

watts

6) HCL at 10mA 1610

‘ 8oo

%ol

265

2h9

216

Half-Width (mK)*

b

W

W.

W.

D R
63.5 239 214 175.5
L3 220.5 204 176.5
79.5 280 248 200.5
57.5 267.5 245 210
L3 24,5 228 201.5
57.5 303 282 245.5
L3 306 291 263
L3 354 538 311
6L4.3 462 438 398
15 159 87.5 Lk
57 1M1.5 83 54.5
28.6 92 80 634
19 77 9.5 58

18 ?76.5 70 58.5
15.5 75.5 69.5 60

*

Refer to text for definitions of the symbols.

270.
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Table 7-4

Effect of ¥FSR on MHeasured Changes in Half=Width

Sources . Changé in half-width (mK)

being FSR = 807 mK FSR = 603 mK
compared L) vy Wp W v Wp
1=-2 - - - 24 24 25
2 =3 35.5 37 35.5 61.5 63 61.5
2 =14 78.5 30 78.5 109.5 110 111
3.k 43 b3 b3 8 47 48

7.3.3 Discussion.

The difference between the values of wp and wp obtained from
a given value of W will depend on two factors. First, the larger
the FSR the larger will be the difference (although the difference
relative to the FSR should, of course, be constant). Secondly, the
closer the true line profile approaches one of these two extremes
the larger will be the difference (since the error in the other value
will be that much greater). Both of these possibilities are
illustrated in Table 7=5. This lists the results of Table 7=3.
recalculated in the form of two coefficients, x and y, which are

defined as

X

100(wyy = wp)/vip : (7=-2)

y = 100 (wD - wR)/wD . (7=3)

The effect of FSR on these coefficients is removed by dividing each
value by its corresponding FSR and the results obtained are shown in
the last tuvo columns of Table 7-5. The reference numbers for the

different types of source are those given in Table 7-3.’
Ul
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Table 7-5
Source FéR (mK) x Y 100x/FSR
1 . 890 22 18 2.5
603 15.6  13.5 2.5
2 1113 23.7 19.2 2.1
307 16.7 14.3 2.1
603 132.2 11.6 2.2
3 807 12.8 11.2 1.6
603 10.6 9.6 1.8
L 807 12.6  11.2 1.6
603 8.7 8.0 1.4
5 900 10 9,1 1.1
6 1610 99 L9.8 6.1
800 52.6  3h4.b4 6.6
400 26.2 20.8 6.5
265 19.8 16.5 7.5
249 19.2  16.1 7.7
216 15.8 13.7 7.3

100y/FSR

2.0
2.2

1-?
1.3
1.9

1.4
1.6

1."{'
1.3

1.0

3.1
4.3
5.2
6.3

6.5

6.3

272.

It can be seen that for each source fairly good agreement is
obtained after this correction for the effect of FSR.
that good accuracy is being obtained in the measurement of W, the
errors arising during its interpretation.

highest accuracy in W would be expected with smaller FSR for the

Generally speaking the

This shows

narrow lines and with the larger FSR for the wide lines (due to errors

caused by overlap of orders).

observation which can be made from Table 7-5 concerns the change in

Another much more interesting

the corrected values of x or y between the different sources; i.e. as



R

273 .

the line width changes. The coefficients are largest for source 6
(i.e. the HCL giving a very sharp line) and drop sharply to their
next largest value with source 1. Going from source 1 to source 5
(i.e. gradually increasing line width for the EDT) they show a
steady decline. Thus the HCL line approximates much more closely to
one extreme type of profile than that from the EDT. TFurthermore, as
the line width from the EDT increases the relative importance of the
two types of broadening becomes even more similar.

These facts may be interpreted more readily by considering the
line broadening theoretically. The natural width will be negligible
as will pressuré broadening (due to the low filler gas pressure in the
lamps) and Stark broadening (due to the low electric fields). This
leaves Doppler, resonance and self-absorption broadening. The Doppler
half-width may be calculated using the equation ) )

1

AOD = 20 %elz—-? (7-1)
where 00 is the wavenumber of the line centre, k is the Boltzmann
constant, T the absolute temperature, m the mass of the atom and ¢ the
velocity of light. Equation (7-4) reduces to

boy = (7.162 x 107 7). o - (T/M)% (7-5)

where M is the atomic weight of the atom. Values of AOD for the
calcium 42278 line over a range of temperatures are shown in Tig. 7-12.
The value of wD.obtained for the HCL was about 70mK (using the
results with small FSR since these should be the most accurate).
Assuming that other broadening factors account for no more than about
5mK, it can be seen from Fig. 7-12 that the temperature of the HCL is
in the rangé 600 to 700%K (i.e. 325 to 425°C). This is a very
reasonable result for a HCL of this type running at 10mA and we may

assume that Doppler broadening is by far the most important factor.

" The value of v obtained should, therefore, be quite close to the

true width of the line. At this wavelength, a half-width of 70mK is

‘equal to about 0.0125§, vhich is consicderably less than' the value of
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Fig. 7-12 Variation of Doppler half-Width With Temperature
) For The Calcium 4226.73A Line

0.08k often quoted as an approximate width of fhe lines emitted by
HCL' s«

The situation with the EDT is more difficult to interpret.
Although under the conditions used the qua}tz bulb normally glowed red,
it never became vhite hot or softened. Its tempgrature could not,
therefore, have exceeded 1000°C at fhe most. Refgrring to Fig.7-12
it may be seen that the maximum possible Doppler width of the line
is of the order of 95mK. Furthermore: the effect of self-absorption
on a Doppler profile is such that it can only approximately double the
half-width even wheﬁeself—reversal has become quite pronounced.
Therefore, it may be concluded that the largest likely half-width
resulting from Doppler and self-absorption broadening is about 190 mK
and this is less than the value of Wy given for even source 1 in
Table 7-3. Thus there must be a considerable contributicn from

resonance broadening even when the EDT is run at 120 watis. This
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- contribution will increase with higher power, since the resonance

broadening depends directly on the number of atoms present.
Fig. 7=12 shows that the increase in Doppler width between 120 and
150 watts would be no more than about 20 mK even for a temperature
change of about 500°, so that changes in resonance broadening are
probably more important than changes in Doppler broadening as the
pover is increased. However, increases in self-absorption
broadening will probably be even more important than either of these,
since it must be remembered that the self-absorption effect acts on
the combined broadening of all other facts. This increase with
increasing atom population in the EDT is made even more pronounced by
the fact that a given degree of self-absorption causes a larger change -
in half-width with a Lorentzian profile than with a Gaussién one; i.e.
the greater the resonance broadening contribution to the half-width
the more serious is the effect of self-absorption.

In view of these considerations, it seems likely that for the

"standard" calcium EDT (i.e. operating at 130 watts), the Doppler half-

width is about 80mK, the resonance half-width is somevhat less than

509% of this value (remember that they cannot be summed by direct
addition) and self~absorption approximately doubles the effect of these
two factors. Thus a good estimate of the half-width at this power
would lie in the range 210 to 220 mK; i.c. about three times the line
width obtained friom the HCL. The EDT would,therefore, be quite
unsuitable as a source -for AAS when used in this way. However, it
should give good results for AFS since the line is both intense and has

a profile vhich should give efficient transfer of energy to the

absorbing atom.

7l Conclusions

A scanning Fabry-Perot interferometer has been employed for

the routine evaluation by several different methods of spectral sourges
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used in atomic absorption and fluorescence spectroscopy. - It has
been found that using this instrument simple qualitative techniques
are capable of giving a considerable amount of useful information on
a spectral source. However, to avoid errors it Has proved to be
essential to take into consideration the limitations of the instrument
and to carry out a preliminary survey of the source and spectral line
to be studied. Even with considerable experience it is rarely
possible to mzke an immediate useful evaluation of an "unknown" source.
An exception to this rule is the identification of serious self-
reversal, such as is often obtained from zn EDT operated in the
so=called high inﬁensity mode, which has proved to be a facile problem
with most sources.

Experience has shown that if a detailed study is to 5e carried
out on a particular source, results may be most easily obtained vhen a
simple, easily identified hyperfine structure is present. Detailed
information on self-absorption ‘within the source may then be obtained
from relative intensity measurements on the components. On the other
hand, an accurate measurement of the actual line width may only be
obtained if there is no hfs or if the components are widely separated.
Even then the interpretation of results is difficult with most sources.
It would seem that accurate measurement of- line widths is not a
realistic method of evaluating spectral sources and in any case is often
of little added advantage. However, it would be & useful exercise to
prepare several examples of the most widely used éources in a fofm
optimised for line width measurements of different types. It would
then be possible to obtain detailed information on line widths for
applications in AAS research.

A number of possible improvements to the Fabry-Perot interfero--
meter have become apparent while carrying out the vork described above.
Perhaps the most important of these would be to improve the light
transmission of the mirror surfaces. This would meke the study of all
types of HCL much easier and would also allow the use of sources such

as flanes. A very worthwhile improvement can be achieved by using
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interferometer plates with dielectric mirror surfaces rather than
aluminium and these can, in fact, be obtained at very little extra
expense provided that a restricted wavelength range can be tolerated.
This wouléd be no real problem.if a detailed study of,.say, line widths
vere carried out at a few carefully chosen spectral lines. Vibrations
have also proved a problem but again the solution should be quite
simple; ideally the instrument should be located in a basement
laboratory with a stone floor.

Finally mention must be made of spectral sources studied with
the instrument. It is obviously unwise to make broad general
assumptions on the basis of one or two examples. However, from the
results given here it does seem that self-absorption is a most serious
factor in reducing the suitability of sources for AAS; it wbuld
certainly appear to have a much greater effect than increases in
Doppler broadening when lamp currents are increased. It woulq,
therefore, be advantageous to develop sources vhich kept to a minimum
the number of free atoms present, the number of "cool" atoms within
the light beam, and the optical path length within the source. The
other important point made clear by the interferometer in connection
with the development of light sources concerns.the stability and
intensity of EDT'ss As discussed in Section 7.2, an EDT designed
to give maximum intensity and stability vhen neasured with a
conventional monochromator will often also give extremely wide lines.
If these sources are to be used for AAS it is essential that
measurements of the line profile be carried out as a routine part of
the development programme in conjunction with the more usual checks

on intensity and stability.
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