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ABSTRACT

A microvave excited, atmospheric pressure, argon plasma was
investigated as a source for emission spectrometry. The electron
temperature of the plasma was measured and the results employed to
demonstrate that the bulk of the frce electrons were in local
thermodynamic equilibrium with the excited states of the argonm carrier
gas. The measured equilibrium temperature was 5680 XK which was
sufficient to enable the plasma to excite atomic states over eleven
electron volts above the ground state.

A plasma emission system was constructed, sampling being achieved
by use of a platinum loop atomiser. The device proved extremely
sensitive for a range of elements yielding detection limits down to
2,0,10713 g for Cd. The analytical precision was acceptable and
preliminary studies indicated that interferences were not serious.

" Radiation signals obtained from the emission system were transient
in nature and required integration for optimum precision of measurement.
Initially capacitative integration was employed but later this was
replaced by a photon counting system. The results obtained with photon
counting were excellent and therefore a general investigation of the
technique was undertaken. Photon counter design was studied, a new
system constructed and theoretical work carried out to determine
optimum system parameters.

The application of the technique to atomic emission, atomic
fluorescence and atomic absorption was investigated for both transient
and continuous radiation signals. Experimental results suggested that
in certain conditions long period integration might yield improved
limits of detection., Theoretical signal to noise ratio expressions
were therefore developed in order to explain these results and to define
nore clearly how the various noise components affect the precision of

measurement.
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_CHAPTER I

INTRODUCTION
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i.1. HISTORY OF SPECTROSCOPY.

The study of spectroscopy was founded in 1663, with the discovery
by Isaac Newton that white light could be resclved by a prism into a
spectrum of colours. 6ver one hundred years elapsed before the next
gignificant advance was made, when Joseph Fraunhofer observed dark
lines in the spectrum of the Sun and measured their wavelength with
the first {transmission grating. The origins of analytical spectroscopy
can be traced to the work of Bunsen and Kirchhoff, who in 1860 used
the first pre-mixed air-coal gas flame to observe the atomic emission
of five new elements Cs, Rb, Tl, In and Ga (1,2).

Atomic emission (AE) spectroscopy received further attention in
the early part of this century mainly in connection with the study of
arcs and sparks. Advances in flame emission spectroscopy were few
until 1928 when Lundergardh published a series of papers (3)

. describing the use of the air-acetylene flame and a pneumatic
nebuliser for introducing aqueous samples, The first instruments
which were designed for the determination of the alkali metals
became available in the mid nineteen forties and since then the
technique has been extended to cover most of the elements in the
periodic table,

The phenomenon of atomic absorption (AA) was first observed by
Fraunhofer, but it was not until 1860 that Kirchhoff postulatead
that the absorption lines resulted from the presence of certain
elements in the solar atmosphere. The theory 0f>AA was developed
during the first part of this century; much of this work can be
found in the text of "Resonance Radiation and Excited Atoms" by
Mitchell and Zemansky (4). It was not wntil 1953 that Walsh (5)

and then Alkerade and Milatz (6) demonstrated the use of AA as an
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.analytical method. During the last nineteen years the technique has
become established as one of the most versatile and widely used methods
of trace element analysis,

In 1905 Wood was experimenting with sodium vapour lamps and
observed the atomic fluorescence of the sodium D lines (7). ‘After
this initial discovery the atomic fluorescence (A¥) of several other
elements including Hg, Li, Cd and Zn was observed and again these
early studies are sumarised by Mitchell and Zemansky (4). The
early workers used quartz cells to confine the atomic vapour,
usually at reduced pressure. The first observation of AF in a
flame was reported by Nichol and Howes (8) in 1923 and then by
Badger (9) and Magkopff (10) who obtained weak signals from the
elements Ba, Ca, Cd, Li, Mg, Hg, Na, Ag and Sr.

Atomic fluorescence was not used in the analytical context
wntil 1964 when Winefordner and co-workers (11 - 14) published a
geries of papers describing the practical technique, and making an
initial attempt at quantitative theory. Since then both Winefordner
(15) and Dagnall, West et al (16 - 22) have developed the method to

encompass some thirty-five elements.



1.2. STATEMENT OF INTENT.

A number of topics related to analytical spectrometry are studied
in this thesis and although the chapters are interelated the work
encompasses a wide ranée of basic theory. In the interests of
continuity therefore, this statement of intent is included to define
more clearly the links between the various sections.

The results presented relate mainly to the study of microwave
excited plasma, emission spectrometry and the photon counting technique
of signal measurement; however studies involving both AA and AT are
also included. By way of introduction therefore a review of the
properties required in an atomic emission excitation source is given
and the discussion then extended to include the requirements for AA
.and AF.

Little is known about the physical processes that take place in

- steady state microwave plasmas and as yet no generally accepted theory
is available. It is not therefore possible to give an account of the
theory, before describing the actual experimental work that has bheen
performed. The theory and characterisation of the plesma will
therefore proceed throughout the second chapter, each section being
related to the relevant experimental work. At the end of the chapter
mechanisms for plasma excitation and operation are discussed.

Chapter YII is an investigation of an emission spectrometrie
trace analysis system based on the plasma. Particular attention is
given to the optimisation of the system and to its operating
characteristies. A platinum loop sampling and vapo.risation device
was used with the plasma and this is deseribed in detail., Observations
of multiple peak vapo - 'risation and metal atom adsorption on the

platinum surface are reported. Ixplanations and possible applications
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of these phenomena are considered.

Sampling is a critical factor in the analytical use of microwvave
plasmas and to date only one-shot devices producing transient spectral
signals have proved successful. The measurement of transient signals
requires techniques different to those normally employed in emission
spectrometry. L'Vov (23) has presented theoretical work on the
measurement of transient spectral signals and has elucidated the
advantages of integral measurement. This work will be reviewed and
two methods of signal integration described, capacitative integration
and photon counting (24). At the time of first considering photon
counting only one paper (25) discussing its use in atomic spectrometry
had been presented. The validity of the results quoted was somewhat
in doubt, and therefore to evaluate the technique more fully an
extensive study of both photon counting hardware and measurement
theory was undertaken; the results of this work are presented in
chapters IV and V. Detailed circuit analysis is performed and criteria
laid dovn for the choice of components. Two practical photon counting
systems are described and their application to a number of systems,
e.ffs flame AE, AF and AA and non-flame AF and AA described., Statistical
theory for photon counting measurement of amalytical signals is
presented, and particular attention given to the effect on signal to
noise ratio of increasing count period.

1.3. THE PRCPERTIES REQUIRED OF AN ENCITATION SCURCE IN ATOMIC
TMISSION SPECTROMNETRY.

The basic assumption of atomic emission spectrometry is that
the intensity of the emitted radiation is proportional to the number
of analyte atoms, Because the sample is usually in the solid or
liquid phase, containing the analyte element in compound form, the

source must be capable of both spectral excitation and free atom
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production. By considering in more detail the steps inveolved

between sample introducticen and the emission of radiation the

requirements of the excitation source will he defined.

An aqueous sample will undergo the following proccsses during
emission analyéis:

( i) introduction into the excitation mediun.

( ii) desolvation and vapourisation of the analyte species (processes
one and two ma& be reserved chronologically depending on the
source chosen).

(iii) atomisation.

( iv) excitation of the free analyte atoms.

( v) radiative decay of the excited atoms.

Desolvation and vapourisation reguire thermal energy to overcome
the latent heat of each process and to raise the temperature to the
point at which the necessary phase changes occur rapidly. Temperature
and total enthalpy of the source are therefore the thermodynamic
gquantities of importance, although it must be remembered that the
kinetiés of these procésses will be affected by the physical state of
the sample upon introduction (i.e. solvent, droplet size etc.). The
total energy required to atomise the analyte in trace analysis is
usually small and therefore the temperature and the chemical composition
(especially the presence of oxidising species) within the source,
usually determine the efficiency of the atomisation process.
Similarly, the degree of excitation is strongly dependeut on temperature
(see equation 2.1.) hut here other factors such as the nature of the
exciting species and its number density are of importance. The
probability of radiative deactivation occurring in preference to

collisional deactivation has only a weak temperature dependence and
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is largely determined by the quenching ability of the other chemical

species and once again their number density. From these considerations

it can be concluded that the ideal excitation source should have the
following properties: |

( i) a high, but no£ excessive temperature (ionisation limits the
degree of excitation that can be achieved by temperature rises).

( i1) a total enthalpy great enough to supply sufficient energy to
the sémple without destroying the dynamic equilibrium which
makes the source stable.

(iii) an.inert chemical composition (occasionally specific chemical
conditions such as a reducing atmosphere are more.advantageous
than inert conditions).

( iv) an absénce of quenching species such as NO, CO, C02, N2 etc.
which promote collisional deactivation of excited states

- and since the emission signal has to be measured

( v) a low background emission in the region of the spectrum being
studied,

( vi) a high degree of stability.

Modern analytical flames such as air-acetylenc (typical flow
rates when used for emission o,y 1.8 1fmin-1; air, 8.0 11min—1)

and nitrous oxide~acetylene (typical flow rates when used for emission

CoHy, 2.16 lzmin-l; N,0, 4.0 lrmiﬁd)attain temperatures of 2300° C

and 3000 “ C respectively (26,27) and will produce (from samples

introduced as aerosol sprays) adequate free atom populations for most

clements (28). However, the moderate temperature of these flames
prevents useful degrees of excitation occurring for those elements
having their first excited states more than ca 3.5 eV above the ground

state. The chemical reactions that occur in the combustion process,
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for example:

3/2 0y + CoH, —> 2C0 + 1,0 + secondary products

2N20 + C2H2 —> 200 + H2 + 2N2 + secondary products
and

Co + %02 —> COQ*

produce a large number of species e.g. O, CII, 02, co6, CN, CO0,, NH,

2’
NO ete. which are then excited or are produced in the excited state
(chemiluminescence) and result in an intense background radiation
occurring over a considerable proportion of the visible and near
U.V, spectrum. Kirkbright et. al. (29,31) have shown that separated
flames may be used to advantage when background radiation is the
limiting factor in analytical performance. Several of the common
flames species e.g. 0,02 and OH are oxidising agents and cause a
reduction in the free atom populatioﬁ of certain elements by the
formation of stable oxides e.g. SiO, A1203. Other species such as
CO0y NO and CN are efficient quenchers and therefore reduce the
intensity of the emission signal.

This discussion of flames, though brief, does indicate that they
are far from ideal sources for emission spectrometry. Many of the
difficulties can be overcome, but the basic limitation remains that
the kinetic energy of the individual particles iz in general too low
to excite efficiently atoms of elements other than those in the first
two groups of the periodic table. Electrical sources of excitation
do not suffer this hasic limitation because the pgaseous plasmas
formed, ir which the excitation takes place, usually contain highly
energetic electrons with energies up to and above the ionisation |

potential of the carrier gas (e.g. 15.76 eV for Ar) Many electrical

sources of excitation have been studied e.g. d.c. arcs (32,33), hollow
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cathode discharges (34), RF plasmas (35), microwave plasmas (36), ete.
and the difference often found between analytical systems using these
gsources and those employing flames is the method of sample
introdunction. TFlames éenerate their energy internally and therefore
each portion of the flame bulk may be regarded, to a first approximation,
as seli supporting. Plasmas however, derive their energy from an
external soufce and it is therefore important that sample introduction
does not seriously disturb the coupling between the plasma and the
power source. In some éases it is convenient to fabricate one of the
source electroﬂes (usually the cathode) from the sample material,
although this is not always practical in trace analysis and indeed

the presence of any electrodes invariably results in contamination of
the plasma by the electrode material.

1.k, ELECTRODELESS PLASMAS AS SOURCES OF SPECTRAL EXCITATION.

" The high frequency electrodeless discharge was discovered by
Hittorf (35) in 188% and a second paper by J. J. Thompson (37)
appeared in 1891, The early work was carried out with evacuated
class vessels often sealed to form lamps. In 1928 Jackson (38)
reported the use of an clectrodeless discharge lamp (EDL) operated
from a 10 M.Hz oscillator for the study of the spectrum of Caesium.
Meggers et. al. (39 - 41) described the preparation of an EDL of
Mercury 198 and proposed this source as a secondary wavelength
standard.

The optimum frequency for lamp operation has been the subject of
considerable study and it has Dbeen concluded by a number of workers
that microwave frequencies () 500 M Hz ) are the most suitable.
Jacobsen and Harrison (42) found a sixteen-~fold increase in intensity

of the Hg 546.1 nm line from a lamp operated at 3000 M.z, compared
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with the same lamp operated at 150 M .Jiz and at the same power.
Forrester et. al. (43) reported that an EDL powered at 95 watts at
2450 M .Yz gave ten times greater line intengity than one operated at
1 K.W. at 70 ¥. Iz for the same emission line. There is also evidence
(40,&2) that lamp life i.e. the period during which an appreciable
free atom population can be maintained is extended with increase of
the operating frequency. A further convenience of using radiation of
about 0,11 m wavelength, is that resonant cavities (44) to provide
efficient coupling bhetween the plasma and power source are easily
constructed and have dimensions compatible with the normal optical
systems used in emission spectrometry.

Today microwave powered IDLs made from quartz bulbs filled withi
a few torr of inert gas, usually argon and helium and a few mg of the
required metal or metal halide (45 - 48) are commonly used as sources
in atomic fluorescence spectrometry.

Sealed EDLs are not convenient for routine quantitative chemical
analysis, as calibration of atomic line intensity versus elemental
mass is impossible when lamp dimensions and operating conditions
cannot be accurately reproduced. The free flowing, microwave excited,
atmosphefic pressure, argon plasma has therefore been studied as a
more convenient adaption of the source for emission spectrometry (9).
Free‘flowing devices have the advantage that they can handle a number
of compounds either sequentially or simultaneously without serious
memory effects.

1.5, THE ANALYTICAL CURVE IN ATCMIC TMISSION SPECTROMETRY.

The analytical curve describes the variation of the emitted line
intensity with the concentration of the analyte element. The limiting

point on the curve at the low concentration end represents the limit
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of detection for the particular element. The concentration at which
the 1limit of detection occurs depends on several factors of which the
line oscillator strength (50), the thermodynamic temperature of the
source, the degree of atomisation and the quality of the dispersive/
detection system used are among the most important. In particular
the dispersive/detection system should have a large aperture in order
to collect a large solid angle of the emitted radiation, but a
narrow band pass ideally approximating to the width of the emission
line in order to reject unwanted background radiation.

When the atomic concentration in the excitation source is low,
the line intensity corresponding te the integrated area under the line
profile varies linearly with analyte concentration (52). (Current
theories for AE consider only lines broadened by Doppler (23) and
Lorentz (23) contributions and as yet no general theory for lines
including significant Stark broadening (51) is available; experimental
evidence however suggests that the presence of Stark effects does
not seriously alter the shape of the analytical curve). This linear
portion of the line represents the most important part analytically
since precise calibrations can be made and extrapolation down to
lowver coﬁcentrations performed with confidence,

At high atomic density the number of analyte atoms is so great
that the centre of the emitted line is sironpgly self absorbed by the
excess of ground state atoms and at this point, the emission in the
centre of the line approaches a maximum (according to the Planck
hlack body radiator law) further emission occurring only from the
line wings. Under these conditions the area under the emission profile,
i.e. the intensity of the emitted line increases as the root- of the

atomic concentration (52). The effeect on the line profile is to
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flatten the peal and to broaden the wings. In certaiﬁ instances a
dip appears in the centre of the line profile, the process being
lmown as ‘self-reversal'. This occurs when analyte atoms diffuse
into the cooler outer fegions of the source and then absorb strongly
the emitted radiation over a narrow line profile (both Doppler and
Lorentz half-widths are proportional to the temperature). Tﬁe high
density portion of the analytical curve is less useful analytically,
because the change in emitted intensity resulting from a change in
the analyte concentration is somewhat less,

Analytical atomic emission curves obtained by actual mcasurement
often deviate from the ideal case as described above. Variations in
the degree of ionisation, the degree of dissociation, interferences
and optical effects can cause deviations from ideality. For a
mathematical treatment and fuller description of the amalytical curve

- shape in AE, the reader is referred to the text by Mavrodineanu (50).

1,6.  SOURCE AND ATOMISTR REQUIRFMINTS IN AA AND AT,

| The function of the source in AL is to atomise and spectrally
excite the analyte element; in AA and AF the functions of atomisation
and excitation are separated, excitation being achieved by irradiating
the free atom cloud with cither a continuous or line source. DBecause
the first step for each technique is the production of a free atom
cloud, sources used for AL such as flames often prove suitable
atomisers for both AA and AF, A brief list of atomiser and source
requirements for AA and AF is given in the following sub-sections and
vhere applicable comparisons drawn with source requirements for AE.

1.,6.1. Atomiser Requirements in AA and AT,

The following are the properties required of an atomiser for AA and AT':

(i) a temperature and enthalpy sufficient to vapourise and atomise



- 21 -

samples rapidly.

( ii) a low background emission.

(iii) stability of the background emission and free atom population.
( iv) an inert chemical composition free from oxidising species.,

Differences occur between the techniques with regard to the

presence of quenching species. AE and AF depend on radiational decay
of the excited state occurring, vhereas AA depends on the reverse
process and thus the presence of quenchers reduces signals in AT and
AE but may enhance signals in AA. Because excitation is achieved
independently in AA and AF, several devices which produce atomic
clouds by vapourisation from a hot surface have been employed e.g.

the Massmann furnace (53), L'Vov furnace (54), West type filament (55)
and the platinum lecop atomiser (56). Provided that oxygen is excluded
from the atomic cloud by a shielding gas, a free atom population can
be maintained for a sufficient period to facilitate signal measurement.
For AF non-quenching gases such as Ar or He are preferred but for AA
quenchers such as N2 or H2 may prove optirum. In the later chapters
of thisg thesis both flame and non~flame atomisers are used for AT and
AA studies. FElectrical plasm;s e.g. doc. ares (57) and microwave
plasmas (58) have also been used as atomisers for AA,

1,6.2. Source Requirements in AA.

(i) 1In AA the source is vieﬁed directly by the detector and the
quantity measured is the absorbed intensity. The magnitude
of the absorbed intensity depends on the source intensity and
therefore, although it is the fraction of radiation absorbed
which varies linearly with concentration,it is still
advantageous to have an intense source.

( ii) Maximum absorption occurs at the line centre and therefore it
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is essential for high analytical sensitivity, that the source line

ig frec from self reversal. Radiation falling outside the absorption
profile of the analyte element cannot contribute to the absorbed
intensity and therefore excessive broadening duc to self-absorption,
Doppler and Lorentz effects is wasteful and degrades the analytical
gensitivity. Continuum sources can be used but only in conjunction
with narrow band-pass monochromators, vwhich prevent excessive amounts
of radiation outside the spectral range of the absorption profile
from reaching the detector.

(iii) high drift stability and freedom from noise.

1.6.3. Source Requirements in AF.

( i) The signal intensity is directly proportional to the exciting
line intensity for AF and therefore a high intensity source is
a prerequisite for high analytical sensitivity.

( ii) The detector does not view the scurce in AF and therefore the
width of the exciting line profile is not of the same importance
as in AA., Strongest excitation occurs at the line centre where
the absorpticn coefficient is greatest and therefore the source
gshould be free from self reversal. Continuum sources can be
used to good advantage in AT (particularly for nmlti-element
anal&sis) without the necessity for high resolution monochromators.

(iii) High drift stability and freedom from noise.

The most widely uscd source in analytical atomic spectrometry is
the hollow cathode lamp (ICL) (3%), which is capable of providing an
intense narrow emission profile, free from serious self reversal
effects, for most eleménts. These lamps have proved ideal sources for
AA, but for many elements have lacked sufficient intensity for use in

AT, The electrodeless discharge tube (EDL) bas yielded higher emission



-2% =

intensities than the UCL for a number of elements (45 - &8) and
though line broadening due to self-absorption, Doppler and Lorentz
effects has limited their use in AA, they have often proved superior
"for AT. Doth HCLs and EDLs were used to obtain somevof the resumlts
presented in this thesis. The continuum source most widely used is
the xenon arc (59), continuously operated at powers of typically
500 ¥ and capable of being pulsed at peak powers of several kilowatté.
The intensity of continuum sources is generally less than that of
the line sources, but this is in some degree compensated by a lower
background noise (60).

The general discussion of atomiser and source requirements in
AL, AF and AA has been limited to physical properties and has not
included the more practical considerations of cost, operating lifetime
and simplicity.

C1.7. THE ANALYTICAL CURVE TN AA.

The purpose of this thesis is not to study the shapes of analytical
growth curves, however a number of such curves will be shown and
therefore a brief description of their salient features is in order.
For AA it is the fraction of radiation absorbed that is plotted
versus the atomic concentration. Many analysts convert this ratio (52)
to absorbance (A), but since the growth curves for « and A are linear
over approximately the same region this exercise seems unnecessary.
Modern theories for curve shapes in AA and AF are based on a mixed line
profile, comprising Doppler and Lorentz contributions expressed in
the form due to Voigt (61). The line profile then has a parameter
knovm as the 'damping ratio (a)' which is numerically equal to (an)%
times the ratio of the Lorentz to Doppler balf width. The effect of

the 'a' value on curve shapes in AA (23) and AT (62) has been discussed,
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bowever no further consideration will be given here as the 'a' value
will Dbe treated as a parameter of the atom reservoir,

1.7.1. Line Sounrce.

At low atomic density the absorption o< varies linearly with the
analyte concentration and it is this region thet is of analytical
importance. Vhen the atomic density is high the radiation from the
line source is almost totally absorbed and <« approaches asymptotically
a value of unity.

1.7.2. Continuum Source.

Once apgain when the atomic density is low the absorption
varies linearly with the anlyte concentration. At high concentration
the centre of the absorption profile  completely absorbs the incident
radiation and further absorption can then only occur in the line wings.
The change in the absorption profile with increasing atomic
concentration is completely analagous to the change in the emission
profile in AE, and therefore at high concentration the absorption
varies as the rooti of the atomic density. Indeed growth curves for
AA with a continuum source have an identical shape to growth curves
in AE. The apparent broadening of line profiles at high atomic
concentrations is in fact a statistical effect (ignoring possible
resonance broadening (51)), because the number of atoms is so large
that the absolute emission or absorption occurring at points in the
wings of the probability distribution (1ine profile) is greater.

Deviations from the predicted curve shape for both line and
continuun sources in AA, and AF, occur for the same reasons as in AL,
i.e. variations in dissociation and ionisation, interferences and optical

effects (52).
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1.8. THE ANALYTICAL CURVE IN AF.

The'analytical curve in AT consists of a plot of the emittled
intensity versus the analyic concentration and once again the damping
ratio is a parameter. AT can bhe viewed as a series combination of
AA and AF and this is reflected in the shape of the analytical curves.

1.8.1. Line Source.

The first part of the curve is linear, since at low atomic density
the absorption of radiation varies linearly with concentration and
there is no significant self absorption of the emitted béam. At high
atomic density however, all the incident radiation is ahsorbed and then
self absorption of the emitted beam occurs in proportion to the route
of the atomic concentration. The result is that the slope of the
analytical curve becomes negative, the final asymptote being proportional
to the reciprocal route of the concentration. The curve then, exhibits
a maximum whose position and width can be shown to depend on the
damping ratio (63).

1.8.2. Continuum Source,

When & continuum excitation source is used, the initial section
of the curve is linear, corresponding to linear absorption of the
exciting beam and freedom from self absorption effects. Tor the high
density case, the exciting beam is entirely absorbed at the line centre
and further absorption occurs in proportion to the route of the atomic
concentration. The emitted beam also suffers absorption in proportion
to the route of the atomie concentration with the result that the
final asymptote is horizontai. The part of ihe curve corresponding
to intermediate concentrations exhibits a slight maximum (not always
observed in practica) whose position and pronouncement is dependent

on the 'a' value.

000000000
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CHAPTER IT

AN INVESTIGATION OT THE PHYSICAL PROPERTIES

OF A

MICROWAVE EXCITED ARGON PLASMA
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2.1, INTRODUCTION.

This chapter will be concerned with determining some of the
physical properties of a microwave excited, atmospheric pressure argon
plasma. The most impogtant property of the plasma is the nature of
the equilibrium, because once this is known all the other properties
can be calculated from bulk system parametefs such as the temperature
and the electron density. Measurement of these parameters is in
itself the first step in determining what kind of equilibrium pertains,
and therefore the first part of the chapter will describe a number
of methods that were employed to estimate plasma temperature. More
than one methed of temperature measurement will be deseribed because
as will become apparent in the section on plasma mechanism, more than
one temperature can be ascribed to the plasma. Once the relevant
temperatures have been found, electron density is calculated on the
-basis of an assumed equilibrium and the results compared with those
from other recently published wérk. The nature of the equilibrium
is then determined by theoretical tests and its relevance to microscopic
plasma processes discussed. .

The determination of meaningful temperatures enables plasma
particle energies to be estimated, which in turn allows for calculation
of collision cross gections and electric field sitrength. These
properties are important because they indicate the manner in which
plasna particles gain energy from the high frequency microwave field.
This process is of particular significance in relation to the mechanism
of ionisation, which will be discussed towards the end of the chapter.

A plasma can be defined as a body of gas having a proportion of
its constituent atoms in the ionised state. As such it can be expected

t0 contain neutral groundstate atoms, excited atoms, ions and free
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electrons. The spectral characteristice of a plasma are determined
by atomic parameters such as the transition probabilities and the
statistical weights and by the relative populationsAof the various
quantum states. Tor dense laboratory plasmas the population of
states is usuwally controlled by collisional processes, but in certain
instances,e.g. resonance transitions,radiative processes may
dominate.

The concept of Local Thermodynamic (thermal) Equilibrium (LTE)
is often used in plasma spectroscopy. A system in LTE has a population
of states identical to that of a system in complete thermodynamic
equilibrium having the same total density (mﬁss), temperature énd
chemical composition as the actual system. The equilibrium is
described as local, because it is assumed that the population of states
is controlled by collisional processes only, and that the relevant
temperature is that which describes the distribution function of the
species dominating the reaction rates., The dominating species is the
electrons and their distribution function Maxwellian. The reason for
the domination-of the electrons is that their velocities are much
higher and their cross sections at least not lower than those of any
other plasma particle. A notable exception is the momentum transfer
cross sections which are small for particles of different masses, the
exchange occurring in the ratio of the masses of the colliding species.
The result is that whilst the distribution function of the atoms, ions
and electrons is Maxwellian their kinetic temperatures may be quite
different.

The plasma parameters of spectroscopic interest therefore are
the temperature and density of the free electrons, and a knowledge of

these quantities will indicate the excitation mechanism. Towever a
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temperature has no spectroscopic significance unless related to a

defined equilibrium be it LTE or Coronal ( the equilibrium that occurs

wvhen the population of states is controlled jointly by radiative and

ccllisional processes). The problem in its generality is complex
g 2 3y

but a fruitful approach is to assume that LTE exists, measure the

temperaturc and electron density by a number of different methods

and then apply a theoretical self consistency check to verify the

assumptions,

Griem (51) has calculated from first principles a

number of validity criteria for the LTE assumption and these will be

applied to the experimental results at the end of this chapter.

2.2, DETERMINATION OF THE FLLECTRON TEMPERATURE BY THE REHﬂTIVE INTENSITY

OF SPECTRAL LINES MLTHOD,

20201. T}leomrq

The intensity of a spectral line originating from an optically

thin (icen

here is no self—absorption) LTE plasma is given by (50):

1

1= thoguA « eXp (—Eu / kT) watts.cm—3 st . eeee 2.1

(TN
vhere h is
¢ 1is

N0 is

g, is

(T)is

A is

N\ is

k is

and T is

Equation 2.1

the Planck's constant,

the velocity of lipght,

the number 6f free atoms,

the statistical weight of the level Eu,

the partition function,

the Einstein transition probability for spontaneous emission,
the wavelength of the spectral line,

the Boltzmann constant |

the absolute temperature.

forms the basis of a number of methods of temperature

determination, the most obvious being the measurement of the absolute

intensily of a spectral line and calculation of T by insertion of the
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.'known congtants, and No (determined independently). This hethod is
rarely used because calibration of the optical system is extremely
arduous and precise values of transition probabilities are not alwayé
Jmown. A simpler appréach is to measure the relative intensities of
two spectral lines (denoted m and n)and thus avoid the complicated
calibration procedure required for absolute intensity measurement.

For this so~-called '"Two Line Method'! equation 2.1. is written in the

form
EI]_! = gumAmxn . exp (Eun - Eum) sese 2020
In gnnAnxm kT

from which T can be determined. The Twe Line Method is convenient

and yields good accuracy when the transition probabilities of the

lines are well known. Kirkbright et. al. (64) determined the temperatures
of some analytical flames by nebulising solutions of iron into them

and measuring the relative intensities of various pairs of iron lines.
When the transition probabilities are not well lmown as is the case

for Ar (X 25%) equation 2.1 may be written

loglo (I‘_A__) = - E_u - 10{;10 (g!Tzl) ceee 2030

B A 5.3035T heN

and the temperature determined by measuring the relative intensities
of a series of lines. The results are plotted on a graph of 10g10
(IX/guA) versus Eu in which case random errors in the quoted transition
probabilities should tend to average out.

For moderate temperatures the Boltzmann factor exp (-Eu/kT)
ensures that a large proportion of the atoms remain in the ground
state and for this reason equation 2,1 rarely applies to resonance

lines, because the emitted radiation is self absorbed by the preponderance

of ground state atoms. To aveid errors caused by self-absorption and



by radiative depopulation of the excited state, spectral lines that
do not terminate in the ground state are preferred for intensity
measurcnent. Self absorption still oceurs for lines terminating in
higher levels, but this problem can be overcome by selecting lines
that are sclf absorbed to the same extent.

Consider thercfore a parallel beam of light emitted from a
continuous source of radiation passing through a layer of monatomic
gas of thickoess x. If the intensity of the incident beam is Io
then the transmitted intensity Iy is given by
Iy = I0 exp (-Kvx) eoseolt,
vhere Kyis the absorption coefficient at the frequency V
Now let the gas atoms possess an upper energy level u and a lower
level 1, then transitions between these levels will he described by

the three Einstein transition probabilities B A . and Bu

1u’ Tal

where Blu is the absorption transition probability

1

and Bul is the stimulated emission transitioen probability

. Suppose there are No atoms per cc of which & Ny are capable of
absorbing in the frequency range ¥ to Y + %Y and N' excited atoms of
vhich & N' are capable of emitting radiation in this frequency range.
The loss of energy from a parallel isotropic beam of radiation of
intensity Iy hetween V andV+ &Y when travelling between planes

at x and x + Sx is given by (4):

dly dV=A . . hVndx + Iy . hVax (Bn - By n;) eeee2.5.
VS hw

Assuming that collisional population of the states dominates, the

spontaneous emission term can be omitted leaving

_dI\,_d_v = E\_) (BluSNV - B, SN} ) eeee2.6.

Iy, ax Lw
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but from 1.4

"dIV dy = KV
Iy dx

o f = g - 73
therefore Ky dV _h\‘_l_‘ (B,,5 Ny B SNy )

fingd

The total absorption of the line K is thus given by the integral of
Ky dV over the line width which yields

Nt) ceee2.7e

K.—.J’K\,dV=11_y N

(B, N -B
LT lu u

wvhere YV is now the frequency at the centre of the spectral line,

N is the number of atoms in the state 1

and Ntis the number of atoms in the excited state u.
Now since (&) Au1 = 2h\73 El
> &a
and Bu1 =.§l
Blu gu

K=hY NB_ (1-5 x ceee2.8.
¥ lu z, N
Normally the proportion of atoms in the excited state is small and

therefore glN' / guN can be ignored. Substitution for B1u yields

:K = )\2 A g\l N 0.0.2-90
3 ul — .
&

Now if the population of states obeys a Toltzmann Law corresponding

to a temperature T then (65)

= 81 exp (<P1/kT)
Q(T)

|

(o]

and equation 2.8 hecomes

K= XQNoAulgu
8u{T

Thus for two lines denoted m and n the ratio of their integrated

exp (—El/kT) eeee2.10,

absorption coefficients is given by

2
Er_q - i}g}_ Am )\m ) exp (Eln - E'.lm) sese2ell,
K~ 2 kT
n &un An %‘n
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and for lines self agbsorhbed to the same degree the ratio will be
equal to unity. This criterion will be used in the following sections
to select the lines for temperature measurcment. |

The intensity of é spectral line viewed at right angles to the
plasma axis may not exactly represent the emitted intensity as
expressed by equation 2.1, because the observed intensity is
integrated throughout the plasma depth. Scanning across the plasma
at right angles to the axis does not therefore yield a true radial
temperature profile, The true radial profile may be resolved from
the observed profile by making a series of radial intensity measurements
(usually 30 or more) and subjecting them to an Abel transform (66).
Microwave plasmas run at atmospheric pressure have a natural radius
of ca 1.0 mm resulting from the self generated magnetic field which
effectively 'bottles' the plasma. Tor this reason no Abel transform
was performed, because of the difficulty of collecting adeqﬁate radial
data on such a small emitting colwm. Certainly the errors introduced
by not transforming the data are lessened by the limited physical
depth of the plasma and in any case analytical measurements are always
made on the observed intensities.

2.2.2, The Plasma.

The plasma was operated in a 2 mm quartz tube (quartz is preferred
because it is transparent to both U.V. and microwave radiation) inside
a 2 wave resonant cavity (Electro-Medical Supplies type 210), designed
to operate at 2450 M Hz. Power was drawn from an E.M.S. "Microtron 200"
generator, maximum plasma stability being obtained with the input
pover at 65 W and the argon flow at 250 ml/min., After initiation with
a 'Tesla' coil a bluish purple plasma of about 11.0 cm length was

formed. Tigure I shows a survey of the plasma between 275.0 and 440.0 nm.
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The most intense emissions are tabulated in Table I together with a
few weak systems occurring outside the spectral range of the plot
shown.,

Table I. Observed emissions from the microwave plasma,

.Peak Number System Wavelenpth (nm)
1 1) S 308.9
2 ‘ NH 336.0
N, second positive 337.1
A N, second positive 357.6
5 Ar (not resolved) 394,75 394.9
6 Ar (not resolved) L0OL,5; 4Oh.L
7 Ar (not resolved) 415,85 416,4
8 Ar 18,2
9 Ar (not resolved) %19.0
10 . Ar (not resolved) 419,85 420.1
11 Ar 425.9
12 Ar | 126.6
13 | Ar k27,2
14 Ar 430,0
15 Ar (not resolved) 433,33 433.5
167 N, second positive 434,3
17 | CO Angstrom k51,0
18 H 486.3
19 | 02 Swan Band 516.5

The presence of N, C, 0 and I indicated impurities in the argon,
probably Né, CO2 and HQO from the cylinder and from the gas flow
system. Attempts to purify the argon have succeeded in decreasing

the concentration of nitrogen containing molecules, but the OH band is



very persistent. This is to be expeeted when the gas flow system
consists mainly of glass and polythene (as was the case here) which

do not prevent the adsorption of water vapour., The relative intensities
of the peaks in Tig. I are only approximate because the wavelength

scan speed used was too great to allow for full recorder response to
occur. It should bhe noted that none of the ArII lines e.g. 351.78 nm
and 406,00 nm appear on the trace which indicates a temperature

under 10000° K, (Ar'l, Ei = 27.63 eV).

The standard 4 wave cavity does not respond critically to tuning
and this does promote stable coupling of the microwave power to the
plasma, The electric field in this type of cavity appears to be
quite mniform since no discontinuities were visible along the piasma
length.

2.,2.,%. Optical Considerations.

At the time of starting the work on temperature measurement the
only instrument available was a Hilger Large Quartz Spectrograph
employing photographic recording. Argon has two series of lines that
broadly fulfill the criteria for temperature measurement, the 4s - Lp
series at 690 - 760 nm and the As - 5p series at 390 - 430 nm. Whilst
it is far superior to-employ both series of lines for temperature
measurement, thus giving a greater range of Eu, the prism instrument
had insufficient dispersion at 700 nm to make this possible, The
relative intensities of the argon 4s - 5p series were therefore
recorded on J1ford N-30 plates which are U.V. sensitive.

The random nature of photon emission from the plasma and
fluctuations in the microwave power, tuning and gas flow results in
noige on the optical signal. Photographic recording measures the

intensities of all the lines simultaneously and therefore tends to
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remove errors due to fluctuations in the plasma radiation output.
Errors caused by random photlon emission are lessened because the
optical signal is integrated over the exposure period.

The cavity and plasma {ube were mouated on the optical bar of
the spectirograph and a 7.5 cm focal length, quartz lens employed to
focus the image of the plasma onto the entrance slit. Care was
téken to ensure that the centfe portion of the plasma image coincided
with the slit opening. Before exposures were taken the slit jaws
were cleazned and then set to 15 microns width. DBecause the image of
the plasma completely filled the slit, the so0lid angle of light
falling on the photographic plate was controlled entirel& by the
aperture of the spectrograph. The wavelength control of the
spectrograph was adjusted so that the plate covered a range from
297.0 -~ 600.0 nm, which located the 4s — 5p series lines close to
the'plate centre. After initiation of the plasma, a period of one
hour was allowed for the cavity and plasma tube to reach thermal
- equilibrium before exposures were taken.

2,2,k, The Photographic Recording Method.

(i) TIdentification of the Argon Lines

Initial identification of the argon lines was made by comparison
with an iron spectrum, photographed adjacent to the plasma spectrum
(15 min. exposure) on the same plate. The wavelength of the iron
lines was determined by comparison with a standard plate. TFig. 2
shows a chart recorder trace of the argon spectrum, the lines for
convenience being numbered 1 - 14, Table 2 lists the lines and their
associated constants, phe values are from Corliss and Schumaker (67).
The transition probabiiities are averages of the values given in the
literature and the uncertainties are calculated from the spread of

these results.
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Table 2. Argon 48 - 5p series transitions and wavelength data.

Line Number Wavelength {(nm) Transition A, x 107 g, B, x 1077

(sec™h) . (cm‘ll

1 404,425 104,596 -~ - - -
2 415,859 155 - P 15.5 1.k 5 117.18%
3 116,418 1s5 - 3p7 2,75 0,233 117.151
4 118.188 153 -, 53 0.8 3 118.460

5 419,071; 419,103 - - - -
6 419,832 s, - 3P5 31.0  0.% 1 117.563
7 420,067 155 - 3P9 10,0 0.5 7 116,943
8 425,118 155 -JP, 14 0.4k 3 116.660
9 425,936 152.- P, 45.0 &0 1 118.871
10 426,629 's, - 7P, 3.3 0.2 5 117.18%
11 427,217 's, - 3P7 8.7 0.k 3  117.151
12 430,010 s, -Pg L1 0.2 5 116,999
13 433,356 s, - 3p3 6.2 0.3 5 118,469
1% 433,534 s, ~ 9P, 43 0.3 3 118.460

(31) Fmalsion Calibration.

Before attempting intensity measurements from a photographic
plate the characteristics of the light sensitive emmlsion were
determined. This was necessary because each emulsion responds
differently to wavelength and to time of exposure. The wavelength
range of the measurements was only 18 nm and therefore little
variation in wavelength response was expected. This was confirmed
by exposing the plate to the emission of a tungsten ribbon‘standard
lamp and comparing the relative intensity at different wavelengths

to that predicted by the Planclk relation i.e.

I (YY) =2ny2 Wy -1t
e (V) Ay [OXP (TIT—) J
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where T is the black btody temperature in degrees absolute.

A more important consideration was that of exposure time or
total optical density on the plate. The normal time/optical density
relation for an emulsion is shown in Fig. 3. The curve approximately
obeys the Law

optical density o< log t
where t is the exposure time. However, the curve is not entirely
linear and therefore care must be taken to ensure that density
measurements are made only on the linear portion of the slope.
Generally line intengitiés are measured in the presence of background
radiation and therefore the optical densities of the two have to be
subtracted. If the total and background density are not on the linear
part of the curve, distortion of the relative intensities results, The
method most commonly used for determining emulsion characteristics is
.is the rotating logarithmic step sector., The sector is cut so that
- when rotated at high speed in front of the spectrograph slit, the
image of the slit is exposed in sections for periods of time that are
related by a logarithmic law. This technique is particularly useful
vhen the source is intense and only short exposure times are required.
Attempts to use the device with the plasma were unsatisfactory
because the sector and its focussing lens obscured the slit jaws,
thus making it impossible to focus the small image of the plasma
centrally on the slit aperture. A number of trial exposures were
made with the plasma and these indicated that times of 1 - 16 minutes
would yield satisfactory spectra. With exposure times of this
length it was possible to calibrate the emulsion, without loss of
accuracy due to timing errors simply by making timed exposures.

Furthermore by using a Hartmann diaphram twelve exposures could be
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made on a single 4 x 10 inch N-30, thereby avoiding the necessity of
cross standardising the emulsions of several plates.

Argon spectra were recorded with exposure times of 1, 2, &4, 6,

8, 12 and 16 minates oﬁ a single plate. The plate was placed in
developer for % minutes, in fixer for 4% minutes, washed with distilled
water and finally rinsed with methanol to remove any surface marks.
The total optical density of each line on each spectrum was then
measured with a Joyce-Label automatic recording microdensitometer.
Hence, an emulsion calibration for cach resolved spectral line was
constructed by plotting the total optical density versus the log of
the exposure time. Two such calibration curves for the 418,188 nm
and the 425,936 nm lines are shown together with the model curve in
Fig. 3. The straight lines drawn are least squares lines fitted to
the first four points of each curve by linear regression analysis.

. The ‘calculations were performed on an I.B.M. 7094 computer, the

' program being written to include calculation of the standard deviation
of the optical density measurements.

A microdensitometer scan of a clear section of the plate produced
a flat baseline indicating uniform development of the plate and a flat
wavelength response of the emulsion over the region of spectrum covered
by thé ks -~ 5p series lines.

(iii) Relative Line Intensity Measurements.

The total optical density measured for a particular line represents
the sum of the line intensity and the argon continuum intensity. Before
the relative intensities could be calcuiated therefore, the opfical
densities recorded on the plate for the two emissions had to be
subtracted. This procedure is only valid if the total and background

density both fall on the linear portion of the emulsion calibration.



it et e

o
©

7.0
5.0

Aysuap 1pondp

1.0

0.5

0.0

Logl(t)

Fig. 3. Emulsion calibration curves.



- 43 -

For this reason only the 1, 2, 4 and 6 minute exposures were used for
temperature measurement.
Line intensities were measured from the four spectra by taking
the total density as that given by the least squares line, and
subtracting from it the background density at that waveleﬁgth. Using
these results and the values quoted in Table 2, four plots of 10g10
(IA /gdAul) versus Eu were constructed, The plot from the one minute
exposure is shown in Fig. 4, the numbers of the points correspond to
the numbers of the lines. Now had the errors associated with each
point on the graph been random, the distribution of points about a
straight line would have been different for each of the four plots.
This was not the case and indeed the distribution of points about a
straight line was very similar in each graph. »
Self absorption was thought to be responéible and therefore a

ﬂcomﬁuter program was written in order to solve equation 2.11 for all
possible line combinations., Before the program could be run an
estimate of the plasma electron temperature was obtained from the
dotted line drawn in Fig. 4. This line was drawn by inspection and
yielded a temperature of ca 4000 ° K which was then used to calculate
the ratios given in Table 3. The results do not give the absolute
extent to which each line is self-absorbed, and indeed because of
errors in the transition prohabilities the ratios are subject to
uncertainty. However, it.can he seen that lines 2 and 7 are considerably
self-absorbed with respect to the other lines, and this was reflected
in their low ordinate values on all the log (I)‘/guAul) versus B
plots. With respect to each other they are self-absorbed to a
similar extent i.e. KQ/K7 =v1.09. Alternatively line 8 appears to be
less self-absorbed than any other line (K2/K8 = 22,47, K7/K8 = 20.71)

and this was confirmed by high ordinate values on each of the plots.
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Table 3. Self-absorption Coefficient ratios (Km/Kn) for twelve argon lines
at 4000° K
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1.0
9044

8.01

3.05
1.09
22,47
3470
5¢55
3.50
k.40
5.18

12,45

0.11
1.0

0.85

0.13
1.18

1.0

+ 0,38

0.14
2.81
0.46
0.69
0.4k
0.55
0.65
1.56

0.33 0.92
3.09 8.70
2,62 7.38

i.0 2,81
0.36 1.0

7.37 20.71
1.21 3.41
1.82 5,12
1.15 3.23
1.4% 4,05
1.70 4.78

£, 08 11.47

0.04
0.42

0.36

0.1k
0.05
1.0

0.16
0.25
0.16
0.20
0.23

0.55

0.27

0.83
0.29
6.08
1.0

1.50
0.95
1.19
1.40

3.37

0.18
1.70
1.k4

0.55
0.20
4,05
0.67

1.0

0.63

Ou79
0.93

2.24

0.29
2,70

2,29

0.87
0.31

6,42

1,06

1.59
1.0

1.26

1.48

3.56

0.23
2.15

1.82

0.69
0.25
5.11
0.8k
1.26
0.80
1.0

1.18

2,83

0.19

2,40

0.08
0.76

0.6k

0.25
0.09
1.81
0,30

0.45

0.28

On the basis of these calculations it was decided not to employ lines 2, 7 and

~ 8 in the temperature determination,

Congideration was also given to rejecting

line.6 because it was not fully resolved from line 7, however because it fell

reasonably close to the straight line and because this was an initial attempt

at temperature measurement, it was included.

A least squares line was fitted to the chosen points on each graph and

the temperatures as calculated from the slopes listed in Table 4.
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Table 4. Results of electron temperature measurement by photographic

method,
Exposure time Slope x 10"3 Intercept Standard deviation Temperature
ninutes) (em) of the crdinates °K
1.0 -0,126 17.609 0.066 4960
2.0 ~0.109 15.704 0.106 5730
4,0 0,101 1%.766 0.137 6190
6.0 ~0,103 15.081 0,138 6070

The numerical mean of these results is 5738 ° K, but this result
does not take into account the spread of the data points. A better
estimate of the mean was therefore obtained from normalised data.

In theory each curve has the same slope but a different intercept

and therefore by subtracting the intercept from each data point, all
the points could be considered as falling on a single straight line.
The line through the normalised data was computed by the leasi squares
. method and yielded a final average of 5680 ° K.

(iv) Error analysis for graphically determined temperature.

A number of methods can be employed to estimate the error in the
final temperature. Vertical error bars drawn on the graph in Fig. 4
indicate the maximum and minimum values of the ordinate, calculated
from the quoted errors in the transition probabilities. Using these
. bars to draw a 'worst' straight line through the data was not considered
a valid method of calculating the error, because it is unlikely that
all the errors would combine in one particular sense. Similarly to
have used the standard deviations of the ordinates in like manner,
would have yielded a result in excess of the probable error. The total
probable uncertainty in the final result was therefore determined by
computing the standard deviation of the four temperature estimates,

using the mean calculated from the normalised data. Thus the electron
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temperature of the plasma was estiwated to be

5680 * 480 °K

Having estimated the total uncertainty in the temperature measurement,
this section will be c&ncluded with a discussion of the sources of
error. Probably the most significant source of error was self-
absorption of the lines, which was clearly illustrated by the fact
that in nearly every plot the same points were distributed on the same
side of the line each time. A more careful selection of the lines
may have improved the precision, but a better solution would have
been to include the %s -~ Lp series in the determination.

The largest deviation from the mean temperature occurred with
the one minute exposure. Study of the model emulsion calibration
(Fig., 3) indicates that this exposure may have been subject to failure
of the curve linearity at low optical density. Furthermore as it
iwas'the shortest exposure taken, the wncertainty in the timing was
the greatest.

Instability in the plasma undoubtedly contributed to the variation
in temperature between exposures. Random fluctwations in power, coupling
and gas flow as well as long term drift in each of these parameters
could have contributed to variations in the electron temperature.

Another possible source of error was the occurrence of band
emissions superimposed on the argon lines, thus causing false intensity
measurements. No such bands were observed but errors from this source
or perhaps from molecular fluorescence of the quartz cannot be entirely
discounted.

2.3, DETERMINATICN OF THE LLECTRON TIMPERATURE BY THE RELATIVE LIND-
CONTINUUM METTIOD.

2.3.1- TheOIS"-

The line spectrum emitted by a plasma results from electron
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transitions between bound atomic states. The energy spread of the
photons emitted by this process is small, approximating te the sum
of the energy widths of the two stationmary states. Free (ionised)
electrons may also make transitions into hound states but because
the upper level of the transition effectively comprises an infinite
number of cnergy states, the cmitted radiation is continuous. This
is known as Recombination radiation. An electron moving through a
plasma is constantly accelerated and decelerated by the local potential
field of the ions and therefore emits photons due to transitions
between unbound i.e. continuous energy states. These free-free
transitions of the electrons make a contribution to the continuum
known as Bremsstrahlung radiation. The total continuum intensity at
the frequency ¥V is therefore given by

15 = 15+ 1)

. where 13 is the intensity at the frequency VY due to recombination
and IB is the intensity at the frequency Y due to Bremsstrahlung

Now it has been shown that (65),

r . _ b .z 3/2 i -
Iyay =Kz N" Gy (kTe) . exp—(h\) +AEi) .
) B, kT
n 1 e
S “exp (ngi ay veea2.12,
W n'kT
o e

where k is a constant,
% is the charge on the ion,
- n_ is the concentration of frec electrons,
N” is the number of ions per unit volume,
G, 1is the free-bound Gaunt factor,
I, is the wperturbed ionisation potential of the atoms,
E, is the depression'of the ionisation potential

and n' is the principal quantum number set by the Inglis Teller limit (68).
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The derivation of equation 2.12 is complex, but it will suffice here
to point out salient features which serve to illustrate the mechanism
of the recombination process. The recombination process may be
represented by

ar*() + oln) —  Ar(N) + b
and it is obvious that the intensity of the radiation emitted is
proportional to the reaction rate,

that is Iy o avt  (arh)
at

L Lo neNl(Ar+) | ....2.13.
where £ is the recombination emission coefficient.
Now n, and N1 can be calculated from the Saha Equation aﬁd.SL from the
electron cross sections for recombination. Equation 2.13 should then
describe the rate of emission of photons having energies up to Ei
(the unperturbed ionisation potential). However, in practice two
. factors tend to reduce the ionisation potenfial below that for an
isolated atom,

In a plasma each electron and ion is surrounded by a net charge
of the opposite sign which is not entirely broken down by thermal
agitation, The result is that ionisation occurs at energies lower
than Ei because following the production of an electron ion pair
there is a release of energy caused by the coulombic attraction of
the neighbouring particles. The other factor arises from the Stark
shift and broadening of bound states caused by local electron and
ion fields. Inglis and Teller (68) showed that at high values of
the Principal quantum number n where the energy difference between
states is small (for Hydrogenic systems AEd.(l/n2 - 1/(n+1)2)) the
Stark effect would 'drown' out discrete levels resulting in an advance

of the Series Limit from n = c0o to n = n'. The range of photon energies



should therefore be given by the inequality

lh\) < Ei-Eg-—AEi eoee2.1k,

where Eg results from the Stark drowning of discrete levels

and Ei is the depression of the ionisation potential due to Coulombic
interaction.

Obviously then, the expression on the right hand side of
equation 2,14 will appear in Saha type expressions and in calculation
of the partition functions since

]
Q(T) =§_ g, exp (—-En/k'l‘) eeee2.15,

Indeed without the effective series limit, the sum in equation
2.15 would diverge and an arbritrary cut-off procedure would have to
be employed.

The intensity of the Bremsstrahlung radiation is given by (65)

e £ ( _i ) ( i) cEene
2 kT kT
_ e e
where G is the free~free Gaunt factor.

1

Equation 2.16 is calculated from classical electromagnetic theory
and once again includes the dimensionless Gaunt factor wich is employed
to unify the results from classical theory with those from wave-
mechanical treatment.

Olsen (69) and Johnston (70) have calculated the total continuum
intensity of argon for a 1.0 A band centred at 426.2 nm and with

substitution of constants and correction factors obtained

-3l - -
I% AV = 5,07.10 31n02 exp - (hY - Ep + A Ei) watts cm 3 st 1. coea2.17
— _]; =
Now the Saha equation can be written
NO = neNi 1‘13 Q(T) CXP< _E_]:._) 00002018

where N1 is the number of singly charged ions.



m is the mass of the electron
Qi(T) is the partition function of the ion.

Re-stating equation 2.1

1 ‘ .
Iy = _I_lﬁzoguAul . P ( -E‘.l )
G(T) A KT

and substituting for No from the Saha equation in which the numerator

in the exponential has been converted to (Ei - Ei) yields

1 —— 2 3 . i 4
Iy = by guAul. n, . h exyp Ei - Eu - A L‘i
L -
9;(T) Te3/2 o(2w k) 72 kT,

Now substituting in constants for the Ar 425.9 nm line yields

1 -30 2 h T 1
Iy, = 3.86.10 n, cxp( E, ~E - AN £, )
Te3/2 kT,
and therefore the ratic of the line to continuum intensity is
15 =7.61.100 . exp B~ BBy veee2.19
1 Te kTe

'Iv
_gince hy = Eu - E1

where El is the lower energy level of the transition.

3.047,10719 g,

il

Now Olsen calculated Eg

and since E, = 2,525,107 18 g,

E, = 1.896.107° 7,
and Ik = 1.38 1072 3, ¢t molecule™L
I = 7.61.10°  exp [ 2.35.10 tees2.20
1 Te (. Te )

Thus the ratio of the line to continuum intensity (R) at a given
wavelength can be expressed as a function of Te only and this function
is plotted in Fig. 5 for values of T_ from 10000 - 15000 K.

2.3.2. DIxperinental.

The instrument chosen for measuring the line to continuum ratio

was a Hilger Watts D330 monochromator, fitted with a grating having



1200 lines per nm {(blaze 350 nm) which yielded a linear dispersion

of 26 A per mm in the plane of the exit slit, The width of the exit
slit was therefore adjusted to 38 microns giving the required spectral
band-pass of 1 A at the detector.

Radiation passing through the exit slit was detected by an
BMI 62565 photomiltiplier tube, having an S type photo-cathode which
has a peak spectral response at about 390 nm. TFor the purpose of
jdentifying the 425.9 nm line and the continuum at 426.2 nm, the
output of the photormltiplier was displayed on a Servoscribe
potentiometric recorder having a 20 K ohm load resistor across its
input terminals. Intensity measurements were made with the
photormltiplier used in the photon counting mode (see later chapters).
This enabled integration of the light signal and therefore an increase
in the precision of measurement (see chapter 5). The line and
3continuum intensity and the dark count were taken as the average of
foui ten second counts.

The optical arrangement was similar to that used for the relative
line intensity measurements. The image of the plasma was focussed
centrally on the monochromator entrance slit, which was set at 38 microns
to correspond to the width of the exit slit. To prevent excess light
reaching the detector the height of the entrance slit was rcduced
with a Hartmann diaphram to about 1 mm. As before one hour was
allowed for the plasma system to stabilise before readings were taken;

2:3.3. Results.

Photon counting measurement yielded the following results

Average dark count from the photomultiplier 11437 counts

il

a

Total intensity of a 1 A band centred at 426.2 nm

354302 counts

Total intensity of a 1 A bvana centred at 425.9 nm 109297 counts
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from which the true line intensity was calculated as 74995 counts
and the true continuum intensity as 22865. The ratio of the line to
continuum intensity was therefore 3.28 which from I'ig. 5 corresponds
to an electron temperaiure of 13350° K, Johnston (70) estimated a
15% uncertainty in equation 2.20 most of the error being associated
with the emission cocfficient of the continuum,

Systematic errors caused by self-absorption of the 425.9 nm line
and wrong wavelength settings, together with random errors due to
noise on the optical signal add to the wncertainty in the final result.
The 425,9 nm transition does not appear to be strongly self-absorbed
(see Table 3 and ref. 71) however some self-absorption is inevitable.
The uncertainty in the optical signal was found to be about 2% and
allowving for errors not amenable to calculation, an over all error of
20% was considered to be realistic., The temperature extremes
Kcorresp0nding to a QO% error are shown in TFig. 5 and from these the
fiﬁal result was calculated as

Te = 13350 * 1000° K

This result is scriously at variance with the temperature
obtained by the relative line intensity method. TFor a collision
dominated LTE plasma the two results should be identical and therefore
reasons for the discrepanby must be sought. Tirstly the validity of
the LTE assumption must be doubted since hoth Johnston (70) and
Olsen (67) have obtained consistent temperatures from LTE argon
plasmas using e?pressions identical to those presented here. Secondly
consideration must be given to the possibility that the continuunm
intensity is being added to by a process not considered in equation
+

2,20, Molecular fluorescence of the quartz or emission from thelAr2

molecular ion could be occurring but the spectral plots of the plasma
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do not indicate any broad band emissions in the 400 to 450 nm range.
The Ar2+ molecular ion is formed on the collision of an excited argon
atom with a ground state argon atom (72):-

Ar¥ + Ar = Ar,’ e veee2.21
Equation 2.21 indicates a third mechanism which may cause erroncous
résults from the line to continuum method, The formation of the ion
decreases the number of excited_Ar atoms thus reducing the intensity
of the line emission. This mechanism is likely to ﬂe of importance
at atmospheric pressure since the required collision is most probable.
Dissociation of the molecular ion results in the emission of vacuum
ultra-violet radiation.

Having dealt with some possible explanations of the temperature
discrepancy, further discussion will be left until a formal test of
the LTE assumption has been made. ,

2,4, DETERMINATION OF THE FLECTRON TEMPERATURE BY TR DOUBLE PROBE
. METHOD.

Electrostatic probes enable plasma parameters such as electron
temﬁerature and density to be determined independently of spectroscopic
quantities. They therefore serve as a useful check on results obtained
by specilroscopic techniques and unlike other non-spectroscopic methods
such as microwvave diagnostics, the equipmént required is extremely
simple. Genérally probes are used for studying low temperature plasmas
in which the probe can be immersed without vapourising and therefore
contaminating the plasma gas. The gas temperature of the microwave
plasma was estimated (sece section 2,5) initially to be 750° C and
therefore platinum probes were considered suitabhle.

A probe inserted into a plasma initially collects more electrons
than ions because of the greater electron velocities. A negative

potential is therefore established on the probe (known as the Tloating
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Potential Vf) such that some of the electrons are repelled, thus
balancing the electron and ion currents. The positive ions form a
sheath round the negative probe and from this point the ion current
becomes insensitive to-further nepgaltive changes in the probe potential.
If however the probe is made more positive, an electron begins to flow
vhich may become large enough to seriously disturb the plasma
equilibrium.

Johnson and Malter (73, 74) suggested the use of double probes
which do not draw larpge currents from the plasma and therefore disturb
the equilibrium. TFurthermore double probes require no reference
electrode and are therefore suitable for use with electrodeless plasmas.
The circuit used to obtain the double probe characteristics is shown
schematically in Fig. 6. In practice a stabilised d.c. supply was
used to bias the probes and voltages and currents measured with a
‘MarcOni digital volt meter having an electrometer input. The plasma
operating conditions were as befere with the argén flow rate at
250 ml min"1 and the input power at 65 W. DProbes were made from 0.1 mm
diameter platinum wire protruding from quartz insulators and were
inserted through serum caps sealed onto each end of the plasma tube
(2 mn inside diameter). Th; length of each probe was made approximately
equal, actual measurement with a travelling mieroscope showed the
dimensions to be Probe I = 2.22 mm and Probe 2 = 1,70 mm.

A typical double probe characteristic is shown in Tig. 7.

where Id is the current flowing in the external circuit
Vd is the differential probe voltage

i,; is the electron current to probe i (i =1,2)

i;i is the saturated ion current to probe i (i =1,2)
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Fig.9. Schematic electron-atom collision.



2,h.1. Theory of electron temperature measurement.,

Assuming the electrons to have a Maxwellian distribution of
velocities and the plasma to be an equipotential volume (in fact
potential gradients do exist in plasmas hecause of the different
diffusion rates of clectrons and ions anéd bhecause of spatial variations
in the external field; however probes can be adjusted spatially to
yield zero potential at which point the equipotential condition is
approximately satisfied), then the electron current collected by a

probe is given by

. - . . - r . 0
g = AJO exp eVv ) .f..u.22
kT
e
where A is the prohe area

jois the random current density in the plasma

and V is the retarding probe potential

Maintaining the condition that there can be no net current drain
Ifroﬁ the plasma (the plasma is neutral in bulk) i.e. the total electron
and ion currents are equal and opposite, then the condition at various
potentials can Dbe considered:
a= 0

Both probes float at the floating potential Vf and since there

is no net potential in the circuit Id = 0 (point a on Fig, 7)
Vd small and negative

Probe 2 becomes more positive and collects more electrons whilst
probe 1 becomes more negative and collects less electrons, in
accordance with equation 2.22. The result is that electrons pass
through the external circuit from probe 2 to probe 1 restoring the
balance and moving to point b on the characteristic.
V(1 larger and negative

Probe 2 now collects the entire electron current to the system and ie1
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Fig.7. A typical double probe characteristic.



- 60 ~

dfops to zero. TFor equal sized probes, half the electrons flow
through the circuit to probe 1 and point ¢ on the characteristic is
reached.
Vd large and negative..
ieQ equals the saturated icn current i: and therefore no furither
current change occurs. As Vd is made more negative the potential of
P2 remains fixed whilst P1 hecomes more negative with Vd’ A slight
increase in current does occur after saturation and this is attributed
to expansion of the ion sheath at higher negative potentials. TUnder
these conditions Johnson and Malter showed that i;i should be
measured at a point 0.8 of the distance, between the break of the
extrapolated saturated ion current line with the characteristic and
the ordinate axis (see Fig. 7). The saturated ion  current is
~ several orders of magnitude less than the saturated electron current
(i.e. electron sheathed operation)'and-therefore the double prohe
method does not disturb the plasma equilibrium. ¥Where probes are of
different area and the equipotential condition is not entirely
fulfilled, the characteristic may not quite fass through zero (see Fig 7),
however no serious error results.

In order to determine the electron temperature from the characteristic

Jolnson and Malter calculated the following relations

T - 11,600 (G - 62) S i;i (ﬂ) eea2.23
Ug /v =0
Qhere ( dﬂ%i» is the slope of the characteristic at V& =0
' ET; Vd =0 (i.e. the resistanpe).
s i;i = igl + igg
and G
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vhere (iGQ)Vd =0 =(Id)vd -0 - (ipl) Vd -0

Six characteristics were plotted and using equation 2.23
temperatures of 25580,21650,23900,24950,23030 and 26400° K were
obtained. The mean temperature was 24250° K and the standard deviation
approximatelj 1600 °X (six results are insufficient to accuratély
estimate the standard deviation). The temperature is much higher than
that determined Ly the other two methods because oﬁly high energy
electrons i.e. those with energies in excess of er are sampled by
the double probe technique.‘ These electrons occur in the high energy
tail of the distribution (see section 2.8.1.) and are responsible for
maintaining the ionisation equilibrium. More consideération will be
given to the mechanism of ionisation in the concluding sections of
this chapter.,

Normally probe characteristics can be used to determine electron
‘ concentrations, but this was not the case for the atmospheric pressure
plasma. The theory given ahbove was developed for probes operated in
low pressure plasmas, where the mean free path of the electrons is
greater than the probe diameter and sheath thickness. Tor plasmas
operated at hipgher preséures the current is modified by collisions
of the changed particles with neutral atoms., The probable effect of
the collisions is to decrease the rate of change of current with
voltage and to disturb the purely exponential relationship of
equation 2,22, The error introduced into the temperature measurement
hovever, may not be too serious, because whilst the differential
term in equation 2,23 gets larger the G term probably decreases. It -
seems a reasonable assumption that under ion sheathed operation, the
total saturated ion current will be less affected by increase of

pressure than the electron current. A possible way of viewing the
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situation is that equation 2.23 applies only to those elecirons
within one mean free path of the probe. The result is that whilst
the theory may provide an estimate of the electron energy, it
would almost certainly give erroneous results if used to determine
'.their number ‘density. A theory of single probe operation at high
particle density has been given (75), but it requires acecurate
knowledge‘of electron and ion mean free paths and temperatures.

2,5, DETERMINATION OF TIE NEUTRAL ARGOM TEMPERATURE.

The previous experiments have been aimed at determining the
electron temperature and have yielded results in excess of 5000°1K{
If the neutral argon was of this order them it would not he possible
to contain the plasma in a quartz tube and indeed the fact that the
quartz can tolerate contact with the plasma for long periods
indicates a gas temperature below 1000° K, The most convenient
, device for measuring g;s temperatures in a confined space is a low
thermal capacity thermo-couple. The difficulty associated with
using a thermo-couple to measure plasma gas temperature, is that the
hot junction cannot be immersed in the plasma because large and
spurious e.m.f. 8 are generated by the local electric field. The
technique adopted therefore was to measure the temperature at various
positions down stream from the plasma and to construct a graph of
temperature vefsus distance from the plasma. The gas temperature
within the plasma was then determined by extrapolation and the results
checked by studying the action of the plasma on various compounds of
known melting poinf.

For these measurements it was necessary to view the plasma at a
point outside the cavity and to achieve this the power had to be

increased to 70 W (the length of the plasma increased with increasing
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microvave pover).. The cavity and plasma tube were mounted horizontally
. and the thermo-couple clamped axially within the quartz tube. A
chrome-~alumel thermo-couple was used, its cold junction kept in iced
water and the e.m.f. s generated recorded with a Servoscribe
potentiometric recorder. Temperatures corresponding to the measured
e.m.T. s were taken from N.B.S. calibration tables.

The distance between the plasma and the thermo-couple was
measured.using a travelling microscope and to allow for slight
variations due to plasma flicker, several readings at cach position
were taken. Ten minutes wére allowed before each set of readings in
order to ensure thermal equilibrium of the thermé;couple with the gas.
The results of these measurements are shown in Fig., 8. DIxtrapolation
of the curve to the ordipate axig indicated a gas temperature of
about 690° C,

v " The melting point experiﬁents were carried out using the salts

K10, (m.p. 560°C), LiC1 (m.p. 613°C), V05 (690° C) and XBr (m.p. 730°C).
Lach salt was ground to produce small crystals and then a few of thesc

were placed in the plasma tube and viewed with the travelling

microscope. The plasma was then initiated and the crystals which

were immersed in the plasma, studied for signs of melting. If was

found that KIO3 and LiCl melted rapidly whilst KBr remained in the

solid state after an exposure of several minutes. V205 melted slowly

in the plasma requiring about one minute for all the solid phase to
disappear.

From the thermo-couple measurements and the melting point
observations it was concluded that the gas temperature in the plasma
was afproximately 690° C, It should be noted that these measurements

related to the tip of the plasma where the quartz was somewhat cooler
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and thus capable of causing greater heat losses from the neutral gas.
The‘temperature in the centre of the discharge was therefore probably
between 700 and 750 (.
The low temperature of the neutral gas compared with that of the
electrons can be explained by the manner in which each particle derives
its energy. Charged particles i.e. ions and electrons arc directly
accelerated by the applied microwave field whereas the neutral pas
atons are unaffected. The neutral gas atoms rmst therefore gain
energy by collisional exchange with the ions and electrons. Consider
the situation depicted in Fig. 9 where an electron of mass m and
“initial velocity v collides with an atom of mass M and initial velocity
zero. An elastic collision results in the particles moving off in

the directions shown with changed velocities v' and V. Now from the
law of conservation of energy

'
,'émv2=%mv2+-w2

and from the law of conservation of linear momentum

b':k‘d

]
mv cos® + MV cosp3 (x direction)

i}

mv

0

mv' sin® + MV sin 3 (y direction)
Eliminating V and [ and rearranging shows that the fractional change
in velocity of the eclectron A v is given by

-A-lr- = =m (1 - COs e ) esee2.2k,
v M

and since energy is proportional to v2 and Ll(vg) = 2vAV,the fraction
of energy lost by the incident electron is

_Q__I-’_J' = _2_“_.1- (1 - COS e ) 00002'250
B M

This equation shows that the transfer of energy from the electrons to
the neutral gas is extremely inefficient and that electrons can go on

gaining energy from the field, without causing much heating of the
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neutral gas. The ions however have masses almost identical to that
of the neutral pas atoms and therefore impart a large proportion

(up to one half) of their energy to the neutral atoms uﬁon collision,
The net result is heating of the neutral gas and depression of the
ion temperature. Large temperature differences between the various
plasma particles is indicative of a low degrece of ionisation of the
carrier gas.

The low temperature of the plasma gas is a serious drawback
when the plasma is used as a source for emission spectrometry. The
number of compounds that can be atomised efficiently by a gas at
700 “C is rather limited and for this reason if iz usual to introduce
foreign species into the plasma in the vapour state.

2,6, TOE FFFECT OF ADDING NITROGMN TO TOE PLASMA.

The spectral plot shown in Fig. I indicated that trace impurities
. of nitrogen and water were present in the argon gas. Nitrogen is an
interesting gas spectroscopically because it has a large number of
band emissions, corresponding to a wide range of photon encrgies and
the structure of the molecule makes it an efficient quencher.
Experiments were therefore carried out to determine which nitrogen
iands could be excited by the plasma and how much nitrogen was
required to quench the discharge.

Quenching was found to occur when the level of nitrogen reached
5% of the total flow. The mechanism of quenching by nitrogen is
aimost certainly collisional damping of the electron energies, by
conversion of their kinetic energy into the internmal energy of the
nitrogen molecule., Tor the process to be favourable the energy
discrepancy must be small and because nitrogen has many closely spaced

energy levels available, the condition can be met for large numbers
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of electrons., At low pressures (gg 5 tory) average electron energics
are somewhat higher (the electrons suffer fewer collisions) and
appreciable dissociation and ionisation of N2 occurs so that the
plasma may be run on pﬁre nitrogen;

Tig. 10 shows a spectral plot of the plasma between 290 and %430 nm
when run on 250 ml.minbi. Ar plus 10 ml.min-l. N2 at 65 W input
power. The principle emissions are identified showing that the
nitrogen is readily excited by the free electrons and will therefore
damp their emergy distribution. Three nitrogen band systems appear,
the N, Second Fositive COT - BOW, NIA’ T ~ X’fand N,* First
Negative B°X % — X° L & Tt is interesting to note that the COT
level of the nitrogen second positive is about 11.1 eV above the
ground state, which would correspond to a resonance photon of 117 nm
(which is far into the vacuum ultra-violet region of the spectrum).

. Provided then, that substancescan be introduced into the plasma in
suitable form, there appears to be sufficient numbers of high energy
species available to excite a wide range of spectral transitions.

The word species is used because argon has two meta-stable levels at
11,49 and 11,66 eV, and it is to be expected that meta-stable atoms
having lifetimes longer than that of a normal excited state will also
be active in the excitation process. Observations on supersonic argon
plasmas doped with N2 (76) have shown that radiation can persist in
field free regions for unexpectedly long periods. The appearance of

N2 Second Positive bands and the lack of bands from levels above
11.66 eV was taken as proof that excitation was occurring by collisional
energy exchange with meta-stable atoms. Turther consideration will be

given to the importance of meta-stable levels in the discussion on

plasma mechanism,
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2.7, EOUILIBRIUM O THE PIASHA.

207.10 TthI“V.

The most important fact that must be established about any
gaseous system is whether or not that system conforms to a defined
equilibrium. For non-equilibrium systems, the ability to completely
deseribe the microscopic processes by a few bulk parameters such as
temperatures and particle density is lost, Temperature may still
have significance because it is a parameter of the distribution
function of particle velocities (nearly always Haxwellian), however
it cannot be employed to calculate spectroscopic properties using
equation such as Boltzmann and Saha. Alternatively, for a system in
complete thermodynamic equilibrium all particles are characterised by
a Maxwellian distribution of velocities corresponding to some temperature

T, the distribution between various stages of ionisation is given by

. the Saha equation and the distribution within the bound levels of

any stage obey Poltzmann statistics, In the absence of complete
thermodynamic equilibrium the concept of LTE (see section 2.1) can be
invoked, where it is assumed that the distribution of states is
dominated by collisional processes to the exclusion of radiative
processes, which are then associated with insignificant energy exchange
and losses.,

When considering the criteria that must apply for a system to be
in LTE it is necessary to consider the excited states and ground state
separately. Tor a given excited level n to be in collisional
equilibrium with respect to higher levels, its total transition
probability for radiational decay wmust be considerably less than its
rate of collisional excitation to higher levels., This condition is

particularly stringent for lower levels because transition probabilifies
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for radiative decay are inversely provortional to the quantum number
- , 9/2 N s

of the state (A oc 1/n for hydrogenic states), and collisional

cross sectiong are small, .Griem (51) has calculated that for the

relative population of o given state to be within 107 of LIE with

respect to higher levels; the collisional population rate should be

ten times the radiational population rate and that this pertains if

1
ne >\ 701018 Z7 kTe 2 Cm—3 . 00.02026'
n17;2

where Z is the charge on the ion

5
77T,
1

n is the principal quantum number of the level n
and the other symﬁols have the same meanings as before.

The condition that the ground state is in LTE with the first
excited state is the most stringent because radiative decay rates can
be extremely high and thus vhen LTE does pertain to the ground state

it can be safely assumed that complete LTE exists between all other
Llevels. The ground state is in LTE with respect to higher levels vhen
its radiative population rate is negligible compared with its
collisional population rate, which in a sense is opposite to the
condition for LTE of the excited levels., The following criterion has

!

Tbeen calculated:

1 _
n S 9.1917 (Euy (k’l‘e)2 e ceeeR.07.

B
i

jo
i

This relation is rarely satisfied in practice, however the ground
state can still approach an LTE population because the effective

radiational population rate is reduced by the occurrence éf self-
absorption. The condition in equation 2,27 can often therefore be

relaxed by a factor of 10,

2.7.2.  Txnerimental Bvidence.

During the period that the results presented in the first part
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of this chapter were bieing obtained, plasira parameters were also the
subject of study of two other workers namely Winefordmer (77) apd
Vickers (78) whose results have recently been published. Vickers
repoerts studies on low pressure argon and helium plasmas run at
various powers in a 2 wave tapered waveguide and Winefordner reports
studies on a free flowing, atmospheric pressure argon plasma run at
100 W in a similar cavity. Since the purpose of this chapter is to
investipate the plasma mechanism, for which parameter determination
is merely a means, the results of these workers will also be taken
into account.

Assuming that the plasma is in LTE the electron density can be
calculated from the Saha equation (2.18). Taking the number density
at 700 °C to be 7.55.10'% cm™, the mass of the argon atom as 6.68.10720 g,
the Baltzmann constant as 1.38.1()"16 ergs Kml, the ionisation potential
~as 15,76 eV and approximating the partition functions to the statistical
weights of the relevant ground states i.e. Q(T) =2,0+1 =1 and
Qi(T) =2(1 +%) + 1 =4, the electron density can be calculated if
the temperature is lmown. Winefordner, using the relative line
intensity method obtained an excitation femperature of 4920 ¥ LOO® K
and from measurement of the absolute intensity of the 425.9 nm argon
line an excitation temperature of 6560 £ 500 °K. Turthermore by
measuring the relative radiaﬁces of the 407.7 nm Sr (II) and
460.7 nm Sr (I) line and the 396.8 nm Ca (II) and 422.7 nn Ca (I) line
temperatures of 5050 and 4980 ° K were obtained. The average of these
results 5400 ¥ 500 °K which is in good agreement with the excitation
temperature of 5680° K. Using this value, the electron density from
Saha is (ne = N1)

n, = 1.2.1016 cm—3.
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hovever allowing for a temperature error of 480°XK the electron
density could be reduced to 2.&.1015. In the Winefordner paper an
independent estimate of the electron density was made, by measuring
the Stark.broadening of the hydrogen Y -13 line (no interferometer
.was available for this measurement to be made in the work reported
here). The hydrogen is present in the plasma from the dissociation
of water vapour which is present as an impurity in the argon. The
electron density obtained was
n, = 1.8.1015 cmm3 (no error quoted)
Substituting appropriate values into equation 2.26 i.e. T = 5680 IS
“and considering levels of principal quéntum.numher 4 and higher the
criterion for LTE is that
n, = 1013 w3
Therefore it can be assumed that the excited levels of the argon are
. in LTE baving a Boltzmann distribution of states corresponding to an
electron temperature of 5680 ¥ 480" K. The straicht line of the log
(I)\/guA) versus Eu plots indicates a Boltzmann population but is
not in itself a sufficient criterion for LTE. The condition that
the ground state is in LTE with the first excited state (the &3P1,
state at 11.56 eV) is given by substituting values into equation 2.27.
icee m, ® 1.2,1017 en™3
However it has been shown that in argon self-absorption is such
(51, 70) that this condition may be relaxed by a factor of 10,
Because there is a substantial uncertainty in the electron density,
it is probably best to assume that the ground state is not purely
collision populated, bhut approaches a coronal equilibrium (51)

being jointly populated by collisional and radiational processes.

The random errors associated with each of the temperature
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measurcnent techniques are not large enoupgh to explain the difference
in the values obtained especially taking into account the results of
the line to continuwn methed. It is therefore necessary to consider
whether ail the relevant factors have been accounted for,

2.8,  PLASMA MUCTTANISM.

2.8.1c The JYonisation Recomhination Equilibrium.

There exists in argon plasmas an ionisation recombination

equilibrium characterised by the equations

Ar + e* ‘—‘%‘ Ar+ 4+ e 4+ ¢ eve .2-280
ArT 4 e —3> Ar + hV eeee2.20,
Ar+ + [¢] -+ e -—9 Ar + e 000020300

Now because the electron density is low radiative recombination is
likely to dominate over three body recombination so that the equilibrium
is described mainly by equations 2.28 and 2.,29. It has therefore been
suggested (79, 80) that this equilibrium gives rise to two distinct
groups of electrons, a high energy low density group (characterised

by *) and a low energy high density group. ZIach group is assumed to
have a Maxwellian distribution of velocities characterised by a
different temperature., Because the double probe method samples only
those electrons with energies above er, it is mainly the high energy
group whose temperature is estimated. The equilibrium then is a

balance between the ionisation rate produced by the high energy electrons
and the rate of electron and ion removal by diffusion to the walls

(both free and ambipolér diffusion (81)) and radiative recombination.
Kenty (82) has shown that radiative recombination cross sections
decrease with increase of energy and therefore whilst it will be
primarily high energy electrons that are lost by diffusion, the low

energy group will be depleted mainly by recombination.
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It appears therefore that the bound states are in collisional
equilibrium with the hipgh density low energy group of electrons and
“thal this equilibrium extends down from the continuwm to the first
excited state. This lower level is generally known as the thermal
‘limit because it represents the lowest state in equilibrium with
the free electron, thermal distribution. Levels below the thermal
limit (i.g. the ground state) have a population which is approximately
coronal, being determined by a combination of collisional and radiational
processes. lMeta-stable states are no exception to the LTE assumption
because their long lifetimes ensure that their populations are always
collision controlled, Clearly then, the spectroscopic properties of
the plasma are dominated by the low energy group of clectrons, but
some interference from the high energy group is inevitable. This may
account for the variance in the temperatures obtained by the different
., methods although there is no apparent reason why the line to continuum
method should include a large contribution from the high energy group.

2.8.,2. The Ionisation Process.

Before ionisation breakdown can occur in the plasma, the presence
of a few free electrons is required (in the absence of extensive field
ionisation) which are supplied by means of a Tesla coil. Now consider
the experience of a single frece clectron initially having zero energy.
The electron is accelerated by the field for a short period until
either the field changes direction or the electron collides with an
atom. The collision changes the direction of the electron but does
not seriously alter its speed, the energy exchange occurring in
proportion to 2m/M (sece equation 2.25). This process continues with
the electron gaining energy in steps, from the field and losing energy

by elastic collisions. When the electron attains an energy slightly
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above that of the first excited state, there is a finite probability
that an inclastic collision will occur, the electron losing nearly
all its energy which unless the state is meta-stable will he radiated
awvay by emission of a photon. Provided that the electric field is
high enough, a few of the electrons will reach the ionisation
potential without suffering inelastic collisions and thus produce
further ionisation.

These arguments are general and may apply equally well to a
dec. or an a.c. field. It is thereforec necessary to consider the
effect that the frequency of the field has on the ionisation process.
An electron accelerated by the field will move off in a particular
direction and since both veltage and electron current are initially
in phase, will present a resistive load to the generator. The encrgy
exchange between the field and the electron then approaches one
hundred per cent efficiency. WNow vhen the field changes direction,
the force on the electron changes direction but its dircction of
motion does got change abruptly (assuming no collisions occur) so
that a phase lag develops between voltage and current, and the load
presented to the generator becomes partially reactive. The electron
deCeletates and loses cnergy which it passes back to the field so that
the electron does work on the generator. After a few cycles a steady
phasc lag develops and for a voltage represented by

e =FE sinwt

[=s
1}

and a current by I sin (wt+ ¢)
where ¢ is the instantaneous voltage,
E is the peak voltage,

i is the instantaneous current,

I is the peal current,
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w ig the angular frequency of the field,

t is the time and

¢ is the angular phase lag.
The average pover per cycle transferred to the electrons by the
generator is given by

P=v I . cosé

Now the value of ¢ depends both on the frequency of the applied
field and on the electron collision frequency hecause electron atonm
collisions interrupt the out of phase motion and therefore promote
efficient energy cxchange between the electrons and the field. At
low pressures the phase 1ag.approaches 90° and energy exchange
becomes very inefficient because the work done by the field on the
electrons during half the cyele, is returned to the field by the
electrons during the second half of the cycle, Altérnatively‘at
~high pressures the high collision rate reduces the phase lag to near
zero causing the electrons to receive the maximum acceleration from
the ficld. TI'rom these arguments it would appear that maxinum electron
energies occur at high pressures but this is not the case because
collisional energy damping becomes increasingly important. For
example, it has been found (81) that in Ar at 992 M.Tz. the optimum
pressure for breakdown is 1 torr,
The effective field that the electrons experience is therefore
a function df the applied frequency and the collision frequency and
it has been shown (81) that it can be expressed in the form
B? = © v, ° ceee2.31
y 2 +\“,2
c

wvhere Ee is the effective field

L is the true field

and ‘vc is the collision frequency
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The collision frequency can Dbe calculated Ffrom the kinetic theory (81)

and is given by the relation

V= 2.1.10° v¥ pg - veee2.32

%Y

where u ié the electroﬁ enerey in volts

p is the gas pressure in torr
and Q is the collision cross section in angstrems squared
Argon has, the unusual property that the collision cross section is
energy dependent, indeed at about 0.% eV argon is almost transparent
to electrons (the Ramsauer Effect) so that an electron gaining energy
from the field can pass easily through the 0.% eV region (providea
phase lag is not excessive) and move on to higher energies, However
between 1 and 12 eV the collision cross section rises rapidly with
the result that collisional dawmping is inecreased., Above 12 eV the
collision cross section gradually decreases, although ahbove the
appropriate threshold energy cross sections for excitation and
ionisation increase steeply. The temperature of 5630° X corresponds
to an electron energy of kT (the electron only has two degrees of
freedom in a bi-directional field) equals 0.%9 eV, Vickers (78)
obtained a temperature of 4535° K at 25 torr and 100 ¥ corresponding
to an electron cnergy of 0.39 eV, The surprising ubiquity of the
0,35 to 0,55 eV energy range in argon is undoubtedly related to the
wnusnal energy dependence of the collision cross section.

Taking tﬁe temperature of the high energy group of electrons,
which are responsible for ionisation, to be that determined by the
double probe mecthod yields an electron ecnergy of 2.1 eV. TUsing the
data from MacDonald (81), the collision cross section for electrons

6

at 2.1 eV in argon is approximately 4.0.10—1 cm2 and substituting

the appropriate values into equation 2,32 yields a collision frequency
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1 sec._i. Comparing this with the frequency of the applied

of 9.3.101
Tield i.g. 2.45.109 sec."1 indicates that 378 collisions occur per
cycle of the field. OSubstituting into equation 2.31 shows that the
effective'field is 0.9997 of the actual field, which is to be

.expected in view of the large number of collisions. One other
important parameter that can now he determined directly is the electron
mean free.path L given Dy the relation (81) :-

L = C cm

p.2.82,10"17,q
which yields a value of 9..3.10_5 cm for the high energy group. This

value indicates that electrons cannot be swept out of the bﬁlk plasma
by the field and that the principal loss will occur by diffusion.
Turthermore, the high frequency of the microwave field means that

the electron does not travel far in one half-cycle of acceleration.

Tinally using the data obtained it is possible to gain an

\indication of the minimum electric field strength (within an order of
magnitude) required for breakdown to occur. The classical random

walk problem indicates that the mean square of the distance travelled
in N collisions is given by 2L2 N/3 and setting this equal to the
square of the distance that an electron must travel to diffuse out of
the plasma (say a radius) will yield the number of collisions en route.
Now in order to maintain the ionisation equilibrium such an electron
must reach the ionisation potential'before being lost, so that setting

the energy gained between collisions equal to A E the following rclation

must hold
E, = N'AE
1
where N' is the average number of collisions before being lost
and Ei is the ionisation potential

The average change in the square of the electron velocity between
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collisions is

(av)® = (Eee)Q_ (a+)*

m
vhere e is the charge on the electron
m is the mass of the clectron
At is the average time between collisions

and thus the average energy gain betwecen collisions is

)
AT = 1 Egc“(At)g
- e
‘-lm
: 2
Now (At) = 2
Yy
vc
and thus AT = E Qe2
2
Vc m

Therefore the effective field strength is given by

o~ n '
Ee = VC uim 00002033.

———

e Nt
Talking the radius of the plasma to be 5.10-h m and calculating N' to
be h.3h.105, equation 2,33 yields an effective field of
E, = 4.23.10° volts m
This seems a high value but is in reasonable agreement with the
results of studies specifically aimed at determining breakdown fields (s81).

2,8.%3. Pennine lonisation.

The existence of meta-stable states in the carrier gas can lower
the effeétive ionisation potential, when impurity atoms having
ionisation potentials below the meta-stable level, are present. The
process is represented by the equation

+
y 31
Armeta + M - M 4+ Ar + e cese2e3l,

where M is an impurity atom.
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The energy difference hetween the meta~stable level and the ionisation
potential of the foreign species is carried off by ihe cjected electron (83).
Meta-stable levels have loag lifetimes of the order of milliseconds
during which period théusands of collisions ﬁay oceur, If there should
be only one impurity atom per thousand argon atoms the process
represented in equation 2.34 is still highly probable. HNercury
(Ei = 10.4 eV) in particular has been employed in breakdown studies
in rare gases, to lower the effective ionisation potential,

One other mechanism has been suggested for meta-stable ionisation
viz. (8%) :

' Ar + A — Ar+ + e + Ar‘
meta meta

although the probability of this collision occurring must be very low.

2.8.4, Ionisation of Impurities.

The presence of clements in the plasma having ionisation potentials
_helow that of argon contribute to the total electron density. For
example, the spectral plots of the plasma indicate that water dissociates
into I and OH and it can be shown that partial dissociation of CH also
occurs (77). The ionisation potential of 0 is 13.62 eV and that of
H 13.60 ¢V and thus both these elements will be ionised to an
appreciable degree.

2.8.5. The Txcitation }Mechanisn.

The_existence of a quasi-LTE equilibrium in the plasma has
already been established, but it will be useful to conclude this
chapter with a brief consideration of the microscopic mechanisms of
the excitation process,

The populations of the lowest energy levels reflect a halance
between collisional excitation and de~excitation and radiative

de—excitation (emission) and execitation (self—absorption). These
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processes may be represented thus

Ar + e & Ar¥ + ¢ collisional equilibrium

Ax¥ - &= Ar + hV radiative equilibrium

Howe§er, the situétion for the highly excited states is somewhat

different. Radiative exXcitation and dén xcitation cross sections are
small but cross sections for gollisional excitation and de-excitation
and radiative recombination are high. The following mechanisms are
therefore likely to bé of importance

Ar + e & Ar¥ + e

Ar" 4+ e > Ar* 4+ h)
In other words, radiative recombination may be a mechanism for the
population of excited states, but the electron concentration is
probably sufficient to re-distribute the captured electrons according
to a thermal distribution i.e. a Boltzmann distribution.

2,8,6. The Bxecitation of Foreiem Species,

The excitation of foreign species in the plasmwa may be viewed in
a similar fgshion to the excitation of Ar. Differences arise however,
because many elements have ionisation potentials below that of argon
and are therefore likely to be extensively ionised, both by the
Penning mechanism and direct electron impact. TUnder these conditions
radiative recombinafion of the low energy electron group may assume a
greater“importance in populating the excited states of the foreign atoms,
Vickers (78) postulates that for low pressure microwvave plasmas,
Aradiative recombination is the major mechanism for the excitation of
foreign species however the evidence presented is not conclusive.

Excitation by meta-stable atoms has already been mentioned (see
section 2.6), but the mechanism is not as general as direct clectron

excitation because two conditions apply. One, the process is most



favoured when the cnergy differcnce belween the meta-stable level and
the relevant excitation potential is small (4); and two, the total
spin of the colliding partners must equal the spin of the resulting

o

particles (the Wigner Spin Conversion Rule (4)).

o00(00000



CHAPTER TIT

. A MICROWAVE-EXCITED, ATMOSPHERIC PRESSURE, ARGON PLASMA
SUITABLE I'OR

TRACE ANALYSIS BY ATOMIC IMISSION SPECTROMETRY
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Je1l. INTRODUCTION

The technique of atomic emission spectrometry has in recent
years been oversbadowed by the rapid growth in the use of AA and AF.
This growth has resulted directly from the improved sensitivity and
selectivity that AA and AT offer for a wide range of elements, when
analysed using flame systems. The universal acceptance of the flame
as the preferred atom reservoir has limited AE as the most sensitive
technique, to those elements having major resonance lines above ca.
350 nm e.g. Na, K, Ca, Sr, Al and In.

Atomic emission has the advantage that it requires no auxilliéry
source of excitation, and therefore the instrumentation tends to be
considerably simpler and cheaper than that used for AA and AT,
Furthermore the fact that the excitation source is non-specific,
enables AE to be used fér multi-element analysis even on an unknown
~matrix. The techniques of AA and AT which do employ specific
excitation sources have advantages in spectral selectivity, but in
part this is counteracted by the greater number of spectral lines that
can be used for AE compared with AA and AF (both are restricted mainly
to resonance lines). Certainly then, provided that a sufficiently
energetic source of excitation e.g. a plasma is available, AL is an
extremely versatile method of analysis.

A number of electrical sources have been used for emission
gpectrometry (see section 1.3.), howvever those that appear to hgve the
greatest potential for trace analysis are the electrodeless discharges.
The absence of electrodes in the exciting plasma minimises both
interferences and problems of sample introduction.

Recently high powered RF electrodeless plasmas have received

extensive study both theoretically and in the analytical context.



Johnston (70) reports comprehensive spectroscopic studies on an IT,

atmogspheric pressure, free flowing, argon plasma run at 6 EW and

4,5 M Wz, From temperature and electron density measurements it was

concluded that the plasma closely approximated to an L.T.E, fluid,

having a Boltzmann population of states corresponding to a temperature

of ca. 10000"K. The existence of L.T.E. in £he plasma enabled it to

be used for the measurement of arpgon atomic transition probabilities.
The high temperature and running stability of such plasmas has

caused a'number of workers (85,86) to investigate them for anmalytical

purposes. Detection limits of 10 p.p.m. Cu, 5 p.p.m. Ni and

10 p.pe.m. Mn have been reported (85) for samples introduced as aqucous

aerosals, Greenfield and Dagnall et. al. (86) have used an RF ( 36 MHz

at 2.5 KW) plasma run on Ar—Né mixtures for the gtomic emission

determination of eclements such as borom and beryllium, introduced

‘diréctly as a fine powdered sample. The powder was formed into a

fluidised bed by electro-mechanical vibration and then blown into the

plasma by the gas flow. Once the'sampling device had been loaded

with about 5.5 g of sample, the emission signél decreased exponentially

with time. This meant that in the absence of an integral technique

of sipgnal measurement, timed obgervations had to be made. A number

of matrixes were investigated e.g. CaCOB, Si02, A1203 and MgO, but

only MgQ was found capable of producing both a non—coagulating powder

cloud and a sufficiently low background emission. Detection limits

of 0.1 p.p.m, Be and 2.5 p.p.m. B were reported for the Mgl matrix.

The ability of the plasma to produce free atoms from samples of'this

nature, illustrates the enormous energy available in this type of

source., Drawbacks of the system included the high cost of the

equipment, an intense and sometimes noisy background spectrum and
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excessive ionisation for elements having low ionisation potentials.
In 1965 Cooke et. al. (36) proposed the use of low wattage
(less than 100 watts) microwave excited plasmas for the spectral
identificétion of species cluted from a gas chromatograph. The
gystem composed a low pressure free flowing plasma which was initially
used to detect the presence of hetero atoms such as nitrogen, chlorine,
fluorine, sulphur and others. By monitoring the emission of atomic
carbon (2&7.86 nm) and carhon containing species such as CH, the
device served as a general G.L.C. detector. Cooke estimated the
limit of detection for carbon to be 10—16 g Later Lisk and Bache
(87 - 89) employed the techﬁiqueyfor the identification of halogen
and phosphorus residucs from insecticides.
Recently Runnels and Gibson (49) showed that plasmas of this
type could be used for the determination of metals. In their system
~volatile organometallic species, dissolved in organic solvents, were
deposited on a platinum loop with a microlitre syringe. TFirst the
solvent was evaporated, the loop was then placed inside the plasma
cell and the compound vapourised into the plasma by electrical heating
of the loop. The plasma in this case was a free flowing, atmospheric

pressure system, run at 25 watts in a % wave resonant cavity.,

4o 10712 g for

Typical detection limits were in the range 10~
elements such as silver, iron and copper.

The previous work (36, 4k9,chapter 2) has shown that microwave
excited argon plasmas contain a sufficient number of high energy
electrons to strongly excite the spectral lines of most elements.
For routine analytical application the system must be capable of

handling samples in different compound forms and therefore in the work

reported here, the solutions used were made up from inorganic salts
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such as the sulphates, chlorides, oxides etc. and no attempt was
made to choose the most volatile species. It has been shown
(36, 19,chapter 2) thal excessive amounts of any species will extinguish
the plasma, thus methods such as the platlinun loop vapouriser (90)
and G.L.C. elution which remove the solvent first and de not require
the plasma to supply the vapourisation energy to the sample, are
preferable. The system described here employed platinum or tungsten
loops for both sampling and vapourisation of the analyte compound.

Early workers experienced difficulties caused by plating out of
the sample on the walls of the containing quartz tube (usually 2 m
internal diameter). To avoid this difficulty conditions were established
under which the plasma could be operated almost entirely in free air
iike a flame.

3,2, THE EXPERIMENTAL SYSTEM

" The microwave induced argon plasma system is depicted in Tig. 11,
Mierowave energy at 2450 ¥ 25MHz was derived from a 'Microtron 200
microwave generator (Electro-Medical Supplies, Wantage, ngland)
and coupling was via an LEvenson (4k) type + wave resonant cavity
(E;H.S.ltype 214L), The radiation emitted from the plasma was
analysed with a Unicam SP.900 spectrophotometer fitted with an
E.M.I. 960iB photomultiplier. The internal chopper, a.c. amplifier
and read out normallyiincorporated in the instrument were by-passed

in favour of a d.c. amplifier/integrator.

%3,%2,1., The d.c. Amplifier/Inteprator.

Weals and transient light signals such as those deseribed here
cannot be adequately recorded by the a.c. detection electronics
common to most commercial spectrophotometers. A 50 iz chopper as

fitted to the SP. 900 accepts and rejects light for alternate periods
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Fig.1. The microwave plasma cell.



- 89 -

of 10 m secs., so that a transient signal of similar duration could
theoretically yield oulputs renging from zero to a nominally correct
value. This disastrous effect on the analytical precision decreases
with increase of signal duration or of chopper frequeney. However,
even when acceptable precision is obtained the use of a chopper
causes 50% the signal information teo be wasted. D.c. systems can
provide an answer, but only if the response time of the cirecuitry is
IOW’(usually five times lower) compared with the half-life of the
event, otherwise signal distortion (sce chapter L) resulting in poor
precision and linearity of the analytical curve result. The situation
is wade worse when the signal duration is found to be concentration
dependent, or the profile composed of a number of peaks. The work of
L'Vov (23) has shown that the optimum method of handling transient
signals of this type is by integration which largelf removes measurement
\érrors resulting from variations in the signal profile.

The circuit of the d.c. amplifier/integrator is shown in Fig. 12,
pover was supplied by a Coutant stabilised supply giving -15, C and
+15 volts. Before use a warm-up time of about one hour was allowed
after which eperation proceeded as follows. The switch -S1 was set in
position 1 to allow voltage and current tripming of the first
operational amplifier (0A1). With the output of the amplif;er éonnected
to a Servoscribe potentiometric recorder and the 5 K ohm potentiometer
set to the earth end of its track, RVl was adjusted to give OV output
(the optimum values of Btland Rtg for each operational amplifier are
supplied by the manufacturer). S1 was then moved to position 2 and
the output of the second operational amplifier trimmed to zero by
adjustiﬁg the helipot RV2., At this point S1 could bhe moved to position

5 and the device operated as a d.c. amplifier with a gain of X100,
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With switch S2 in positi&n 2, the unit integrated the input signal
after é gain of 10 due to GAl, The capacitor in the feedback loop of
0A2 charpges at a rate proportional to the input voltage so thati=-
- _1;» f"Eh at cers 2.1,

RC )
Thus for a 10V output, 50 mV would have to be applied to the input

]
output

for 1 second. The output voltage can be reset by pressing the reset
button which dischérges the capacitor. Before each series of
measurcments the dark current from the photomuliiplier and the
background radiation signal had to be offset. This was achieved by
operating the amplifier in the differential mode, i.c. with Si in
position 3 and S2 in position 1 and trimming the output to zerc with
the 5 K ohm potentiometer. A final adjustment was made with S2 in
| position 2, setting the integrated output to zero by finely adjusting
RV2, The device then integrated only the transient signal.,

| The components used in this system were not expensive and it is
proposed to construct a new amplifier/integrator using chopper stabilised
operational amplifiers and precision potentiometers, which should
lessen the need for comstant re~trimming which was found necessary with
this circuit.

Be2e2, The Plasma Cell.

The plasma cell was constructed in transparent gquartz from a
piece of 8 mn (internal diameter) tubing ca 10 cm in length with a jet
fused into one end of it. The gas inlets were attached at the lower
end and a third port just below the fused jet allowed the platinum or
tungsten loops to be introduced via a P.V.C. plug. Dinensions were
not found to be critical except in the case of the jet, which should
be 2 mm internal diameter and sufficiently long (gg 15 mm) to give

laminar flow at the orifice. If the jet was made too short the plasma
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was unstable and difficult to ignite. It was not possible to make
the jet diameter approach the diameter of the plasma (see below),
“because the gas velocily was then too great for the plasma to be
imnited. Use of & 2 m@ jet however, caused the plasma to wander
gomewhat and hence change its position relative to the spectrophotometer
slit. Because of the diffcrent rates of diffusion of electrons and
ions plasmas in general have a negative sheath and a positive core.
It was hence possible to solve the problem of 'wander' by securing to
the jet a 10 rm length of steel needle so that it was opposite the
slit éentre, parallel to it and protruding about 1 mm above the jet
orifice. The lower end of the plasma was attracted to this needle,
probably by the 'mirror charge effect', and the plasma was therefore
held parallel to the slit. A pyrex sample cup (minimum capacity gg:
20 micro litres) treated inside with Hopkin and Williams 'Repelcote’

. was sealed oﬁto a greased glass rod mounted into the main tube via a
rubber septum capj this arrangement allowed the sample cup to be slid
up and down so that the sample solution could be applied tothe leop.
The 'Repelcote' prevented surface adsorption of the analyte onto the
glass and caused the sample solution to have a flat meniscus which
facilitated precise sampling. (It is desirable to immerse the loop
to the same depth for each Qample). The diameter of the cup should
be small enough te allow gas to pass when it is in the raised
position so that the plasma is not quenched. An alternative method
of sampling is to place the solution on the loop with a syringe.

Fe2e3. The Plasma.

The main body of the plasma was formed above the jet orifice so
that the plating out and devitrification problems encountered when

the plasma is operated within a quartz tube were eliminated. Under



the optimun experimental conditions (sce below) a short section of
the plasma (gg_Q mm) remained in the tube whilst a stable pencil some
20 mn in length and 1.0 mm diameter extended beyond the orifice. The
plasma was formed by first tuning the cavity to minimm reflected
power (with a reflected power meter) and then initiating with a
'Tesla' vacuum tester.

Be2elts  The Sampling Loons.

TFor most elements the loops were made from 10 mm lengths of
0.1 mn diameter platinum wire spot welded to 1 mm steel electrodes.,
The loops formed resembled an ellipse having a major axis of 0.86 mm
and a minor axis of 0,62 mm.

It was found that such a loop when just immersed below the
surface of an aqueous solution, picked up a sample of ca 0,12 micro
litre volume in the form of a surface tension film with reproducible
. dimensions. The measurement was made by toking ten samples from a
solution containing 1000 p.p.m. Cd, washing them into a 10 ml
volumetric flask and analysing the resulting solution by atomic
abgorption spectrometry. Several loops were made and their sampling
volumes were found to range between 0.1 and 0,15 micro litres.

The aqueous film was evaporated first by passing a current of
about 0.1 amps d.c. through the loop; during this process the plasma
becaﬁe less stable and shorter in length. The current was then
switched to 1.9 amps causing the compound remaining on the leop to
vapo rise and pass into the plasma region. Tungsten loops made from
0.1 mm tungsten (m.p. 3380 C) wire were used when a higher
volatilisation temperature than could be achieved with platinum
(m.p. 1769"C) vas required, Two difficulties arose when using tungsten,

oxidation of the loop and oxide burn off readily occurred, and shock
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heating of the argon by the loop caused some increase in plasma
instability.

3.3,  OPTIMISATION OF 9I'B OPERATING CONTITIONS.

Solutions of cadmiwm sulphate were chosen for optimising the
gsystem, as salts of Cd are not usually difficult to vapourise and Cd
has an intense resonance line at 228.8 nm.

303.10 AI'VOP\ Flow Rate.

Gas flow rate was found to be the most critical factor influencing
plasma stability and therefore a careful study of its effect was made.
An oscilloscope with a storage facility was used to observe the
signal profiles obtained when samples containing 10 p.p.m. Cd were
vapourised into the plasma at varying gas flow rates. The calibrated
time base on this instrument enabled the delay time (from switch on
of the loop current to the beginning of the signal ﬁrofile) and
sigﬁal duration to be measured. VWith an argon flow rate of 3.0 - 2,1
l»min"1 the plasma was unstable owing to turbulance in the gas jet.
Fig.13A shows a typical signal profile under these conditions; the
shape 1is assymetrical having an approximately linear growth and
exponential decay. The turbulence of the plasma is reflected in the
positive and negative fluctuations superimposed on the main prefile.

In this instance the delay time was 75 m.sec and the signal duration
225 m sec.

The plasma was stable when the argon flow rate was between 2.1
and 1.6 l.min™' and was easy to initiate. The profile obtained
(Fig. 13B) is smoother than before and slightly flattened at the bottom;
the delay time was once again 75 mféec and the sipgnal duration slightly
longer at 250 m .sce.

Below 1.6 1 min-1 the plasma rapidly decreased in length and was
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finally quenched at ca 1.0 1 min-l. As stated before plasmas are
sensitive to the introduction of molecular species and the rate of
sample introducticn must be kept low to avoid quenching. Under
optimum conditions about 5 secconds were required to evaporate the
water, but at these low flow rates considerable longer periods i.e.
10 - 20 scconds were necessary. The sigual profile (Fig. 13C) once
again had a 75 m sec delay time and 250 m sec duration although the
shallowness of the profile indicates a slightly lower rate of sample
introduction into the plasma. A flow rate of 1.85 1 min“1 was chosen
as optinum because it resulted in a stable plasma and o repreducible
signal profile.

Be3e2. Microwave Power.

With the argon flow rate set at 1.85 1 min-1 a plasma could be
established at microwave po%ers ranging from 20 to 75 W. Samples
- containing 0.1 p.p.m. Cd were vapo rised into the'plasma at varying
powvers within this range and the resulting signals were recorded on
a Servoscribe potentiometric recorder (Fig. 1% ). It was noted that
the plasma increased in length with increasing microwave power; Fig., 15
is a plot of microwave power versus plasma length. The graph shows
that at about 35 W the leﬁgth of the plasma reached 20 mm which was
then sufficient to fill the slit (20 mm long) of the Unicam SP 900,
The steep rise in the power/signal curve was therefore attributed to
the increase in plasma dimensions and not to an increase in the
excitation temperature. The coupling of microwave power to the plasma
was not 100% efficient and increasing the input power above the level
required to give a stable plasma resulted in higher reflected powers
(which tend to overheat the magnetron valve) and a slightly longer

plasma, but no increase in the emission signal. The optimun mierowave
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powver was therefore selected as 45 W because it yielded a stable plasma
and represented a point on the plateau of the power/sipgnal curve.

Fe3e3s The Occurrcnce of Intensity Antinodes in the Plasma.

The entrance élit of the monochromator was blocked except for a
2 mn square portion in the centre. The emission intensities of the
argon background and of cadmium signals were then observed at different
heights ip the plasma. In each cage it was found that a large maximum
occurred opnosite the central tuning electrode of the cavity, tegether
with a much smaller ore near the edge of the cavity approximately 9 rm
below the first. It is thought that these maxima occur at positions
where the electric field intensity within the cavity is greatest.

3.4, THE ANALYTICAL WDRKING>CURVE.FOR CADMIDM,

Analytical grade chemicals and deionised water were used in the
preparation of all solutions. The fundamental assumption of emission
~spectrometry is that the emission intensity is proportional to the
number of atoms of the emitting species. This relation can be
expressed in the form-

I= K.NPIF
where I is the emitted intensi{y
K is the constant
P is the excitation factor
N is the number of atoms of the emitter
m is the emission factor
Now taking logs yields
log I = log Kp + m log N
The emission factor m in the ideal case is equal to unity, but in the

normal circumstances vhere background radiation, and self-absorption (50)
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are present m varies ﬁo maintain the equality.

Ten samples at each concentration examined were vapourised into
the plasma and the intensities recorded at 228.8 nm were averaged.
The analytical working curve is shown in Fig. 16, the slope of the
log/log plot is close to unity (1.046) and the curve is linear over
the concentration range 0.01 - 5.00 p.p.m. These resﬁlts show that
at least for trace element analysis, the plasma yields a linear
response free from seriocus bhackground or self-absorption effects.

It was not poséible to study concentrations above 5.0 p.p.m. because
the capacilor used in the integrator charged toe¢ slowly above this
level. Curves censtructed without using the integrator were not of

a reproducible shape and were non-linear, the signal increasing
approximately four-fold for a thousand-fold increase in concentration.
The detection limit was found to be 0.002 p.p.m. or in absolute terms
2.0 . 1027 5, Normally the detection limit is assessed as the
concentration at which the gignal peak height equals twice the
magnitude of the random fluctwation in the base line. Using the
integrator removed the random fluctuation almost completely, and in
this case it was found that baseline drift limited the mininmum
detectable signal. Precision data was obtained by analysing thirty
solutions containing 0.25 p.pem. Cd. The relative standard deviation
defined as

.a—- x 100% L
x

where o is the standard deviation

and x is the mean
was found to be 10% and this was attributed to the following causes:
( i) variation in the quantity picked up by the loop.

(ii) plasma flicker.
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(iii) variation in the proportion of sample entering the plasma
(the plasma pencil did not completely £ill the 2 mm jet orifice)
( iv) electronic noisé, particularly drift in the potentiometers and
operational amplifiers which were not chopper stabilised.

3.5, APPLICATION TO OTHER ELEMENTS.,

Table 5 shows the limits of delection obtained with platinum or

tungsten loops (as indicated) for a range ef elements.

TABLE 5 LIMITS OF DETECTION FOR VARIOUS FLEMENTS.
Element | Wavelength Loop Limit of Limit of Detection
(nm) Material Detection(g) for 0.12 Micro 1.
sample (p.p.m.)

Zine 213.85 Pt 8.0 . 10711 0.67
Antimony 952,85 Pt 5.0 , 10710 5.60
Selenium 203.98 Pt .0 . 10710 3,24
Arsenic 208.81 Pt b2, 107 0.35
Lead 261,41 Pt 1.2 . 10710 1.0

Cadmium - 298,81 Pt 2.0 , 10713 0.0017
Iron . 218,32 Pt 3.0 . 10710 2.5

Todine 206.16 Pt 1.2, 1079 10.0

Copper 217.89 W 1.2, 10-10 1.0

Boron 249,77 W 1.2 . 10710 1.0
Beryllium - 234,86 Pt 1.2, 10710 1,0
Mercury | 253,65 Pt 1.6 . 107 0.13

ﬁelative detection limits (i.e. p.p.m.) could be improved by taking
larger samples e.ge 5 micro litres placed on the loop with a syringe,
or by evaporating several samples on the loop before high temperature
vapourisation. As can be seen, the system is applicable to elements
which are well lkmown to form stable refractory oxides in flames,

provided that the stable oxide is not formed on the loop at the
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vapourisation stage.

For example, solutions of ferrous ammonium sulphate deposited on
a flatinum loop yielded no iron signal until excess NCl was added to
the solution. It is thought that Fesoa.(ml&)esol&.mgo degrades to
Fe203 (mep. 1538 °C) on the loop whereas the~(FeC1§)" ion (yellow

formed by the addition of excess HCl degrades to FeCl .6H20 wvhich is

3
more volatile (b,p. 280 ° C). Strong sipgnals from atomiec carbon at

247.8 nm were obtained when dilute solutions of acetone were placed
in the sample cup. The results show that the system is capable of

high sensitivity analysis on small sample volumes, for a range of

elements in different matrix forms.,

3,0,  INTERFIRENCES.

Generally interferences should not be a serious problem bhecause
the analyte species is at all times shielded and diluted by an inert
_gas, thus preventing vapour phase formation of stable oxides as often
occurs in flames. Turthermore the plasma possesses energetic electrons
capable of breaking the strongest of moleecular bonds. The interference
study carried out here relates to cadmium only because it was felt
that this should give a general indication of interference problems
and that a potential user of the system would require a specific study
of his sample matrix that an apriori examination could not accomplish.

%.6.1. Special Interference.

Solutions containing 0,25 p.pem. Cd together with various other
elements present in thousand-fold excess were studied. The strongest
spectral interference associated wifh cadmium comes from the 2285.812 nm
direct line emission of arsenic. The selutions of arsenic were
prepared by dissolving arsenic trioxide in 20% (V/V) hydrochloric acid

and then diluting to volume with water. Vhen a sample containing beoth
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cadmiun and arsenic was vapourised by switching the current directly

to 1.9 amps, a large positive interference was observed. However, it
wag Tound subsequently that emission peaks were obsefved without
heating the loop and that further peaks could be obtained by increasing
the loop current to its maximum over a period of time. (see section 3.7 ).
No interference was observed from either cobalt or antimony, hoth of
which exhibit emission close to 228.8 nm, Co at 228.781 nm and Sb at
228,898 nm, when present in thousand-fold excess. Cadmium solution
(0.25 PePetts) containing 5000 p.p.m. sodiuwn did show slight positive
interference but this was due to light leaks by-passing the prism of
the ST’ 900, Under these conditions sodium emission was 6bscrved
visually for several minutes after the Cd signal had been received.

The rapid temperature rise of the loop - 20 to ca 1400° C in about

0.1 seconds - probably causes an explosion of vapour, with the result
that at high concentrations appreciable amounts of analyte become:
adsorbed on the cell walls and then proceeds to re-vapourise more
slovly.

3,0.2. Chemical Interference.

The effects of phosphate, silicate, aluminiwn and vanadium when
present in thousand-fold excess compared with caémium were also
investigated. Only vanadium, present in the form of ammonium
metavanadate was found to interfere giving a 40% reduction iﬁ the
expected signal intensity. Interference in the plasma system may
originéte from two sources; a process occurring on the loop
preventiﬁg complete vapourisation of the analyte compound or the formatien
of a molecular species vhich is not completely degraded by collisicnal
activation in the plasma. In the first case a time factor or

menory effect should appear because of the higher temperature required
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for complete sample vapourisation, as this was not evident the
interference of vanadium was atitributed to hie second process.

3.7. OBSERVATIONS ON TNE PLATINUM LOOP SAMPLING DIVICE.

Both Runnels and Gibson (49) and Winefordner et al (56) have
described the use of the platinum loop sawpling device but neither
groups reported any unexpected observations. The Winefordner device
was used in an atomic fluorescence system for producing atomic vapour
which was then excited by an EDL.

3.7.1. The Occurrence of Multiple Vanourisation Pealks,

(i) Arsenic
Multiple vapourisation peaks were first observed when studying
the interference of arsenic on cadmium. Tigure 17 shows two traces
(d.c. measurement) which illustrate the effect of adding arsenic to
a cadmium solution, the concentrations were chosen so that the peaks
. caused by both arsenic and cadmium were easily discernible. Vhen a
solution containing 10 p.pem.s As alone was placed on {the loop peaks
1 and 2 (Tig. 17 ) were observed after ca 40 scconds. The current
was then switched on and increased steadily to its maxinmum of 1.9 amps;
peaks 3 and 4 were observed when the current reached 1.5 amps and the
loop was just below red heat (22.500"0). The separation of peaks
1 and 2 was about 3 seconds each, the separation of peaks 3 and &
depended on the rate at which the loop was heated. Tig.17 shows that
cadmium was vapourised at a temperature between that of two of the
arsenic peaks 3 and 4.
To establish beyond doubt the nature of each peak would have required
an extensive and time consuming study which was not considered
relevant to the main theme of the work. However the following

observations were made, and some tentative conclusions drawn. An
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examination of the chemistry of arsenic indicated that the following
compounds might have been formed during the evaporation/vapourisation
cycle of the loop
ortho-arsenic acid HBAsﬂq.%HQO - m.p. 35.5 C; b.p. 160°C
arsenous oxychloride AsCCl - unstable, no data available
arsenic trichloride AsCly - m.p. 8.5%C; b.p. 63°C
arsenic trioxide A5203:
patural form arsenalite (cubic or monoclinic) sublimes at 193°C
claundetite m.p. 315 °C; b.p. 457 °C
arsenic pentoxide - decomposes at 315¢C
Fig. 17 shows that at high concentration i.e. 1000 p.p.m. peak 2
became the major species and from the above data it would appear that
AsCl3 is the most likely compound. Peak one could possibly be due
to the unstable oxychloride. The peaks 3 and & probably resulted
from the selective vapourisation of different crystalline forms of the
trioxide.
(ii) Cadmium

The complex chemistry of arsenic made it difficult to identify
all the species and therefore it was decided to try a simple mixture
of cadmium chloride and cadmium iodide. Two sirong peaks were
observed but both were hoisy appearing to compose a number of smaller
peaks. The noisy nature of the signals obtained in this work, was
attributed to the rather crude method used for controlling the
heating currcnt ramp which involved turning by hand the spindle of a
potentiometer.
(iii) Iroﬁ

Solutions of iron mwade up from FeCl‘.6H20 dissolved in 5%

3
HC1 yielded two peaks hoth below red heat. Assuming the first step
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to be recrystallisation of FeClB, three possible forms could have
been responsible
Fe013.6ﬂ20 m.pe 37 °C; bop. 280°C
Fe(113.2-;ﬂ20 mep. 56 °C; no boiling point given
FeCl3 mep«306 °C; decomposes at 315°C
(iv) Mercury

The solutions of mercury used in this study were made from
Hg012 dissolved in 0.5% JIC1 and then diluted to one litre volume.
Three peaks (Fig. 18) were observed and these were attributed to
sublimes at 400 ° C and Ig®

HgCl, m.p. 276° C; bap. 302 °C; Hg,Cl

2 2
mep. =38.87 °C; h.p. 357 °C. Althouph at first surprising that HgI
and Hgo should result from a solution of HgClz, it is well lmown that
Hgll, is reduced to g® by boiling with IIC1 in the presence of a
copper foil on which an amalgam forms. Platinum also forms an amalgam
with mercury and it may be that the decrease in the free energy of the
system caugsed by amalgamation is a driving force behind the reduction
process.

In order to positively identify each of the peaks it was decided
to investigate the effect of reducing and oxidising agents on the
system. Reducing agents such as ascorbic acid, excess metallic
mercury and SnCl2 removed peal one and caused an enhancement of peaks
2 and 3. Oxidising agents such as acid KMnOQ and CeIV resulted in an
increase in peak one and a diminution of peaks 2 and 3. Finally a
minute crystal of ‘Analar' HgCl2 was placed on the loop and a large
peak lasting nearly one minutg was observed followed by two smaller
peaks, From the experimental data it was concluded that peak one was
due to HgClz, peak 2 to Hgo and peak 3 to Hgglg. The occurrence of

three vapourisation peaks for mercury has also been reported with
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Fig.19. Adsorption of mercury vapour on platinum.



- 108 -

the Massmann furnace (91) and an R.F. furnace (92). Vhen a system
exhibits more than ome emission peak and the peaks cannot be
integrated by rapid heating, then an integral signal measuring
technigque must be empl&yed in order to obtain linear calibration
graphs.

Fe7e2. Simnal Fnhancement by Analyte Adsorption on the Platinum Surface.

During the work on mercury it was noticed that when the system
was not used for a few minutes a mercury sign#l was obtained on
firing of the loop. This was attributed to the adsorption of mercury
vapour - present in the gas flow system - onto the platinum surface.
The effect was particularly strong when the apparatus was first in use
and gradually disappeared during the course of a typical seven-~hour
working day. The mercury obviously originated from airbourne vapour
in the laboratory and a check with a safety meter indicated a general
level of approximately 3 micro g. W,

To ascertain if quantitative analytical use could he made of the
adsorption process, the loop was placed in a tube through which air
was flowing and then emission signals recorded after different
exposure periods, The measurements were made using the photon counting
technique (see chapters four and five) and hence the emission intensity
was recorded in 'counts', The results are plotted in Fig.19 and do
show that a uniform curve exhibiting linearity over the first stage
can be obtained. Curvature of the pgraph above 100,000 counts may be
due to a decrease in the rate of adsorption, but may also be partly
due to the onset of pulse pile up in the counting system. The signal
enhancement obtained for an exposure time of six minutes compared
with one minute was about five times, indicating that levels below

-3

1 micro g- m ~ are detectable after moderate exposure. There can be
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little doubt that extremely low levels could be detected with long
exposure times, bhut calibration in concentration waits would be a
major difficulty.

Having established that absorption on the platinum occurred in
the vapour phase, it remained to ascertain whether the process
occurred in aqgueous solution. Solutions of mercuric chloride -
first reduced with ascorbic acid - were chosen for the investipation.
A 1.0 cm platinum coil exposed to a 1 p.p.m, solution for periods of
0.0 to 30.0 minutes yielded a curve similar in shape to the one shown
in Fig. 19. Once again curvature of the graph occurred at high signal
levels. The normal detection limit for mercury was ca 0.1 p.p.m., but
it was found that a five-fold increase in the mercury emission at this
level could be obtained by allowing the loop to remain in the reduced
solution for ten minutes. This suggested a new detection linit of
. 0.02 p.pem. and indeed a solution of this concentration was detected
after an exposure period of ten minutes. The precision of these
results was of course very poor (50% at the detection 1imit), but this
method of sample concentration could prove of value when low levels
of mercury exist and only micro litres of the sample are available
for analysis.

An investigation is at present being carried out to determine
whether the technique will work for other metals such as Ag, Cu and Au,
These elements were chosen as they are reduced by ascorbic acid,
which being an organic is unlikely to form thermally stable compounds
and thus cause interference.

3,8, CONCLUSIONS

The results presented in this chapter show that the microwvave

plasma has much to recommend it as an excitation source in atomic
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enission spectrométry. Coupled to a platinum loop sampling and
vapourisation device it forms a versatile analytical system ideally
suited to trace analysis, particularly when small samples only are
available. The limited number of interferences suggests that the
technique could find application where the sample is contained in a
complex matrix e.g. in biological systems suclh as blood plasma,.

An adaption of the plasma system ig in use (93) for the monitoring
of volatile elements vapourised from rock samples. The rock is either
cut to a convenienl size or powered with a graphite matrix and then
placed between the coils of a 1 KW induction furnace. Argon is flushed
over the sample and carries the volatilised elements into the plasma
for spectral excitation. Low levelé of clements such as Cd, As, IHg
and Se have been detected and once again varying exidation states have
been observed by their different vapourisation temperatures. The
plasma with its ability to excite a large range of elements is
particularly valuable in this type of study where qualitative and semi-
quantitative information about a compléx and wnknown sample is
required.

Other uses that the system has been put to include (SNQ the
monitoring of metallic halides released from a reaction vessel during
a metallurgical conversion. Recent work in our own laboratory (5@
has shown the plasma capable of exciting spectral lines in the vacuum U.V.
e.ge Hg 184,9 nm, I 183.,0 nm and S 180.7 nm. A technique capable of
measuring low levels of sulphur could certainly find application in
the analysis of oils. All oils contain sulphur but it is an
undesirable constitucnt, because on combustion it forms corrosive
compounds such as 502 and H2804 and lachrymatory organics.

Having pointed out the merits of microwave plasmas it is
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appropriate to conclude this chapiter with a discussion of the
disadvantages involved in their use and to suggest how these might
be overcome.

Certainly the major problem encountered is that of sample
introduction and before plasmas can hecome established as a routine
analytical method, techniques for continuous and automated one shot
sampling must be found. Two approeches to sampling can be adopted,
to introduce the sample to the plasma in the liquid ﬁhase or to
evaporate the solvent first and introduce the sample in the vapour
phase. The second method is preferable for the reasons given earlier,
but difficulties arise when the sample contains compounds of high
thermal stability that arc not easily vapourised and therefore
contaminate the sampling device. Practical difficulties arise in
designing a continuous sampling device of the second type, because a

“means of introducing low rates of sample to the vapouriser must be
found., One suggestion that might be practical is a continuous wire
that picks up a surface tension film of solution, and is then
electrically heated power being drawn from two knife edge elecirodes.
Another, that could provide an answer is to use two plasmas in series;
aqueous sample on a continucus wire or from a fine silica capillary
is introduced into the first one, and the second is used only for
exciting the vapour produced.

Introduction of sample in the liquid phase depends on finding'a
means of nebulising solutlions at extremely low flow rates, i.e. less
than 1 micro 1 sec’l. Pneuwnatic nebulisers produce quantities
several orders of magnitude above this and cannot be considered
suitable for this application. Ultrasonic devices have been used as

nebulisers (95,96) and could possibly be adapted for use with plasmas.
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Two types have been investigated, aerosol generators and individual
drop generators. The former function function by focussing an
ultrasonic wave at the liquid pas interface where a droplet cloud is
produced, Problems arise with sample interchange, variation in
droplet size and maintaining an accurate focus. The latter type
form droplets (down to 25 microns diameter) by vibrating at high
frequency a capillary (up to 0.25 um diameter) through which the
sample is flowing. The jet formed at the capillary orifice then
breaks up into vniform dreplets whose rate can be controlled by
selective charging and electrostatic focussing of the droplet beam.
The device is elegant in its mode of operation but is probably too
complicated and costly for routine analytical application.

The reproducibility of the plasma system was not sufficient to
allow high precisien analysis (i.e. 2%) from a single sample,
Instability of the plasma was considered a major factor in this, and
fherefore some consideration should be given to the underlying
causes viz.‘
(i) power si';ability

Stabilisation of the power coupled to the plasma was more
difficult than expeccted because even if the output from the magnetron
valve is conslant; a number of factors can affect the actual power
dissipated in the plasma. Cavity tuning is the most critical factor
and this in turn is affected by changes in the cavity temperature, in
the plasma dimensions and frequency drift in the magnetron valve. The
work reported here utilised the early Microtron 200 wnit which does
not include current stabilisation of the magnetron (as do later models)
and therefore source power fluctuvations were added to those caused by

variable tuning. The total r.m.s. powver fluctuation was estimated to



be 5% at 40 watts.

(i1) stability of the gas strean.

Standard cylinder pressure heads and needle valves were used
for controlling the aréon flow rate and together with a smoothing
reserveoir of one litre kept flow rate fluctuations to about 1%.
Air currents within the laboratory probably contributed to plasma
flicker and an improved design would employ argon shielding around
the plasma, to yield betler stability and lessen the background
radiation caused by entrained nitrogen.

Variation in the quantity picked up by the loop was another factor
contributing to the loss of analytical precisiocn. The lbops were
formed by wrapping the wire round a steel needle and then twisting
the side arms once. The twist in the loop may have caused sampling
error and an attempt was made to spot weld the wire, however the welds
_ tended to break on heating.

Noise from the electronics also added to the overall variance but

this has already been dealt with briefly and will be exanmined closely

in the chapters dealing with photon counting.

000000000
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CHAPTER IV

FHOTON COUNTING, A SIGHAL MEASUREMENT TECHNIQUE
FOR

ANALYTICAL ATOMIC SPECTROMETRY
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k.1, TNTRODUCTION.

The experience gained using the d.c. amplifier/integrator showed
that such devices are limited at low light levels by haseline drift.

The problem was not too severe for the short duration pulses encowntered
with the plasma sysiem, but wdoubtedly would have been a serious
dravback had longer period integration been required. The demand for
lower detection limits has led to the investigation of integral
techniques as a means of measuring weak radiation signals with greater
precision. Photon counting offers an alternative to capacitative
integration and unlike the latter it should not be unduly subject to
drift problems. It was therefore decided to investigate the teclmique
as a means of integrating and measuring weak radiation signals of the
type obtained in analytical spectrometry. The aim therefore, was to
produce a photon counting system capable of measuring extremely low
levels of radiation; rather than one that could cover a large intensity
range. This digtinction is important because certain featurcs of system
~design are affected by the type of signal to be measured; further
discussion of this point is pestponed until section %.6.1.

Photon counting involves the direct digital recording of the
current pulses resulting at the anode of a photomultiplier, caused by
photon impact at the photo-cathode. DProvided that the rate of photo-
electron emission and pulse-pair resolution of the electronic system
are such that individuval pulses are resolved, the measurement affords
a direct digital analysis of the radiation intensity.‘ |

. The photormltiplier remains at present the prime detector of
radiation in the U.V., visible and infra-red region of the spectrum.
The extremely high internal gnin, affording low noise signal amplification

of up to x 108 and the linearity of the device over several orders of



~ 116 -

signal magnitude make it the universal choice for low inlensity
radiation measurement, Undoubtedly in the fulure phote=diodes and
photo-transistors (97 ~ 99) having wnit guanium efficiceney over a
wide gpectral range will replace the photomultiplier, but to date
the pain of these devices has heen too small {o make them a viable
alternative.

Photon counting is hest suited to the measurement of low levels
of radiation and hence its application in analytical atoric absorption,
emission and fluorescence is obvious. The current trend in atomic
spectrometry towards the use of non-flame atom reservoirs (53 - 56)
producing wealt and transignt radiation signals, requires that close
attention be given to the response characteristics of the detectiog
gysten unsed. All counting techniques effectively integrate the signal
and as will be demonstrated, this can be of particular value fer
transient signals and signals having certain kinds of noise component.
Furthermore, the direct digital output of photon counting makes it
ideal for interfacing with modern computerised data handling systens.

4,2, THE INTLGRAL TECTINIOUSE CF SIGNAL MEASTRIRINT.

Radiation signals in atomic spectrometry can be divided into
two basic types for the purpose of theoretical analysis. The most
common are the steady state signals where the analytical signal is
esgsentially constant with time. Such signals are obtained from con-
ventional pnewnatic nebulisers supplied as standard equipment with
most commercial atomic spectrometry instruments. Arc and spectro-
photonetric studies can also produce steady state signals. The
other type of signal is the transient signal in whieh the radiation
intensity is a function of time. Transient signals have become more

common in recent times with the development of non-flame cells for
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atomisation e.g. the platinum loop atomiser (56), Vest type filament
(55), Hassmann furnace (53) and L'Vov furnace (54).

The only theoretical analysis of analytical signals in atomic
spectrometry is that by Professor L'Vov (23) and although there are
certain departures from reality in the mathematical treatment, they
are not serious and valid conclusions can be drawn. The Theory derives
expressions for pulse shapes of bhoth steady state and transient
analytical signals. I+t shows that there are three basic paramcters
that can be measured in order to estimate the concentration of the
analyte; the equilibriwn value (Steady state signals oniy), the feak
value (transientsﬁgnals only) and the integrated area under the curve
(steady state and transient siguals). Tor both types of signal it is
showvn that the integral measurement yields the highest sensitivity and
that this sensitivity is in proportion to the time that the analyte
atoms spend in the analytical cell. Turthermore and perhaps most
important, the theory demonstrates that the result obtained by integral
measurcment is independent of the rate of sample introduction into the
cell, This is of particular importance for signals of variable
duration or where two samples contain similar amounts of analyte, but
the matrix causes a different rate of introduction into the analytical
cell,

Generally equilibriwm values are the easiest to measure because
any dec. Or a,c. current measuring circuit (assuming the prime detector
to be a photomultiplier) will effectively monitor a steady signal.

Peak measurcment is usually accomplished with d.c. systems and it can
be shown that circuit time constants must be kept short (100) if
distortion of the analytical pulse shape is to be avoided. Integral

neasurenent has in the past heen achieved by capacitative charge
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integration, but in this chapter it will be domonstrated that photon
counting can be an excellent altermative technique.

k,3, THE PRINCIPLES 0T PICTOM COUMNTING.

4,%.1. The Photemultinlier Tube.

The single most important item in a photon counting system is the
photomultiplicer tube (PMT) whose mode of operation is fundamental to
the technique of photon counting. The mechanism of the device is well
kmown but a brief description will be given in order to point out
which factors are of importance in relation to photon counting.

( i) Structure.

The structure of a typical photomultiplier of the venctian blind
type is shown in Fig, 20. Vhen the tube is to be used for atomic
spectrometry requiring wavelength coverage from 170 « 600 nm the
envelope is made of quartz and the photo-cathode is generally of the
S-11, S(IMI only) or bialkali type. Three dynode structures are
comonly employed; the venetian blind structure which yields high
gain, hish gain stability and low noise performance; the fast linear
focussed structure yielding high gain, fast pulse rise times hut
inferior noise and gain stability characteristics to the venetian
blind type; the box and grid structure which offers moderate performance
at moderate cost., Tor detailed information about the various types of
PMT available sec references (101, 102).

(ii) Mode of Cperation.

The first dynode is biased positive with respeet to the photo=
cathode and each subsequent dynode hiased more positive with respect
to the previous one. The biasing voltages are obtained by potentio-
metrically dividing down the output of a well stabiliscd THT supply (101).

Typical interstage voltages are in the range 150 - 500 V and the
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mumber of stages varies belween nine and fifteen, so that in general
a 3 IV supply is adequate {5 mA). A photon striking the photo~cathode
causes the emission of a photo~electron with a preobability 95 Imown as
the guantum efficiency. The photo-electron is accelerated by the
'elec”cric Tield and strikes the first dynode where it causes the ejection
of a number of secondary clecirons. The number of secondary eclectrons
released S is a statistical quantity which under ideal conditions
has a Poisson distribution characterised by the mean 13 . The
secondary electrous released from the first dynode are accelerated
into the second dynode and there result in further secondary emission,
The multiplication continues down the dynode chain which typically
may have an overall gain of 105 - 108. Because the multiplication
process is statistical, the pulse resulting at the anode varies in
magnitude and when the dynode statistics are Poisson the distribution
of pulse magnitudes is also Poisson (sce Fig. 21}, It can Le shown
that the resulting variance in single photo-clectron pulse magnitude

is given by (102)

2 2 z b z
o = (G) U; O—‘L O"h
G =3 ==, IR o s - ¥
S‘ é‘»%q_ . (6},&1_""6\1-')5‘_&
2, . . .
where 0} is the variance irn the overall gain G
G ; &
., . . . .
Uy is the variance associated with the i, dynode

th

S{ is the average gain of the I,, dynode

th
. is the number of dynodes.
which in turn shows that the largest contribution {o the pulse height
variance comes from the first stage., Now for a Poisson distribution
2 . = . . .
O‘:l is equal fo 6‘1 so that the variance in the overall gain can be

significantly reduced by making the first stage gain as larze as possible.
R J J <} o 1O (= &

Indeed when this is done the signal to noise ratio for the whole chain
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can be approximated to:~

-~ ‘/
G - C ) 1
& o= (8,
G .
The statistics for dynode chains vary between the Poisson and the

Txponential distributions (102); Poisson statistics have the advantege
9
that for a given gain G, the overall wvariance O“a is less than that for
Ixponential statistics. The result is that the pulse height
distribution is narrower and the dynode chain signal to noise ratio
greater. The ability of a TMT to produce a narrow range of pulse
magnitudes for single photon inputs is of importance for both photon
comnting and current measuring techniques. This will becowme apparent
in the sections dealing with shot noise and pulsc discrimination.

The gain of the photomultiplier can he expressed in the form

ek
G=¢ (p8)
wvhere N is the first dynode collection efficiency
and P is the'inter»dynode colleetion efficiency

To measure each paraﬁeter separately is difficult and therefore
manufacturers uvse a standard intensity source and measure the photo-
cathode sensitivity S in micro amps per lumen, the overall sensitivity
M (at a given operating voltage) in amps per lumen and specify the

gain as

The electrons which traverse the dyncde chain do so over different
paths and therefore arrive at the anode at different times. It has
Been shown (103) that the time distribution of electron arrival at the

anode is Gaussion so that the current pulse can be expressed in the

{orm
Q
i o= Ge exp - 1, eeeeltod,
a -z 5
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vhere ¢ is the charge on the electron
¢ is the standard deviation
and t is the time.

The pulse width is therefore specified by the width at half maximum
amplitude which corresponds to 2.36 ¢ ., Typical values of the pulse
width are 15 nS for a venetian blind tube of 13 stages and 2.5 nS for
a fast focusscd tube of 14 stages. The width of the pulse is an
important consideration in photon counting, because the technique
depends on time resolviug individual pulses when the average rate of
pulse arrival is high. Tubes producing narrow pulses are therefore
superior for use in photon counting systems.

£.%,2. Photormltinlier Darlt Current.

A photomultiplier placed in absolute darkness will still generate
current pulses. These pulses are sometimes incorrectly roferred to as
. dark current noise. A steady signal, no matter what its origin might
be, does not constitute noise, becaunse a well defined sipgnal can be
subtracted from a result without loss of precision. It is the random
or correlated fluctuations in the signal that constitute noise and
cause the signal to noise ratio to be finite. The sources of dark
current will now be considered.

( i) Thermionic emission

For most THMTs thermionic emission from the photo-cathode is the

major contributor to dark current. Thermal dark current approximately

oheys Richardson's law:i-

0 ) .
I = 1.2.10° T° exp ~ / 1.16.10" ¢ TB
T

where T is the temperature

and [ p is the thermal work function.



The temperature occurs twice in the expression and it is generally
found that cooling a THT +o about ~40°C is svufficient to reduce the
thermal dark current cifectively to zero. The resuliing anode pulses
are undistinguishable from photen pulses hecause they experience the
full gain of the dynode chain. Thermionic emission can alse oceur
from the dynodes although with less frequency; Decause the thermionic
work function of the metal dynode surfaces is higher than that of the
semi~conductor photo-cathode surface. Thermionic pulses from the
dynode chain can be distinguished Trom photon pulses because in general
they experience less gain and are therefore smaller. Vhen it is not
convenicent to cool the I'HT, a specially processed photo-cathode having
a higher than usual thermal work function can be employed e.g. the FBMI
'St type photo-cathode,

( ii) Pulses originating from radioactive sources.

The glasses used in photomultiplier manufacture contain residual
anounts of natlural qu isotope which emits p particles that result in
bursts of Cerenkov photons from the glass, Cosmic particles can also
cause dark pulses by secondary cmission from the photo~cathode and
dynode surfaces, Cerenkov mechanism and residual gas ionisation.,
Finally glass fluorescence may occur when the tube is used in the
presence of ¥ radiation sources. Generally pulses derived from
radicactive sources are larger than photon pulses, because a burst of
phiotons or electrons is generated in a time that is short compareéd with
the anode pulsc width.

(iii) Cold field emission and residual pas ionisation.
Pulses from these sources are not important when the PMT is run

at the recommended operating voltage, but they are the major dark

current component at higher voltages.
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(iv) >0hmic lcakage.

Small dec. currents always exist in FliTs because some of the
electrons miss the dynocde chain and drift to the anode independently
of the main electron a%alanche. However, these unpulsed currents do
not contribute to the count in photon counting.

It may also be mentioned that any metallic components touching
the envelope not at the cathode potential, and eclectrostatic and
magetic fields can affect the force field in the PMT and cause large
increases in the dark current. Mu-metal shields are often used to
protect the DPMT from external influences. A typical dark pulse

-
amplitude spectrum is shown in Fig. 21. The spectrum has proportionately
more large pulses -~ from radioactive origin -~ and more small pulses -
from pulses originating along the dynode chain - than the photon

pulse spectrusi.

4.%.%, Pulse Pile~up in Photon Counting.

Pulse pile-up is the term given to the sitvation that occurs when
the photo~elecctiron pulses are not fully time resolved by the counting
circuitry. Before describing the mechanism of pulse pile~up it is
necessary to indicate that the pulse width at the point of counting is
a function of the entire electronic circuitry and not just the
photomultiplier, so that in this discussion it is the final pulse
width that is heing considered and not the enode pulse width,
Furthermore, every counting system has a counting threshold which the
pulse amplitude must exceed, in order to trigger the counting circuit
to place a onc in the register. Most modern logic devices arc edge
triggered and respond to either a positive or negative going cdge,
exceeding some pre-determined value.

The normal sources (not lasers) encountered in analytical atomic



spectrometyry emits photons randomly in tinme (in the limit of considering
only a few photens), that is to say that the cmission of one photon in
no vay affects the time of emission of the next. Under these
circumstances pholon eﬁission caﬁ be considered as a Poisson process,
which means that even at the lowest photon arrival rates there is still
a finitc probability that two photons will arrive almost simultaneously,
Two pulse pile-up mechanisms can occur and these are depicted in
Fig. 22. In the first, two pulses overlap so that the resulting
waveform does not drop below the threshold level until after both
pulses have passed through the counting network. The result is that
a 1 is placed in the register instead of 2. This type of pulse pile~
up dominates at high photon arrival rates and as a result the commt rate
versus intensity curve bends towards the abeissa. Before describing
the second mechanism it is necessary to mention the concept of pulse
amplitude discrimination which will be further dealt with later in
this chapter. Morton (104) ih a review of the fundamentals of photon
comting pointed out that hecause the pulse amplitude distributions
of the photon and dark pulses are different it is possible to
discriminate against dark pulses. It was suggested that the ideal
system would use window counting i.e. having a lower threshold to
reject dark pulses originating from dynodes other than the first and
an upper threshold to reject large pulses of radioactive origin. Yhen
a discriminator is used, the other pulse pile~up mechanisa may operate
i.e., two small dark pulses that should not be counted may add
algebraically and result in a large pulse that is counted. This
mechanisnm can lead to error when the photon flux is low.
Pulse pile-up resulting in count loss is the mechanism of most

importance in analytical sindics (see later sections) and therefore an
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Fig.22. Pulse pile-up mechanisms in photon counting.
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Fig.23. Percentage of photons counted as a function of the product N.D.
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investigation of the effect of pile~up on a counting experiment was
carried out. Rather than use a practical counting system which
would have a number of mlnown pvarameters it was thought that nore
information could be chtained by simulating the experiment on the
College IDM 7094 digitnl computer,

The limiting factor in a countling experiment carried out at a
high photon arrival rate, is the ability of the counting circuitry to
resolve two closely spaced pulses. Tor the purpose of simulation,
this ability can be represented by specifying for the counting systiem
a 'dead time'. The dead time is the period that rmust elapse, fellowing
the arrival of the first pulse, before another pulse can be counted,
Any pulse that arrives cduring the dead time is not counted and therefore
the effect is that of the first pile-up mechanism. Thus the experiment
can be represented by considering three variables
( i) the average rate of photon arrival ()
( ii) the cownting systém tdead time' (D)
(1ii) the count period (1)
A stable, thermal radiation source emits photons that are Poisson
distributed in time, so that the probability of r events occurring in
wmit time is given by

P(r) = c_Nﬁr eeeelt 2,
' e

where N is the average number of events per uwnit time.
Now for events that are Poisson distributed in time, the times between
events follov the Negetive Ixponential Distribution whose probability
density function is

£(t) = N exp -(Nt) eeselt3,

Thus photon arrival was simulated by using the library routine RNIST(Y)
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vhich generates random numbers in the interval 0 - 1, and taking the

time of arrival of the nexi photon as the.preduct of the average time

between photon arrivels and the neﬁative natural logarithm of the next

randon nurber., The pr&gram then operated in the following manner.,

The first photon arrives at some time t and a 1 is placed in a count

register. After the arrival of the first photon the next one cannot

he counted wntil after the time t + D, Thus if the next photon

arrived after the time t + D the count resister vas raised to 2 but if

it arrived before t + D the register remained at 1, and so on. Rather

than forget the photons not comted it was decided to place them in a

series of registers corresponding to 1,2,3 (ceee O n phbtons missed

during a dead time. Therefore, for a given set of variables, N, D and

T the folleving information was obtained.

( i) the total nunmbher e¢f photon arrivals in the time T

( ii) the number and nercentage of photons counted

(iii) the number of phofons not counted

('iv) the number of times that 1,2,3, ..... or n photons were not
counted during all the dead times.

A complete transcript of the program is presented in Appendix I .

The results from the program can be obtained from equations 4.2 and

4.3, but the simulation technique is a more elegant method because it

approximates to a real experiment.

Fig. 23 shows the percentage of pgotons counted as a function of
the product N.D. Clearly if the system is to be used as an absolute
radiation intensity measuring device, with less than 1% error due to
pile-up loss, then the count rate should not cxceed 0,01 tines the
reciprocal system dead time. Indeed when the system dead time equals

the average time spacing of the photons only ca 37% of the photons are



-~ 120 -

counted. Trem Fig.23 a log-log curve of photon arrival rate versus
comnt rate i.e. an analytical curve {(linear portion only) can he
obtained by plotting the same abscissa values (see Fig.2k ) versus
the sun of the abscissé values and the log of the corresponding curve
ordinates. Such a graph is shown in Tig.24 where it can be scen that
the curve is approximately linear over the first portion, bhut tails
off at high'photon arrival rates i.e. radiation intensity, eventually
having a negative gradient. A2As will be seen, practical cownt versus
intensity curves approximate to this shape although 1eal analytical
sigals rarely correspond to Poisson statistics. TForthermore,it is
unusual to increase the intensity alove the initial curvature point,
because this adversely affeets the PMT dark current and excessive
intensities may damage the DM

The f{requency distribution of missed counts also depends on the
~product of the average photon arrival rate and {the cownter dead time.
This is illustrated in Tig, 25 where the distributions for ¥.D = 1 and
N.D = 50 are shown. Vhen N.D = 1 the area under the distribution
should approximate to 73% of the total photon number, viz Fig.23 ,
vhereas when N.D = 50 {he area under the distribution includes nearly
all the photons since only a few are counted.

The conclusions established by the simulation relate to an ideal
system, but they do indicate how pulse pile-up affects counting
experiments,

4,4, A PRACTICAL PUOTCHN CCUNTING SYSTEM,

Leh,1. Desiomm Considerations.

Having decided that photon counting could be an altexrnmative to

capacitative intearation the need arose to construet a practical

system, Two photon counter desimms had appeared in the literature (165,

106),
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both comprising five major components i.e. the PMT, an anode load
resistor, a pulse amplifier, a pulse ampliﬁude discriminator and a
pulse counter or frequency meter. The decision was made to follow
this design schene and therefore a schematic diagram of the ecircuit is
shown in Fig, 26. The basic design criteria for photon counting
systems are that pulse pile-up (unless otherwvise stated pulse pile-up
will refer to the first mechanism only) should be reduced to a minimum
and that the system be of low noise character. The noise in a system
can be equated to the standard deviation of the signal level, which
represents the root mean square deviation about the mean. In d.c.
cireuits noise is considered as the standard deviation of the current
level, but in counting systems a djfferent appraisal is nccessary.
Consider the case of a steady radiation signal producing N photo-
electron pulses per second from the TMT and the counting system
producing Nd dark pulses per second, If bolh pulse trains were Poisson
distributed in time, then the mean and variance of each distribution

would be N and N, respectively. Now for independent variables the

d

total variance of the system is given by the sum of the individual

variances i.e.

2
= N
o- - L + Nd "..4"*.

2 . .
where o~ is the total system variance.
However in measuring N it is necesgsary to make a separate measurement
is

of Nd’ with the result that an additional variance term of N

introduced into equation 4.k whieh then hecomes

d

2
o = N + 2Nd

Neow since the noise is given by the standard deviation which is equal

to the square route of the varianece, the signal to noise ratio of the
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nmeasurcment becomes

=
il
—
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- s
(7 + oN,)*

Thus the sigmal to ncise ratic is degraded by the nwber of system -
dark pulses which should therefere be kept to a mininum,.

The minimisation of pulse pile-up is achieved by decigning the
system {o have optimum pulse pair resolution. This parameter is not
often specified for amplifiers, frequency meters ete., however their
suitability can still be determined from the frequency response and
bandwidth of the device. The minimum pulse rise tinme Tr for a system
having an upper 3dB point of T Nz, is

T.=0.35/T eosdltsG,
Equation 4.6 shows clearly that the hisher ithe frequency response of
the system, the narrower the pulse width and therefore the better the
. pulse pair resolution. Unfortunately high frequency response, low
ﬁoise and high gain (sufficieat to raise the mean anode pulse amplitude
above the trigger level of counter) tend to be mutually exclusive for
devices such as amplifiers and discriminators, It is therefore
necessary to choose an amplifier having sufficient gain, and then
seek the best frequency response and neise characteriétics compatible
with that gain.

The photomultiplier anode circuit comprising the anode load
resistor RL in parallel with the total stray capacitance CS is also
of great‘importance in minimising pulse pile-up. Generally Cs is
fixed for a given system (CS is minimised) leaving the optirmum value
.of RL to be determined. A detailed analysis of the effect of the values
of RL and CS is given later in this chapter, this work had not heen

carried out at the.time of building the first system. It was known
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however (106) that in order to optimise pulse pair resclution the
c¢ircuit time constant RLCS should be kept to a minimum, but that
decreasing RL too much lowered the mean pulse amplitude to the point
vhere it was insufficiént to trigger the pulse cownter. The final
value of HL was thercfore determined experimentally and the method of
achieving this will be described later in this section.

h,Y4,2., Txperimental Fquipment.

The photon counter was to be used for analytical studies and
therefore had to be interfaced with a monochromator. No well-suited
instrument was available and so a Unicam SP900 was adapted for the
purpose. The SP900 has the disadvantage when used for pﬁoton counting,
that the PMT is located in a housing inside the light tight compartment.
This made it virtually impossible to cool the tube, and to reduce the
length of the signal output cable below about 9 inches which greatly
contributed to the total stray capacity of 40 pF(coaxial cable has a
distributed capacitance of about 25 pF per foot which adds to the stray
capacity, it is therefore desirable to keep the cable linking the PNT
to the amplifier as short as possible). The PMT employed was an IMT
9601B which is fitted as standard equipment to the SF900., The 9601B
is an eleven stage box and grid tube, having an S~11 photo~cathode,
typical gain of ’1.106 and an anode pulsec width (2.36 ) of %8 nS.
Photo-electron pulses from the FMT were amplified by a wideband a.c.
amplifier (AIN electronics type ACA 123 powered by module PSU 101)
having a variable gain (in 5 stages) Trom 1000 to 30 dB down on 1000,
The bandwidth of the amplifier at X1000 was 0.6 Nz. - 4.5 }.Hz, and at
30 dB down 0,6 Mz. - 6 M.Mz. (when terminated correctly in 4,7 K ohms).
The amplified pulses were counted using a 40 M.Ilz, frequency meter

(Venner Electronics type TSA 6636/3) having a 10 mV counting threshold
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and 6 digit read-ocut. This particular frequency meter had an internal
pulse height discriminator which proved to he adequate for photon
counting experiments.

L4,%, Operatien and Dvaluation of Svsten,

Three system variables namely the amplifier gain, the discriminator
level and the value of the anode load resistor required optimisation.
Initially a 4.7 X ohm Joad (the impedance of the amplifier) was chosen
in order that the optimum gain and discriminator settings could be
determined, this was accomplished as follows. The entrance slit of
the SPY00 was illuminated with a tungsten filament lamp operated from
a stabilised d.c. supply. The wavelength control was set to 550 nm
and the slit width adjusted to yield an output current from the THT
of about 10 nA (in the current mode MT anode pulses are integrated by
the large circuit time constant and therefore merge to form a quasi
steady current). The current was measured by connecting the output of
the PMT to a servoscribe potentiometric recorder having a 20 K ohm
load resistor across its input terminals. Gain and diserimination
levels were then varied independently and the seltings yielding the
maximum signal to noise ratio determined by application of equation
4,14 (both tungsten lamp and dark pulses approximate to a Poisson
signal, sec later in this section). The optimum values were, gain
12 43 down (i.e. x 76) and discriminator level scale mark 1 (no
discriminator calibration was available). It was found that at low
discriminator levels the dark count completely saturated the systen,
yielding count rateé in excess of 106 CeDsSo (counts per second).

This large count was traced to small pulses generated internally by
the amplifier. The discriminator was not therefore bheing used to

differentiate between dark THT pulses and photo-electron PNT pulses,
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but to remove pulses renerated by the amplifier. At the optinmm
discriminator level dark pulse rate was reduced to 450 c.p.s.

The sensitivity and linearity of the photon counting system is
best tested by plotting a count rate (dark cowmt is first subtracted)
versus light intensity curve and comparing this with a reference curve.
The output current of a PuT va;ies linearly with radiation intensity
over the entire worlking range, typically 1 ndA -~ 1 mA., Tt is therefore
possible to plet the abeissa directly as d.c. current and avoid the
necessity of intensity calibration of the optical system. The
reference curve is plotted from the manufacturcrs gain specification
of the particular tube. Tor example, a signal resulting in an average
of N photo-clectrons per second, impinging on a tube of gain G should
yield an average output current ia of:—
= N. e. G1 amps

<
where the sywbols have their usual meanings.

.

For the particular tube.employed, the actual gain figure was not
available and therefore the nominal gain of &.106 at 1 KV was used to
calculate the reference curve which is shown in Tig, 27,

Three count rate versus current curves for three different load
resistors i.e. 4.7 X ohms, %70 and 50 ohms are also shown in Fig.27 .
The curves were obtained in the follewing manner., The tungsten lamp
was adjusted so that with the slit width set at 0.15 mm, about 5.10”6 A
was drawvn from the PET. This proceduvre ensured that the radiation
intensit& could be ecasily adjusted with the slit width controel of the
nonochromator. The slit width was then reduced wntil the minimum
measurable d.c. current was found. Beginning at this slit width, the

radiation intensity and hence the PMT current was inereased until it

was clear that the count rate was no longer increasing in proportion
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to the current. A Tektronix oscilloscope was used to cheek that no
significant baseline shift occurred due to nulse overlap., At a PMT

ocutput of 3.10“6 A a glif

t of 5% was measvred which was considercd
insufficient to seriously alter the effective diserimination level,
particularly as this current is an order of magnityde above that
normally encountered in photon counting experiments.

The experimental curves indicated that the range of linearity
and the count rate at a given radiation intensity varied with the load
resistor chosen. The curve shapes can be exnlained on the hasis of
the known facts about the effect of the values of RL and CS (see
section 4.7). As RL is jncreased the average pulse height increases,
so that for a given photon flux more pulses exceed the discriﬁinator
level and are thercfore counted. 1owever, as the product RLCS inereases
the pulses are stretched and therefore pulse pile-up sets in at a lover
radiation intensity. The fact that both curves 2 and 3 tailed off at
approximately the same count rate was taken as evidence that in these
cases it was the amplifier and not the PMT anode circuit that was
responsible for the onset of pulse pile-up.

With the 4.7 ¥ olm load resistor counting was achieved at 80% of
the nominal theoretical value for the tube. The existence of small
pulses occurring in the tail of the pulse amplitude distribution
(which are too small to excecd the discriminator levcl) and the presence
of dec., drift currcnts in the tube makes the separation of the reference
and practical comnt curves inevitable. owever, the closeness of the
two curves in Tige. 27 indicated that the photon counting system was
achieving acceptable counting efficiency. The 50ohm load was chosen
Tor the following investigaticns in order that analytical curves

extending over a reasonable concentration range could be obtained.
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4.5, ANALYTICAL RESUITS CRTANI WITIL TIIW PUQTCN COUNTIMNG SYSTEM,

Before presenting the analytical results obtained with the photon
counter the following paragraph is included to indicate how the quoted
limits of detection were arrived at. The limit of detection is defined
as the concentration or mass of the analyte that yields a signal to
noise ratio at the detector, of 2. If analytical signals conformed to
Poisson statistics then equation 4.5 could be used to calculate the
detection limit directly (bachground radiation count can be added to
the dark count term Nd)' Unfortunately analytiéal signals do not
conform to this simple pattern as the results in Table 6 show.

Except in the case of the dark count, the measured standard deviations
(from thirty consecutive readings) are sipgnificantly greater than

those predicted by Poisson statistics. The deviation from Poisson
statistics reflects the instabhility of the source due to variations

in operating conditions i.e. power, temperature, gas flow, etc. The
variance over and above that due to Poisson noise is Jmown as Flicker
Noise, although in certain instances other variance terms due to
instability in the measuring circuit itself may be important. A full
discussion of noise in photon cownting experinments is given in chapter V.
The results of Table 6 are quoted here to indicate that in determining
the detection limit, noise rust be measured experimentally from
repetitive obscrvations and cannot be calculated directly from equation

lf. 5«
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Table 6 . A comparison of Noise Pigures determined Experimentally
and by Poisson Statistics.

Standard Deviation

Photon Counting System Averagc_gount Lxperimental Poisson
sec ) Value Statistics

Typical Dark Count 468.7 20.33 21.63

Typical Count from 4 26654k 218,9 166.1

Tungsten Lamp

Typical Count from 81019 661.4 290,9

Microwave plasma at

228.8 nm

h.5.1, Resultls with the MHicrowave Plasma Svstem.

Photon counting was used to detect and measure the transient
emission signals obtained from the microwave plasma system described
in the previous chapter. Cadmium sulphate solutions were employed
for the investigation and the emission at 228.8 nm monitored. It was
~found that a solution containing 0.01 p.p.m. yielded a signal of
approximately 250 m.sec duration which increased to 500 m.sec when
the concentration reached 1,0 p.p.m. A one second count period was
therefore chosen (the counter bhad pre-set gating times of 10, 1, 0.1
oo 10"6 seconds) which enabled the vapourisation process and count
period to be manually synchronised without excessive error. The 0.01
pP.D.m. solution was then used to optimise the slit width, vhich was
accomplished by measuring signal to noise ratios at various slit
widths between 0.02 and 0.15 mm. The optimum was found to be 0,06 mm,
compared with 0,1 mm for the d.c. amplifier/intepgrator.

An analytical curve was then constructed for cadmium, the detection

13

limit for a measured signal to noise ratio of 2 was 2.107 7 g (the same
as for the d.c. arplifier/integrator)and the linear range cxtended to

3 pepem. corresponding to a count rate of ca 3.105 csPese The photon



counter thercfore yieclded equél sensitivity to the amplifier/integrator
at nearly half the slit width. Indeed had the count period been
accurately synehroniscd with the signal duration, the results by
photon counting would have heen slightly better than those ohtained by
-capacitative integration. The importance of correct count period
timing for transient sipgnale is discussed fully in chapter V,

although the simple expression in equatiocn k,5 shows that amassing
wnecessary background counts will degrade the signal to noise ratio,
Although photon counting has proved suitablé for transient signals of
milli~-second duration, it would nol be successful for short pulses of
nano-second duration. TEven a very wealk pulse of 10 photo-electrons

in one nano-second is equivalent to 1010 C.pes. which is far in excess
of the linear counting range.

5,.5,2, Results with a Non-flame Atomic TFluorescence System.

The non-flame system used for atomic fluorescence measurements is
shovm in Tig. 28, The device was essentially the.same as the microwave
plasma system except that excitation was achieved by an DL, focussed
just ahove the open end of the tube. Cadmium was chosen for the
investigation because an intense stable TDL was available and cadmium
salts are easily vapourised., The first task was optimisation of the
argon flow rate. Samples containing 0.1 p.p.m. Cd were vapourised
from the loop and it was found that the largest signal occurred wvhen
the flow rate was 1.0 l.min™ .

In the absence of spectral interferences the widest possible slit
width shouid result in maximum sensitivity for atomic fluorescence.
Practically however, it becomes difficult under these conditions to

prevent radiation from the source being reflected directly into the

monochromator without passing through the atomic cloud., Turthermore,
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because photon éountiug ié limited at high intensity levels by pulse
pile-up, working with a high background severely limits the analytical
range. Consideration of these two factors resulted in a slit width of
0.1 mm being selected,‘which gave a background of 4500 c.p.s.

Following optimisation of gas flow and slit width, an investigation
of sipgnal duration was carried out in order that a suitable count period
be determined. Tig. 29 shows a plot of signal duration versus cadmium
concen}ration. The larpge range of signal duration was atiributed to
cadmium vapour being adsorbed on the cell walls and then re~vapourised
by radiant heat from the loop. If concentrations akove 10 p.p.m. were
used, chemical washing of the cell was required to remove a persistent
memory effect. Trom the information in Fig. 29 . it was decided to
employ a one second count period for concentrations of less then
0.1 p.p.me and a ten second count period for concentrations above this
. level,

Analytical curves for cadmium were then constructed by both photon
counting and d.c. measurement, these curves are shown in Tig. 30 .

The detection limit by photon counting was 2,10~13 g and by d.c.
measurement 10_12 g. Furthermore, the photon counting curve was linear
up to ca 0.5 p.pem. whereas the d.c. curve exhibited é distinct change

of slope. Thus integration of the signal yielded both higher sensitivity
and greater linearity of the calibration curve. The deviation from
linearity of the d.c. curve resulted from distortion of the signal

pulse shape by the time constant of the d.c. circuit (RC = 0,7 seconds).
Indeed when the analytical pulse shape is non~reproducible or varies

with concentration, integration provides the only method of precise

signal measurement.
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4,5,3. Nesults with a Non-flame Atomic Absorption Systen,

The apparatus used was the same as that described in the previocus
section for AT, except that a hollow cathode lamp instead of an TDL
was used for excitation. The cadmium HCL was powered by the lamp
.supply of a Perkin Elmer 200 atomic absorption instrument and was
thercfore modulated at 50 Hz. This was of no consequence for photon
counting c_letecticm where integration over 50 and 500 cycles was being
taken; however the time constant of the d.c. system was insufficient
to completely integrate the medulation with the result that a small
ripple appeared on the signal.

Optimisation.of the slit width required different criteria from
those for AL and AT. In AA it is generally the absorption (e¢) that

is measured i.c.

i = E'g. onnohc?o
of I
where I0 is the intensity of the incident beam
and I is the intensity of the transmitted beam

Writing equation 4.7 in terms of the count rate and including the count

period yields:~

1 = N t
— -~
& Nt
where ‘ No is the count rate of the incident heam

N 1is the count rate of the transmitted bean
t is the count period

Now the propagation of statistical error in (1/&) is given by:-

o 2 o 2 o 92
1/Cc = Not - + Nt oooolfugo

170c Not Nt

where op is the standard deviation
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In general o docs not increcase at the same rate as the count rate

1

P4 . 0 3 . 03
(0'05 (N)“ for Poisson 51gnals) and therefore the precision in (i/cL)
is increased by making NO as large as posszible or by increasing the
count period. Dquation 4.8 relates only to steady signals because
for transicnt signals W is an unknown function of time. Iowever the
terms Nt aund Not in cquation 4.8 can be replaced by expressions of

the type:-

A T

Nt = , N(t).at = NT - X,

and Not = No“t

where ‘T is the integration period which depends on the concentration
and Né is the total number of photons absorbed.

Thus the slit width was adjusted so that No vas approximately 2.105 CePeSes
the upper limit to No being set by the onset of pulse pile-up. Taving
chosen No, pulse pile-up is not a problem associated with AA because
~during the signal period the number of photons arriving at the detector
is actually decreased..

Two calibration curves for AA, by photon counting and d.c.
measurement are shown in TFig. 30. In each case the absorbed intensity
i.e. Na rather than the absorplion was plotted, so that the ordinate
axis for the photon counting results could be plotted directly as
counts absorbed. Once again the vse of photon counting demonstrated
the ability of the integration technique to yield precise measurements

on variable signal profiles. The detection limits were photon counting

-12 -12

10 c and d.c. measurement 5.10 O

4,5.k, Results with a Cool Tlame Atomic T'lvorescence System.

In this study the atomic fluorescence from mercury nebulised into
a slightly fuel rich, pre-mixed air-propane flame was measured., A

mercury EDL was employed to excite emission from the Tlg 253.7 inter-
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conbination line. The slit width yielding the maximum signal to noise
ratic was determined independently for hoth photon counting and d.c.
techniques. Tor d.c. the optimum slit width was found to be 0.25 mm
and for photon counting 0.05 nm,

Calibration curves were then constructed for each technique, the
points representing the average of five readings talken at each
concentraﬁion (one sccond count periods). The results from the curves
are swumarised in Table 7 « Once again photon cownting yielded a slightly
improved detection liwit at a greatly reduced slit width and a much
lower linecar working range.

Table 7 . Comparison of Thoton Counting with d.c. Measurement in
Atomic Fluorescence.

FHeasurenment S1it Width Detection limit  Linear Range
technique (am) (p.p.m.) (p.p.m.)
d'c' 0025 1e0 100 - 300
phofon counting 0.05 0,5 0,5 -~ 50

4.5.5. TNesults with a Cool Tlame Atomic Fmission Svstem,

A comparison of the two detection systems was carried out for the
thermal emission of sodium in the air-propane flame, at the wnresolved
589.03539,6 nm doublet. The results arc summarised in Table 8 vhere
it can be seen that photon counting yielded a significantly lower
limit of detection than d.c. at 1/25th of the slit width. Wowvever,
pulse pile-up once again severely limited the linear working range.

Table 8 . Comparison of Thoton Counting with d.c. Measurement in
Atomic Imission.

Measurement Slit Width Detection limit Linear Range
technique (mm) (p.p.m.) (p.p.m.)
dQCu 0075 0005 0.05 b 6!0

photon counting 0.03 0.005 0.005~ 0,4
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4,5.,6., Summarvy of Results.,

The results ohtained in the vrevious sections enable certain
conclusions to he drawn about the application of photon counting to
analytical spectromeiry. The sensitivity obtained with photon counting
was excellent, particularly for the low background non-flame AT' system
and the flame AE system where the background was effectively reduced
by the narrow slit width, (line intensity approximately o slit width,
background intensity approximately of (s1it Width)g). The L'Vov
theory (23) demonstrates clearly that integral techniques should yield
greater sensitivity but the effect of background is not taken iﬁto
account. Certainly excessive background degrades the signal to noise
ratio (sce equation %.5 and chapter V), limits the linear counting
range and when éaused by a large spectral band pass may be associated
with spectral interference. The degradation of signal to noise ratio
by background radiation can be reduced in AA and AT (steady state signals)
by the use of a.c., techniques, and therefore it is to be expected that
photon counting will yield maximw sensitivity oniy for low background

devices e.g. non-flame AT or where signal medulation is not possible

The situation for transient signals particularly those of variable
profile is somewhat different, because integration may be the only
method of producing linear calibration curves, A fully optimised
photon counter should yield better results than capacitative integration
because the technique is not prone to drift. Uowever, unlike with the d.c.
amplifier/integrator it is not possible to back-off background radiation
in photon counting, so that once again high background systems may
severely limit both sensitivity and linearity of the counting technique.

AA is a hich radiation level technigue but because no problem with pulse



- 149 N

pile—up occurs, photon countling can provide & useful method of
integrating the negative ordinate signal prefile derived from AA,

4,6, AN TMPROVED AND SINPIIFIND PHOTCYT COUNTTR,

4,6.1. Pavipment and Perforrmance,

The photon couniler descrihed previously performed satisfactorily,
but appeared {o be limited both in dark count and linear range by the
amplifier. It was therefore decided to ascertain whether or not pulse
amplifiéation was in fact necessary. In the absence of a pulse height
analyser, measuremenl of pulse heights was accomplished with a
Tek{ronix 5%7 oscilloscope fitted with a dual trace plug in amplifier
(type 1A1) and a 10 M ohm, 7 pF, x 10 probe (type PG0O0S). The probe
was attached directly to the end of the nine inch PMT output cable.
The statistical variation in pulse heights made it difficult to
estimate their nagnitude precisely and therefore three estimates were

~made at each value of FL (sce Table 9 ). The results obtained with
the 1 X ohm load indicated that photon counting without the amplifier
was possible, provided that the discriminator was set necar to its
minirwm value., A count rate versus d.c. current curve was constructed
with the discriminator set to its minimum value of 10 mV, and it was
found that both increased ordinate values and an extended linecar range
(up to 5.105 c.p.s.) were obtained for the 96011 IPHT.
Table 9 . Estimated Photomultiplier Pulse Tleights.

Photomultiplier Anode Load Approx. Minimum Maximum Ohserved Most Probable

Resistor Pulse Ieijght Pulse Height Pulse Height
( ohms ) (mV) (mV) (mV)
I 9601 50 5 5 g
1K 60 110 75
I 62565 50 10 30 18

1K 100 250 135



The measurements made on the 9001B encouraged the building of a new
photon counter, based on the principal of counting PNT anode pulses,
withont further amplification. A Hilger Watts D330 monochromator
was chosen, beecavse for this instrument the TMT is mounted externally
in a housing bolted to the exit slit mounting. This enabled easy
cooling of the IMT and furthermore the cable linking the IMT to the
frequency meter could he reduced to 6 inches. The PMf selected was
an IMI 6256S, having 13 venetian blind dynodes yielding a gain of
11.107 at 1.22 KV, an S-type photo~cathode (specially processed for
low thermionic emission) and an anode pulse width of 15 nS. It was
anticipated that the high gain, narrow pulse width and low background
. rating of this {fube would make it ideal for photon counting.
Pulse height measurements were made on the 6256S {tube for loads
of 50 and 1 K ohm (measured stray capacity 40,82 pF). The results are
_  shown in Table 9 and indicate that the higher gain of this tube
yielded ample pulse amplitudes to trigger the 10 mV counting threshold
of the frequency meter. The reported function of the discriminator
(104, 108) is to selectively exclude dark pulses from the count
register and thercfore improve the signal to noise ratio. It will Dbe
demonstrated later in this chapter, that because the majority of dark
pulses (i.e. pulses of thermionic origin) have exactly the same pulse
height distribution as the photo-electron pulses, this form of
discrimination is only applicable to detecting extremely low photon
fluxes and is unlikely to be of importance in analytical spectrometry,
However, recent studies (107) have shown that the discriminator
(1ower level) can be employed to extend the linear counting range, by
clipping the base of the pulses and thereby reducing their effective

width., TFor analytical spectrometry this is a far more valid application
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of discrimination than attempting to increase the sipgnal to noise
ratio. The optimum diserimination level for extending the linear
range was found tc ocecur vhen appreoximately half of the photo~electron
pulses were rejected. It wust be noted, that under these conditions
the sensitivity of the photon counter is reduced and will not
therefore yield the lowest possible detection limits, Tor this reason
it was decided to employ the minimum discrimination level (i.e. 10 mV)
in the following studies, and attempt to count all the photo-clectron
pulses.

Fig. 31 shows three count rate versus current curves for the
62565 tube, with three different load resistors. The effect of the
value of RL on the onset of pulse .pile-up is clearly demonstrated.

It has been found (108) that for most IMTs the sinpgle photon anode
pulse heipght distribution covers a range of ten fold and therefore

. the'average pulse height must be well in excess of the discriminator
level, if all the pulses are to be counted. The coincidence of the

1 K and 10 X ohm curves in Fig, 31 was taken as evidence that all
photo-electron pulses, including most of the very small ones were
being recorded by the counter. The lower position of the 50 ohm curve
indicated that scme of the pulses were below the 10 mV level and were
therefore not being counted. Comparison of the 1 K ohm curve with the
reference curve, shows that counting was achieved at 81.3% of the
theoretical rate and therefore the 1 X ohm load was used in all
subsequent experiments.

5,6,2, The Zffect of Coolinv the Thotowultinlier.

The backsround count for the system at 22 °C was ca 1200 c.p.s.
and once again conformed to Poisson statistics having a standard

deviation of ea 37. Cooling of the IMNT was accomplished by surromdinge
— jad o
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the tube housing with a thermally insulated box; which was packed
with solid COQ. The THT was mounted between foam rubber strips,

inside a mu-metal shield and each pin wés connected by a short

flexible wire to the dynode chain potential divider. These precautions
were necessary to aviod damage, due to thermal contraction of the tube
envelope. Turthermorce, the housing was packed with silica gel and the
monochromator flushed with dry nitrogen to avoid condensation problenms.

The effect of cooling on dark count is shown in Tig. 32, where it
can be seen that a drastic reduction in dark count was achieved.

After allowing one hour for thermal equilibration, the count from the
{tube was reducad to 30 counts per ten seconds with a measured standard
deviation of 4,5, This represented a reduction in dark count noise of
30 times, compared with the uncooled tube., The minimum detectable
Poisson signal therefore, assuming a 16% quantum efficiency and a

10 second count period is 10 photoas per second, which corresponds to
an extremely low radiation level.

Operation of the tube at low dark count rates showed that
occasional bursts of counts occurred. Thesc were attributed to
radiocactive sounrces; electrical pick-up from RF sources and mains
spikes. The addition of an upper discriminator level to the system
may well have removed most of these multi-count events. However,
because experiments in analytical spectrometry usually involve
backgromnd radiation levels of several 1000 c.p.s., cooling of the
tube effectively reduced the dark count noise contribution to zero.

k.6,3., Avplication to Atomic Tluorescence Snectrometry,

The atomic fluorescence of mercury was studied, free atoms being
produced by nebulising solutions of HgCl2 into a hydrogen-argon

diffusion flame, The {lame was burned on a circular burner fitted to
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the nebuliser of a Perliin Flmer 2908 AA spectrometer; flow rates were

n., 8.0 1.min~1 at 3 p.s.i. and Ar, 4.0 ]..min-'1 at 30 pes.i. DExcitation
2’ € 4

was achieved by focussing the radiation from o mercury FDL into the
centre of the flame, % cm above the burner head. Tluorescence radiation

was allowed to fall directly on the slit of the D330, which was set to

pass the 253.7 nm intercoﬁbination line.

D.c. measurcments ~ for comparison purpeses - vere wade in the
usual manner,; with the FMT output lovaded with 20 K ohms and the
resulting voltage displayed on a Servoscribe potentiometiric recorder.
The optimum slit width of 0.1 mm (entrance and exit slits) was
determined by spraying solutions containing 25 p.p.m. Ug into the
flame and noting the slit width at which the waximum signal to noise
ratio occurred.

An analytical working curve was recorded by d.c. measurement for
concentrations of 1.0 - 1000 p.p.m. and was found to be linear over
this range. The detection limit was 0.5 p.p.me Cooling of the IMT
reduced the measurable d.c, darlk current noise to zero, but produced
no ohservable decrease in the noise on thevanalytical signal,

Measurements nade in the counting mode showed that atl the 0,1 nm
slit width, the count rate due to flame radiation, scattered source
radiatiOn'and dark count amounted to 060,045 c.p. 10 s. This was
considered to be an acceptable background and therefore the 0.1 rm
slit width was also employed for the photon counting measurements.,

An AF worling curve for Hg was constructed by taking the average of

five 10 second counts at each concentration. The mcasured detection
limit was 0.1 p.p.m. and the lincar range 0.1 to 200 p.p.m. Thus as
expected both the detection limit and the linear counting range were

lover by photon counting,
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Experiments were then performed to determine the effect on signal
to noise ratio of cooling the tuhe. The results are shown in Table 10
and were obtained by taking 30 repetitive 10 second counts at cach

slit width, standard deviations being caleulated from the normal

fornmla vizie

N
. . 2 53
nolxse = o = ; (Xj e X) - 000011:'9'
n~1
where X, is the valuve of the i,, reading

th

[N

x 1s the mean or averase signal
n 1is the number of readings taken.

Table 10. Signal to Noise Comparison for a Cooled and Uncooled
Photommltiplier.

S1lit Width Concentration of Signal to Noise Natio Signal to Noise Ratio

Omn) Mercury (p.p.m,) Uncooled Tube Cooled Tule
0‘1 1.0 959 19:&‘
0,01 5.0 12.4 23,3

Thus a signal to noise increasc of two was achieved in each case,

arising directly from the expected 30 fold reduction in the noise
- contribution of the dark count. It is to he expected that in high

background radiation systems, cooling of the tube will be less
advantageous, because the noisc centribution of the dark count is
then relatively small. Towever, the background as well as the signal
are integrated by photon counting, and therefore ¢ffective reduction
of the background yields a greater improvement in signal to noise ratio
than for d.c. measurcment.

4,6.h, Avnlication to Atormic Absorntion Spectrometry.

The experimental apparatus with regard to flame, nebuliser and
counting system was the same as that for atomic fluorescence. In this

case however, cadmium was studied, excitation of the 228.,8 nm line
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being achieved by a ICL operated at 3 mA from the lamp supply of a
Perkin Tlmer 290. AA spectrometer (50 IIz modulated). Radiation from
the lamp was focussed into the centre of the flame L4 em above the
burner head and then refocussed at the entrance slit of the monochromator.
All AA measurements were made with the INT cooled by solid COQ.

D.c, measurements made for comparison purposes were talien with
the PMT output loaded with 100 K ohms and the recorder gain set so that
the chart represented 0 - 100% absorption. Tquatien 4.8 applies equally
well to d.c. conditions (vhen count rates are replaced by currents) and
therefore the slit width was adjusted so that the reference beam yielded
an output current of 10 micro amps, which was large but not sufficient
to cause excessive dark current generation (due to thermionic emission)
by the phooo—cathode. This output current corresponded to a slit
width of 0,05 mm. A working curve (absorption Tersus concentration)

was constructed by d.c. measurement for concentrations of 0,05 - 10 p.p.m.

Cd; the detection limit was 0.05 p.p.m, and the linear range 0.05 -
4,0 p.p.m. The concentration range studied was limited Dy the
difficulty of making precise measurements at high absorption values
(10 PeDemte = 83% absorption), on a simple d.c. system. Modulation
of the HCL resulted in a slight ripple on the d.c. simal but it was
insufficient to seriously degrade the signal to noise ratio.

Photon counting measurements were made with the slit width
adjusted so that at the longest counter gating time, the couwnt nearly
filled the 6-digit register. The reference beam count was therefore
8.97.105 c.p. 10 s. which corresnonded to a slit width of 0,03 mm,

An analytical curve constructed by photon counting yielded a detection
limit of 0.02 p.pem. Cd and a linear range of 0,02 - 30,0 p.p.n. The

lamp modulation was of no consequence in photon counting, indeed 30
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consecutive 10 second counts of the reference heam yielded a relative
standard deviation (i.e. 100 o/ X) of 0.32%, which indicated that in
terms of a 10 second count peried the integrated output from the lamp
was extremely stable. ‘This stability was undoubtedly responsible for
the improved detection limit and in the absence of pulse pile-up,
photon connting also yielded an «ceptable linear range.

%,7, A TOEORTITICAL ANATYSIS OF PITRTC~WLTCTRON PULSE DISTCRTICN BY
THE 3INOTOMNOLTIPLITR ANODT NWTWERE,

The results obtained with the two practical photon counting
gystems demonstrated the importance of pulse distortion by the PMT
anode circuit., Recent work (109) has shown that pulse base clipping
can extend the linear range of photon counting, and it is fairly
certain that with the develovment of the technique more attention will
be paid to the detailed shape of the photo-electron anode pulse. It
was therefore decided to carry outl an analysis of pulse shaping by
zthelparallel RC anode network.

The analysis could have beeﬁ performed in either the frequency
domain or the time domain, but for individual pulses having a fairly
complex frequency spectrum e.g. Gaussion pulses time domain analysis
is usually easier. This was achieved by application of the convelution
integral (109) which can be expressed in the form:-

1(6) = [ n(t-T)e(T)ax NRRTY
where i(t) is the output at time t
h(t) ig the circuit impulse resnonse

, g(t)‘is the exciting pulse function
and T  is a duwmy integration variable.

The impulse response of the circuit describes the output as a

function of time following excitation by a 8 function., The § function



- 159 -

is defined as a pulse of infinitely narrow width enclosing wnit area.
For a parallel RC circuit, excitation by a current & function yields
an initial voltage of 1/C, which then deeays according to the function
exp —-(t/RC). The physical significance of the Convolution Integral
can now be described with the aid of the diagrams in TFig. 33, First
the excitation function g(t) is plotted as a function of the new
variable T , The impulse response is vplotied as a function of the
variable (—'f) and is then slid along the abscissa to some point t,
initially allowing t to be negative (which corresponds to the pulse
not having reached the circuit Fig.BSa). At all negative values of t
there is no overlap of the two waveforms and therefore the output is
zero, Once t becomes positive (Fig.33b) overlap does occur and the
multiplication of ordinates yields a new curve. The output at the
time t is then given by the area under the new curve integrated up to
the point t.

Substituting the appropriate functions into equation 4.10 yields

t 2 '
i(t) = f 1 OXP hd t "T [ Ge QXP hd _:C d“c vto.ll‘nill
o C R.C kS 2
s L’s O (2m)= 20

Rearrangement can reduce equation %4.11 to a simple Gaussion integral
of the type
i(t) = X feexp(f(t)) . exp (~5'2/C) ay
°
where K and € are constants.
Nowever, analytical solutions for finite ranges of t are not possible
(tabulated values can bhe used) and furthermore the function has positive
ordinate values in the abscissa range - o to +®, which does not
correspond to a real pulse where £(t) = 0 for + ¢ O.
Bquation 4.11 was therefore solved numerically using the Imperial

College C.D.C. 6400 computer, which enabled problems arising from the
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finite pulse length to be avoided by application of a cut-off
procedurg. The first step in writing the program was to convert
equation k.11 into numericdl form so that the answer couvld be given

by a summation rather than an integral. This was accomplished by
Gividing each continuons function into a series of vertical segments
(as in Fig{ﬁb} each having a width At and an assumed censtant ordinate
in the range At (the method of choosing the value of At is given later
in this section). Thus ordinate values for the functions g(t) and h(t)
were calculated for a range of abeissa values and the answers placed

in two arrays names EKCIT(I) and RESPG(K) respectively. For the
Gaussian pulses the maximum value of t was decided on the basis of the
area under the computed curve relative to a full curve, typically
values of 90 and 957 were employed. The range of t for the inpulse
response vas calculated on the basis of the ordinate value decreasing
b0 5% of its initial value i.e. t/RC = 3.

Having established the two arrays, the next step was to scan the
RESTC (K) array through the FEXCIT(T) array and at each new value of t
(i.e. overlap) multiply ordinates point by point to produce a new
curve. The ordinales of the new curve were placed in an array named
CURVE(KK), and then the output at time t calculated by surming sepgments
under CURVE(KX) up to the point t, the answer being placed in a final
array CONVO(J). The operation can be deseribed by writing three
generating functions which are not striet mathematical expreésions,
but a formal statement of the solution for each overlap condition
icee Tig. 3% b,c and d.

Let N be a rumning index
JK the mwiber of segments in the EXCIT(I) array

and NK the nuwber of sepments in the RFESPO(K) array.
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For overlap condition (b)
N

| NN — 1 \J%
CONVO(I\I)- = El ( mosro(x)y . TCIT(T); )i, i 12,

Thus the first two terms i.e. outputs are:i-

convo(1) = mmsro(t) . wXCIT{1)
coxvo(2) = RESPO(1) . EXCIT(2) + nuspo(e) . mXeIT(1)

For overlap condition (c)
' Ti

CONVO(X +.JK) = i‘ ( mzsm(x)iiiﬁ . merr( .)§K );‘:’rzzm ceeali 13,
and for overlap condition (a)
JK=N
; N o ANE N+l \JE-1 ‘
CONVO(N + NE) = nz‘ ( R:SPO(I\)NK_JK.P(N_H) . TJ.\CIT(I){m I N L

These functions are written for the special case when XK > JK, but in
the program provision was made for reversing indices so that calenlation
was performed equally well when JK > NK. A full transcript of the
program is given in Appendix II.

Initial testing was carried out by convoluting the impulse response
of the anode circuit, (RL = 1 K ohmy CS = 40,87 pF) with a square
excitation pulse having the same width and total area (i.e. charge)
as the PMT Gaussian pulses. The square pulse problem has a simple
analytical solution that was used to calculate pulse distortion curves,
vhich were then checked against curves computed by the program, It
was found that provided At was kept to 0.3 nS or less, the peak
ordinate values of the two output curves did not differ by more than
3 mV. The same criterion was therefore used in deciding O t values
for convolution of the Gaussian pulses,

‘ L =12

Using the following constants Cs = 40,32 pF, Ge = G,4,10
coulombs and O = 6,356 nS the pulse shapes showm in Tig. 3% were
computed for values of RL from 50 to 2.2 ¥ ohms. Allowing for measure-

ment errvors and inevitable uncertainties in the various system parameters,
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the computed pulse amplitudes agree quite well with those measured
practically. The curves demonstrate cleerly that increasing RL
increaseé both pulse height and pulse width. This is confirmation of
the explanation given for the curvature of the count rate versus d.c.
current éurves. Furthermore, when RLCS is large compared with 2.3%6 0
Ceffe 1 CS = 88.7 nS for RL = 2,2 K ohm, the pulse shape is almost
entirely that due to the RC network having an exponential growth and
decay. However, when RLCS is small compargd with 2,36 o= e.g.
RLCS = 2,0 nS for RL = 50 ohm, the Gaussian shape and half width of the
photo~electron anode pulses is preserved. Ixamination of eqation 4,14
and the curves in Tig. 3& shows that the total width of the resulting
pulse is approximately equal to the sum of the widths of the convoluted
pulses.,

The pulse shapes drawn in Fig. 35 demonstratle the expected
result (from inspection of equation 4,11) that the pulse half width
is a function of oo and RLCS only and therefore combinations of
R = 500 ohms, C = 80.64 pIF and R = 1K ohm, C_ = 40,32 pF yield
the same half width, although the pulse amplitudes are different.
Comparing the 1 X ohm curves in Fig. 35 shows that reducing the stray
capacity in the ratio 5/8 practically doubles the pulse height,
whereas it can he geen in TFig. 34 that a ten~fold change in RL from 220
to 2.2 X ohms was required to produce the same result. This occurs
because an extra capacity term of 1/CS appears on the right hand side
of equation 4.11., Thus in photon counting systems the optimum arrange-
ment is to keep CS as small as possible and then to increase RL to yield
sufficient pulse amplitude to trigger the counting circuits.

Making the assumption that by correct wiring technique the total

stray capacity at the output of the tube housing could be reduced to
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10 pF (@Y specify an anode to all dynode capacity of 8 pF), the
program was employed to determine the minirmum value of RL required to
yield pulse amplitudes sufficient to trigger the 10 mV level of the
counter, Remembering that pulse amplitudes from the PMT may vary by
a factor of 10, the minimum acceptable mean pulse amplitudes was
talten as 100 mV, It was found that a load of 300 ohms gave a pulse
half width of 15.8 nS and a pulse height of 112 mV, This would be
ideal because the pulse width of the PMT is almost entirely preserved,
Transmission of this pulse to the counter without further
distortion could be achieved by use of a matched line, The matched
line (110) has a frequency band-width approaching infinity, which in
time domain analysis is equivalent to the line haviﬁg zero time con;tant.
Thus by placing a 600 ohm load at the PMT anode and another at the
counter input, the two could be joined by a 600 ohm line with the
result that the net load on the PMT would be 300 ohms and no pulse
distortion would ocecur. Unfortunately 600 ohm lines are uncommon, most
cables currently in use being of the 50 ohm type, Matching to a 50 ohm
line could be achieved by a simple impedance couverter device ( e.g. an
emitter follower) mounted at the base of the tuhe and having a small
gain of about x 10 to compensate for loss of pulse amplitude.

4,83, CONCLUSICNS.

The results presented in this chapter demonstrate that photon
counting is a promising new technique for signal measurement in
analytical spectrometry. The major édisadvantage is the limited -linear
ecounting range, however this will be greatly improved in the future
with advances in PMT and digital circult design, Generally it can be
concluded that photon counting is likely to be the preferred technique

in low background systems, or where integration is essential because of
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variable signal profile.

The fundamentals of circuit desim have been investigatled in
order to identify limiting factors and to determine methods of system
improvement, The concept of neoise in counting measurements has been
introduced and techniques of limiting noise, generated intermally by
the counting system described. In the final chapter the importance
of simmal noise in relation to photon cownting will be considered and

some further practical results analysed.

000000000
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CHAPTER V

THE ANALYSIS OF NOISE
IN

PHOTON COUNTING
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5.1, INTRCDUCTION,

The practical advantages and disadvantages of photon counting
have been demonstrated by the results presented in the previous chapter.
It is now necessary to congider further the reasons why photon counting
is more suitable in certain radiation conditions and to ascertain the
factors limiting the measured signal to noise ratio. The concept of
noise has been introduced but the equations related to 'Poisson noise!
(i.e° the noise associated with Poisson signals), which was found to
apply rigorously only to system dark count., It has been shown, that
dark count noise can effectively be reduced to zero and therefore the
limiting noise in most experiments is derived not from the measuring
circuits but from the signal itself, I

The first part of this chapter will identify the sources of noise
likely to be of importance in photon counting and vhere possible express
each noise component in terms of the cdunt rate. For comparison
purposes, noise in d.c., systems will also he considered and the results
of a theoretical comparison belween d.c. measurement and photon counting,
recently presented by Ingle and Crouch (111), reviewed. Expressions
for totél noise will than be developed and the effect of integration
period on signal to noise ratio investipgated,

The chapter will be concluded with a discussion about the general
applicability of photon counting to analytical spectromeiry and the
techniques which can be employed to further extend its field of
applieation.

Before describing the various sources of noise encountered in
photon ceunting, the following expressioué are written to show how
certain of the counting systems parameters cause the observed count

rate to he less than the actual rate of photon arrival., It will be
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assumed in all the derivations in this chapter, that count loss due
to pulse pile-up is negligible.

2

The observed count rate Nos’ resulting from a signal photon

arrival rate of N_ is given by the expressioni=—
D=3

0s = }JS ¢ rL A. oee-S-lo
A

vhere A is the fraction of photon derived pulses, passed by the

N

v
i

discrimiﬁntor and the other symbols have their usual meanings

(see chanter TV). The inclusion of the three system parameters

& n and A alters the counting rate but has no effect on the time
distribution of counts and does not therefore constitute a neise source.

In general the reguired signal will he accompanied by uwnwanted

backgrommd radiation of count rate Nb end a dark count of N&. The
ohserved count rates due to backgromnd (th) and dark count (Nod)

are given byi-

Ny = N ¢n A

!

and N
od

Nq A
A discriminator coefficient A' is written for the darl count, because
the pulse arplitude distribulion is different to that of the photon
derived pulscs, and therefore a different fraction of pulses will
exceced the discriminator level. The total observed comnt rate Not is
therefore given by:~

Not = NOS + Nob + Nod eeeeDe2y
Taving established the basic efficiency of the counting process the
source of noise can now he considered,

5

7.2, SOURCES OF NQIST TIM TICTON CCUNTING.

5,2.1. Poisson Noise.

Toigson noise is a fundamental source of noise, associated with

all random processes. The measured variance results from finite peried
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counting of events randomly distributed in itime., Thus the variance in

the count rate derived from a photon arrival rate of Ns is given by

2 .
( O.I\T ) p = NOS = NS ¢ Vl' "\ v--05030

08
Similar expressions can be written for the background and dark count.
The observed Poisson noigse in the signal,; background and dark count
is in fact the result from a series combination of several Poisson
processes e.g. random emission by the primary radiation source,
random absorption and re~-emission by the atom reservoir and random
emission of photo electrons by the photo-cathode (note this does not
imply that ¢ is noisy). In d.c. systemé Poisson noise is usually
referred to as 'Shot Noise' and is expressed in terms of the mean
anode current ia and the noise equivalent band-width A f (see section

5.3) (101)

(ode) »

50202. JOhnS':.On Noiseo

i

J 2eGi_ AT

‘Electrons moving through a conductor continually exchange energy
with the thermal vibrations of the lattice ions. As a result, random
fluctuations in the charge density occur causing variations in the
potential drop across the conductor. dJohns"on noise is therefore

another fundamental source of noise and its variance is given by

0.2. = 2kOGR 00005040
J %
where k is the Boltzmann constant

© is the absolute temperature
R is the resistance of the conductor
and t is the observation or integration period.
This equation shows that Johns on noise is most likely to occur in the

load resistor RL’ where it may result in the generation of spurious
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pulses. These pulses may either be counted directly (at very loy
discriminator 1eve1s), or can take part in producing pulse pile-up
by either of the two pile-up mechanisms. Generally however, the
variance term due to Jéhnsion noise will be much less than terms due
to Poisson and flicker noise; and will therefore be omitted from
subsequent analyses.

5e2e3. Tlicker Noise.

Having dealt with the two fundamental sources of noise,
consideration will now be given to noise caused by non~ideal behaviour
of the experimental system. This is generally known as flicker noise
(111 - 117) and for convenience may be described under the following
sub-headings.

( i) Signal and Background Radiation Flickér Noise.

Signal and background flicker in atomic spectrometry can result
. from power and temperature fluctuations in radiation sources, temperature
fluctuations and gas turbulence in atom reservoirs, fluctuations in
nebulisation rate and general external influences on the experimental
system, such as vibration. The variance due to signal flicker may be

“written (111).

2 2 2 2
(O‘NOS) : = £ s N,oo= (Nsesﬁqﬁn) L ILE

where 'S s is the dimensionless flicker factor for the signal (112)
Likewise the variance due to background flicker is given by
2 2 .2 2
o = - = I, € . .
( N )f €y Nop (€8 n) seee5e6
ob
In atomic spectrometry the flicler noise due to signal and background

are independent, and therefore the associated variances can be added

in quadrature to give the total flicker noise.
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( i1) Tlicker in the Counting System,

Flicker in the PMT gain, amplifier gain (if one is used),
discriminator level and photo-cathode quantwn efficiency etc., result
in a broadening of the pulse height distribution. This deoes not in
itself constitvte noise, particularly when a low discriminator level
is employed as was the case in chapter IV. (i.c. A and A! approach
unity). However, as the discriminator level is raised the noise
component due to variations in pulse amplitude increases, and reaches
a peak when dNo/dA ie.e. the rate of change of observed count with
discriminator level, is at a maximum, ¥Even so, flicker noise from
these sources is usually small compared with signal and background
flicker and need not be considered further.

(iii) The Frequency Dependence of Flicker Noise.

Flicker noise is often found to be frequency dependent (111),
exhibiting a 1/1 power spectrum. Authors of papers on noise (111 - 117)
in analytical spectrometry have noted this fact, but have usually
ignored it in their derivations for the sake of simplicity. This may
lead to error in the analysis for photon counting as the following

argument shows. FEquation 5.5 may be written:-

2 o o
(o Nos) . = T N ceeeTaTe

where the flicker factor € s has been split into a flicker constant Fs
and the frequency f. Now the time required for one cycle of frequency
f is t where

t = 1/f
Thus if t is eqguated to the integration period, it can be seen that
the longer t, the lower the frequency component that will be able to

contribute to the flicker noise. Unfortunately, no detailed frequency
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spectra of flicker noise for various sources are available, and
therefore it is not possible to say whether the spectrum has a low
frequency cut-off. The frequency dependence of flicker noise will be
further considered in the development of the total noise expressions.

Ne2.4. TNead-out Noise.

TFor the digital read-out there is always an uncertainty of £ 1 in
the last figure, because the counting circuits are not synchronised
with the photon derived pulses. This variance of one may be of
importance at low count rates, but in general will be of no consequence
in analytical spectrometry.

He2.5. Total Noise in Photon Counting.

Fach of the variance terms described in the previous sections
were derived from independent variables and therefore add in quadrature
to yield the total variance O-%t' Thus for a typical andlytical sipnal
comprising a signal photon arrival rate Ns’ a background photon arrival

rate Nb and a dark pulse generation rate N,, the total noise in the

d,

ocbserved count rate is given by:-

2 (2) (2\ (2)
o = O + [ O + | O
ot Nos P Nob P Nod D
2

2
+(D_N§f 'P(O—N)f
0s ob
: 2 2
iee O = N$qA + NdnA + NA' + (N€ A¢n)
2
+ (N EAgPn) vees5.9.

5.3. TE COMPARISON OF NCISE IN PHOTON CCUNTING AND D.C. SYSTEMS.

The noise components associated with photon counting apply to d.c.
systems, however a number of extra variance terms also apply. Noise
in d.c. gystems arises both from the time distribution of the sipgnal

photons and from the variation in amplitude of the individual photon



- 17 -

derived pulses. Noise in photon counting systems is mainly derived

from the time distribution of the photons, and gives little weight

to the amplitude wvariation of the individual pulses (especially at

low discriminator 1evels). Thus in a counting experiment, any pulse

having an ampliiude above a certain level (all counting systems have

a finite counting threshold) is counted and regardless of gize a 1 is

placed in the count register. This simple logic step accounts for the

elimination of a number of noise components which apply to d.c. systenms.
Secondary emission noise resulting from the statistical variation

in pulse size, adds significantly to the d.c. noise particularly at

low photo-electron fluxes. This can be described in terms of the

variance in the overall gain of the tube which is usually given by

O"% = GQ ])§+1)
(3 + 15

where b is the distribution shape factor (b = 0, Poisson distributions

(102) ¢

b = 1 Txponential distribution). It can be shown that the variance in
the d.c, current level resulting from secondary emission noise is (111);
)
( o ?a) sec = eic;.iD'i/t
where ic is the photo-cathodiec current
and the other symbols have the samé meanings as before.
Secondary emission noise also 6ccurs in the dark count from the PMT,
however the picture is more complex because the mean gain experienced
by a particular pulse depends on the dynode of origin. This adds a
further variance term which results in a considerable broadening of
the pulse amplitude distribution particularly at the low amplitude end.
The work presented in the previous chapter demonstrated that

photon counting could be achieved without the use of a pulse amplifier,
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Hovever, all modern d.c. spectrometric systems employ amplifiers,
usually operational amplifiers of the current to voltage converter
type. In this case the veriance in the output voltage due to

fluctuations in the amplifier gain can be expressed in the form:~

2 2 2 2
) = M i A% ) "
amp (‘ ]f (lrms) + rms) bt
where Rf is the value of the feedback resistor
i and V are the noige eguivalent, rms input, current and
rms ™ms

voltages respectively, per unit band-width of the
operational amplifier (these parameters are
usually given by the manufacturer).

and AL is the noise equivalent band-width.

It can be shown by use of the Fourier transform techmique (102), that
for the normal PMT - RC - amplifier combination, & f = 1/2t and that
therefore lowering Af is equivalent to increasing the integration
period. However, amplifier noise often shows a 1/f dependence so that
" the apparent benefit of lowering A f may be lost by the inclusion of
extra low frequency noise components. In particular, some amplifiers
exhibit strong 50 Hz. noise components due to imperfect isolation

from the mains frequency.

The gain variance introduced by the amplifier adds directly to
the overall variance in d.c. measurement, whereas in photon counting
its effect would be considerably reduced (if an amplifier is used).
The same argument applies to all other sources of gain variance in
the system e.g. PMT flicker, power supply flicker, etc. which broaden
the pulse amplitude distribution but do not significanlty affect the
time distribution of the sigqal.

The nature of read-out variance in photon counting has already
been considered, and here again the counting technique exhibits

superior performance to d.c¢. measurement. A number of read-out devices
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may be employed in a d.c. system e.g. a meter, a chari recorder, or
an oscilloscopead each of these has én associated variance which
can be related to the signal magnitude and band-width of observation.
Turthermore, a variance is introduced hecause of the resolution of
the device, which relates to the ability of the operator to
distinguish between two readings.

This section illustrates some of the ways in which the use of
photon counting might be expected to improve the signal to noise
ratio in the measurement of weak radiation signals. Iowever, the
improvement achieved depends largely on the nature of the limiting
noise components in the system. Ingle and Crouch (111) have carried
out a detailed analysis of the problem and conclude that under Poisson
noise i.e. Shot noise limited conditions, photon counting should
yield an improvement in the signal to noise ratio of between 5 and
22%, This is for the case where the integration period of the
counting measurement is equivalent to the band-width of the d.c. system
i.e. t = 1/2Af. Generally shot noise limited conditions in analytical
spectrometry are encountered when flicker contributions from the éource
and the atom reservoir are small., Such conditions are approached in

¢
low background AF systems e.g. non-flame AT and perhaps in low
background AE systems. For flicker noise limited conditions e.g. AA,
hot flame AT and AL and high concentration non-flame AF, Ingle and
Crouch coﬁcluded that photon counting would not yield any measurable
increase in the signal to noise ratio.

These results were obtained directly from the mathematical analysis,
however practical considerations may somewbat alter the conclusions.
For example, the freedom from drift exhibited by the photon counting

systems described in the last chapter enables stable long period
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integration whiclh may yield signal to noise ratio improvements far in
excess ol those predicted on the basis of an equivalent integration
period analysis. The ability to decrease the band-width in d.c.
systems is invariably limited by the onset of system drift. This
was encountered for quite short integration periods e.g. 1 second,
with the amplificr/integrator described in chapter III, although the
photon counting systems appeared to remain stable for several hours.
The use of low discriminator levels contributes to drift stability
since it can be expected that peak drift will occur when dNO/dA is a
maximum. Drift is difficult to analyse theoretically, because
although it usually’results from random variations in the temperature
and supply voltage, the variations are often so slow that during a
single integration period the drift is uni-directional,

Finally, it must be pointed out that photon counting is only
applicable where the radiation intensity falls into the linear counting
range. In certain systems, it may be that the maximum signal to noise
ratio occurs when the radiation intensity is well in excess of this
level. Where this is the case, reduction of the signal intensity for
the purpose of bringing it into the linear range of a photon counter
is unlikely to yield any increase in the precision of measurement.

Skt  SIGNAL TO NOIST RATIO EXPRESSIONS IN PHOTON COUNTING.

The analysis of photon counting measurement presented by Ingle
and Crouch, was intended to show how the measured signal to noise.
ratio varied with input photon flux under a number of different noise
limited conditions. However, the expressions derived related to
integration periods compatible with the normal band-widths (e.ge 170z

= 0.5 seconds) employed in d.c. spectrometric systems. FPhoton

counting can achieve stable integration over periods of several hours
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if necessary, and therefore it is intended to derive expressions for
the time related signal to noise ratioc in order to ascertain what
gains,; if any, can be made by long periocd integration. Initially
signals in AE and AF will be considered because the treatment is
somewhat simpler than that for AA,

Before commencing the analysis it is worth considering which
variance terms will be of importance and which can be ignored. This
should enable simplification of the signal to noise ratio expressions
and clarification of the time dependence. Reference to section 4.5.2
shows that even in low background systems i.e. non-flame AF, the
Background count rate is likely to he in excess of 103 CeDeSey Cof. in
this case 4000 c.pes. The minimum variance of this count rate is
4000 (for a‘Poisson signal) and therefore the variances due‘to dark
count i.e. 3 (cooled tube) and read-out i.e. 1 can certainly be
ignored. Turthermore, e¢xcess variance due to fluctuations in the
counting system e.g. PMT flicker, gain flicker etc. are also likely
to be extremely small in comparison, particularly when low discriminator
levels are used. The variance terms of importance therefore, are those
in the signal itself and only these will be-considered in the analysis.

The noise expressions given in section 5.2 relate to the count
rate i.e. the number of counts observed in one second, when the
© observation time is increased to t seconds the variance due to Poisson

processes may be written generally

o
o . -
( z (t)) . = Nt
0
and that due to flicker
2 5.0
(U N, (t)) £ = %

These two terms represent the variances associated with Poisson and



flicker and the balance between them will determine the nature of the
sipnal to noise ratio time dependence,

Seltei. The Time-related Sional to Noise Hatio in Atomic IMluorescence
and Atomic Tmission Spectrometiy.

Consider a steady state anmalytical signal derived from either an
AT or AF system. Let the total photon flux Nt be composed ef a signal
flux Ns and a background flux Nb’ Thus after a count period of t the
following relation holds.

= I
Ntt = Nst + hbt

Now the random fluctuations occurring in~NS and Nb do so independently
and therefore the individual variances add in guadrature to yield the

total variance. The total observed variance is therefore given by:-

2 2 2
O3 (t) = C (t) «+ Oy (+) eera5.10,
ot os ob

However, the variances in the signal and background are comprised
individually of independent Poisson and Tlicker components and thus

o2 (t) =(O‘§S(t))p +(0‘§ (t))f

08 o

md Oy () =(og ), +(0F @),

Remembering that a separate measurement of Nb hasg to be made in order
to determine Ns’ the total observed variamce in the signal can be

written

2 2 2 2 2
o2 (1) =(c7 (t)) +(o* (t)) + 2(0' : (t)) + 2(0' (t))

NOt I\IOS P NOS 1 I\Ob P No.b f 000050110
The total sigal is

N t 000051120
oS

Substituting into equations 5.11 and 5.12, the signal to noise ratio

can be written in terms of the actual photon fluzes, i.e.
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Nt N_t$nA

p) ) r 2,22
UNOt(t) (v t(,fNLA + Nt ¢ (,b 1 202 4 on LEPna )}\bt (;, )

Under shot noise limited conditions for example, a non-flame AT system
employing a well stabilised source (possibly a continuum) the flicker
factors tend to zero in which case equation 5.13 reduces to

1 1
e E) .
Nost = NSt (Sbvl'lk) -oao_r)-oil}.e

b) ' g,:
55 (+) (Ns 4 sz)
ot

This equation equation shows that the signal to noise ratiaican be
increased indefinitely in preportion to t% provided that drift can be
avoided e.g. a 10 fold increase in the count period wonld yieléd an
increase in the signal to noise ratio of (10)%. Thus long period
integration could be of considerable value in shot noise limited
conditions, although the apparent gain is reduced because larger
quantities of sample are required which normally might be subjected
to preconcentration. Equation 5.14 also demonstrates the importance

making ¢ , 1 and A as high as possible when seeking improved limits
of detection.

Vhen flicker noise dominates, for example in a hot flame AT or AE

system, equation 5.13 reduces to

NOSt = NS - 00005'150
2 2 2 2 \z
c-NOt(t) ( N e + °I\b 5 )

Thus in this case the signal to noise ratio ig independent of time

and no benefit can be gained by long period integration. Indeed, if
the flicker spectrum exhibits a 1/f dependence then extended period
integration degrades the signal to noise ratio.

The frequency dependent flicker factor can be written (see section 5.2

= 't

i

000.5013.

3.)
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Substituting into equation 5.15 for the time dependent flicker factor

yields
NOSt = NS 000.5.16
2 2.2 G222\
Ty (t) ( NT o+ O T )zt

ot

Under these conditions the signal to noise ratio is improved by
making +t as short as possible, which effectively suppresses the low
frequency flicker components. This can be achieved by synchronous
photon counting (118), where the source or signal radiation is chopped
and a two register counter, or counter with store facility employed to
record successive short periods of signal and background. The
equivalent method in the current measuring mode is the use of a.c.
detection, which is commonly exployed in high flicker level systems
e.g. hot flame AT,

The approximation of flicker domination is never fully met and
the relative equations only serve as a guide to the situation. For
example, it appears that the signal to noise ratio is independent of
¢ » - and A which clearly can never be the case. A general observation
on all the signal to noise ratio expressions is that terms due to
background variances always occur twice on the bottom line. The
benefit of low background systems is thus clearly demonstrated and in
photon counting where the linear counting range is limited, their use
is invaluable.

Figure 76 shows log-log curves of the signal to noise ratio (N/0")
versus count period over the range 1.0 - 100,0 seconds, for a number
of noise component conditions. The curves are based on observed count
rates of Nos = 104 CePeS. and No = 103 c.pes. and the conditions

b

for each curve are as follows.
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log(N/0)

1.0

Fig.36. The effect of count period on signal to noise ratio.



Curve (a) Poisson noise limited case

. 2 2

: i
N/o & 2

therefore glope of the log~log curve = 3

Curve (b) Poisson aund flicker noise components of equal magnitude.

. 2 -1 2 -
i.e. 4 s = 107F 3 € , = 10 3

The signai to noise ratio is initially increased by a factor of about
0.5 but then rapidly approaches a horizontal asymptote.
Curve (¢) TFlicker noise components five times the magnitude of the
Poisson components,
o I 3

ioeo E ; = 5.10 $ 6_-'23 = 5-10-)

The increase in signal to noise ratio is limited to 8% after which a

horizontal asymptote is reached.

Curve (d) Flicker noise limited case i.e. flicker noise components
ten times the Poisson components.

-1

; 2 - 2
]..oeo G_S = 10 3 ; E,.b = 10

Signal to noise ratio independent of t, curve has constant ordinate
value of 1.46.
Curve (e) Flicker noise limited case with 1/f flicker spectrum.

2 -1

. . - -3
i.e. C‘s = 10

-e

c 2 _
€, = 10

N/o £ 1/t
therefore slope of log-log curve = -1,

These curves show clearly the effect of long period integration
for a number of noise component combinations. It can be seen that
the larger the flicker components in the system the less that can be
gained by integration. Indeed where the flicker exhibits a 1/f

dependence, integration should be avoided because the signal to noise
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ratio may be reduced below that required for the limit of detection
i.e. 2. The curves are intended to illustrate general trends and
cannot accurately predict the situation in all experiments because

an infinite number of Nos’ Nob’ é,i and € % combinations are possible.
Farthermore, other noise components may be present which are not talen
into account in this treatment.

Consider the results of an experiment whick was performed to

test the effectiveness of long term integration in cool flame AT,

The experimental apparatus was the same as that described in section
4,6.3, except that in this case the slit width was reduced to 0.01 mm
in order to avoid overflow of the 6~digit register at the longer
integration periods. A solution containing 5 p.p.m. Hg was nebulised
continuously into the flame and 30 consecutive readings of signal and
background count recorded at each count period. The standard deviation
.was then determined by application of equation 4,9 and the results
compared with those predicted by equation 5.14 for Poisson noise
limited conditions (see Table 11),

Table 11, The Effect of Increasing Count Period on Signal to Noise
Ratio in a Cool Flame Atomic Fluorescence Experiment.

Count Period Measured Signal to Noise Signal to Noise Ratio

(sec) Ratio from Poisson Statistics
1.0 17.84 15.00
10.0 23,73 48,72

100.0 23.97 1447

The results for the one second count period appear to be Poisson
noise limited but longer period integration reveals an increasing
flicker contribution. The case of a white flicker frequency spectrum
and a 1/f spectrum represent specific cases, and in practice each source

will have a different frequency spectrum probably exhibiting some



characteristics of cach type. For example; many radiation sources have
50 Hz (and higher harmonics) flicker components derived from the mains
and in flames and nebu}isers where the transport of fluids occurs,
mechanical resonances may produce further intense narrow band components.
It is difficult to account for this type of flicker in general noise
expressions, because it is a function of the particular experimental
system.

Further degradation of the signal to noise ratio can be caused
by the occurrence of random interferences from external sources e.g.
mains voltage spikes, RF sources, switching spikes ete. Many of these
interferences may be Poisson distributed in time, howevef their time
scale ig no different to that of photon arrival that in terms of a
single integration period they represent a unique event. Another
difficulty associated with this type of noise is that each event
resﬁlts in a burst of counts which may or may not be significant in
comparison with the signal count. The longer the integration period
therefore, the more probable it is that random external interference
will occur and conce again this undermines tﬂe theoretical advantage
of integration.

The results presented in this section lead to the conclusion
that the value of integral measurement of continucus signals is
dependent entirely on the nature of the signal. The variances which
are most likely to limit the obtainable signal to noise ratio are
those arising directly from system instability and therefore particular
attention should be given to this aspect of instrument design. Equations
can be developed which relate signal te noise ratio to measurable system
parameters; however in general lmowledge of the system is insufficient

for the equations to yield reliable results. The calculation of signal
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to noise ratio or precision (precisiOu = 300 times the reciprocal
signal to noise ratio) of photon couunting results from AE and AT
nust therefore be accomplished by repetitive measurements on standard
samples.

5.,4,2, The Sisnal 1o Noise Batio in Atomic Absorption Spectirometry.

Atomic absorption spectrometry usually involves the measurement
of a ratio, rather than a diffenence as is the case in AE and AT,
- The equation for the time related signal to noise ratio is therefore
more complex, although it can be calculated in the same manner as
before. Rather than derive more theoretical calculations of an
approximate nature, it was decided to investigate experimentally the
signal to noise ratio and its relation to the count period for a
gpecific case. |

The experimental system employed was the same as thét described
in section 4.6.%. Solutions containing 1.0 p.p.m. Cd were nebulised
continuously into the flame to enable repetitive readings of reference
and transmitted beam count. The slit width as before was 0.03 mm
which yielded a reference beam count of 896317 c,p. 10s. Although
the source was 50 Hz modulated, it was extremely stable in terms of a
10 second count period, having a relative standard deviation of 0.32%
(see section 4.6.4.). Thus in this case the source had a low magnitude
flicker spectrum with one strong narrow band at 50 Hz.

The investigation of signal to noise ratio in relation to the
count period was carried out on the absorbed intensity rather than
the absorption, which simplified the calculations. Repetitive readings
were taken for count periods of 0.1, 1.0 and 10.0 seconds respectively

and the results obtained are shown in Table 12,
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Table 12, The Effect of Increasing Count Period on Signal to Noise
Ratio in a Cool Flame Atomic Absorption Experiment.

Count Period 0,1 1.0 10,0
(seconds)

Signal to Noise L.21 21.99 22,43
Ratio

The table shows that the presence of the 50 Hz flicker component
‘seriously degraded the signal to noise ratio at the 0.1 second count
period. This occurred because the integration period was not
synchronised with the flicker component and included only 5 cycles of
amplitude variation. Once the integration period reached 50 times the
modulation period, the effect of the 50 Iz component was completely
nullified. Further increase in the count period yielded little increase
in the signal to noise ratio, indicating a fairly flat or white flicker
frequency spectrum. The<: results are interesting hecause they show
that where narrow band #iicker components are present, integration can
yield significantly improved signal to noise ratio.

Many analysts when using AA convert absorption readings into
absorbance A and often commercial AA spectrometers employ logarithmic
amplifiers which perform this function autematically., Calculation of
the signal to noise ratio or precision in absorbance can be achieved
in two ways, either by repetitive recording of absorbahce values or
by application of the equation (106):-~

% o = log (1/c + U1/a) - log (1/) =x 100 ceeeBol7e
A You(1/L)

c 1 /e can in turn be calculated by application of equation 4.8,
In order to test the applicability of equation 5.17 to photon counting
results the error in absorbance was determined experimentally by both

methods. For comparison purposes, precision measurements werc made on
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the absorbed intensity Na and furthermore all results were calculated
theoretically on the basis of Poisson noise limited conditions. The
results are tabulated in Teble 13,

Table 13. Comparison 6f Percentage Relative Standard Deviations

Relative Standard Deviation Relative Standard Deviation
d «

(%) of Né (%) of absorbance value

%"“"t period 4 g 0.1 1.0 0.1
seconds)

Poisson 4,91 14,21 3.95 13,97

Statistics

Experimental .55 23.77 b, 74 19.92
values '

Trom Equations

4.8 and 5.17

and the - - 6.53 18,60
Experimental

Values of
CTNO and O

N

" The agrecment between the experimental values is gquite good
particularly in view of the fact that only 30 readings were taken in
order to calculate the standard deviations. Once again the 50 Ez
flicker component caused a serious degradation in the signal to noise
ratio for the 0.1 second count period. This effect of course is not
predicted by Poisson statistics and therefore the calculated values
were better than those obtained experimentally.

Generally the precision obtained for the measurement of A (or oL )
was slightly better then that obtained for Na. Calculation of Né
involves measurement of a difference i.e. N0 - N, whefeas calculation
of A involves measurement of a ratio i.e. NO/N and therefore better
precigion can be expected in the A value, becausc the ratio is less
sensitive to changes in NO than the difference. Tinally, equation 5.17

exhibits a shallow minimum at about 1.0 absorbance units and therefore,
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where possible, measurements should be made in this region in order
to obtain wmaximum precision.

Fek,%3, The Sipnal to Noise Natio For Transient Simals.

The work in chapter IV demonstrated the ability of photon
counting to make precise measurements on transient signals of variable
profile. Measurement is based on the principle that any transient
signal whose profile encloses the same area will yield the same
integrated count, provided that the count period extends over the
entire duration of the signal. Thus for a transient simal N(%)
where N(t) = 0 for 0< ¢ < T, the process can be represented by

OJTN(t),dt = N |
where Nos is the total observed count.
In nearly all cases N(t) is unknown and furthermore may vary with
concentration or sample matrix. Calculation of the precision or
signal to noise ratio in No rmust therefore be carried out experimentally
by repetitive readings, and cannot be predicted by simple equations.

The integration period cmployed is most important because inclusion
of unwanted background can seriously reduce the sipgnal to noise ratio.
Consider some results obtained with the first photon counter, which
had a Poisson distributed dark count of 469 c.p.s. A camera shutter
was used to produce timed light flashes from a tungsten buld (run from
a stabilised d.c. supply) focugssed onto the entrance slit of the
Unicam SP900. Two shutter speeds of 8.0 and 40.0 m.secc. (longer
shutter speeds tended to become non-reproducible) were employed and
their accuracy checked with a storage oscilloscope. Thirty readings
of the light flash intensity were then recorded for each shutter speed,
by both photon counting and the d.c. amplifier/integrator system

(see section 3.2.1). The only background count occurring in this
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experiment therefore, was that due to dark count. The results
obtained are summarised in Table ik,

Table 14, Integration of Transient Tadiation Signals

Shutter Speed Photon Counting D.c. Amplifier/Integrator
(m.sec) Average Standard Relative Average Standard Relative
’ Comnt Deviation Standard Signal Deviation Standard
(sec-1) Deviation Deviation
(%) _, (%)
8.0 0.5 125.9 34,45 27.9 k.37 1.23 28.1
40.0 2.0 10781 225.1 2.09 L0,31 0.9% 2.33

It can be seen that—in each case photon counting yielded an improved
precision, in spite of the fact that integration was taken over several
times the signal duration (the d.c. system integrates over the signal
duration only). The improvement in precision achieved by photon
coumnting was 0.7% for the 8 m.sec. signal and 10.54% for the 40 m sec.
signal, which is indicative that correet count period timing is
essential for transient sipgnals., Indeed in this case the unwanted
variance due to excess background can be calculated, and when this is
done for the 8 m.sec. signal and subtracted from the total variance,
it is found that the precision should increase to 21.3%.

Unfortunately precise timing is often difficult, because of
wncertainty in the start and finish points of the profile. THowever,

a device producing a variable count period which could be triggered
by the start of the event would enable approximate synchronisation of
the count peried with resulting increases in precision. In high
background systems particularly where the background is noisy, the
provision of count period synchronisation is essential in order to
avoid complete degradation of the signal to noise ratio by flicker

components,
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BeHe CONCILUSICNS.

Photon counting ultimately must be the most sensitive method of
measuring light intensity Dbecause the measurement is made in units
of the minimum Imown quantity of radiant energy i.e. the photon.

The limitations of the technique ére imposed purely by the current
state of technology, as illustrated by the limited linear counting
range. Al present the linear range extends to about 106 CoPeSey but
ultimately counting up to 108 C.Pes. will be required before the
technique has the same useful range as current measuring devices.

The practical and theoretical aspects of photon counting in analytical
spectrometry have been investigated in the the previous two chapters,
and therefore rather than repeat the conclusions drawn it is intended
to discuss ways in which some of the limitations can be overcome and
the field of application widened.

" One method of extending the linear counting range by use of the
lower discriminator level has already been described. TFurther
iﬁprovement can be achieved by application of an upper discriminator
level and some simple logic circuits (119). Pile-up pulses are nearly
always larger than single photon pulses and therefore provision can
be made for placing a 2 in the register, every time a pulse exceeding
the upper threshold occurs. This undoubtedly improves the linear
counting range hut care is required at low photon fluxes, because noise
introduced by the radioactive pulses etc. is effectively doubled.

Addition of a small on-line, dedicated computer to the photon
counter would certainly give the instrument greater versatility. Tor
example, the main conclusion of the previous chaplers was that photon
counting is best suited to the measurement of low radiation levels,

and that the value of the inherent integration which counting yields
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is entirely dependent on the time distribution of the signal to be
measured. Automatic control of the photon counter to yield consecutive
short period observatlions which could be stored, would enable a frequency
spectrum of the analytical sigmal to be constructed. The principle
harmonic noise components (if'any) could be identified and filtering
achieved by aprropriate selection of the count peribd. The technigue
would bé equivalent to the Fourier-transform methods commonly employed
in NMR and IR spectrometry. Other operetions that could be simply
carried out include time averaging of results, calculation of the
standard deviation, rejection of spurious results; background count
correction and possibly pulse pile-up correction. The ever decreasing
cost of small laboratory computers will undoubtedly make them a common
feature of future photon counting systems.

Many modern spectrometric systems employ double beam instrumentation
vhich enables minimisation of errors due to drift. Photon counting can
be applied to double beam instrumentation with great precision because
the reference beam can be monitored for the total radiation emitted.

The technique employed (107) is to preset the reference beam register,
so that the signal or ratio is read out after a given number of counts
has been amassed. Drift compensation is therefore achieved by automatic
adjustment of the count period. In conclusion, the initial results
obtained with photon counting are sufficiently promising to suggest

that the technique will be increasingly employed in analytical spectrometry.

The results presented in this thesis relate to two new techniques
wvhich are receiving increasing attention in the field of analytical
spectrometry. It is hoped that these studies will contribute in their

assessment and encourage further investigation.

000000000
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APPINDIY I
Program to simulate a photen counting experiment

Data Name List

NS = number of simulations

B -~ average time between photons
DEAD -~ sgystem dead time

TLIM -~ count period

Program.

DIMINSION KOUNT ( 252 )

COMHON B, A, SECS

nEAD ( 5, 1000 ) KS
1000 FORMAT ( I3 )

no 11 J = 1,NS

DO 10 I = 1,250
10 KOUNT (I ) =0
CLCCK = 0,0

N=20
KOV = 0
RSUM = 0

READ ( 5,1001 ) 3, DEAD, TLIM
1001 FORAT ( 10¥X, 3( 4¥, ES.2 ) )
NDEAD = 0,0

GO TO 105
10k RDEAD = DEAD
105 ND = 0O

102 CALL TIME
CLOCK = CLOCK + STCS
IF ( CLOCK.GP.TLIM ) GO TO 100
IF ( SECS.GT.RDEAD ) GO TO 101
ND = ND + 1
GO TO 102

101 N =N + 1
IF ( ND.GE.250 ) GO TO 103
KOUNT (ND + 1) = KOWNT (ND + 1) + 1
GO TO 10k

103 KOV = KOV + 1
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KSUM = KSUM + ND

GO TO 104
100 KSUM = KSUM + N

DO 15 I = 1,250
15 KSUM = ESUM + KOUNT (I)*(I-1)

SUM = KSUM

TOT = N

EFIC = (TOT/SUM)*100,0

WRITE (6,1300) B,DEAD,TLIM,KSUM,N,KOV
1300 FORMAT (1X,10%, 3(4%,78.2),10%,110,10X,110,10%X,14

WRITE (6,1900) EFIC
1900 FORMAT (&%X,T77.2)

I=0

WRITE (6,1100) I, KOUNT(1)
1100 TFORMAT ( 1¥,T4%,1X,I7 )

DO 12 T = 1,241,10

IJK = I + 9 ,

WRITE (6,1200) (E,X0NT(X + 1), K = I,IJK)
1200 FORMAT (1%, 10(X4,1X,17,1iX) )
12  CONTINUE
11 CONTINUE

STOP

END

SUBROUTINE TIME

COMMON B,A,STCS

RANGE = 0,0
109 R = RNIST (RANGE)

IT (R.EQ.0.0) GO TO 109

SECS = -ALOG(R)*B

RETURN

. TND
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APPTRDTY TX

Program to solve a Convolution Integral - CONVOLU.

Data Name List.

e
-3
I

number of segmentzy in the nEero(r) arraye.
JE - number of segmenis in the TCIT(Y) array.

b 3]

R =~ wvaluec of the load resistance Ry e

€ ~ value of the siray capacitance Cs'
SIG - standard deviation of the PHT {ransit time spread.

DT ~ the segment width  t.

0« the total mean charge in a single photo-~electron pulse (=Ge).

IFIAG -~ stop index.
Program.

PROGRAM CONVOLU(INPUT,OUT?UT,TLPESQINPUT,TAPEG:GUTPUT}
DIMINSICY RESPO(1500),TwCIT(L00),comvo(1500),CTRvE(1500)
80 READ(5,1000) NE,JK
1000 TORAT (T4, 5¥,Tk4)
READ (5,1001) R,C,SIG,DT,0
1001 reRAAT ( 5(r8.3,2X) )
READ (5,1002) IFTAG
1002 TCRAT (11)
C CALCULATION OF INTUT AURAY
PI = 6.28%

CoN = 0,0

TOY = 0.0

FAC = SORT(PI)

CCN = 9 / (SIG * TAC)

SIG2 = SIG ¥¥* 2,0
T=20,0
JoT = ( (0k=-1) /2 ) +1
EXCIT(JOT) = CCN
KOT = JOT + 1
DG 100 I = KOT,J¥
T=T4+ DT
Tow = (T*%2,0) / (2.0%5162)
EXCIT (I) = cox * ( 1.0 / we(Tow) )
160 CONTINUE
10T = JOT - 1
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)

0T = JK 4 1
D0 120 T = 1,107
MOT = MOT . 1
weIr(1) = meir(veT)
120 CONTTNUR
C CALCUIATICN OF RESPONSTE FUNCTICN
PO = 0.0
T = 0,0
RESPO(1) = 1.0/C
Do 101
T=T+ DT
POV = T/(nxC)
RESPO(K) = (1.0/C) = ( 1.0/5P(Pov) )
101 CONTINUE
C CONVOLUTION OF ARRAYS
DO 111 JTK = 1,1500
CONVG (JIK) = 0,0
111 CONTINUR
IF (WK.GB.JK) GO TO 20
JOX = NK
EKCK = JE
GO TO 30
20 JOK
KOK = NK
30 DO 102 N = 1,J0K
K=0
I=N+1
DO 103 XX
K=K+ 1
I=1~1
CURVE(IK)
103  CONTINUD
DO 104 KDUM = 1,N
conve(X) = conve(N) + DT ¥ (crrveE(omv) )
104 CONTINUE :

1
3]
.;Pi'.,.

It

i}

i

1,N

it

RESPC(K) * #XCIT(T)

102 CONTINUE .
NJ = KOK - JCK
DO 105 M = 1,NJ
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I =J0K + 1

K =M

DO 106 X = 1,JCK

K=T%a+1

I=7-1 .

TP (NX.CH.JIK) GC TO 40

KIK = I

IKI = X

GO TO 50
40 TIK = X

IKI = I
50  cURvi(IK) = RUSPO(KIE) * BYCIT(INI)
106 CONTINUE ‘

J=N+HM

DO 107 MM = 1,J0K

convo(d) = conve(Jd) + DT * ( curve(ma) )
107 CONTINUE '
105 CONTINUE

JAK = JCK - 1

DO 108 L = 1,JAK

i

i

]

T =dJ0K + 1
K =KO0K -« JOK + L

VAK = JOK - L
DO 109 KK = 1,KAK
K=K+ 1
I1=1-1 _‘
Ir (NE.GE.IK) GO TO 60
KIK = I
IFI = K
GO TO 70
60 LI =X
JKI = 1 .
70 TIVI(KK) = RRSPO(XTK) * wNCIT(IKI)
109 CONTINUE
Jd=J+1
DO 110 KGUM = 1,TAK
convo(J) = conve(d) + DT * ( cunve(xery) )
110  CONTINUT
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108 CONTINUT
C CUTTUT ROUITIE
C TESUIAS OF TS CONVOTUTICN
YRITE (6,1010) (7™c1n(I),I = 1,J%)
1010 FovAT {17, 5(10u MCII( I) ,27,F8,%k) )
¢ CUTPUT OF RESPQISE ARDA
WRITE (6,1020) (“W‘To(r),x 1,NE)
1020 rorriT (1%,5(100 nosea(y) ,2%,F¥2.%) )
C CUTPUT OF CCNVCLUTTED ARRAY
wrITE (6,1030) (conve(de), J0 = 1,J)
1050 FORAT (17,5(100 cove(d) ,o%,F8,.4))
IF (IFIAG.NT.1) GO TO 80
STOP
D
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