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ABSTRACT

This Thesis describes:

(i) A preparative scheme for the production of miecro-
wave excited electrodelass discharge lamps for use as atomic
spectral sources in atomic fluorescence spectrometry, which
enables the fill gas pressure, the applied microwave power
and the lamp mounting configuration to be predicted,

(ii) A comparison between various microwave cavities
and antennas when used as microwave coupling devices.

(iii) The ﬁse of a microwave powef attenuator to
decrease EDL source noise,

(iv) The development of three new microwave excited
atomic spectral sources, especially designed for elements
that rapidly attack the quartz walls of EDLs.

(v) The development and optimisation of two new methods
of modulating the resonance radiation emitted from microwave
excited EDLs, and a comparison of these two methods with
that previously used,

(vi) The theoretical derivation of an expression for
the frequency of minimum noise for atomic fluorescence
spactrometry, when using a constant relative bandwidth
amplifier/phase sensitive detection measurement system.

(vii) The optimisation of the operating frequency and
anplifier pasrameters for atonic fluoreécence spectrometry,
using modulated EDLs as sources end a tunable constant
relative baundwidth amplifier/phase censitive detection

measurement systen.
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CHAPTER I

INTRODUCTION




1.1. Uses and Requirements of Atomic Svectral Sources

The atomic spectroscopist has many uses for atomic
spectral sources; they include: interferometry, wavelength
calibration, spectral structure elucidation, optical pumping,
atomic absorption spectrometry (AAS), and atomic fluorescence
spectrometrometry (AFS). The analytical chemist's main
interest in atomic spectral sources centres around the last
two of these applications, AAS and AFS. Both AAS and AFS
require an external source of radiation to excite the analyte
atoms in the flame cell or atom reservoir. For a source of
excitation to be analytically useful in atomic fiuoreécence
measurements it must be extremely intense over. the centre of
the analyte atom's absorption line; that is to say, it must
be intense and must exhibit as 1it£le self-reversal as possible
(1). In addition, the source should be stable, cheap and
adaptable to a variety of clements, The ideal source for AFS
would actually have much in common with the ideal source
required for optical pumping experiments, because both tech-
niques involve the optical excitation of an atomic resonance
level, Budick et al. (2) have summarized the ideal source
requirements for optical pumping experiments as follows:

(1) The total optical output in the resonance line of
intepest should be in the range of 1015 - 1018 photons per
second (1 milliwatt to 1 watt for ultraviolet lines). The
lower output is suitable for fully allowed transitions,

whereas the higher output is required for partially forbidden

transitions.



(2) The spectral line must be free of éelf-reversal.

Only the radiation in the centre of the line is useful for
producing fluorescence. Light in the wings of the line
contributes to the scattering background and noise but not
to the useful signal.

(3) The source should requiré a minimum of sample material.
(This is probably the least important requirement; neverthe-
iess, this is a practical requirement if it is necessary to
construct sources of rare elements or radioactive isotopes.)

(4) The lamp fluctuations must be minimal. Short term
noise should be small, for example, less than oné part’in 105,
and long~term drifts should be minimal, for example, less than
one part in 103. (For AFS these fluctuations can fortunately
be much larger because of high poise levels associated with the
flame cell or atomic reservoir.)

(5) The source should be adaptable to a wide variety of
elements.

Unfortunately, no single source type to date'meets all of
the abo&e mentioned requirements. In AAS hollow cathode
discharge lamps (HCL) are available for most elements in the
periodic table. Because absorption measurements do not require
sources of extreme intensity, the HCLs operating at low currents
are quite adequate for most metals., AFS, nevertheless, has
been fortunate in one respect, namely that there has been a
concurrent search under way emong physicists for_better sburces

to use in optical pumping and related experiments (2-6). The



analytical spectroscopists interested in AFS, however, has
slightly different goals in mind than the physical spectros-
copist carrying out resonance radiation experiments. The
analyst, first of all, is nearly always interested in being

able to measure several elements within a short time period.-:
Therefore, he is much more concerned with features such as cost,
simplicity, interchangeability and duplicity than is the
~physicist. This is especially true if an instrument manufacturer
is to place the technique into the hands of the average analyst
or technician. Secondly, the demands of the analyst usually

are not as seiere with regard to stability, material requirements,
self-reversal and spectral line widths.

‘ As stated previously, the intensity of sources for AAS is
not of prime concern because the sensitivity and the limit of
detection are independent of the source intensity. A source
is adequate for AAS provided it is capable of producifig a
sufficient signal from the photodetector, after its radiation
has passed through a fairly high resolution monochromator.,

HCLs have been found to be: suitable sources for the AAS of
most elements. Thus, this thesis is mainly concerned with

the development of atomic spectral sources for AFS; however,
mention of their use in AAS will be made.

The intensity of the fluorescence signal at low atomic
concentrations is directly proportional to the source radiation
jntensity (7,8) and hence the limit of detection and the

sensitivity will be proportional to the intensity of the



primary excitation source. The quality of the atomic line
emission is not so important for AFS as for AAS, because
unlike in AAS the source is not viewed directly. However,
it is still desirable for the atomic spectral lines not to be
self~-reversed and for them to be as narrow as possible, so that
the maximum irradiating power is available at the wavelength of
maximum absorption.

The absorption of radiation by atoms occurs over a very
narrow frequency interval called the atomic absorption line
(9, 10, 11). The absorption line profile and half-width are
determined by broadening parameters. The absorﬁtion of
radiation results in the electronic activation of an atom from
the ground (sometimes from metastable states above the ground
state) electronic state to an upper excited state. The
excited atom remains in the upper level for a short time period,
for example 10_8seconds, and then undergoes either a non-
radiational deactivation, for exsmple by a collision with flame
gas molecules, or a radiational deactivation (atomic fluoreﬁcence).
The intensity of radiation transmitted through an atomic vapour
of sbsorbers (IQ) varies with the frequency and is related to the
. incidient intensity, Is, at the same frequency, 0, and to the
product of the atomic absorption path length, L, in centimeters
and the atomic absorption coefiicient, ko, in cm.-1. The
expression relating Ieto the above factors is given by:

I, = Ty exp (kL) )

The broademing of spectral lines recults in the absorption



(and emission) of radiation by atoms over a finite frequency
interval rather than an infinitely narrow frequency interval.

The half-width, AV, of an atomic absorption line is defined as
the half-width of the plot of k@ versus V. Therefore, it

is the width of the absorption line profile at k max./2, where

k max. is the maximum atomic absorption coefficient. The major
causes of spectral line broadening of atoms in flame, or for that
matter in atomic spectral sources, are: |

(1) Natural broadening.

The natural broadening of spectral lines is associated,
from a quantum electrodynamic viewpoint, with the degree to
vhich energy levels are broadened. This broadening of the
energy levels occurs as a result of the finite lifetime, T, of
the levels between which a transition takes:plaée. The natural
width of a resonance line,A\)N, can be defined as:

AV = /28T _ (2)
end is of the order of 10~ R,

(2) Dopplér broadening

Doppler broadening is associated with the random
thermal motion of the emitting or absorbing atoms relative
to the gbserver. As a result of the motion of an atom at a
velocity in the line of sight, the observed frequency of
absorption or emission by the atom is displaced. The Doppler
half-width,A\)D, of ai'spectral line is equal to:
¢
A\)ﬁ:&% /2ln2.§g‘_ (3)

vhere T is the temperature in degrees Kelvin, M is the atomic
weight of the emitting or absorbing species, 00 is the

frequency of maximum absorption or emission, R is the gas



-10-

constant, and C is the velocity of light in a Vacuum. For
temperatures between 500 and BOOOOK, the Doppler half-width
for most lines (12) of most elements is of the order of 0.003
to 0.09 .

(3) Lorentw broadening

Lorentz broadening is due to the perturbation of the
absorbing or emitting atoms by foreign gas molecules. The
Lorentz half-width of a spectral line,A OL’ is equal to:

VL=2x6.02x10230~2P\/7‘2 (1+1) @)

. RT (M Mp)
where P is the pressure of the foreign gas vwhose molecular
weight is Mp and 02 is the effective cross-sectibn for
collision between the emiﬁting or absorbing atom and the foreign
gas molecules. For most resonance lines of most atoms, the
Lorentz half-widths are between ¢.01 and 0.1 2 (12) for analy-

tical flames at one atmosphere pressure.

(4) Resonance broadening

Resonance broadening is similar to Lorentz broadening
except that thé perturbation is produced by the same atomic
species as is emitting or absorbing. The equation for the
Resonance half-width,AV,, is exactly the same as the equation
for the Lorentzhalf-width except that Mp is replaced by M,
which gives:

A ‘}R =2x 6,02 x 10%3:%p 4
7V RTM (5)

Resonance broadening is negligible in flames because of the

low concentration of the analytey however, in atomic spectral
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sources the resonance broadening can be quite large, espécially
in sources like the high pressure mercury arc where the mercury
pressure can be as high as 100 atmospheres.

(5) Stark and Zeeman broadening

Stark and Zeeman broadening are due to the splitting
of atomic lines by electrical and magnetic fields respectively.
In flames both of these broadening processes are negligible;
however, Aldous (63) has stated that they can become important
in electrically or magnetically excited atomic spectral sources,
such as HCL and electrodeless discharge lamps (EDLs). Recently
Bruce and Hannaford (156) have measured the broa&ening processes
in a HCL and havé found Stark and Zeeman broadening to be
negligible,

Neglecting Stark and Zeeman broadening, the total half-

width,‘AW), of the absorption or emissionj-profile is related to
the half-widths caused by the broadening process by the following

equation:

A\)! = A\)§'+ (A\)L +A\)R +A\)N 2 (6)

This total half-width, AV, is the half-width of the absorption
or emission line profile and’ thus governs the amount of light that
is absorbed by am atomic vapour of absorbers (see equatian 1.

As both AAS and AFS rely on an absorption process, the sensitivity .
and limit of detection of these two methods will depend on the
source emission line profile and the analyte absorption profile.
Thus a knowledge of the effects of these line profiles, of half-

widths, on the sensitivity of AAS and AFS is important. In
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general the narrower the line profiles the more sensitive
will be these two methods. The full implications of the
effects of line profiles on AAS and AFS have been very fully
derived and discussed elsewhere (7-9, 13-15), and the author
feels that no useful purpose will be served by further

repetition,

1.2 Sources

Several sources types have been utilized as primary sources
in analytical atomic spectroscopy; a brief description of them
and their operation follows:

(1) Metal-Vapour Arc Lamps.

The Osram and Phillips metal-vapour arc lamps were
the first source type to be utilized in atomic fluorescence
flame spectrometry (16), and they have been used by several
workers since (17-22). These are similar to the original
Pirani and Houtermans lamps which are described by Mitchell
and Zermansky (9). They consist of a sealed tube containing
the metal and an inert gas at a low pressure (usually 1-10 torr);
there is an oxide-coated filament at each end of this tube. The
tube is surrounded by an evacuated jacket so that a sufficiently
high vapour pressure of the metal is maintained. The lamp is
started by sending a current of a few amperes through both the
filaments until th;y are ved hot; at this time the filament
current is terminated and an alternating voltage is applied
across the two filaments, producing an arc which keeps the

filaments hot and the metal partially vapourized.
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Commercial metal-vapour arc lamps have been used exten-
sively for the production of AF of zinc, cadmium and thallium.
Although these sources are available for other metals, only’
these three are analytically useful. All of these lamps,
especially those of mercury and the alkali metals, suffer
from self-reversal and resonance broadening (16, 17, 18).

The indium and gallium lamps emit extremely weak radiation
and are therefore essentially unusable (18).

In operation, the lamps must be carefully thermostated in
order to preserve stability and to minimise self-reversal.
Mansfield et al, (18) did this by optimising and monitoring
the operating current. Dagnall et al. (19) effected the same
thing by directing: a controlled air stream upon the lamp.

Recently, Budick et al. (2) have re-examined the Cario-
L8chte-Holtgreven lamp (9), which is another variety of metal-
vapour arc lamp, for use in optical pumping experiments. This
lamp operates with a:continuous flow of gas which carries the
metal discharge and directs it away from the viewing window.
While this type of lamp is very efficient for exciting
resonance radiation of the‘more volatile metals, it requires
an extensive installation for operation and is thus inconvenient
for analytical use.

(2) Hollow CathodeDischarge Lamps (HCLs).

The present HCLs are second generation developments of
. the Paschen lamp (23) and the Schiller tube (24, 25). These

earlier models are described in detail by Mitchell and Zermansky (9)
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and Tolansky (26). Most of the HCLs used today are modifications.
of the design by Walsh and co-workers (27, 28), although
variations of the Schiiler tube are still in use (2).
In the HCL, a hollow cylinder is used to make up the cathode.

This cylinder is usually machined out of the metal whose
spectrum is desired; or, in some cases, the cylinder is made
from aluminium or another metal, and the desired metal is placed

or plated inside this cylinder. Positive ions of the inert
gas'filler (usually neon or argon) bombard the cathode and

sputter excited metal atoms from its surface. If the lamp is

constructed with the proper geometry and inert gas pressure,
the discharge is confined to the inside of the hollo& cathode,
Hollow cathode lamps have been constructed for virtually every
metal and are available commercially. They are used almost
exclusively in AAS (29) because of the narrowness of the
spectral lines that they emit.

Dinnin (37), Dinnin and Heltz (30, 38), and Rossi and

" Omenetti (39) have used demountable HCLs in their atomic

fluorescence investigations. VWhile these lamps are some=-
what elaborate in construction detail, they have the desirable
featﬁre that the cathodic material is interchangeable, Thus,
one lamp lends itself to several elements., Using the
demountable HCL, reasonably low limits of detection have been
obtained for the atomic fluorescence of golq, silver, nickel,
bismuth, lead, copper, magnesium, thallium, gallium, indium,

. manganese, cobalt, iron, palladium, titanium, zirconium,
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.chromium and aluminium. From this sempling of elements,
one must conclude thét this source type certainly offers the
universality that is desired in AF applications.,

Unfortunately, HCLs fall short of being the ideal source
in one respect, namely intensity. They are generally operated

at low currents, about 10 milliamps; under such conditions
they are stable and long-lived, but lack the intensities
necessary for atomic fluorescence applications (31). At
higher currents, very little useful line intensity is gained,
since metal is sputtered from the cathode at too fast a rate.
This high sputter rate producés self-reversal, resonance
broadeneing and instability of the resonance lines as well as
window blackening and cathodic deterioration.

Sullivan and Walsh (32) have overcome some of the draw-
backs of higher intensity operation of HCLs with their high
intensity HCL. These are similar to the conventional HCL,
except that an auxiliary pair of electrodes are mounted in
front of the hollow cathcde. The atomic vapour sputterea
from the primary cathode iq further excited in the'positive
column of the auxiliary electrode discharge. An additional
power supply is required for the added electrodes, making
lamp operation less straightforward and more expensive.

The recently developed shielded HCL (33, 34) now manu-
factured by Westinghouse and Perkin-Elmer gives a similar
intensity to the high intensity HCL (35) while not requiring

a secondary power supply.
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Another modification of HCLs, vhich gave increased
intensity without appreciable broadening, was described by
Van Geldér (36). This novel design is similar to the high
intensity HCL but has the added avantage of being capable of
optical modulation (see Chapter IV).

For a review of the use of HCLs as primary excitation
sources in AFS see Chapter III, section 3.5.

(3) Continua ‘

In his original paper on AAS (40) Walsh expressed
doubt in the use of spectral continua as socurces in AAS;
however, récent work has been published where a Xenon arc
(1, 42), a 650 watt tungsten lamp (42), and a hydrogen arc
(41) have been used as continuous‘sources for AAS in conjunction
with high resolution monochromators.

Because of the theoreticél superiority of the continuum
as a source for AFS, several workers have evaluated its
performance (45,.44, 45), although none of them have nearly
reached the theoretically predicted limits of detection. Inter-

ference studies in AFS using a continuum source (a 500 watt
Xenon arc) have been reported (46, 47) and limits of detection
for thirteen elements have been given (46). The possibility of
increasing the light output of xenon arcs by using a 2 kilowatt d.c,
lamp or a lamp pulsed to 11 kilowatts (48) may improve the
sensitivity of AFS.

A xenon arc is one :of the brightest and most powerful

continuous sources of ultra-violet radiation. The emission
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from such a source is appro&imately continuous because of the
resonance and Doppler broadening of the spectral lines., The
lamp consists of a low voltage high current arc struck between
two electrodes in a high pressure atmosphere of Xenon.

(4) Miscellaneous Primary Sources

Strasheim (49) hes demonstrated the feasibility of
using an electrical discharge as a source for AAS., He used
a time resolved system in which the detector on;y sees the
enmission from the discharge when the spark ceases. He obtained
good sensitivity probably because of the reasmatly narrow line
profile. In a recent paper (50) Strasheim and Human reported
the determination of copper, calcium, - magnesium, and zinc using
this method., The precision of this method was found to be
very poor, which was especially unfortunate because of the
convenience of this source for simultaneous mitielement analysis.
This source also suffers from a lack of intensity and is there-~
for unlikely to be suitable for AFS.

A gas stabilised d.c. arc (51) has been used as a primary
source for AAS. Nitrogen.gas was used to nebulise a solution
contédining the elements of interest; this gas was then used
to stabilise the d.c. arc, which excited the resonance lines
of the nebulised elements. This device offered the same
convenience as the time resolved spark for multielement
analysis and the precision obtained was as good as with a
HCL as a primary source.

A high frequency plasma has been used as a primary source
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of radiation in AAS (52) and in AFS (53). VWhen solutions
containing the elements of interest were sprayed into the
piasma intense resonance line emission was produced; -their
line profiles were faily narrow (half-widths of about 0.052 ).
Rann (54) has investigated the use of a flame, into
vhich a solution containing the element or elements of interest
was sprayed, as the radiation source for AAS. TFrom both a
theoretical and an experimental treatment he concluded that
the sensitivity was reduced by a factor of two if a flame
‘replaced the HCIs source., Because of the low intensity of this
source it is unlikely that it would be suitable for AFS.

(5) Electrodeless Discharge Lamps (EDLs)

The most effective and intense source presently available
for AFS is the electrodeless discharge lamp., TFrom the stand-
point of simplicity and cost EDLg would appear to be the ideal
source., They consist of a gealed-off reservoir of glass or
most usually quartz containing a few torr of an inert gas and
a small amount of the metal or metal salt vhose spectrum is
desired., EDLs are operated at RF or microwave frequencies by
suitable antenras or wave-guide cavities. The absence of any
internal electrodes leadsto long lifetimes as no electrode
burn-away occurs and there are no quartz to metal seals which
are very prone to gas leaks., The real potential of EDLs as
primary sources in AFS and AAS was realised by Dagnall et al.
(55-60) and Winefordner and co-workers (61, 62); they have

described the preparation of EDLs for several elements.
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Aldous (63) has further extended this work to enable EDLs to be
made for over sixty elements. However, EDLs have come in fgr
much criticism (64~66) concerning their stability and lifetimes.
Most of the studies on the preparation and operation of EDLs have
been lacking in depth of investigation.

The author feels that with much more "in depth" study EDLs
will prove to be the ideal source for AFS and very suitable
sources for the AAS of certain elements for which only unsatis-
factory HCLs are available. The bulk of the investigation work
carried out in this thesis concerns the optimisation of EDLs

and other electrodeless microwave excited discharges as sources

for AFS,
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CHAPTER IIX

ELECTRODELESS DISCHARGE LAMPS (EDLs)
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2.1 Introduction

EDLs have been used very extensively as sources in atomic
fluorescence spectrometry (21, 55, €0-62, 93-94) because of
the sharp, intense spectral lines that they emit. From the
standpoint of cost and simplicity they are very attractive
because they only consist of a sealed-off reservoir of glass
or quartz containing a few torr of an inert gas and a small
amount of the metal (or metal halide) whose spectrum is
desired. These lamps are operated at radio or microwave
frequencies in conjunction with antennas, loading coils or
wave-guide cavities as coupling devices. The absence of
electrodes leads to a long lifetime of an EDL and an emitted
specfrum which is uncontaminated by the spectrum of the electrode
material.

2.2 Historical Develovment

Radio frequency and microwave excited EDLs have been used
for a long time, dating back to Jackson (67), who used an
EDL operated from a 10 MHz oscillator to obtain the are spectrum
of caesium in order to study its hyperfine structure. EDLs have
been used since then in numerous spectroscopic applications,
although most of the earlier applications did not require
either intensity or stability. (The early applications were
mainly studies of spectral structure utilising photographic
plate detectors where the only really important criteria for
the sources wcre sharpness of the spectral.lines and purity

of spectfa). A renewed interest in EDLs was kindled in the
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late nineteen forties when Meggers (68-70) carried out his
wavelength studies of artificial mercury 198 in search of an
ultimate standard of length. This work inspired further
deve;opment of these sources for other'spectral studies,
especially spectral analysis of the lanthanide and actinide
elements and their isotopes (71-77). By the early nineteen
sixties, EDLs had been constructed for nearly every chemical
element, and microwave cavities for the operation of these
lamps had undergone considerable development (78,79).

In recent years, experimentation with optical pumping,
sensitised fluorescence, and other related phenomena has
created even more interest in FDLs (2-6, 80,81); researchers
in these areas have been striving to obtain high intensity and
stability from these sources without sacrificing the line
sharpness or the spectral purity already characteristic of
EDLs.

EDLs have been used for the excitation of atomic resonance
fluorescence of the alkali metals (6, 82). A raman source,
consisting of microwave (2450 MHz) excited sodium and mercury
EDLs, has been described by Ham and Walsh (83). Microwave
excited EDLs, filled with argon, hydrogen, kr&pton and Xxenon,
have been used as continuous sources of radiation in the
vacuﬁm ultraviolet (84-89). = Vaughan (90) was able to increase
the sharpness (i.e. decrease the half-width) of the spectrum
emitted by a helium EDL by cooling it in liquid helium.

Until recently there has been little vwork on the production
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of EDLs solely for use as sources in atomic absorption and

atomic fluorescence spectrometry, for which intensity and
stability are of paramount importance. Ivanov et al. (91) have
reported the use of high frequercy excitation of EDLs as sources
in atomic absorption, and Goodfellow (21) has carried out some
interference studies for atomic fluorescence using microwave
excited EDLs, An unsealed microwave excited continuous flow
EDL system has been proposed as a spectrometric source by Richards
(22). Winefordner and co-wofkers (16, 18) have carried out some
atomic fluorescence studies using commercially avallable
microwave excited EDLs (Opthos Instrument Co., ﬁockville,
Maryland, U.S.A.) with rather poor results, probably because
these lamps were designed for interferometry and wavelength
calibration where high intensity and stability are not the

prime concern. Since 1966 Winefordner and co-workers (61, 62,
92) and West and co-workers (55, 60, 93-96) have examined

the effects of various parameters on the oPération and use of
IEDLg as sources for atomic fluorescence flame spéctrometry.

The éuthor has investigated several of these parameters
(prepreparation of the quartz EDL blank, nature of fill gas,
pressure of fill gas, size of quartz EDLs, nature and weight
of materisl introduced into the lamp, applied microwave power
and choice of microwave couﬁling device) more systematically
and to a much greater depth than previous workers (55,.61,

62 ) 92-96) .
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2.3 Preparation of EDLs

(a) Lamp construction

The lamps were made from transparent quartz tubing, of
several different internal diameters, with wall thicknesses of
1 m.m. (Thermal American Fused Quartz Co., U.S.A., and Jencons
Limited, England). The lamp blanks were easily made with only
the use of an oxygen/coal gas torch and a minimum of glass
blower's tools. Because it is easier to clean the open-ended
quartz tubing than the finished lamp blank, it is recommended
that the appropriate lengths of tubing be cleaned prior to
laﬁp fabrication and that clean handling procedures be used
from that point. The importance of using clean quartz tubing
for lamp manufacture cannot be over-emphasised (69). The
best cleaning procedure has been found to be treatment with
hot chromic acid, 20% hydrochloric acid, followed by a thorough
washing with distilled-deionised water (92).

Figure 1 shows the steps in construction of a lamp blank.
A short section was softened, by rotating the quartz tube in the
flame (step 1), and was forced into a bulge (step 2). This
bulged section was then softened and drawn out slowly so that a
thickened constriction was produced (steps 3 and 4). This
thickened constriction facilitated the rapid and easy sealing
of the lamp, vhich avoided reaction of the fill material
with the quartz that can occur if the whole of the lamp bulb
is heated to red heat (as sometimes occurs when the sealing

is difficult and prolonged). The quartz tubing was then cut
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" with the torch, at the required position (step 5), and the
closed end rotated in the flame and blown out to a smooth
test tube end (step 6). This step is important to avoid
partial trapping of the EDL fill material, which can occur
if a pointed end is left on the EDL., Finally, the entire
bulb was rotated rapidly vwhille being passed through the
flame (step 7). This last step insured that most of the
minute cracks and seams in the lamp walls were closed and
that any cristobalite (a devitrified form of silica) formed
during the lamp construction was driven out of the bulb,

(b) The vacuum system.

The vacuum system used, in this study, for lamp
' preparation was capable of producing a minimum pressure of
5 x 10-6 torr, and is shown schematically in Figure 2.

(¢) Production of finished lamp.

Although there were ninor variations in the procedure
used for making various lamps, the basic procedure was the
sama, and consisted of the following:-

The vacuum line was set in operation, both cold traps
vere filled with liquid nitrogen and the system was pumped
dovm to about 10~° torr. The EDL blank was comnected via
medium pressure tubing to an 'O' ring socket, which was then
sttached to the '0O' ring outlet on the vacuum system. The
whole system was then pumped down to 102 torr, the fill gas ~
was introduced into the system from its reser;oir, and then

re-evacuated to the same pressure. The EDL was baked out at
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a temperature just below its softeneing point for sbout 2}
minutes, using an oxygen/propane hand torch. The EDL was
allowed to cool under vacuum and then removed from the vacuum
systems A few milligrams of the required substance were
introduced into the bulb and the EDL was reconnected to the
vacuum system.

Cooke et al, (97) have found that the amount of substance
used in an EDL is important for fairly volatile compounds,
when operated in a &)\Broida type microwave cavity. However,
when usingian 'A' type antenna Mansfield (92) found that the
optimum amount of substance is not critical if the charge is
smaller than 5 milligrams. The author's results tend to
suggest that the optimum weight of substance is between 1.0
and 2,0 milligrams, vhen using an 'A' type antenna. Too small
a charge weight (less than 0.1 milligrams) led to a short EDL
iifetime, because of the ¢lean up of the material on the quartz
walls. Too large a charge weight (more than 5 milligrams)
caused instability and plating out of the material on the quartz
walls during operation of the lamp,

The lamp was then evacuated to 'IO"5 torr, flushed twice
with the £ill gas and then re-evacuated to 10~ torr. The,
substance was then sublimed up the lamp blank, about 1 centi-
metre, to drive off any moisture and occluded gases, with mild
heat from a micro-burner. After three flushings with fill
gas the pressure in the system was adjusted to the required
pressure and the constriction was sealed, as quickly as possible,

with an oxygen/propane torch.
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2.4 Lamp Operation

Radio and microwave frequency electromagnetic fields are
very efficient for accelerating electrons and thereby ﬁaintaining
a gaseous glow discharge, even in the absence of internal elec-
trode contact with the plasma., It is difficult to define these
discharges by equivalent electrical circuitry (4); consequently
the experimental approach in optimising these discharges has been
largely empirical. A concise review of instrumentation applicable
to electrodeless discharges has been presented by Hollahan (100).
The electrodeless discharge lamp containing metal vapours has
been used by many spectroscopists because it offers a means of
obtaining, when operated correctly, a stable, intense source of
spectral lines, largely free of self-reversal,which often plagues
arc discharges. This iz due to the ability cf such a discharge
to achieve a skin effect, which confines the majority of the
discharge to the surface layers of the plasma, or at least to
obtain én emitting source of radiation which is largely thermally
uniform. The electrodeless discharge has been called a cold
plasma due to its non-isothermal nature (100), which means that
the kinetic temperature of atoms and molecules, both ionic and
neutral, is much less than the femperature of the electrons,

The electronic temperature in a radio frequency electrodeless
discharge may be of the order of 10,006 degrees Kelvin, vhile
the atoms dnd molecules will have gas temperatures of the order
of 400 degrees Xelvin,

Sealed EDLs have been successfully operated over a wide
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range of radio and microwave frequencies, usually between 10
and 3,000 MHz, using a variety of power supplies and energy
coupling arrangements. Because there are many interdependent
parameters involved in lamp fabrication amnd operation, this is
a very difficult topic to assess.

Several radio fréquency oscillator circults for electrode-
less lamp operation have been described in the literature (2-6).
These are all similar in that they have been operated between
10 and 100 MHz, and have all ﬁeen inductively coupléd-to the EDL
by directly mounting the EDL in the tank coil of the oscillator.
Some of these circuits (3, 4, 6) have used heaters to boost the
metal vapour pressures. However, Brewer (5) obtained
excellent stability and high intensity from a rubidium lamp
wlthout using any extra heaters or thermostating precautions.
He relied on the large thermal mass of the lamp, good thermal
transport between the bulb and the tank coil, and the heat
generated by the gas discharge to obtain optimum conditions.
Gerard (3) recommends using d.c. current in accessory heaters
to avoid partial a.c. modulation of the radiation output,
However, the author has found that when low heater voltages
are used, no modulation of the radiation output occurs when
a.c. current is used, vhich suggests that the modulation is
produced by an excitation and not by g thermal effect.

Brewer (5) and Bell et al. (4) contend that the radio
frequency power supply should approximate to a constént power

supply unit in order to achieve maximum lamp output stability.
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If a voltage stabilised power supply is used, the power
dissipated in the lamp will steadily climb as the lamp absorbs
power, increasing its temperature and thus the metal vapour
pressure and thereby lowering its impedance in the circuit (5),
which produces a further increase in absorbed power. - Current
stabilisation is roughly equivalent to power regulation in an
oscillator circuit, because any decrease in load impedance
resulting from an increase in power would cause the power
level to 'drop again.

There is a definite relationship between optimum frequency
and lamp bulb dimensions (2, 4, 5); in fact, fof a given bulb
size there is a minimum frequency below vhich the lamp will not
sustain a discharge (4). This frequency dimension relationship,
as well as the fill gas pressure, is zlso involved in determining
the effective lifetime of the lamp (2, 69, 75), because the
momenta of neutral and charged species at the quartz surface
determine the rate of clean-up of the metal.

Most of the applications of radio frequency éperated EDLs
have been for alkali metals, mercury and cadmium (2-6, 69),
although lamps containing iodides of other metals are marketed
by one company (Sharpline Spectro-Source, Illinois, U.S.A.)
for operation at 80 MHz.

The use of microwave frequencies for producing gaseous
electrodeless discharges has increased rapidly in recent years,
primarily due to the availability of inexpensive medical type

diathermy units, vhich serve as simple sources of continuous
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wave microwave power (78, 79). These units operate at 2450 MHz,
are rated at a maximum power of 100, 200 or 240 watts, and are
adaptable to a variety of antennas and cavities.

Forrester et al, (73) and Jacobsen and Harrison (75)
have found that microwave frequencies are more efficient than
radio frequencies, by at least an order of magnitude, for the
conversion of electrical to luminous power. In addition,
Meggers and Westfall (69) and Jacobsen and Harrison (75) have
indicated that lifetimes of EDLs are extended with increased
excitation frequency. Because greater Juminosity efficiencies
and longer lamp lifetimes were’ indicated with the use of
microwaves, it was decided to devéte this study exclusively
to EDLs operated at a microwave frequency of 2450 MHz.

Several types of microwave generators were used in this study
(Microtron 200, E.M.S. Limited, England; Model 245, E.E.L.
Limited, England; Model 100, Raytheon Company, U.S.A.; and
a Microgen, Beckman Limited, England).

The microwave power from the magnetron may bé coupled to
the EDL. by means of either a rescnant cavity or a director
antenna., The latter devices were developed for medical
therapeutic use with the diathermy units and are nothing more
that antennas with metal reflectors to direct the microwave
beam. Both the MC! type and the "A" type (Rtheon Company,
U.S.A.) antenras were used in this study (see Figure 3).A After
an inifial invéstigation, the "C!" type antenna was excluded
from further work as it was found to be useless because of its

inability to concentrate enough microwave power in the vicinity
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1A' type antenna

1C? type antenna

Figure 3
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of the EDL., The microwave resonance cavities vere developed
to optimise the efficiency of coupling the microwave energy to -
the discharge (78, 79). Most of the basic types of cavities
which have been used with electrodeless gaseous discharges have
been described and catalogues by Fehsenfeld et al. (78, 79).
Of these, the foreshortened # )\ coaxial (Evensen type) cavity
and the foreshortened %.X coaxial (Broida type) cavity,
obtained from E.M.S., London, England, were used in this study
(see Figure 4). The "A" type antenna has been found to be
very successful for operating a variety of discharge lamps
(16, 18, 61, 62, 72, 74, 77, 92, 98, 99, 101). - Because the
microwaves are not as concentrated as in the case of the resonance
cavities, its major limitation in operating a wide variety of:
metal vapour discharge lamps seems to be its lack of available
thermal support for the metal vapour. Notenouéh microwave
power is available in the vicinity of the lamp to maintain an
adequate vapour pressure of the metallic species required by
the discharge. Tomkins and Fred (74) and Worden et al. (77)
attacked this problem by enclosing the discharge tube in a
furnace element mounted above the antenna, Zacha et al. (62)
avoided the complications of a furnace by insulating the EDL
from its environment, witﬂ either an open-ended quartz jacket
packed with quartz wool (Figure 26) or with an evacuated quartz
jacket (Figure 19). .
Fehsenfeld et al. (78, 79) have presented an evaiﬁation of

the various microwave cavities with regard to coupling efficiency
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for helium and hydrogen. In general, this was a poor criterion
with respect to operation of the sealed-off discharge lamps
containing metals and metal halides, as it ignored the effects
of the increased metallic vspour pressures which occurred
with increased coupling efficiencies, In metal and metal
halide lamps this increase in the amount of the metallic vapour
is often accompanied by self-reversal of the emitted resonance
lines. Since 1965 the Evenson and the Broida type cavities
have been used fairly extensively (55, 60, 61, 93-97, 102)
to operate sealed EDLs., Winefordner and co-workers have
comparatively evaluated the "A" type antenna, the Evenson and
the Broida type cavities (61, 94, 102), and with a few
exceptions have found the antenna to be superior.

2.5 Evaluation of preparation and operating parameters of EDLs.

(a) Experimental System ’,

The spectrometer system used for all lamp relative
intensity and all atomic fluorescence relative intensity
measurements consisted of a simple medium resolution mono-~
chromator, an ultra-violet sensitive photomultiplier, a d.c._
amplifier coupled to a strif chart recorder (several different

instrumental combinations have been used, but the basic
syctem was as described). Relative intensities were read
straight from the recorder (98, 99, 101). For intensity
measurements of the EDLs, the lamp was mounted firmly and
reproducibly on the entrance slit optical axis with the use
of an optical bench. For atomic fluorescence measurements

the EDL was mounted at approximately right angles to the



-36...

entrance slit optical axis s0 as to illuminate a fuel rich

premixed air/propane flame, which was used as the atom

reservoir, Microwave radiation was coupled to the EDL with
either an antenna or a cavity via an in line voltage
standing wave ratio metér, so that the amount of coupled and
reflected powers could be measured,

(b) ‘Evaluation of lamp blank preparation

The general method of preparation of EDL blanks has

already been descriﬁed (see Section 2.3(a)). For some

lamps it was found that, during operation, they seemed to lose
their fill gas, making reignition of the lamp difficult or,
in some cases, impossible, This loss of fill gas was often
accompanied by an increase in the presence of nitrogen,
demonstrated by an increase in the intensity of its specfrum,
and by a fairly rapid clean up of the filler material on the
lamp walls. This clean up caused browning or blackening -

of the quartz énd thus produced foirly large drift rates
(approximately 5~6% of the lamp intensity per hour). These
phoenomena were probably due to minute cracks in the lamp
walls, which allowed the fill gas to escape, and also due to
the surface roughness of the quartz lamp walls which retained
residual nitrogen and made many sites available for retention
of the filler material (i.e. clean up). To overcome these
problems the lamps were heated in a muffle furnace, to about
QOOOC. for twelve hours (103), so that the surface roughness

was decreased and the minute cracks sealed. The lamp blanks
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were then connected to the vacuum rack and purged with a
low pressure (5 torr) argon discharge for about 30 minutes
to remove any air occluded by the lamp walls. This pro-
cedure greatly reduced the loss of fill gas and decreased
the rate of nitrogen appearance and the rate of clean up
of the filler materisl. This procedure also resulted in
increased lifetimes of EDLs and a decrease in the rate of
drift in the emitted resonance radiation intensity, as

shown in Table 2-1.

Table 2-1

Effect of various methods of preparation of EDL blanks on
The ML Jifetimes and their intensity drift rates.

e

Lamp type Usual preparation Furnace/argon discharge
techniquet pre-treatment of EDL blank

Drift %/hr* Lifetime hrs* ™~ Drift %/hr* Lifetime hrs*

ca 5.5 ' 340 1.9 . 1330
Zn 4l 300 1.7 Y 1500
As/I, 3.1 520 1.1 » 1500
MnC1, 6.2 210 2.0 980

* see section 2-3(a)

* averaged for 5 lamps.
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The rate of drift of EDLs could be further decreased, by
about 3%0%, and their lifetimes increased, to greater than
1,500 hours by substituting a low pressure discharge of
the filler material for the argon discharge.

EDLs were prepared with four differept quartz tubing
diameters (16, 13, 8, and 5 millimeters internal diameter)
to investigate the effect of lamp diameter on intensity,
noise and lifetime of EDLs, The intensities of the
16 and 13 m.m. EDLs Were significantly lower than those
of the 8 and 5 m.m. lamps. Intensity tended to drop
off rapidly when lamp inside diameters of more tﬂan 8 m.m,
were used, The 5 m.m. lamps were the most intense
used, but were characterised by excessive noise and
shouxt lifetimes; they were also much ﬁore liagie to
long term drift. Further studies were carried out
exclusively on the 8 m.m. internal diameter lamps because
of their high intensity, low noise and fairly long

lifetimes.

(¢) Evaluation of DL preparation

Earlier studies on the effect of experimentai
variables on the intensity‘of EDL emission have made use
of individually prepared lamps (55, 61), which made strict

control of lamp dimensions very difficult. In order to
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overcome this uncontrolled variable and to facilitate rapid
evaluation of many other experimental variables, a refillable
EDL blank (see Figure 5) was used (98, 99). This lamp
blank was conveniently attached to the vacuum line by its
Q" ring joint., Veighed amounts of filler material were
easily introduced into the blank before comnection to
the vacuum line., The lamp was evacuated to about ‘IO-5
torr, and the filler material sublimed about 1 cm. up
the lamp walls, to degas the filler material and to
facilitate rapid ignition of the lamp. The lamp blank
and the vacuum line were then purged twice with ﬁhe fill
gas before final filling to the required pressure. The
stopcock is then closed and the EDL removed from the vacuum
linc for experimental evaluation, Between suc;essive
runs with each FDL prepared in the above manner; the blank
was cleaned with 50% nitric acid and 10% hydrofluoric acid,
followed by a thorough washing with distilled.deionised
water., |

This refillable design is very useful for evaluating the
effect of experimental parameters on the intensity of resonance
radiation emitted from an EDL. Several sealed off lamps were
prepared using various experimental conditions and in every
instance the results obtained agreed, within experiwmental error,
with the results obtained from the refillable EDL prepared under

the same conditions. It is presumed, however that the
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standard EDL design, a permanently sealed EDL, will be the
design of choice for lohg term operation, as slight leaks do
occur with the refillable EDL. Evidence of such leaks are
only observable after %0-40 hours of operation.

In order to study precisely the numerous experimental
variables affecting the intensity of EDL resonance radiation,
a fnll factorial design was prepared for several levels of
several independent variables. The variables studied in
this work include: weight and nature of the filler material
introduced in the EDIL blank, nature and pressure of the fill
gas used in lamp preparation, and the amount of microwave
po;er applied to the EDL via the "A" type antenna, Preliminary
experiments with cadmium and mercury lamps with regard to the
weight of the filler material allowed significant reduction
in experimental effort. Lamps were prepared with 1, 3, 5,
10, 30 and 50 milligrams of filler materlial introduced into
the lamp blank, for a wide range of fill gas pressures and
applied microwave powers. Lamps'with the larger amounts of
the filler material (10, 30 and 50 milligrams) emitted less
intensely and considerably less reproducibility (see Figure 6)
than the lamps containing smaller amounts of filler material
(1, 3, and 5 milligrams). The intensity and reproducibility

of lamps containing these smaller amounts of filler material
were the same, within experimental error. Lamps prepared with
much smaller amounts (less than 0.1 milligrams) of material

were liable to have considerably shorter lifetimes., These
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results were consistent with visual observation of the lamps
in operation; lamps containing 10, 30 or 50 milligrams of
material showed a metal film deposited on the interior walls
of the lamp which irreproducibly reduced the transmission of
the lamp walls.

As a consequence of this preliminary work, the weight
variable was omitted from the experimental -design; a fixed
amount of 2 milligrams of filler material was used. The
effect of the amount of material used on the resonance line
intensity emitted by the EDL was found to apply equally well
to other elements, Mansfield et al. (61, 92) found a
similar dependence an the weight variable, although their
infestigation was solely for cadmiﬁm filler materizal. However,
Cooke et al, (97) found that the optimum amount of fill -

material was of the order of 20 micrograms, for EOLs containing
volatile materials operated in a foreshortened Broida type A
cavity. The probable explanation for this conflict is that

in using a %uA éavity, with its inherently greatef couﬁling
efficiency, instead of an "A" type antenna, Cooke et al.
effectively increased the vapour pressuré of’their filler
materials when larger amounts than 20 micrograms were used.
This increased vapour pressure produced in the cavity

operated EDL then produced self reversal and resonance line
broadening of the resonance lines,

With the elimination of the weight variable, three

mutually independent variables remained to be examined for



their effect upon EDL resonance line intensities. Preliminary
data indicated that the full range of applied microwave powers
could be described by measurements at 20, 40, 60, 80, and 100%
of full scale meter deflection; these power levels were found
to correspond to 40, 80, 120, 160, and 200 watts output., There-
fore, five levels of the power level variable were investigated.
Four different fill gases were used in this study: helium,
argon, neon and air. Therefore, four discontinuous levels of
the nature'of the fill gas variable were investigated. For the
pressure variable, an expénéntiéli design was chosen, fill gas
pressures were adjusted to 10-4, 10-3, 40-2, 10-1, 1 and 101
torr. A final fili gas pressure condition was obtained by attemp-
ting to ignite a lamp with a pressure of 100 torr. Failing
jgnition, a pressure of 25 torr was used. For air fill gas,
ignition failed at both 100 and 25 torr, and therefore the
highest pressuré of air fill gas used was 101 torr. There=-
fore 7 (or 6 for air fill gas) levels of fill gas pressure
vere investigated. The full factorial design, therefore,
requires 135 (5 x 3 x 7 + 1 x 6) individual measurements for
the examination of each filler material. Initially, three
replicates vere obtained for each cell in the design; however,
cell reproducibility was good and the intercell effects large,
so that for the remainder of the design no replicates were used.
In an attempt to examine the effect of volatility of
the filler material on the preparation of EDLs, three materials,

with widely different boiling points were chosen for this study:
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mercury (boiling point 35700.), cadmium (boiling point

76500.), and manganese bichloride (boiling point 119000.).
In order to simplify interpretation of the results

" they are dealt with by element.

Cadmium EDLs : The nature of the fill gas effects

the intensity of the cadmium 228.8 nanometre emission in a
regular manner. A representative behaviour for the effect
of fill gas nature on cadmium 228.8 n.m. emission in shown
in Figure 7. These results were quite general, and can be
extended to all power levelé investigated, The most intense
cadmium EDL was obtained when using helium fill gas at a
pressure of 1 torr. It is evident from Figure 7 that cadmium
228.8 n.m. emission intensity is significantly enhanced at a
considerably lower pressure, for argon fill gas (the mosé
frequently used fill gas in past studies) than has been
previously used (2 torr). As stated earlie;, this behaviour
is general and can be extended to all power levels, as shown
in Figure 8.

Direct comparisons to previously prepared cadmium EDLs
can be made if one considers that lamps.have been previously
optimised for argon fill gas at a pressure of 2 torr running

at 100 watts of applied microwave power. Curves such as

those presented in Figure 8 were obtained for helium, neon

and air fill gases, with the obvious exception that the position
of the maximum is shiftéd (see Figure 7). The effect of

inereasing microwave power on cadmium 228.8 n.m. emission is

ghown in Figure 9 for argon fill gas.
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While the data in Figure 9 is for argon fill gas, these
resulis are typical for the behaYiour of neon fill gas. A
peculiarity is observed for helium fill gas; curves of similar
shapes to the argon and neon fill gas curves are observed for

- -2
3, 10 , 1 and 10 torr, see Figure 10,

£ill pressures of 10
-1
while a marked difference is observed for the 10 torr helium
fill pressure. At low powers (20 - 60%) the behaviour and

- -2
3 10

intensity are similar to those for fill pressures of 10
and 10 torr. Between 60 and 8% power, there is an approxi-
mately two-fold increase in the cadmium emission intensity,

and at higher powers (80-100%5) the 10-1 torr curve approaches

the 1 torr curve. The 1 torr lump yielded the highest
intensities for cadmium emission at all powers. At 25 torr a
third kind of behaviour is observed; at about 503 power %here

is a change from the normal diffuse glow throughout the lemp

to a pinched vertical arc which has a very bright appearance
(61). However, this brightness is quite misleading; as power
is increased about 50% a rapid decréase in net cadmivm 228.8 n.m.
emission occurs. This effect is most probably due to severe
self reversal of the cadmium 228.8 n.m. fesonance line brought
about by preferential absorption of the central part of resonance
line by the cool cadmium atomic vapour surrounding the not
enitting central arc., This pinching of the discharge probably
stems from the difference in the gas density between the wall
and the axial ateas. Because of the high heat transfer rate

from the walls to the external air, the gas layer adjacent to
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the EDL walls has a lower temperature, and therefore a higher
density, than the gas in the axial region. The lover gas
density along the axis, in turn, produces a longer mean free
path for the electrons, which facilitates the operation of the
discharge in this region. After its initial establishment, the
discharge then narrows furﬁﬁer, because the gas core along the
axis heats up progressively and thus the gas density drops off
further. Compression of the discharge also promotes excitation
of the ion lines, which further decreases the intensity of the
atomic lines already decreased by self reversal.

The intensity versus power results for air fill gas are
similar to those reported for argon and neon (see Figure 95,
except that at 10-1 torr there appears to be a maximum at. about
Lo power, and then the cadmium 228.8 n.m. intensity decreases
with increasing power (similar to Figure 10, 25 torr case).

The optimal experimental conditions for achieving maximum
cadmium 228.8 n.m. EDL emission intensity are therefore as
follows: helium fill gas at a pressure of about 1 torr operated
at 200 watts of applied mic;owave power. It would appear that
a further increase in intensity could bé obtained if larger
microwave powers were applied, but a maximum of 200 watis was
actually available for this work. These recommended operating
conditions completely ignore any lamp lifetime considerations.

In general, the higher the fill gas pressure, the longer the
lamp lifetime will be. This phenomenum is related to the rate
of clean up of the fill gas in the lamp. At very low fill

gas pressures the clean up process rapidly decreases the
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initial fill gas pressure resulting in shert lamp lifetimes.
The clean up process occurs at higher pressures, but the total
fraction of the fill gas effectively removed from the lamp
'atmosphere is considerably less. The actual clean-up rate
of EDL fill gas is often faster for EDLs with low fill gas
pressures because of their tendency to operate at higher
temperatures. These high temperatures are attained by most
of the microwave power coupling to the quartz lamp walls
because of the difficulty of full coupling to very low pressure
gases, It has been found, however, that vhen a lamp with a
low fill gas pressure has failed,the process of fill gés clean
up can usually be reversed by heating the lamp to red heat in
a bunsen burner for two minutes. The lamp can then be
reignited in the usual manner and it will operate at its former
intensity. It may be observed that this procedure presents
no real experimental difficulty because the lamp will nearly
always fail by resisting reignition, once the lamp has been
turned off, and not during its discharge period.
A comparison of the relative intensity of atomie
fluorescence, of a 10 p.p.n. solution af cadmium chloride
solution sprayed into a fuel rich air/propane flame, produced
by cadmium EDLis, prepared under various conditions, with the
relative intensities of the cadmium lamps is given in Table
2-2. Vhile EDL emission intensities increase regularly with
applied power, atomic fluorescence intensities are sometimes

found to decrease at very large values of applied power. This
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Table 2-2

Effect of Cd EDL variables on fluorescence and EDL intensities

Pressure of Percentage | Relative fluores- | Relative
£ill gas (torr) power cence intensity EDI,
from a 10 ppm. Intensity
Cd012 solution
Helium 100 105 : 1410
10 67 88 1250
33 ' 69 780
100 165 2500
1 ' 67 171 2370
33 144 2300
100 135 1440
10~ 67 138 1210
33 126 1000
Neon 100 2k 380
10 67 S. k4 74
33 2.4 22
100 114 1590
1677 67 102 1290
33 S0 1100
Argon 100 13,5 360
P} 67 7.5 168
33 3.6 78
100 138 1950
107> 67 147 1970
33 90 1230
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decrease in fluorescence intensity suggests that at very large
applied microwave powers there may be slight self reversal or
considerable line broadening of the cadmium resonance line,
leading to less available intensity, at the line centre, to
excite the cadmium atomic vapour in the flame, However, the
total or integrated line intensity of the cadmium resonance
line has continued to increase with applied microwave powver,
This self reversal or line broadening only occurs when low

£fill gas pressures (£ 2 torr) are used, and is probably caused
by the larger temperature gradients and higher cadmium vapour
concentrations that are found in lew pressure laﬁps due to their
higher operating temperatures. No data was gathered for air
fill gas because of the low intensities produced.

The fluorescence results for cadmium suggest that while

integrated intensity measurements (i.e. EDL emission measured
with a medium resolution spectrometric system) give a rough
guide to the intensity at the line centre, they do not adequately
describe -the precise behaviour of this intensity.' As a matter
of convenience, gross intensity changes at the line centre are
adequately described by the changes in tﬁe integrated intensity
for cadmium EDLs, Thus, evaluation of EDL conditions may be
performed by simply measuring the lamp intensity; gross chaﬁges

at the line centre can be detected through this simple measure-
ment procedure. More precise details of the line centre
bechaviour may be obtained through actual atomic fluorescence

measurements.
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Manganese EDLs ¢ The nature of the fill gas affects the

intensity of the mangenese 403.,0 n.m. emission, emitted by an

EDL as shown in Figure 11. As with cadmium EDL emission, the
general shapes of the curves apply at all power levels. However,
some slight peculiarities are worth noting. In the- case of

air fill gas, the ratio of the relative intensities of the

maxima at “IO-'2 and 10° torr change drastically with applied
power, see Figure 12, The intensity of the 10-2 torr maximum
decreases much more rapidly than the intensity of the 10° torr
maximum, with decreasing power. A similar effect is seen in

the case of argon fill gas, see Figure 13; the maximum at

about 1072

torr decreases much more rapidly than the maximum
at about 10° torr, as the applied microwave power decreases.
Similar behaviour is also observed for neon fill gas. This
phenomenon, of two maxima in the intensity versus fill gas
pressure curve, may be due to two modes of lamp operation.

At lovw pressures, EDLs operate at much higher temperatures,

as previously explained, evidenced by a dull red glow of the
quartz lamp walls; much cooler operation occurs at higher -
£ill gas pressures. The rate of sputtefing at 1 torr will be
considerably higher than at ﬂO—Z or 10-3 torr. Consequently,
it is suggested that the maximum occurring at higher fill gas
pressures 1s mainly due to lafger atomic vapour concentrations
produced by the more efficient sputtering process. The

maximum at lower fill gas pressures may be due to the increased

volatility of the sample material at the higher operating
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temperatures of low pressure EDLs, Support for these two
proposed lamp operation mechanisms is found when one examines

the variation of EDL intensity with power at the maxima.
Because the rate of sputtering is proportional to the applied
microwave power, the atomic vapour concentration, which in
turn is proportional to the lamp intensity, simply increases
in proportion to the applied power. If it may be assumed
that the lamp temperature (translational) is proportional to
the appllied power, then because the vapour pressure has a
logarithmic relationship with temperature, thus the vapour
concentration and the lamp intensity will increase approximately
exponentially with applied power. As pointed out previously,
there is less coupling of the radiant power to the lamp walls

at 10o torr than at ‘10-2 torr and the rate of sputtering is
much larger at 10° torr than at ’IO-2 torr. Therefore, the
primary process at 10o torr may be assumed to be sputtering.

Experimentally, a linear increase of intensity with power
at 10° torr is observed, see Figure 14, which supports the
sputtering process theory. ‘Thé primary process at 10-2 torr
may be assuﬁed to be a "heating effect! bécause of the low
rate of sputtering and the high lamp operating temperature.
Experimentally, a nearly exponential increase of intensity
with power at 1072 torr is observed, see Figure 14, which
supports the heating effect theory.
To further substantiate these conclusions, both EDLs,

i.e. the manganese 1072 and 10%%orr air filled EDLs, were
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cooled during operation by blowing liquid nitrogen cooled nitrogen
over the EDL bulb. As expected;. the intensity for the heating
effect controlled "IO"2 torr EDL decreased by a considerable
amount (S0%), while the intensity for the sputtering controlled
10o torr EDL only decreased slightly (30%), see Figure 15,
This'cooling decreased the operating temperatures of both lamps,
thus removing the major part of the heating effect without
affecting the sputtering rate. The intensity versus power
curves for the cooled EDLs are now essentially sputtering
controlled, and it can be seen from Figure 15 that the sputtering
rate is much higher for the 10° torr EDL than for the 10-2 torr
EDL,

The decrease in intensity, brqught about by this cooling
- of the EDLs, is related to the amount of atomic vapour produced
by the heating effect. If this decrease is plotted against
the applied microwave power, see Figure 16, an estimate of the
heating effects for the two EDLs can be made. From Figure 16
it can be seen that the "heatiﬁg effect" is about five times as
large for the 1072 torr EDL as for the 1 torr EDL, whereas, from
Figure 15, it can be seen that the sputtefing effect is about
six times as large for the 1 torr EDL as for the '10-'2 torr EDL,
Similar explanations can be applied to the two maxima that
occur in the necon and argon filled EDLs., However, this
phenomenon only applies to EDLs containing high boiling filler
materials. For low boiling materials, the heating effect is
so much larger than the sputtering effect that sputter ceases

to be observed, This effect was not observed for helium fill
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gas, even for high boiling filler materials. The increase

in intensity of manganese resonance emiésion for helium with
increasing applied microwave power: is approximately exponential
over the whole pressure range, see Figure 17, which suggests

that the helium EDLs are "heating effect!" controlled at all
pressures, Helium filled EDLs probably behave in this manner
because of tﬁeir inherently higher operating temperature than those
of argon, air or neon filled EDLs., It should be noted that the
quartz walls were 1iablg to glow red hot at the higher power
settings for all helium fill gas pressures.

This nearly exponential increase in intensity'of the EDL
resonance line with increasing power also applies to the other
£i11 gases, except for tﬁe cases already stated., Perhaps a
clearer presentation of this behaviour is shown in Figure 18,
for argon fill gas, where the logarithm of the relative
manganese emission intensity is plotted against the applied
microwave power.,

For the case of cadmium EDLsg, large changes in‘applied
microwave power resulted in relatively small changes in the
EDL intensity. For manganese,however, tﬁe increase in EDL
intensity'is approximately exponential with increasing pover,
vhich suggests that much more intense EDLs could be produced by
using considerably higher powers than 200 watts. As the
"heating effect" for the manganese EDLs seemed to be, in
most cases, the controlling factor, another way of increasing

the effective available power to the EDLs was to surround
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them with a vacuum jacket of the type used by Winefordner and
co-workers (62), as shown in Figure 19. The vacuum jacket
proved to be very successful in increasing the intensity of
manganese EDLs, see Figure 20, although further power would
still have been advantageous as the intensity still increased
exponentially with increases in applied microwave power.

During the atomic fluorescence measurements of manganese
reported below, the microwave power supply was adjusted to
yield radiant powers greater than 200 watts in order to
determine whether this exponential behaviour continued at
higher power levels. This power increase was acéomplished
by adjusting the power output to just below the overload
Neut-out" limit of 250 watts.

) comparison of the relative intensity of atomic flﬁorescence
produced by manganese EDLs, prepared under various conditions,

to the lamp intensities is given in Table 2-3.

Table 2-3

Effect of Mn EDIL variasbles on Mn fluorescence intensity and
EDL intensity

Pressufe of Percentage Relative fluores~ | Relative EDL
fill gas (tory power cence intensity* intensity
Helium : 120 620 B
100 Loo Loo0o
10 67 - 120 830
33 " A . b2
120 590 B
100 470 1140
5 67 12 100
' 33 A 3k

A no detectable atomic fluorescence
B no measurement was taken for this condition
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Table 2-3 (continued)

Pressure of Percentage | Relative fluores-| Relative EDL
fill gas (torr) power cence intensity” intensity
Argon 120 300 B
100 150 3800
25 67 Lo 1260
33 A L2
120 360 B
100 320 200
10 67 20 1200
33 A 120
120 240 B
100 160 1290
10™2 67 40 260
33 A 15
Neon 120 250 A
100 160 1650
10 67 54 700
33 A 18
120 200 - B
100 100 820
1072 67 A 34
33 A 32
Air 120 99 1115
100 75 930
1 67 21 500
33 12 65
120 165 2430
100 78 12230
1072 67 12 41
.33 A 36

* ptomic fluorescence nmeasurements taken for a 1000 ppm. Mn solution
aspirated into a fuel rich remixed air

ro ane £
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By contrast £o the cadmium EDL situation (see Table 2-2),

approximately exponential increases in both the atomic fluores-

cence and the lamp int?nsities is observed. There is only
slight evidence of self reversal or line broadening effects in
the manganese resonance line, although at high powers (200-24O -
watts), a slight decrease in the rate of increase of the atomic
fluorescence intensity with increase in applied power is noticed.

For manganese EDLs, therefore, simple measurements of the

EDL intensity give very reliable indications of the efficiency
of a particular lamp for atomic fluorescence, within the power
range used in this study. The optimum conditions for construction
and operation of manganese EDLs can be outlined as follows:
helium fill gas at 10 torr fill pressure operated at a minimum
of 240 watts in a vacuum jacket. Argon fill gas at 25 torr
also produces high manganese EDL intensities, but the atomic
fluorescence produced under these conditions is considerably
less than for the 10 torr helium condition, This drop in
effieincy is probably due to the higher fill gas pressure
producing a more collisionally broadened manganese resonance
line, resulting in less intensity at the iine centre relative

to the integrated intensity.

Mercury EDLs : The nature of the fill gas affects the

intensity of the mercury 253.7 n.m. resonance line emission
in the manner shown in Figure 21. These resits are general
with regard to the shapes of the curves; however, sharp
reversals in intensity occur at between 60 and 80% power, see

Figure 22, These reversals caa usually be correlated to the
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appearance of a narrowing of the gaseous discharge inside the
lamp. As power levels are further inéreased, the discharge
forms a pinched arc in the centre of the EDL surrounded by a
non-emitting sheaf; this.effect has been previously observed
by Winefordner and co-workers (61). This reversal in resonance
line intensity occurs for'all fill gases, and is probably caused
by severe self reversal of the resonance line, vhich is
associated with the pinched arc type discharge.

Atomic fluorescence of mercury could only be observed when
the mercury EDLs were run at 10% power (20 watts) with cooling
air blown across the EDL bulb, At all other power settings,
no atomic fluorescence was observed; a wide variety of flame
heights, sample concentrations and illumination conditions all
proved to be unsuccessful at pover séttings above 10%. This
failure to observe fluorescence suggests that self reversal of
the resonance line starts at very low powers.

A particularly interesting phenomenon has been observed
for cadmium EDLs containing a trace of mercury., Intense
mercury 253.7 n.m. emission, which is capable of producing
atomic fluorescence of mercury at all powér levels, is produced.
The introduction of a trace of mercury into a cadmium EDL is
easily accomplished by adding 1 microlitre of mercury to a
lamp blank and discharging this for thirty minutes vhile
continuously pumping. The mercury is then 9mptied out pf the
lamp blank and a cadmium EDL is prepared, using this blank and

the usual procedure. Mercury 253.7 n.m. resonance line
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emission, for a cadmium EDL made in this manner with a £ill
gas of 1 torr of helium, is four times as intense as the most
intense "pure!" mercury EDL., The lamp is then capable of

producing atomic fluorescence at all power levels, see Table 2=k,

Table 2-4

Effect of Hg-Cd EDL variables on Hg fluorescence and EDL intensity,
for a Cd-Hg containing 1 torr of helium fill gas —

Percentage " Relative fluorescence Relative EDL
power intensity for 1000 ppm intensity
Hg solution

120 h.5 5800
100 4,0 4900
67 3.5 4200
33 0.8 650

Cadmium-mercury EDLs probably produce atomic fluorescence for
mercury because they are less self reversed than pure mercury |
EDLs. Less self reversal is produced because the mercury vapour
concehtration in the lamp is much less, and there is also less

likelihood of a pinched arc being formed.

(d) General observations on preparation of EDLs

In an attempt to inject some precision into the preparation
of EDLs, three metals with a wide range of boiling points have
been chosen for establishing guidelines. Boiling points for

the pure metals or metal chloride are: mercury - 35700.,
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cadmium - 765°C., and manganess chloride - 1190°C. (at one
atmosphere). Resonance lines have been used in all cases to
characterise the particulér EDL., This extensive investigation
of the effects of the nature and pressure of the fill gas, the
amount of filler materizl, and the amount of microwave power,

on the intensity of the resonance line emitted by an EDL has
enabled us to limit the number of variables that need to be
investigated for a further range of fill materials., In

further studies only the nature and pressure of the fill gas
used and the amount of microwave power applied to an EDL were
investigated. It was also decided to limit the fill gases

to helium and argon because of the low efficiency of air and the
high cost of neon. To extend and complement the boiling point
range of filler materials, a further ten filler materials were
investigated. The ten filler materials chosen were:- tellurium
iodide, stanneous chloride, cupric chloride, selenium, cadmium
iodide, zinc, amorphus tellurium, ferric chloride, thallium,

and siiver chloride.

The optimum £ill gas pressure, for both helium and argon,
and the intensity versus power response Qere found for each of
the filler materials, as previously described. It was found
that the optimum fill gas pressure, i.e. that pressure that
yields the most intense atomic fluorescence consistent with
stability, was dependent on the boiling point of the material
used in the EDL, TFigures 23 and 24 show this dependency for
helium and argen fill gases respectively. TFor both fill gases,

the optimum fill pressure increases with increasing boiling
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Figure 24
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voint of the fill materialj except that, at high boiling
point (above 1400°C.) the optimum fill gas pressure is 20
torr for helium and 25 torr for argon, whereas at low boiling
points (below 150°C,) the optimum fill pressure tends to zero.
For high boiling point materials, the pressure of the fill gas
is very critical, vhile for low boiling point materials the
fill gas pressure is not nearly as important. The probable
explanation for this behaviour at the two boiling point extremes
is quite simple. Fill materials with low boiling points have
sufficient vapour pressure to carry the discharge, even at the
low temperatures of EDLs operated at very low powers, and the
presence of the fill gas diminishes the amount of power carried
by the vapour of the fill material. On the other hand, fill
materials with high boiling points do not rely solely on this
thermal process for the production of a sufficient vaﬁour
pressure, but on a combination of this thermal process and a
sputtering of the fill materisl by the mobile excited fill gas
atoms. The limitation of maximum optimum pressures of 20 torr
for helium and 25 torr for argon for the high boiling materials
are due to the formation of pinéhed arcs at higher pressures;
vhich produce very severe self reversal,

When investigatihg the effect of applied microwave power on
the intensity of atomic fluorescence produced by various EDLs,
the EDLs were mounted above the "A" type antenna in three
different configurations: the EDL alone,(Figure 25); the

EDL in a quartz wool packed. quartz tube (Figure 26); and the
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EDL in an evacuated quartz jacket (Figure 19) (61, 62). Both
the quartz jacket and the quartz vacuum jacket were made out of
quartz tubing 10 cm, long with an internal diameter of 2.2 cm.
and a wall thickness of 0.2 cm. A simple rotary pump was used
to punp the vacuum jacket dowvn to about0.5 torr. The amount of
applied microwave power required to give fhe optimum operating
conditions for an EDL, i.e. that power that yields the most
intense atomic fluorescence consistent with stability, was found
to be dependent on the boiling point of the fill material, see
Figure 27. The amount of power required for amaterial with a
given boiling point depends on which of the three mounting
configurations is used. As expected, the vacuum jacketed EDL
required the least power, and the EDL mounted alone needed the
most. As the degree of thermal insulation of an EDL from its
environment is increased, so does its operating temperature at

a given power setting. This increase in operating temperature
increases the vapour pressure, and thus the vapour concentration
of the filler material. Thus the optimum operating vapour
pressure of the filler material is reached at a lower power
setting. As the amount of thermal insulation increases, so the
optimum power decreases.

In order to simplify the behaviour patterns of the effect of
power on the atomic fluorescence produced by an EDL, the EDLs
are split into two groups. The groups are gharacterised by the
boiling points of their filler materials:- group I boiling points

below 900°C, and group II boiling points above 900°C.
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The effect of applied microwave power on the intensity of the
atomic fluorescence produced by group I EDLs is shown in Figure
28 for all three mounting configurations. All three configu-
rations exhibit a decrease in atomic fluorescence intensity at
high microwave powers; the microwave power level at which this

decrease in intensity starts decreases with increased thermal
insulation of the EDL. The effect of thermal isolation is to
increase the effectiveness of the microwave power, and as the
thermal insulation increases, smaller microwave powers are
required to produce approximately the same discharge conditions.
Group II EDLs, however, do not exhibit this atomic fluorescence
intensity reversal, even for vacuum jacketed EDLs, see Figure 29,

The near exponential behaviour of the intensity of the
atomic fluorescence, produced by the EDL vhen used by itself
or in a quartz jacket, is probably due to the very low vapcur
pressure of the filler material which increases nearly exponen-
tially with increases in temperature of the EDL. The intensity
also increases exponentially probably bécause little or no line
broadening and self reversal occur. The vacuum jacketed EDL
only increases exponentially at low powers; at higher powers
the operating temperature is high enough to produée an
appreciable atomic vapour pressure and concentration, so that
line broadening and se¢lf absorption processes start to compete
with increases in intensity brought about by increased vapour
concentrations.

These groupings of EDLs by boiling points are not quite as
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rigid as explained above, but are only presented as a general
guidance to their behaviour patterns. A gradual transition
from one group to the other actually occurs.

With the results of this last series of experiments, see
Figures 23, 24, 27, 28, and 29, it is now possible to predict
the best fill gas pressure, filler naterial, amount of micro-

vwave power required, and configuration of the EDL.

2~6 General Procedure for msking any EDL

The procedure for making an EDL for any element is outlined
below: .

(1) Make the EDL blank out of 7-9 mm. internal diameter
quartz tubing, see section 2-3(a), with a bulb length of about
35 mm.

(2) Choose the compound that is to be used as the filler -
material; the compound should be the element of one of its
halides. When making this choice, one should aim at finding
a filler material that has a boiling point of between 600° and
1000°C.  This allows the material to be sufficiently volatilised
to produce an intense, non severely reversed discharge. If an
element or a halide of this element is not available with its
boiling point in this range, it is preferable to use a material
with a boiling point below 600°C. rather than above 1000°C.

(3) The EDL blank should be placed in a muffle furnace,
at 900°C., for 12 hours; purged with.a low pressure discharge
of the filler material for 20 minutes, see section 2-5(b).

(4) The EDL blank is connected io the vacuum system and
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any filler material left in the biank is sublimed out under
vacuun, About 2 milligrams of the filler material are then
introduced into the lamp blank and slowly vacuum sublimed about
9 mm, up the lamp walls. The lamp is then purged with the
£ill gas and pumped down to about 10" torr. The EDL is then
filled with the fill gas to the appropriate pressure and sealed
as quickly as possible. The fill gas pressure required is
found by reference of the boiling point of the filler material to
Figure 23 for helium fill gas, and to Figure 24 for argon fill
gas.

(5) The optimum applied microwave power setting is found,

in a similar way, by reference to Figure 27.

EDLs are most successfully operated in the least thermally
isol-ted enviromment which is consistent with being able to
attain the opfimum power,

For example, it can be seen from Figure 27 that:

(a) An EDL containing a filler material with a boiling
point of 900°C. could be optimally operated at ZOOAwatts
without a jacket; at 160 watts in a quartz jacket; or at
130 watts in a vacuum jacket. Thus, if 240 watts of microwave
power are available, the EDL should be operated at 200 watts
without a jacket (i.e. the least thermally isolated condition).
But if only 180 watts are available, it should be operated at
160 watts in a guartz jacket, or if only 140 watts are available,
it should be operated at 130 watts in a vacuum jacket,

(b) An EDL containing a filler material with a boiling point

of 1300°C, requires more than 240 watts for all three configurations;
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the best conditions>for operation would be 240 watts in a vacuum
jacket, as this is the nearest to the optimum conditions.

EDLs, to be used other than for atomic éBsorption; should
always be filled with helium gas as these lamps are more intense
that those filled with argon. This higher intensity is due to
the higher operating temperature of helium EDLs; unfortunately,
this higher temperature increases the line widths of the atomic
resonance lines by increasing the Doppler, collisional and
resonance line widths. Thus, if an EDL is ever used for atonmic
absorbtion, i.e.for arsenic or selenium, argon fill gas should
be used because of the inherently narrower resonance produced,
which is very important in atomic absorption spectrometry.

Many EDLs, of uninvestigated elements, have been success--

fullv made using the above procedure.

2-7 Microwave Coupling Devices.

A1l of the optimisation of the preparation and operating
procedures carried out as described above were exclusively for
the "A" type antenna; however, many other types of coupling
devices are also available, Tor microwaves, the coupling devices
can be split into three groups:-

(1) Antennas: initially designed for medical therapeutic

work.

(2) Cavities: designed specifically for gaseous discharges.

(3) Waveguides: designed mainly for coupling microwave

power of frequencies above 3000 MHz.

Two microwave antennas were investigated : the "A" and "C"
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types available from Raytheon Company, U.S.A. The "C" type
antenna was found to be useless, except for mercury EDLs, as

it was unable to concentrate enough power in fhe area of the
EDL to produce a metal vapour discharge. The "A" type antenna
was found to operate very successfully as demonstrated in the
opfimisation of EDL preparation and operating conditions
experiments described abéve.

Three different fypes of cavities were investigated: the
foreshortened % >\ Broida type, the foreshortened % A Evenson
type (bvoth obtained from Electro Medical Supplies Limited,
Wantage, U.K.), and a foreshortened %)\ Broida type ritted
with two capacitative tuning stubs (obtained from Evans Electro
Selenium Limited, Halstead, Essex, U.K.). All three of the
cavities coupled the microwaves to the EDLs more efficiently
than either of the antennas. Unfortunately, unlike the antennas,
they reflected fairly large quantities (10-50%) of the applied
microwave power back to the magnetron, in the microwave generator,
making reproducible intensities difficult to obtain.

Ideally, all the filler material in an EDL ghould be in the
vapour phase during operation, However, this is rarely true,
and frequently small amounts of solid material are present.

The amount and the position of this solid material changes
during operation of an EDL, and these changes produce variations
in the coupling efficiency of the microwave coupling device.
When a cavity is used, changes in coupling efficiency gfeatly

affect the amount of power reflected back to the magnetron,
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which in certain circumstances can actually affect the amount
of power produced. This change in power output causes a further
change in the discharge conditions of the EDL, which can affect
the position and the amount of any snlid material present in it.
This process usually results in a cyclic variation in the
intensity of the radiation output of the EDL., A resistive
attenuator, with a power attenuation of 3db., obtained from
Electro Medical Supplies Limited, Wantage, U.K., connected
between the magnetron and the microwave cavity was found to
diminish this effect by attenuating both the forward anﬁ the
reflected miérowave pover, In-consequencé, an incease in
stability of operation of the EDL was achieved, see Table 2-5.
Because of the very small amounts (2-5%) of power reflected
back to the magnetron by the "AY type antenna, the attenuator
has very little effect on the stability of operation of an EDL
when used with the antenna,

The drift and the short term noise of the intensity of
resonance radiation emitted from several EDLs were measured for
both the "A" type antenna, snd the Broida £\ cavity, with and
without the attenuator in circuit (see Table 2-5).

The attenuator, when used with the cavity, decreased the
short term noise by 14%, except for those EDLs that operate
at applied powers of less than 20 watts (mercury and selenium)
for which a decrease in noise of about 50% vas observed, This
latter observation is probably a result of excessive instability

of the magnetron at low microwave power outputs. Vhen the



Table 2-5

Effect of attenuator on noise and drift of resonance radiation intensity emitted by EDLs, for the "A" type

antenna and the £\

cavity

Lamp Wavelength of No attenuator A Attenuator *
type measureuent n.u. A type antenna+ ZAcavity A type antennat 2\ cavity
Noise Drift Noise Drift Noise Drift Noise Drift
% %/hr. % %/hr. % %/hr. % %/hr.
Cd 228.8 1.1 -005 3.1 "'2.0 1.0 -O-5 ) 2.7 -2.1
Zn 213.9 1.2 ~0.6 33 ~2.2 1.2 0.5 2.8 -2.1
PbI2 283.3 104 -0.5 LI’.Z -1.8 1-4 -006 306 -1.?
TlCl 276.7 1.0 "1.1 2.8 -2.0 1.0 "1.0 ZQLI’ -2.1
He 253.7 0.9 -0.2 5.0 -3.2 0.8 -0.3 2.5 -2.3
Se 196.1 1.1 ~0.4 6.4 -3.6 1.1 -0,5 3.8 -2.9

* Twice as much power is required when the attennator is in circuit.

* EDLs operated in a vacuum jacket.
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cavity is used in conjunction with the é%tenuator, or when
the "A" type antenna is used,both mercury and selenium EDLs
require applied powers of greater than 20 watts, thus this
instability is avoided. Little or no decrease of the noise
was observed when the "A" type antenna was used in conjunction
with the attenuator, because of the low reflected power
characteristic of antemnas. The drift of resonance line
intensity was not significantly affected by the use of the
attenuator. For all of the EDLs investigated, the short term
noise and the drift were considerably less for the 'A" type
antenna than for the %)\cgvity; even when the cavity'was
used in conjunction with the attenuator. Also, the time taken
to reach a stable EDL intensity (the warm up time) was shorter
for the "A" type antenna (3-4 minutes) than for the cavity
(9-15 minutes). The attenuétor 1engfhened_the warm up times
considerably, probably because it had to come to thermal
i.equilibrium before a stable microwave output was obtained.
Consequently the "A" type antenna was found té be more
effective than the ﬁ)\cavity-for use with EDLs for atomic
spectrometry. The "A" {ype antenna does have the disadvantage
of requiring higher microwave powers; it is also a health
hazard because of its property of emitting microwave power over
a fairly large area. Care‘sﬁould be taken to place the "A"
type antenna well away from the operator as his eyes may Ee
damaged by continual close exposure,

The Evenson 1A cavity has a better coupling efficiency



-85_

than either the "A" type antenna or the Broida %}.cavity, but
it reflects large amounts of microwave power. However, it is
possible at any instant to tune the cavity, with the use.of its
two tuning stubs, so that virtually no power is reflected back
to the magnetron. Unfortunately, the cavity soon drifts out
of tune producing much more short term noise and drift of the
EDL intensity than that produced by the %X cavity. DNo further
investigation of the %)\cavity was carried out; its only use
in atomic spectroscopy would be in applications where large
concentrations in powver are required and where stability is of
little importance.

Due to the greater coupling efficiencies of the cavities,
over the "A" type antenna, they can be used advantageously for
EDLs containing high boiling point filler materials, for which
the "A" type antenna is unable to suppiy the optimum power.

EDLs prepared and operated under the optimum conditions
for the "A" type antenna, as previously described, can always
be made to operate successfully in either of the cévities,
although much lower applied microwave powers are required.
However, no claim is made to these being the optimum values.
Previous studies (63, 104, 105) suggest that the choice of fill
gas pressure is much less critical and applied'microwave povers
are much lower than for those found to be optimum for the "A"
type antenna, Methods other than attenuation have been tried
by several workers to overcome the problems associated with high

reflected powers. Broida and co-workers (78) have reported
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that the percentage of reflected power can be reduced by a
factor of six by the addition of a matching stub located on
the coaxial connector, Aldous et al. (63, 123) have found
this type of matching stub to give an improvement in noise and
warm up times, for EDLs of many elements, over the standard
ZMcavity., Aldous (63) has found that even better matching
can be realised by using capacitative tuning stubs, resulting
in shaxter warm up times and an increase in '"the quality of

the spectral output" from a wide range of EDLs.

The warm up times, short term noise and drift of an EDL
in a *&/\ cavity fitted with two capacitative tuning stubs
(obtained from Evans Electro Selenium Limited, Halstead, Essex,
U.K.) were measured for several EDLs and compared to the values
obtained from a standard 2) cavity, see Table 2-6. The'warm
up times and the short term noise were found to be about 50%
smaller for the tuned cavity,but the drift fate was increased

by about 10C%.

Table 2-6

Comparison of short term noise, drift and warm up times between a
standard 2A cavity and an EzL tuned 4 A cavity.

1‘31;‘2 Standard 2 cavity FEL tuned ZA cavity
Varm up Noise | Drift Viarm up Noise | Drift
time mins. % %/hr. | time mins. % %/hr.
Cd 10 3.1 -2.0 5 2.0 5.3
Zn 12 3.3 ~-2.2 5 2.2 ~5.2
PbI, 1k k,2 -1.8 6 2.3 | =h.7
11C1 14 2.8 -2.0 7 2.0 =5.6
Hg 10 5.0 | -3.2 6 2.1 | 4.8
Se 9 6.4 ~3,6 4 3.2 -6.1
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The decrease in short term noise for the tuned %\ cavity
was probably due to the much lower amount of reflected power.
The increase in drift rate was due to the cavity gradually
drifting out of tune; this drift could be decreased by constant
attention to the tuning stubs to keep the reflected power at a

minimum.
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CHAPTER III

ATOMIC SPECTRAL SOURCES FOR AIKALI AND AIXALINE EARTH ELEMENTS
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3.1 Introduction

The previously described method for the production of micro-
wave excited electrodeless discharge lamps was found to be
unsatisfactory for the alkali and alkaline earth elements, with

thé exception of berrylium (108), because of the rapid irreversible
attack of the vapour of these elements on the quartz walls of the
lamps. This attack is accompanied by a rapid decrease in the
spectral output (6, 83, 133) which makes them unsuitable for

atomic spectrometry. The attack produces a frosting, and sometimes
a blackening, of the quartz walls, which both decreases their
transmission and effectively removes the fill material. Aldous
et al. (133) reduced this problem for potassium sources by preboration
of the EDL blanks, and for potassium, sodium, and magnesium sources
by using a sodium vapour resistant two-ply glass for blank
fabrication. Although both of these techniques increased the

lamp lifetime to about 100 hours, because of difficulties in lamp
blank fabrication fairly high failure rates were encountered, Ham
and Walsh (83) reported that pyrex can be used for about 10 hours

for sodium hollow cathode discharge lamps before darkening of

the surface became serious. However, the author has found that
EDLs made out of pyrex are attacked rapidly and often defprm
because of the high rumning temperature of the 1amps. Mansfield
(92) and Mansfield et al. (61) have reported the successful
fabrication of magnesium, strontium and calcium EDLs using

their iodides. This is contrary to the observations of the

author and Cocke (105).
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Human et al. (64) have recently tried an altogether
different apprbach for copper and calcium sources; they

directly coupled microwave power to the anode of a hollow
cathode discharge lamp while it was operated in the conventional
manner. These sources were both stable and long-lived, but
their intensity was only seven times as intense as a normal HCL,
thus making them unsuitable for atomic fluorescence spectrometry.

In an effort to overcome the short lifetimes and high drift
rates associated with the attack of alkali and alkaline earth
vapours on the quartz walls of EDLg, five different arrangements
vere investigated. Two of these arrangements were solely for

sodium spectral sources.

3.2 Soda=-glass EDLs

The attack of sodium vapour on EDL walls vhen using sodium
metal or a sodium halide produces sodium silicate (6), which
steadily diminishes the transmission of the quartz resulting in
high drift rates. In an attempt to stop this gilicate formation,
soda-glass was used as a fill material for an EDL prepared in
the normal manner (see Chapter II)., Although a slight frosting '
of the quartz occurred, the lamp radiation at the 303.2 n.m.
and the 589 n.m. doublets was intense, stable and long-lived.
Because of the low vapour pregéure of sodium in soda-glass, the
optimisation of the operatiﬁg and preparation conditions was
carried out using a A Broida type cavity. Table 3-1 gives
the optimum fill gas pressure and microwave power for both '

helium and argon filled EDLs, and compares their short term
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noise, drift rates and lifetimes. The helium filled lamp is
more intense, noisier and has a larger drift rate and a shorter

lifetime than the argon filled lamp.

Table 3-1

Comparison of argon and helium filled soda-glass EDLs. Intensities
were measurced at the 589 n.m. doublet,

EDL optimum Relative Short Drift Average
operating Intensity term (%5/hr.) lifetime
conditions , noise (hours)

- ' (%) B

12 torr of He

7 torr of argon -
190 watts 82 1.5 1.9 250

Both the argon and the helium filled soda—élass EDLs have been

used successfully for atomic absorption and fluorescence spectro-
metry. Recently Woodward (106) has extended this approach by
using commercially available borates and laboratory prepared
silicates for lithium, potassium and sodium, and commercially
available magnesium phosphate as fill materials, His lamps

were intense, but their lifetimes were fairly short, about 30
hours. He did not optimise his preparation and operating

conditions and he did not report any noise and drift rates.

3.3 TFlowing atmospheric argon discharge (FAAD) in a purex tube.

A low pressure discharge of a rare gas was found capable
of vapourising and exciting the sodium atoms in soda-glass when
it was used as a fill materizl in an EDL, see Section 3.2.

Unfortunately, the walls of these EDLs became slightly frosted
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resulting in a lifetimes of 150-250 hours which necessitated
fairly frequent manufacture of replacement lamps. An
investigation of a flowing rare gas system was carried out in
an effort to eliminate this problem.

Pratt (107) found that argon at atmospheric pressure .
flowing through a tube, contained in a -&ABroida type cavity,
is capable of producing a gaseous discharge when excited with
100 watts of microwave power. The author has found that this
type of atmospheric discharge is capable, under certain conditions,
of héating the inside of the tube walls to between 650 and 80006.
Initially, a 7 m.m. internal diameter pyrex glass tube with a wall
thickness of 1 m.m., through which argon passed at atmospheric
pressure, was placed inside a i’;)\ cavity, see Figure 30. ‘hen
microwave powvers of above 70 watts were applied to the cavity,
this arrangement was capable of producing a discharge which
vapourised sodium atoms from the pyrex walls of the discharge
tube. These atoms were then excited in the argon discharge
region vwhere they emitted intense sodium resonance radiation.
The maximum resonance radiation was produced by an argon flow
rate of 100 mls./minute with 170 watts of applied microwave power.
Under these conditions the discharge tube walls became extremely
hot, and after approximately an hour of continuous operation the
discharge vould melt a hole in the wall through which it shorted
to the caﬁity. This atmospheric argon discharge in the flowing
system took the form of several pinched arcs which frequently

changed position in the tube. The change of position of the
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discharge and its tendency to burn holes in the pyrex walls
produced large changes in the sodium emission intensity and very
high noise levels. To diminish this instability the pyrex
discharge tube was modified, as shown in Figure 31. The
modified discharge tube was made by drawing out a piece of
pyrex tubing (9 m.m. external diameter, 3 m.m., wall thickness)
so that the discharge region of the tube had an internal diameter
of about 1.5 m.m. and a wall thickness of about 2 m.m. The
argon discharge was confined to the drawvm out section by adjusting
the position of the discharge tube in the cavity. The narrow

bore of this section reduced the emission flicker noise by
confining the discharge to one position. The increased heat
capacity of the thicker walls stopped the discharge from melting
or holing the discharge tube.

The effect of applied microwave power and argon flow rate
on the intensity of sodium atomic fluorescence produced by the
sodium resonance radiation emitted by the discharge was inves-
tigated for both the £ N\ and %-A cavities, The spectrometrice
system used was the same as that used in Chapter II except that
an argon hydrogen diffusion flame was used. The conditions

which gave the best atomic fluorescence signal are given in Table 3-2.

Table 3-2
Optimum conditions for a FAAD pyrex discharge tube.

Cavity Applied microwave Argon £low Relative
power (watts) rate mls/min ‘| fluorescence
intensity
=N | 100 200 104

2 A 150 220 151
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- 96 -

The short term noise of the emitted resonance radiation

was slightly less for the 2\ cavity (1.5%) than for the
N cavity (1.9%). Both cavities gave low drift rates of
about 1% of the resonance radiation intensity per hour, and
very long lifetimes; no failure has yet been observed. The
only apparent deterioration was a slight searing of the inside
of the discharge tube walls. Although the 2 A cavity requires
more power and a higher argon flow rate, for the maxdimum
inteneity, than the %;A cavity, it gave a superior performance
with respect to intensity and short term noise. The line to
background ratio for the‘589 n.m. line pair was better than
100:1, and for the 303 n.m. line pair better than 80:1, for
both cavities. The limits of detection of the sodium atomic
fluorescence at 589.0 n.m. produced by irradiating an argon
hydrogen diffusion flame, into which sodium solutions were
éprayed, with the soda-glass EDL, the FAAD in a pyrex tube and .
a VWotan vapour discharge lamp were compared., The FAAD was found

to give the lowest limit of detection, see Table 3-3, followed
by the soda-glass EDL; the vapour discharge lamp was much
werse than the other two sources, probably because it was

very self reversed.

Table S=3

Limits of detection of sodium atomic fluorescence
for threc different primsry sources

Source used Limits of detection of sodium (ppm)
Wotan vapour discharge lamp 0.05 .
Soda-glass EDL 0.004

FAAD in a pyrex tube 0.002
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3.4 Flowing atomospheric argon discharge (general application)

The flowing argon discharge described in 3.3 has been found
to emit stable, intense resonance radiation for a considerable
time. The vapourisation of the metal vapour (i.e. sodium)
depended on its presence in the walls of the discharge tube.
Thus, the applicability of this method if limited to those
elements that could be incorporated into the wall material
from which the discharge tube is made without affecting its
transmission of the resonance radiation.

Another method of introducing the vapour of various metals
into the argon diécharge was investigated to circumvent this
problem. The tube through which the argon flowed, and in which
the dischgrge was containea, consisted of a 10 in., length of
quartz tubing with an internal diameter of 13 m.m. and a wall
thickness of 1 mem. A quartz cup with an external diameter
of 10 m.m. was joined onto a 7 in. length of 4 m.m, diameter
quartz rod, Abéut 1 gram,of the element (or a halide of the
element), whose spectrum it was desired to excite, was placed
into the cup. The cup was then inserted into the quartz tube
and adjusted so that it just appeared at the bottom of the
discharge viewing aperture, see Figure 32. The argon flow
was then started and the discharge initiated by turning on the
microwave power and sparking a "teslé" vacuum tester against the
discharge tube in the viewing aperture region. The quartz cup
and the material in it are heated by the argon discharge, and

under the appropriate conditions this temperature becomes
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sufficiently high to vapourise enough fill material to produce
an atomic vapour discharge, which will strongly emit the
resonance radiation of the fill material. The vapourised fill
material is swept through the discharge by the argon flow, vhere
it cools down and is deposited on a part of the discharge tube
not in the discharge region. This net transference of material
from the cup to another part of the discharge tube gradually
empties the cup, which will eventually result in no more atomic
vapour reaching the argon discharge; at this point the discharge
will emit solely argon radiation, and the lamp may be said to
have failed. The cup can then be refilled with fill material
and the lamp reignited and the process repeated.

The effect of applied microwave power and the argon flow
rate on the intensity of resonance radiation emitted from FAAD
lamps containing the alkali and alkaline earth elements (Li, Na,
K, Rb, Cs, Be, Ca, Mg, Sr, and Ba) was investigated. Both the
elements and their halides were used as cup fill materials;
the halides were found to be more useful as they prnduced more
intense resonance radiation and longer lamp lifetimes. The
elements were more casily vapourised, and in some instances
caught fire as 1little pieces dropped from the bottom of the
discharge tube. Of the haiides, the chlorides were found to
give higher intensities and better stébilities, with the
exception of potassium, where the bromide was used. Potassium
bromide gave a similar intensiiy to the chloride, but the

stability and lifetime were much better for the bromide.
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The emission of radiation from the discharge was found to be
very unstable at argon flow rates below 20 mls./min. and above
360 mls./min. At very high powers (above 190 watts), the
quartz cup often fused to the quartz discharge tube making
further filling of the cup impossible. Table 34 gives the
conditions that produce the most intense radiation emission
and the amount of short term noise, drift and lifetime of the
radiation output for various alkali and alkaline earth elements.
The lifetimes are for 1 gram,of fill material in the cup, and
all the results are an average of five runs.

Generally, the fill materials with the higher boiling

points (CaCl,_, BaCl_, KBr, Mg012 and NaCl) gave the most

2’ 2

satisfactory results. They give low noise levels and drift
rates and loang lifetimes. Berrylium chloride has a low boiling
point and when used as a fill material results in excessive
noise and drift rates-and a very short lifetime. These results
from Table 3-4 suggest that the Less volatile the fill material,
the longer was the lamp's lifetime and the lower the noise and
drift rates. Materials with high volatilities were quickly
removed from the cup and the discharge region to a cooler part
of the discharge tube, resulting in an éarly failure of the

lamp and high drift rates. Slight changes in the operating
temperature of a FAAD lamp céused large differences in the rate
Qf vapourisation of volatile materials, which resulted in a

noisy radiation output. Several other materials (elemental

aluminium, manganese chloride, elemental zinc, cuprous chloride,



Table 3-4

Optimum overating conditions, noise, drift rates and lifetimes for several FAAD lamps.

Cup fill .Resonance line Boiling point Optimum Optimum argon Noise Drift Lifetime
material | wavelength (mnm) | of f£ill , | power flow rate %) (%/vr) |  (hours)
nmaterial ( C.) (watts) (mls/min)
LiCl 670.7 1390 150 180 2.2 -1.9 2.2
NaCl 589.0 | 1413 160 150 2.0 -1.9 2.4
KBr 766.5 1435 165 150 1.8 -2.0 2.4
REC1 780.0 , 1390 150 145 1.9 -1.9 2.1
CsCl 852.1 1290 130 140 2.6 -2.3 1.8
BeCl, 234.9 520 85 136 10.1 -8.0 0.33
MgCl, 285.2 1412 160 170 1.7 -1.3 2.5
CaCl, 422.7 S 1600 175 200 13 | -2 3.2
SrCl, | 460.7 1250 130 150 2.0 -1.9 1.8
BaCl, 553.6 1560 170 180 2.1 -1.3 2.3

- LOL -~
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silver chloride and elemental copper and mercury) covering a
wide range of boiling points (357-259500.) vere used to further
investigate these effects of volatility of the fill material on
the lamp's performance. The results from this investigation,
see Table 3-5, confirm that materials with low volatilities gave
the lowest noise and drift rates and longest lifetimes. Successful
FAAD lamps cannot be made for volatile fill materials. VWhen
mercury, the most extreme case, was used as a fill material, very
high noise (3%3) and drift rates (-42%/min.) were encountered,
together with a very short lifetime (1.2 minutes). Elemental
copper (boiling point 2595°C.), when used as a fill material,
gave very low noise and drift rates and long copper discharge
lifetimes. However, the copper resonance lines were only weakly
emitted, thus making elemental copﬁer unsuitable as a fill
material for FAAD lamps.

If the maximum acceptable limit on noise is 3.0% and on
“drift is -3.0%/hr. and the minimum lifetime is 1.5 hours, then
the limitations on £ill materials for use in FAAD iamps, vwhere
high intensity is desired, can be summasrised as follows:-

(1) The fill material should have a minimum boiling point

of 124000., so as to keep the noige, drift rate and
lifetime within acceptable limits;

(2) The fill material should have a maximum boiling point

of about 220000. to ensure that enough atomic vapour
is produced so that an intense atomic radiation is

emitted,



Table 3-5

Optimum operating conditions, noise, drift and lifetimes
of FAAD lamps for materials with various volatilities,

Cup fill Resonance line * Boiling point Optimum Optimum argon Noise Drift Lifetime
material wavelength (nm) of fill power flow rate 9 (%/hr) (hours)
material (°C.)| (watts) | (mls/min)

Cu z24,7 2595 200 210 ' 1.2 -1.0 *8.0
AL 396.2 2056 200 200 2.3 | -1.2 b1
AgCl 328.1 1520 170 175 2.4 ~1.4 2.5
CuCl 32k,7 1490 160 170 2.5 -1.5 2.4
MuClp 279.5 1190 120 130 2.8 ~3.1 1.3
Zn 213.9 969 100 105 3.9 5.1 0.85

Hg 253.7 357 60 35 34 Lot /min 0.02

- ¢0L -
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The best boiling point for the fill material is between 1400 and 165000.
where high intensity, good stability and a long lifetime are
obtained.
In comparison with other atomic spectral sources, the
lifetimes of the FAAD lamps (1.6-5 hours) are very chort, but
because of the simplicity of remaking the lamp, this does not
present a major problem, VWhen the lamp fails, that is it no longer
enits the intense atomic resonance radiation of the fill material,
the cup is removed from the discharge tube, refilled with the
appropriate fill material, replaced in the discharge tube, and
the discharge is reignited. After several refiliings, it is
often necessary to wash the discharge tube with distilled water
to remove any excess fill material which has built up in the
bottom section of the tube.
These sources were cvaluated for atomic fluorescence studies
of the alkali earth elements, copper and silver. FAAD laups
containing cuprous chloride and silver chloride were included
in this investigation because their EDLs have relatively short
lifetimes as a result of the metal plating out on the quartz
walls following the thermal breakdown of the chloride into
chlorine and the metallic element. A premixed air/hydrogen
flame was used for all the atomic fluorescence studies, except
for berrylium when a premixed nitrous oxide/acetylene flame
was used, During operation of the FAAD lamps, some vapour of
the fill material was swept out of the bottom of the discharge
tube, by the argon flow. Because of the nearness of this tube
to the analytical flame, come of this vepour becomes entrained

by the flame when it produced a very large background signal.
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To overcome this problem o one metre length of polythene tubing

was attached to the end of the discharge tube, and the open

end of the polythene tubing was placed as far away from the

flame as possible.

This procedure completely removed this

interference without affecting the performance of the lamp.

The limits of detection, i.e. that concentration of the analyte

vhich produced an atomic fluorescence signal twice as large as

the noise signal, were determined experimentally for all the

alkaline earth elements using their FAAD lamps.

Table 3-6

gives the fill material of the FAAD lamp, the wavelength of

measurement of the fluorescence signgl, the experimentaily

obtained limit of detection, and the best limit of detection

obtained by other workers with the source that they used. All

fluorescence measurements were made on a Perkin-Elmer model

290 atomic absorption spectrophotometer modified as described

by Browner et al. (110) using a capillary burner of the type

described by Aldous et al. (156), and an argon separated flame

vas burnt.

Table 3-6

Comparison of limit of detections for FAAD lamps to the best
previously obtained for alkaline esrth elements.

Fill Wavelength | Limit of Best limit of Source used
material (nem.) detection detection pre- to obtain

for FAAD viously obtained | this limit

lamp (ppm) (ppm) of detection
BeCl, 234.9 0.9 0.01 Be/12 EDL (108)
MgClz 285.2 0.0008 0.001* Mg HCL (109)
CaCl, Lz2.7 0.002 0.02 Ca/I, EDL (62)
Sr012 4Go.7 0.005 0.03 Sr/I2 EDL (62)
Ba012 553.7 0,025 7t 150W xenon arc{111)
CuCl 324.7 0.001 0.001 Cu HCL (65)
AgCl 328.1 0.0001 0.0001 Ag/12 EDL (62)




* A different method of calculating the limit of detection

was used in this study; the probable corrected value would
be about 0.003 ppm.

+ In this study, barium was determined by scatter off the barium
salt particles; no studies on the atomic fluorescence of
barium have been previously reported.

The FAAD lamps were found to be very useful for atomic
fluorescence spectrometry. They gave superior limits of
detection for magnesium, calcium, strontium and barium; the
same limits of detection for copper and silver; and worse
limits of detection for berrylium, than those given by the best
previously used sources.

From these atomic fluorescence studies, it was concluded
that FAAD lamps were excellent sources of intense, stable, not
too severely self reversed atomic resonance line radiation for
the alkaline earth elements, with the exception of berrylium.
Fortunately berrylium is the only alkaline earth element for
which a stable, intense, long lived EDL has been made (108).
The atomic fluorescence produced by alkali element FAAD lamps
was not invéstigated, with the exception of sodium, because no
valid comparison studies were available, but their intensities
and stabilities were of the same order as the alkaline earth
lamps. A limit of detection of 0,001 bpm. was obtained for
sodiun atomic fluorescence, when an argon/hydrogen diffusion
flame was used, which compares very favorably with the values
obtained for the soda-glass EDL and the FAAD in a pyrex tube .
lamp, see Table 3-3.

FAAD lamps wer¢~found to be 500-1000 times as intense, have
shorter warm up times (approximately 3-5 minutes), but were

slightly noisier than hollow cathode lamps,

r
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3.5 Microwave excitation of atomic vavpours preduced by hollow

cathode discharges.

Simple hollow cathode lamps (23, 116), whilst being excellent
sources of atomic radiation for atomic absorption spectrometry,
lack sufficient intensity to give low limits of detection for
atomic fluorescence spectrometry. Improvements in lamp design
by the use of ceramic or quartz shielding around the cathode
have greatly increased the intensity of the resonance radiation,
which has made atomic fluorescence measurements with these
sources feasible (112, 117). The intensity of these shiel&ed
cathode lamps is comparable to the high intensity‘HCL developed
earlier by Sullivan and Walsh (32). These lamps, vhich rel& on
subsidiary electrodes to further excite the atom cloud produéed
at the cathode mouth, have given worthwhile improvements in
output for a few elements (32). Sources of this kind have been
used successfully for atomic fluorescence spectrometry by Vest
and co-workers for the determination of magnesium (109), silver
(113) and cobalt (94), and by Matousek and Sychra (66, 114, 115)
for iron, cobalt, nickel and gold. However, neither of these
HCL modifications is capable of producing atomic resonance
radiation as intense as that emitted by microwave excited EDLs.
The radiation emitted from EDLs is usually 10-100 times as intense
as that emitted by the best modified HCL. As microwaves have
been found to be extremely efficient at converting electrical
to luminous power, it was decided to investigate the possibility
of exciting with microwaves the atoms produced by a hollow cathode

discharge. A hollow cathode discharge was used to produce the
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atomic c¢loud at its mouth because it can be applied to almost
any element no matter that its vapour pressure. Two arrange-
ments for this microwave excitation of the atom cloud were
investigated. |

The first involved using an "A" type antenna to direct
microwaves into a conventional hollow cathode lamp in such a
way that the microwaves traversed the mouth of the cathéde,
vwhere they could excite the atoms produced, in a similar way to
the secondary electrodes of a high intensity hollow cathode,
see Figure 33.

The second arrangement involved the construction of a
demountable HCL which was small enough to be fitted into a
# A Broida type microwave cavity, see Figure 3k,

(1) Microwave excitation of a conventional HCL

Microwave power was directed into a conveﬁtional hollow
cathode, which was operating in its normal manner at its
recommended d.c. current, via an "A" type antenna. The position
of the "AY type antenna relative to the HCL was investigated, and
the optimum position of the "AY type antenna stub was found to
be at right angles to the ca%hode viewing axis and in a plane
1.5 e, in front of the cathode mouth, see Figure 35. If the
antenna stub was moved further towards the cathqde than this
optimum position, most of thé‘microwave power coupled to the
cathode causing it to become red hot. In some cases the’
cathode would become so hot that the material inside it, or

sonetimes even the whole cathode, would melt. Under these
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conditions the resonance lines emitted from the cathode were

alvays self reversed and often their intensgity was very unstable,

When the antenna was progressively moved further away from the

cathode than the optimum position, the microwaves coupled

progressively more with the HCL fill gas and less with the

sputtered atomic vapour cloud.

There vas an approximately linear relationship between

resonance line intensity and the amount of microwave power

applied to the antenna.

Table 3-7 shows this increase in

resonance line intensity with increasing microwave power for

magnesium, calcium and copper HCLs.

Effect of microwave powsr on the output intensity of three different

Table 3-7

hollow cathode lamps

Applied micro-
wave power

Cu resonance
line intensity

Mg resonance
line intensity

Ca resonance
line intensity

(watts) at 324.7 n.m, at 285.2 n.m. at 422,7 n.m,
0 5.2 8.9 3.1
Lo 1210 1660 1010
80 2900 4010 2100
120 3800 5800 2910
160 LLoo 6910 - 3520
200 5010 7700 3910

An applied power of 200 watts increased the resonance line

intensity by about three orders of magnitude.

Unfortunately, the

noie and drift rates were also increased and the lamp lifetimes




- 113 -

vere considerably shortened. VWhen maximum applied microwave
power was used, the lamp lifetimes decreased to 40-60 minutes,
which makes this techgique very expensive and‘generally
unsuitable for use in analytical chemistry. However, for
certain applications where high intensity is required for a
short time and expense is not a major limitation, this tech-
nique may prove useful.

When microwave power was coupled to the atomic cloud,
an increase of about 79% occurs in the d.c. current flowing in
the HCL circuit. The microwave discharge,which was considerably
larger than the secondary discharges of high intensity HCLs,
deposited some of the metal from the hollow cathode on the
HCL walls. This effective removal of thg»metal from the
hollow cathode to the walls was probably responsible for the
shorter lifetime.

(2) A demountable HCL which can be fitted into a £ A micro-
wave cavity,

A démountable hollow cathode was designed and constructed
so that it could be i;lace'd inside a £ A Broida type cavity, see
Figure 34. The initiél deaign was constructed out of 12 m.m.
outside diameter ﬁyrex<tubing with 1.5 m.m. wall thickness;
however, during operation the tube walls became very hot and
often collapsed. Additionally, the discharge preferentially
emitted the sodium spectrum. These two problems necessitated
the use of quartz tubing of the same size as the pyrex tubing.
Unfortunately, when using quartz tubing the seals round the

electrodes were very fragile; however, breakage could be avoided
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by very careful handling. The anode consisted of a 8 c.m.
length of 2 m.m. diameter tungsten rod, both steel and graphite
cathodes were used. The graphite cathode was found to be
superiér as it gave less background radiation, was easier to
clean and construct. A hollow cathode was made by drilling a
1 com. deep 5 m,m. diameter hole into a 8 c.m. length of 7 m.m.
diameter graphite; this cathode was then pressure fitted onto
a length of 2 m.m. tungsten rod. The cathode assembly could
be removed from the lamp by discomnecting the Bih quick fit
joint.

After removing the cathode from the lamp, it was filled with
0.5 grams, of the element, or one of its halides, whose spectrum
it was desired to produce. The demountable lamp was then placed
into the £ N cavity and the cathode assembly reinserted into the
lamp. The outlet A was connected to a vacuum system capable of
evacuating the lamp to a pressure éf 'IO"2 torr. The lamp was
then pumped dovm to 10-2 torr, twice flushed with argon, and
re-evacuated to 2-4 torr. A stabilised power supply capable of
being adjusted from ZOO-SOO volts was connected to the cathode and
the anode, and its voltage gradually increased from 200 volts until
a strong discharge was produced. After 70 minutes of this
discharge, the lamp was pumped down to 'IO"'2 torr for a beriod
of 5 minutes to remove any moisture or occluded gases that were
released during the discharge. This procedure was repeated
until the background emission from the discharge had been minimised.

The lamp was then filled with argon to a pressure of 3 torr and the
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voltage across the anode and cathode adjusted until a current of
l80-1OO milliamps was flowing in the anode/cathode circuit;
reéonance line radiation of the material in the cathode was then
emitted from the hollow cathode. The microwave power was then
turned on and it was noticed that the intensity of the discharge
became much more intense. When the discharge became more intense
the rate of vapourisation of the cathode fill material increased,
which expanded the discharge to completely fill the anode/cathode
gap. Whereupon, the d.c. current increased at an exponential

rate until the power supply fuse blew., To overcome this "runaway"
situation, the distance from the anode to the cathode was increased
from 3.5 c.m. to 7.0 c.m., and a 2500 ohm load resistor was
connected in series #ith the anode/cathode circuit. Under these
conditions, the d.c. current was limited to a maximum value of

200 milliamps, when the maximum voltage was used, and the discharge
never expanded enough to completely f£ill the cathode/ancde space.
The effect of d.c. current, microwave power, and the vressure of
the argon fill gas on the resonance line intensity'was investigated
for several elements (alﬁminium, barium, strontium, calcium, copper,
and magnesium) and several metal halides (sodium chloride, potassium
chloride, magnesium chloride and calcium chloride). The optimum
values (i.e¢. those values which gave the most intense resonance
radiation consistent with stability) of the d.c. current and micro-
wave'power were found and are given, together with the short term
noise and drift rates, in Table 3-8, The optimum fill gas pressure
was found to be 2.5 torr for all the lamps investigated; lower

pressures often produced weak unstable discharges and higher

pressure caused pinched ares to form.
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Table 3-8

Optimum values of d.c. current and microvave power, noise and drift
rates for various microwave excited demountable HCLs.

Cathode Boiling Resonance Optimum Optimum Short Drift
fill point of line (mnm) d.c. microwave term rate
material  fill current power noise (%/hr)

material (mA) (watts) (%)

(°c.)
Al 2056 396.2 170 140 20 -9
Ba 1638 553.6 150 120 26 14
Sr 1384 460,77 110 95 © 20 -15
Ca 1440 422,7 115 100 23 =13
Cu 2595 324, 7 190 160 18 -7
Mg 1107 285.2 85 70 20 14
NaCl 1413 589.0 110 100 25 -14
KCl . »>1500 766.5 150 110 24 -12
MgCl, 112 285.2 120 95 25 =14
CaClo > 1600 L2a.7 160 120 22 -12

The optimum microwave power and d.c. current increases with the
boiling point of the fill material, vhereas the noise and drift rates
decrease with increasing boiling point, The very high levels of
noise and the very fast drift rates of the resonance line intensity
make this type of source unsuitable for use in analyticél atomic
spectrometry.

The metal vapour of the alkali and alkaline earth elements
only slightly attacked the quartz walls of the lamp and because
of its demountable design, they were easily cleaned with dilute
hydroflouric acid. The 0.5 gram charge of cathode fill material

lasted approximately five hours; after which time the cathode had

to be recharged; unfortunately, because of the degassing procedure
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this -process took much longer than that for the FAAD lamps.

3-6 Conclusion

Five methods of producing intense resonance radiation of
elements, for which satisfactory conventional EDLs cannot be
made, have been investigated. Both the methods of microwave
excitation of hollow cathode produced atomic vapours have been
found to be unsatisfactory for analytical atomic spectrometry,
either because of high cost and short lifetimes or because of
high noise levels and drift rates. The otﬁer three methods of
producing stable intense atomic spectral sources have been found
to be satisfactory. The two methods specificall& for sodium
resonance radiation are very cheap, simple to construct and easily
operated. They emit intense and stable sodium resonance radiation,
and Lhave very long lifctimes; they are considerably more efficient
at producing atomic fluorescence of sodium atoms than is the Wotan
vapour discharge lamp. However, the general FAAD lamp (i.e. the
cup discharge lamp) was found to be superior to both of these
specific methods for sodium with the exception of lifetime
considerations. It is also applicable to any element which has
a compouﬁd with a boiling point between 1240 and 2200°C. The
FAAD lamps produce very intense and stablé atomic resonance lines,
they have fairly short lifetimes, but because of the eaée with
vhich they can be recharged, they are ideally suited to analytical

atomic spectrometry and especially atomic fluorescence measurements.
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CHAFTER IV

SOURCE MODUIATION
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4,1 Introduction

The analytical chemist, in his pursuit of greater
accuracy and in the study of smaller effect phenomena,
frequently finds it necessary to develop new methods and
more sophisticated instruments to help him. Tor example,
when a scientist is faced with a severe noise problem, he
may often be unaware of simple techniques that will allow
better results to be obtained, Further, he may even be -
less aviare of recent advances that in some instances allow
vastly improved signal to noise ratios (S/N) to be attained,

Often simple, though sometimes complicated, earthing or
isolation procedures will remedy the problem. At other
times, a mere change of components, rather than the system is
all that is required, For many measurements, 'traditional®
dec, and s.c. techniques are sufficient. However, it may
be necessary or beneficial to use one of the relatively recent
developments in signal processing (synchronous or phase
sensitive detection, pulse counting, signal averaging, or
correlation techniques). All these methods are especially.
concerned with the measurement of weak electrical signals
buried in noise.

(a) D.C., A.C. and Synchronous Memsurement Systems

A common method of noise attenuation is to limit
the bandwidth of the monitoring instruments by filtering.
Assuning the majority of the noise occurs at frequencies

different from the signal, then the smaller the bandwidth
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(that still includes the signal) the better the signal to
noise ratio. If the instrument bandwidth is wider than
the desired signal's bandwidth, the extra bandwidth only
admits extra noise and can be discarded without losing any
of the signal.

D.C. systems limit the bandwidth about d.c. and may also
include a differential common mode rejection. Inherent
problems in d.c. measurements often include zero drift, zero
offset and the predominance of low frequency flicker (or 1/f)
noise over white noise near d.c. (118).

To avoid the region of 1/f noise and to minimise the
background and drift, a.c. methods are usually employed.

This involves selective modulation of the analytical information
at some point before the amplifier, and detection of the
resulting a.c. signal. Subsequent rectification recoaverts

the signal to d.c. for output purposes. The problem with

a.c, methods is to make the bandwidth very small so as %o

reduce the noise, and at the same time to ensure that (i) the
signal centred at a frequency of fy remains within that band-
width, and (ii) the amplifier does not drift from this

frequency f,. This means that while the a.c. amplifier can

be tuned, it may only be tuned for a relatively wide bandpass.-

To use a smaller bandpass, one must resort to a phase
locked or synchronous system (119), The bandwidth can then
be made as narrow as desired (consistent with the rapidity

of measurement required) by increasing the resistance/capacitance
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time constant of the system.

(b) Pulse counting technigques

Pulse counting techniques assume that average signal
pulses are greater in intensity than average noise pulses,
even if the signal pulses are less frequent. Provision can
be made to eliminate extraordinarily large pulses (if they are
assumed to be noise). Pulse counting techniques employ a
discriminating system which results in the counting of pulses
with heights within a range ho = A h only, vhere hgy is the
average signal pulse height, The main problem with this
method (one of practice rather than theory) involves the

choice of the range hO ?"A he Further, the method is

not useful when the noise pulses become as large as the
signal.

Morton (120) and Malmstadt and co-workers (121) have
recently investigated this pulse technique as applied to
photon counting and Alger et al. (122) have used a similaf
system for atomic fluoreccence and emission spectrometry.

(¢) Signal Averaging

The above consdierations involving filtering to
reduce the bandwidth and hence the noise, are of little
value if the signsal and the noise occupy the same part
of the frequency or height spectrum. If a wavefornm is
repetitive, the S/N con sometimes be improved by making use
of the redundant information inherent in repetition.
So-called '"signal averagers'" operate on the principle of
sampling cach signal pulse, dividing it into segmeants to

obtain resolution, end then storing a voltage or count
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froportional to the level of each segment. By observing
many repetitions of the imput waveform, it is possible
(operating in real time) to see experimental results while
the experiment is in progress, even though the signal may
be so obscured by noise that the raw data seems to contain
1ittie or no information, Averagers demand only that
some means be avallable for synchronising them to a
repetitive signal that is to be extracted from the noise.

(d) Correlation Techniques

Time correlation can be used in two broad application
areas, autocorrelation and crosscorrelation. Autocorrelation
involves the comparing of a waveform against a time-delayed
version of itself, and can be used to detect an unknown
periodiec signal in the presence of noise or to measure
some particular band of signal or noise frequencies. It
is useful for the detection of signals buried in noise when
no reference or synchronising signal is available. (If such
a signal is available, the above methods are simpler and
less expensive). Crosscorrclation involves a comparison
of two waveforms (both of which may be obsecured by noise
or other signals not common to both waveforms) to determine
the degree of conformity between then,

In both instances, the following operations are required:
(i) one of the amplitude-time funections (signal) must be
delayed with respeet to the other (or to itself in auto-

correlation); (ii) the displaced or delayed function (signal)
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must be multiplied by the other to produce an instantaneous
product; (iii) the instantaneous product must be averaged
by integration over a period. If these steps (delay,
multiplication and averaging) are repeated for each value
of delay available in the interval of interest, =a
correlation function (correlogram) is genersted. Unfor-
tunately, the interpretation of the correlogram is very

difficult,

4,2 Modulation

In a.c. flame fluorescence spectrometry, doce tO a.ce
signal conversion can be carried out by modulating the
flame signal, the wavelength of observation or the primary
light source.

(2) Flame Sipgnal Modulation

In the past fifteen years, several methods of
gselectively modulating the flame signal have been reported.
In 1956 Dickey et al. (123) modulated the flow of gaseous
samples into a flame with 2 mechanical ncedle valve, Dickey
and Hoffman (124) used a similar device to vary the acetylene
flow rate into an oxyacetylene flame to study the OH
emission. In continuing;the study of OH emission, Rogge
et al. (125) used a two flame signal modulation technique
based on the periodic comparison of the analytical flame
with a reference flame, Lang (126) modulated his signal
by periodically deflecting the flame out of the optical

path, A direct approach to the selactive modulation of
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atomic emission and atomic absorption signals was obtained
by varying the analytical solution flow rate into the
flame, either by compressing the tube leading to the
aspirator capillary (127, 128) or by periodically switching
the liquid imput to the flame between a blank solution and
the analytical solution (130).

In an effort to overcome the amplitude instabilily of the
a.c. component associated with tube compression techniques
(131), Neu et al. (132) periodically dipped a flexible tube
connected to the aspirator capillary into the analytical
solution. The solution flowing to the nebuliser was
broken into short columns separated by air bubbles, A
problem was that the air bubbles permitied the individual
liquid columns to oscillate about their mean positions which
produced frequency, phase and amplitude instability. Rudiger
ot al. (131) and Trampisch and Herrmenn (134) modified the
dipping tube technique by driving the completely submerged
tip of the capillary tube up and down in the analytical
solution with a secwing machine,

In 1966, Long (135) achieved flame and solvent modulation
by periodically throttling the air supplied to the flame.
Recently, Antic-Jovanovié et al. (136, 137) reported a
modulation method for a dual spray-chamber burner; analyte
and solute aerosols were alternately switched at the junction
of the two feed lines to tbe burner head. Marinkovic and

Vickers (138, 139) have recently tested a modification of
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the AntiémJovanovié'modulator for flame emission and
atomic absorption spectrometry.

(b) Wavelength HModulation

MNany systems have been provosed for wavelength
modulations <they all basically consist of repetitively
sweeping the atomic spectral line of interest across the
detection system. Bullock and Silverman (140) and
Brehm and Fassel (141) mechanically scanned the spectrum
produced in a direct~reading spectrometer by moving the exit
slit. Harber and Sonnek (142) and Fassel and co-workers (143)
both used image~dissector phototubes (IDPs) for wavelength
modulation, The elsctrons ejected from the photocathode
of the IDP aré megnetically swept across a metal plate,
in which an aperture has been cut. The plate is situated
in front of a dynode chain, thus photo elecctrons only enter
the dynode chain when the electron image of entrance slit
of the monochromator is coincident with the aperture.
Snelleman (158) used an oscillating galvanometer mirror
to rapidly and repeatedly scan an abscrption line, and he
listed the advantages of using a wavalength modulated a.c.
system in conjunction with a continuous primary source.
Snelleman et al. (159) used a similar system eécept that
the oscillating mirror was replaced by a vibrating quartz
microscope slide.

Wavelength modulation corrects for background radiation

and by elinminating a fixed exit slit minimises the effects
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of monochromator drift, which can be serious when
nerrow slit widths are used.

(¢) Source Modulation

In atomic fluorescence spectrometry the limiting

noise at the limit of detection is mainly due to the
shot noise produced by the flame background and to the
flicker noise of the flame background. Modulation of
the excitation source can drastically reduce the flame
flicker noise by judicial choice of {he modulation
frequency. Many workers have modulated the socurce
radiation by simply placing a mechanical chopper between
the source and the flame. This technique is very
widespread and many commercial instruments incorvorate
this facility. Unfortunately, mechanical chopping
presents several problems: (i) the whole of the source
flicker noise is transformed to the chopping frequency
and there is thus no reduction in this noise; (ii) light
from the primary source is often scattered off the
chopper blade edges to bypass the flame and produce a
high background, and its associated shot noise;
(3ii) the source and the chopper have to be kept some
vay away from the flame to stop chopper induced drafts
producing further flame flicker noise,

To overcome these difficulties associated with
nechanical modulation of the primary source, two apprcaches

have been developed: optical and electrical modulation.



Optical moduvlation is only used for resonance
emission and consists of periodically interposing an
atomic vapour into the light path. The atomiec vapour
absorbs the resonance radiation emitted by the primary
source, Thus, not only can the source emission or
the source induced emission be isolated from foreign
emission, but the resonance lines can be distinguished
in the spectrum of the source. However, it should be
borne in mind that optical modulation can only be used
effectively when emission from the atomic vapour is
considerably wesker than the emission from the light
source, Theoretically, the optical method of modulation
mekes it possible to dispense with the monochromator
system; in practice, however, the presence of more than
one rcsonance line in the gpectra of most sglements nust
be taken into consideration, as well as the increase in
shot noise resulting from the exposure of the photo~
detector to the unmodulated emission from the lamp.

Optical modulation iras first used by Alkemade and
Milatz (144); light from the source (a metal-vapour
lamp) was alternatively sent through a flame (into which
the appropriate element was sprayed) or past the ilane,
Gatehouse and Walsh (145) used a hollow cathode discharge
lomp with a hollow cylindricel cathode, through which the
light from the source passed, as a method of producing the

a2bsorbing media. The pover supplied to the cylindrical
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hollow cathode was modulated electrically, which
produced a modulated atomie vapour in the cylindrical
cathode. This vapour was used to absorb the light
output of the soursce (another hollow cathode lamp),
Bovman et al. (146, 147) mounted the modulating hollow
cathode electrodes into the same envelope as the source
hollow cathodes Lowe (143) found that he could do

away with the modulating electrodes; by pulsing a

HCL, he found that the large atomic cloud produced at

the mouth of the cathode would absorb the radiation
emitted from the hollow cathode during the non-pulsed
period, Sebestyen (149) made a comparison of both of
these secondary hollow cathode modulation techniques and
the pulsed HCL technique. He found the pulsed technique
to be the best of the three vhen used in conjunction with
a double gated amplifier.

Electrical modulation of the source has been
approached differently, depending on the actual source
used, Modulation of the output of HCLs has been
achieved by supplying them with stabilicsed a.c. voltages
(150) or an interrupted current (151) and is now widely
used in commercially available equipment,

Recently West ot al. (93, 110) and later Thompson
and Wildy (152, 153) have described methods of electrically
modulating microwave cxicted EDLs by transformer coupling
a low voltage (ca. 12v peak to peak) s.c. signal into the

anode circuit of the magnetron. Unfortunately, this
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nmethod of modulation has certain disadvantages as
indicated by West et al. (154%). Because the secondary
of the transformer is in the anode circuit, the d.c.
magnetron current may cause saturation of the transformer
core regulting in distortion of the modulation waveform
applied to the transformer primary. Also, because a
transformer is generally designed for low frequency
sinucoidal waveforms, the frequency and function of the
modulation is hence somewhat limited. These problems
can be overcome by directly injecting the modulation
waveform at the error sensing or the inference point of
the stabilising element of a stabilised magnetron power
supply. It was decided to investigate this method of
modulation, a range of modulation frequencies and
functions have been used, with a view to the use of
EDLs for atomic fluorescance spectroscopy. Modulated
EDLs wvere not used for atonic absorption spectroscopy

as adequate modulation procedures are available for HCLs.

L,? ZExperimental

Apparatus

The experimental system used is shown diangrammatically
in Figure 36, The nmodulator used was a function generator
(Hewlett Packard, Model 3310A) copable of generating
various waveforms (triangular, square, sine, ramp or pulse)
et different frequencies (ﬁ % 10-4 Hz - 5 x 106 Ez) and

anplitude (0 - 35V peak tc peak), The modulation amplifier
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was a modified prototype modulation unit (ZEvans
Electroselenium Ltd., Helstead, Essex, U.K.) used as
a voltage amplifier. The microwave generator (Evans
Electroselenium Ltd,, Halstead, Essex, U,K, Model 245)
was current stabilised and modulation of the magnetron
output was effected by injeecting the modulation wave-
form at the error sensing point of the stabilising
element of the magnetron power supply. The EDLs were
operated in a Broida~type three quarter wave cavity
(Evans Electroselenium Ltd., Halstead, Essex, U.K.)
fitted with two capcitative tuning stubs. The detector
system consisted of a 1 m. grating spectrophotometer
(Optika Ltd., Walthemstow, London, U.K. Model 331/3000)
giving a reciprocal linear dispersion of ZOK/mm coupled
to a photomultiplier (E.M,I, Ltd., Hayes, Middlesex, U.K. Model
9592B) operated at 850V supplied by a stabilised power supply
(Brandenburg Litd., Thornton Heath, Surrey, U.K. Model 472R),
A slit width of 0,005 mm (0,18 spectral bandpass) was
used for all direcct source evaluations and a slit width
of 3,6 mm for all atomic fluorescence measurements.

The signal from the photomultiplier was amplified
by a low noise wide band preamplifier, a wide band
amplifier and a variable frequeacy, variable 'Q!', narrow
band amplifier (AIM Electronies Ltd., Cambridge, U.K.
Models LNA/133, ACA 123 and TFO 129 respectively). The

variable frequency, narrow band amplifier was used with
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a 'Q' setting of 100 which gave a bandpass (at the 6 db
points) of fo/100 Hz, vhere f_is the frequency of
maximum amplification of the narrow band amplifier and
also the frequency of modulation.

The amplified signal was detected by a phase
sensitive detector (ATM Electronics Ltd,, Cambridge, U.X.
Model PSD122A) which was phase-locked to the modulator.

A fuol rich premized air-acetylene flame was used
for all atomic fluorescence studies,

The method of preparation of the EDIs was similar to
that described in Chapter II, except that the lamp blanks
were baked at cazo 1000°C for ca. 12 h and purged using an
intense argon discharge for ca. 30 minutes prior to
preparation of lamp. The purging procedure greatly
increased the averapge lifetime of ths lamps and decreased
the long term drift by decreasing the rate of wall
discolouration. All lznmps were filled to a pressure

of between 3~4 torr of argon bhefore secaling.

4,4 Results and Discussion

(a) Depree of HModulation

The apparatus used in this investigation was
copable of producing a maximum percentage modulation of
the magnetron current of ca. 75%; unfortunately, at this
level there was a considerable amount of short term noise
(ca. & 8%) superimposed on the emitted radiation from the

nodulated EDL. This noise kvel decreased to below = 1%



when the current modulation was decreased to 63% or below
and hence this level of modulation was used because it

was capable of giving the greatest cmitted intensity
consistent with the low noisze. However, the percentage
modulation of the coupled microwave power was found to be
ca. 50% when the current modulation was 63%. This was
probably caused by a greater reflection of microwave pover
from the cavity at the modulation moximum than at the
modulation minimum,

(b) The Frequency and Function of the Modulation
Wavelength

The effect of the modulation frequency for several

different EDLs, viz. Cd, Hg, Zn, Sb, Se, As, and Pb, on the
intensity of emitted resonance lines was investigated.

All of the sources gave a uaximum modulated output at

a frequency of ca. 20,000 Hz (Figure 37). This maxirum
would probably have occurred at a higher frequency, but

for the drop off in modulation amplifier response which
conmences at about 18,000 Hz.

This investigation was repeated using various
waveforms, viz. triangular, sine, sqQuare, ramp and pulse,
and although for wach function the optimal frequency
occurred at ca. 20,000 Hz, ecach waveform gave a different
relative intensity of emission, see Table 4~1., TFor all
frequencies of operation the square waveform gave the
greatest intenzity of radiation and was used for all

further studies unless otherwise stated,
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St Figure 37
Plot of Frequency of Modulation
vsS. Radiation Intensity for a

2 . Fercury EDL (microwave power

k) Lo watts, measurements made at
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TABLE 4-1

Effect of various modulation waveforms on the
relative intensity of the resonnnce radiation from

a modulated EDL measured by phase sensitive
detection system.

Waveform used Relative Intensity

100 Hz | 1000 Hz 10,000 Hz

o—

pulse | 1.0 1.8
pulse ﬁ 13 | 0.7 1.3

square wave 346 7.0
sine wave 2.8 5.0
triangular wave 2.5 4,8

ramp "\ 2.4 4,8

ramp /\ . 205 ll'o 8

2.7

2,0
10.0
A7«2
7.0
6.9

7.0
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(e¢) Microwave Power

The amplitude of the a.,c. component of the
resonance atomic fluorescence intensity of a modulated
EDL (for a given percentage of modulation) is governed
by the gradient of the atomic fluorescence intensity
vs. microwave power curve obtained from an EDL operating
in the d.c¢, mode. A long (ca. 25 em) mercury EDL (155)
was chosen for the preliminary investigation of this
effect because the atomic fluorescence intensity vs.
microwave power curve for d.c. mode of operation showed
a mazimum, thus giving positive, negative and zero
gradient portions (Figure 37). When this source was
used in the a.c., mode, the atomic fluorescence intensity
vs., microwave power curve cbtained (Figure 39) was
completely different from that obtained in its d.c.
mode of operation (Figure 38). The atomic fluorescence
intensity measured by the phase sensitive detector system
(i.e. the amplitude of the a.c. radiation component) wvas
approximately proportional to the gradient of the atomic
fluorescence intenzity vs. microwave power curve for deco
operation (n.b. the negative output of the phase sensitive
detector indicates a phase shift of 180°). TFigure 40
ghows how a triangular modulation waveform produces an
2.c. comvonent of the emitted radiation from a modulated
EDL, If the EDL had been optimiped for d.c. operation
(i.es a microwave power setting of ca., 70-80 watts) and

then modulated, then no signal would be observed on the
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Figure 38

Plot of Atonmic Fluorescsnce
Intensity vs. Applied Microwave
Power for lercury (microwave
povwer d.c., Neasurements mnade
at 253.7 nm. ).
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Figure 39

Plot of Atomic Fluoxrescence
Intensity for Mercury vs.
Applied Microwave Power
(modulation frequency 18 KHz,

50% modulation, measurements .

made at 25307 nm.).
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phase sensitive detector for two reasons: {the amplitude
of the a.c., component of the radiation is very small

as a result of the shallow gradient and the frequency
of the a.c. component of the emitted radiation is twice
that of the modulation frequency (Figure 40).

The amplitude and the phase relatiounship of the
modulated radiation was compared with the modulated waveforn
by applying both the modulator and photomultiplier outputs
to the two input channels of a dpuble beam oscilloscope.
This was carried out for a triangular, sine and square
waveform with the mereury EDL at different microwave
power settings (Figare 41)., All three waveforms exhibited
frequency doubling at the optimal d.c. operating power
and a 180° phase shift at higher‘microwave powers
(Figure 41).

Thus, in order to find the optimal microwave operating
power for an EDL used in the a.c. mode, it is necessaxry to
measure experimentaelly the atomic fluorescence intensity vs.
microwave power behavioﬁr in the d.c. mode of operation.
The microwave power at which the maxinum gradient ocecurs
gives the optimal microwave power for the a.c., mode of
operation, In some instancee, when selfireversal causes
a drop in resonance line intensity, this maximum gradient
may occur at higher microwave powers than the optimal d.c.

operating power. However, as long as the detector system
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is capable of measuring a signal which has a consistent
phase shift of 1800, then this would be the optimal
operational microwave power level for the a.c. mode of
operation. This procedure was used for all EDLs
investigated.

(da) Optimal Operating Conditions

These conditions, for use in the a.c. mode of
operation, were experimentally determined for Cd, Hg,
Zn, Sb, Se, As, and Pb EDLs, see Table 4-2., A
comparison of tho noise'and drift of these sources
was then made when operated in the d.c., mode, in the
a.co mode with transformer coupled modulation and in
the a,c. mode with modulation injected at the error
gensing point of the stabilising element, see Table 4-2.
In every instance operation in the a.c. mode was found
to be superior with respect to noise and drift characteristics,
In addition, modulation of the stabilising circuit was
found to produce less noise and drift than transformer
coupled modulation, Whon operated in the a.c. mode,
the nean microwave power of operation was always less
than that used in the d.c. mode leading to an increased
lifetimes of the EDL. This caused a decreased rate of
attack of the EDL £ill material on the quartz walls of

the source envelope.



TABLE 4-2

Optimal Operating Conditions, Noise and Drift for EDLs used in ac and dec modes

Material Wavelength Optimunm Average peak to peak noisge Drift (percentage/hr)
(anm) power (watts) measured over 30 min., period
de ac de 3¢ mode ac node de ac mode ac mode
mode mode mode transformer stabilisation node transformer gtabilisation
nodulation modulation modulation modulation

Ccd 228.8 60 35 202 1.3 0.3 "306 -1¢2 "100

Hg 25307 38 25 2.5 2.6 005 : "406 -107 -1.2

Zn 21399 65 38 1.0 0.1" 004 -305 -1.7 162
Sb/I2 231.1 Lo 25 267 163 0.5 ~4,3 =165 ~1e2

Se 196‘1 38 25 301 106 007 "208 "'103 "'103
-_S/Ia 19307 ""1’0 28 1. 8 Oo7 OOI'l‘ "'205 "'009 +0.2
Pb/I2 283,3 50 30 3.0 1.7 0.9 ~5.8 =263 ~1.5

- gﬁL -
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4,5 Resistor Switched Modulation

Although modsulation of the stabilising eircuit of
the magnetron power supply has been found to be very
mtisfactory, it has two limitations: (i) a voltage
amplifier capable of giving an a.c. output of about
200 volts (peak to peak) is required; and (ii) as this
a.c. anplifier is by necessity a.c. coupled to the error
sensing point of the stabilising element, the modulation
can only be set about a mean power level, which limits
the powers between which the mognetron can be modulated,

To overcome these two problems, & new type of
nodulator was built (Figure 42)., This modulator contains
a variable resistor, simiiar to the power control resistor
in the magnetron anode circuit, which could be switched
1in!' or fout' of circuit by a transistor. When the
modulator resistor is 'out of circuit' the anode resistor
controls the modulation power minimum, and when it is
switched 'in circuit'! the modulation power maximum is
controlled by the modulator resistor. The rate of
switching of the resistor, i.e., the modulation frequency,
is controlled by the Hewlett Packard Oscillator used in
the previous modulation study. This sysfem was capable
of being modulated between any two levels within the
pover range of 15-100 watts, which gives & maximum percentage
of modulation of 85%. The system was only capable of

square wave modulation, but could be used at any mark
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Figure 42

Circuit Dinmgram of the Swiitched Resistor
Modulator (A - goes to positive side of
the magnetron power supply. B - goes to
the magnetron anode).
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space ratios, The maximum frequency‘of modulation to
vhich the transistor responded fully was 25,000 Hzj
however, this could easily be extended, if desired, by
using a different transistor.

The short term noise, drift and signal levels of
various EDL intensities produced by this form of
modulation were compared to those obtained from the
stabilisation modulation, see Table 4-=3, The short
term noise was found to be about 25% less, the drift
was about the same and the signal magnitude was about
30~80% higher than those obtained with stabilisetion

modulation.

L,A Conclusion

Modulation of the primary source results in less
noise and drift than thet obtained in d.c. operation,
Thrze methods of modulation have been investigated
(transformer coupled, stabilisation and switched resistor).
witch resistor modulation was found to be superior to
the two otker nmethods; it gave the lowest noise and
drift retes and the highest 2.Ce signal level,
Additionally, the switched resistor modulator was both
simple and cheap to construct and more versatile in
operation than the other two méthodsa

Generally modulated EDLs require less mean power
than those operating in the d.c, mode, which leads to

longer lamp lifetimes. Modulation allows the use of



TABLE 4-3

COMPARISON OF NOISE, DRIFT AND SIGNAL MAGNITUDES FOR SEVERAL EDLS USING BOTH STABILISATION AND SWITCHED RESISTOR MODULATION

EDL Stabilisation Modulation Switched Resistor Modulation
used Uoper Tover Noise Drift Sigasl Upper | Lower | Noise | Drift Signal
pover power % %/hr magnitude pover power % %/hx. Magnitude
(mod. peak) | (mod .- troughl watts watts
- watts watts
ca 50 20 0.k -1,0 4,2 56 15 0.3 -1.1 8.2
HG 35 16 0.6 ~-1.2 506 36 15 0.5 "1-3 6-1
Zn 51"' 22 Oal{’ -147 408 61 15 003 -105 801
Sb/Ia 36 16 0.5 “1.3 L. 6 38 15 0.5 -1.4 4,9
Se 35 ']6 oo? -103 L;'os 36 15 0-6 -104 502
AS/IZ 38 18 00"" +0.2 5.7 ’+1 15 005 =01 602
Pb/Ia 1"'3 17 009 -2.)2 603 l“6 15 007 "106 803

- L{-l[,.-

N.B, all modulation was at 10KHz -~ square wave
1:1 nmark space ratio (ie optimum conditions)
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lock-in, phase sensitive detection systems which are
capable of incressing the signal to noise ratio in
analytical measurcments. The optimum frequency of
modulation was found to be ca., 20,000 Hz using a
square waveform for both stabilisation and switched

- resistor modulation. Unfortunately, the transformer
coupled modulaticn was only able to operate at 50 or

100 Hz with a sine waveform.
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CHAPTER V

NOISE
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5,1 Introduction

The sensitivity of an instrument cannot be increased
ad infinitum simply by incressing the amplification of
the detection system, because superimposed on any signal
is a component call noise. Noise may be defined as
spurious signsal components occuring within the capability
of the measurment system (139). Thus the signal output
recorded on an analogue system can be viewed as a d.c.
voltage or current (the signal) on which an a.c. component
(the noise) is superimposed.

The limiting sample concentration, Cm, for any
instrumental technique, where the noise iz random and
free from readout drift, is usually defined for spectro-
chemical methods (158, 159, 160) as that saumple concentration,

Cm, which gives a signal to rms noise ratio, S/N, of

(8/M¢, = 32 N
Vi

for a confidience level of 99,7%

Where 3 corresponds to three standard deviations,\/z is
needed because the noise is the quadratic sum of the noise
on the background (or blank) signal and the noise on the
sample signal, and n is the number of pairs of sample =
background measuremnents.

The work in this thesis is mainly concerned with stomic

fluorescence, which is s luminescence process. The measured

photoanodic current from the photodetector, i, in ampofes,
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is given by:

i =+ Ne BM (2)
where N is the number of photons striking the photocathode
of the photomultiplier per second, e is the charge of an
electron, (1.6 % 10™ 12 coulombs) and BM is the overall
gain of the phototube, '

The measured resadout voltage (or signal), E; is given by

E = GRyi (3)
where RL is the load resistance, in ohms, connected to the
vphoto anode of the photo multiplier and G is the overall
voltage gain of the amplifier-readout system. Now the
number of photons striking the photocathode per second
is proportional to the intensity of the atomic fluorescence,
IF' The fluorescence intensity emitted in all directions,
Ip, is evaluated from (161)

I, = § 1, -eT) ()
where §F is the power efficiency, i.e. the ratio of the
radiant power emitted by the fluorescence to the radiant
power absorbed. I is the intensity of the radiation
incidient on the absorbing ssmple, L is the path length
over which absorption occurs, and k is the average'
absorptivity coefficient which includes the concentration
of the absorber.

Thus from equations (2), (3) and (4) it can be secen
that the mecasured signal (or readout voltage) is directly

proportional to the incidient intensity of the primary source,
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Thus, if the intensity of the primary source is increased,
which has been the object of the work in Chapters II, III
and IV, the signal will also increase. This increase in
signal produces an increase in the signal te noise ratio
for a given concentration of sample, and thus the limiting
detectable sample concentration is decreased, Another
way of inecreasing the signal to noige ratio for a given
sample concentration is to decrease the noise level, which

is the aim of the work in this chapter.

5.2 Types of noise found in spectrophotometric systems.,

A spectrophotometric system usually consists of the
following: & monochromator or filter to isolate the
radiation of interest, a pho*odetector (usually a photo-
mltiplier tube) to convert the optical signal to an
electrical signal, and an amplifier-recadout system to
amplify and display this electrical signal. In atonmic
fluorescence flame spectrophotometry, which is the main
consideration of this thesis, we have an excitation (primary)
source and a flame in addition to the measurcument system
described above. Every component part of the total
system is capable of producing noise, which may or may
not be a limiting factor in the final signal to noise
ratio. A brief description of the types of noises
produced in various parts of the spectrophotometric systen

is given below:-
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(a) lMonochromator: if a monochromator has a tendency

to drift from or about the wavelength at which it has been
set, variations (i.e. noise) in the signal level may be
produced. This drift may be due to thermal or mechanical
oscillations, however, as in atomic fluorescence the
monochromator slit widths and thus the spectral bandpass
are large, which minimises the contribution of this effect,

(b) Photomultiplier tube (PMP): when using a PMT

at very low light levels, two noises, namely shot and
Johnson noises, will generslly become significant. The
shot noise, Ns, is the random fluctuation of the electron
current from any emitting surface of a PMT,. This results
in a variational néise current superimposed on the PMT
current, The rms shot noise photoanodic current, in

amperes, is given by:

i, = v2e(i + id) Of BM (5)
where i is the photoanodiec current flowing through the FMI
due to light striking the photocathode, id is the dark
current due primarily to thermionic emission from the
photocathode, BM is the overall gain of the FMT, ¢ is the
charge of an electron, and Af is the frequency response

bandwidth of the amplifier-readout system. The shot noise

readout voltage, _, is given by:

N, = \/Ee(i + id) Af BM G2 RL2 (6)

The rms Johnson noige voliage, NJ, is a randonmly varying
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potentiel difference arising between the terminals
of a resistor caused by thermal agitation of electrons

within the resistor, and is given by:

NJ =

where T is the temperature of the load resistor in

VIKT R, G2 AL (7)

degrees Kelvin, and k is the Boltzmann constant.
Generally the Johnson noise is negligible at room
temperature compared with shot noise, thus it will be
neglected in any further discussion,

(¢) Primary source and flame: both the flame and

the primary excitation source produce noise, which is
caused by a flickering of the light output, This type

of noise has been §ariously called "flicker noise', "1/f
noise'", and ''current noise'l. Unlike Johnson and shot
noise, which are white (thﬁt ig, of equal amplitude at

all frequencies) 1/f noise shows an approximately 1/f
distribution, where f is the frequency of measurement (162).
The actual frequency distribution of 1/f noise is governed
by 1/f%, where the index n varies between 0.7 and 2.0 (163);
however, for most flames and light sources n approximates.
to unity and it will be taken to such in any further
discussion, Winefordner et ale. (%) have used a formula

for calculating the 1/f noise, N, which does not allow

for any variation of itz magnitude with frequency. It can
only be assumed, therefore, that they were considering the

system to be operating under d.c. or fixed frequency
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conditions, The formula they used was:
Ny = € igpVAT R @ (8)

wheré iS/F is the photoanodic current, in amperes, due
to radiation of intensity IS/F striking the photocathode
of the PMT,and'g (the flicker factor) is the rms
fluctuation in intensity, IS/F per unit of intensity,

IS/F’ per unit frequency response bandwidth, i.e.

£ =AIS//IS/F for a Af = 183z

But when ore allows for a variation of noise level
with frequency the flicker factor'% is repléced by F/f,
where F is the flicker constant and f is the frequency
of measurement. The flicker constant is a characteristic
of a flame or a source, and is independent of frequency.
The equation for 1/f noise now becomes:

Ny = T/fign VAT Ry G (9)
For the 1/f noise of a flame, iS/F is the photoanodic
current produced by the {lame background, whereas for the
1/f noise of a source iS/F is the photoanodic current
produced by the atomic fluorescence of the analyte.

(d) Amplifier-readout system: +{he amplifier-readout

total rms noise voltage, ﬂk, is made up of two independent
noises, one of which is a 1/f type noise and the other which
ig just a constant, CA’ vhich is inherent in any electronic
system. HA is given by

M= /(o (44 3@) VBT R, @2 4 G,%  (10)
£
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53 Noise in atomic fluorescence spectrometry

The specific types of noise present in any given
spectrochemical analysis depend on the apparatus used
and which method of analysis is employed.

Noise is important hoth in deternmining the precision
and the limit of detection of an analytical method. Our
main concern with this work has been the limit of detection,
where the S/N radio has been defined as being equal to
}/;K;E (approximately equal to 2 for six blank/signal
readings), Thus, the limit of detection of a given
analytical method is governed by the signal to noise
ratio measured at its limit of detection. The noises
that are important at the limit of detection of an AFS
method are usuaslly the shot noise produced by the {lame
background radiation and the 1/f noise of that flame
background; in comparison Johnson noise, monochromator
noise and amplifier noise are usually negligible.

At the limit of detection in AFS the photosznodic
current due to the flame background is of the order of

7 1

10" ¢ amperes. The flame flicker constant is about 10 s
the effective gain of a Pl is about 106, the dark current
of a PMT is about 10 2 amperes. Under these conditions,

the shot noise current iS is given by:

is = +2e BM Af (1 + id)

= /Z X 1.6 x 10°19 % 406 (10°7) BT
now assuming the measurement system to be s.c. with an
operating frequency of 100 Hz and an electrical bhandwidth

of 10 Hz.
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i % 5,5 x 10”10 amperes.

The flame 1/f noise current if is given by:

ip = _rrfj ivat
—:}-9; 10~7 /70
= 3,2 x 10~ 10 amperes.

Thus the 1/f and the shot noise are about the same
magnitude; however, for flames with higher backgrounds
the 1/f noise will be larger than the shot noise, while
for flames with smaller backgrounds, the shot noise will
be larger than the 1/f noise.

It was decided to investigalte some noise parameters
using the tuned amplifier/phase locked system described
i:. Chapter IV.

The bandwidth of the tuned amplifier is controlled
by a 'Q' control; now the bendwidth depends on both the
operating frequency and the 'Q' setting of the tuned
anplifier, i.e. |

Af = £/9 (11)
Substituting this in the equations for shot and 1/f noise

we get:

N \/2: BM (i + id) @2 RLE £/9  (12)

8

and

Nf _'ri:_ i RLG/f7Q

FiR G (13)
VET)
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As both these noises are independent of each other, the

total noise NT is found by:

Ny = ‘KNS)2 + ()2 (14)
which gives:
N, = RG V26 BM (i + id)f + F2i2  (15)
— T

VR

From this equation it can be seen that the total noise

of the system should be proporticnal to 1/\/§ or that
the signal to noise ratio equals K/§, where K is a
propotionality constant. To check this derivation

a 0.005 ppm Cd solution was nebulised into an air/propane
flame and irradiated with a cadmium EDL modulated at
10KHz (as described in Chapter IV, Signal to noise
ratios of the atomic fluorescence produced wWere

measured at different 'Q' settings; the results are
given in Table 5-1

TABLE 5-1

Voriation of S/N for different amplifier Q!
settinsgs - for the atomic fluorescence of Cd

Q! value S8/N of Cd AF X = 8/N//Q
10 ’ 5.23 . ' 1066 .
32.8 9.5 1,66
330 28.5 1,65




The results of this experiment confirmed that the
signal to noise ratio is directly proportional towﬁi,
within experimental error, Thus for this type of
a.c. systen we can obtain the best signal to noise
ratios, and thereby the loweet limit of detection,
by using the highest 'Q' value available to us.
Unfortunately, with very high values of 'Q' it is
difficult to keep the tunnble amplifier at the same
frequency as that of the modulation, which can result
in signal amplitude variation (frequency drift noise).
As the equation for total noise has now frequency
terms in it, it should be theoretically possible to
obtain the frequency at which the noise is at 2
minimum by differentiating it with respect to the
frequency and solving for the minima. If we
differentiate equation 15 with respzct to the frequency
wve get: .
dp = RyG (Ze BM (i + 3d)f + Fi)-%. -;-(2e BM (i + id).-Faia) (16)
T = T2
Ve
now at a maxima or minima dlip/df = O; when we let

dNT/df = 0 and solve for f we get two solutions:

2¢ BM (i 4+ dd)f + Fi/f = O (17)
and 2¢ BM (i + id) —F=i® - 0 (18)
>

iy
The firet solution gives us o mexima or minima at
a negative frequency wvhich has no meaning in this

particular case.
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The second solution gives us:

f = Fi (19)
V2e BY (i + id)

From the original equation for NT it can be seen by
inspection that as £ —» O the 1/f noise term increases
rapidly, and as f => o the shot noise term increases
rapidly, thus a solution for f that falls between £ = O
and £ = o 1s likely to be a minima,

Now when using flames that a;re norrally used for
AFS i (the photoanodic current produced by the flame
background) is approximately onc hundred times as
large as id ('10'-7 amperes compared Lo ']0'-9 snperes)s
thus id can be neglected in this equation for f,

vhich gives us:

f = FR/A (20)

2¢ BH
now the current i = Ne BM (see equation 2, Chapter V)

which, when substituted in equation 20,gives:

f = EM (21
Ve

Now, if the flame background gives us a current of '10-'7

anperes then:

H=_4i_ (22)
eBM
= 10~/ X_,],\ ! 6 == 600,000 counts/sec.
1.6 = 10 7z 10

Earlier we have taken F (the flame flicker constant)

to be approximately 1/10, now substituting these values into
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the equation for f min we got:

fmin = 1/10 x /600,000 == 55 Hg
V2 -

To see if equation 21, for the frequency of minimum
noise, had any practical implications an air/propane
premixzed flame was placed in front of the monochromator
slit and the noise produced by this flame at various
frequencies was measured using the a.c. system described
in Chapter IV, This was repeated at seversl different
s1it widths (in each case the d.c. photoanodic current
was measured) so that we now have the actual frequency
of minimum noise for vazbus~intensities (i.e. photoanodic
currents), see Table 5-2. Before any calculations of
f min could be carried out, it was necessary to measure
the flicker constant of this flame. To do this the
flame was placed in front of the monochromator with the
slits wide open to minimise the shot noige contributiong
a 100 Hz chopper was placed between the entrance slit and
the flame so that the signal intensity could be measured.
The chopper was then removed and the noise level at
this frequency was nmeasured, The amplifier was tuned
to 100 Hz for both the measurements, The signal level
was found to be 1150 arbitrary units and the peak to pesk
noise 3,6 arbitrary unitse The bandwidth of the tunable
amplifier during this measurcment was 10 Hz (i.e. a 'Q' of
10)s Normally the rms noise is found by dividing the peak
to peak noise by five; however, the phase sensitive

detector eoffectively docs this itself. ¥Yor the flicker
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factor ﬁ to be calculated the measured noise must be
corrected for the electrical bandwidth of the measure-
ment system, by dividing the noise by the muare root

of the bandwidth,
)

Now € = rms noise/unit bandwidth
signol
= 3.64/10 = 0,001 per Hz

1150

Now the flicker constant

F = ’% f (where f = the frequency that £ vias
measured at).
SoF = 0,001z 10° = 0.1

For the PNT used in this experiment BM =¥ 106,

thus as we now have values for the flame background
current, the flicker constant and the effective gain
of the photomultiplier, we calculated the theoretical
volues of f min using formlas 22 and 21, These
calculated values of f min were then compared with the
observed values, sce Table 5-2. Surprisingly the

two values natched fairly closely.

TABLE 5-2

Comparison of observed and calculated values
o3 tho freguency for minimum noise of an
pir/propane flane at various P current levels

D.C. PMT Cal. freguency of Obs. frequency of
current ampse. nin. noise Hgzp mine. noisec Hz
T 16,8 22
1077 5k il
T 168 190
1072 540 480
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Thus the frequency at which the total noise in an
atomic fluorescence flame spectrometry system is at a
minirum varies with the magnitude of the photoanodic
current produced by the flame background. However, as
stated earlier, the background current is usually
10_7 - 'IO_6 amps (depending on the type of flame and the
instrumental slit width used), which gives an optimum
frequency of between 50 end 170 Hz. This frequency would
be the best frequency to use only if the output of the
primary source is not frequency dependent, - Such behaviour
is obtained when the primary source is mechanically chopped.
But as mechanical chopping of the primary source produces
several problems (see Chapter IV), we use electronic
modulation of the source, This type of source modulation
produces a signal that is frequency dependent (see Figure 36).
To enable us to find the best frequency of modulation (i.e.
that frequency which gives the best signal to noise ratio at
or near the limit of detection), the signal to noise ratios
were measured at different EDL modulation frequencies for
the atomic fluorescence signal produced by a 0,005 ppm
solution of Cadmium vhen it was sprayed into an air/propane
premixed flame and irradiated with a Cadmium EDL,. The
largest signal to noise ratio was found to occur at 10 KHz,
(see Figure 43), Thieg optimum frequency was different from

that obtained for the intensity of the radiation emitted
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log £
Figure 43

Plot of Signal to Noise vs.
Frequency of Modulation of

o Cadmium LDL usged in the
Atonic Fluorescence of Cadmiun,
(0.005 pprn solution)
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by a modulated EDL (20 KHz) and different from the
frequency of minimum noise (50-170 Hz)., However, the
atomic fluorescence optimum frequency lies between the
other two optimum frequencies, as would be expected,

This frequency optimisation for atomic fluorescence
neasurements was repeated for other elements (As, Sb, Hg,
Zn and Mn) and in all cases the optimum frequency was
found to be between 9 and 10 Kiiz.

Now that the a.c., system for measuring atomic
fluorescence flame spectrometry has been optimised (at
a frequency of 10 Kilz, with square wave modulation, and
es high a 'Q! satting on the tunable amplifier as is
possible without getting frequency drift, i.e. = 250),
the limits of detection obtained from a d.c. system and
the optimis=d a.c, system were compered for several
elements,. In every case the a.c. system gave the lower
limits of detection usually by about an order of
magnitude over the d.c. system (see Table 5-3). The
advontage of the a.c. system was greatest for those
elements that fluoresced at the longer wavelengths
(i.e. In, T1 and Ga); this was probably due to the
higher flame background intensity and thus the higher

noise levels at these wavelengths.
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TABLE 5-3

A comparison of the limits of detection obtained

for the atomic fluorescence of various clenents

using an a.c. and a d.c. system of detection

Elenent Wavelength of limit of limit of
neaswzment nn detection detection
dece. system ppm 8.Ce SYstem ppm
ca 228,38 0,0002 0.0000%
Zn 213.9 0.0003 0. 00004
Hg 253.7 0.1 0.011
T1 377.6 0,04 0,002
In 410.5 8.0 0.3
Ga k17.2 10 0.6

5.4 Conclusion

The optimim operating frequency for measurement of

atomic fluorescence in flames with an a.c. system has been

found to be 10 KHz.

The tuned a.c. amplifier should heve

25 narrow a bandpass as possible, which is consistent with

being able to keep the detection frequency the same as the

modulation frequency.

The a.c. system has been found to

be superior to the d.c. system of measurement for atomic

fiuorescence flame spectrometry for all eclements investigated.
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