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9
below 300 nnm. The wavelength limitation ie due to the use of the
Hamamatsu R 166 solar blind photomultiplier tube which has its peak
response between 200 and 300 nm. This tube is used to improve |
signal-to-noise ratios because its low responsec in the visible
region reduces flame noise originating above 300 nm. Hulti-
channel systems have also becn built for atomic absorption
neasurenents 6?7 These instruments use either resonance mono-
chromators 67,6 9and/ or selective modulation techniques 7rather

~V’Chan an optical monochromator. The absorption and fluorescence
multichannel instruments have all used hollow cathode lamps in
one form or other although some non-dispersive fluorescence instru-
ments have employed single or multi-element electrodeless discharge
lamps (A further discussion concerning multielement analysis is
given in Chapter Six).

Non flame devices are rapidly becoming accepted as atom
cells which are convenient alternatives to the flame.  Among

e - gy 95

these devices are the carbon rod Massmann furnace

96,97 98~100 101

L'vov furnace y tantalum strip , platinum loop ,

] . ) 102~-106
various other variations of the heated graphite rod or tube

; . 107,108 ] ) -
hollow cathode excitation , and various special methods for

particular elemeﬂ%%?-ﬁ1%Zrkﬁright1()2as reviewed the application

of non-flame atom cells in atomic absorption and atomic fluorescence
spectroscopy. Aldous et af describe a computer-controlled
instrument for the measurement of transient atom populations such
as those produced by non-flamec atomization systems. The
development of non-flame atom cells has shown them to possess
capabilities complementary to those of flame cells, 'High

absolute sensitivity is attainable which permits very small solid

or liguid samples to be cexamined by atomic absorption and

fluorescence. The low background emission obtainable in non-
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2.2.3. The signal-to-noisz ratio

If analytical cxpressions for ip (equation 1) and
Ziit (equation 6) could be obtained, then the optimal value of
any experimental parameter could be found. No theoretical
analytical expressions are ‘mown for source and flame flicker
noise. Therefore it is not possible to predict theoretically
the conditions for maximisation of SNR without first having to
estimate the magnitude of a large number of parameters. However
somte calculations of this nature have been repgx%:’e1d1 15114-116,113
The effect of each important experimental parameté} on
the SNR is usually determinea empirically. This optimisation
of parameters was the main object of the work presented in this

chapter (Section 2.3.).

2.2.4, Detection Limit

The precision of analytical flame fluorescence measure-
ments is limited by random noisé particularly when reasuring
signals near the limit of detection. Statistical methods may
be used to evaluate the effect of random noisc on analytical
precision in the following ways:

A Standard deviation

The rms noise CT; is the standard deviation of the
difference betwern the two noisy signals i_ (sample) and iy
(blank) where § is the analytical signal: S = il - ibu

0, can be shown to be:
a3

N 2 . 2 -
= /' \ z
Os = (Als /I\Is+Alb /Hb) 7)
where A is and Z&ib are the rms noises on the two signals and NS

and Nb are the number of measurements of is and ib respectively.

Normally Ns = Nb = N, and therefore

5e (A1 2 A dym|? (8)
S = ls + lb /1\ &)
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B Relative standard deviation

The Relative Standard Deviation, RSD, of a series of
successive readings of S is given by:

RSD = 100 Oc (9)
S

For large sample concentrations is:é;>ib also, in atomic fluor-
escence, the most important sources of noise increase in amplitude
with the analytical signal and thusZ§ i;ji) Z;ib at large sample

concentrations, therefore:

RSD = 10043
e (10)
At low sample concentrations is¢¥ i

therefore:

RSD = 100 :/2 L i = 44 Zi (11)
R n o

The smallest analytical signal, 84 that can be measured with a
given maximum RSD can be found from equation (9) or it two

special cases (equations 10 and 11):

g = 100 [(Zisa * Ziba)/N] Z (12)
RSD

. . PR
' .- TS

C Detection Limit

-

The smallest detectable signal that can be measured with
a given level of confidence is derived from small sample statistical
theory by the use of the 'student t' statistic. This statistic
is defined as the ratio of the smallest detectable difference

between two means to the standard deviation of those differences, i.e.

(13)

where Sm is the minimum detectable S. The value of t is
available in tables and is a function of the number of degrees

of freedom (equal to 2N~ 2) and the required confidence level.
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Combining equations 8 and 13 then:

_ _ T2 R 2vE
Sm"t(fs"t(aj‘s +Alb) 1)

[NE

N

3 . a . N 3 Y - =*. . - ry

In general S is small so that i & i, and A i A =4y
so that

s =f2td |
e (15)
The sample concentration giving a signal equal to Sm is called
the Detection limit.

Once the various experimental parameters have been
optimized the limiting detectable atomic concentration cen be estimated
theoretically11'%y combining equations (14) and (1). Equation 2
will give the sample concentration at the limit of detection.

A confidence level of 99.5% and a value of N of 6 results
in a signal-to-noise ratio of 2 at the detection limitJl o
This was the experimental criterion most used in this thesis. The
criterion of that concentration which corresponds to twice the
standard deviation on a measurement near the detection limit was
found experimentally to give equivalent results (see chapter
five section 5.4.2.)

2.2.5. Analytical Curves

The practice of analytical atomic spectroscopy relies
entirely on obtaining experimentel curves of analytical signal vs
clement concentration or dg (signal) vs Xg (concentration) using
standard samples. From these analytical curves the concentrations
of unknown samples arc interpolated. It is clear that the same
parameters which have been discussed in section 2.2.1. also govern
the shape of analytical curves. The lack of detailad theoretical
expressions concerning a number of these parameters restriczts the
prediction of the shape of analytical curves to a semiquantitative

21 s
level. Svoboda, Browner and Winefordnerj give a definitive
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treatment of the theoretical prediction ¢f the shapes of analytical
airves. There are a number of other publications on the same
subject122-h12§, In this thesis the theoretical basis of the
shape of analytical curves is summarised in appendix I.
Referring to equation (2), if the aspiration efficiency ;

and the atomization efficiency f? do not vary with sample
concentration, Co, No will vary directly with Co. 1In that case
the experimental amalytical curve should be the samc shape as
the theoretical curve shown in Fig. A1.1 (appendix I). Unfor£unately
; S decreases significantly both at very low concentrations (because
of changes in degree of ionization) and at high concentrations
(because of reduced solution transport rate, increased solute
vaporization interference and decreased aspirator yield°>

-r

2.5, Optimisation of experimental parameters that affect the atomic

fluorescence signal-to-noise ratio at the readout

The signal-to-noise ratio theory highlights the important
experimental parameters that can be optimised in order that atomic
fluorescence measurements can be made with maximal precision
and sensitivity. The detected signal can be optimised by
a) maximising the source radiance incident on the flame;

b) choosing optimal flame parameters to minimise quenching and
meximise the atomic population in the flame; c) maximising
fluorescence radiance collected by the detectlon system. The
noise at the instrument readout can be reduced by minimising

a) source intensity flicker variations and b) flame flicker and
by employing signal processing technigues that will distinguish
between the wanted signal and the noise, i.e. sophisticated elect-
ronics need to he considered. All these considerations are

discussed here under four main headings: 2.3.1. Signal Processing
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blank signal. A 10KJIlvariable resistor was incorporated

150,151

into the zero control circuit to enable this 'backing

off' to be effectively carried out at high P.M. voltages.

However this solution to the problem, whilst enabling measurements
to be made at high P.M. gains, was not satisfactory because any
drift in the d.c. background would give drift in the wanted

output thus leading to decreased measurement precision and inferior
detection limits. More sophisticated signal processing techniques
were necessary to overcone these problems.

The only real alterﬁative was to build a lock~-in amplifier
to the design by Caplan and Sterriugo The other alternatives
(Photon counting, signal averaging, etc.) were far too expensive
to consider. Particularly attractive features of the Caplan and
Stern design were that such an amplifier was inexpensive to
build (7~ £100) and could be tuned to any signal frequency from
doén to 5 MHz. This latter facility gives the investigator the
option on a modulation frequency which avoids the regions of the
frequency spectrum where most flame noise is found. HMHoreover
a lock-in amplifier is specifically designed to give an output

due only to a.c. signals at the input which are a result of

the frequency of modulation. Backgrcind d.c. signals are blocked
conpletely and a.c. noise signals can be cffectively filtered
to reduce their magnitude.

A discussion is given here concerning amplifiers,
electrical bandwidth, filtering and narrow-band, tuned amplifiers.
These subjects are integral with the qualitative understanding
of the operation of a lock-in amplifier.

A D.C. Amplifiers

An amplifier can be represented (Tig. 2.3a) by a triangle

with an input and an output. All amplifiers as such will amplify
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any signal whether a.c. or d.c. A d.c. signal would be the
emission of resonance radiation by a thermally or radiationally
excited atomic population in a flame or the absorption signal
in a flame observed when mrnitoring the output from a d.c.
operated hollow cathode lamp. With a d.c. amplifier the d.c.
signal would be fed into the input, amplified and the d.c.
output fed to a readout device such as a meter or potentiometric
recorder. However, there are two problems. Firstly, there is
drift due to low frequency variations in the output which are a
result of slow change in the flame conditions (usually caused
by temperature variations) and temperature dependent drifts in
the electronics, monochromator etc. Secondly there is noise
the sources of which have been discussed in section 2.2.2. Thus
a d.c. amplifier gives a signal associated with drift and noise.
Normally the output of the amplifier is filtered to remove a.c.
noise components.

Consider the resistance-capacitance (R.C.) combinations
shown in Fig. 2.3b. For the low pass filter, e ut? the voltage
across the'capacitor, decrcases as the frequency increases

i.e. only low frequencies are passed. It can be shown that the

upper cut-off frequency fupper is given by:
f = 1 (16)
UPPCT  TRRT

This is simply the frequency at which the capacitors impedemce
(i.e. a.c. resistance) is equal to R. Low pass filters are
used to filter out a.c. noise components. The degree to which
. the output low-pass filter attenuates a.c. signals is a function
of the time constant T = RC (secs.) calculated in ohms x farads.
The significance of the time constant is discussed later in
relation to the output low pass filter used with the lock-in

amplifier (section 2.3.1. C).
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For the high pass filter (Fig. 2.3b} the voltage across
the resistor decreascs as frequency decreases. This is because
as the frequency decreaées, the capacitors impedance increases
and the fraction of ©in found across R decreases. Therefore,
only high frequency signals will pass unattenuated. Again, when
the impedance of C = R this 1s the lower cut off frequency and

= 1 (17)
2nRC

Hence with a high pass filter any d.c. component in the signal

flower

will not be passed by C and thus will not appear across R.
This type of filter is used in a.c. tuned amplifiers.

B Noise, modulation and a.c. tuned amplifiers

With a D.C. amplifier it is difficult to have more than
one amplification stage because one stage would simply amplify
the drift of the previous stage. An improvement in this situation
can be brought zbout by coupling the amplifier to the photo-
multiplier tube (P.M.) via a capacitor (Fig. 2.3c). D.C. signals
and drift signals are thus prevented from entering the amplifier.
However the wanted signal must now be converted into an a.c.
signal in order to pass the capacitor and be amplified. '~ This is
done by modulating the light producing the signal or by modulating
the incoming d.c. signal. In atomic absorption and atomic
fluorescence the former method is used (chopping of the source
radiation )while in flame emission the latter method is employed
(chopping the radiation coming from the flame or electronically
chopping the d.c. signal at the P.M. output). bThis type of
amplifier is called an a.c. coupled amplifier. Normally the
output of the amplifier being a.c. is rectified, i.e. converted
back to d.c., and filtered to remove noise components.

Thus with an a.c. amplifier one can obtain a d.c.

output proportional to the input voltage or current whether it

. . .
DI P
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is initially a.c. or d.c., the lattor being subsequently chopped
to produce an a.c. signal. The anode current from the P.M.

8.C. or d.c., will develop a voltage, a.c. or d.c. across the

P.M. load resistor Rp (Fig. 2.3d). If the signal is a.c. it
will pass the capacitor, if it is d.c. it has to be electronically
chopped before the capacitor. The a.c. signal is then amplified
and the output voltage is measured across the amplifier load
resistor RL' (Fig. 2.3d).

The amplifier represented by the triangle in Fig. 2.3d
could be any operational amplifier which uses valves, transistors
or an integrated circuit*. The main requirements for amplifiers
are gain stability and low nolse. The amplification of valves
and transistors is not stable with age or environment (e.g.
temperature). Gain stability is obtained by the use of feedback.
With feedback the gain of a particular amplification stage is
lowered and the loss in gain pays for the stability. The
feedback concerned here is called negative feedback and consists
in feeding part of the signal from the output back to the input
through the resistor R2 in Fig. 2.3e. Operational amplifiers
and integrated circuit amplifiers are usually differential amplifiers
with two inputs (marked + and - in Fig. 2.3%e, the non-inverting and
inverting input respectively). The term differential indicates

that the amplifier amplifies the difference between the voltages

* The properties of semiconductors make it possible to produce an
entire electronic circuit within one single crystal. Such an
integrated circuit miniaturizes electronic networks and also reduces
the number of individual components in complex electronic circuits.
This is so because an entire integrated circuit can contain the
equivalent of tens or hundreds of tramsistors, resistors and

capacitors but still represents only one component.
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Looking at this figure, firstly it is clear why d.c. measurements
are to be avoided whenever flame noise dominates other noise,
such as photomultiplier shot noise and electronic noise. Most
of the flicker noise is concentrated at the low frequency end
of the plot i.e. around d.c. Secondly,.by modulating the source
radiation the signal channel can be shifted tc any favéurable
position in the frequency spectrum. For instance the band of
frequencies at II ( A100 Hz) in the 1/f plot is obviously in
a more favourable position than I as far as SNR is concerned.
However if modulation was carried out at 100 Hz and the a.c.
amplifier responded to a wide band of frequencies, noise would
still appear at the readout. The response of the amplifier,
ideally, must be reduced at all frequencies except the signal
frequency. The frequency response bandwidth, A f, of the amplifier
mst be made less wide.

The two types of filter discussed in section 2.%.1. (&)
can be put into the feedback loop of an a.c. amplifier such
that the amplifiers response is modified. The filters when
combined have a maximum impedance at a particular frequency, fo°
Thus, in effect, the resistor R, (Fig. 2.3e) has a high value at
a particular frequency, thus giving less feedback and therefore
more gain. At other frequencies the resistor R2 has a low
value, giving more feedback and less gain. Thus a fairly sharply

tuned a.c. amplifier is obtained which responds to a narrow

band of frequencies around fo (i.c. bandwidth,Af is small).

It is possible to make tuned a.c. amplifiers with several

stages end with a A f of only a few Hertz. However any slight
drift in the signal frequency (i.e. the modulation frequency

in flame spectroscopy) will cause a serious change in the signal

level. There is therefore a limit to how narrow one can make Af.
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C The lock-in amplifier

Figure 2.4 is a block diagram based on the various parts
of the lock-in amplifier which was built during this work.
This home made amplifier, based on the design by Caplan and Ste:r‘n“l'2
uses integrated circuits throughout the circuit except in the
phase sensitive detector.

The signal, taken from the output of a preamplifier
(which converts the anode current from the photomultiplier to
a voltage at an acceptablc level for the lock-in amplifier -
see later) is amplified initially by a d.c. coupled input
amplifier. The signal is then fed into a low pass filter and then
a high pass filter the combination of which constitutes a
tuned a.c. amplifier. Lock-in amplifiers in general may or
mzay not be tuned before the phase-detection stage but it is
usually desirable to eliminate much of the noise at frequencies
far removed from the chopping frequency. These low and:high
pass filters are each incorporated into the feedback loop of an
integrated circuit operational amplifier and therefore the filtering
effect is associated with a certain amount of gain (see section
2.3.1.B and equation 21). After passing through a further
amplification stage, the filter output amplifier, the signal is
then fed into the phase-sensitive detector, p.s.d. (variously
called a mixer, synchronoug detector, chopper etc.).

The reference signal, derived from the source power
supply (or mechanical chopper) can be of any waveform provided
that it has two zero crossing points per cycle. The phase of
the reference can be adjusted to that of the signal by means of
the phase shift control. This is necessary if there is anything
causing a prase shift in the signal somewhere before the p.s.d.
The output from the reference and prhase-shifting circuits

.o
N tye et e e
CLLIANLE
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consists of two squarc waves. The firsf output is 180° out

of phase with the input while the second output is in phase

with the input. These two complementary reference outputs

are then fed into the p.s.d. where they switch complementary
half-wave portions of the detected signal via two sets of chopper
switches. The resulting two chopper outputs are then applied

to the differential inputs of the.output amplifier (differential
low;pass filter) which then acts as a half-wave rectifier*° When
the signal and reference are in phase the output is a mean direct
voltage proportional to the amplitude of the signal voltage.

When the signal and reference are in antiphase the d.c. output

is reversed. When the signal and reference are in quadrature the
mean output is zero (Fig. 2.5). These results may be

summarised by:

Vot = Vs cos X (20)

where Vou is the average output voltage, Vs is the signal

t
voltage ando<is the phase angle between the signal and reference.
A.C. ssynchronouy signals are not rectified by the output
amplifier. The signal is then fed into some readout device

such as a potentiometric recorder.

The output amplifier as well as acting as the rectifier

*The difference between the complementary half-wave portions of
the signal is amplified. The inverting input in fact gives an
output which is 180° out of phase with its input while the non-
inverting input does not change the phase of the signal. As the
two inputs are already 180° out of phase with each other the

net result is a rectified signal.
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also has a low pass filter in its feedback loop which attenuates
the a.c. asynchronous signals.

The degree to which the output low-pass filter attsnuates
a.c. asynchronous signals depends on the time constant of the
filter and the output resistance of the amplifier. Vhen an
R.C. filter is on the negative feedback loop of a high gain

. o : C 147,152
operational amplifier the output of the filter is given by

v
Vde .y = =1 v, dt. (21)
RC n
°
where Vout is the net output d.c. voltage after application of

the in phase signals (V. ) from the p.s.d. for t with the

in sec
time constant T = RC calculated in ohms x farads. The time
constant thus determines the net gain of the filter. The signal
bandwidth of the operational amplifier with an RC filter in
the feedback loop is the same as the simple R.C. low pass filter

(Fig. 2.3b) i.e. where T = (equation 16). This
¢ - UPPST SmRC 1

value is a result of defininé152 the bandwidth, 4 f, as equal to
that sinusoidal frequency at which the circuits response is

1/:/2 of its maximum value (A4 f and fupper are therefore the same
value). However consider a white noise source generating a
noisé voltage per unit bandwidth which gives an rms voltage at

the output of the filter and refer to equation 6.

It can be seen that to find the noise output of the RC filter,

the square of the noise voltage nust be integrated over the

range of frequencies of interest. The result152is an equivalent

noise bandwidth of:

f = 1 (22)
upper g

This is significantly different from the signal bandwidth _1 .
27RC

It actually corresponds to a wider bandwidth which is why /A f
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appears in the equations for shot and Johnson noise. This
arguménf is true for white noise. I¥ the noise is not white,
the relation between noise and bandwidth is different but in
general reducing £ £ reduces the noise at the output.

Not only is the bandwidth of the system determined by
the time constant but also the response time is affected. The
response time TR is defined as the time it takes for the output

signal to reach 99% of its final value. It maybe shown that

Ty, = L 6RC (23)

Combining equations (22 and (23):

T, = 1.15 1 (24)
RTAT ¥ ar

If the electrical bandwidth is reduced in an attempt to reduce
random noise the response time increases (equation 24).

~ Unfortunately not only does this extra time required cause
difficulties but aiso the trade of time for noise is not linear.
The noise only décreases as the (time)% a consequence of equivalent
noise bandwidth. (i.e. equations (3) to (5) where the

magnitude of the various noise sources are proportional to the
square root of the bandwidth). To illustrate this point consider
that going from a time constant of 1 second to one of 100 seconds
narrows Af by a factor of 100, but this only decreases the noise
by (100)%i°e° 10. Thus it is necessary to wait 100 times

larger to improve this signal-to-noise ratio by a factor of 10.
Moreover the increase in response time will introduce errors

and inconveniences which effectively limit the extent by which

Ar may be profitably reduced. These difficulties are outlined
below:

(1) Analysis time - the cxtra time necessary for the amplifier

to give a readout becomes inconvenient when carrying out multiple
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readings such as statistical checks on a large number of samples
and standards.

(2) Sample consumption - A longer analysis time will mean
more sample solution consumed which may be a disadvantage for
some applications.

(3) Drift Errors - Instrumental drifts resulting from source
spectral radiance drift, amplifier drift etc. have a greater
effect on analytical accuracy the longer it takes to complete
a measurement.

(4) Spectrum-scanning - For recording line spectra, the mono-
chromator scan speed r(non sec™ 1) should be approximatel§7

= FaY
r<% S (Af) (25)

where S is the spectral bandpass of the monochromator. In the
present work S was 0.25 nm and in fact a scan speed of 0.03 nm sec-1
was used routinely whereas the optimum should have been %% .008 nm
sec | (Af = 0.032 sec-1)° However the Jarrell-Ash monochromator
is capable of a scan speed of 0,003 nm sec"1 if greater scan
accuracy is required.

The ideal lock~in amplifier is inherently linear, the
main result of this being that unwanted signals are a.c. and
consequently give random fluctuations about the d.c. level given
by the wented signal. By contrast the noise passed by a tuned
amplifier into a conventional polarity sensitive rectifier gives
an a.c. output superimposed on a d.c. offset. This d.c. output
is an error which depends in magnitude upon the mean valuc of
the noise and is subject to changes which do not depend on the
signal level.

D PBuilding of the lock-in amplifier

The basic principles of the lock-in amplifier circuit

‘have already been outlined in section 2.3.1.C. The circuit
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was taken from the design by Caplan and Stern . This design
was specifically titled 'An Inexpensive Lock-In Amplifier' and
so it has proved to be. All the components were inexpensive
although it was necessary to build a twin power supply (£17)

to power the amplifier. The total cost of the electronics
(including the preamplifier) was less than £100. The design
for the power supply was taken from the R.S. Components Lfda
catalogueg{ and R.S. voltage regulatorswere used.

Two relatively minor modifications were made to the
lock~in amplifier circuitry. Tirstly a modification to the input
amplifier. This amplifier as designed had too low an input
impedance to be compatible with the photomultiplier tube or the
preamplifier whichvwas subsequently built. Secondly a new output
amplifier (differential low-pass filter) was.built to be used as
supplementary to the design output amplifier. This new differential
low~pass filter was temperature stabilised to give minimum
drift with ambient temperature, thus permitting longer time
constants to be used at the output.

The main problem encountered during the building of the
lock-in amplifier was with high frequency oscillation caused by
instability of the integrated circuit operational amplifiers.
(This is a common problem with such amplifiers and there are
standard remedies based usually on trial and error with different

153,

values of circuit components . In this section the circuitry
in its final form is reproduced in sections as the description
of its features continues. Any diffcrences between the Caplan
and Stern design and this circuitry are pointed out where
necessary. The preamplifier, described below, was not part of

the original design but was nccessary to match the lock-in

amplifier to the photomultiplier tube.

The relevant part of the catalogue is given in appendix 3



34

The power supply

The lock-in amplifier requires a twin d.c. power supply
giving ~7.5 volts and +14.5 volts. A power supply for use in
solid state electronics usually has to be stabilised (regulated)
i.e. any variations in the value of the voltage given say by a
transformer-rectifier arrangement is compensated for by some
sort of regulation circuitry to give a constant output voltage
which varies by less than about I 4nv in say 7.5 volts. Variations
which are not compensated fcr by regulation would show themsclves
as noise at the output of the amplifier.

Integrated circuit operational amplifiers are frequently
used as reference amplifiers in voltage regulated power supplies.
The purpose of the amplifier is to isolate the voltage reference
(a zener or temperature compensated reference diode) from changes
in loading at the supply output. Figure 2.6 is a typical example
of a small voltage regulator circuit. (The amplifier in this
exarple is an SN72741 monolithic integrated circuit operational
amplifier. This is the same integrated circuit as used in the
preamplifier, described later, and the output amplifier of
the lock-in amplifier.) Because of the high gain of the SN72741
amplifier the voltage applied to the inverting input from the
output voltage divider (R,, Rsand Rq) is always nmaintained to
within a few millivolts of the reference voltage provided by
the zener diode an The output voltage can be adjusted by
changing the division ratio of the divider. The transistor
(BFYS64A is a typical example) provides the power necessary to
give the output of 0-100 mi.

Because of the large number of components in the lock-in

amplifier rather more power than 100 mA is necessary to drive
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its circuits. (Caplan and Stern specify power supplies of
+14,5 and -7.5V with 250 mA minimum from each supply). The
regulator chosen for the circuit that was built (Fig. 2.7) was
the RS components 230V regulator which has an external tramsistor
encapsulated with the monolithic integrated circuit regulator
amplifier. Wi?h the additions of a further, power, transistor
(2N3055) ample power was available to cope with the demands from
the lock-in amplifier and the preamplifier.

The data for the transformer and regulator are given
in Appendix 3% . The circuit shown in Fig. 2.7 was based on
the information given with the regulator datd. The main points
about the circuit are: The transformer giving two outputs one
for each of the bridge rectifiers (REC 41A) which supply the
=7.5V and +1k.5V circuits respectively. The large 2500 4T
smoothing capacitors(@i&cz) which remove most of the ripple
components present éfter rectification. The 8.2V regulating
zener diodes (Z1 & ZZ)° The RS regulators. The 2N3055 transistors
providing the power output. The output voltages can be set by
altering the present potentiometers (V

1

on the power supply circuit board. The power supply is capable

& V2> which are located

of giving at least one amp. from each output (~7.5 and +14.5V set

v.o&
by 41 (84 V2)o ‘

The Preamplifier

There are usually two basic functions of a preamplifier:
1. To create the correct impedance matching from the source to
the main amplifier and 2. To provide some initial amplification
before the main amplifier with as little_iﬁtroduction of noise
as possiblea

When connecting the output of a photpmultiplier_tube

to the input of an amplifier care must be taken that the relative
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impedances are compatibles Réferring to Fig. 2.3d, the anode
current from the photomultiplier produces a corresponding voltage
drop across the load resistor RL which is measured by the following
amplifier. This load resistor may be part of the photomultiplier
circuit or simply the input impedance of the.amplifier. The P.M.
itself (i.e. without RL) has an extremely high output resistance
due to the resistance between the anode and the last dynode.

With this high output resistance RL canibe very large which is

an important advantage. Thermal noise generated in RL is
amplified by the following electronics and therefore the larger
the voltage drop across RL the larger the resulting signal-to-
noise ratio. This is because the noise will increase as JRL
while the signal increases as RL° Any noise generated in the
lock-in amplifier is then negligible compared to the amplified

noise generated in R. and shot noise generated in the P.M. will

L
dominate thermal ndise in RLO- Also the P.M. can be operated
at lower gains due to the larger signal available. High

gains on photomultiplier tubes can often lead to deterioration
in signal-to~noise ratio caused by a relatively large increase
in shot noise and in the extreme to internal breakdown which
destroys.the tube.

To be able to use a very high value of R, the input
impedance of the preamplifier must be larger than RL’ otherwise
voltage division will occur. For example if RL is 1OZJL and
the input impedance of the amplifier (RI) is only 10601 , the
resulting parallel resistance has a net value'of only Rn’ given
by

= 1 + 1 . _ L anD
—z — i.e. Rn = 9.1 x 107 ¢

1
! 10 107
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Therefore tho net load resistance is essentially that of the

amplifiers input. Higher values of R. will not appreciably

L
increase the measured signal.

Preamplifiers usually have an input impedance at least
100 times greater than the output impedance of the photomultiplier.
Such amplifiers are voltage amplifiers* (i.e. they measure the
voltage drop across RL) and can be either a buffer amplifier with
a gain of unity or they can have a fixed or variable gain greater
than uwnity.

When the lock-in amplifier was first built and connected
to the P.M. various circuit configurations of the input amplifier
were tried in an attempt to raise the input impedance. However
the characteristics of the SN72702 integrated circuit used in the
input amplifier were such that the input impedance could not be
raised above about LOK L. (sce data for this integrated circuit,
appendix 3 and further discussion concerning the input amplifier
in a later section).

The SN72741 integrated circuit operational amplifier
is a more advanced component with an input resistance of 400 Il gL

when the gain with feedback is between O and 20 dB. The table

£
Instead of using a voltage amplifier measurements can be made with

a field effect transistor-input operational amplifier acting

as a current amplifier. As well as reducing problems associated
with the capacitance of the lead from the P.M. output the current
amplifier can also be used to obtain very high sensitivities. The
voltage amplifiers cdescribed in this section were a compromise

between high sensitivity and cost of components.
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below summarises the variation of input resistance of this

amplifier with bandwidth and gain. (Sece data for the SN72741, appendix
3)

Gain Typical Input resistance (/L
bandwidth (impedance)
X Inverting Non-inverting
dB amplifier anplifier
1 0 1 MHz 10 K Loo M
10 20 100 KHz 1 K Loo M
100 4o 10 KHz 1 X 280 M
100 60 1 KHz 100 8o M
%

Gain in dB = 20 1g (voltage gain)
Whether an integrated circuit operational amplifier is being
used as an inverting amplifier or a non-inverting amplifier
depends upon whether the signal is being fed into the inverting
input (Fig. 2.8a) or the non-inverting input (Fig. 2.8b) respectively.
It can be seen from the above table that in order to obtain the
required high input impedance for the preamplifier using the
SN72741 it is necessary to use tﬁewncn-inverting input.
Fig. 2.%a is identical to Fig. 2.3%e for which it can be shown
(equation 19) that the voltage gain = - §i when the non-
inverting input is uscd the voltage gainRgs calculated by:

' t
Gain = R, + R, (Fig. 2.8b) (26)

Rl
1
In this work two simple preamplifiers were built using the

SN72741 integrated circuit. The first (Fig. 2.9) is a voltage

/
follower or buffer amplifier. This has no gain (i.e. O dB)
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assoclated with it because the output is fed directly back to the
input, i.e. maximum amount of negative feedback. The high input
impedance of the SN72741 at O dB gain (see above Table) isolates
the high impedance of the photomultiplier while the output voltage
duplicates or follows the input voltage, hence the name voltage
follower. Vhen a signal frém the P.Mi.was fed through the buffer
amplifier into the lock-in amplifier the output signals were
larger than when feeding the P.M. signal directly into the input
amplifier of the lock-in amplifier. However no further improvement
in signal could be obtained by increasing R, (Fig. 2.9) above
150 K¢l- This was because attenuation was occurring in the
lead between the P.M. and the buffer amplifier,

In view of the initial success of the buffer amplifier
it was considered that a similar amplifier but with some gain
could be useful. ThisAalternative preamplifier is shown in
Fig. 2.102. Again the non-inverting input of the SN72741
was used to take advantage of the high-inpﬁt impedance of this
configuration. Referring to Fig. 2.8h and comparing with
Fig. 2.10a, R2 = 9.1K¢fL and R1 is the combination of the 1K/
preset potentiometer A and the 1Ky resistor in parallel
with it. TFrom equation 26 it can be seen that when the 1K (L
preset potentiometer (A) is Qaried, the closed loop gain varies
between some high value and a value around 20. However, this
is accompanied by a variation in input impedance, which falls
from just less than LOO MJLat gain 20 to lower values as the
gain is increased, and by a decrease in bandwidth. If it is ass-
unted¢ that initially the input impedance of the amplifier is high
enough, at 400 MU, to prevent signal loss, any increase in gain
would give an increased signal at the pre-amplifier output only

as long as the input impedonce remains high. As soon as the
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impedance drops sufficiently to attenuate the signal, further
increase in gain will result in overall signal decrease. Thus
the pre-~amplifier can be connected to the photomultiplier and the
gain optimized by vérying the preset potentiometer (4) until
a maximum in the output signal has been obtained.

Unfortunately there still remains the inherent capacitance
(between the inner and outer conductors) of the 1-m long 50
coaxial cable between the P.M. and the preamplificr. This
capacitance in conjunction with the resistance of the cable, can
attenuate high-frequency signals. As the relatively high
frequency of 10 KHz was being used (sece seétion 2.3.2) attentuation
was suspected, and therefore the cable was cut in half to reduce
its resistance and capacitance. This resulted in an increase
in output of 40¢. The length of the lead was finally reduced
to 100 mm to minimise the signal loss. The P.lM. load resistor
was then set at a maximum of 1 M/l and the preset pot. (A)
varied for maximum output signal. (Values of RL above about
2.2 Mgl did not appreciably alter the output signals obtainable.)
Although the preamplifier in Fig. 2.10a was very sensitive
the situation often arises that if the signals from the flame
are too large the amplifier is saturated, i.e. the swing of
the signal voltage about the ecarth point becomes greater than that

allowed by the value of the power supply voltage (for the pre-

amplifier £ 6.0 Vdc). The signals can become too large if at

the wavelength of interest there is a large amount of noise. This
only occurred once in this study. The noise at 396.2 nm, the
wavelength used for measuring aluminium fluorescence, was far
greater than the noise at 189.0 nm (arsenic) and 303.4 nm (tin).
In order to reduce the sensitivity of the preamplifier in these
noise limited situations a variety of values of RL were provided

at the preamplifier input. The switching arrangement for this
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is shown 4in Fig. 2.10b. Thus, at high light levels, one can

use lower values of RL to prevent saturation, and at low light

levels (particularly at low wavelengths, c.g. 189.0 nm) increase

RL to increase the measured signal level. This effectively increases
the dynamic range over which the signals can be measured.

From a practical point of view it was possible to tell
whether or not saturation of the preamplifier was occurring by
observing the signal at a point in the lock-in amplifier.circuit
(Test point 1, see Fig. 2.12) using an oscilloscope. The
symmetrical power supply for the preamplifier was derived from
the supply built for the lock-in amplifier, The pre-amplifier
circuit board was built into a diecast metal box to provide
electrical shielding and to allow placing of the lock-in amplifier

remote from the photomultiplier.

The input amplifier

Similar impedance matching problems occurred between the
output of the pre-amplifier and the input amplifier as were
encountered in the P.M. - preamplifier situation. The SN72702 °
integrated circuit used in the input amplifier behaves in a
similar way to the SN72741 amplifier insofar as the consequences
of changing the feedback configuration are concerned. However
using the non-inverting input does not give the same higH input
impedance as would be obtained with an SN72751 amplifier (see
data for SN72702 amplifier in appendix 3 ). The impedance
matching of preamplifier to input amplifier was not as serious as
the P.M. to preamplifier situation because the output impedance
of the prearmlifier was low (an inherent advantage of the output
of most integrated circuit amplifiers is a low output impedance).
The non-inverting input of the SN72702 input amplifier was

therefore used rather than the lower impedance inverting input



Input from snode
of rhotcrnuliiplier

® Tnput to preamplifier
(Fig. 2.10a)

JI

K
AVA
NS

100

Pige 2.10b. Switching arrangement for aiternative
: values of load resisitor, (R ).
L

Resistence in ohms.



L2

vhich is used in the original design. The resulting circuit is
shown in Fig. 2.11. A switch was used to change the gain of

the input amplifier from 20 to 40 dB rather than the two separate
BNC connectors used by Caplan and Stern.

Use of the non-inverting input of the input amplifier
decreased the stability of the SN72702 sufficiently to cause it
to go into self-oscillation. In order to prevent these high-
frequency oscillations the response of the amplifier at high
frequencies was reduced by altering the frequency compensation
components*R and C, Fig. 2.11. However reducing the amplifier's
response in this way effectively reduces the bandwidth of the
input amplifier. The bandwidth of the lock-in amplifier as
designed by Caplan and Stern was from d.c. to 5 MHz. The
resulting bandwidth of the preamplifier and locke~in amplifier
combination in this work was found, experimentally, to be wide
enough to accept signals at frequencies between 10 and 20 KHz
without significant attenuation (the attenuation was -3dB at
17 KHz). This bandwidth was satisfactory for measuring the 10-20
KHz signals routinely obtained during the atomic fluorescence

measurenent.

%The high frequency oscillation problem is caused by the inter-rel-
ationship of the phase shift of the amplifier with the amount of
feedback applied and with the input impedance. This problem is dealt
150

with in most basic electronics textbooks, for example Brophy and
in the particular case of the SN72702 amplifier the subject is dise-
cussed extremely clearly in a booklet produced by one of the manu-
facturers of integrated circuité153 . The phase-shift and bandwidth
of the SN72702 amplifier can be tailored to remove high frequency
instabilities in the amplifier by altering the values of the

frequency compensation components.
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Low pass filter, high pass filter and filter output amplifier

The complete circuit for these sections of the lock-in
amplifier is shown in Fig. 2.12. This figure also includes the
input amplifier to facilitate direct comparison with the same

circuit diagram in the published circuit by Caplan and Stern1u2

The main points about the complete circuit in Fig. 2.12
are as follows“L2 « The filtering is performed by the SN72702
operational amplifiers as described in section 2.3.1c. The cut-
off frequencies of the low and high pass filters can be moved
indepencently by two 12-position switches on the front panel.

In this way the operator can select the centre frequency and
bandwidth while maintaining relatively constant gain. Table 2.1
lists the component values of C2 and C5 being switched in the

low pass filter and the respective cut off frequencies. Table 2.2
lists the component values of C1 and C3 being switched in the

high pass filter and the associated cut off frequencies. Some

of these capacitor values are slightly different from the ones
used by Caplan and Stern due to the non-availability of specific
values.

The filter amplifier again uses the SN72702 operational
amplifier. The gain of this stage may be switched by a front
ponel control between OdB (unity) and 20dB.  Additionally a
front panel control potentiometer is available for manual balance
of the output from this stage allowing the signal channel to
provide a signal to the mixer with zero bias. It was found by
Caplan and Stern that the presence of a direct veltage could
cause errors when measuring low level signals.

The whole of the circuity of Fig. 2.12 is identical
to the circuity as designed by Caplan and Stern with the exception

of the input amplifier and the frequency compensation components.
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TABLE 2.1.

LOW PASS FILTER SWITCHING VALUES

Switch Cut off c2 c5
position frequency
1 37.5 Hz 1 MF 0.0k7 UF
2 100 Hz 0.047 MF  0.022 MT
3 250 Hz © 0.22 MF 6800 pF
4 625 Hz 0.068 MF 3.3 uF
5 1500 Hz 0.033MF 1400 pF
6 3750 Hz 0.015 yF 560 pF
7 10 KHz 4700 pF 200 pF
8 25 KHz 1500 pF 68 pF
9 62 . 5KHz, 680 pF L7 pF
10 10 Kiz 3000 pF 200 pF
1MMa 150 KHz 250 pF 10 pF
12a 375 KHz 100 pF 5 pF

a - Capacitor values added for experimental purposes. The
capacitance of C2 and C5 can be varied using front panel
controls. In this way bandwidth can be varied. These

were found to be of little usc.



TABLE 2.2

L5

HIGH PASS FILTER SWITCHING VALUES

Switch Cut off ¢1 = C3
position frequency
1 37.5 Hz 0.33 UF
2 100 Hz 0.10M4F
3 250 Hz 0.033 4 F
L 625 Hz 0,015 MF
5 1500 Hz 6800  pF
6 3750 Haz 4700  pF
7 10 KHz 1000 pF
8 25 KHz boo  pF
o ca.8 Kiz 1500  pF
10% 62 Kiz 200  pF
11?2 150 Kiz 50  pF
12° 0 32 T

a - Capacitor values added for experimental purposes (see footnote

Table 2.1)

b ~ C1 and C3 were short circuit in the design of Caplan and

Stern but in our amplifier this lead to instability.

C1=C3=32AF enabled low frequency signals to be measured but

not as low as 1 Hz.
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Oscillation of all the SN72702 operational amplifiers was
encountered at some stage in the building of the lock-in amplifier.
The phenomenon was cured each time by altering the frequency
compensation components at pins 4 and 5 or pin 10 on each
amplifier. (see footnote page 42). The output from the filter
section can be monitored using an oscilloscope at testpoint 1,

Fig. 2.12.

Reference Input Amplifier

The whole of the circuity in Iig. 2.13 is identical to
the circuity as designed by Caplan and Stern. The reference input
amplifier stage (Fig. 2.13) again uses the SN72702 operational
amplifier., The input resistance of this amplifier can be varied
by a front panel 10 K¢/l potentiometer which allows for a continuous
gain variation from unity to fifty. Because the output of
this amplifier is passed through the phase shift stages (Fig. 2.13)
each of which have a gain less than unity, the reference amplifiepr
output is mcnitored (Test poirt 2) and the gain adjusted until
maximum undistorted output is achieved.In this way the
maximum signal amplitude reaches the comparator resulting in the
most accurate square wave output (Test point 3).

Phase shifting and squaring stages

The capacitors C' are changed in the phase shift stages
by a single front panel six position switch. This is necessary
so that the stage can cope with any frequency that is being
detected. The values of C' and the frequencies of operation
arz given in Table 2.3. Two phase shift stages are connected
together by the front panel phase.shift control to give a
maximum phase control of 340°. To give an additional 180° of
phase variation a front penel controlled inversion switch is

provided which switches the nccessary complementary outputs
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from the source follower stage.

The comparator is used here as a zero crossing detector.
As long as the sinusoidal input from the source follower stage is
larger than 10-20 mV peak-to-peak the output waveform at Test
point 3 is sgquare with rise and fall times of less than 20 nsec.
(Data for the comparator}Alk 710 is given in Appendix 3 ).

The square wave output from the comparator is fed into
the NAND gate which, in the circuit configuration used, gives at
the output the two complementary square waves discussed in
section 2.3.1.C. The rise and fall times of these two output
square waves from the NAND gate were the best obtainable at the
time Caplen and Stern wrote their paper.

Phase Sensitive Detector n.s.d.

This circuit (Fig. 2.14) was again built exactly to the
design by Caplan and Stern and no circuit changes were necessary.

Each amplitude adjust circuit is used to process the
complementary outnuts from the NAND gate section and consists
of a 2N2369 switching transistor which is used to amplify the
NAND gate outnut waveform.

The chopper switching discussed in section 2.3.1.C is
realized by using two pairs of 3N138 MOSFET's, each pair switching
one of the complementary half-wave portions of the detected signal.
Some further discussion of the circuitry of the p.s.d. is given
in the paper by Caplan and Stergl+2 (Data for 3N138 given in app-
endix 3 ).

Output amplifier (Differential output low pass filter)

The rectifying action of the output amplifier was
described in section 2.3.1.C.

The output amplifier also acts as a low pass filter.
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This filter as designed by Caplan and Stern used the same SN72741
operational amplifier as used in the pre-amplifier described
earlier. When this filter was built, the d.c. output stability
of the lock-in amplifier with an output filter bandwidth of
0.034 Hz and a time constant of L4.7s was satisfactory at
0.02%v" 1, However, a change to a bandwidth of 0.0031Hz and a
time constant of 51.7s resulted in a stability of only 3%V‘1°
This was likely to degrade the detection limits for atomic
fluorescence. To improve this situation, a second output filter
was built (Fig. 2.15). This circuit uses a  A-727B, SGS-Fairchild
amplifier which is kept at a constant temperature by active
regulator circuitry incorporated intc the same monolithic
integrated circuit chip as the amplifie;ﬁ3 . (Some data and
information on this operational amplifier is given in appendix
3 ). Drift in d.c. amplifiers is caused predominantly by
changes in ambient temperature, hence the advantages of an
amplifier which is held at constant temperature. The M A-727B is
a pre-amplifier designed to drive a standard linear integrated
circuit amplifier, in this case an SN72741.

The output stability of the lock-in amplifier with the
second filter (output 2) with a bandwidth of 0.0031 Hz and a
time constant of 51.7s was ODOZ%V'1; This large improvement was
sufficient to allow the use of an even longer time constant of
103.4s without further significant loss in stability of the
electronics. The circuitry associated with the 51.7s time
constant of the original filter was removed. The resulting
circuit is shown in Fig. 2.16. The output (output 1) was
provided with a separate BNC connector.

The time constant and bandwidth details of both filter

circuits are given in Table 2.4 together with the relative
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improvements in signal-to-noise ratio which are obtained with
increasingly long time constants. The time constent is easily
calculated by R x C where R =R, R, R3 or R, in Figs. 2.15 or '
2,16 respectively and C is 47/1 F in both figures. The R's and
C's are both in the feedback loops of the operational amplifiers
concerned and are acting as low pass filters as described in
sections 2.3.1.B and 2.3%.1.C.

Referring to Table 2.4 it can be secen that the improvement
in the detection limit for tin fluorescence in the argon-separated
air-acetylene flame in going from a L4.7s time constant to a 103.4s
time constant is nearly zn order of ten. However the 51.7s and 103.4s
time constants are impractical (sce section 2.3.1.C) because the
signal takes far too long to appear at the readout. Consequently
in all the fluorescence work reported here a 4,75 time constant
was used routinely and the 18.2s time constant was used for
measuring detection limits. It was a perfectly practical proposition
to carry out analyses using the 18.2s time constant, although it
is clear that this is only necessary if one is measuring solution
concentrations fairly near the detection limit.

The performance of the lock-in amplifier

The detection limits reported in chapters three to five
for arsenic, tin and aluminium are eminently satisfactory.
However the lock-in amplifier was only one of the contributing
factors which led to the performance of the atomic fluorcscence
instrument as a vhole. The discussion in the following sections
of this chapter indicates that the improvement in SNR due
to high frequency modulation of elcctrodeless discharge lamps
and the optical arrangement could not have been made but for the
extra versatility of the lock-in amplifier relative to the

Jarrell-Ash a.c. tuned amplifier. Moreover the large number of
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variables involved meke the improvement duc to the lock-in
amplifier itself difficult to evaluate except in terms of the
performance of the complete instrument.

Some practical comments on the use of the lock-in

amplifier and some other incidental information is given in appendix 2.

2.3.2. The Source (Electrodeless discharge lamps)

In order to obtain optimal signal-to-noise ratios in
atomic fluorescence the source needs to have a high radiant
output over the absorption line and exhibit minimal short term
noise and long term instability or drift. The high radiant
output is necessary because this leads to high fluorescence
radiant output. A direct result of the proportional relationship
between source radiance and fluorescence radiance (appendix I).
Microwave excited electrodeless discharge lamps (EDL'S) have
been the most successful type of high intensity line source for
atonic fluorescence as demonstrated by the low detection limits
that have been reportec?’6’158‘"16‘2 . EDL's have been shown to
give radiant outputs 10-100 times greater than hollow cathode
la.mps1 63 (HCDL's) and to have narrow line emission profiles97’16u'
The application of these lamps to atomic absorptiojq63 has also
been successful, for example for the determination of a number
of the more volatile elements (e.g. Aé165)° These elements have
their main resonsnce 1ines"in the ultraviolet and generally
provide short-lived or less satisfactory hollow-cathode lamps.

EDL's can be made for a large number of elements
although the range of elements covered by HCDL's is a little
wider. However, although a large percentage of the literature

)
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%
of EDL's is devoted to describing their detailed preparation a

number of workers166have found that it is difficult to reproduce
preparative proceedures sufficiently well to obtain lamps with all
the desirable properties of high stability, intensity and long
life.

EDL's consist of a sealed, quartz tube about 3 cm
in length and a little less than 1 cm in diameter and containing
a few mg orjAg of a metal or volatile metal salt. The tube is
filled with an inert gas at a few torr pressure. The lamp is

- placed in a microwave field by means of a resonant cavity

. 167-16¢ 167,170
(+ wave Broida cavity 7 ¢r 1 wave Evenson cavity 7217 )
or an 'A' tywe antennajzo » A tesla coil is used to initiate

the discharge by ionizing some of the inert gas atoms. The
resulting electrons are accelerated by the microwave field and
their energy is then sufficient to cause further ionization.
Metal vapour is then excited to give the required line spectrum.
The metal vapour itself is obtained by a combination of the heating
effect of both the accelerated electrons and the microwave
field.

Comparatively recently Winefordner and his co--wo:c‘l«:er;71
have indicated that the most likely cause of the difficulties
encountered in the past with these lamps was that work on the

optimisation of preparative and operational conditions relied

upon the microwave field to achieve both lamp heating and

* 1
An excellent recent review by Haarsma, De Jong and Agterdenbos
can act as a convenient source for the literature concerning

the whole field of EDL's particularly the preparative aspects.
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excitation. These workers therefore provided for a heated air-
strean to pass around the EDL operated in either a # wave cavity

171 =174

or zm ‘'A' antenna thus giving controlled
171

supplementary heating. The results of detailed studies

using this temperature control indicated that lamp temperature is

the most important variable in controlling the radiant output
of an EDL.

West and his co-worker; 63,168, 1 69a’h1d72313e.§‘8w0rkers1 79-1863
have looked at the use of electronic modulation of the light
output from these lamps. Previously a mechanical chopper was
nlaced between the source and flame or flame and monochromator
entrance slit to give the reguired modulation for detection by
a.c. amplifiers. The modulation frequencies used for both
mechanicai and electrical modvlation were in the range 50-400 Hz
depending upon the particular instrumentation used. The higher

frequencies near 400 Hz were usually used in conjunction with a

lock-in amplifier and were chosen to avoid 1/f and mains bourne

noise,
West and co-workers developed a qualitative view of
175,177,184
electronic modulation ~° * " Tand were able to electronically

modulate their lamps at frequencies up to 20 KHz. The lamps used
were mainly those containing the more volatile clements, i.e.

Cd, Hg, Zn, Sb, Se, As and Pb. The modulation frequency that

gave the optimal fluorescence signal-to-noise ratio was found

to be 10 KHz'175 for all these lamps. Winefordner and his co-
workers used mechanical modvlation with their temperature controlled
EDL's probably in order to be able to isolate more easily some of

the variables which affect lamp radiance and stability.
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A Electronic modulation of electrodeless discharge lamps

Modulation is necessary in all the flame techniques
because the predominance of noise at the low frequency end of
the noise spectrun makes d.c. measurements undesirable. Using
rnodulation the signal channel can be shifted to another portion
of the spectrum where noise levels are smaller. Background noise
levels in a shielded nitrogen-oxygen~hydrogen flame have been
determined by Alkamade et al. over a wide frequency range
(10-10”Hz). The typical 1/f pattern Fig. 2.2 was observed.

Other workers have obtained similar results using a premixed
acetylene-nitrous oxide total consumption flame (PANT).

Alkamade et al. concluded that in their casc the optimal modulation
frequency for fluorescence measurements was in the region 2 to

5 KHz where the noise spectrum attains a minimum.

In atomic fl@%escence modulation of the source output
before the flame prevents the d.c. output due to the flame
background level from appearing at the readout. No backing off
is then necessary and drifts due to changes in the background
level are not observed. Hence precision and detection limits
are improved. Most work has been carried out using modulation
frequencies below 600 Hz i.e. just sufficient to avoid serious
1/f noise.

Mechanical choppers have disadvantages. Firstly,
it is difficult to design a chopper to operate at high frequencies
above 1 to 2 KHz although some manufacturers do now make such
units. Secondly, it is necessary to move the source away from
the flame so as to be able to fit the chopper between the two
which reduces the light intensity rcaching the flame according

to the inverse square law. Thirdly, operation of the chopper
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close to the flame can lead to atmospheric turbulence and flame
instability-.

Various methods of electronically modulating EDL's
have been described. Thompson and Wild;79’.180transformer~
coupled a small a.c. voltage into the amnode circuit of the
magnetron which is the source of the microwave power in the
microwave generator (Electro-Medical Supplies Ltd., EMS Ltd.,
Microtron 200 instrument).

Fig. 2.17 is the circuit diagram for the modulator
unit which EMS Ltd. supply to modulate the microwave output
from their generator. The circuit designed by Thompson and
Wildy18C)was essentially a simplified version of Fig. 2.17
and gave a range of modulation frequencies from 180 to 330 Hz.
The latter authors in fact could not use the EMS modulator because
it was not compatible with their Southern Analytical A3000
atomic absorption instrument. Referring to Fig. 2.17, the
circuitry within the dotted square is an oscillator which provides
the small (~/3V) a.c. signal. The rest of the circuit is a power

amplifier which amplifies the oscillator signal to a high level.

This amplified signal is placed across the transformer T which
is coupled into the anode circuit of the magnetron. The
amplified oscillator voltage swings the anode voltage to give
the required modulation. The depth of modulation is controlled

by the potentiometer, P, which acts as a voltage divide on the

output of the transformer.

EMS Ltd. supply different versions of their modulator
which only differ according to the components of the small signal
oscillator. VWith one set of components the oscillator gives
a spot output frequency of 400 Hz variable by ¥ 10% using VRI.
This variation enables the modulation of the EDL's to be phase

adjusted to any lock-in amplifier which may be part of the particular
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instrument in use. The reference frequency for the lock-in
amplifier can be taken from the sync. output point (Fig. 2.17).
Different values of the oscillator components can be selected to
give a variety of spot frequencies.

Thompson and Wildy came to the conclusion that it was
possible to operate EDL's in the modulated mode in a similar
manner to hollow cathode lamps but the conditions for successful
results were much more stringent and close attention needed to be
paid to operating conditions. They had problems with shifting
of material within the lamp and sometimes found that volatile
element tubes were much easier to initiate without modulation,
the modulation being switched on when the tube had warmed up
This sort of behaviour was also typical of the work carried out
on electronic modulation of EDL's, up to 1970, by West and his
co-workers who also used modulation freguencies in the low hundred
hertz region. The problems encountered were probably as much a
result of the dependence on microwave heating to achieve
satisfactory output radiance as it was on the effect of modulation
or of preparative methods.

175’177’18ubointed out that

In 1970 West and co-workers
transformer coupled modulation has certain disadvantages.
Becausec the secondary of the transformer is in the anode circuit,
the high d.c. current may cause saturation of the core material
and the modulation waveform applied to the primary of the
transformer via the amplified oscillator signal may not be
faithfully reproduced at the microwave output. Also the
frequency and waveform that can be used are limited by the use
of a transformer which in general is most efficient at low

frequency sinusoidal waveforms. VWest et al. point out that

these difficulties can be overcome for particular cases by
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careful design but for a flexible system which can be used over
a range of frequencies and waveforms an alternative method of
modulation is preferable. ‘

West and his co-workerg-75’1€ﬂtsed a microwave generator
(Evans Electroselenium Ltd.) which was current stabilised and
the modulation of the magnetron output was provided by injecting
the modulation waveform at the error-sensing point of the stabilising
circuitry of the magnetron power supply (current modulation). A
range of modulation frequencies and waveforms were studied by
West et 2l. in order to determine the effect on the output from
EDL;s and consequently the effect on atomic fluorescence signal
to noise ratios.

The percentage modulation obtainable with current
modulation is greater than that obtainable by transformer coupled
modulation but West et al. found that this was of little
advantage because the lamp became more noisy at the high modulation
levels. The best signal-to-noise ratio was obtained at 63%
modulation.

) _ 1755184
Of the different waveforms tried by West et al.

including pulses, the square wave with equal mark-to-space ratio
alwvays gave the most intense lamp output. The effect of the

modulation frequency on the radiance of the resonance lines from
Cd, Hg, Zn, Sb, Se, As and Pb EDL's was determined. All the sources

gave a maximal modulated output at a freguency of ca. 20 KHz

* 187

There is a circuit published for the current stabilisation
of a Raytheon PGM-10 generator. The circuit was not adequate

to control the amount of power available from our EMS generator.
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but a frequency of about 10 KHz gave the optimal signal-to-noise

ratio for use in atomic fluorescence spectroscopyj.75
81,18
Other researcherg 1 2h.ave developed means of high

frequency modulation of EDL's but have not used these sources
for atomic fluorescence. Their circuits employed valves to

inject modulation direcctly into the anode circuit rather than
through a transformer.

West and co—workeré176ihave also developed switched
resistor modulation which depends on the value of the magnetron
anode load resistor being repetitively changed at the modulation
frequency. The microwave generator modified by these workers,
an Evans Electroselenium Model 245, has its anode load resistor
in the d.c. side of the power supply. It was therefore possible,
by means of a power transistor which can withstand a large collector-
to emitter voltage, to switch, at the moduvlation frequency, a
second resistor in parallel with the anode load resistor. This
resistor controls the power to the mognetron and hence the .
microwave power output. Changing the anode resistors value by
switching another resistor in parallel to it therefore has the
effect of modulating the microwave output.

The switched resistor method cannot be applied to the
EMS Microtron 200 generator because it has its power control in
the a.c. side of its power supply. A transistor, therefore,
cannot be used to achieve switched resistor modulation, the
alternative being the more complicated thyristor or triac control

176

of the power. Current modulaticn is not easy to apply because
both a current stabilised microwave gencrator and a voltage
amplifier to amplify the injected modulation waveform are

necessary.
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five). Observations concerning variation of modulation frequency
were made for tin and aluminium lamps. For the arsenic lamp it
was noted that West et alj-75’1fﬂ+ found that 10 KHz was the optimal
modulation frequency and therefore 10 KHz was used in this study.

a) Ei§f1
The atomic fluorescence of tin in an air-acetylene flame
wasrobserved while varying the modulation frequency. The results,
obtained with an aqueous 10 ppm tin solution and an output time
constant of 4.7s are plotted in Fig. 2.19. The lamp was cooled
with a flow of air from a compressor not temperature controlled.
The # wave cavity and an incident microwave power of 40 watts
were used (Reflected power 25 watts). It can be seen that the
optimal modulation frequencj is 10 KHz. This frequency gave the
best signal-to-noise ratio. At higher frequencies, up to 20 KHz,
the fluorescence radiance did increase further but short term
noise increased and degraded the signal-to-noise ratio to below
that at 10 KHz. (The same results tabulated in table 2.5 show

this more clearly). The minimum at 3.5 KHz in the plot of

Fig. 2.19 probably appears because the bandwidth of the tuned
section of the lock-in amplifier was wide around this frequency

conpared to the bandwidths at all the other chosen frequencies.
Consequently, noise was not being reduced as effectively and the
signal-to-noise ratio was relatively poor.
*2
b) Aluminium
The atomic fluorescence of aluminium in the argon-

separated nitrous oxide-acetylene flame was observed while varying

*1 The tin and arsecnic lamps werc obtained from EDT supplies Ltd.,
London.

*2 The aluminium lamp was obtained from EMI Ltd., Hayes, Middlesex.
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The procedurc used to measureiiamp temperature was the
same as that used by Browner and Winefordner1.71i,e. the temperature
of the lamp was measurcd with a chromel-alumel thermocouple placed
against the cooler, lower, front portion of the lamp. Spectro-
scopic measurements were not made while the thermocouple was in
position because the thermocouple disturbs the microwave field.
Browmer and Winefordner did not correct temperature measurements
for the effect of microwave heating of the thermocouple which they
found was 5 K for the maximum microwave power setting.

In this work at 40 W incident power the microwave
heating of the thermocouple was less than 8K in the £ wave
cavity and no heating effect was observed for the # wave cavity.
This difference arises because the lower front portion of the
lamp is probably almost out of the ﬁicrowave field of the + wave
cavity. These measurements were made with the lamp in position
but not alight and with no hot air passing over the lamp.

Plots of the radiant output of the Tin (Fig. 3.6),
arsenic (Fig. 4.6) and aluminium (Fig. 5.2) EDL's vs. the temperature
of the lamps are given in the appropriate chapters. The _
temperatufes that gave the maximal lamp outputs were 385 K (tin),
340 X (Arsenic) and 565 K (aluminium). The tin and arsenic
lamps were operated in the 7 wave cavity and the aluminium lamp

was operated in the # wave cavity. Tempcraturc mecasurements were

casior for the # wave cavity than for thc £ wave cavity because

the lamp is rclatively inaccessible in the latter cavity.

Plots of the radiant output of the tin (Tig. 3.7) and
arsenic (Fig. 4.7) EDL's vs incident microwave power were also
obtained while the lamps were temperéture controlled. The
2luminium lamp behaved similarly to the arsenic lamp. No attempt
was made to kecp the tempofature of the lamps constant while

varying the microwave power, i.ec. no correction was made for the
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heating effect of the microwaves. It is probable that the

constant stream of hot air around the lamp maintained the temperature
within the limits set by the precision and accuracy of the measure-
ments. (The accuracy was probably about 5 to 10 K due to the low
surface area of contact between the thermocouple and lamp and the
precision was not better than 5 K). These assumptions would only
be true when varying the microwave power over a small range, say
20-50 W,

The main features of the temperature-radiant output plots
are firstly, a choange in temperature of 15 K results in a change
in radiant output of approximately 10 times for all three lamps.
This is an order of ten less sensitive to temperature than the
lamps studied by Browner and Winefordner1-71° Secondly all the
plots exhibit a plateau where the lamp becomes relatively
insensitive to temperature although this plateau is only 10 K
in the casc of tin.

A change in microwave power from 40 W to lower powers
caused the radiant output to drop for all three lamps. A change
to higher powers made little difference to the aluminium and
arseni¢ laﬁps but caused a drop in output from the tin lamp.

The aluminium lamp gove no significant output when
operated at 40 W without heating. Switching on the temperature
control resulted in an immediate rise in output. No attempt
was made to try ond duplicate this risc in output by putting more
microwave power into the lamp and thus raising the temperature.

No significant net increase in radiant output was
achieved by thermostatting the tin lamp because the equilibrium
temperature of the lamp in the unthormoétattcd + wave cavity
(380 K) is close to the operating temperature of the lamp which
gives maximal output (385 K). This was also the case with arsenic

except that normally the arsenic lamp would need to be slightly
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electrical modulation. Some discussion is therefore necessary
to postulate a mechanism by which a temperature controlled lamp

can be electronically modulated.

Fig. 2.25 is a plot of radiant output vs microwave
power for a temperature controlled EDL as operated in the d.c.
mode and as shown by Browner and Winefordner for a number of EDL's
(for example Hg). Fig. 2.24 is a similar plot but of a different
shape that is characteristic of an unthermostatted EDL. The
mechanism of modulation shown in Fig. 2.24 is that postulated
by West et ('-,1_‘1.‘,.1&}'L in their paper on high frequency modulation.
The triangular modulation waveform produces an a.c. component of
the emitted radiation from a modulated EDL. If the EDL had
been optimised for d.c. operation (i.e. a microwave power setting
of 70-80 W) and then modulated then no signal would be observed
atthe p.s.d., for two reasons: the amplitude of the a.c.
component of the radiation is very small as a result of the shallow
gradient of the plot and the frequency of the a.c. component of the
emitted radiation is twice that of the modulation frequency.
If the EDL had been optimised for a.c. operation the optimal
operating power would be about 30 W where the gradient of the
plot is greatest (Fig. 2.24). In fact West et aitSu were able
to demonstrate experimentally some of the points illustrated by
Fig. 2.24, i.e. they were able to observe frequency doubling at
the optimal d.c. operating power and a 180° phase-shift at
higher microwave powers and optimal a.c. modulated operating
powers were found to be lower than optimal d.c. operating powers.
The argument applied here is demonstrated by Fig. 2.25.
The operating power which gives the optimal a.c. component will
again be along the steepest part of the curve. This is essentially
the same argument as put forward by West et al. and thus can casily

be applied to temperature controlled lamps without modification.
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A plot of power vs radiant output will be of the form
demonstrated by arsenic and aluminium Fig. %4.7. The depressed
~ plateau in this plot'reflects theAplateau in the cquivalent d.c.
plot, Fig. 2.25. In the case of tin (Fig. 3.7) there is probably
a peak in the d.c. plot which would give a faster decrease in
signal at relatively high microwave powers. Plots of radiance
vs power have been shown to give a peak as reported by Browner
and Winefordner for d.c. operated thermostatted lamps. In fact,
for the unthermostatted situation in Fig. 2.24, once the lamp has
reached its proper operating temperature by microwave heating,
the effective radiance vs power plot would be Fig. 2.25.
Consequently the a.c. component of the radiation around the
optimal power would be the same in both cases.

Finally the temperature effect is similar to that observed
by Browner and Winefordnef171 . However the gradients of the
radiant output vs temperature plots are smaller than the gradients
observed by the latter workers (see Figs. 3.6, 4.6 and 5.2). This
is probably a function of the amount of material in the lamps.

The discharge in a1l threc lamps pinched near the optimal

temperature and in the casc of tin and aluminium the discharge
exfingﬁished itself and could not be relit at higher temperatures.
Collisional quenching of the discharge due to the presence of
excess material would cause this effect The result would be
that the attainable radiant output would be progressively reduced
with increasc in temperaturc hence recducing the gradient of

the radiant outrut vs. temperature plot.

C. Two further observatiohé oﬁ the operation of EDL's

: 190
The heater used by J. J. Ball

188,189

and T. C. Rains
was tried in this work. The construction was similar to that
described in their paper and a 12v d.c. power su@ply was used

to heat the nichrome wire to give a 20 W heater. The mascimum
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modulation enables pulsing of the EDL to give high instantancous
radiant outputs similar to those found when pulsing hollow cathode
lamps. Morecover from the point of view of flame noise it is not
necessary to go to 10 KHz modulation to avoid the worst part of the
flame noise spectra. i.c. the low frequency cnd.

Despite these arguments in favour of mechanical choppers
it is clear that the high-frequency clectronic modulation is a
convenient alternative andvcan be used with temperature control of
the EDL radiant output. The EDL's that were used in this study were
all obtained from commercial sources and all threc appeared to
contain too much material. This may have been the limiting
factor in obtaining high radiant outputs. It is to be hoped that
because the development of temperature control has separated
some of the many variables that affect lamp operation more
reliable EDL preparative methods will be developed.

The ability of temperature control to create the
correct conditions for maximal radiance and minimal drift of
EDL cmission is a significant contribution to the attainment of
high signal-to-noise ratios in atomic fluorescence.
2.3.3. The Flame

The basic aspects of the use of flames in atomic emission,
absorption and fluorecscence are discussed in mdst textbooks con-
cerned with the three techniques7’ 97,117,192-19%4 o Therefore
a detailed discussion of the processcs occurring when a sample
solution is nebulized into the flame and of atomization efficiency
is not necessary here.

The flame chosen for the analysis of a particular
element or group of elements should be sufficiently hot and
reducing and of low burning velocity to provide optimal atomization
efficiency. This is the primary requirement for all three

techniques. However the flame must also be cool enough to
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minimize ionisation and flame background. Unfortunately these
requirements cannot all be met with a single flame.

The nitrous oxide-acetylene flame is hot, has a low
burning velocity and some unique reducing properties which minimize
interference effects and help maintain high atomization
efficiencies. However it has a high, noisy background level
in most spectral regions particularly above 300 nm. The cool
hydrogen-argon, hydrogen-oxygen-argon and air-hydrogen flames
have very low background and noise levels throughout the
spectrum and give minimal ionization. The air-acetylene flame
in most respects lies midway between the two extremes represented
by the cool flames cnd the hot nitrous oxide~acetylene flame.

The oxy-acetylene flame, although slightly hotter than the
nitrous oxide-acetylenec flame, does not possess the same reducing
‘properties.

In addition to the above aspects, which are relevant
to all three atomic spectroscopic techniques, atomic fluorescence
has the additional requirement of a low quenching flame. This

is a result of the fact that not all of the radiationally excited

atoms return to the ground state by fluorescence emission.

The fraction that does return to the ground state by fluorcscence
is quantified by ¥p, the fluorescence spectral power yield
(appendix I). The remaining excited atoms are deactivated by
other species in the flame, for example by molecular collisions
and other radiationless deactivation processes. Both nitrogen
and hydrocarbons give rise to relatively high quenching, and
therefore flames that do not contain these gases give better
fluorescence power yieldgl+9’195. For example the cool hydrogen
flames, particularly those containing argon, are poor quenching

media % However these flames,although optimal for easily

atomized elements (e.g. arsenic, bismuth, thalliuwm ctc.), are
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fundamental sensitivity of the method insofar as the flame is
concerned. However the signal-to-noise ratio can be optimised
by proper design of the gas handling arrangements, premix chamber
and burner and by use of flame separation. In partiéular flame
separation is discussed in this section. Discussions on the
choice of flame for the atomic fluorecscence determination of

tin, arsenic and aluminium are included in chapters three to

five respectively.

A, The gas handling arrangements, premix chamber and burner

There are two kinds of fluctuation in the flame which
will producc noise at the photomultiplier output. Firstly,
there are random fluctuations in the concentration of element
in the flame, due to uneven spray delivery by the nebulizer,
which will give fluctuations of the fluorescence and of the
thermal. emission from the element.  Secondly, there are
variations in flame temperature due to turbulence and air
entrainment, which will give fluctuations in the intensity of
thermal emission from the element and of the background emission.
The mognitudes of these fluctuationg depend upon the design of
burner and spray chamber and on the flow rates of the flame gases.
In designing a burner a detailed knowledge of the principles
of fluid flow as well as the properties of the burning gascs
is required. It is not neccessary here to go into the details
of the fundamental parameters involved. However such factors
as the burning velocity, the strecaming vclocity and the quenching
effect of the burner walls are token into account when designing

201,202

a new burner A few burners designed for atomic

fluorescence spectroscopy have been reportec){ggs'go3 but in
general it has becn usual to use a meker-type burnez:'99 as

originally used for atomic emission mecasurements. Slot burners

are now more generally used in both atomic absorption and emission
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The application of flame separation

The beckman RIIC burner had provision for separation.
The inert gas was directed upwards around the flame using coiled,
corrugated steel strip packed into a water cooled jacket as
used by West et a1?18 . However this method uses 10~13 1 min™
of the inert gas to give efficient separation. A more rccent

form of separo.tof18’203

uses stainless steel capillary tubing

to direct the gas flow. A very even, stiff gas flow is established

and only ca. 6 1 min-1 flow is required for efficient scparation

(It is interesting to note that the researchers who built this

separato:?o3 also built a capillary burner. This type of burner

gives a very laminar flame and its advantages have led to it

being used a great deal in recent atomic fluorescence studiéL8’28’)
In the present work a capillary separator was constructed

by packing a ring of hypodermic needles around the centre of the

Beckman RIIC water cooled jacket. The corrugated strip was

removed. Araldite was the adhesive used. This scparator gave

efficient separation of both the air-acetylene and the nitrous

oxide~acetylene flames and used only ca. 6 1 min~" of gas.

The effects of argon flame separation on the three
eiemén%g %%%8%53 are éétailed in chapters three to five. As
expected separation gave increases in fluorescence signals for
all three elements in both the air-acetylene and nitrous oxide-
acetylcne flames. No success was achieved when separating the
argon-oxygen-hydrogen flame probably because this flame 'lifted
off' before it could be efficiently separated. This is a
result of its relatively low burning velocity and the situation
could only Lave been improved by use of a better burner e.g. a
capillary burner. This was particularly disappointing for the
determination of tin whose most sensitive wavelength 303.4 nm lies

very close to the OH band systmng.
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any reduction in 1/f noise would have been relatively large with
the 50Hz modwlated detection system. Westzzgzreported an
improvement in ecmission detection limit af only two times for
aluminium. This also must have been mainly due to an increase
in signal. Large reductions in noise can only be expected
when measuring in a region of relatively high background, for
example the OH band emission at 310 nm. In the case of the
atomic fluorescence of tin, at 303.4 nm, noise levels are very
high and flame separation would be more effective9 . However
in this work the use of 10 KHz modulation and the lock-in
amplifier made the effect of separation on noise levels appear
small. This can be seen from Table 2.5 (tin fluorescence in
the unseparated air-acetylene flame) when in going from 50 Hz
modulation* to 10 KHz modulation there was a factor of nearly

3 times decrease in noise. Publishegg2 examples of the effect
of separation in the 310 nm region when using low frequency
modulation are noteworthy: Bismuth cmission 306.8 nm, 50 Hz
modulation, 10 times improvement in detection limit on nitrogen
separation of the air-acetylene flame. Molybdenum fluorescence
313.3 nm, 13.6 times improvement on nitrogen separation of the
nitrous oxide-acetylene flame, In the case of molybdenum this

improvement probably included a signal increase,In view of the

work reported here this signal increase may have been
about two times.

*
Here the signal-to-noise ratio performance is comparable to

the 50 Hz modulated Jarrell-Ash amplifier.
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noisy background signal. Baffles were usually constructed
around the monochromator entrance slit to prevent light from the
source being viewed directly.

The two most popular optical arrangements which have
been reported are illustrated in Fig. 2.2.6. In (a) the amount
of light collected from both the source and flame is limited
by the size and focal length of the lenses used (Appendix I
page A12). Moreover lenses have a number of disadvantages.
Firstly they become mors expensive as size increases and focal
length decreases. Secondly a lens gives more aberrations and
more light is lost by absorption and reflection than when using
equivalent and less costly mirrors. Thirdly the use of lenses
does not give the same versatility that is obtained with mirror£22h
This latter point is best illustrated by the optical arrangement
in Fig. 2.26b. The source lens is still necessary to focus
radiation onto the flame. Although some alternatives to this
lens are available5 these are limited by the geometry of the
source itself. In cases where the lens is not used the source
must be set slightly back from the flame and/or baffiles con-
structed to minimise stray light entering the slit. However
lenses canmnot perform the functions of mirrors M1 and M2.

Mirror M2 gives a second pass of the source radiation
through the flame thus increasing the effective source radiance.
Mirror M1 is able to collect radiation travelling away from
the detector and focus it back onto the entrance slit. Omenetto
and Ross:iz.ZLL observed an increase in fluorescence intensity of
168% using: a mirror in the M1 position. Other researchers have
obtained similar increcases -« However the physical characters

istics of mirrors (size, focal length ectc.) arc not always

given and it is therefore difficult to compare the improvements
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in fluorescence signals that have been reported.
14,17

Sychra and MatouSek used a combination of
2.26 (a) and (b) but without the source lens (The source was
set 55 mm back from the flame and baffles were used). These
researchers in common with a number of others found that the
mirror M1 was not always advantageous because it increased the
background emission and hence noise from the flame. This is
important; any optical system designed to collect the fluorescence
radiation will collect the flame background and noisc equally
efficiently. Hence the desirability of a detection system that
can distinguish between signal and noise.

With the optical arrangement in Fig. 2.26b it is
desirable to have the flame as close as possible to the entrance
slit. To this end Omenetto and Ros&izzhhoved the flame position
from the normal atomic absorption position on a Jarrell-Ash
spectrometer to within 12 cm of the slit. In a later paper225
the same authors reported some measurements on sodium emission
which indicated that there is no difference in the signals
obtained by using a condensing spherical lens between the flame
and the entrance slit and those observed when the flame is placed
about 12 cm from the slit. Omenetto et a%?fi also designed
and built a sophisticated optical arrangement based on the
flqme being close to the entrance slit. This optical arronge-~
ment can be discussed here in conjunction with Fig. 2.27.

(Fig. 2.27 represents the arrangement used in our study.

However the mirror M1 was a spherical concave mirror while
Omenetto used an cellipsoidal mirror at the M1 position, otherwise
the two optical systems arc identical). The mirror M1 can most

efficiently collect radiation from the flame and focus it onto

the slit if it has two foci. This requirement is met bj an
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Pig. 2.27 (#) Flame; (8) source; (mi) monochromator
entrance slit; (c and ) centre of
curvature and focal roint of mirror i1;
(P) centre of curvature of mirror M3 at.
flame position. :

Details of mirror dimensions and mirror to flame distances
sre zsiven on the next nare,
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. 2.27 Details of mirror dimensions and mirror to flame
ont. )

Mirror S:rstem A

1 -~ Concave, rectangular, front-silvered,
48 x 87mm, focal length 6%9mm.

M2 - Concave, svhericsal, front-silvered,
diameter 62mm , focal length 60mm.

% - Concave, spherical, front-silvered,
diameter S0mm, focal length 57.5mm
with a rectangulzr slit in the vertex
(5 x 20mm) :

L - Lens, silica, 30 mm diameter, focal
length 50mm.

Mirror to flame éistances - (11-F) 145mm;
(M2-F) 120mm; (ii3-F) 115mm. Source and lens
vrositioned to give maximal fluorescence
signal, the lens being ca. 50mm from the flame

liirror System b

All mirrors front-silvered, srherical, concave
and 90mm in diameter.

M1 and 12 each have a focal length of 50mm.

L é& M3 identical to mirror system A.

Mirror to flame distances - (H1-F) 85mm;
(M2-F) 400mm; (M3-F) 1415mm.

e mevene e
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ellipsoidal mirror. By placing the flame in the first focus

its image will be formed at the second focus with a 1:1
magnification. The entrance slit can be placed at the second
focus. However consider fluorescence radiation travelling in a
direction towards the slit. The solid angle of this radiation
viewed by the slit is limited by the finite slit dimensions,

the collimator diameter and the source-slit cistance. Therefore,
any radiation falling out of the slit area will be lost. Omenetto
et al. minimized this cffect by using the mirror M3. = This is a
spherical mirror at the slit position with a rectangular window
(5 x 20 mm) in the vertex for the passage of light. This

nirror has a centre of curvature equal to'the source slit
distance. The net result of the mirrors M1 and M3 is that
radiations normally lost are focused back on the source by the
mirror at the slit position and consequently on the slit by

the ellipsoidal mirror. The lens and mirror M2 fulfill the

same function as discussed for fig. 2.26b.

The optics described (Fig. 2.27) were built by Omenetto
et al. and they found that a total increase of 17 times in the
radiance reaching the monochromator could be obtained when a
tungsten filament lemp was at the flame position. However they
pointed out that the same improvement could not be expected when
measuring flame signals because a) there is a large difference
in size between the flaome and tungsten filament b) reflected
light passing through the flame would be partially absorbed and
c) the flame background will be increased to the same extent
as the wanted signals. Further evaluation of their optics
using the atomic fluorescence and atomic emission of thallium
revealed improvements in detection limits of approximatcly 10

and 5 times respectively. They were using a home=-built lock-in
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amplifier tuned to 375 Hz and a Jarrell-Ash 0.5 m Ebert mono-
chromator equipped with variable slits.

The application of an optical arrangement

The Omenetto system was the most promising optical
arrangement that the present author could find in the literature.

Moreover it was accurately described and evaluated. Unfortunately

a manufacturer could not be found who would make an
ellipsoidal mirror for less than £150. Consequently a compromize
was made and a simple spherical concave mirror substituted in
the M1 position, Fig. 2.27. This mirror still collects radiation
from the flame and focuses it onto the slit but not as efficiently
as the ellipsoidal mirror.

A mirror was supplied by Optiglass Ltd. (Walthamstow,
London) with the same specifications as detailed by..-Omenetto
et al. for M5 (5.75 cm focal length, 9 cm diameter, slit in
vertex 5 x 20 mm). Two further concave, spherical mirrors were
obtained to use in the M2 and M1 positions. The caption to
Fig. 2.27 gives details of the dimensions of these mirrors and
the mirror to flame distances used, (optical system A). These
distances depend on the focal lengths of the individual mirrors.
The mirror M3 has its radius of curvature equal to the mirror-
flame distance (11.5 cm); radiation from the flame is therefore
collected by this mirror and the image formed is focused back
onto the flame. The mirror M1 had a focal length of 6.9 cm
and knowing that the flame to slit distonce was set by the radius
of curvature of M3 then with M1 forming an image of the flamc at
the slit position the M1 to flame distance was calculated to be
14.5 cm (standard optical formula relating object and image
distances from the mirror with focal length). The mirror

M2 has its radius of curvature equal to the mirror-flome distance
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so that the image of the source formed by the lens on the flame is
reflected by M2 and focused back on the flame.

In practice the various optical components were placed
in their calculated positions and a tungsten filament lamp
placed as accurately as possible in the centre of the flame
position. The two images formed by M1 and M3, one from each
mirror, could then be seen separately at the slit position.

Fine adjustments were then made to bring both images into focus
onto the slit. It was found that if this was donc carefully no
further adjustments were necessary when making fluorescence
measurcments. In the case of mirror M2 and the lens it‘was
possible to obtain an image of the source at the flame position
with 1:1 magnification wusing the lens,and obtain a similar
image due to M2. However the lens was only 3 cm diameter and
therefore its light gathering power from a source about 3 cm
tall was not optimal. Consequently better fluorescence signals
werc obtained by placing the EDL as close to the lens as possible,
the lens as close to the flame as possible and similarly for M2.
This resulted in EDI~lcens, flame-lens and flame-M2 distances of
ca. 2 ¢m, 10 cm and 10 cm respectively. These dimensions were
set by the physical size of the various components and stands.

For the atomic fluorescence of tin in the argon=-i
separated air-acetylene flame, the above optical arrangcment
gave a factor of 4.4 times improvement in signal-to-noise ratio
made up of the factors detailed in Table 2.7.

When the work with these mirrors was carried out the
results scemed disappointing in view of the factor of 10 times
obtained by Omenctto et al. for their system with the ellipsoidal
mirror. However the mirrors M1 and M2 were second hand and

in a rather poor condition. Accordingly two new mirrors were
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TABLE 2.7

IMPROVEMENT 1IN SNR DUE TO OPTICAL SYSTEM ‘At

A 10 ppm agueous tin solution nebulized into an argon-separated
air-acetylene flame. Fluorescence measured at 303.4 nm using
a 4.7 s. output time constant. EDL modulated at 10 kHz

Mirrors in Signal Noise SNR Improvement factor

use (arbitrary due to individual
units) mirrors

Mirror Factor

(times)

None 14.0 2.0 7.0 M1 1.79

M1 25,0 2.0 12.5 M2 1.12
M1 & M2 28.0 2.0 4.0 M3 2.2%
M1,M2 & M3 62.0 2.0 31.0 All 3 L L3
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obtained from Optiglass Ltd. cach with a focal length of 5 cm
and a diameter of 9 cm. These front silvered mirrors were
larger than the old ones and obviously of superior reflectance.
They were substituted into the optical arrongement. The various
intercomponent distances are given in the caption to Fig. 2.27
(optical system B).

With the new mirrors a factor of 6 times improvement
in the signal-~to-noise ratio was obtained under the same conditions
as before. This improvement included not only a total increase
in the tin fluorescence signal of 412 but also a 2 times increase
in noise (Table 2.8). An increase in noise was not observed
with the original mirrors (Table 2.7). Further evaluation of
the optical system with the new mirrors was carried out by looking
at the improvement in the fluorescence of tin in the argon-
oxygen-hydrogen and argon-hydrogen flames. (Table 2.8) Here
a factor of 29 times enhancement in signal was obtained.

Again a two fold increase in noise was observed giving the
net increasc in signal-to-noise ratio of a factor of 14.5.

Two main observations can be made concerning the effect
of %hé bptical system on fluorescence signals. Firstly, compared
to the air-acetylene flame the effect of the mirrors when using
the argon flames is larger probably because there is less
absorption and quenching of the fluorescence radiation, by the
- flamegases, as ithishrepassed through the flame. Secondly the
increase in noise of only two times convincingly demonstrates the
effect of modulating at 10 KHz. The signal increases were detected
by the p.s.d. tuned to 10 KHz, and the increases in noise rejected
because they originated at the low frequency (1/f) end of the
flame noise spectrum.

To further demonstrate the effect of modulating at
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TABLE 2.8

IMPROVEMENT IN SIGNAL-TO-NOISE RATIO CAUSED BY MODIFIED OPTICAL

SYSTEM 'B!

(A 10 ppm tin solution 0.4 in hydrochloric acid,was nebulized into
three flames. Fluorescence was measured at 303.4 nm in all but
the argon-~hydrogen flame when the wavelength used was 317.5 nm
(Chapter three). Time constant 4.7s, EDL modulated at 10 KHz and
temperature controlled at 385 K.

Mirrors in Signal Noise Signal-to  Improvement
use (erbitrary noise factor due to
units) ratio usc of mirrors
(times)

A) Argon-separated air-acetylene flame

None 6 2 3

M1 14 -

M1 .and M3 20 -

M1,M2 & M3 72 b 18 6

B) Argon-hydrogen or argon-oxygen~hydrogen flames

None 10 2 5
M 37 - '
M1 and M3 73 -

M1,M2 & M3 292 L 73 14.5
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10 KHz, the atomic emission of aluminium was detected using the
50 Hz modulated Jarrell-Ash amplifier. No improvement in signal-
to-noise ratio was observed although the same large increases

in signal occurred. Hofton and Hubbard151were also unable to
observe improvements in the signal-to-noise ratio of Bismuth
fluorescence using the Jarrell-Ash amplifier and a small mirror
in the M1 position.

The effect of mirrors on analytical curves

Browner et al. 2 were apparently the first researchers
to determine the effect of mirrors M1 and M2 (Fig. 2.27) on
analytical curves., They demonstrated that both M1 and M2 arc
each able to advance the incidence of curvature of the lead
analytical curves. In the case of the source mirror M2 at low
concentrations, light reflected by M2 will not be significantly
depleted of reosonance radiation by the atomic population in the
flame. Therefore an increase in fluorescence will occur
becausc of the double pass of source radiation. However at
high concentrations the depletion of source resonance radiation
after passing through the flame will be significant and the effect
of the mirrors smaller. The improvement will therefore tend
to reduce with increasing concentration. The effect will occur for
both resonance and non-resonance fluorescence. In the case of
mirror M1 the resonance fluorescence radiation which is passed
baék through the flame by M1 will be partially absorbed by the
atomic population in the flame. This self-absorption will
increase with the concentrations of metal atoms in the flame and
cause the prematurc bending of the analytical curves obtained
with mirrors in place. The self-absorption effects of mirror M1
would not be expected with for example, dircct-line fluorescence

where the fluorescence line is not a resonance line. In the
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i.c. at moodmum sensitivity, signals were observed for 10,000 ppm
iron relative to water. These signals differed in magnitude
depending upon which flame was being used. In general the argon-
hydrogen flame gave 2 scatter signal which was far larger than

the scatter signals in the argon-oxygen-hydrogen, air-acetylene
and nitrous oxide-acetylene flames. Incomplete vaporization of
the iron solution is more likely in the cooler flames consequently
the relative magnitudes of the scatter signals observed showed
decreased scatter with increase in flame temperature. The
nitrous oxide-acetylene flame gave an 10,000 ppm iron scatter
signal at the analytical wavelength of all three elements studied
but its magnitude was only equivalent to that concentration of
analyte which represented the detection limit. TFor tin and
arsenic non fluorescent source lines were available (tin 285.0 nm
and arsenic 188.2 nm) which were used to obtain some indication

of whether analyte signals were scatter or fluorescence.
Fluorescence was always confirmed.

b) Spectral bandpass

Spectral interference occurs when another element emits

fluorescence radiation simultancously with the test clement and

bo%ﬁ wavelengths fall within the spectral bandpass of the

monochromator. With line sources such interferences are rare,

hence the usefulness of nondispersive fluorescence (section 2.1).
The spectral bandpass (s) of a monochromator also

influences the fluorescence signal through cquation (1), section

2.2.1. and the signal-to-noisec ratio as discussed in section

2.2.1 (c). With variable slits it is possible to find an

optimal slit width (W). However in the work reported here

only fixed slits (100 mm entrance and 150 m exit) werc available.

The 150/Am exit slit determined the effective spectral bandpass
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which is given by :
s = RdW
where Rd is the recciprocal linear dispersion of the monochromator

in the first order and is given by

R :-"IO3

<3
where S is the number of lines per cm rulea on the grating, and
F is the monochromator focal length. TFor the Jarrell-Ash
monochromator used F was 50 cm and g;was 1.8 x 104. 5 was
therefore 0.25 nm.
2.3.6. Conclusion

The improvements in instrumentation described in the
preceeding sections all resulted in significant improvements in
signal-to-noise ratio. The lock-in amplifier formed the basis
for almost all the improvements. Its particular versatility,
the ability to be tuned to any frequency from 50 Hz to éO KHz,
resulted in an optimal modulation frequency of 10 KHz. This
modulation frequency allowed the EDL's to be modulated to a
greater depth than is possible at 50 Hz modulation. Taking
the signal channel from the 1/f noise dominated 50 Hz region of
the noise spectrum to 10 KHz resulted in a significant decrecase
in noise.

The optical system increased the fluorescence signaleto-
noise ratio to a greater extent than is normally expected. This
was becouse the noise increase due to the mirrors takes place at
low frequencies where flome noise is greatest and where the lock-in
amplifier, when modulated at 10 KHz, has little responsc.

Flame separation was cffective in decreasing fluorescence
quenching by preventing air cnfrainment. This led to significant

increases in signal. A slight decrease in shot noise from the
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flame was also observed. However the large decreases in noise
levels observed by many workers in the past, were not observed
because these toke place at low frequencies.

Temperature control greatly simplified the use of
EDL's particularly in the case of aluminium where high microwave
povers would have been necessary to obtain sufficient output
radiance.  The EDL output was also considerably improved in
terms of stability and reproducibility.

Finally the lock-in amplifier did not give a d.c.
output due to strong background emission from the flame or from
strongly emitting elements in the flame. This meant that the
baseline was particularly stable and interferences from the

emission of elements minimised.
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ABLE 3,1

flow rates giving optimel sensitivity for the determination of tin
y atomic fluorescence using various flames)

GAS FLOW RATES

108

lame Gas flow rates (1 min-l)
unseparated argon seperated flamel
flame (argon flow 6.0 1 min~ )
ir-acetylene Adr 37 3.7
fcetylene 1.25 0.9
rgon-hydrogen Argon 3.7 -
Hydrogen 1.0 -
gon-oxygen- Argon 3.7 3T
ydrogen Hydrogen 1.0 1.0
Oxygen 0.5 0.5
‘trous oxide~ Nitrous oxide 37 3.7
cetylene acetylene 3.2 3.2
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INSTRUMENTAL CONDITIONS USED TO OBTAIN ATOMIC FLUORESCENCE
SFECTRA OF TIN IN FOUR FLAMES

(Gain of photomultiplier tube at 750 volts is approximately 17
times that at 500 volts, and gain at 900 volts is approximately
10 times that at 800 volts)

me concentration Photomultiplier Chart recorder monochromator
of solution voltage (volts) scan speed
nebulized -
(ppm) : below above full soale chart nm min
260nm 260nm defléction speggl
. (volts) (min cm™ ™)
on- 100 900 800 1.0 2.5 2
gen-~
rogen
on- 100 900 800 1.0 2.5 2
rogen
- 500 900 800 1.0 2.5 2
tylene
rous- 1000 750 500 0.2 2.5 2
de-

tylene
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Browner et al? did not observe the 22406 nm res-
onance transition or the 23%5.5 nm line in the argon-
hydrogen flame. These two lines were observed in the
present work when using the latter flame. Browner et
ale did not give any explanation for not being able to
observe the 224.6 or 235.5 nm trensitions in the argon-
hydrogen flame, They Qid, however, observe these lines
in the Ar/02/H2 flame and the sensitivity in this fleme
was significently better than in the Ar/H2 flame in
their work. As the detection limits obtained in the
work presented here (section 3.3.8) are better than an
order of ten superior to those limits obtained by Browner
et al,,it is.probable that the latter workers did not
observe the two lines in question because of a lack of
sensitivity.

In this study the most sensitive lines in each
flame were Ar/02/H2 303.4 nm; Ar/H2 317.5 nm; Air/02H

2

303.4 nm; end NQO/CQH 284 .0 nm, These are the same

2
wavelengths as found by Browner et al? with the excep-
tion of the nitrous-oxide-acetylene flame which they did

not study. The sensitivities in the two hydrogen flames

were the same whereas Browner et al, reported that the
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These workers found thaet hydrochloric and hydrofluoric
acids enhanced the absorption signal in this flame and
nitric, sulphuric and phosphoric acids depressed the
signal, The effect of perchloric acid varied from a
depression at low concentrations to an enhancement at
higher concentrations. It can be meen from Fig 3.15
that the trends in atomic fluorescence are very similar.
The enhancements caused by the halogen containing acids
are probably due to the formation of more easily vaporized
or dissociated species. The depressions caused by the
'pxygen~containing ecids are most likely to be due to the
formaticn of species which are difficult to vaporize or
dissociate in the low-temperature argon-hydrogen flame.
The two higher temperature flames show smaller interfer-

ence effects due to the acids (Figs. 13 and 15).

3.3.2 The effect of elements

2
Nekahara et al.Lu%n their atomic absorption study

showed thet the presence of many elements such as the tran-
sition metals crnused an extraordinary enhancement in the
tin abeorption; iron had the greatest effect in this res-
pect. Other metals, such as alkaline earth metals, prod-
uced a considerable depressing interference. The inter-~
ferences from the elements were not linearly related to

their concentration.
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TABLE 3.5

INTERFERENCES WITH TIN ATOMIC FLUCRESCENCE
(AQUEOUS SOLUTION)

(lO prm tin; 100 ppm interfering ioni =all solutions made up with
deionised water; Flame-argon-hydrogen, 317.5 nm; the same metal
salts were used as in Table 3.4, superscripts a to i).

Element Relative fTluorescence Element Relative fluorescence

a, e

Al 1.46 Mo 1.76

As® 1.04 bt 1.26

co® 2,28 NiP 1.12

ord 1.11 pd 2,17
d =4

Cu 2.04 T3 1.84

Fe? 2.07 vP 1.24

MnP 1.52 i 1.44
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The general conclusions that can be drawn from
these measurements are that there are as meny interfer-~
ences with the atomic fluorescence determination of tin
as there are with the atomic absorption method. In the
air-acetylene and argon-oxygen-hydrogen flame there are
slightly fewer interferénces then in the argon-~-hydrogen

flame,

3¢3+3 The effect of iron on the interferences from
other elements

In view of the findings of Nakahera et 012 that
iron III éhloride eliminated the interference of most
elements in the atomic absorption determination of +in
in cool flames it waes reasonable to suppose that iron
would have & similar effect on the atomic fluorescence
of tin. Fig.3.20 shows how the addition of iron affects
the interference of chromium on tin fluorescence in +the
argon~hydrogen flame., The interference of chromium is
eliminated in the presence of 1000 ppm iron. Comparison
of Fig.3.20 with the results of Nakahara et al shows
that the effect of iron in both the atomic absorption and
atomic fluorescence of tin is the same, 1000 ppm iron
similarly removed the interference from chromium in the
cir-aceitylene flane (Fig.3.21). Itr 21l thrce Plawzs 1000

nnm ison eliminated the interference from most of

the other elements studied (Table 3.6). Iron was as

effective in removing interferences in the argon-oxygen-
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TABLE 3.6

THE EFFECT OF IRON ON THE INTERFERENCE
FROM OTHER ELEMENTS

(10 ppm tin; 1000 ppm iron III chloride. Results expressed as the
ratio of the fluorescence of tin in the presence of 100 ppm inter=-
fering ion and 1000 ppm iron to the fluorescence of tin in the pres-
ence of 1000 ppm iron alone. A1l solutions made up with 0.4M
Hydrochloriec acid solution, iron added as iron III chloride).

Element Relative fluorescence Element Relative fluorescenée
Air-C_H, Ar-H, Ar-0,-E, Air-C_H, Ar-H, Ar-oz;HQ

A1® 1.00  1.00 1.00 Mn® 1.00 1,00 1.00
a1b 1.58  0.96 1,00 Mo® 1,00  0.90 1,00
As® 1.00  1.00 1.07 NbT 1,31 1,02 1.05
B3i® 1,00 1,00 1.00 N3P 1.00  0.8L 1.00
Ba® 1.00 1,02 1.02 Ppe 1.00  1.00 1.00
ca® 1.00 1.00 1,00 Rb™ 1.00 1,00 1.00
ca® 1.00 1.00 1.00 sp™ 1.00 0.84 0.89
ce? 1.08  1.00 1.02 srd 1,00 1,00 1.02
col 1,00 1.00 1.00 i€ 1.35 1.04 1.02
cx? 1,00  1.00 1.00 vP 1.00  0.98 0.94
cud 1.00 1,00 1,00 Wt 1.00 1.00 1.00
Fed 1.00 1,00 1.00 Zn 1.00  0.98 1.00
La® 1,19  1.00 1.00 Zn 1,00 © 1,00 1.00
Mg 1.00  0.96 0,96 Zr 1.46  1.00 1.00
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hydrogen flame as it was in the argon-hydrogen flame but
most effective in the air-acetylene flame.

The interferences not removed in the presence of
iron IITI chloride ﬁhen using the argon-hydrogen flame
were also still present in the comparable atomic absorp-
tion results of Nakehare et al (Mo,Ni,Sb) and they
correlate both in magnitude and nature. None of these
three elements interfered in the air-acetylene flame and
only antimony interfered in the argon-oxygen-hydrogen
flame. It should be noted that those trace elements
which occur in steels and which still interfere in the
air-acetylene and argon-oxygen-hydrogen flames in the
presence of iron III chloride (Al, Ti, Nb in air-acety-
lene and As, Sb, V, Nb in argon-oxygen-hydrogen) occur
at levels which would not interfere with the determina+
tion of +in in steels. (As, Nb, Sb, Al, Ti, V usually
occur at less than 0.2% in steel; i.ey 20 ppm if lg steel

is dissolved in 100 ml of solution).

3.3.4 The effect of iron on the interference from acids

In the argon flames 1000 ppm iron failed to remove
the interference from the acids studied except hydrochloric
acid (Table 3.7). However the enhancement due to iron
in the presence of hydrochloric acid is the same as the
enhancement‘due to iron in aqueous 10 ppm tin solutions.

(Table 3.7). In the air-asocetylene flame only phosphoric,
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TABLE 3,7

THE EFFECT OF IRON ON THE INTERFERENCE FROM ACIDS

(10 ppm tin; a1l solutions made up with deionised water. Results
expressed as the ratio of the fluorescence of tin in the presence of
eacid and 1000 ppm iron to the fluorescence of the agueous tin solu-~
tion containing neither acid nor iron, iron added as iron III chloride)

Acia concentration Relative fluorescence
of acid %
Air-CoH, Ar-H, Ar-0,-H,
hydrochloric 10 1.00 2.08 2.52
phosphoriec 10 0.69 0.19 0.22
nitric 10 1.00 1.27 1.31
sulphuric 10 0.47 0.23 0.29
perchloric 10 1.00 1.23 1.27
hydrofluoric 1 1.20 1.96 1.68
0.4M hydrochloric 1,00 1.52 1.36

acid - no iron

aqueous tin, 1.00 2,08 2.52
no acid,
1000 ppm iron
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sulphuric and hydrofluoric acids interfere (Table 3.7)e

Ze3.5 The effect of organic solvants

252
Gilbert has discussed the effect of acetone,

ethyl alcohol and isopropanol on the thermal emission

of tin in eir-hydrogen flames and quotes snhancements

in the emission of up to 75% . Harrison and Julian§u9
found that the addition of a variety of orgenic solvents
depresses the tin atomic absorption in the esir-hydrogen
flame. Nakahera et aiuQ found this was also true of the
cooler argon-hydrogen and nitrogen flames, The present
author has not been able to find any detailed published
information on the effect of organic solvents when the
air~acetylene or nitrous oxide-acetylene flames are used
for tin atomic absorption methods, However, published
solvent extraction methodgho’2u1é§§20t seem to have suff-
ered any loss in sensitivity due to the use of organic
solvents, In this study 10 ppm aqueous tin solutions
containing 10% concentrations of a range of organic
liguids were nebulized and the fluorescence measured
(Table 3.8). In the argon flames acetone, acetic acid,
ethanol and metlyl-ethyl-ketone a2ll depressed the fluores-—
cence of tin. Acetic acid gave the smallest depression
(36.5%), methyl-ethyl-ketone the largest (92.7%)., 1000 ppm

iron had a releasing effect in all cases but not enough to

enhance the signel (Table 3.8). The magnitudes of these
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(3.5%, i.e. @ pH 1.5) to prevent loss of +in from solu-
tion by adsorption.

Interelement effects occurring in the atomic
fluorescence determinaetion of tin, using the hydrogen
flames, follow the same basic trends as those reported

2l9,213

by Nekahara et al?u2and Herrison and Juliano in
their work on the ztomic absorption of +tin. In view

of this observation the mechenism for the elimination

of interferences by iron IIT chloride proposed by
Nakahara et al, is as acceptable for atomic fluorescence

as it is for atomic absorption. The latter authors

postulate the following scheme:

+0(or 02) (3) 5.7 eV
- = Sn0 Sn
SnCl2(or SnCl)
2.7 eV
> SnH > SN
+H(or H,) (1) (2)

where MCl represents hydrogen chloride and/or metallic
chloride. Tin is vaporized as Sn012 or SnCl and the
production of tin atoms is thought to occur through

processes (l) and (2), but a larger part of the tin in

the flame is present as SnO.

Nakahara et al found 'some enhencing interferences:

when atmonium halides were present in the solutions used
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for atomic absorption analyses in the argon-hydrogen
flame, No enhancing effect was observed in the air-
hydrogen flame. These observations substantiated the
above scheme in that the halide may contribute via
step (4) to the formation of species which are stable

in cool fleame, e.g. SnCl, or SnCl and these species may

2

favour the formation of SnH which decomposes directly by
step (2) t0o produce tin atoms,. Burke and Albright256
found that interferences were minimised through the use

of solutions containing 2% ammonium chloride 5% verchloric
acid and hydrochloric acid for atomic absorption analyses.
for tin in the argon-hydrogen flame. This also indicates
that ammonium chloride (or ammonium perchlorate) could act
as MCLl in step (4).

In the above stheme depressing interferences occur
through process (3), oxygen atoms or molecules being supp-
lied by eir and/or oxygen-containing compounds such as
nitrate, sulphate and phosphate. Enhancing interferences
occur through process (4), iron IITI chloride being the
most effective as MCl. Hydrochloric acid and ammonium
halides being less effective than iron chloride.

Harrison and Julianghg)propose that the depressive
effect of orgaenic solvents on tin absorption is probably
related to the effective removal of active hydrogen atoms
which either serve to reduce tin oxide directly to form

tin atoms or form a tin hydride species which is more
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susceptible to dissociation than the tin oxide. To
reach their conclusions these workers studied the effect
of organic additives on tin hydride emission at 609.,5 nm.
Tin hydride showed a sharp decrease in‘emission intensity
as the concentration of the orgaenic species was increased,
much like the effect shown for tin absorbance except that
a more severe effect was noted on the hydrides.

In the air-~acetylene flame a similar mechanism to
the schemes above could be rxstulated. However step (1)

could involve a variety of other reducing species which

are present in the air-acetylene flanm£57 Harrison and
2119
Juliend point out that reduction by carbon species will

be favoured energetically because of the more stable C-0
bond as compared with the OH bond. That hydrogen does
not play a large pert in the atomisation of 4in in this
flame is indicated by the enhancement effect of organic
liquids in this fluorescence work as well es in Juliano
and Herrison's absorption work, i.e. the removal of
active hydrogen is not as significant as it is in the
hydrogen flames. Steps (3) and (4) probably still occur
in the air-~acetylene flame because iron III chloride has
the same &ffect on the fluorescence of tin in the presence
of other elements as it does in the hydrogen flames.
Juliano and HarrisorfZ present a more detailed discussion

of the possible mechanisms by which individual elements

interfere with tin absorption. They propose varionus
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types of ionisation mechanisms and solute vaporization
interferences based on the formation of -oxides in the

f£lame,

3.3.,7 Analytical Curves

The expressions which relate the radiance of
fluorescence emission to the concentration of fluorescing
atoms are given in aeppendix i, These expressions high-~
light the importeant factors which affect the shape of
analytical curves especially at high concentrations of
analyte atoms in the f£lame, At low concentrations the
plot of analytical signal vs metal atom concentration has
e slope of unity because self-absorption of the emitted
fluorescence by ground state analyte atoms is negligible.,
At high concentrations self-absorption of resonance radia-—
tion becomes important. The other factors, related to
self-absorption, which affect the shape of analytical
curves at high concentrations are mainly concerned with
the method of.illumination of the flame and the solid

angle over which the fluorescence is measured,

The above considerations hold when excitation and
fluorescence are taking place at the same wavelength
(resonance fluorescence). If the fluorescence is emitted
at a different wavelength to the excitation the shape of

the analytical curve will be altered. This occurs when a
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line source is used and the fluorescence transition
terminates in an excited state, (Generalisation é
Appendix I) an example of such a transition is direct
line fluorescence. In these cases the fluorescence
radiance at all analyte concentrations becomes independent
of the shapes of the absorption and fluorescence bands
because ground state analyte atoms will not absorb strongly
at the fluorescence wavelength and therefore the self-
absorpfion factor, fs, tends to unity (Appendix I). It
should be noted however that in flame spectroscopy this
excited state should be about 0.5 eV or higher above the
ground state for fs to approach unity7 . The consequence
of using such non-resonance fluorescence is an analytical
curve with & long linear renge to higher concentrations
than is normally encountered. (see theory, Appendix I).

For the atomic fluorescence of tin in the argon-

9

hydrogen flame, the direct line fluorescence at 317.5 nm
is most sensitive (section 3.2.4), In the argon-oxygen=—
hydrogen and air-acetylene flames the 303.,4 nm line is the

most sensitive. The latter line is a step-~wise transition

with & component from a thermelly assisted (3Po to 3Pl see

Pig 3.13) resonance fluorescence transition at 303.4 nn? .

Neither of the fluorescence transitions, 317.5 or 303.4 nm,

terminate in an excited state greater than 0.5eV above the
193

ground state (0.210 and 0.425eV respectively ) consequ-

ently the self-absorption factor, fs, cannot be unity.

However analytical curves in all three flames were linear
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between the detection limit and 250 ppm (Fig. 3.23) =
relatively long linear range compared to other elements
using resonance lines where such lines give superior
detection limits. An example of such an element is
mangenese which gives calibretion graphs, at the 280 nm
resonance line, which are linear from 0.0025 to only .
10 ppmﬂz'. Consequently the use of non-resonance tran-
sitions for the atomic fluorescence determination of tin
has the twofold adventage of extended linear range at
high concentrations and superior detection limit. This
favourable situation also occurs for other elements, for

1&..

example lead In the atomiec fluorescence of arsenic
(Chepter four) the 235.0 nm thermally-assisted direct-
line fluorescence transition gives analytical curves
which show less curvature at high concentrations than
the resonance line at 189.0 nm. However the 235.0 nm
line was found to give poor sensitivity in this work.

A choice between linear range to high concentrations and
superior detection limits often needs to be made depend-
ing upon the application and/or element concerned.

In this work on tin the calibration solutions used
to obtain the analytical curves were 0,4M in hydrochloric
acid and each contained 1000 ppm iron III chloride. The
upper limit of the linear range, 250 ppm, was the same as

9

that obtained by Browner et al in their tin fluorescence

studies,
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2e3.8 Detection Limits

Detection limits in this thesis are defined as
that solution containing the analyte which gives a
signal~to-noise ratio of two at the readout when using
an 18,28 time constant. A full discussion of the
factors which affect signal-to-noise ratios is given
in chapter two. The procedure and conditions used

. to measure detection limits are given in appendix 2.

The detection limits obtained for the atomic
fluorescence determination of tin were 0.05 ppm in the
argon-separated air-acetylene flame, 0.006 ppm in the
argon-oxygen~-hydrogen and argon-hydrogen flames and
3 ppm in the argon-separated nitrous-oxide acetylene
flame. The standard solutions used to measure these
limits contained 0,05 ppm tin for air-acetylene, 0.025
ppm tin for the argon flemes and 10 ppm for the nitrous-
oxide flame. The solutions were alsoc 0.4M in hydrochloric
acid and conteined 1000 ppm iron (added as iron III chloride).

The magnitude of the signals in the argon—separatea
nitrous oxide-acetylene flame, argon-separated air-acety-
lene flame and the argon flames were in the ratio 1:10:30
respectively when using the most sensitive conditions in
each flame and the same instrumental conditions. The
ratio of the signal in the air-acetylene flame to that in
the argon-oxygen-hydrogen flame is approximately the same

as that obtained by Browner et aii if the improvement
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due to flame separation is taken into account. (Browner
et a2l 4id not separate the air-acetylene flame for this
measurement).

From a comparison of the above ratios with the
detection limits it can be seen that the superior det-
ection limits obtained in the argon flames are a combin-
aetion of the reduced amount of noise associated with the
argon flames and the higher sensitivity in these flames.
Whether this larger signal is in fact due soiely to the
overexcitation phenomenon discussed in section 3.2.2
(which gives a larger atomic population in cool hydrogen
flames) or has o contribution due to reduced quenching
of fluorescence by flame gas species is not clear from
these results. However the fact that the air~acetylene
flame is so much more sensitive than the nitrous-oxide-
acetylene flame indicates that quenching is appreciable
in the latter flame, One would expect the atomic popu-
la&ion to be greater in the nitrous-oxide flame because
this flame is more sensitive than air-ascetylene im atomic
absdrptio%:. It is interesting to compare these observa-

tions with the situation found for the determination of

arsenic at 189.0 nm (chapter four).

Comparison of the above atomic fluorescence det-
ection limits with the best atomic absorption limits that
we could find (e.g. Winefordner and Elser > 0.03 ppm in
cool flames) deionstrates the superior limits obtained

when using etomic fluorescence for the determinetion of
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tin. The more popular air-acetylene flame gives a
detection limit which is comparable with the limits
found for atomic absorption in cool flames and further
improvements éan be obteined by using the cool flames

in atomic fluorescence,

Be4 The determination of tin in steel samples

2L2
Nakehara et al pointed out that the effect of

iron III chloride in eliminating interferences facili-
tates the determination of tin in steels by atomic
absorption., These workers successfully determined tin
in steel by dissolving lg of steel in aqua-regia, evap-
orating to dryness, taking up in 10 ml of 6M hydrochloric
acid, diluting to 100 ml in a wvolumetric flask and meas-
uring the absorption of the resulting solution in the
argon-hydrogen flame, In the work reported here the
above atomic absorption method was repeated, i.e. cali-
bration curves were obtained using standards conteining
1000 ppm iron (added as iron III chloride) and agqua-regia
was used to dissolve lg samples of five B.C.S. standard
steelsz5? The resulting solutions were nebulised and
the atomic fluorescence measured 2t the 303.4 nm line.
However, all the fluorescence signals from the steel
solutions were severely depressed by between 50 and 90%
in the argon-hydrogen and srgon-oxygen-hydrogen flames
and enhanced by vp to 40% in the air-acetylene flame

(Table 30 9) .
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TABLE 3.9

THE DETERMINATION OF TIN IN STEEL USING
CALIBRATION STANDARDS CONTAINING 1000 ppm IRON

(For a discussion of these results and the dissolution method
used see text)o

Bri'tisha Description Tin content %

Chemical of steel

Standard BCS . Atémie fluorescence

Steel No. standaerdised (Duplicate analyses)
value %

Air/02H2 Ar/H2 Ar/OZ/Hz

431 plain . 0.006 0.007 b b
carbon 0.007

321 mild 0.014 0.019 b b
0.018

302 mild 0.24 0.30 0.05 0.10
0.29 0.07 0.11

303 mild 0.024 0.032 b 0.013
0.031 0.012

305 mild 0.046 0.055 0.009 0.020

0.054 0.010 0.019

a. The standardised analyses of the steels can be obtained .
by referring to the list of analysed semgles published
by the Bureau of Analysed Samples Ltd.25

“bs TFluorescence signals not detectable.
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230
Norris and Yest investigating the determination

of chromium and manganese in steels using atomic fluor-
escence spectroscopy found that iron above a 250-fold
excess interfered in the determination of chromium
causing o depressing effect. They found it necessary
to0 remove most of the iron by extracting it from strong
hydrochloric acid-nitric acid solution, immediately after
dissolution, with an equal volume of A.R. grade amyl
acetate,

256

Burke and Albright found thet 10,000 ppm iron
caused a depression of tin atomic absorption signals in
the argon-hydrogen flame.,. This depression was alleviated
but not eliminated by the ammonium chloride-perchloric
acid system mentioned in section 3.3.6.

The effect of iron (2dded o2& iron III chloride)
present in the range O to 10,000 ppm, on the fluorescence
of a 50 npm tin solution was determined in this work
using the two ergon flames and the separated air-acetylene
flame, The results, plotted in Fig.3.24, show that iron
has a depressing effect on the determination of tin in the
argon flames, The severe depression caused by iron inv
the argon-hydrogen flame presents difficulties in the use
of this flame for sensitive atomic fluorescence measure~
ments of solutions of steels.,

Results of further steel analyses (Table 3.10) using

standards containing 8000 ppm iron demonstrated that it
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TABLE 3,10

THE DETERMINATION OF TIN IN STEEL USING
CALIBRATION STANDARDS CONTAINING 8000 ppm IRON

(For a discussion of these results and the dissolution method
used see text).

British @ Description Tin content %

Chemical of steel

Standeard BCS Atomic fluorescence

No. standardised (Duplicate analyses)
value %

Air/02H2 Ar/oz'/ﬁ2

322 nild 0.24 0.30 0.14
0.30 0.14
323 mild 0.024 0.031 0.016
: 0.030 0.015
431 plain 0.006 0.007 b
carbon 0.008
258

a. Bureau of Analysed Samples Ltd.

b. Fluorescence signals not detectable.
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was not possible to wholly attribute the large depress-—
ions in the argon flames to the effect of high concen-

trations of iron; a ca. 40% depression was still obseri
ved in the argon-oxygen-~hydrogen flame. Neither couldi
the enhancement in the air-acetylene flame be expleined
by the effect of iron III chloride on tin fluorescence.

Silicates in solution are well known to cause
marked depressions on the atomic absorption determination
of e variety of elementss magnesium, calcium and strontium
are notable in this resPect11z Silicon in steel ranges
from 0.001 to 5%. The traditional method of minimising
the depressive effect of silicates is to filter the steel
solution after dissolution. This is effective because
éelatinous silica partly precipitaetes during dissolution
techniques which do not include a dehydration step. A
method of complete removal of silica is volatilization‘
with hydro fluoric acid during the dissolution pfk%%é%§9~26o
The tetra fluoride of silicon is gaseous at ordinary
temperatures end therefore easily volatilized from solu-
tion. The tin tetrafluoride is an involetile solid
which sublimes at 978 K, thus it is unlikely to be vol-
atilized from solution.,.

The above two methods of removing silicon were
applied to the determination of tin in three standard
stéels from the B.C.S. range258(EMreau of Analysed
Semples Ltd,, Middlesbrough). These two methods of

dissolution of the steel sample, both based on the use
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of hydrochloric acid/nitric acid mixture, are detailed in Table
3.11 Methods A and B). The calibration curves for these deter-
minations were obtained using standards containing 8000 ppm iron
and which were 0.4 in hydrochloric acid, (iig. 3.25 ) .

The curves are linear from the detection limit to 250 ppm using
both the argon-oxygen-hydrogen and the argon-separated air-acetylene
flames. The results of the determinations are given in Table 3.42
The depression in the argon-oxygen-hydrogen flame and the enhance-~
ment in the air-acetylene flame are no§ longer evident. The
enhancement in the air-acetylene flame was probably due to

scatter of source radiation by silica particles in the flame.

This was confirmed using the non fluorescing line at 285.0 nm.

This source line was as intense as the 303.) nm source line

(Fig. 3.12). At 285.0 nm scatter was observed from the unfiltered

steel solutions while no signals were observed from standard tin
solutions containing 8000 ppm iron or from filtered steel
solutions e

Detection limits in the argon-oxygen-hydrogen and argon-separated

air-acetylene flames were measured respectively using 0.025 and

0.05 ppm standard tin solutions each containing 8000 ppm iron and
which were O0.MM in hydrochloric acid. The detection limit in the
air-acetylene flame was 0,05 ppm; the same as for standard tin
solutions containing only 1000 ppm iron (section 3.3.8). In the case

of the argon-oxygen-hydrecen flame the presence of 8000 ppm iron in the
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ABLE 3, 12

THE DETERMINATION OF TIN IN STEEL USING CALIERATION
STANDARDS CONTAINING 8000 ppm IRON AND EMPLOYING THE
REMOVAL OF SILICON DURING DISSOLUTION.

he following trace elemen‘bsa are present in all or most of the steels:

sy i, 8, P, Mn, Ni, Cr, Mo, Cu, V, W, Ti, As, Al, Sb,Nb.Arsenic, niobium,
ntimony, vanadium, titanium and aluminium are present at levels not
ikely to interfere with the determination (less than 0.2%). The remeining
lements do not interfere in the presence of iron III chloride.

itish > Description Tin content

hemical of steel

tandard “BCS Atomic fluorescence.(Duplicate analyses)

teel No. standardised b b’
value % Method A Method B

Air/c H, Ar/O0,/H, Air/C,H, Ar/0,/H,

322 mild 0.24 0.24 0.23 0.23 0,23
0.24 0.24 0.24 0:24
30% mild 0.024 0.024 0.023 0.024 0,024
0.024 0.024 0.023 0,024
431 plain 0,006 0.006 0.005 0.006 0; 00€
carbon '
0.005 0.005 0.006 0,005

2+ The standardised analyses of the steels can be obtained by
referring to the list of analysed samples published by the
Bureau of Analysed Samples Ltd. 258

b. BSee text and Table 3, 14,
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stendard solutions increased the flame noise as well as
depressing the fluorescence signal. This degraded the
detection limit from 0.006 ppm to 0.0l ppm.

The precision of Method B (Table 3.11) was invest-
igated for one of the standard steels (B.C.S. No.323, a
mild steei). Six samples of this steel were treated
using dissolution method B and the average of three
atomic fluorescence readings taeken for each sample.

The relative stendard deviation was 3.1% for the air-
acetylene flame and 2.3% for the argon~oxygen~hydrogen
flame.

A third dissolution method (Method C, Table 3.14)
using aque-regia but followed by oxidation with perchloric
acid and a filtration step was used to analyse B.C.S.
standerd steel No.325 (stendardised tin content 0.048%),
The atomic fluorescence aenalysis gave a tin content of
0.049% using the argon-oxygen-hydrogen flame and 0.047%
using the argon~separated air-acetylene flame. Cali-
bration was carried out in the same way as for Methods
A and B. However if more than 10 ml of perchloric acid
was used in the dissolution step large enhancements of
the fluorescence signal were observed in either of the
above flames. Por example, the use of 20 ml of per-
chloric acid resulted in a tin fluorescence signel
corresponding to 0.13% for B.C.S. No.325 (argon-separa-
ted air-gcetylene flame). Moreover this interference

was not reproducible, the enhancement varying between
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100 and 400% (three determinations, tin content found:
0.13%, 0.19%, 0.09%, in the air-acetylene flame, end
0.2, 0.24, 0.1 in the argon~oxygen-hydrogen flame).
This is probably related to evaporation time during the
dissolution step as well as to the volume of perchloric
acid added. The effect of the concentration of per-
chloric acid on the fluorescence of tin in the argon-
oxygen-hydrogen flame is not constant below an acid
concentration of 10% (Fig.3.1l.).

In view of the above observations, Method C using
perchloric acid could only be considered reliable when
using concentrations of perchloric acid accurately con~
trolled below 10%. Pricé192pointé out that it has been
found necessary to take calibration standards thréugh e
perchloric acid oxidation step when determining chromium
and moi&bdenum in steels by atomic absorption. This
eliminsrtes any problems that may occur due to a difference,
probably in oxidation state in the case of chromium,
between samples and synthetic standards, This procedure
maey be necessary for the determination of tin in éteel by
atomic fluorescence if a perchloric acid dissolution is
indicated. | For example, if it is desirable to determine
a number of trace elements using & single weighing and
preperation procedure the use of perchloric acid may be
necessary +to bring one or more of the elements int§ solu~

tion.
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without preconcentration and moreover the populer air-
acetylene f£lame can be used rather than & cooler flame,
If necessary further improvements in sensitivity cen be

obtained using the argon-oxygen-hydrogen flame.
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4.2 Optimisation of conditions for measurements of
arsenic fluorescence

. 290
As mentioned alove Al-sibaai and Fogg found that

arsenic solutions at the 20 and L4 ppm level are stable.
The solutions used in this work were therefore prep-
ared using arsenic(}lI)oxide and sodium hydroxide
followed by neutralization with hydrochloric acid.
(appendix 2 ). No loss of arsenic from 1000,¢00,10

or 1 ppm solutions was observed over the period of this
work, neither was there any loss when the solutions
were 4% in hydrochloric acid or when there was 10,000

ppm iron (as ferric chloride) present.
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TABLE 4.1

(Flow rates giving optimal sensitivity for the determination

GAS FLOW

RATES

156

of arsenic atomic fluorescence at 189.0 nm with various flames)

Flame Gas flow rates (L min™ 1)
unse; arated argon separated flame
flame (argon flow 6.0 1 min-q)

Air O ' R 1+98 ’+o8
Acetylene 1.5 1.4

Argon 4.8 -

Hydrogen 0.72 -

Argon 4.8 -

Oxygen 0.48 -

Hydrogen 0.72 -

Nitrous oxide 4,8 4.8
Acetylene 3.4 3.k
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the relative intensities of the fluorcsccnce lines in the four flames
studied. Indeed Kirkbright and Ranso§6ﬂhave shown that the
separated nitrous oxide flame is less noisy and absorbs less
source radiation at 193.7 nm than thé air-acetylene flame.
Consequently the atomic absorption detection limit is superior
in the former flame despite the sensitivity in the latter flame
being superior. This situation does not occur in atomic
fluorescence presumably because fluorescence gquenching is so
much greater in the nitrous oxide flame leading to a further decrease
in sensitivity and therefore signal-to-noise ratio. Moreover in
the present work the separated nitrous oxide-acetylene flame was
found to be slightly more noisy than the separated air-acetylene
flame at 189.0 nm (Kirkbright and Ranson made no direct couparison
of the two flames when both were separated).

Although over-excitation phenomen%53 may account for the
high sensitivity of the cool flames the air-acetylene flame is a
high quenching flame relative to the cool flames which gives a v
further improvement in the relative sensitivity of the cool flames.

At 189.0 nm the argon-oxygen-hydrogen flame is less sensitive
than the argon-hydrogen flame probably because of absorption of

the source and fluorescence radiations by the oxygen added to the
flame. Conversely at 235.0 nm the argon-oxygen-hydrogen is the
most sensitive probably because the effect of oxygen absorption is
not evident at this wavelength and therefore the advantages are
revealed of the low quenching characteristics of the flame relative
to hotter flames and the increased temperature of the flame
relative to argon-hydrogen.

An explonation of the relatively high fluorescence intensity
of the 235.0 nm line in any of the flames is given by Dagnall et ai11

in terms of the energy differences between the atomic states

concerned.
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fluorescence signal in the Ar/H2 flame when perchloric acid is
present although the same concentrations of this acid cause
depressions in the other flames. The presence of phosphoric acid
made all four flames very unstable especially the nitrous oxide
flane.

bsing the separated air-acetylene flame and the separated
nitrous oxide-acetylene flamg Lkirkbright and his co-workers found
no interference with the atomic absorption determination of
arsenic from nitric, sulphuric, phosphoric or hydrochloric acids.
However these workers were testing for the acid interferences using
100 ppm arsenic solutions containing a 100-fold weight excess of
each acid which for any one of the acids results in a solution
which contains less than 2% of the acid. Dagnall et af;1 also
found no anion interferences on their arsenic fluorescence signals
which is probably explained by the low concentrations of acids
used in their study.

The results, shown in Figs. 4.13 to 4.16, at the 2% level of
each acid and at the 10 ppm arsenic level show that the fluorescence
method is as free from interferences from acids as the atomic
absorption method as reported by Kirkbright and his co~workers.
Even at acid concentrations of 4% or less in any one of the flames
there is no interference greater than 10% and most of the changes
in the fluorescence signals are less than 5%.

It is noteworthy that Atushi Ando et af%82 studied the
effect of acids on arsenic atomic absorption using a nitrogen-
hydrogen flame and a long-path vycor cell ana found similar acid
interferences to those found in this atomic fluorescence work,

i.e. 18% cenhancement due to hydrochloric acid and depressions due
to the other acids. They were using 1 ppm arsenic solutions which
contained 0.1 to 0.5M concentrations of the acids.

The effects of acids on the fluorescence of arsenic are



++ . +
+: Z
+9+1 . 1 >+
y Z
1 7+1 17
+ 1 :
1
11 J1 =
1
+
1 > !
!
;1 . 9 'B5@855D '

17+1 179417+ 1 9.

1 ... C SID %

1 : 17+ 1

+

+.1 11%



166

mm.o L8°0 Q¢°0 SOy b 0°bio*L 0°k 0°} 60 68°0 ¢t°0 o0+
co*0 8L*CG 6Z°0 o° 3 O*b ot O°F 0O} eg*0 LlL°0 64°0 000+ 4D
8g°0 M6°0 0.-60°0 o*L VTt o* L o* 00k
G0 ¢29°0 0 HL°0 0*L 0O°l ol o° i 0o0r 090
02°0 £°0 0 66°0 0"k 0°} 760 hgro | 00l
L 0 0 LGS0 0°Ft O°*F 8870 650 000L 8D
|
90* L the*l b 20 p*+ 0O 0°i o*L 00+
90k Gl oGOtk o*L 0O°} o°tk o°t 000+ PO
8L°0 £6°0 0 L%°0 o°L 0*t 0 cLet 00k
8L°0. ¢£G°0 0 4t*0 0 ¢ 0%l o° 4 gLt S1610] SN
ad TOH by °d  10H by | ad TOH OV, o4 TOH® Dy
(poguasdes (poreaRdESs
uadoapAy UcGag) ~UOJdB)8ULTAI8D3
Usdoapiy-ucdae ~UBZAXO~-UOdde BUBTAIODU~dL B —9PIX0 su0JdLluU wdd
TUBUWS T o

. Anﬁomm mwmmcmw\cCLHEpc ccocrtcv@40moﬁpo<c009cn£cmpwﬁpcwogouvﬁ
PaUTG4UOD AMCQH Juipngour o Hv SUOTIUTOS ﬂm< < @ °*PIOB OTJOTUO0UADAY POLIBILUSOUCD Qi
pOUTBIULD ({UBTY JULPOTOUT 9°T) SUOTLUTOS TIV - 10H -<snosnde (BJL4LOU SUOILLTOS TV ~ Ly
. *Wlu 06yl 1v SpEBW sJIsm mquEaL:me:¢OS¥ Xtpuadae Ul po{re}dos 9s0yy odsm S3TBS
TBlRW 8y, *HOST HJ8M SUOTITPUOCOD UOTUTOSSIP SATICUJLDG(E SOSBO YONS UL *J&IBHA UT STANTOS
~UT SBit 1TSS JBTUOT}J8A & SS8TUN J83BM DHSTUOTIP YTm di SpEW 8d8a SUOTINTOS TIV *OUGTE
OTU8sdJB JO 9DU20S9JIOUTTT 8U3 0% UOT JULJISJJA81UL JO 50USSSJLU AYj UL OTUSSJR JO 80U8088J00OTJT
9yl JO Uijed 8yl s® possaddxsd S4TNSdyY *UOT Juldsj yaaiuti wdd guol vut oL ‘otussas widd Qb

EONEOSHHOATT DINOLY OILMHESY:. HO SHOMEMHAMHINI

g1 gy



167

g6 0
L8 0

70" 1
90" |

8

TOH

, \ o o
QO 0 e
» ® ¢« o « ¢
OO0 ~~ CO

[oxY e @]
»
cC

L
G C c O

[0}

WY O~ OO
.

LoV
N~
*

3

cbei

o
()

°
-

U230apAY-UUJJEG

.
<

Ao CC
e e .
~ ~

Clu

ol ol
0 86°0
0°} ol
0}t 0l
88°0 680
Gg*0 ¢80
G6°0 ¢6°0
98°0 88°0
G*l o° b
o*t 660
LL°0 06°0
6t1*0 g5°0
20° | 0l
Ho* L oL
Gee L or*i
£ge | AR
66°0 66°0
0%¢°0 05°0
0" 0l
96°0 G6*0
TOH by
UL 0dpAY
—-USZAXO-UCE I8

CO0vE 0tk
0L 0}
o°r 0%t
0*r 0"k
0° k-

0°

oL 0k
o'k 0%k
0° b

O

0t

0° b

o'k 0"t
0°L 60
00"+ GO°t
ok*L
0°

96°0

0°

0°

°d  TOH

¢

O
& C
-

c -

oy .
dUaTAL808B-ITE -

poqsasdes—uoide

oC
— %

(G
~—

~

oC
G o
L]
o

ad

Utk 0L
0*F {6°0
0l 0° L
0*t G6°0
0°L 0L
0° 4 o b
0"k 0%}
S$6°0 fig*o
o* 0"t
C*t O
66°0 0"t
06°0 0%
S6°0 O° 4
€8°0 0°t
00*} 90°L
QL GGy
bo" U k6 U
L0 HL*O
ot 0
G5°*0 96U
TOH vy

3UBTTALBLE

-5p X0 SNOILTU

PO LEJLBLOY
-UuoBas

OHADSTEONTA DIWOLY ODINESHy 1O SHONEIHAAMINI

000k ug
o0l
000t 4ad
00}
0C0}L [N
00k ,
00Ut BN
Q0o
000k O
o0t
000} 39N
00}t
000} Ul
001
000k A
000}
0000F 94
OUk
U0k ud
wdd

TUSUIST T

(*3ucd) gt HIdVL



168

O
cQ QD
Cc O

~C
Rl

2\0 C-'\,

e o
O ~

0

M~
QO C o cONO
CO s

1y
R

66°0  ¢G°0 | 980 ¢6*0 Gg*o | ©°L 0°r  0°v | L&'0 L6°0  f@'0 | 00b
L0 £G*0 G0 2°0 GG 0k 0o*t Oo°t 56°0 L0 78°0 000k a7
gC° b 11 0°t ¢o° L L0} 0*1L 710°* 1 0o°t Go* L Lok L * i 00k
Gt gLl g0k el Lo L 0°l 0° ¢ ¢o° i 30° ¢ "L A" 000k uZ
o°t cg* 0 0°L o°l 0 o* L o*t o 00l
¢o°0 LL*0 0*tb g0°* 0° Uk ol o°k | 00Ul 1A
16°0 cz°0 oL ol oL 0° L o°t ol o°*t 0°l o°L 00
63°0 GL*0 o°t o°k go° 0°} ot O 0o° b o*l ¢5°0 000+ A
el 60° L 0t SOtk 04 o° L o° o°l 00k
¢t GO* i 90 | o°l ol ol o°l 0°L 000+ T4
0° L 0°i 0* 4 Lg* 0 0° o°* L 0o°t 00"t 0o* L 0°*t AR 00k
0° L O L 0*} ¢o° | Go" L 0°L o°*t L0 o° L G6°0 cl*0 000}k T4
0L 86°V Ot €6°0C  956°0 | Ok  GO*L €Ot 0° 0l 0} 00k
0° 86° L o°t G3°0 98°0 O°tb cLel beb o*l 0°l 0° i 000} 48
L8°0 88°0 L6°0 ¢6°*0 ge°0 0° o*} 0° L 0"k 0° i o° 4 00k
6.°0 Gl 960 L6 0 68°0 o*l L6°0 ¢6°0 G6°0. 96°0 [6°0 00Uk TS
TOH oy ad TOH oy &l  TDH Uy =) TOH by
ULS 0JI0LY~UOH IS usgodapay . , SUDTAL0DE~ILB susaTA)o0®
~UsdAx0-uodaw peqreaIedss ~uos.ae -9PTXO SNOALTU .
: : poreaedos ~U0SJe mda
: 1UBWBTH

ADHEOSHYON T OIHOLY DIHESY . HO SEDHERHATHLMT

(*3uco) g*dr “IEVL



169

The addition of oxygen to the argon-hydrogen flame does
not significantly alter the interferences encountered in this flame
(Table 4.2) consequently it becomes impractical to use either of
the cool flames for other than the analysis of relatively pure
solutions. The effects of the various metal ions shown in
Table 4.2 demonstrate that the fluorescence determination of
arsenic in the argon-separated air-acetylene flame is remarkably
free from interference. Only potassium gives any change in the
fluorescence signal in the presence of 10,000 ppm iron. The
cations of Mn, Sr, Ti, Pb, Sn, Si and Zn interfere in pure
aqueous solutions but the effects due to all these cations are not
significant except at the 1000 ppm level,

The circular slot burner used to support the argon-
separated nitrous oxide-acetylene flame had been giving trouble
during the determination of the interference effects in Table 4.2.
Long use of this burner had gradually produced a sufficiently
deformed slot to alter the flow of gases into the flame, consequently,
it would not support a flame with a "red feather'" greater than 5 mma

in height (acetylene flow 3.1 1 min™1) without instability occurring.

A number of interferences were encountered in this flame (Table 4.2).

The burnerhead was subsequently machined to give a slot of more
even dimensions and a few interference effects further investigated

using a flame with a red feather of about 30 mm (acetylene flow

3.4 1 min~™").  The results,presented in table 4.3,reveal fewer
interferences than is cvident with the air-acetylenc flame.  The
lack of interferences occurring in nitrous oxide-acetylene when

measuring in the "red feather" zone is normally attributed to the

296,297.

extrenely low concentration of oxygen atoms in this region
The interferences with the arsenic fluorescence signals in

the various flames tested here follow the same basic trends as has
165,264,266

been reported for arsenic atomic absorption in the cool flames

266,268 264

the air-acetylene flame and the nitrous oxide~acetylene flame



TABLE 4.3

INTERFERENCES ON ARSENIC ATOMIC FLUORESCENCE USING A NITROUS

OXIDE-ACETYLENE FLAME WITH 30 mm "RED FEATHER"

(for conditions see table 4.2)

Element

Ag. Fe
(1000 ppm)

AL 1.0 1.0
Ce 1.0 1.0
Cr 1.0 1.0
Cu 1.0 1.0
Fe 1.0 0.96
K 1.5 1.0
Mg 1.0 1.0
Mn 1.0 1.0
Na 0.9 1.0
Pb 1.0 1.0
S8i 1.0 1.0
v 1.0 1.0
Zn 1.0 1.0
Zr 1.0 1.0

170
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The only exception to this observation is in the work of Kirkbright

263,265 '
et al. who observed the interference of the cations of Mg, Al,
Ca, Cr, V, Fe, Co, Ni, Cu, Mo, Hg, Pb and Sn on arsenic atomic
absorption in the separated air-acetylene flame using 100-fold
weight excesses of the ions and 100 ppm arsenic test solutions..
This large number of interferences is surprising when compared with

266

the few atomic i?sorption interferences reported by Johns and
Smith and Franli2 8when using the air-acetylene flame and further
compared with the minor interferences observed by Dagnall and
his co-workerg1’2é%ompson and Wildy1 and the present author
for the atomic fluorescence of arsenic in the same flame. Smith
and Franl%68reported the interference of Al, Cr, Mo, Mn, Pb and
Sn with arsenic absorption. All these cations except Mn inter-
fered in the similar studies of Kirkbright etza%,gr?c? Mn, Pb ond
Sn interfered in this fluorescence study. The large number of
interferences observed by Kirkbright et al. may be due to the
relatively high levels of the ions added (10,000 ppm).

In summary, the separated nitrous oxide-acetylene flame

is the most favourable for atomic absorption and fluorescence

determinations of arsenic in aqueous solution. However this work
has shown that the presence of 10,000 ppm iron eliminates the
small number of interferences which affect the fluorescence of arsenic
in the separated air-acetylene flame. This phenomenon,often
called the "Matrix Dilution" effect,is encountered with the flame
spectroscopy of many elements. The presence of the major con-
stituent is sajd to dilute the salt matrix left after evaporation
of the solvent in the flame and hence reduce the effect of small
amounts of other eloments298° The more sensitive air-acetylene
flame must not therefore be eliminated as the flame of choice for
the atomic»absorption or fluorescence of arsenic.

14
Dagnall et al. in their atomic fluorescence study using the
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air-acetylene flame found that Na, K and Cu interfered with the
determination and attributed these interferences to intense light
emission from thesc easily excited elements. This enmission
reached the photomultiplier via a light leakage in the Unicam
SP900 A monochronator. In the present work the arsenic fluorescence
signals in both acetylene based flames were enhanced by potassium
but not by copper or sodium. In order to discover why Cu and Na
did not interfere an R166 photomultiplier tube was used instead
of the R106 tube. The R166 has very little response to wavelengths
above 320 nm and would not therefore be expected to respond
significantly to any light leakage from strong thermel emissions in
the visible region. Using this detector the potassium enhancement
renained at exactly the same magnitude (Relative fluorescence 1.5
and 1.4 in the nitrous-oxide-acetylene and air-acetylene flames
respectively). At the sodium emission wavelengths, 589.0, 330.2,
no signal was observed when aspirating 2500 ppn sodium. Similarly
for potassium at 4OU4.4 nm and copper at 327.4 nm. This was the
casc when either of the two photomultiplier tubes (R106 and R166)

were being used. These results demonstrate the absence of a light

lcokage and emphasize the efficiency with which the combination of
high frequency modulation and the lock-in amplifier is able to
reject emission from the flame. Without this high rejection light
leakage ray well be a problem in atomic fluorescence spectroscopy.
At least two examples of this have been described in the literature.
Barnett and Kalm  observed an enhancing interference of sodium on
the fluorescence of iron in an air-acetylene flame. The sodiunm
produced no atomic absorption interfercnce (presumably because
instrumental gains are not high in atomic absorption). These
workers found that when a blank solution containing only sodium

and no iron was measured the reading exactly matched the sodium

enhancement obtained when measuring iron fluorescence. Thus they
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TABLE 4.4

THE FEFFECT OF IRON ON ARSENIC FLUORESCENCE

(Solutions contained 10 ppm arsenic, 4% concentrated hydrochloric
acid. Iron added as iron (III) chloride. Blank solutions con-
tained iron. Measurements made at 189.0 nm and results expressed
as the ratio of the fluorescence of arsenic in the presence of

iron to the fluorescence of arsenic alone).

iron Flame (flow rates for optimal sensitivity)
ppm N20/02H2 Air/02H2 Ar/OZ/Ha Ar/HZ
10,000 0.90 0.95 0.30 0.63
9,000 0.90 0.95 0.36 0.76
8,000 0.96 0.97 0.39 0.77
7,000 0.96 0.98 0.k42 0.77
6,000 0.97 0.98 0.46 0.77
5,000 0.99 0.99 0.63 0.82
L,000 0.98 0.99 0.78 0.85
3;000 0.98 1.0 0.86 0.89
2,000 1.0 1.0 0.9 0.9%

1,000 1.0 1.0 0.98 0.95
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lcvel causes a depression of similar magnitude to that in the
263
atomic absorption method as reported by Kirkbright et al.

The same workers indicate that it is not necessary to add

najor constituents of a matrix to standards when determining
arsenic absorption in the nitrous oxide-acetylenc flane. It
does seem however that it is necessary to add iron to standards
when measuring fluorescence in this flame. A burner able to
cope with a slightly higher solids content than the one used
would probably have removed the interference from iron in the

nitrous oxide-acetylene flanme.

L4,3.4. The effect of organic solvents
268

Smith and Frank  report that in aqueous écetone, methanol

or isopropyl alcohol the absorption of arsenic is considerably
enhanced when using an oxy-acetylene flame. Menis and Rainéi65
suggest that the interference of CH and 02 radicals in flame gases
in the far ultraviolet region at 193.7 nm precludes the direct
burning of organic solutions (These workers used diethylammonium
diethyldithiocarbamate, DDDC, to separate the arsenic from interfering
cations and after back extraction the atomic absorption detection
limit for arsenic in the resulting aqueous medium was 0.1 ppr).
Arsenic can be extracted from acid solutions up to pH 6 using
APDC and MIBI&1 92,225 or DDD%65to concentrate but the final solution
is usually aqueous.

In this study 10 ppm aqueous arsenic solutions containing
10% concentrations of a renge of organic liquids were nebulized
and the fluorescence measured (Table 4.5). In the argon flames
acetone, acetic acid, ethanol and nmethyl-ethyl-ketone all depressed
the fluorescence signals thus demonstrating a further disadvantage
of using these two flames for the determination of arsenic. In

the two hot flames enhancements of up to 70% are possible when methyl

ethyl ketone is added to the analysis solutions. These trends,
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being similar to those found for the fluorescence of tin suggest,
by analogy, that active hydrogen may be playing a role in the atom-
ization of arsenic in the two cool flames.

Unfortunately when 10,000 ppm of iron is present in
solution the enhancements due to the organic liquids are almost
halved (Table 4.5). Moreover although these enhancements may be
further improved if say a 50% concentration of the organic liquid
was used the problems due to the CH and 02 radicals mentioned by

16
Menis and Rains 5may reduce the effectiveness of the measure.

L.k, Analytical Curves and detection limits

L. 4.9, Analytical Curves

The results obtained by Dagnall and his co-worker;1 when
looking at the linear range of analytical curves have been
sunmarized in section 4.2.4. In the present work analytical
curves were obtzined for solutions containing arsenic alone at
the wavelengths 189.0 nm and 235.0 nm and for arsenic solutions
containing 10,000 ppm iron at 189.0 nm. All four flames were
used and the results compared with those of Dagnall et al.

In Figs. 4.17 to 4.20 the analytical curves obtained are
plotted linearly as concentration (ppm) vs fluorescence radiance
(arbitrary units). This form of presentation emphasizes the
high concentration performance of the curves. It can be seen that
the 235.0 nm line yields plots far less curved than the 189.0 nnm
line. The c¢ffect of self-absorption is negligible because the
235.0 nnm line is the result of a thermally assisted direct-line
fluorescence trans:ition”e The 189.0 nm line is a resonance
transition ond suffers from self-absorption to give the serious
curvature observed. In 211 of the flames it is necessary to use
the 189.0 nm line for greatest sensitivity at low concentrations

but the 235.0 nm line is preferable when measuring concentrations
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of arsenic greater than 10 to 100 ppn to take advantage of the longer
linear range. This is especially obvious in the two cool flames
(Figs. 4.17 and 4.18) although, as has been pointed out already,
these flames are not analytically useful because firstly, their
sensitivity is not significantly better than the air-acetylene

flame and secondly too many interferences affect the arsenic
determination in these flanmes.

The nitrous oxide-acetylene flame gives analytical curves
which are more linear at high concentrations than either the cool
flames or the air-acetylene flame although the total linear range
is slightly shorter than the air-acetylene flame because the
sensitivity at low concentrations in the latter flame is higher.

The 255 nm line becomes the nost sensitive line above 100 ppnm
in the cool flames and above 300 ppm in the air-acetylene flame but
is never more sensitive than the 189.0 nm line in the nitrous
oxide-acetylene rlame.

The above observations are in general agreement with those
of Dagnall et al. except for the comments on the nitrous oxide
flame. (This flame was not studied by those workers). The
phenomenon of self-absorption is discussed several times elsewhere
in this thesis.

The fourth analytical curve in Fig. 4.18 illustrates the
effect of removing mirrors M1 and M3 (See Chapter two for the
description of the optical arrangement).  Sclf absorption is
reduced, because fluorescence is not being reflected through the
flame, the linear range is extended and sensitivity is lost as a
consequence.

The analytical curves in Figs. 4.17 to 4.20 arc replotted
on a log-log scale in Figs. 4.21 to 4.2k to emphasize the extent
of the useful linear ronge in the four flames. viz: Just over two

orders of mognitude in the argon-hydrogen and nitrous oxide-acetylene
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flames and between three and four orders of magnitude in the air-
acetylene and argon-oxygen-~hydrogen flames.

The presence of 10,000 pprm of iron (added as ferric chloride)
does not affect the linear range or the curvature at high
concentrations of any of the analytical curves. The sensitivity
is plainly seriously affected in the cool flames, as already shown
in section 4.3.3, although in the. other two flames the scensitivity
is not altered significantly.

Dagnall et alj‘lwere able to detect differences in the
degree of curvature of the analytical curves at all three
resonance lines (189.0, 193.7 and 197.2 nm). This study was
not necessary here because if a longer linear range is required,
presumably to look at high arsenic levels, the 235.0 nm line is
to be preferred to all three resonance lines, as shown by Dagnall

et al. amd therefore the obvious choice.

L. L,2, Detection limits

At the most sensitive line, 189.0 nm, the relative magnitudeg
of the signals obtained using the four flames under study were all
similar with the exception of the nitrous oxide-acetylene flame
which was found to be approximately three times less sensitive
than the other flames (Discussed in section 4.2.4.). The noise
levels at the output of the lock-in-amplifier were also very
similar although the noise from the nitrous oxide flame was
approximately a factor of two worse than the noise from the other
flomes (The two acetylene flames were always used with the separating
sheath of argon).

Detection limits (signal-to-noise ratio equal to two, 18.2s
time constant) were obtained for pure arsenic solutions and for
arsenic solutions containing 10,000 ppm iron; The results are

shown in Table 4.6. From these figures it can be secen that the



TABLE 4.6

DETECTION LIMITS FOR THE ATOMIC FLUORESCENCE

DETERMINATION OF ARSENIC IN FOUR FLAMES

(Measurements made at 189.0 nm using 0.05 ppm arsenic solutions

180

for the hydrogen flames and the air-acetylene flame and 0.5 ppm

solutions for the nitrous oxide-acetylene flame.

Proceedures

for measurement of detection limits are detailed in appendix IT.)

Detection limits

(Signal-to-noise ratio=2 Time constant 18.2s)

Flame

Argon-hydrogen

Arpgon-oxygen-
hydrogen

Argon-separated

air~-acetylene

Argon~separated
nitrous oxide~

acetylene

Aqueous arsenic

solutions

0.01

0.01

0.015

0.10

hydrochloric acid

0.025

0.04

0.018

0.12

Agueous arsenic solutions
containing 10,000 ppm

iron and 4% concentrated
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addition of iron to the arsenic solutions has a significant effect
only in the cool flames where sensitivity is most affected by

such qddition° A slight increase in noise occurs in all four
flames, when iron is present, resulting in a further deterioration
in signal-to-noise ratios.

From the detection limits it can be seen that the cool flames
have no advantage over the separated air-acetylene flame especially
when iron is present. THis is in contrast to the use of the
cool flames for the determination of tin by atomic fluorescence
where the reduction in sensitivity due to iron is more then
compensated for by the increased sensitivity of the argon-oxygen-
hydrogen flame relative to the separated air-acetylene flane and
by the lower noise levels associated with the cool flame. The
arsenic detection limit in the nitrous oxide flame is only about
five times worse than the limit in the air-acetylene flame. This
again is in contrast with the determination of tin where the noise
levels associated with the nitrous oxide acetylene flame at the
wavelengths used are relatively high. The cool flames therefore
when used for the determination of arsenic suffer from the twofold

disadvantage of being firstly, only marginally more sensitive
than the argone-separated aire-acetylene flame and secondly, at
wavelengths below 200 nm all the flames studied have very low noise

levels resulting in the cool flames being only marginally less
noisy than the two acetylenc flames.

Comparison of the arsenic atomic fluorcscence detection
1imifs in Table 4.6 with the best atomic absorption limits known
to us (examples are given in the introduction to this. chapter)
reveals that in the air-acetylene flame the atomic fluorescence
method can be used to detect arsenic concentrations between ten and

twenty times lower than the atomic absorption method in the same

flame. In the argon hydrogen flame the detection limits are

between five and ten times better than the atomic absorption



182

determination.

4.5 The determination of arsenic in steel samples

The effects of a number of elements, present as trace levels
in steels, on the determination of arsenic in all four flames was
described in section 4.3.2. It was shown that in the two argon-
separated acetylene based flames there were no significant
interferences caused by the elements tested. The effect of
10,000 ppm iron (equivalent to dissolving 1g of steel in 100 ml
of solution) has also been described in section 4.3.3. and it
was shown that it is desirable to add 10,000 ppm iron to the
calibration standords..

It was anticipated that it would be necessary to exercise
sonie care when dissolving the stecls because of the relatively
low boiling point of the arsenic trichloride (403 K.)299 and the risk

of losing arsenic as arsine. The use of an oxidising acid mixture

to prevent the latter is quite adequaé% 9but it was found necessary
to excercise care when evaporating to dryness during the diseoslution
step. The method used for the dissolution of the standard steels
is given in Table 4.7. Four steels were treated in this way and
the fluorescence signals in the two acetylene based flames measured.
The results are shown in Table 4.8. Calibration curves for these
determinations were obtained using standards containing 10,000 ppm
iron and 4% concentrated hydrochloric acid (& ml of concentrated
hydrochloric acid were used in the final step of the stecl
dissolution, Table 4.7). The curves, which covered the range
0 to 5 ppm, were linear, as expected from the results given in
section 4.3.5. The curve for the separated air-acetylene flame
is given in Fig. 4.2.5.

Some difficulty was found when determining arsenic in

standard steel number 321, low results (0.001 and 0.002% in both
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TABLE 4.7

DISSOLUTION METHOD USED FOR THE DETERMINATION

OF ARSENIC 1IN STEEL BY ATOMIC FLUORESCENCE

The steel (1 g) was dissolved in 7 ml of concentrated hydro-
chloric acid and 3 ml of concentrated nitric acid and the
resulting solution was heated gently until the evolution of
brown fumes due to oxides of nitrogen ceased. The solution
was then evaporated almost to dryness with the minimum of
heating, the residue taken up with 4 ml of concentrated
hydrochloric acid and filtered through a No. 4 sinter crucible.
The solution was then transferred to a 100 ml volumetric flask
and diluted to the mark. ‘

TABLE 4.8

THE DETERMINATION OF ARSENIC 1IN STEEL

British Tin content %

Chemical Description

Standard of steel BCS Atomic fluorescence
Steel No. standardised (duplicate analyses)
value %

Air/CaHa N20/02H2

321 mild 0.003 0.003 0,003 detection
limit

222 mild 0.012 0.011 0.012 0.011 0.012

223 mild 0.058 0.057 0.058 0.057 0.058

325 mild 0.013 0.013 0.013 0.012 0.013
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flames) being obtained with the first two samples. Two further
samples of this steel were treated as follows® A 100 ml round-
bottomed flask, with a water cooled reflux condenser attached was used
during the dissolution until the brown fumes of the oxides of
nitrogen were completely expclled. The flask was then cooled,

the condenser removed and the sample slowly evaporated almost to
dryness with the minimum of heating. The resulting solution was

then cooled, taken up with 4 ml concentrated hydrochloric acid and
after filtration made up to 100 ml in the normal way. The atomic
fluorescence signals obtained showed that the previous low readings

were probably due to the loss of arsenic trichloride as a result of

the solution becoming too hot at some point during the dissolution
proceedure. (The results in Table 4.8 are those obtained using
the method just described).

To investigate the precision of the method six samples of
standard steel rumber 323 were treated using the dissolution
method in Table 4.7 and the fluorescence in the argon-separated air-
acetylene flame measured. The average of three atomic fluorescence

readings were taken for each sample solution. The relative standard

deviation of the measurements was found to be 2.9%%.

4,6 Conclusion
118

A theoretical analyeis given by Winefordner  indicates
that atomic fluorescence with a line source should give similar
or lower limits of detection than atomic absorption with a line
source for nearly all clements with resonance lines below about
325 nn. On the other hand atomic emission should give lower
limits of detection for nearly all celements with resonance lines
greater than 325 nm. Decgnall et a1165 look at the various

tablulations of detection limits that are available and come to

similar conclusions. Arsenic with its resonance lines below 200 nn
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iz pne of the most favourablo clemants for atomic fluorescence
determination. The oarsenic detection limits obtained in this
work convincingly demonstrate this because they are at least an
order of téa better than arsenic atomic absorption detection
limits (In both air-acetylene and cool flames).

The interferences encountered when measuring either arsenic
absorption or fluorescence signals are essentially the same.
Interferences are minimal in either the argon-separated nitrous
oxide~-acetylene or argon-separated air-acetylene flames but the
cool flames are prone to a large number of interferences. The
argon-separated air-acetylene flame gives a detection limit
which is not very different from that obtainable in the coél
hydrogen flames. The argon-separated air-acetylene flame is
therefore the best available flame for the atomic fluorescence
determination of arsenic.

The atomic fluorescence method was found to be satisfactory
for the determination of arsenic in steel. The fluorescence,
excited in the argon-separated air-acetylene flame was measured
at 189.0 nm. The monochromator was nitrogen flushed to improve
its transmission at this wavelength. It was necessary to add
10,000 ppm iron (as iron (III) chloride) to the calibration
standards to compensate for the slight depression of the arsenic
fluorescence which is caused by iron (III) chloride. Analytical
curves were linear from close to the detection limit (0.018 ppm

for solutions containing 10,000 ppm iron) to about 150 ppm.
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oxide~acetylene flame (1% absorption 1.0 ppm). The effectiveness
of the nitrous oxide-acetylene flame for the determination by
atomic spectroscopy of aluminium and several other elements forming
refractory oxides has been investigated a great deal in the " = ..
1iteratur§98’307_3ﬂo. It has been show% that the degree of
atomisation is not only dependent on temperature but is also
critically dependent on the carbon:total oxygen ratio. If

this exceeds unity the degree of atomisation is a maximum. The
reducing species present in the flame which are most 1ike1y helping
to maintain this desirable ratio have been shown to be CN and

HCN296;2979316.

The 309.3 doublet (309.27 and 309.28 nm) is the most
sensitive absorbing line for aluminid%6’30§ Other absorption
lines have sensitivities in the decreasing order 396.15 nm :>
>> 308,21 nmj) 294,40 nm. In atomic emissioﬂ1o’31-7’31é%d atomic
fluorescenéLo determinations of aluminium in the nitrous oxide~
acetylene flame the 396.2 nm line is the most sensitive. The
best detection limits for aluminium in this flame have been reported
by Pickett and Koirtyoham? L Z.nd Boumans and De Boei? 18who obtained
values of 0.005 ppm and 0.003 ppm respectively by measuring the

atomic emission signals. However Fraser and Winefordnezé28 have

obtained 0.005 ppm using laser-excited atomic fluorescence.

Winefordner and Elser-5 quote a detection limit of 0.04 ppm by
atomic absorption (taken from figures published by Varian Techtron
for their model AA5 instrument). Dagnall et ale)in their paper
reporting the atomic fluorescence determination of aluminium,
obtained a detection limit of 0.1 ppm by fluorescence. The latter
workers obtained a figure of 0.05 ppm for atomic emission in the
nitrous oxide-acetylene flame and 0.1 ppm for atomic absorption

in the same flame.

The high temperature of the nitrous oxide-acetylene flames
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with the filter, it is ashed and fused with approximately 1 g of

a borax-soda mixture. The melt is dissolved in 5 ml of HC1
diluted 1:1, then added to the filtrate and diluted to 100 ml
with water (original sample weighed & g). Headridge and Sowerbutté30
described a method for the determination of total aluminium in
irons and steels, which does not involve fusion of an oxide
residue. The iron or steel was completely dissolved by first
subjecting it to conventional treatment with acid in an open
beaker and then attack by hydrochloric and hydrofluoric acids in
a P.T.F.E.~lined bomb at 200°C. A solvent extraction proceedure
was then used to isolate the aluminium beforc aspiration into a
nitrous oxide-acetylene flame. The method covers the range
0.001 to 0.14% of total aluminium in the iron or steel. Goto
et a??1 in common with a number of workers used aqua-regia to
dissolve iron or steel for subsequent determination of acid-soluble
aluminium and for acid-insoluble aluminium the residue from the
acid treated sample was fused with KZSZO7 and the melt extracted
with water. However after solvent extraction into methyl-
isobutyl-ketone these workers determined aluminium by atomic
emission at 396.15 nm. The acid concentrations ( 6N H2304 or
HN035 did not affect the aluminium signals. There was no inter-
ference from Mn;.Fe,.Cu, Mo, Cr.or Co (. 500 ppm) on 2 ppm of
alunminium in methanol. The determination of aluminium in iron
ores, slagg and refractory materials has been reported by a
number of researchers, a fusion technique normally being useézg’ 3 21‘."
Samples have been decomposed by fusion with lithium fluoroborate
in a few instance5332’333.

Smit§5C) found that aluminium was not stable in agueous
solutions whose pH was greater than 3.5. In the present work

however no loss of aluminium secmed tc be occurring over the

short term (1 to 2 days) therefore interferences were studied
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the atomic emission signals at the same wavelength. (The
Jarrell-Ash amplifier was used for these results). The optimal
fuel flows in both the separated and unseparated flames were
exactly the same as those found for the atomic fluorescence
neasuremnents and the effect of flame separation was also the
sane, i.e. an increase in the signal of about two times and a
slight decrease in noise. Dagnall et aff) were able to obtain
a similar factor of two improvement in fluorescence signal-to-
noise ratio upon argon-separation of the flame but did not
report whether there was an improvement or not in the atomic
emission determination. The observed optimal fuel flows gave
a flame which was of approximately the same stoichiometry as the
flames used by Dagnall et aljo for atomic emission and fluocescence
and by other workers1 92’298’312020king at the atomic absorption
of aluminium. (i.c. slightly fuel-rich with a 20-30 mm red
"feather"). The optimal fuel flow with the separated flame
(Fig. 5.1) was used throughout this study.

Variation in flame height with respect to the mono-
chromator entrance slit gave very little variation in aluminium
fluorescence detected.

5.2.2. Operating conditions for the aluminium electrodeless

discharge lamp used as source

The lamp was modulated at a frequency of 14 KHz (see
chapter two for optimisation of modulation frequency) and would
only give an output in a # wave cavity. Maximal percentage
modulation was applied and the lamp was temperature controlled
at 565 K. The plot of radiant output from the lamp vs. temp-
erature is shown in Fig. 5.2. At temperatures higher than
565 K the discharge in the lamp pinched (i.e. took the form of a

thin streamer of visible emission) and eventually self-extinguished.
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This behaviour indicated that there was too much material in the
lamp and gives a possible explanation for the low optimal operating
temperature of the lamp. The temperature that gave optimal
source radiant output (565 K) also gave optimal fluorescence
output. It is interesting that Patel et al. used a compromise
temperature of 443 K for a temperature-controlled multiple
element lamp containing Al, Ge, Sn and Pb iodides. No other
reports of operating temperature for aluminium lamps are known
to this author. No significont change in output was obtained
at incident microwave powers greater than 40 watts and therefore
this was the chosen operating power. The signal became more
noisy at powers greater thon 65 watts. Under the above optimal
conditions the long period fluctuation over 1 hour was + 2%

5.2.3. Atomic fluorescence spectrum of aluminium in the argon-

separated nitrous-oxide-acetylene flame

The spectrum obtained for aluminium (100 ppm agueous
solution) in the region 300-400 nm consistedof four fluorescence
lines 308.2, 309.3, 394.4 and 396.2 nm. The ratios of the
intensities of these lineswere 6:21:55:100 respectively.  The
spectrum obtained by looking at the source output also consisted
of the same four lines (Fig. 5.3.) The relative atomic emission
intensities at the same four wavelengths were also obtained and
had intensities of 0:4:56:100. The relative intensities of
both the emission and fluorescence signals were similar to
those obtained by Dagnall et alio

The spectral details of the host intense fluorescence

193

lines are given below (The 396.2 nm line was chosen for the
study of interference effects because‘this was the most sensitive

transition).
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of aluminium which necessitated a study of Interferences.
Amos and WilliQOLtwith the nitrous oxide-acetylene flame,could
detect no effect of hydrochloric acid (0.5N) on alumiﬁium absorption,
while iron, added as either chloride or sulphate, had a slight
enhancing effect at the 10,000-30,000 ppm level. The enhancing
effect of iron has been reported by a number of researcher5298’328
although K'c;nig et al?z%bserved enhancement up to approximately
15,000 ppm and depression thereafter. Most workers tested

298 328
for interference up to 5000 or 10,000 ppm iron. Cobb and
HarrisngLhetected no interference due to iron but found an
inhibiting effect due to 30% w/w ammounts of silica on 20 ppm
aluminium. (These workers tested for large amounts of silica
because they were analysiﬁg slags and refractory materials).
At the 100 ppm level of silicon Ferris et a%?fsnoted a slight
depression of aluminium absorption. Ramakrishna et dg?fs Jlooked
at the effect of 200 ppm amounts of %2 cations and 19 anions on
the absorption of 20 ppm aluminium solutinns and found no inter-
ferences except for an enhancement of 25% due to Ti(IV) and 10%
duc to acetic acid. They found no effect due to silicate,
calcium; iron or éhloride, It has been pointed ou1t9)+’298’308that

it is probable that refractory metals competc with one another for

oxide formation which results in the production of a greater

number of atoms of thosec metals which have a tendency to form
less stable oxides. The greater stability of the titanium

oxide has been put forward as the reason for the interference

on the aluminium absorption and enhancement by aluminium has been

336,337

reported for titanium . The red feather zone has an
extremely low concentration of oxygen a‘comg96’297’3 j:uéd a
further depletion of oxygen atoms by addition of even small con-

centrations of other refractory elements has been said to be able

19l
to affect the atomic population of the analyte . However
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enhancements observed by Dagnall ot élo). Fassel et al. show
experimentally that enhancements occur at the center of a linear
slot flame and depression at the edges and that a major part of
each large centre enhancement was due, not to an increase in the
total free atom population in the flame, but to an increase in
the number density or concentration of analyte at the centre of
the flame. The postulate put forward was that: a) slower
atomization in the presence of concomitant delays the production
of free atoms; b) the atoms then have a shorter time for lateral
diffusion before entering the optical path; c¢) they will have
diffused a shorter distance and will be concentrated at the
centre of the flame, accounting for an enhancement at the centre
and a depression at the edges. ILateral diffusion would be
the primary cause of enhancements and ionization suppression
and other possible effects (e.g. competition for oxygen) would be
of secondary importance. Marks and Welche:c? 98found that Ni, Co,
Fe, Mn, Cr, V and Ti at the 5000 ppm level enhanced the absorbances
of 100 ppm aluminium solutions by about 10%. The measurements
were made using o nitrous oxide-acetylene flame with a 7 mm high
red feather. The interferences from chromium and titonium were
reduced as the flame became more fuel rich. (The did not test
for this effect with Co, Ni, Fe, Mn and V). A1l the measurements
were made at the flame height giving maximum sensitivity and as
the flame was made more fnel rich this absorbance maximum shifted
to higher positions in the flame where vaporization is nearer
completion and salt vaporization effects are nearly eliminated.
These workers could not find evidence for lateral diffusion
interference to explain the observed enhancements but Fassel
et alé338were able to suggest why Marks and Welcher were not able
to observe such evidence. The latter researchers in fact con-

cluded that competition for oxygen may account for some of the
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enhancement effects observed between refractory elements because
in particular aluminium monoxide emission intensity showed a
decrease in the presence of titanium.

Dagnall et aIFC)tested for the interference of 22 ions
on the fluorescence determination of aluminium, and none were
found to interfere (including K and Na but they did not test for
Ti). Eleven of the ions interfered with the emission signals.

5.3.1. The effect of acids

The use of a fuel-rich flame to minimise interferences
was recommended by Marks and WelcheézgSfor the absorption deter-
mination of aluminium. All interferences in this aluminium study
were therefore looked at using the fuel-rich flame giving the
most sensitive conditions (Fig. 5.1).

The effects of five acids on the atomic fluorescence
and atomic emission of aluminium were determined by measuring
10 ppm aqueous aluminium solutions containing a range of concen=
trations of the acids. The results are shown in Fig. 5.4. and 5.5.
The depressions due to phosphoric, sulphuric and perchloric acids
ocour in both fluorescence and emission with similar magnitudes.
Hydrochloric and nitric acids only interfere at the highest
concentrations (j7 6% acid). The interferences are not.
significant when the acids are present at levels below 4%.

In atomic absorpﬁion Ramakrishna et d%?g found no
interference from hvdrochloric, sulphuric, nitric and perchloric
acids, all at the 5% level with 20 ppm aluminium. Depressions
at the higher levels have been reported in atomic emission by
Koiryohann and Picket%u()and attributed to reduced nebulizer
efficiency. Dagnall et alzo studied C17, NO3- and PO4' at 100-fold
weight excess level over 20 ppm aluminium. The fluorescence and

emission signals were unaffected but the concentrations of these

anions were fairly low (less than 2%) compared to the concentrations
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used in this study.

The above observations indicnte that intorferences due
to acids in the fluorescence of aluminium only occur at high
acid concentrations (above 4%) and follow similar trénds to
those found in atomic absorption and atomic emission.

5:3.2. The effect of elements

The effects were determined of a number of elements on
the fluorescence and emission of aluminium in the argon-separated
nitrous oxide-acetylene flame. (10 ppm aluminium, 100 and 1000
ppm interfering ion). The results given in Table 5.1. can be
compared with the results obtained by Dagnall et alj(tho found
that the fluorescence signals were unaffected by the elements
tested. Table 5.2. facilitates comparison of the two sets of
results because only the points of difference are tabulated.

326,338

The results of West, Knisely and Fassel are included because
10

they also compared their work to that of Dagnall et al. Refering

to Table 5.2, K, Na and Sr interfered in the present work. They

would be expected to suppress the ionization of aluminium because

all three elements are nearly completely ionized in the nitrous

oxide-acetylenc flame:322o (Ionization energies (eV)‘of Al,

K, Na and Sr arec respectively 5.98, 4.34, 5.14 and 5.69).
Enhancements caused by K and Na on aluminium atomic absorption are
well knowﬂ319-321’3u%md.such.ionization interference would be
expected to appear in atomic fluorescence. It cannot therefore
be explained why Dagnall et alzo did not observe enhancement due
to K or Na unless they had added another easily ionisable element
such as caesium to suppress ionization. This was not mentioned
in their paper.

In their study of lateral diffusion interference Fassel

338

et al. emphasise the primary importance of the type of burner

used. Lateral diffusion interferences should be most prominent
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TABLE 5.1,

INTERFERENCES ON ALUMINIUM ATOMIC EMISSION AND
ATOMIC FLUORESCENCE AT 396.2 nm WITH THE

ARGON-SEPARATED NITROUS OXIDE-ACETYLENE FLAME

(10 ppm aluminium, 100 and 1000 ppm interfering ion. Results
expressed as the ratio of the fluorescence of aluminium in

the presence of interfering ion to the fluorescence of aluminium
alone. All solutions were made up with deionised water unless

a particular salt was insoluble in water. In such cases
alternative dissolution conditions were used. The metal salts

were those detailed in appendix 2 ).

Element Results
Atomic fluorescence Atomic Emission
1009 oyuin 109 ppm 1000 ppm 109 ppm
ion lon ion . 1lon
As 1.0 1.0 1.0 ? 1.0
Bi 1.0 1.0 1.0 1.0
Ca 1.0 1.0 1.0 . 1.0
Co 1.0 1.0 1.0 1.0
Cr 1.0 1.0 1.1 1.07
Cu 1,0 1.0 1.0 1.0
Fe 1.0 1.0 1.0 1.0
K 1.15 1.1 107 1,03
Mn 1.0 10 1.0 1.0
Mg 1.0 1.0 1.0 1.0
Mo 1,0 1,0 1.1 1.03
Na 1.15 1.05 1.13 1.1
Ni 1.0 1.0 1.0 1.0
Pb 1.0 1.0 1.0 1.0
Sn 1.0 1.0 1.0 1.0
Si 1.0 1.0 1.1 1.0
Sr 1.13 1.07 1.07 1,03
Ti 1.13 1.06 1.15 1.05
v 1.0 1.0 1.03 1.0
W 1.0 1.0 1.0 1.0
Zn 1.0 1.0 1.0 1.0

Zr 1.0 1.0 1.0 1.0
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TABLE 5.2.

THE EFFECT OF VARIOUS IONS ON ALUMINIUM ATOMIC
FLUORESCENCE AND ATOMIC EMISSION AT 396.2 nm WITH

THE ARGON-SEPARATED NITROUS OXIDE-ACETYLENE FLAME

. . 26
Concomitant This work Dagnall Fassel et al‘3
et 2110
AFS AES AFS ABS " AES

W NI NI NI +22% NI

Mo NI +10% NI +11% +10%%

Ti +13%6  +15% - - -

Sr +12% + % - - -

Na +15%  +1%% NI + 9% -

K +15% + % NI +11% -

Mg NI NI NI + 9% -

AFS: Atomic fluorescence spectroscopy
AES: Atomic emission spectroscopy
NI: No interference

+3 enhancement interference.

THIS STUDY - 1000 ppm ion, 10 ppm aluminium
10
Dagnall et al. - 100 fold weight excess of ion, 20 ppm aluminium

26
Fageel et al? - 2500 ppm ion, 25 ppm aluminium.
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(and perhaps occur only) with lincar slot burners, because only
such burners viewed lengthwise permit observation of the centre
of the flame with virtual exclusion of the edges. As a circular
slot burner was being used in the work presented here this type of
interference should not be immediately obvious and indeed no
enhancements, only depressions, due to acids were observed for
both fluorescence and emission. Further no enhancing interference
was found for Ni, Co, Fe, Mg, Cr, V, Mo and W in fluorescence or
(except for Cr, Mo, V see below) emission. These elements have
all been reported to give atomic absorption enhancements of varying
magnitudes (deperding probably on instrumentation and choice of
experimental variables). Enhancement due to titanium was found
in both fluorescence and emission. Titanium has been usually
either the only element reported to give serious enhancement of
alumizium absorption or the element that gives the most serious
enhancement relative to other enhancing comcomitants. It seems
unlikely that titanium produces a lateral diffusion interference
to enhance signals obtained using a circular slot burner33§
Alternatively competition for oxygen may be importani? 98but with
the reservations as already noted33§

Refefing back to Table 5.1, the cations of Cr, Si, Mo,
V, Th and Ta interfered with the cmission signals of Dagnall et 31510
ond the existence of some spectral contribution to interference
was experimentally confirmed. In the present work the cations
of Cr, Si, Mé and V were tested and found to interfere with the
emission signals but not with the fluorescence signals.
This is in accord with the wofk of Dagnall et aito . Spectral
interferences have not been expected.6 nor encountered in atomic
fluorescence.

It appears therefore that interferences with aluminium

fluorescence arc fewer than those found in atomic absorption
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