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ABSTRACT

K

The signal-to-noise performance of the ICP has been
compared for Sevgral nebulization s&stems including a
fixed tip cross-flow nebulizer, a concentric nebulizer and
an ultrasonic‘n;bulizer. The precision obtainable with
these nebulizers has bee; ascertained for a range of.
integratioﬂ.t;mgs 10 msec - 30 sec. It was found that
little impréqgment in precisé%n is obtained with increasing
integration time. In fact in the case of the ulﬁrasonic
nebulizer precision décreased with increasin§ integration
tine.

To clarify these results characteristic noise powerv
spectra were obtained from the ICP operating with a va;iety
of nebuliéers. These noise power spectra were obtained
by Fourier analysis of analyte emission signals.

Below 5 Hz the noise.power spectra. show a marked
dependence on the-£ype of nebulizer usé&. Wﬁile a strict
1/f character was not observed, the spectra were clearly
dominated by low frequency components. Above 5 Hz the
noise poﬁer spectra were, broadly speaking, independent
of the nebulizer used. Distinct peaks were observed in-
the noise power spectra in the 200 Hz to 400 Hz region.
The pe8ition and intensity were dependent on rf power and

coolant gas flow rate. 1In addition, the intensity of these



peaks correspond exactly to similar peaks found in the
acoustic noise power spectrum of the ICP. The cause of \\
these peaks is believed to result from rotation of the .
plasma. \

Correlation studies hfvevbe%n carried out between
noise in the emission sign;l and various plasma parametefg |
such as incident rf power, reflected rf power and ﬁebuliz%i 1
spray ch¥mber pressufe. No correlhﬁtun was\obsg:ved
Bizween fluctuations in either the incident or reflected
power levels and the emission signal. Correlation was
however, observed bétw;;n fluctuations in the spray chamber
pressure and the emission signal. These pressure fluc-
tuations were caused by the flow of liquid droplets in the
drain hose from the spray chamber. This problem was
eliminated by the use of a "soak-away" spray chamber
arrangement. |

The use of internal standards for &pproving Icp /
precision is investigated. Good cqrrelaﬁion is observed
between analyte and a variety of 1nternalvstandard eleménts.
When these internal staﬂdards are used, factors of ap-

\ ™~
proximately two improvement in precision are noted.
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CHAPTER I
NOISE IN INDUCTIVELY COUPLED PLASMA EMISSION SPECTROMETRY

A. Introduction to the ICP

The inductively coupled plasma (ICP) as a source for
atomic emission analysis was first described by Greenfield
-et al. (1) in 1964. A year later Wendt and.Fassel (2)
pﬁblished the results of the ICP work that they had been
concurrently pursuing. The design of the ICP torch used
in both of these studies was based on the earlier design
of Reed (3,4) who had an ICP system for growing refractory
c:ystals. |

The ICP has found widespread use in analytical

laboratories throughout the world. The rapidly growing
usé;e of the ICP has spurred the pubiication of many
géneral review articles, which may be consulted for an
overview of the technique (5-12).

The factors' that make the ICP attractive as a spectro-
scopic source include high sensitivity, wide linear dynamic
range and relative freedom from chemical interferences.
These advantages, coupled with the ability of the ICP to QQ
excite a much wider variety of elements than fiames, make

the ICP uniquély suited for simultaneous analysis by

atomic emission spectrometry.



Many fundamental studies have been carried out into
the characteristics of the ICP. While much interest has
been focussed on excitation mechanisms and source temp-
erature, comparatively little fundamental work has been
carried_out on ICP noise. The purpose of this work is to
study some' of the types, causes and characteristics of ICP
noise. In addition a number of techniques for improving
ICP precision will be investigated. However, before
entering into the discussion of ICP noise a general review

of noise in atomic emission spectrometry will be presented.
B. Characterization of Emission Noise
1. Signal-to-Noise Ratio

Noise may be ¥efined as any wunwanted fluctuation
ﬁresent in a siénal. In the case of atomic emission
analysis these are unwanted variations in the measured
emission intensity of the source. The amplitude of the
fluCtﬁations isvusually expressed as either théur;m.s.
noise curren;,or voltage, or more often, by the standard
deviation of a number .of repeated measurements of the -
signal. If the numbér of measurements is reasonably
large then the standard deviation approximates the r.m.s.

noise (13).



r
Usually, in atomic spectroscopy the standard deviation

(0) is_referenced to the signal intensity (§) to give a
measure of the relative noise or signal-to-noise ratio

(SNR) .
SNR = S/g (1)

The other approach to expressing the relative noise is the

percent relative standard deviation (RSD).
RSD = (o/S) x 100 ( 2)

Either way, these two quantities are useful in expressing
the precision that can be obtained from the emission sourceb
with given instrumentdtion\énd under given conditgeps.

The use of the SNR or RSD does not however give¥any
'information as to the effects on the precision if the
instrumentation or any of the conditions are changed. To
characterize complet!ay the noise in the systeﬁ,it is
necessary to have the knowledge of its frequency dis-
tribution. A represéntation of this frequency disﬁribution
is a plot of noise powef\density as a functiog-of frequency,
which is knownhas the_ noise power'spectrum. o

e

2. Noise Power spectra

[N

As was previously mentioned the noise power spectrum



is a plot of noise power density vs frequency. These plots
are most useful as they enable the prediction of how
instrumentation ‘and me&surement parameters will affect
. the preciston. . g

Two methods are éommonly ?hed'to obtain the noise
power spectra of a source. Th; first makes use of a
frequency analyzer. In this apprgach the emiséion signal
obtained by means of a suitable detector such as a photo~-
muitiplier tube is fed to the frequency analyser.
Essentially this is a narrow band‘tuned amplifier whose
band pass is swept over the frequency range of interest.
The signal power from the amplifier is then plotted as a
function of frequency to give the noise power spectrum,.
The alternative approach is to use a Fourier transformation
to convert nOiSﬁ in the tiﬁe domain to noise power density
in the frequency domain. In practice this is accomplished
by'sampling and recording the noise (after certain band-
width limitations,'seg Chapter IV) as a function of fime.
A discrete Fourier transformation process is theh carried
out. to produce the noise pOwer‘speqF;um.

With either of these technique.';sﬁ\~ the noise power
spectrum is a plot of noise power density, the units of
which can be watts/Hz, voltsz/Hz or ampsz/Hz. Noise power

density results, in the case of the frequency analyser,



becaugse all the noisé within the band-pass of the:amplifier
is simultaneously measured. -With the discrete Fourier
transformation method similar considerations must be made
with respect to the resolution of the transformation (14).
Noise power spectra will be extensively utilized in
the following discussions of noise types and in the main

body of the text for the interpretation of ICP noise.
C. Noise Sources in Atomic Emission Spectrometry

1. Introduction

The various components that’comprise a typical ICP
atomic emission spectrometer system are illustrated in
Figure 1. While this éonfiguration is typical for an ICP
spectrometer most -other emission techniques employ a
similar arrangement of components. For this reason most
of the following discussion,while directed principally at
the'ICP.will also be applicable to other emission tech-
niques. All of the illustrated components are capable
of introd?cing noise into the system. Because of this the
spectrometer system shown in Figure 1 will be briefly
discussed before a more detailéd discussion of the more
important noise'sou¥ces and types.

In most light séurces photong are emitted randomly,
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which gives rise to a fundamental noise known as photon

4
o

noise. The degree of photon noise is related to the ppgtwﬂi*d

flux reaching the detector. Because of this, photon noise ,
wd

is dependént on a number of factors including the iﬁtengity
of the source, the collection efficiency of the imaging
optics and the througﬁput of tﬂp monochromatQr. This
dependence of shot noise on the rate of photoné reaching T
the detector makes it more convenient to include photon
noise under the more general héading of detector shot noise.
Source fiicker noise is a "non-fundamental” noise
present in-the emission of most sources. It may be %ge to
a combination of many factors including in the case of the
ICP, fluctuations in nebuliser effic;ency; power output,
ffom the rf generator, support»gas floy rates and tur-~
bulences within the source. Source flicker is the d;minant
noise source in the ICP when working with conqentrations
well above the détection limits for most.emitﬁing species.
Because of the importance of flicker noise special S
attention will be given to its properties ahd characte;f
‘istics later in this discussion. |
Systematic-goise may be present in the emission
signals of some speqtral sources. These signal fluctua- -

tions are non-random and are observed as a distinct periodic

fluctuation in- the emission intensity, often observed at

~



Finally, the act of converting the signal to a
numerical value introduces a noise component known as
quantising npise.‘vit has been shown (22) that the variance
due to quantising has a value of q2/l2 if thé tbt$1
rms no;sé present on the signal is greater than g/2, where
q is the quantising'interval. If the rms noise present is
less than g/2 it may actually be desirable to introduce
noise into the system, such that the g/2 limit is just
reached. This will ensure that the least significant bit
of the analog-to-digital converter—is randomised. This
allows siénal averaging to be‘carfiea Sdt which results in
improvement of the measurement precision. Digitization
noise and the technique of noise additioh is ﬁore fully
discussed in Appendix A.

The more important noise sources encountered in atomic
Qpectroscopy, that is shot nbise, source flicker noise énd
sysgematic source noise, will now be dis?ussed in somewhat

more detail.
2, Shdt Noise

The discussion of shot noise in this seétion will be
ekplicitly for 'photoemissive devices such as phototubes and
photomultipliég;tubes. However, due to the photon noise

component of shot noise similar conclusions may be drawn

10
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for solid state detectors.

As was previoﬁsly pointed out there are two cont-
ributing factors to shot noise; these are photon noise and
photoelectron noise. 1In the case of photomultipliers an
additional factorAis élso present caused by the amplifica-
tion process in the dynode chgin. Detailed discussions of
shot noise can be found in the articles by Fried (23),
Sharpe (24) and in the geheral literature (see for instance
Van der ZzZiel (2@,21)). N

In a.phototube, due to the random aiﬁival of phétons
at the photocathode and the‘subsequent random emission
of bhotoelectrons, the arrival of photoelectrons at the
anode is random and obeys a Poisson distribution (7).

~

Therefore the number of electrons (N) arriving in time

~

<

(t) will do so with a standard deviation equal to'Nl/z.
This will result in an average signal current (ia) which

. Q
is simply related to N, the charge on the elébtrop (e)

.

and the measurement time.

a

The average root-mean-square noise -current (isrms) will

then be given by: .

1/2

irms =N e/t ( 4)

i = Ne/t o ( 3)

11
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From Equations (3) and'(4) the noise current can be ex-
pressed as a function of the signal and the measurement
&

period.

1srms = 11/2 l/z/t /2 ( 5)

If one is now interested not in the average noise current
but in the standard deviation of an integrated signal (o)
the rnis noise current is integrated over the entire meas-

_urement period.

| _.1/2. 172,172 ’
og = 1" "e t ( 6)

The expression for the signal-to-noise ratio becomes:

NN | SNR = ii/ztl/z/el/Z i (7

Equation (7) shows the important conciusion that in the

éase of‘shot noisevitVis possi%le to giin a square rovot
improvement in the signal-to-noise ratio éimply by extending
the measurement period (integration time). Also Equation -
(7) reveals a square root depqndence of "the signal-to-

noise ratio on the signal intensity. Thus it is possible

to reduce the effects of shot noise simply Si increasing

the photon flux reaching the detector. |

The same conclusions also apply to the phoiomultiplier

tube with respect to the effects of integfatiod time and



photon flux. The amplification process does not alter the
fundamental shot noise component. However, statistical
variations in the number of secondary electrons emitted by
the dynodes for each impinging primary electron adds an
additional noise factor. The overall equation for the rms

noise current becomes: ’ L .

isrms = agl/2 1/2, l/2/t ( 8)

i

where a is-the noise enhancement factor for the dynodbl
chain induced noise and g{is the gain of the photomultiplier
tube. Typical values for a are in the regidn of 1.2 and
the gain is in the order of.lo5 (24). |

The noise power speétrum of shot noise is white, that
is, the noise pbwef density P(f) is independent of fre-

quency (see Figure 2a). For a phototube an estimate of

the noise power density P(f) may be given by:
Pff),= 2€la | ( 9)

For a photomultiplier tube additional factors ifor the gain

and the dynode noise factor must be included (20):

- P(f) = 2agei : (10)

3. Source Flicker Noise

Source flicker noise is a non—fundamental noise

L4
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(a)

¥

4

FREQUENCY (HZ)

NOISE POWER (A2/HZ)

(b)

NOISE POWER {A2/HZ)

FREQUENCY (HZ)

Figure 2. Noise power spectra (a) white noise, (b) /£ noise.
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R
associated directly with the spectral source. It is-
synonymously known as analyte flicker, fluctuation and l/f'
noise. The main characteristics -of source flicker noise
are the proportionality of the noise to the signal and a
noise power speétru;lwith approximately a 1/f functionality.
Flicker noise is not unique to atomic spectroscopy.
It is encountered in many physical systems including
electrical noise in carbon films, semiconductérs and zener
diodes, and also with quartz oscillators, in the rotation
of the earth and in the flow of highway traffic (17).
Whilg the.sources of flicker noise in atomic spectroscopy
are not well undérstood the causes of flicker noise- in many
electronic systems are well known and appear to be
fundamental in nature and are associated witthueuing
phenomena (17).

. In flame.atomic absorption.spectrometry Bowér and
Ingle (25) have stated that they beliege source flicker is
caused, to a large extent, by variatioﬁé;in the rate of
| analyté“delive;y-to the flame by the nebulizer. as will
be demonstrated later in this thesis the nebul%zer also
dppears to be a ﬁajor source of noise in the ICP system.

Wineférdner'et al. (26,27) used an empirical ex~
préssion, that was previouslg ghown to be applicable to

certain electronic tubes, to describe source flicker noise

3
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in atomic emission spectrometry. They assumed it applied
equally well to evaluate the noise power density function

of spectral source flicker noise:
P(£) = k%1% /f" (11)

where ia is the signgl, f is the frequency and k is a
dimensionless constant for amparticuiar system. This
'constanﬁ expresses the ratio of flicker noise power to
signal poﬁer upon which the flicker noise ig-carried.
@ and n are also constants and take on va.ues <lose to 2

and 1.
. .

i)‘ The Transfer Function and Measurement Effects on

Flicker Moise - - : -

.‘ It was possible in the casevof~sh6t noise to
calculate on a statistical basis thé e£fect of -integration
time on the signal-to-noise ratio. Dué to the ﬁon-
fundamental nature of source flicker noise a similar cal-

culation is not possible. However from a knowledge of the

-

.flickef noise powef spectrum and the transfer function of

~

_tﬁe measurement sysfem it is possible to predict the effect

of ‘changing the integration time.

N N

The transfer function (H(f))'may be used to character-

ize totally the frequency response of a system. it can

}



be defined as the ratio of signal amplitude at the input
of a device (v;) to the amplitude at the'butput (vs),

expressed as a function of “frequency:

H(E) = v_/v, | (12)
&
in terms of power the transfer function becomes:
®
: 2
ne? = e /e, o (13)

For example the transfer function of a first order RC low
paS? filter is (13):

H(E) =-1/[(2rere)? + 1142 7 (14)

: The transfer function of this type of filter is shown in
Figure 3 fo} 2 number o§‘RC time constants. In’aﬁy»in-
£égrated measurement the transfer function resulting from
thebintegration time itself must\be considered. The

4 transfer function as§ociated with an integrat;on time (t)

w

- is given by (13): g

. T2 S ’
H(f)z - Sin ngt (15)
(nft)

-

The effective transfer function for several integration
times is illustrated in Figure 4. For multicomponent

systems the transfer function of the system is simply the

17
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product of the transfer function of its components:
H(f) = H(f)lH(f)z...H(f)n (16) .

Now armed with ﬁhe knowledge of the transféf
function of the measurement system and the noise .power 0
spectrum of the sou&ce it is possible to calculate the
effect of integration time on flicker noise. This is done
by combining the noisgse power spectrum and the transfer
function of the inteyrator and‘integrating over ;1;
frequencies (25): |

i

1/2
¢ an

rms = t{“p(f)n(f)zdf]

If one assumes a noiée power spectrum that is described

 by Wineférdn;}'s empiri%al-equation (Equation 11), setting
@ =2 and n = 1, and substitutes this expression together
with the~transfer function'of the .integrator into Equation
(17) an expréssion‘ﬁar the average flicker n?tSe current

&

(i rms) can be derived:
i.% rms = 4(1n2)k%i_2 (18)
f a ; :

This equation is more commonly written in the form:

where £ replaces the constant terms in Equation (18) and

.



is known as the flicker factor. If the flicker noise is
now integrated for a finite period of time (t) the standard
deviation of thege measurements (cf) will be:. -

»
r

g = E it A (20)

In terms of the signal-to~noise ratio the expression

becomes:
SNR = 1/€ | (21)

This result should be compared with the equation obtained

‘for shot noisé {Eguation (7)) The important consequences

oise ratio ls now lndependent of the integration time and

"Cf Equation (21) are that unllke shot noise the signal-to-

.the photon flux. Thuq no merovement in precision can be’
obtalned by anrea81ng the integration time ‘or the 31gna1
'1n ensity. stng this type cof analysxs it is also p0551b1e
(E;Fshow that for a system in which the low frequency R
‘componenta are'gxeeter than that predicted by a 1/f reé-
lationship lncreaSLng the integration time will actually

decrease the pre01slon.

.\l\
i r
1

4. SystemAtiC'SOurce_Noise ,
31«!

hid

distlnct peaks are observedy These peaks are due -to nojge

J .

-
-~ .

In the noise power spectra of certaln emlss1on sources o

21
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* which is not random but systematic in nature.

Alkemade et al.\(28) observed the presence of systematic
noise in the emission of a premixed H2-02-N2 flame.
Hieftje and Bystroff (29) also observed similar peaks in
the noise power spectra 6f sheathed air-acetylene flames.
Hieftje att#ibuted the origin of these peaks to "the swirl
effect of eddy currents in the flame". It is known (30}
that flames may'becomé unstable under certain conditions
and oscillaté at high frequeﬁcies. Presumabl&, this could
lead ﬁo similar systematic noise in flames when they are
operated under the appropriate conditions.

Noise ©f this type has been observed 4n ICP emission

signals. Walden et al.‘(l4) observed peaks in the noise

power spectrum of'the ICP but was unable to exp}ain their
origin. Belchamber and Horlick £31) observed similar peaks
in the noise power spectrﬁm ofiihe ICP in the 200 to 400 Hz
region. They explained their origin in the rétatioﬂ of an

assymetric plasma body. The work leading to this con-

‘clusion is detailed in Chapter IV.

Because of the high frequency of these systematic
noises it is possible to eliminate‘effectively their

.

influence by the use of ef%iémely short ingetratio

L]

‘t%gté. However, systematic noise of this nature may be a

-

severe problem when monitoring transient emission signals or

<

4
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when using the plasma as an atom or ion cell for atomic
absorption or fluorescence studies. These noise components
also pose a problem when a Fourier transform spectrometer

is used as part of the measurement system (32).
D. The Combined Effects of Noise on the Signal
1. The Combination of Noises

The total noise present at the output of the spectro-

meter is a combination of dll1 noise components introduced

— .

by the system. For independent noise sources the total
variance (o%) is the sum of the variances of tﬁq\in-

dividual noises:
e

2 = o2 2 2 (22)

9r = 9prick. ¥ %sor * YELECTRON.

Care must be taken however to ensure that'the noise sources
are independent, if they are not then an additional factor

the correlation coefficient (r) must be introduced (27,33):

~
o -

‘ . 02 = 02 + 02 + 2ro

T a B (23)

a%s
The value of the correlation coefficient lies in the in-
terval -1 to +1 and expresses the degree of linear relation-
ship between the two noises. In most cases the noises

encountered in atomic spectrometry are independent and



\Equatién (22) may be used to combine theim. One major ex-
ception exists. This is encountered when combining flicker
noiée in the emission éignaldand flicker noiée‘fh the
background emission. In this case it is reasonable to
expect some degree qf correlation to exist between the two
noises. This calculaﬁion may be necessary under con-
diﬁions:of low signal-to-background ratio wheré‘background

fluctuations become the dominant source of noise (34).
2. Multiplicative and Additive Noise

Noise from spectroscopic emission sources can either

be additive or multiplicative in its effects on the signal

(29,35\. One example of additive noise is variations in

the emission intensity of the backgroﬁnd. In this'casg the

*

noise is me 21y superimposed upon the signal. Multiplica-

tive noise is a ulation in the intens}ty of the -emission
signal. This modulation may be brought about by abnumber .
of factors including variations in ﬁhé analyte transport
rate to the source or éhanges in the excitation conditions.
Adaitive noise originating-ip the background emission
;é obvipusly more of a problem under low éignal-toﬁback-
ground ratios. Salin and Horlick (34) showed that in the

ICP by altering the rf power level they could brirng about

changes in the signal-to-background ratios of emission

N\
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lines with accompanying changes in their signal-to-noise
ratios. For|SrII emission at a signal-to-background ratio
of 22 the_silpal—toinoise ratio was 430, Decreasing the
sign;l—to—ba kground ratio to 5 decreased the signal-to-
noise ratio to 290 as the additive background noise became
more important.

When operating at low radiant fluxes_Fhe limiting
noise may be due to additive dark current flicker. This
was shown to be true for the ICP by Greenfield and
» Thorburn-Burns (36). Under ﬁhese condigions the use of
source modulation will result in a gain in signal-to-noise
ratio (37).

Multiplicative noise may be déalt with by the use of
the internal standard technique. This technique involves
ratioing thé emission intensity of the analyte to either
the emission intensity of énother element or some other
parameter whose amplitude is modulated by similar multi-
plicative noise. If the dominqpt noise is not multiplica-
tive but additive then it is obvious that no gain in
precision can be expected by the use of an internal

standard, indeed the precision may be degraded.

E. Inductively Coupled Plasma Noise Studies

-

‘While few “furidamental studies have been céfried out

25



specifically on ICP noise, information of this natgre is
of critital importance if the technique is to reach its

full potential. Meddings et al. (38) pointed out the
great financial burden often placed on the precisiaq of
~ICP analysis. While most studies into ICP ﬁoise have
focussed on the detection limit relatjvely little at-
tention has been paid to the precision of measurements
of concentrations considerably in excess of the detejkion
limit. The signal-to- background faglo has been
used as a figure of merit (39,4 /galln and Horlick (34)
showed that this ratio is only significant when the
limiting noiée present in the systam is related to the
plasma background emission.

Boumans (41,42) stated that for his system there

was a constant standard deviatioqsof approximately 1% in
his signal and also a 1% standard deviation in the back-
gfound emission over the ent;re spectral range. Latér_
Boumans (9) concluded that the increase in relativeb

standard deviation with decreasing concentration “f in

keeplng with a system in which background carried fluc-

26

.tuation noise dominates. Greenfield~(43) stated emphatically

that noise in his ICP was dlrectly proportional to the

51gnal v

t

Salin and Horlick (34) studied the signal-to-noise

B
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ratio performanée of the ICP using a ph&todiode‘array
spectrometer. Their conclusions were that well ‘above the
detection limit analyte flicker is the dominant noise.

As the‘concentration is decréased a gradual transition.
takes place until at very low concentrations detector
noise becomes limiting. A similar result was shown by
Greenfield and Thorburn-Bu-as (36): under certain con-
ditions of low fadiant fluxes the principal compénent of
the background signal with_photomultiplier tube was dark
current.

Ediger et al. (44) in a study on the selectlon of: I%F
instrumental propertles noted that for arsenic, mangane?é
and uranium emlttlng species littie improvement in the
precision of analysis was to be gained by the use of "long
integration. times.

From these studies it seems safe to conclude that at
concentrations largely in excess of the detection limit
the limiting ICP noise is source flicker. As the detection
limit is.approachgd\background'flicker_noise becomes .
dominant and under some conditions this background noise:
is not due to the»plésma but is detector dark current
noise.

| The causes of source flicker_a;e not well understood.

However, the nebulisation step plays an important role.
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Greenfield (45) compared ten nebulizers | for use with the

/
ICP and found considerable differences in their precision.

Salinh and Horlick (34) stated that in eir opinion the

most probable ‘sources of source flicker lie in the nebulizer-

sample delivery and gas flow systems of the ICP. This

i1

point of view manifests itself in the fact that attempts

Dfsfimprove the precision of the ICP have largely concen-

trated on nebulizer énd sample transporf system design.
The fizst design of a nebulizer s?ecifically for use

with the ICP was a variable tip cross-flow nebulizer

operating:at low gas flow rates described by Knisely et

al. (46) in 1974. My&rs etv-al. (47) pointed out the very

consideréble effects of tip alignment with this type of
cross-flow nebulizer, on the signal-to—ndise ratio.
Meddings et al. (38,48) concluded that in terms of short
term precision cross-flow nebulizers éave the best‘resulfs
thoﬁgh in terms of long term stabiiity the rigid tube
f.alignment present in concentric nebulizers helped give
better‘reproduciﬁllity. They thén described a fixed tip.
cross-flow nebulizer 6perated atia pressure of4200 psi.
This nébulise:\%hen used in conjuné;ion with electronic
mass flow contfollers to control delivery of aEgon to éhe

ICP, gave a precision of <0.5% RSD in routine analysis. A

fixed tip'cross-flow-nebulizer used with an impact ball

ol
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has also been described by Novak et al. (49) for use with-
the ICP. The detection limits oﬁfained'with this nebulizer
are comparable to those obtained with others. No data is,

howeyer, available on its precision.

Schutyser and Janssens (50) evaluated a number of

'spr$y~chamber designs for ICP use. These spray chambefs'
were modifications to the original design of Scott et al.
(51). Relative standéfd deviations using these: spray
chambers with the same Meinhard concentric nebuli?ér for

“LiI (670.8 nm) and CdII (226.5 nm) were in the range of
6.4% for the best case to 2.6% for the worst.

It is the intent of the work contained in this thesis
to expand on, and explore more fully some of the origins
of source flicker and other noises associated with the ICP.
It is also the intent to investig&pe procedures such as

internal standardisation in their effectiveness in removing

e

[

the affécts of source flicker nodise in ICP emission analysis.
To help characterize the noise from the ICP a study

of the‘effect of integration period on precisionizas

carried oﬁt for a number of nebulizers. To characterize

the emission noisefﬁore éompletely noise power spectra of

the ICP were obfained, with a number;of nebulizers and

[
under different running conditions. .

In addition, correlation studies have been carried

29



out between noise_}n thé emission signal and fluctuations
in ICP parﬁmetefs.ineluding spray chamber pressure, in-
cident power andf;éflected power. “Correlation studies

have also been cgiried out to investigate the effectiveness
of.a numbexr of internal standard elements. Before entering
into these s‘hdies,the ICP system, its modifications and
‘the measurement equipment used to carry out this work will

be described. : '\

/0
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CHAPTER II

.
.

A. ICP Instrumentation and Modifications

1. The ICP Source

4

The ICP system used for this work was a Plasma-Therm
ICP 5000 Plasma-Therm, Inc., Kresson N.J.). The spec-
ifications for this system -are listed in Table I. Power
from the radio frequency generator‘is‘coupled via an
automatic impedance matching and tdn;ng network to the ICP
source (Figure 5). This matching network allows efficient
power transfer to the piasma, under a wide range of 6p;
erating conditions.. A four turn load coil surrounds the
top of the plasma torch.and serves to,cpuple RF power to

the plasma itself (Figure 6).

o

2. Plasma Torch

. Two basic designs of torch were used. The internal
dimensions were close to those suggested by Fassel and’
Kniseley (6). The difference between the two designs were
in the iength of the outer quartz tube (Figure 7). The
shorter of the two torches was used for the major part of
this work; the tall torch being mainly used for compafison
purposes in Chapter IV. |

The torches consist of three concentric quartz tubes.

31
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TABLE I

S ICP System Specifications

R.F. Generator frequency 27.12 MHz (crystal
‘ - controlled)

Rated output power 5 kW

En;elope ripple <5%

Generator, output impedance ' : 50 Q

Matching network, input impedance 50 @

Matching network, output impedance wide range

Load coil ' 4 turn
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Figure 6. Spray chamber and torch assembly.
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The central tube is the injector tube used to feed the
analyte aerosol stream into the centre of the plasma. The
intermediate tube is the auxili%;y gas tube. .This provides
a low flow rate of argon which serves ﬁo lift the plasma

. s8lightly and prevent the injec%or tube tip from melting.
The main support or plasma gas is tangentially ihjectéd
into the base o©f the outer tube. This gas supply serves
>no£ only to support the plasma but is judiciously adjusted
to maintain a'stable plagma_discharge and prevent the outer
quartz tube from melting. ‘
Around the tép of the torch and o;er the load coils

a quartz bonnet is placed. This prevents arcing from the

'plasma body to the coils during the ignition procedure.

3. Analyte Delivery System

The analyte delivery system, essentially, consists of
'two“parts; the nebulize£ and the Bpfay chamber. The
nebulizer cgﬁverts the analy%é solution into a fine mist.
It ié ﬁ6unted inside the spréy chamber. The mainnfunctién
of the spray chamber is to allow via iﬁpingement and
gravitational settling only the smaller aerosol dropiets to
reach the plasma. Typically, less than 10% of the |
-nebulised liquid 5ctually reaches the plasma, the majority

settli%g out in the”spray chamber. The ‘spray chamber used

4
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for the major part of this work was of the Scott design

(51) and is illustrated in Figure. 6.
4. Pneumatic Nebulizers

The three pneumatic nebulizers used are illustrated
in Figure 8.‘1The glass concentric nebulizer was a model
TR-30-Al supplied by J.E. Meinhard Associates, Santa Ana,
Callfornla This nebulizer had a liquid uptake rate of
0.8 ml/min at a gas throughput of 1 l/mln, at a -5 cm
'llquld head. The varlable tip cross-flow nebulizer was
supplied by Piasma—Therm.Inc., Kresson, N.J. The fixed
‘tip cross-flow nebulizer was of a design by Blades (52).
Both designs of the cross-flow nebullzer'had higher fluid-
uptake rates than the concentrlc nebulizer. . o

All the pneumatic nebulizers were operated, for
convenience, under conditions of natural upt;ke.

H

5 Ultrasonic Nebulizer

- ~The ultrasonic nebulizer, constructed in this lab- -
oratory, was of the batch type and is illustrated in
Figure 9. It consi;ts of a glass tube about 4 chm in
diameter and about 24 cm in 1eﬁ§th. At the bottom ¢ +he
tube an ultraéqdic-tré@sdﬁcer is ﬁounted in a Teflon‘;lock.

The details of this transducer are provided in Table II.

i
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Figure 8. Pneumatic nebulizers (a) variable tip cross-flaw,.
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TABLE II

Ultrasonic Transducer Specifications

[Rr14

- »,
- B

Manufacturer .E;ahnei Products Inc.
‘Model ' CPMT

‘Nominal Frequency 1.4 MHz

Drive Voltage (Max.) 50 v (rms).

Drive Current (Max.) . | 1 A (rms)

Dimensions 1 1/16" dia. x 0.135" thick
Output Mist (Min.) ' 5 cc/min‘at 20 W
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About 15 ml of analyte are placed in the nebulizer
chamber and the inlet side arm is closed with a stopper.
Radiq frequency power is then applied to the transducer.
kf fountain of analyte rises above the transducer and a fine
gp{st of analyte droplets is produced. This mist is then:
swept out of thé chamber by a tangeﬁtial flow of argon
carrier gas. The carrier gas enters through a side arm
about halfway up the chamber.

‘ The'long path length from the transducer to the exit
of the chamber and the baffle also ensure that‘to some
degree the larger droplets setﬁlg out before the analyte

, aerosol leaves the chamber.

The transducer was powered by a radio frequency

generator_(model'UNPS-l, Plasma-Therm, Iné;). A forward

~.

power of 15 watté was typically used. The generator could
be tuned about its nominéi\frequenqy of 1.4 MHz, by a fine
frequency control. This was adjusted for minimum reflected
power, méaning>that the frequency of the output power

.matched exactly the resonant’ frequency of the transducer.

S v - -

6. Modificatibns to the Gas'Supplx Controls -;

Modifications to the original Plasma-Therm gas flow

controls were made to enable accurate measurement of all

the gas flow rates. . i X



The auxiliary gas supply was re-routed through the

)

flowmeter originally provided for the nebulizer gas. The

nebulizer gas was then controlled using a Matheson 7600

series flowmeter equipped with a 603 tube (0.1 to 4.8 1/min).

The needle valve on this flowmeter was positioned at the

top (exit) of the*rotamete;.‘ This arrangement. allows

accurate flow rate measurements to be made for any nebulizer

' .
back-pressure, provided the pressure of the gas fed to the

meter is kept constant at its calibration.pressure,(so

psi). The configuration of these gas flow controls is

shown in Figure 5.

7. Ignition‘aﬂdKRunning Conditions of the ICP

The ICP-discharge is initiated by a momentary high

voltage spark, generated by a tesla coil. connected to the
‘.

base of the torch. The opeiatlng condltlons of the Icrp

s

are listed 1n Table III These conditions provxde a stable

and reproducible dlscharge,‘with ion line emission in-
tensity peakiné\at-about 17-18 mm above the load coil.

B. The 0pt1ca1 System | T

The ICP_source,‘imaging optics and monochromator were
.mounted on an opticalirai%'system (Figure 1d)- The use of

thls rail system provxded precise and accurate lmaglng of

42
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TABLE III

Typical Operating Conditions of the ICP . -

R.F. Power (Incident)
R.F. Power (Reflected)

Plasma gas flow rate

Auxiliary gas flow rate

i

Nebulizer gas flow rate

1.5 kw

<0.03 kW

16 1/min , - A .
0.7 1/min

dependent on nebulizer; optimised
for maximum signal intensity

L
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the plasmaf .For dual monochromator experiments (Chapters
IV and VII) a rail bed consisting of four parallel rails
was used.

A 2:1 inverted image of the plasma was focussed on the
entrance slit of the monochrqpaﬁor by_a 10 cm focal leﬁgth
guartz lens. An'aperture (3 mm) was placed in front of the
entrance slit, thus a 6 mm slice of the plasma was obserwved.

The moﬁochromators used were exclusively Heath/GCA
McPherson EU-??O 0.35 m monochromators, the specifications
of which are listed in Table IV. The detectors were
photomﬁltiplier tubes (RCA, type 1P28) operated at 600 V.
The high voltage power suppiieS'for these photomnltipiier
tubes were médel 244 ﬁigh Voltage Supply, Keithley In- .
sﬁruments Inc. or a ﬁodel EU~701-30 Heath Photomultiplier

Module. o e

N

Accurate alignment of the entire optical system was

achieved by means of a helium-neon laser also mounted on

the optical rail bed. -

C. Data Acquisition System
- 1. Measurement Electronics

'The measurement electronics available are illustrated

in Figure 11. This arrangement of components was typical

for most of the e§periments cafried‘éut. Where ‘differences

"‘»



46

~ TABLE IV
Monochromator Specifications

Model R GCA McPherson EU 270

Type : | Czerny—Turner ’
.Focal length _ 0.35 m

Plane grating 1180 lines par mm,
blazed at ‘250 nm

Appﬁoximately 2.0 nm per mm

Continuously variable between
5 and 2000 micrometers

Typical slit width 10 to 20 micrometers
Available slit height 12 mm '
Typical slit height 3 mm (aperture)
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occur these will be pointed out in the separate experimental
sectioﬂs. |

The signal from the photomultiplier tube is first
amplified by a high speed current amplifier (model 427,
Keithly Instruments Inc., Cleveéland, Ohio).~‘An additional
amplifier (model AM502, Tektronix Inec., Beaverton,‘Oreéon)
is used fqr:two-purposes:: firstly, to convert the 0 to 10 V
unipolar output of the current to a 5 V bipolar signal |
suitable for the analog-to~digital converter of'the data
acquisition system, secondly, the ‘amplifier proQided ad-
d#&ional gain endeband pass contfoi when required.
@: The signal,in'addition'to being acquired'by\the com-
puter, sould simu}ﬁaneously be monitored by an escilloi%ope.
(model SC502, Tektsonix Ins.) and a digital vdltﬁeter e
(mpdel DMSO01, Tekﬁrqnix Inc.). These two monitors prove
‘particularly useful when setting up.the injtial plasma

condltlons and’ when changlng the wavelength settlng of the

monochromator.
2 MinicoTEjjfr System
| The data acqulsltlon system was based on a PDP 11/10 /

i@nlcomputer system (Dlgltal Equipment Comp., Maynard, Mass ). i
/
This computer was equlpped with a 16k byte memory core.

Thiskcore size was sufficient for data acquisition routines ’

¥

N P .
- GRS ¥ -
BRCH o' : 3



2
but‘wes inadequate for the farger Fourier transformation
'programs used to produce the noise power spectra an& cross
correlation functlons. Theae programs were.run on a similar
computer system but having:a larger, 32k byte core.

The data acquisition computer is equipped with a
1aberetory peripheral interface (model LPS ll; Digital
Equipment Corp.). This unit contains a sample and hold
amplifier and a 12 bit successive approxiﬁetion‘analogéto-
" ditigal converter (ADC); This ADC system can be made to
sequeatially read eny of eight analog input channels. 1In -
addition this unit provides the digital I/0 ports that
were used to control the external sample and hold amp—
llflexs used in experlments requirlng thg 31mu1taneous
monitoring of two channels. - oo .

f’ After 51gna1 acqulsltlon. data was usually #tored on

a 'l M byte hard disc storage system (model RKOS5, Dlgltal
'Equlpment.Corpﬁ) Further work up and plotting of thege
'data were carried out on the larger compyter system.
Plottlng of" these data, n01se power spectra’and cross

| correlatlon functions were carried out on an 1ncrementa1
plotter (model 130, Zeta Research Inc.,. Lafayette,.

California). SO ' Y
. . \

49



3. Dual Channel Data Acquisiti8n

For croséécorrelation experiments it is necessary to
acquire two sfgnals"imultaneously. However, the computer
data acquisition syétém even though equipped with a number
of analog input channels, can only read them sequehtially.

This problem was-ctiuﬁvénted by the use Bf two adégtional
external sample an& hold amplifiers. These sample ;nd

hold amplifiers (model AD582, Analég DeQices, Norwood, Mass.)
were connecded in parallel (Figure 12). Sample or hold

signals werq~provided from bit 0 of the digital output .

port of the LPS 11 unit. This allowed data to be .acquired
simultaneéusly with the tﬁo sample and hold amplif;é:s

and then to sequentially fead their outputs. The software .
for controlling and reading‘tthsample and Po}d ;mplifiers ﬂ?JW' i

was written in Macro assembler language and’&s listed in -

Appendix C.’

w

%
e
>3
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CHAPTER III

THE EFFECT OF SAMPLE INTEGRATION PERIOD ON

MEASUREMENT PRECISION IN INDUCTIVELY. COUPLED PLASMA EMIéSION

a‘;?f

#

A. Introduct.->r

It is often assumed, almost intuitively, that the

SPECTROMETRY AND RELATED STUDIES

precision of a measurement can be improved’by the inCréas ;,.
ing signal integretion period. However, as was shown in 1;;1
Chapter I, the improvement that can be achieved 1s de-

pendent on the exact nature ©f the limiting noise in the

’ L

root of the 1ntegratlon time when the llmlting noxsé* ’

a

possesses a "white" noise power spectrum; such would be

the case in a shot noise limited system. If, as in the

s

case of flicker noise dominaﬁ%on, the noise power spectrum
, » v

is 1/f in.nature,measuremeﬁgﬁbrecision cannot be improved

by 1ncrea51ng the SLgnal integraeion péflod -

The effect of 1ncreaslng the 1ntegratlon period from
) &r
“10 msec to 30 seconds for ICP em1331on signals of several
,! -
species will be discussed. The signals studled rnclude

7CaIl (393.3 nm), CAIF—t214.4 nm) and ArI (415.8 nm)-

. -, . .
emissions.
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Nebulizer type and design ﬁave proven critical in
determining the precision of ICP analysis. The precision
performance of a glass concentric (Meinhard), a variable
ﬂtip cross-flow and an ultrasonic nebulizer were evaluated
as a function of integration time. To assess the role of
the nebulizer in determiniqg the precision of ICP emission
signals the At& emissioh signal was also monitored as a
function of integration time. ®The emission intensity ef
‘this line if the nebulizer gas was not flowing would be
independent.tqpn of the nebulization process; Ip addition
to this experlment an experiment was conducted‘ﬁgyyhach
mercury vapor was introduced independently of theingullzer

‘.

e )
into the carrier gas stream and the predision o# the'% {§ S
¢ .
‘)!, -y

mercury emission signal measured.
B. Experimental ’ * .?

The Plasma-The:m.ICP 5000”system; moﬂgéhromator,»
pPhotomultiplier tube and electronic measurement system,
as described in Chaptet I1I, was used for these experiments.
The amplifiegisignal‘from the photomultiplier.tube
was dlgltlsed and acqulred by the computer data acquisition ) R
system. %heIIZ bit high speed ADC (succe331ve approxlmatlon) H!
>

was clocked at 1 kHz. Precise integration periods ranging

from 10 mseog to 30 seconds were achieved by summing the
' ¢ . o



a

appropriate number of successive cenGersipns. The
software for controlling the integrator was written in
Macro asgembly 1an§ua§ejand the calling program which
also automatically compated the signal-to?noise ratios
was written in Fortxap. IV.ﬁ These pregrgpa are listed in
Appendix C; The noise bandwidth of th; system, in .
addition to‘being controlled by the integration time. was

limited by means of the first order low pass filter of the

Tektronix ampllf:é%gwiﬁwkll cases the ~-3dB point was set

i s

at 1 k:g//

T signal to-noise ratles were calculated by dl-
v1d1ng the mean of 32 backg&ound subtracted signal meas-
urements by thelr.standardﬁgev1atlon. The backgrougd :
signals were obtained by aspirating distilled water and
taking the mean of 32,measurements. The backéround wasg.

”measured prior to the study of each lntegratidn time; the
Htensity was assumed to remain Fonstant througpout the
tlme of . the 32 signal lnten51ty measuremeﬁts. " -

The results of these experlments are pPresented as
plots of log 81gna1-to-noise ratio vs 109 lntegratlon
time. Figures 13 14 15, 16, 17 show the results from a

'A I“ppm solutlon of ca1c1um with the concentrlc napullzer,’.ﬂ

varlable t1p cross-flow and ultrasonlc nebullzers, a 50 pPpm

soluthn w1th the concentrlc nebullzer. and .argon
A

4 . .

N ; b_’.{» - “.",’i T
.‘- e .&4‘;“"]-. ,\\q;_ .
Vi AWy W -



55

*I9TFTNQdU ﬁumzn.nwz e buysn

(udd ) ux g mmm II®D 103 awyl codumumou:a SA YNS wo u&.nm moﬁnmo.u

4

x - (5) ewiy uoyoiBayyy

oot oot ol oo 100

L4 ] T L

*€1 @anbya

«¢



56

. o s .uwnaﬁﬁmc soawnumouo
e butrsn e:vm €6€ II®D uou 0&.3 :oﬂumumwuca 8A mzm 30 uo.nm mOa moq
. . . . :
: Z 0:-# co:o..u!c_ S
ooot | ool . o_ _ 0l0. . 100 .
[ T A . T . . T
{ ’ R
/

IT om




57

) ,»e.._ .
< .uoﬁasnmc cnuznawz e buysn
AEQQ omv wu peypTe HH@U x03 w&au :OAumumwuca SA YNS 3JO uon moHlaoa .mﬁ.mumeﬁ,
| (s) AJE Tl co:anE_ uﬂ: . | .
0001 ool - Ol0 100
r - ¥ " =~ . Y 0
- |
——— . v AL
q . ,j J’ ‘
1nxx.¢a
4
-
; _
aﬁw\ ; -




- 58

- . LIV Swea e

.thﬁﬁsaoc Oﬂnomnuuﬂs ue fuysn
L

.Aemm T) WU g°c6€ IIBD uow awT3 ceﬂUMHmmunﬁ SA ¥NS Fo uoﬂm o~nm°g_

| 3 suuy :o:o&of L o PR
- Q0Qt - oal c O—m . . o0 100 .
. r 7 S L I L f Q




- < ] /
Jw‘ ” - Q
‘WU g GTy. IAY I03 osﬁu GOMuuumwu:ﬂ.mb INS 3o 3o01d moH..moq_ 1T muzmﬁ..m
{s)oun) voyoiboyy
000 oo’ ) oo 100
' ' ' T 0l
u.nW. As A
: 400l m
v 8}
"4 . .r.&.. .
v Q . v ,
- . .
v Y .
dooor .




- the injector tube to the?BIacma It was

%

Lol

emission obtained as distilled water Qas:aspirated with
theﬁconcentric nebuliser. | _

In attempt to elucidate‘the relative importance. of
the nebulisation/transpOrt step.in determining the pre-
cision, an additional experiment was devxsed. A device was
constructed that allowed mercury vapor to be efficzently\
mixed with the carrier gas stream, without the use of a
nebuliser.' This devzce consisted Slmply of a coil of
glass tubing l m in 1ength and 2 cm in diameter. This
iwas packed with glass wool and beads of metallic mexcury..
Carrier gas flowed through the coil and then directly via

:

fhal. stability.

sary-to_place

i‘e coil in a large beaker of water for- t
The emission intensity of the HgI (253 7 nm) line

when this dev1ce was in gperation, corresponded closely

'to that obtar&ed when a 100 ppm sof%tion of mercury was

aspirated with theiponcentric nebuliser. The precision of

rifthe results oﬂiained with mercuf& vapor introduction device

60

‘hland the concentric nebufiser were compared. An integration -

‘time of 1 second was used. The signal-to-nOLSe ratios
were, again, calculated on the basis of 32 backﬁroqu

subtracted measurements._ In addition each experiment was

repeated, typically ten’ times,,and the results pooled to‘_ﬂ.

rprovide a more reliable result.; These results are re—_w?:,

o

produced in Table V.

u.



TABLE V

61

Comparison of Mércury Vapor Introduction System and a

Meinhard Nebulizer Aspirating 100 ppm Mercury Solution

Signal
std. Deviation - .

Background signél

Background Std. Deviation

SNR

Mercury Vapor

0.1143 x 10’

0.217 x 10%

0.7461 x 10°

0.223 x 10°

543

0.361 x 10

»

Meinhard Nebulizer

0.1107 x 10’

0.151 x 10°
0.6812 x 10°
3

75.9
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a
- "‘\'t‘
‘9 14
’ v
C. Discussion of Results

The 109—1og plots of signai—to-noise ratio vs signal

S

L

integration period for CaIIl (393.3 nm, 1 ppm) is shown in .

Figure 13 for the concentric (Meinhard) nebullser and in

Figure 14 for the variable tip cross—flow. .For both thg

concentric and cross4floﬁ:nebulisers little, if any;‘imr

érovement in signa1~to~nQisé ratio is realised in increasing

the signal integration period from 10 msec to 30 seéonés

(3.5.orders). This ciearlyrshows that the‘;mdssionvsignal

from these two nebulisers ;;sSesses a 1/€" npiée power

spectrum, Qhere n = 1. ‘Similar results were obtained for

a number of otherbspecies, for instance, the effect of

-integratioh time 6n the signal-to-noisg ratio of Cd;I

emigsibﬁ (214.4 nm, Sd‘ppﬁ) is shown in Figgfé 15. all

fhese featﬁ:gs—being clear indication that for signals well

removed from the detection limits tﬁe dominant noise is

source f}iqker. ‘A (‘ .
" In ihe case of the ultrasonic nebuliser (Figure 16)

the‘trend was for a decrease in signalfto;noise:ratio as the

' integration time was increased. This implies that a severe

flicker noise problem exists with this nebuliser and that

the low frequency components of the noise are greater than

;predlcted by a 1/f relatlonshlp. ;



e stgnal—to“noiﬁe ratio of the argon emission%lir'le
(Figus® 27) was little affected by increasing the integra-
tion yiue. The indjcations of this are that wh-le a flicker
noisge bQMPQnent is associated with the nebulization/aerosol
transgo*ta\lon gtep an addltlonal fllcker noxse component
is asaoﬁla\ed with the plasma itself. The cause of this is
unce:y‘*"‘hut hay lie in fluctuations in the flow rates ef
the wPMOTY gases. |

th signal~t0~noise\ratios obtained from monitoring
thig 2¥Y0R ¢pisgion lipe are in thezrange~400 te 600,
valueg Qpphbfjmazely five times greater ehan those obtained
from nﬁhullged sp&écies, These signal-to~noxse ratios ’
‘corregfand tlo8%elY with those obtained ig-rhe mercury vapor
‘ Lntrodﬂotloh eXpeliment (see rable V). . These values of
51gnalft° Qﬁ;ge ratio reveal the basellne nebulizer in-
dependﬁnt nﬁlse of the ICP system. They represent the
maximy# slghal“to”hOISe ratios that can‘pﬁ expected from’
“this (% re§ardle5s of what type of nqggiiser is being
. used * e s o

D. “eopT%Hons s

v P “‘%’ : L ;

oV 21 lmportant caQCIUSLOns can be drawn from these

resultg Clearly: little is to be gained. in ICP em;ssion
¥
specty™ XY by using long s@inal indegration times and in

——
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. . .
fact quxte short integratxon times (<1 sec) may actually

be desirable. All these re.ulta stréhgly xmply that aéu:ce
flicker noise with approxlmately a 1/f noise power apectrum

.'limits measurement precision.

It is also apparent that&the majority of the. f&icker ~'§§

noise originates in the nebulizatlon/aerosol transpog;g%ion

steps,. although a flicker noise component ts -also assocxated

¥

with the plasma itself. , . ?

8 : L - 5
True characterization of these noise components re-

F

quires the measurement of noise power spectra. Such meas-
- 4 ) ' _ 5
urements have been carried out and will be described in .

BERERY.A4

Chapter IV.
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CHAPTER IV
4 R

NOISE POWER' SPECTRA OF OPTICAL AND ACOUSTIC EMISSION

v . )
SIGNALS ”OM THE INDUCTIVELY COUPLED PLASMA

- . a _ o . ©

: 2
¢A. " Intggdidtion
7. Syt

. . 4
¥ ,
kY '
’

"’ 'In r to clarify some of 'the effects noted in

-

. .*.Chapter IIlp, noise power spectra of_ the ICP were measured

»

' cl';aracte‘rization. - Intell :Ljen

ublh fferent operating conditions and with a variety
. ' L .
R : ¢

- o ' . W'Yy
*t S o o

'%‘useful in: th? character-
\/l' - > g l_.-ﬂ’

of nebulizers.

_ Noise ’Bp”er spectra haVQ p'

f‘of analytical sourées (53 55) and specéf?”hp‘ﬁes towards -
both f£lame emisgidh (28,29, 55537) and stemiic absorptioh = *
By N

k<l
.spectrometry (25) have ‘been reported NOlBQ Mr spectra .

may allow 1dentificat10n ;of aoi'sq types, 1dﬂﬂification of

,ubise sources, and, of cours' "requency compositiog

Led . -
3 )

hoices of measurement
>

& "%onditic‘ms such as 51gna1 : ' ,gration periods or possible

' modulation frequencies may also be made. ﬁ?owledge of '

t
.

L

: no;se power spectra may provide: sound rationale for future |

system i}ngr?t-and the noise powei-’ speéctra can provide

a monitor "o,

effectivene'ss. of suoh improvements.

F"ina’lly,'.‘.'nl‘ois"e'"r.l:ower Qpec':tra. can revea} ix_nportént physical ‘

vcha('rac_:'t:eris'tics,i@f a spectral §ource that.may otherwise



& ¥

go u‘ihoticed. | Lo

»(,.Qt this study noz.se power spectra of optical. .emisgion

N

b(gﬁafl £roniran ICP have bean measuréd. It will be seen
.Q %
that low trequency 3pectra‘ (0-5 Hz) are very useful for

the characterization of nebulizer performance and analyte
noise. High frequency cpectra (0-500 Hz) Sﬁveal structure

&
chara'ctexistics of plasx‘na spatial dynamics. Yoise .power

spectta of &:oustic emission s:u;nals and two channel gor- .

relatgiﬁn measutomentﬁ.ﬁre also carried out in order ‘to

i q i

clarify Elasma noise,éractstics'. Oulmeasurements .
AEY g K,

and observations i_' IS00% He region expand on those

5 T $ .
rec%ntl;z ﬁte_por-ted_ .'on ' Lﬁlai‘a‘o‘n etral (i4).*.v :’ #7’*

S e . -
:% Experimental._,":' -y T, Ae
S L e B ¢
1. Icp Qperatin’é:Conditions S - v &
. “?-.s,, S SRR Ao : o
x§‘l‘)'xesxfﬁplasmar system was the Plasma-'rherm ¥Cp ﬁystem
2y

detailed im Chapter II. The oper&ting condition are -‘:1"”

o

66

j.isted in Table 111 \y otherwise stated. .All gas flows

L
-»

Q‘ ? el Q
2. Data Acquisitron and Bandwj.dt‘h thml

G ————
- : '-." * ny. S . o - » Co Q

Al '“-'_: _N'-

The optical emission signals after detection by the

photomultiplier tube were amplified by means of‘a current

amplifier and an additzonal voltage amplifier (see Chapter

¢
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). - Y - L
After amplification the. bandwidth of the signal was

limited by a low pass fi%tter (model* 3343, Krohn-Hite

4 v

'-18 unlt hag two filters with

#-. '
'ﬁﬁéi‘ When these-ffltefs are

‘!“"

Corporation, Avon, Mass.).

8therder Butterworth*res
cascaded together the comblne- effect is a- filter whose
) roll-off above the comblned -6'dB point is -96 dB/octave.
Q»Thls‘hlgh degree of bandw1dth control is cruc1a1 to ob-
taihlng unal;ased, and hence, meaningful holselpower |
sp,e’;tra"."', o o _ ’ : ‘ IR
; The data was th;n acqulred usxng the PDP 11/10 data
acqulsitlon system. For the}p 500 Hz‘spectra the sampllng
ratg was 1. 4 kHz and &he -Gvdﬁ ;po&t of the Krohn-HIt

filter was set at 700 Hz whiﬂh is’ also the Nyquist Tre-
2

. .
. quency. Without the use‘of th;s fllter, frequenCLes'hlgher

)

than® the ﬁyquist frequency would be aliased: (folded)

]’hnck into the 0~500 Hz reglon glVlng spurlously hlgh power

*d

fﬁformation. As shOWn in Flguregis the use ‘of the fllter
£ 3

'JIEVels. For the- d!g Hz spectra data were - sampled at a

rate of 14'"Hz and the -6 dB point of the Krohn-Hlte filter

- was set at 7 Hz. The respohpe curve (transfer function)
» »
’of ‘the filter over thls range was similq; in ‘shape tp that

_for the 0-500 Hz reglon. *

, P b e

7 ey

reduces aliasingsln the 0-500 Hz reglon to negligible ; 
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3. Computer Calculation of Naise Power Spéctra

#

For processing, the data Were transferred to a .
larger PDP 11/10 computer system equipped with a 32k byte
i '
core.

. ' \
The steps ﬁ‘.the processing :0f this data to ain

’.\" oA .
the noise power spectrum are shown in Figure 19. The pro-

_grams used to acquire the data and produir theon01se powe?

[

spectra are listed in Appendix C: The first step in pro--
v ot
cessing was d c. level subtradtion, td allow effiCient o

=Y . ‘ N

_d@ta was arried out té*prevent the géheration “of unwanted

side lobes in. theﬁtranstrmed data. These sfde lobes are

caused by the volution of the 5ectangular data window -
'Wlth the data elf. Apodization cpasxsts of multiplying

the data with a mathematiceﬂ‘ﬁctlon that: reduces the
effect of the rectangular data w1ndow.&“1n this case the

apodization‘was acccmplished using.a Gau351an function

- (factor 1Q). For more ‘détails of thlS apodization procass

,Fourier transformation was then carried out to convert the

@iy e o 0T ~.>;» o .

consult Yuen (58) Catter apodization the d. c. leVel was

again subtracted»to remove any small level 1ntroduced.

-noise 1nformation from the time to the‘frequency domain.

a

To accomplish this the Fast FOurier Transform algorithm R

.l

(FPT)'was used. Finally, siqna\/aVeraging was carried out\’

- , :
.-'J ‘ ‘. . . . . S -t ;-‘\(‘

rE
Fourier transformation. "pbdizat}on (w1ndow1nq) of the v
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fu-in the - -frequency domain to produce the final no;seﬂlower
data. 1In ev!ry case ten indiv1dua1 sets of transformed
data were avzraged to pravide a more accurate estimate of
noisé power density. ,The.hoise‘pbwér spec}ra were ﬁhen_
plotted. No attsppt wgg‘made t‘&palibrare.thé“noieé‘power

density axis, as-.only information of a relative nature was

,required. “However} the units are proportional to ampsz/Hz
2 - - T 7 !
or volts /8z. g ?ﬂT, | v . S N 4

war

C. Low Fre AencYﬂNoise Power Spectra (0-5 Hz)

_ It is veil established;that nebulizer type, adjueé-' R

ment, and running\conditions can have a marked effect on
D ‘f . . o .

e % ﬁ ¥
overall syste] rmance. The Signal levels, ; a

\

deviations, ah_ 81— to-nOise ratios. %or CaII 393 3 ﬁfi v

¢! ppm) obtained usmn' fohr-different nebui&sers, atkthe

: i N
%ime w!En the noise pb er spectra were obtained,-are St L g
listed in’ Table VI\ In each case :re integratﬁon time "

s ‘are based on 32
- T,

repliqgte meaeureme.tg ﬁa%?rder of. best. signal-to—noise -

‘was l ‘sec and the.s%andard deviati‘

fratio performance t e nebulizers rank glass concentric -

| e i
RRET'Z S i
first followed by the fixed,fiﬁ cross-flow. variable tlp

‘ oW w1th “the ultrasonic last. However, other than ~
: this fact, the sign&l-to-noiSe ratio provides ‘no real - |

‘ guide to the source of the different behaviour or dir-"ﬁ SRR
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TABLE VI ) .

Signal-to-Noise Ratios for CaII 393.3 nm (1 ppm)

Nebulizer - o - -Signal | - g.‘ - s/g |

Glass Concentric S 1-4‘.9~ v 0.11 134

Fixed Tip Cross-rié{-. T 21.8 0.25 90

Variable Tilp'cros's-v-Flow 22,90 0.34 L T2

Ultrasonic U303 Loeg 30
v v C
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ections

Nozse power spectra (0 5

'are shown in Figure 20. In edch case the signal monitored

. ! . ¥
was CaII 393.3 (1 ppm). All ordinates have the same scale.

Interesting and significant differences'between these
nebulizers can be a!seesed by referring to these noise

power sSpectra. The two cross-flows have generally similar’

‘for these same nebulizers

»

spegtra, with noise. power increasing approxi’.mately lin- (29

| early as one moves from -5 Hz towards 0 Hz with a strong -

;1ncrease near O Hz. However, the fixed tlp cross flow jn

clearly has generally reduced noise level at all frequencies

when comparea to ‘the Variablehtip cross-flow. Tpe flxed

tip cross—flow wae‘ onstruct ".iﬂ this laboratory and

."n

consistsiofAtwo'g i 7 tubes epox1ed in a fixed g

'cross;flow configur o re 8). This provrdgl

4 " _
- more stable arrangement ‘than the adjustabIe oross~flow.
,The adjustable cross-flow was the Plasma Thqtm unlt'based

- on the orlginal desrgn of Knlseley et. al' (46) (also

‘ ' -
illustrated in Flgure 8). Thus ‘the- flxed tip arrangement ¥

2 for a cross-flow nebullzef s&&s t@k an. J.mprovement a‘nd

several workers are developmng cros;-flow nebullzers with

A .

very rlgld t1p allgnment (48 49). ! hd

The glass concentric nebulizer (Meznhard) has a veryv'

clean noislﬁpower spectrum with on;y a weak (relatlve
: i 8 ‘ | .

e : 'a“

- e ‘o ,'-
. - - -
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the other nebulizers) 1/f conponent below about 1 Hz. The

ultrasonic nebulizer, on the other hand, has a complex and

0

relative intense noise power spectrum. The ultrasonic

nebulizer was the vertical design of our own construction

\.’r'

(Figure 9) and usep without desolvatioﬂ For this ultra-
sonic nebulizer the low frequencg components in the noise
power spectrum are intense and-a strong 1/ dependencéais
observed. . In addition a peak in the noise power spectrum

occurs at about 1 Hz and it is’felt ‘that it results from
Y

the rise and collapse of the fountain of analyte above the

transducer,which was observed gp occur at about t fre-r
IS ) .

vquency. It is interesting to note that theuultrasonic

bl

_nebulizer actually exhibits lga$r~noiﬁh power levels in

the 2. S.to 5 Hz fbgion than elther Qf(the cross flow ’
£

. Q p
nebulisers. . If a unit designed to/cOntrol ok eliminate

-excesSive solution turbulence was employed,its signal-to-

u ¢

g
noise ratio performance might well !e 1mproved over that

¢

of the cross-flows. f |
The effectoof anaLyte concentration on the 1ow—fre-

_;quency nOLse ‘Power spectrum is Lllustrated in Figuf@?ﬁ&“

_.:.\ .

'
Y
",V

‘_The overall intensity of the noise power spectrumédependsyn

‘on analyte concenﬁration (1 e.Jsignal 1eve1) and dﬁ grdet .

7of magnitude increase in concentration is accompanied by
e PR .,2‘ Lo
'yapproxiaaﬁbly a two Order magnitude increase %n noise

PR I N . S .
- ’ o ' .. ' E \ PR
. Ly . . . . . - .

\

.
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power (:L e. one order of magnitude in noise amplitude).
‘ J

Note also the ratnfr strong increase in the relative im-
portance of noise frequencies below" about 2 Hz a; the

concentration of anaiyte increases, all consistant with

thgiconclusion that dnalyte ﬂlibﬁgztis the dominant nOiQé.;

It is interesting to note thgt ?iguke 2l~isfgeneraily-
similar to ﬁhgure 4 of Bower and Inglé (25) which ‘was i

obtained for atdmic»absorpﬁion maasuréments.-'LikewiSe.

Y

thejr conclusion, based on the natuﬁa of these nojise power.

"L&

speciit, , that ehere is little merit in integrating such
T
for longer than about- 10 sec is also valid for ICP

sign
signals and in tactq data presented in Chapter III 11~

P
~1ustrates that, 1ntegration pptiodu of 1 aecond or less

gﬁll normally result in as gooﬂ signal-to-noise ratio as
Q’\? " . .:.

;'can be expected.. . o ' . . .

. - . Lo g v -
- D. .High‘Fquuency,nghé'?bwer Spectra (0-560,5;)‘ ’

. ) ",_“ ‘b,. . ', [ .
For tne most part,ftqr emiasxon slgnals have not been
| observed with wxde bandwidth mqpsurement systéms. Wlth :
" normal soluticn damnle 1ntroductiom using standard neb-‘*
i"ulizers signals are typitaily integrated for 1 to 30 sec.

_;prever, éertazn ICP measurements redl&re wide bandw;dth

_Nmeasuremeht systems. In th;s laboratory sever&i s;mple- o

'ﬂlntroductlon systems based on direct sample insert;oﬁ‘

77
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(59), laser vaporization (60) and electrothermal vapor-
ization (61) all generate transient signal plumes which,
for basic investigation, must be time resolved and hence
obs?rved with measurement electronics considerably faster
than the standard integration systems. In other lab-
oratories, atomic fluorescence measurements (62,63) have
been carried out using ICP's and the choice of a modulation
frequency xequires a knowledge of the ICP noise features .
at higher frequencies. Finally, in this laboratory work
has been carried out in coupling an ICP source to a UV—bIS
" Fourier transform spectrometer (64) and this system re-
quires that the ICP emission signals be observed with |
measurement system bandwidths fanging from 0 to 20 kHez.
Thus, from these points of view and also from fundamental
interest a studyAwas carriéd ou‘.ff the noise power spectra
of the ICP at higher frequencies than might normally be
thought of as important or of interest. |

One of our first noise power spectra in the region
0-500 Hz is shown in‘Figure 22. The signal observed was
CaII 393.3 nm (1 ppm). In addition to the power line
features which are always present to varying degrees, a
somewhaé broad but prominant noise feature is seen at about

325 Hz in an otherwise relatively flat noise power spectrum.

This feature was also observed by Walden et al. (14) but

-



Call 393 3 nin

180

Noise Power

Frequency (Hz)

Figure 22. Noise power spectrum (0-500 Hz) of the LaII

393.3 nm optical emission signal. Meinhard -

nebulizer.
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few details were presented about its nature. Preliminary
investigation of the noise power spectra at bandwidths up "
to 2.5 kHz (5 kHz sampling rate) did not reveal any other
interesting features and efforts were concentrated on
clarification of the 0-500 Hz region.

The effect of power on the frequency and intensity of
tkis n-ise feature is shown in Figure 23. The frequency
position of the noise peak is almost linearly dependent
oiipower,as shown in Figure 24. The effect of coolant
flow rate on peak frequency is shown in Figure 25.
Increasing the coolant flow rate from 15 to 25 L/min at
first céuses the peak to shift to higher frequencies,
pass through a maximum frequency position and thqn'shift
to lower frequencies as the coolant flow rate is further
increased.

Over the course of several weeks of experiments th
‘characteristic peaks were often observed in the 0-500 Hz
region. A typical spectrum is shown in Figure 26a. The
upper peak was always twice the frequency of the lower
peak. Similar noise power spectra were observed for
other emitting species such as CAII 214.6 nm (Figure 26b)
and ArI 415.9 nm (Figure 26c). Also, overall, the absolute
and reiative intensities of these peaks in the noise power

spectra were no? particularly reproducible from experiment
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Figure 23. Effect of plasma power (1 kw - 1.9 kw) on the
noise power spectrum of the CaII 393.3 nm

- optical emission signal. Meinhard nebulizer.
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‘Figure 24. Plot of noise feature frequency as a function

of power.
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Figure 25. Plot of noise feature frequency as a function

of coolant gas flow rate.
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Figure 26. Typical ICP noise power spectra in the 0-500 Hz
{

«‘bandwidth. Meinhard nebulizer.



to experiment. These peaks were present irrespective of
the nebulisation system used. Finally, an important ob-
serv;tion was the complete disappearance of these features
when a tall torch (see Figure 7) was used and éﬁission
observed, at normal heights, through the extended tube
(Figure. 26d) . ¥

It was f%lt at this point that' some aspect of plasﬁa
gas dynamics‘ﬁas responsible for these. noise power spectrum
features and characteristics. The most reasonable ex-
planation centered on rotation of a slightly asymmetric
plasma discharge and that tﬁe asymmetry was primarily in-
duced by air entrainment as indicated by the "tall torch"
experiment. The lower freguency was that due to the fund-
amental frequency of plasm; rotation (about 200 Hz in
Figure 26). Since the central vertical axis of the plésma
discharge is-imaged on the monochromator any asymmetry in
the discharge would also have a strong second harmonic
component as the discharge rotates, the asyﬁ%etry being
viewed twice for each rotation of the .discharge. This
also leads one to conclude that the absolute and relative
intensities of these feature§ in the noise power spectrum
will be highly dependent on the spatial region of the

plasma actually observed. Thus, lens focal position,

depth of discharge viewed, wavelength of observation
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(chromatic aberation) and lateral viewing position will
all affect, to some extent the nature ~f the noise power
spectrum. This is shown in Figures 27 and 28 for lens
focal position and lens lateral position. Thus great care
should be™exercised in making any particular conclusions
about the ihtensities of these features.

One other possible explanation of the presence of
these peaks may have been acoustic resonances in the torch.
Calculations based on the.well-known organ pipe formula reveal
that the very lowest frequency that gas could resonate in
a torch, of the dimensions used, would be about 800 Hz.
These calculations agree with those of Walden (14) who
also rejected the possibility that acoustic resonances are

responsible for the peaks.
E. Acoustic Emission Signals

The plasma discharge is a good acoustic transducer
and power modulated plasma discharges have actually been‘
used as loudspeakers. Thus it was felt that the acousfic
emission signal from the ICP discharge should be studied
for noise features. Using a simple electret microphone
(Archer 270/092A) (see Figure 29) the noise power spectrum

N

of the acoustic signal emitted by the ICP was measured and

is shown in Figure 30a. Now only a single peak is obéerved



Figure 27.

(a)

(c)

Nolse Power

04 — ey \
o 200 400 800
Frequency (Hz)
The effect of lens lateral position on noise power
spectra. (b) central vertical axis, (a) 4 mm

left displacement and (c¢) 4 mm right displace-~

ment. NO band head.
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Figure 29. Microphone circuit used for acoustic measurements.
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in ﬁhe noise power spectrum At a frequency correspénding
to the lower frequency observed in the case of the optical
emission signals, i.e.,at the frequency of plasma rotation.
This is further evidence that the upper frequency observed
in the optical emission experiments is a result of spatial
observation effects which, of course, will not affect the
acoustic measurements. It is interesting to note that the
peak in the acoustic noise power spectrum also disappears
when a tall torch is utilized (Figure 30b), Thus there
seems to be a generai acoustic emission signal from the
ICP at a frequency corresponding to the discharge rotation

frequency and caused by the same mechanism.

F. Simultaneous Dual Channel Measurementg

The evidence presented éo far with respect to'fhe
rotation noise is still somewhat indirect. An experiment
was designed that would allow direct observation of the
rotation of the plasma. Two completely identical, parallel
measurement systems were assembled each consisting of a
monochromator and its associated measurement electronics,
see Figure 31. The dual sample and hold amplifier (Figure .
12) was used to allow time simultanebus monitoriﬁg of the
signals from both measurement channels by the coﬁputer data

acquisition system (seé Chapter 1II). The optical system
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was arranged such that the plasma was observed simultaneously
at‘right angles by the two monochromators as shown in
Figure 32. High and low pass filters were ﬁéed to isolate
thealdwervfrequency of :he two noise peaks (Figure 33)

from the other frequencies pregent in the signal. The
analyte aspirated in this case was a 1 ppm calcium solution
and both monochromators monitored tﬁe CaII 393.3 nm emission
signal. Signals from both channels were acquired sim-
ultaheouslywby the data acquisition system at a rate of

5 kHz, sufficient t¢ oversample the characteristic fre-
quency and provide accurate information about any relative
phase shifts. The results shown in Figure 34 clearly
indicate thét the signal acquired at the second channel

(B) is 90° out of phase (lagging behind) that acquired by
the first channel (A). As a test, the signal arising from
monochromator A was split at the output of the photo-
multiplier tube and fed simultaneously through both
veleptronic channels. No phase shift could now be detected
.between the two acquired signals (Figure 35). Thus it is
safe to conclude that the preQiously measured phase shift
is real and not an artifact of the measuremént electronics.
If this measured phase shift is to confirm rotation not
only sﬁould the two signals be shifted by 90° but the

E}

direction of the shift should be consistant with that of
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Figure 33. Noise peak. Isolated by means of electronic
hﬁsh and low pass filters.
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Simultaneously digitised noise signal for CaII

Figure 34.-

393.3 nm from monochromator A (solid line) and

monochromator B (dashed line), showing 90° phase

shift.
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Figure 35;

Simultaneous digitised noise signal for CaII
393.3 nm from monochromator (A) split and fed

through electronic channels (A) and (B). Show-

&
-

ing no measurgment phase shift.
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the expected direction of rotation. Signal A precedes
signal B (Figure 34), which-indicates an anticlockwise dir-
ection of rotation thét is consistant with the direction of
rotaﬁion, caused by the tangential introduction of plasma

gas (Figure 32).
G. Conclusions

The measurement of noise power spectra of ICP emlsgion
signals has allowed the clarification of several aspects
of the noise properties of ICP systems. In the 0 tb S Hz
region noise power spectra are highly characteristic and
.diagnostically useful with respect to nebulizer performance
and design. They reveal clearly that analyte flicker is
the dominant squrce of noise.

In the 0-500 Hz region a peak in the noise pdwer
spectrum occurs that appears to result from rotation of
the plaéma discharge at a frequency ranging from 200 to
400 Hz depending on the exact experimeﬁtal conditions.

This feature of the plasma discharge is interesting in its
own right and is important, from a practical point of
view, when measurements are carried out on ICP systems
with bandwidth responses in this region.r A knowledge

of the frequencies where these peak;-occur is also im-

portant when source modulation frefiencies must be chosen

98



for atomic absorption and fluorescence measurements,

using the plasma as the atom or ion cell.
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CHAPTER V

CORRELATION OF SPRAY CHAMBER PRESSURE FLUCTUATIONS

WITH NOISE IN THE EMISSION SIGNAL

A. Introduction

In dealing with source flicker noise one is faced
with a major problem if it is necessary to improve the
precision of an analysis. Because of the 1/f nature of
the flicker noise power spectrum, it is not possible to
improve the result by the use of extended iniegration
periods. Likewise, modulation techniques are of little
use when the limiting noise is source flicker (37). Two

alternatives remain: - ~

1. Identify the causes of source flicker and either

eliminate or reduce their effects. This may be brought

about by careful redg;ign of the experiment or simply

improvement in the operation of one component.

2. Utilize the internal standard principle. This requires

the location of another parameter whose behaviour

mimics as closely as possible’flucéE;tions of the

emission signal. By ratioing the emission intensity

with this other parameter the multiplicative effects
of source flicker noise may be partially or totally

removed. Traditionally the other parameter used for

100
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internal standardization has been the emission in-
tensity of another element, however, there is no reason
why any othér physical parameter could not be used.

For instance it is common practice with laser vapor-~
isation/excitation studies to ratio the emission
intensity with the laser power output.

One of the parameters in an inductively coupled
plasma system that may be correlatable to variations in the
analyte emission intensity is the pressure in the nebulizer
spray chamber (65). It is known that variations in the
flow rates of the support gases of the ICP cause both
intensity and spatial changes in the analyte emission
intensity (66). It is also to be expected that changes in
the support gas flow rate, especially the nebulizer gas
will result in pressure changes.in the spray chamber. It
seems reasonable,béhring these facts in mind, that a
correlation may exist betwéen emission noise and spray
chamber pressure fluctuations.

Preliminary to a study of such correlations, a study
of the effects of the three gas flow rates and the‘incident
rf powér von the spray chamber pressure was carried out. To date
few pressure measurements have been made associated with the ICP.
The results are rather limited and mainly.concern them~-

selves with gas flow dynamics in the plasma itself (67-70).
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B. Experimental Measurement of Spray Chamber Pressure

Pressure measurements of the interior of the spray
chamber were carried out using an electronic pressure
reransducer (model G-605-01-~2-5, Gulton Industries, 1644
Whittier Ave., Costa Mesa, CA 92627). This pressure
transducer was coupled to the spray chamber by a glass’
side arm and a short length of Tygon tubing (Figure 36a).
Power for this transducer was provided by two 6 V batteries
connected in/;eries. The signal from the transducer Qas
either measured directly gsiﬁg a digital voltmeter, or
amplified prior to acquisitﬂ&h“by the minicomputer system
(Figure 86b). Prior to maklng these measurements the
pressure transducer was callbrated against a sxmple water-
filled manometer.

The nebulizer used for these experiments was the
Meinhard concentric glass nebulizer. The Scott type spray
rchamber was used for the initial studies, though an im-
proved spray chamber later evolved which will be discussed

later in this chapter.

L4

C. The Effect of Plasma Operating Conditions on the Spray

Chamber Pressure

The effécts of nebulizer, auxiliary and coolant gas

flow rates on the internal pressure of the spray chamber
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Figure 36. Pressure transducer for spray chamber pressure
measurement (a) conmnection to spray chamber,

(b) electrical connections.
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are shown in Figures 37,38, 39. ‘The effect of incident’
power is shown in Figure 40. It should be noted that the
pressure axis in Figure 37 is 2.5 times less sensitive
than in the other figures. - T
When not a variable parameter, input power was kept

constant at 1.5 kW, coolant gas flow rate was 16 l/min,
auxlllary gas was 0.7 1/min and neéullzer gas flow rate was
1.1 1/min. All gas flows were argon. ' It should also be
noted that the g;s flow controls for the nebulizer gés
were modified froﬁ the original Plasma-Therm arrangement,
to provide a more accurate measurement of the nebulizer
gas flow rate ksee Chapter II, in particular Figure S). )
The units on the pressure axes of the plots are PSI above
atmospheric pressure. |

. As would be expected, the most important parameter
is the nebuliser gas flow rate. An increasé in the
nebuliser gas flow rate increases the pressure in the
spray chamber as shown in Figure 37. This mea;;rement was
made with and without the plasma lit. The back pressure
created by the plasma is equal to the difference between
the two curves. Thus there is a bac& préssure simply- due
to the passage of the nebulizer gas through the injector
tube. 'An additicnal préssure is expected when the plasma

is lit, created, perhaps by the rapidly heated nebulizer
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gas as it passes through the injector £ube tip into the
plasma toroid. |

Calculations of the change in the injector tube
orifice size as a function of temperature (0.033% increase
for a 300°C rise) indicate that this effect Oﬂ\the back -
- pressure is not important. |

In contraéf, increased flow of the auxiliary gas has
the effect of decreasing the pressure (Figure 38); This
makes intuitive sense as an increase in auxiliary gas flow
rate raises the plasma body in the torch away from the
injector tube. The heating of the injector tube tip is
thereby lessened as is the inherent back pressure of the
plasma. . A

' Qoolant'(plasma) gas flow rate which does not sﬁb-

stantially glter the plasma vertical position Within the -
torch; has'vefy little effect on the spray chaﬁbeé"pressure
(figure 39). | .

Finally, increasing the input bower incresses the
spray chémber pressure (Figure 405. This would be expected
as the plasma tends to increase in lehgth (upwards and
downwards) and in temperature with increasing’pQWer. This

result»is‘in keeping with those reported by Chase (68).
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D. Correlation Studies

1. Experimental

)

In order to investigate thé correlétion of pressure
flucfuations in the spray chamber and noise in the emission
signal, it is necessary to monitor 51multaneous%§.the two
51gnals. To fac111tate this the signal from the pressure
transducer, after amplification and low pass filtering,w
was fed to channel 1 of the dual channel sample and hold
amplifier (Figure 12). The signal from the photomultiplief
tube, after amplification and low pass filtering,was fed to
chénnel 0. Both signals could then be simultaneously
acquired by the sample and hold amplifier and then se-
quentially dlgltlsed by the PDP 11/10 computer data
acqulsltlon system.

The bandwidth of both channels was limited by the
Krohn-Hite 13; pass filters (-48 dB/octave) whose -3 dB
points were set at 2.5 Hz. Data acquisition was at a
rate of 5 Hz. This sampling rate was appropriate for
observing tﬁe_noisé characterist%Fs that are important in

determining the precision of analysis with most low.

bandwidth measurement systems.
2. Calculation of the Cross-Correlation Function

In order toAsupplement the visual comparison of the
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two signals the computer was used to calculate their
cross-correlation function. Mathematically the cross-
correlation function-cab(nAt) of two digitized signals

¥

(a and b) is given by the summation:

(nAt) = £ a(t) b(t £ nAt) (24)
t

Cab

where At is the sampiing interval and nAt repfesents the
relative displéceﬁént (71) . The process of calculating
this function directly is slow 'in the computer, due to the
large number.of multiplications required. .Instead use is

made of the relationship (71):

“a(t) s b(t) = c_, (1)
| a
Fourier iransform Inverse Fourier Transform (25)
atf) X a(t) = Cap (£

p] S
l(

It is quicker to Fourier transform both digitised signals, -
using the FFT algorithm, multiply the traﬁéfo:ms together
and then carry out an inverse Foﬁrier transform to obtain
the cross-ébrrelation function.'>The scheme used to do this
Cross-co;g%}ation was, that desc;ibed by Ng‘and Horlick

(72). 'A listiﬁg of the computer programs necessary to

Toa

accomplish this are provided in reference (73).



112

3. Results from the Scott Spray Chamber

Figures 41 and 42 show the emissign signals for Cd4dII
214.4 nm (50 ppm) and ArI 415.9 nm,, fluctuations in the
spray chamber pressure and the cross-correlation functions.
In this instance the axis for pressure fluctuations has not
been calibrated.wi;h reséect to the units of pressuré.

: Figures 41 and 42 clearly show a prominent noi;e

spike, occurrigg‘at intervals of approximately 30 seconds

in the emission signals. It is also clear that a similar,
but somewhat different in shape, feature occurs at the same
time in the signal from the pressure transducer. While

it is obvious that these features are reléted the cross-
correlation ' function is of little extra help in determining
the relationship.

The cause.of the noise spikegrsoon became apparent.

A lqhg%drain hose (1 m) from the:ébray chamber -to a res-
evoir bottle was being uSéd. Droplets 6f water, from the
spray chamber, running down this drain Hose hit the sur-
face of the liquid in the resevoir bottle,.and caused the
"liquid level to oscillate slightly. These oscillations
"are then responsible fqr the rapid pressure fluctuations
which in turn are responsible for the noise spikes in the
emission siénafE\ By changing the length and angle of the

drain tube it was possible to reduce these effects or alter

2
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the repetition rate. ?f was not possible, however, to
eliminate them entirely. A number of drain traps were

also tried but with somewhat limitgd success. Finally an
imptéved spray chamber design which eliminated this problem

was used.

4. "Soak Away" Spray Ch;mber

To combat the fluctuations in spray’chamber pressure
caused by drain tube drips,/a spray‘chamber with an im~-
proved drain ;ystem was éonstructed (Figure 43); In this
design the Scott type spray chamber was modified so that
it operated in a vértically upright posiFion. The con;
ventional drain tube was replaced by a bed of fine washed
sea sand supported by a scintered glass frit. The layer
of‘sand rapidly becomes saturated with ana tg’providing
a barrier to the eséape'oﬁlnébulizer gas but ;llowing liquid

to drain rapidly away. //
5. Results from the "Soak Away" Spray Cﬁamber

When the "regular" Scott spray chamber was replaced

. with the soak-away system the pressure fluctuations dis-
L N
appeared (Figures 44,45). The signal~to-noise ratio for the

measurement of the CdITI 214.4 nm (50 ppm) signal improved (for
3.1 second integration time) from f3,2 to 97.9, an im-

-
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provement of approximately 34% over the original precision.

It should be noted now that no correlation could be

detected when this spray chamber was used between noise
in the emission signals and the spray chamber pressure.
This was true for both the emission signals of Cd4II,

(Figure 44) and arI (Figure 45).
E. Conclusions from Spray Chamber Pressure Measurement

The data presented in Figures 37-40 indicate that
three main plasma parameters nebulizer gas flow rate,
auxiliary gas flow rate and power, significantly effect

the pressure in the spray chamber. The other parameter

studled, coolant gas flow rate, had a much lesser effect.

The measurement and correlatlon of spray chamber

pressure ‘and emission intensity fluctuations have been use-

ful in pinpointing a problem associated with the drain hose

arrangement. This led in turn to the deve;opment of an

lmproved spray chamber design that eliminated the need

ﬂ ffor a draln hose.

|
1

’n01se in the emission 51gnals.

When ‘the effect of droplets running down the draln

hoﬁe was removed no measurable.correlation could then be

'detected between spray chamber pressure fluctuations and

‘(‘

"
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CHAPTER VI

CORRELATION OF NOISE IN THE INCIDENT AND REFLECTED POWER

CIRCUITS WIT.. NOISE IN THE EMISSION SIGNAL
A. Introduction

A parameter of critical importance in influencing the
precision of ICP énalysis is the stability of the rf powér
supply. Kniseley et al. (74):reported severe modulation of
emission line intensities caﬁged by the use of an in-
adequately filtered power supply. Ohls (75) suggested
that the feed back of ArI emission iptensity may be used
to stabiliii.the‘rf power output offtﬁé generator.

| In addition to variations in the ingident power, small
changes in reflected power levels can.often be observed.
One cause of these ‘small éhanges appears to be variations

in the rate of introduction of analyte into the plasma.

~ <« -

It was decided to monitor fluctuations in both the
incident and reflected power levels and to corfelate,if
possible, these fluctuations with those in the emission

intensity.

B. Experimental Monitoring of Incident and Reflected

. Power Levels

‘The incident and reflected power levels were monitored

120



by the use of the circuit illustrated in Figure 46. The
inputs of the incident or reflected power meters on the
front panel of the matcﬁing and tuning network wer;fdis- )
connected. These meters are current meters directly con-
nected to the power coupling system and provide a curreht
path to,groﬁnd.. Any attempt to block this path to ground
adversely effects the impedance matching characteristics
of the system. Therefore an operafional amplifier (model

_25, Princeton Applied Research Corp., Princeton, N.J.) was

used in the low impedance current amplifier mode to convert

this Eurrent to a voltage signal. This voltage produced
Qas proportional to tﬁéwééﬂére root of the power. An
analog multiplier (model 230, Princeton Agplied Research
Corp.);was then used to squaxe this signal. |

Signals-from the-analog multiplier were ghen,low pass
filtered and acquired by the minicomputer data acquisition
sys£em. |

Cross-correlation studies (as described in Chapter Vf
were carriedvout betweeh fluctuations in both the incident
and reflected power circuits and in the_emissioh siénal.

In addition,the noise power spectra of both the incident

and reflected power signals were obtained.

121
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C. Discussion of Results

The noise power spectra of noise in the incident and'

- reflected power. circuits are shown in Figures 47 and 48.
Simultaneously acquired signals from CaII (393.3 nm, 1 ppm)
and Afi (415.9 nm) emission and the ineident and reflected
power circuits together with their corresponding correlation
functions are shown in Figuresl49-52. The presence of 60

Hz envelope ripple on the 27 MHz output of the generator

is eiearly shown in Figure 47. 'Also several of the ﬁigher
‘harmonics of 60 Hz, which are occasionally visible in |
emission noise power spectra, are presenr. These features
are also observed in the reflected power noise power
spectruﬁ It seems reasonable to explaln the presence of.
the 60 Hz peak present in the emission n01se power spectrum
as resultlng frem the 60 Hz modulatlon of the plasma by

the RF generator. ;t is also worthwhile to note that none
of the other distinct features noted in the emission noise;“
power spectrum are seen in either the incident or reflected

.

~ The Eress-correlation studiee ehow'that.no cerrelation

power noise spectra.

',‘(in the 0 - 2.5 Hz range) exists between emission noise
and 1nc1dent power fluctuatlons for elther CaII (Flgure 49)

or AsI (Flgure 50). Correlation is also absent‘between

emissiqn intensity of Call (Figure 51), ArI (Figure 52)

S
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and reflected power fluctuations.

From this study it can be clearly seen that stability
of this RF generator wéuld not be a problem with most low
bandwidth measurement systems. With high bandwidth
meaéurement systéms (as discussed in Chapter III) the
presence of 60 Hz and its hérmonigs may cause. a decrease
in precision.ﬁj

Due to the lack of agy’detectable (low bandwidth)
correlation between either the incident or reflected
powe; fluctuations and emissionlintensity noise no use

could be made of either of these parameters as an internal

standard.
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CHAPTER VII
THE USE OF INTERNAL ﬁggNDARDS WITH THE ICP
A. The Internal Standard Principle

The internal standard principle was introduced in
1925 by Gerlach (76). The technique involves ratioing
fhe emission intensity of the analyte to that of another
element which is preseng*}n a fixed or known concentration.
This procedure of using the ratio instead of the actual
émissioh intensity to ‘calculate the concentration has a
number of potential advantaées. Fluétuations of the
‘excitation conditions within the source, ideally; should
be/gompensated for 5y.proportioﬁal flué%hatiohs both in g
thé apalyté and interﬁgl standard emission intensity.
The iﬁternal standard also compensates for varjations in
the quantlty of sample being presented for analy?:? or for
varlatlons in the rate of sample introduction to the sourcea

Ir order to ensure ‘a similar behaviour between. the
analyte and the'internal standard a number of rules have.
beeﬂ built up over the years for the éhoice éf a good
internal standard element. Ahrens and Taylor (77) sum-
marise these rules, which for convenience are reproduced

here.

1. If the internal standard is to be added to the sample;

v
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its original concenération should be’ﬁegligibly low.

2, If added to the sample, the ihternal standard should
be in a high state of purity with regpect to the
elements being determined. '

3. The rates at which internal standard and analysis

s

element volatilizg should be very similar.

4. The atomic weights of the internal standard and the
analysis element should not differ'breatly if either
is a light element. | '

5. The ionization energies of the internal sEahdard,and
analysis elements should be roughly the same.

6. Both the internal standard and ahalysis lines,should
have the same excitation energies.

7. Both lines should be free of self absorption._

8. When photographic recording methods are used both

iines should be approximatelyvthe same wavelength.

9. The intgrnal standard line shouid if possible behave
in such a way that the intensity ratio of the analysis
pair is comparitively insensitive to changes of matrix
and composition.

Barnett, Fassei and Kniseley (78) discussed quantitatively

the importance of matching some of these factors. In -«

- e )
' additipg they also include the partition function, which

is temperagGEE\aépeﬂdenL\ggg should be consi?gred when



trying to match the 1nternal standard to the anal te.
These rules, however, have been built up around/the
classical technlques of emission analysis sueh as the dc
arc or the ac spark. When the ICP is‘used fbr excitation

/

it may be possible to relax some of thede criteria. Self
absorption is rarely a problem with the ICP and photo- ‘
graphic recording is now seldom used for quantitative.
purposes. Also, because it is apbareng/that the major
source of ICP flicker noise is the nebélization step it

may be possible to relax the rules for mateping ionization

energies, excitation energies, partition functions and

‘atomic weights. -
o o

Internal Standards have met with some success when

used with the ICP. Benton-Jones (79) used molybdenum as

an internal standard in the analys;s of plant tissue ash.
He stated that the choice qf molybdenum was more for
convenience than by des;%n. Watters and.Norris (80)

observed that the emlss qp_lntenq}ty varlatlon of the ICP

- of l or 2% relatlve standard dev1ation could be reduced

to 0.5%, by concurredt ratxoxng of the 1ntens1t1es to the

~proper internal standard element. Salln and Horllck (34)
' 1nvest1gated the use of SrIlI and ArI emission as internal
standards for calc1nm. They found that the sxgnal-to-no;se

~ratio imprbved by a factor of approximately two when

N

&
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strontium was used but decreased by a factor of two when
the argon line was used. 'Meddings et al, (38) used

g&agandium (1 ppm) as an internal standard for the analysis

éfof twenty five elements. They reported an improvement ih
the relatiQe standard deviation of their analysis from

. about 1.1% to 0.5% when a variable tip cross-flow nebulizer
was used. However, internal standardization brought about
ohly an improvement from 0.3% RSD to. 0.2% RSD when their
fixed tip cross-flow nebulizer was used. Uchida et al.
(81) used yttrium as an internal standard with a micro-
sampling technique to compensate for changes in the amount

of sample fed to the plasma. - ' o g

¢

B. Some Statistics Associated with the Use of an Internal

Standard

When an internal standard is used, the calculation of
concentration (c) is based on the ratio of the emission
inteﬂ!ity of the analyte (x) to that of the igternal

standard (y) and a constant of proportionality (k) (78)."

. ¢ = kx/y : - (26)
The noise in the ratio of the emissioh signals (cx/y)-is
related to the noise in the analyte and internal standara

signals (ox) and (cy),.the average intensity of the signalg



and the correlation coefficient between the signals

(r) (33). ' -
g 2 o¢,2 9,2 o o0 ‘

X 5 (— Xy 2 X ¥
(EL) . B+ D 2 K (27

Thé correlation coefficient expresses a measure of;the
linear relationship between fluctuations in the ahalyte

and internal standard signals. The value of the c&frelation
coefficient lies in the interval -1 to +1. A value Of.+1
for the correlation coefficient would indicate a.perfect
match of noise in the internarlstandard'signal with noise
in'the aﬁalyte,signal; under these conditions the right
handtside of -Equation (27) reduces to‘zéro, which indicates

[

that‘the internal standard has successfully eliminated

the noise. e

The correlation coefficient may be calculated from
the covariance of the two signals (vxy) and their two

standard deviations. (33).

Vs v o

re= X , | (28)4

g._o
. Xy

The covariance is calculated:

IXy - (IxLy, -

v - n ; . : ) A '(’2.9~) \- ., "o

Xy n-1
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By making the assumption o./x = GY/Y (not too un-
reasonable in the case of the ICP) Equation (27) then

becomes:

g

g g
p.3 2 _ X, 2 _ X,2
(X2 = 2% - (30)
' (o
-2t a-n (31)

-

If an internal standard bfings about an improvement in the
precision of an analysis then:

o ‘g -
X X : : }
%ok T (32)

o

If this criterﬁxnfissubstitutéd into Equation (31):

o 0x 2 c’x 2 '
{ (—;) > 2(—;) (1L - r) » (33)

then

o

r > 0.5 | ) (34),

e .
Tﬁis shows that the correlation coefficient bLetween the
analyte and inte:ﬁal standard signals must-be-greater than
0.5 before the internal sggndard brings about any im-

provement in precision. - If the correlation coefficient is



less';han 0.5 then the uée of the internal standard will
resﬁlt in a decrease in the precision. ° |
Eguation (27) is also useful in predicting the effect
of shot noise on the precision when an interngl'standard
is being used. At best, the internal standard can only
be expected to remove'the effééts of flicker noise. There
may be a high degree of correlation between the flicker
noise present in the analyte and internal standard channels
but other noises such as sho£ noise are of necessity,
independent and therefore uncorrelated. Thus, in con-
ditions where flicker noise is dominant the signals may be
well correlated (r + 1) and the internal standard will be
(lve:y effectivevin improving the precision. However, as
other noises (such as shot noise) become dominant the
correlation coeffiéient Qécreases in valué,‘until it is
less than 0.5 when the uég 0f the internal standard will‘
degrade the precision. | ' \\
| The other case where the internal standard will be of
little use is.under‘conditions'of low Signal—to—béckgrouhd
ratio (discussed in Chapter I). Undervthese conditions
fluctuations in the background emission intensity will
have an additive éfféc on either the analyte or intefﬁal
standard signals. Thes additivé fluctuatipﬁs will result

in an apparent decrease in the correlation coefficient

pXE Y

s
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between the two signals. For this reason it is important
when using internal standards: to ensure high signal-to-
béckground ratios for both the analyte and internal standard

emission lines. B
C. Experimental

To carry out the investigatiog into the use of in-
ternal standards the dual monochromator arrangement (Chapter:
IV)iwas utilised. 1In this system two identical mono-
chromators were mounted at.BO° to one ahotber, to view
independently the same region of the plasma (Figure 32).
Th%s arrangement allowed complete'flexibility in the choice
of the'anglyte and internal standard lines that were to be
observed: Datayfrom both monochromators were then acquired
simultaneoﬁsly using the dual channel measurement gysfem
- illustrated in figuge 31. S

The data.acquisition raté was 5 Hz with the -3 dB
point of theiKrohn-Hite low pass filters (-48 dB/octave
roll-off) set at 2.5 Hz. Nofmally 1024 data pbints were -
collecteé from which the,crossfdorrelation function and
the correlation coefficient were calculated. -In addition
signal-td-noise ratios were calculated for both the
analyte emission signals and'the ratio of the analyte -

emission intensity to that of the internal standard. .
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‘The emission lines p;cked\for this study'were selected
from the tables of both Boumans and gosveld (48), and
TWinge, Peterson and Fassel (82). These lines'were‘sel—
ected'on the basis of their intensity and that no spectral
- overlap problems were likely. The lines used and the

"concentrations of the solutions used are listed in Table

VII.

D. Results From gﬁe Use of an Internal Standard

The signals acquired simultaneously from a number of
‘analyte and internal standard'elements\and the correspond-
ing qross-eorrelation functions are shown in Figures_53f60.~
The_correletion\gpefgicient, the signal-to-noise ratio of .
the anelyte.emission'ratieed to that of the inte:nalvstgndard
- and the improvement -in the Signal—tq—noise retio brought
about by the use of the internal standard are listed i@
Table VIII. | |

When the eahe emission line is used for both tﬁé :
anelfte ahd the ‘internal standard the precisioh is seen'tc‘
improve. ‘The correlation coeffﬁeients-fer CeII/CaIi
| (Figure 53), Cal/Cal (Figure 58) and MnII/MnII (not plotted)
- were 0. 9241, 0.8351 and 0. 8082 These were a llttle
disappoxntlng as a much higher degree of correlatxon was

,expected, considering the _same emission 11ne was being
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TABLE VII

Spectral Lines and Concentrations Used for

Internai Standard Study

om ppm
CaIll 393.36 1
cal 422.67 100
MnII . 257.61° 1100
ArT ' 415.85 -
srIT - 407.77 2
InI . 451.13 110
ScII ~ 361.38 20
\
)IA

e
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monitored 51multaneously by the two monochromators. The
concentratlons used were high enough that additive back-
gro?nd noise should not be a problem nor should shot noise.
Theion}y remaining factor that is presently perceived as
having an influence on these results may be the 90°
viewing of the plasma. This, bowever, may not be the full
story. Salin and Horlick (34) reported similar fesultsA
from the study of two CaII lines $393.3 and 396.8 nm).

' In the ICP these lines behave almost identically. When

the signal-to-noige ratio obtained from one of theié‘

Rl )

lines was compared to that obtained from the ratlb%

anten31t1es, only a factor of approximately two lmpraWamant.
- '5" a'

was noted for the ratioed intensities. Theie resulks we@p,w v
obtained using a photodiode array spectrometer, which ¥¢”%‘h”.
necessitates viewing the plasma from the same angle for
both the analyte and the 1nternal standard. .§Therefore, it
seems likely that seme other factor may have‘lhbart to

play in llmltlng the ultimate performance of the internal"

standard.
J 8

Other elements when used as internal standards gen-
erally provided modest gains in the signal-to-noise ratio

performance. ‘Scandium and indium, two elements widely
~N

used as internal standards were compared. Strontium was e

also investigated as an internal standard for calcium

o oF



because CaII and SrII have remarkably siﬁilar spatial
emission charaeteristics (66). 3
The cross—eoirelationifuncéione reveal reasoneble
correlation of CaIl emission e*gnals with those of SrII,
ScII and InI (Figures §5,-56 and 57). .Correlation eo4

efficients between these signals had values of 0.9055,

0.9165 and 0.6790. This led to modest improvements in the

_ ,

signal-to-noise ratio by a factor of 1.93 and 3.01 when
. a" b\:‘? »

- SrII and ScII were uségﬁge internal standards. The rel-

! : ‘

atively poorer correlation between Call emission an

InI

emission led to only an'improvement of factor 1.03
(or essentially no change in the signal to nofise ratio)
when it was ueed as an internql‘standard. The poor be;;
formance of InI as an ihternal standard for CaII nmay be

due to, the quite differeht'behavfour of neutral and ionic

aacieé in the plasma (66). However, a betterucorrelation

was observed between Cal emission neise and ScII nplse
»than between CaI and InI (Figure 60) On a basis of 4he
dlfference in- behav1our between neutral and ionic species
}the reverse affect would be predicted. Scandium also
fproved to be a bétter lnternal standard for MnII em1551on
:than 1ndium The correlatlon coeffic1ents of the %’II
.aignal w;gh ScII and InI 31gnals were 0. 8818 and 0.5676.

Thls re%ﬂl d ln a slight 1mprovement in the 31gnal to-

E2

,I\‘
C e -
.

»

N hY
o amy

né’se ratlo,fg‘a,factorrof 1. 17 when ‘scandium was used as .
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the internal standard but when.in#ium was used the signal-

to-noise ratio was degraded by about twenty percent. o

.,

The emission intensity of ArI was also monitored in
an effort to assess its possible use as an internal stand-
ard. Also, there has been some interest in monitoring
argon emigsion intensity and using feed back from this
signal to control rf power input to_the plasma (75).

The simultaneously acquired CaIIl and ArI signalé, and thg
Cal and ArI signals are shown in Figures 54 and 59, Tbe
sharp negative peaks présent in both cross-correlation
functions indicate a mafked'deggée of inverse correlation ,
between the analyte and the -argon signals. NegaﬁiVe dqr—’
relation coefficients were also calculated (see Table VIII).
When argon emiésion intensity was ratioed with that of the
analyte, as would be expected f;é; the borrelatién co- |

efficient, a decrease in brecis \' was noted for CalII,

2’ ,é’

cal and MnII. These rébnlts are in keeping with thS%iWof

Salin and Horllck (34) who also Observed a degrée of neg-
{
atlve correlatlon between°CaIl and ArI gmiSSLOn noise.

Thls negatlve correlatlon may result from variations in "
, N
the nebullser flow rate. As the'rate 1ncreases more aergsol

is transported to the plasma so that the analyte emigsion ii

1nten81ty‘1ncreases. The other effect of the in- : \

creased aerosol gas flow rate is to blow a larger "hole" '’

R Lo ;f:
L T



through the centre of the plasma which results in a de-

crease in the argon emission intensity. Thus it is pos-

sible to visualise avlikeIQ cause of the‘inversg correlation

of noise in the analyte and argon emission signals.

E. Conclusions

-From the results presented it is possible‘to eliminate
some/of the effects onSQurce flicker poise by the use
" of a suitable internal\ tandard. Generally, the gain
in precision are modest (a factor of two being typical).
While it seems a&ﬁisa @ to chovse for ionic emission
lines an ion llne as an_ inte! nal sggndard, other factors
‘/mey have to be cons?dered. T e results presented here
:_are limited to o“ﬂ‘ a few elemwnts and emission l;fii;f/)
internal standardisation does sqem an area suitable for

more extensive study.
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CHAPTER VIII
SUMMARY

From the experimental results obtained, it is quite
clear that the dominant emission noise of the ICP under‘
.ormal operating conditions is source\flicker. Experiment-
eily a major scﬁkbe of this flicker noise was shown to be.
the nebuiization step.

The effect of integration time on the precision of,
Icp ana;ysis was investigated; No major ch{?ye in pre-
cision was noted for an increase in integration time from
0.01 to.30 seconds; This was true for a -number of neb-
ulization systems and for an ultrasonic nebulizer the
prec1s1on actually worsened w1th 1ncreasxng integration
_ time. These results are in keeplng with the approximately
- 1/f nature of the noisé power spectrum associated with '
source flicker. . , E ' \;(

Noise power spectra were obtained from théiICP

operating with a variety of nebulizers;‘ While approximately

~-

ullzers the e§act nature of the norse power spectrum in
the 0-5 Hz region was dependent on the nebul;zer used. In
the 0-500 Hz n013e power spectra sharp peaks are present

at 60 Hz, caused by rlpple in the rf generator output.
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In addition ratﬂér broad but well defined peaks are
located in the 200~-400 Hz range. The exact frequency.thAt
these peaks occur at is depéndent on the rf power and
plasma gas flow rate. The origin of these peaks aépears
to be in the rotation of the plasma. This type of noise
while not being a problem with low bgndwidth integrating
type measurement.systems may be a prdBlem with wider
'bandwidth systemsf In techniques requiring source modu-
lation such as afomic'fluo:escence and absorption, care
should be taken to avoid cﬁbosing a modulation frequency
close to these peaks. This high frequeﬁcy noise is also a

problem when dealing with high speed transtent signals

and when Fourier transform spectrometers are used.

- g

Correlation étudies between emission signals and
incident and reflected power levels indicate that the rf
generatér (under nofmal conditions) is not'a major source
of IéP noige, ‘apart from introducing some 60 Hz ripple.
Reflected power level fluctuations do not bear é meas-
uraC;} correlatioﬂ to noise in the emissién.signal.ﬁv‘

Monitq;iﬂg ﬁhe spray chamber pressure reveéledvsig—'
nificant préssufeﬁfluctuations caused by improper desf§n
of the spray chamber drain arr;ﬁéement. Thése'pressure
‘fluctuations gorrglated extremely well with simil;r,
flugtuations in the emission signals. A."soak-away"

i

155

L e
ek,



drain arrangameﬁt is described which alleviates the spray
chamber drain prdblem and increases the precision of
analytical resulta. | |
‘ The use of internal standards has been shown to give
approximately two fold increases in praciéion. The use of
an argon line as an internal standard proved ineffective
and a measurable inverse correlation was obsarved between
analyte and argon emission signals.

The ﬁse of internal standardisagion appears to warrant
'furthgf study. The construction of a system in which
dgal monochromators view the same segmént of the plasma
(by means of a beam splitter) may be useful, for more
accurately comparing the performance of internal standards.
A more complete investigatioh of various other elements
and emission’ llnes should reveal whlch excitation character~
istics are lmportant to match when u51ng the internal (
standard principle with the 1nduct1vely coupled plasma.
Additionally, the effect of lntegratlon tlme and the noise
power spectra of theggatloed 51gnals would reveal the |
 effectiveness of the internal standard 1n removing the
1/£ noise components. Indeed, if the use af aa internal
standard reduces the noise to where shot noise becomes'

‘limiting, then the use of long integration times will bring

about further increase iﬂ‘the precision of ICP analysis.

6
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APPENDIX A .

USE OF ADDED RANDOM NOISE TO IMPROVE BIT RESOLUTION
- "IN DIGITAL SIGNAL AVERAGING B j

o

g Digitgl signal averaglng is one of the most common

Py

R

znstrumental methpds :Ln use today to J.mprove the signal-
.

_ﬁto-nowe ratio of a measurpment. It is ~1mportant to keép

TS

s

z.n mind that for duital s:.gnal averaging to be effective
w-

a certain amount of noise must be present on the s.tgnal.

In the abien.ce of noise, an averag,ed signal w111 be dis- »

o . torted by quantization effects which result from the . A
, - s . . : . !

w g ’,'. S : . . ‘
A“V . - finite bit resol‘ut‘j'.'ogf‘of the"an’alog-to-digital converter
> 1'4,,'_; | .(ADG) assoc‘bed «“& ﬁhe dig:.tal 31gnal averager, ‘and - £

"ﬁ

amount ‘of. averag:mg canl'emovf:hese effects or 1’_"
P 3

-

'measuremem: precislon or accuracyc If a relativeiy smll

v

amount of~ rahdom no;se is presen.t.%on the slgnal (standard;
‘deviation of the noise equal to about one half of the‘

.'quantization level, i e. least significant bit, of ‘the ADC)

‘then the‘et effect of quantizat,;on is to ing:reaee the g ,.

: ,vaniance of ‘the signal by q /12 \&here q is the magnitud

gf the quantization 1ever (M.-A3)>. 'I:hus, iﬁ quanti.zat'_n
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iy .~
,/ - relative to the bit resolution.$f the ADC) it will be ©
' advantageous to add random nOise to the signal before
'y "
¥ Averaging the digitized values (R4-A6) In this appendix o
' . a simplée practic!i equation is preaented that can be used " 'Q§§'
I‘ .
to estimate the effective bit resolut‘Ion- axat canﬂ o

achieved by signal averaging im the presence of added \, & M
; g ’

- random noise. h (3 Y - -
-. . t,

As mentioned above, with sufticient*noise on a signalex E"

1 _'

the effect of quantization, udﬁer signal averagrng, is to .a7 i

<« . :
increase*ﬂte variance of, the 51gnai b?‘q_/lZ" - Thus t&fal R
. 'signal variance (v ) ﬁay be expressed as: ° . \_- -
Ty I Aty
- # - “r
P g
o o o e LY ’*@.@ 2 N 2 e s . @ir-
I -«.:.:-,*.,.‘,, W Vy = %— f')' ;f;-, : : ) - (a1
. L - ‘a..':"" p T “ : 8 \f: --_“ L :
T ' e ‘J ‘.’ . i

L, where .ol 1s the magnitude of the: quantization levél and
(qf) is the variance of the added noise on the Signal oo
expressed 1g unlts of the quantization level ‘Thus, Ain’

the situation in which the standard deviation (or root-mean-

|

square value) of .the added random nOise is twice the
magnitude of the quantizatiqprlevel, it«would be 2. Signal

aunragingtin the- presence‘of random noiio-&nprovés the <

s;gnal-to-n01se raﬁio [defined as (signal/standar .
>y R

'zdeviation)I in proportion tp ;heLs‘-

v Lo . LT Lot .
. - .." - ‘) . B S ’
SR “i‘F VT R A S
el T G M T SCMIRURETNE DR
-0 u ‘-,$ A X - o Ky -,
- R RS . .o

L e ° .o g
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of signal repetitions averaged (Nl/z), thus the final

signal-to-naise ratio (SNR)F may be expressed as:
\/‘"l- '

SNR) = s . Nl72
... - (SER)p = — 7;‘2 17z - N

(A2)

where S i@ the'magnitude o@ the signal - It is instructive

to express Equa;roql(Az) n termsuof effective bit res-

.
r olutlon (BR)eff of the flnal 81gnal tg-norse ratlo, i e.
SNA) 1R e A ‘
,; logz,[( ). ]' - AP S L | .'
[k I _‘ « . o ‘ﬁ‘éﬂu- F/I '
Y, : sV o . T ' s . Je& sl :
_ ..v’,mn).. éfa..-. i_:}ogzg?. 1092‘ a ). + 21932 .{, '(A3) o

iy - o e
K3 ¥ . . - 5 ,
% o o \l,o‘)" 5“ “‘ o . 4'.

20 i?ge ftrgt tqu ofIEquation (A3) represents the bit
A - v

fresolutlongoﬁ a%singre measurement:v It is ;mportant é%
.1 R
,emphas§ae that tHlS‘lS‘not equal to the blt resokutxon of

w2

the ADC but is propqptlonal to the relatlve magnztude oﬁ
the slgnal to the quantlzatlon level of the ADC _The
m»‘wfull bit resoiutlon of*an ADC‘%s oﬁf& utillzediEEEn the ’,'_

_'t:.\ .

y
sagnal fllls the dynamlc range of the ADC. The’ second

termztepresents the lots 1n°bit resolution due to quantlzing

.effects and the 1evel of | added ‘noise. The third term

|
'represéyts the bulld—up of blt resolutron that results
'from sxgnal averaging when the 1east signif;bant blt of

.the Aﬁc is randomlzed.,

R 3
e

~t
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s : S Sy
» Ky -
. . » S
;” g_ * it ‘¢ L TR ">
'ﬂ" § simple microproC¥ssoms 8bntrolled data logger (A7)

- was used to oﬁ#ain data to test Equation (A3)y This ,

A system is desd'@bed in detail in Appendlx B and was based

¢ l

on the Intel 8748. It contained an 8 blt successive

approximatlon ADC wlth a dynamlc nge of 0 10 ¥ and a
' quantization level’of 39 mV. The ﬁﬁc was front-enfled. hy

a sample-and-hold amplifier. Eight bit conversions could

be acqulred at a rate of 4 4 kHz and up to 65, 536 suc- x

cessive conversiong, SOuld be summed. - The .sum was ac- v

\v‘y"n
cumulated with trip¥e precision (i.e. §4 bits). Finally,

32 repeat measurements of the summed conversions were -

) automatically acquired and logged to a teletype by thls

-
~

. 4,4'? *k"

f{‘n

A

Input dc l log test slgnale were generated

using a 16 blt dig t -to-analog converter (Data Systems"

"..'

“DAq;169)e dsing this ch voltage levels .over the range

0-10 V could be generated that could be contanuously altered

in steps as smallyqp 0. 153 mV. This DAC was used to

2

provxde a stabla teat slgnal to which various levels

\ random norse were added., A J@ﬁéral Radio 139OB random

aw\

_norse generator was uséd:-as. tﬁnglee source.' The DAC and.

noise %als were summed tOQether ‘with an operetional
/ N
Test slgnals were genera ed: consxsting of ‘a 5 volt de

l

ampllfler. : o ._/l

168
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level upon which was superimposed 20 mV, 40 mV and 80 mv
rms random noise (5 Hz to 20 kHz bandwidth). These noise
, levels corr_esﬁond\t‘o f = 0.5, 1 and 2. The data logger '
'was used tp aoqu,j.re 32 repeat measurements of one ADC ° |
"conversion and 32 repeat measurements of 10, -100, 1000,

10,000 and 65, 536 s ] conversions. Based on the 32

repeat measurements tpe standard deviation (o) of the
acquired signel in each case could be calculated % the '’
signel-to—no:.se ratio’ (§/a) evaluated. ' The rgsulting
"valuesexpressed in terms of bit-resolution (1692(8/0))
| are presented in Table AI along ‘with those.‘ calculated :
" from Equation (AB?’ The agreement is quite good Thus , . h.z_,
\if the measurement- nituation is p.menahle to signal averaging,

o \

im roved if averaging ie carried ou' in the presence ‘of

e effective hit resolut:fon of an ﬁc can be significantly b

suff cxent random noise. Equation (A3) is useful in
eeti@;‘;‘ing the ba'flt to be gained.,.n' o ,
‘f‘his-improvement in bit resolution is further il- 7
)\\strated in rigure 151;:3. ‘% NC wae again uaed to provide
'i.ut this iime the output of : DAC was. |
5 ‘ﬁ_‘ f,ignte.rvals

a test -8ignal,

get at 2 500 v and ' incremented in v2.

tlo2550v..~r

f
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‘;ﬂ!g??§§FM5‘ ?BBLE A

R .
: Bit Resolution of AlMeasurements
Conversions Summed - Effective Precision of ADC (BITS)
£=0.5 . ' EXPERIMENTAL ,  EQUATION A3
1. BN 7.6 7 6.8
100 9.9 - 1041 !
. 1000 - . . 12,1 - 1.8
119000 o - 13.8 LT 134 g
65536 o  14.4 T 148 T
f'-l.o ’/’ b
A | 1 5.9
* 10 6 7.6
, ©.100 1 9.2
- 1000 - 1 0.9 5
7 10000 5 12,6
65536 6 13.9
L O . a .". - o
| f=2.0v . s
. 10 Ty AR L
s loe” 6 1 B.3 ,
'1000. 1 A 10,00
10000 5 116 -
65536 7 wo 13,0 77
. ) .‘ ‘}.A4
. » ) e '3.’,
R .,IQ za""t' ‘ ¢ . s
" "” < “
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added random noise the’ 8-bit ADC of the data.logger can
cleérly.onlyvresolve signal changes of at least 39 mv
(i.e. the value of the least significant bit) even if

digitized values are summed. From Table AI, with 20 mV

effective blt resolution should improve to about 12-b1ts,

rms added random noige and 1000 summed converslons the o
_»

making the least significant bit equivalent %o about 2ﬂ5 nv.

|
~ !

It can be seen in Figure Al that 12-bit resolution is
,.achleved because 2 5 mv 1ncrementa1 chdnges in DAC output

are accurately measured when averaging rs carried out in.
.

the presence of this level of addq}‘random noisq.

The examples presented4were based on an 8~b1t ADC
because this is .the most convenieﬁ% word lenth to mnn-'
_ > » .

iuplate in the lnterface to 8-bit mlcroprocessors. In

V .
& . .

addition some manufacturers have developed mlcroprocessors

w1th se1f~conta1ned 8-bit ADC'sS and DAC's. Examples are
H.; L
thé Intel 8022 and’ 2920 With the coﬂ31deratlons dls-

cussed here one need not-think of ehese systems as llmited

to 8-b1t precislonvor resolution when used for data }{

» -

"acqulsrtron. All considerations presented are, of course,

R

,equally appllcable to hrgher resolutlon conversmons.,~1n-;
| fact the 1ncrementa1 cost in’ movﬁhg from a?lz—blt conﬁerter

to a '16~bit converter is quxte hlgh. Thus, 1f data
( '.' z

acqurs;t;on tiﬂe allows,,sxgnal-averaglng can be@used to

-
- ’

-
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“

achieve the desired higher bit resolution. Finally, the

considerations presented in this appendix lead to ‘some
- ».Y \ ) ' . .
.interesting cdnclusions about lower resolution converters.

., ) 3 o ’ .
I1f the signal is noisy enough one should be able to relax

the bit resolution specification of the ADC. 'In f.act with
very noisy signals it is possible to relax your Sp‘écrb:ca
tlons all the way to a‘one bg.t_converter, i.e. a comparator
. or threshold dwctor. This measurement. approach has-
.gsqently been! dIscussed in_the literature (A8) and such
one bit convertets ha\;e Jeen .successfully utilized to
f&ca.lttate t.hé ﬁgita.l‘ data acqu;sihion of repetitive |
. noisy signals at very higtr samplingrateé (A9) o )

. 4 . ‘,‘ & .
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APPENDIX B

DATA LOGGING SYSTEM BASED ON THE INTEL 8748

SINGLE CHIP MITROCOMPUTER

’

pne of the most common data logging tasks in the
laboratory is the acquisition of repeat measurements ;f»an
averaged or integrated signal. A.versatile wa to in-
tegrate a signal is throughpthe summation of a large number
of rapidi& acquired digitized signal values (Bl). ‘For
exampie, if a measurement system is capable of acquiring
digitized signal values at a rate of 1000 conversions per
second;-it is simply necessary to sum 10, 100, 1000, or
10,000 conversions to obtain precise signal integration
periods ranging from 10 msec to 10 sec. A simple micro-
processor based system was developéd to acquire integrated
values in this fashion. .

The microprocessor chosen‘for this application was
the Intel 8748. /'fhis is a so !1led single chip micro-
computer in that it contains, in one integrated ci.-:uit,
al% the main functional units of a complete computer (Bz),'
i.e. a central processing unit (CPU), input/outﬁut (1/0)
ports, a timer/event counter,/random access memory (RAM)
and read only memory (ROM) . &he specific features of the

8748 are summarized in ‘Table BI and a block diagram of

1

175
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TABLE Bl -

Summary of 8748 Features

Full 8-bit central processing unit

Data memory (RAM) - 64 words x 8 Lits

. /
Program memory (EPROM) - 1024 - 8 bits '
Input/Output Ports \

(a) Ports 1 and 2

(b) Bus Port

each 8 bits wide .

all pins independently programmable as either
input or output

outputs latched

inputs not latched

8 bit bidirectional port

all pins either input or output
outputs latched

inputs not latched

Input lines

- 3 input lines TO, Tl and testable with the conditidnal

jump

instruction and INT an interrupt

Timer/Counter

- 8 bit binary presettable counter
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the chip is shown in Figure Bl.

The 8748 is one chip in the "8048" family of single
component 8-bit microcomputers (B3). A summary of the
"8048" family of microcomputers is presented in Table BII.
The 8748 is the development chip for the 8048. The dif-
ference between the two chips is that the 8748 has erasable
érogrammable read only memory (EPROM) while the 8048 is
strictly ROM based, i.e. it must be factory programmed.

In general, the 8048 family was developed for high volume
control applications and once a user has developed a set
program using the 8748 or the 8035 or 8039 with off chip
RAM or EPROM, factory mask programmed 8048's or 8049's can
be manufactured. Within this family the é022 (see Table
BII) seems almost ideal for laboratory data‘acquisition as
it contains an on chip analog-to-digital converter (ADC).
However, this chip is again ROM based limiting its use-
fulPess to Quantity users. Thus, the 8748 is the only
single chip miérocomputer in this family that can be
effectively utilized by unit quantity users. However,

as outlined in Table BI, it has excellent featﬁres and
capabilities that should allow the development of a very
cémpact intelligent data acquisition system with a minimal
number of integrated circuits.

The Intel ?rompt 48 unit was used for system develop-



178

~ . N v
'8

Progrom
Stotus
Word

Counfor .

| A User RAM
‘ nstruction , _.'I.LlT_" )
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Figure Bl. Block diagram 8748.
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TABLE BII
"8048" Family-~Single Component Micrbcohputers

1kx8 ROM, 64x8 RAM, 27 I/O lines, 8-bit timer/counter,
- full CPU : '

EPROM. version of 8048 !

8048 without on-chip ROM

2kx8 ROM, 128x8 RAM, version of 8048
8049 without on-chip ROM

1kx8 ROM, 64x8 RAM, 21 I/O lines, 8-bit timer/counter,
full CPU .

2kx8 ROM, 64x8 RAM, 28 I/O lines, on-chip 8 bit
ADC with sample-and-hold and two multiplexed input
channels : ,

8

Nl
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ment, program debugging, and EPROM programming. It shoul&l

be noted that the 8048 family has its own language that

.
-

is not compatible with 8080/85's. /

A schematic diagram of the data acquisition system
is shown in. Figure B2, It consists of a sampleland-héld.
amplifier, an analog-to-digital converter and the 8748
microprocessor. The teletype interface for the 8748 is
shown in Figure B3. These circuits were breadboarded
using a Model ADD-8000 analog-digital designer available
from E & L Instrumenls. This unit provi&g SK-10 bread-
board cards for circuit construction which it into a

~m€inframe containing power supplies, logic leve; switches
and indicators, a voltage refefénce source and a function
génerator.

The sample-and—héld amplifier (AD582) and the analog-
to-digital converter (AD571) wére obtained.from Analog
Devices, The sample-and-hold amplifier ha;'a cOmbiﬂed
aperture and settling.time (to 0.01%) of about 0.6 usec
and an acquisition time of about 6 usec. The AD571 is a
10 bit successive approximation ADC with a copvers%6n time
of 25 ysec. Only the eight most significanﬁ bits Qere'
used in thi§.applicati6n. This significantly simpli}ie?,

both the hardware aspects of data écquisition and SOEtware

complexity which was particularly important as pfogramming
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Figure B2. Schematic diagram of data acquisition system.
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spéce was at a premium. An 8-bit conversion provides
adequate resclution when a large number of conversions are
summed to provide an integrated signal value. Thil point
is digsussed and i{llustrated in Appendix A and reference
(B4).‘ The dy%amic range of the ADC was set at O-lb \'
resulting in a quantization limit of 39 mV. The eight
digital lines from the ADC were interfaced to the 8748
through Port 1.

The sample-and-hold amplifier and the analog-to-digital
converter were interconnected as recommended in literature
supplied by Analog Devices (B5). A conversion is in}tiated
by a positive pulse generéted at bit 5 of Port 2. This
puts the sample-and-hold amplifier in the hold mode and
triggers the ADC. The amplifier is held in the hold mode
by the DR (NOT data ready) line of the ADC which remains
high during conversion. The return of the DR to the low
state at.the end of cou&ersion is sensed at the TO input
line of the 8748 and the 8-bit value is read into the
8748. At the same time the é;mpie-and-hpld amplifier
returns to the track mode.

Inside the 8748 the new 8-bit value is added to the
sum of the previous conversions. The addition is carried
out in triple precision (24 bits). This allows a maximum

of 65,536 full scale 8-bit ADC conversions to be ac-"
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cumulated. After the additjon, the program4éﬁ¢cks to see
if the requested number of conversions have besh summed,
and if not, initiates another conversiaon. ~§H§Jhumber of

\\,,

conversions to be summed injgfder to aéhigyévthe desired
signal integration period 15 ﬁardw&fﬁ?ﬂﬂl at pins of

Port 2 which are readﬁﬁtiihe st&ép 6f the data acquisition
program. Application of EypositLJEngiloglc level at the
appropriate pin selecks 1, IO 100, 1000, 10000 or 65,536
conversions to be summed. When the selected number of
conversions has been summed the 24-bit binary sum is
converted to an B-digit BCD number and output to the ~
teletype. The basic data rate for conversion was 4.4 kHz,
thus a summation of 65,536 conversion represents an in-
tegration period of about 15 sec. Also.the acquisition of
replicate integrated measurements was programmed into the
software. For our applications 32 replicate integrated
measurements were automaticaily sequenced and logged to
the teletype. This enabled the reliable calculation of
statistical quantities of the measured values such as
standard deviation and signal-to-noise ratios. Unfortun-
ately, this simple 8748 system was not large enough to do
such calculations directly.

The 8748 was interfaced to the teletype by means of

a universal asynchronous receiver transmitter (UART) (B6)

L
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via the bus port, Port 0. See Figure B3, ‘The output
routine converts the BCD digits to 7-bit ASCII code which
the UART then trarsmits in a serial manner to the teletype.
The transmission of a character is initiated by ap-~
plication of a positive pulse to thé data strobe input of
the UART from bit 4 of Port 2 oh the 874g’ The UART must
be externally clocked at a rate appropriate for the dévice
to which data is being sent. ?eletypes operate at 110 baud

(110 bits/séc). The clock frequency, provided by the

function generator on the ADD-80Q0 breadboard system, was
set at 1760 Hz. This is the correct input frequenéy in
order to allow the UART to transmit data at 110 baud.
When transmiss%on of a single character is complete the
end of transmission (EOT) line of the UAQ‘ is sepsed at
the Tl input line of the 8748 and the next character is
output. The rest of‘the circuitry in Figure B3 provides
the 20 ma current loop used to interface the UART to the
.
tgletype (B6) . ’

In this application the teletype was used as a péssive
printer and information could not be transmitted.to the
8748 from the teletype. One practical reason was the
fact that the unexpanded 8748 did not contain sufficient

programming space to accommodate the necessary programs.

On the other hand, this was also in keeping with the basic
y .

-«
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philosophy of keeping thelsyatem small. We did not want

a system that required inputs from an expensive device /
such as a telatype in order to function. That.is also
why in fact, a simple switch register was used to select
the integration period. |

‘ In conclusion, the 8748 single.chip microcomputer can
be used to develop ;implelintelligent data log&ing systems.
The saystem discussed and illustrated here consists of'only
four iﬁtegrgted circuits; the sample-and-hold amplifier,

B

the ahalog-to~digital converter, the 8748 and the UART. It

is c¢apable of acquiring digitized signal values with a

resolution of 8-bits at rates up to 4.4 kHz. Pre-selected

numbers of conversion can be summed to obtain integrated
) f

signal measurements. Summation if carried out in triple

precision (24 bits) and up to /32 replicate measurements
can be sequentially acquir and logged, in BCD format, to

a serial terminal such as a teletype. -»
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APPENDIX C
SOFTWARE DEVELOPED FOR DATA ACQUISITION AND PROCESSING

The software for data Acquisition'and processing listed
here are Qritten’in Fortran IV and Macro assembly language;
for implementation'on éDP‘ll/lo minicomputers. While the
majority‘qf the programs caﬁ be run on computers with
16 k byteé core, the Fourier transform routine requires a
32 k bytes core.-

The brograms are documented. Program RMBINT allows
background subtracted signals to be acquired from a photo-
multiplier tube and intégrated for'sggcifiéd periods. ‘This
- program uses sub-routine RBPROG written in assembly
language to éctually acquire and integrate thé_signal.

The program RMBPMT is part‘of the noise power spectra
package. It allows time series data £o'be collected from
a photomultiplier tube. A specified number of scans may
be collected so thaf signal averaging may be carried out
after the‘Ppurier trahsformatioh step. Sub-routihe‘AQUIRE
written in assembly language is ﬁsed for tﬁe actuai AAta'
acquisition.step. This sub-routine was written for‘. !
simultaneous dual channel data acquisition using external
sample-and-hold aﬁplifiers. However, in thié particulaf

application only one channel is utilised.

188
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After acquisition by program RMBPMT data is d.c.
level subt:acged; apodised and Fourier transformed by
pfogram'RBFFTP. This program also provides signal
averaging ability, aftervthe Fourier transformation.

Noise'péwer spectra are finally plotfed using the
plotting routine RBPLOT.

Dual channel data acquisition for correlation studies
was achieved by the use of program CORPMT and sub-routine
AQUIRE. CORPMT not only allowé dual channel data to be
acquired simultaneously gut also calculates the correlation

coefficient between the two sets of data.
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RMBRINT

.PMT SIGNAL INTEORATION ROUTINE

FILES REQUIRED
1) RBPROG
2) 131 BLOCK FORTRAN LIBRARY (FORLIN)

DIMENSION SIGN(100),BB5R(100)»STDEV(100)»SNR(100)
DOURLE PRECISION ARRAY(100)»RRPTS,SIM.SMSQ"

COMMON /RON/JINT,IBL»IBH

MNEX=0 .

MNEX=MNEX+1

WRITE(7,14)

FORMAT(’ ‘»’INFUT INTEGBRATION TIME.’)
READ(Sy16)TINME |

FORMAT(Fé.2)

WRITE(7,18) .

FORMAT(’ “»’D0 YOU REQUIRE BACKGRND SURTRACTION Y=zi N=0 ,’)
READ(S5»20) IRACK

FORMAT(I1)

WRITE(7,22)

FORMAT(’ ’» *INPUT NUMBER OF REPEATS.‘) |

" READ(S»24)MRPTS .

FORMAT(IZ)
IF(IBACK.EQ.0) GO TO 1004

WRITE(7+26)
FORMAT(’ ‘»ENTER O FOR BACKGROUND 1 FOR SAMPLE.’)

READ(S5,»20)ISOB :
JINT=IFIX(TIMEX1000.0) y
NRPTS=MRPTS

CALLS MACRO DATA ACQUISITION ROUTINE

WRITE(7,28) .
FORMAT(’ ‘»’ENTER CR TO STARY AQUISITION.)

READ(S,20)ISTRT
CALL RRCONV

CONVERTS TWO WORD INTEGER DATA TO FLOATING POINT

ARRAY(NRPTS)'DBLE(FEOAT(IFL))+DBLE(FLOAT(iBH))l32768-0

'OUTPUTS DATA AS IT ARRIVES

N=MRPTS-NRPTS+1 )
WRITE(7+66)NsARRAY(NRPTS) - -
FORMAT(IS»SX9E14:7) ‘
NRPTSsNRPTS~1

IF(NRPT8.NE.O) GO TO 1015

THIS SECTION CALEULATES MEAN AND STD.DEV. OF ARRAY

SUM=0.0 -
DO 100 NRPTS=1,MRPTS
SUM=SUM+ARRAY (NRPTS)
CONTINUE

gMSG=0,0
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DO 200 NRFTS=1,MRPTS
SMSQ=SHSQ+ARRAY (NRPTS) 2%2

CONTINUE .

RRPTS=DBLE (FLOAT(MRPTS))

AVRG=SNGL (SUM/RRPTS)
STDEV(HNEX)-SNGL(DSORT((SHSQ-SUH!!?/RRPTS)/(RRPTS-I.0)))

THIS SECTION SORTS OUT SIBNAL OR BACKGROUND DATA

IF(IPACK.EQ.0Y> GO TO 1020

IF(ISOR.EQ.1) GO TO 102S

WRITE(7+30)AURGy STDEV(MNEX)

FORMAT(’ “y10M BACKGRND=»E10.4,12H STD-DIEV=.E10. 4)

. BAKVAL =AURG

GO T0 100%

BAKVAL=0.0

SIGN (MNEX)=AVRG

BSE(MNEX)=SION (MNEX)-RAKVAL

SNR (MNEX)=BSR(MNEX) /STDEV (MNEX)
URITE(7r32)HNEXvBSF(HNEX\vSTDEU(HNEX)-SNR'HNEY)

FORMAT (* 'vIJle-’SIBNAL-’:EIO.4:4X-’STD-DEU-'-EIO.4-4Xr’SNR-'-
E10.4)

WRITE(7+34)

FORMATC’ “»’TYPE 1 TO EXIT »2 TO RUN PROGRAM AGAIN 3 TO LIST’)
READ(S5+20) IRUN .

GO TO (1040+1090,1300) IRUN

WRITE!7,36)

FORMAT(’ ‘4~ SIOGNAL . BSSIGNAL STh-DEV SNRY /)
DO 700 NEX=1,MNEX .
URITE(?vIG)NEX:SIBN(NEX)vFSF(NEX)vSTDEU(NEX)vSNR(NEX)

FORMAT ¢/ ‘vIJvJXoElO&4r3XoEIQ.4;3X’E°.3v3X-E9.3)

CONTINUE

GO TO 1027

STOP

END



)
$
RBCONV:
¥

LP2:
LP12

JINT?
IBL:
IEH?

"END?

+TITLE RERPROG

R .HCALL . -V20 [ OREODEF

2 -

'UU?O.
+REGDEF
.GLOPL RRCONV
ADSR=170400
ADBF=170402
CKSR=170404
CKPR®170404
MOV JINTSRO
MOV 8176027 /»CKPR
MOV 4000403, CKSR
MOV 000000 -R2
MOV $#000000,R3
MOV #000040,ANSK
TSTR ADSR
BPL LP1
MOV ADRF sR4
ADD R4yR2
ADC R3 -
DEC RO
.BNE LP2
ASL R3
ROL ' R2
ADC R3
. CLE
ROR R2
MOV R2+IBL
MOV R3»IEH
.EVEN
.CSECT RON
JWORD O
JWORD O
WWORD ©
.CSECT
+EVEN
+END RRCONVY

#SET CONVERSION COUNTEFR

JRATE TO CLK PRESET REGISTER
JSET CLK STSTUS REGISTER

JCLEAR REGISTER 2

JCLEAR REGISTER 3

ISTART CONVERION CHO

#CHECK ‘FOR EOC

fLOOP ,

PMOVE DATA TO REGISTEF 4

}PERFORM INTEGRATION

»TAKE CARE OF OVER FLOW
}DECREMENT CONVERSION COUNTER
fLOOP FOR NEXT CONVERSION IF READ

JCONVERTS DATA TO FORTRAN I FORMAT

- e e e W w
I
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%040

5070

0600 000

5080

oS00

RMBPMT.FOR
DATA ACQUISITION

SUBROUTINES NEEDED!
(1)AQUIRE

(2)SYSLIR

(3)FORLIN

DIMENSINON TITLE(3),DAT(7)
COMMON /RON/ UNP»JSRy JI'F:=TAC1032) /PNR/ IR/(1AT72)

INPUT ACQUISITION PARAMETERS

CALL DATE(DAT)

WRITE(7+5010) -
FORMAT(’ ‘y’ ENTER NUMBER OF DATA SETS REAUIFREL ‘)
READ(5,5020) NFILE PR

FORMAT(14)

WRITE(7,5030)

FORMAT(’ ’y’ INPUT SAMPLE NAME )
READ(5,5040) TITLE

FORMAT (3A4)

WRITE(7,50%50)

FORMAT(’ ‘y’ INPUT NUMEER OF POINTS’)
READ(5,5020) JNP

MRITE(7,5040)

FORMAT(’ ‘» “INPUT CLOCK RATE’ /s’ 2m1 MMZ’y /4’ 4=100 KHZ s/,
6=10 KHZ v/’ Bul KHZ’y/»’ 102100 HZ’+/y’ 14340 HZ’'/)
FEAD(S,5020) IMCR oo

WRITE(7:,5070) )

FORMAT(’ ‘»’ INPUT NUMRER OF CLOCK PULSES BETWEEN SAMFLES’)
READ(5,5020) JSR *

SET UP LPS CLOCK STATUS REGISTER FARAMETERS

R .
4

JCR=(IMCR+257)
CALCULATE ACQUISITION FREQUENCY

IF (IMCR.EQ.2) FREQ=1000000.0/FLOAT(JSR) .
IF (IMCR.EQ.4) FREQ=100000.0/FLOAT(JSR)

IF (IMCR.EQ.4) FREQ=10000.0/FLOAT(JSR)

IF (IMCR.EQ.8) FREG=1000.0/FLOAT(JSR)

IF (IMCR.EQ.10) FREQ=100,0/FLOAT(JSR)

IF (IMCR.,EQ.14) FREQ=60,0/FLOAT(JSR)
IFREQ=JFIX(FREQ)

ACGUIRE DATA WITH SUFROUTINE AQUIRE

WRITE(7,%5080) ) :

FORMAT(’ ‘4’ CR TO START ACQUISITION’) \
READ(5,5020) I : : ' '

DO 500 IFILE=1,NFILE

CALL .AQUIRE

FORMS TEMPORARY DATA FILE- ON DISC

193



600

‘30

JFILE=IFILE+20
IA(JINP+1)a NP

IA(INF+2)=IFREQ

IA(INFP4+3)=IA(L)

IACINP+A)mY

TACINP+S)ImIACT)

IA(INP+4)=1

CALL ASSION(JFILE)

WRITECJFILE) CTACT) s T =1,y INP)

ENDFILE JFILE

CALL CLDSE (JFILE) ‘
CONTINUE ,

PROGRAM CONTROL

WRITE(7.5090)

FORMAT(’ 'v///' STORE DATA =1. PFRIIN a2, EYIT =»3’)
READ(5,5020) J

GO TO (10+,20,30) J

COMPOUNDS DATA FILES & FORMS PERMANENY DATA FILE ON DISK

WRITE(7 gB00) .
FORMAT ( ‘@B, © ENTER DEIFILE.NAT FNF STORARE’//)
CALL ASSTGN(2, 'DKIFTN2.DAT  »=1+'NEW’»*NC’=1)
WRITE(2) NFILE

WRITE(2) JNP . -
WRITE(2) IFREQ

WRITEC(2)(DAT(I)»Im1,3)

WRITEC2) (TITLE(I)»Im1,3)

DO 400 JFILE=21.NFILE+20

CALL ASSIGN(JFILE)

READ(JFILE) (IACT) ¢ Im1, INP)
WRITE(2)C(IA(I)»I=1yJINP)

ENDFILE JFILE

CALL CLOSE(JFILE)

CONTINUE Ry
ENDFILE 2

CALL CLOSE(2)

60 TO 90

sTOP

END

- -
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)
AQUIRE

JNP?
JSR?
JCR?

+TITLE TWO CHANNEL ADC
O"C‘LL . .V2- .« .REODEF

o V2.,
+REGDEF
+BLOBL AQUIRE

ADSR=170400

ADBF=170402
CKSR=170404
CKPR=1704064
DBUF=170414
DBSR=170410

MOV JNP RO
CLR DRSR

MOV . 8177777,DRUF
NEG JSR

MOV JSR/,CKPR
MOV JCR»CKSR
MOV ¢IA/R2
MOV ¢IR/R3

TSTR CKSR

BPL LP3
MOV JCR/,CKSR

MOV 8177776, DRUF
CLR ADRF

MOov #000001 s ADSR
TSTB ~  ADSR

BPL LP1

MOV ADBF, (R2) ¢
CLR ADBF

MOV #000401»ADSR
TSTR ADSR

BPL LP2

MOV - ADRF, (R3)+
MOV $177777,DBUF
DEC RO

BNE LP3

NEG JSR

+EVEN

+CSECT RON

+.WORD O

+WORD O

«WORD 0

o€

INUMBER OF POINTS YO RO

PCLEAR DIGITAL BUFFER STATHS REGISTEF
#CAUSF ANALNG DATA TRACK

$TWO'S COMFILLEMENT

IRATE TO CLOCK PRESFT

$SET CLOCK STATUS REGISTER

. #SET ADNDRESS ARRAY IA

$SET ADDRESS ARRAY IR

PEHECK CLOCK
sLooP
IRESET MODE FLAG

$1CAUSE ANALNG DATA HOLD 1

"$CLEAR A/D RUFFER

$SELECT CHANNEL O
PCHECK FOR ADC

iLoor -

ISTORE DATA ARRAY IA

1CLEAR A/D BRUFFER
ISELECT CHANNEL 1

JCHECK FOR ADC

1LOOP .

ISTORE DATA ARRAY IR
$1CAUSE ANALOG DATA TRACK

IDPECREMENT POINT COUNTER
f'LOOP IF NOT ZERO
$TWO’S COMPLEMENT
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IA:
I

END:

JBLKW
+CSECT
« BLKW
+CRECT
JEVEN
END

1032
RHD
1032

AQUIRE
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RRFFTP.FOR

FLOATING POINT FAST FOURTER TRANSFORM

FILES REQUIRED:
(1)SYSLIP
(2)FORLIN
(3)LPSLIN

A Y
DIMENSION X(1100),Y(1100),L(20) .
DIMENSION DAT(T) s TITLE(T) vAU( D) i .
INTEGER ID(1100)
CALL DATE(DAT)
WRITE(771200)(DAT( IV, I=1,3)
FORMAT(* ‘,3A4) -
WRITE(7,1000)
FORMAT(’ ‘4 ’ENTEP DE!FILE.DAF FOR.STORANE'/’ *)
CALL ASSIGN(12 ‘DKIFTNLI2.DAT s=1+'NEW " NC*s1)
WRITE(7,1100)
FORMAT(’ “»‘ENTER DEIFILE.DAT FOR DATA’/’ ‘)
CALL ASSIGN(10v'DKIFTNL10.DAT  e=1,0LD’+"NC*v1)
WRITE(?,2000)
FORMAT(’ ‘4 ‘APODIZATIONT O FOR NO: OTHERWISE FACTOR’ Y
READ(S,2100) IAFOD
FORMAT (11)
READ(10) NF
READ(10) NP
READ(19) NS
REAN(10) (DAT(I)»I=1,3) ,
READC10) (TITLECI) yIn1,3) o
WRITE(12) NF . "
WRITE(12) NP
WRITE(12) NS
WRITE(12) (DAT(I)sI=m1,3)
WRITE(12)(TITLE(I) »In1.3)
WRITE(751300) (DAT(T)s13153)
FORMAT(’ ‘,/DATE: “,3A4)
WRITE(7+1400) (TITLE/TI)yI=1,3)
FORMAT ¢ * ’v'TITLE!!PoIA4)
WRITE(7+1600) NF 7 ‘ . ~
FORMAT(’ ‘, NUMRER OF SETS OF DATA: ‘»14)
WRITE(7+1700) NF :
FORMAT(’ ‘o ’NUMRER OF DATA FER SET! ‘»I4)
MRITE(751800) NS
FORMAT(” '’y ‘SAMPLING FPEAUENCY OF DATA ACQUISITION: ‘+17,
HZ‘/* ) .
CALL ASSIGN(14,'DK:FTN14.DAT’»12,7SCR’+*NC*r1)
DO 1500 IF=1,NF
CALL LED(IF,’1%’)

DC LEVEL SUBTRACTION

READ(10) (ID(I)sI=1,NP) . ’
SUM=0, 0 )
DO 100 I=1,NP
X(I)=FLOAT(IDCI)
SUM=SUM+X(I)
CONTINUE
SUM=SUM/FLOAT (NP)



200

a0

2500

120

220

2400

40

DO 200 1=1.NP
X(I)mxX(I)~SUM
CONTINUE
AV(IF)=8UN

APODISATION

IF(1APOD,.EQ.0) GO TO 2600
FACTOR=FLOAT ( 1APOD)
IrD=%512,0

DO 2500 Is=i.NP

DDUMOSABRS(FLOAT(1)-2PD) /(FLOAT(NP)=ZPD)

DDUHI'EXP(-FQCTDR!DDUHO‘I")
XCI)mX(I)RDDUML
CONTINUE

DC LEVEL SUBTRACTION

8UM=0.,0

DO 120 I=1,NP
SUM=SUM+X ()
CONTINUE
SUM~SUM/FLOAT(NP)
DO 220 lwi,NF
X(I)=X(1)-SUM
CONTINUE

FFT ALGORITHM

NPT=NP /2

NuNP

DO 2 I=1.NPT

X(I)wX(I%2-1)

Y(I)aX(I%2)

DO 3 I=NPT+1sNP

Y(I)=0.0

X(I)=0.0

N2PNK=10

NTHPOW=2X¥N2POW

NAPOW=N2POW/2

IF (NAPOW) 60,83, 40

DO 61 IPASS=1,NAPNY

NXTLTH=21% (N2POW-2% TPASS)

LENGTH=AXNXTLTH >

SCAL®6.28318%53/FLOAT (LENGTH)

DO 61 Jmi, NXTLTH

ARG=FLOAT ( J-1 ) 2SCAL

C1=C0S(ARQ)

81=3IN(ARG)

C2=C12C1-51281
C1%¥814C1¥81

3=012C2-81452

83=C24514523C1

DO 41 ISQLOCSLENGTH,NTHPOW,LENGTH

J1=18QLOC-LENGTH+J

J2= J1ENXTLTH

J3=)24NXTLTH

JA=JIENXTLTH

R1=X(J1)4X(J3)

R2=X(J1)=X¢J3)

RI=X(J2)4X( J4)

RA=X(J2)~X( J4)

FIL1nY(J1)4Y(J3)

FI2sY(31)-Y(JS)

FI3aY(J2)4Y(J4)

FI4A=Y(J2)=Y(J4)
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44

41
45

67
86

49
48

610

X(J1)eR1+R]
Y(J1)=FI14F13

IF(J=1)44+42,64
X(J)uCIR(RA4FTA)+818(FI2-RA)
Y(J3)w=R18(R24FIQ)+C1R(FI2-RQ)
X(J2)mC8(R1-RI)+824(FI1~-FI3)
Y(J)=-82(R1-RII4CAP(FI1-FII)
X(J4)=CIN(R2-FI14)4SX8(RA4FI)
Y(J4)n=83I8(R2-FI4)+CIR(RA4FID)
00 TO &1

X(J3)aR4F 14

Y(J3)nuF12-R4

X(J2)=R1-R3

Y(J2)aF11~F13

X(Ja)aR2-F14

Y(JA)mRA4FI2

CONTINUE

IF (N2POW~28NAPOM) 65 v b v &S

DO 467 JUmisNTHPOW,2
RisX(J)4X(J41)

R2=X(J)=X( J41)
FIieY()4Y(J+1)
FI2ny()=Y(J+1)

X(Jr=R1

Y(J)aF11

X(J+1)wR2

Y(J+1)wF12

DO 48 J=1,13

L(J)=1

IF (J-N2POW)49:49.48
LOJ)=20X(N2PON+1~- )

CONTINUE

1=y

Li=L(13)

NTHPQU=L (12)

ISQLOC=L (11)

CJ=L(10)

N2P1= (9)

N2=L(9)

NP2MJ=sL(?)

L8=l_(4) v
N2POWsL (S) )
N4POWsL_ (4)

LENGTHs=L (3)

NXTLTH=L (2)

IPASS=L (Y1)

DO 601 Jiwi,L1

DO 401 J2=J1+NTHFON,( 1

DO 401 J3I=J2,ISNLOCNTHPOW
DO 401 J4=J3,Jy1SQLOC

DO 401 US=J4»N2P1+J

DO 401 J6=JSyN2,N2PY

DO 601 J7=J69NP2MJI N2

DO 401 J8=J7,LB,NP2NJ

DO 401 J9=08/,N2POV.L8

DO 601 J10=U9,N4POW,N2POU B
DO 801 J11=J109LENGTH NAPOW
DO 601 J12=)11sNXTLTH,LENGTH
DO 601 JI=J12,IPASS,NXTLTH

TF(IJ-J1)610+610+401

ReX(IJ) ;
X(IJ)eX(J1)

X(JI)=R

FlsY(1J) .
Y(IJ)=Y(JI)

Y{JD)eFI
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401

71
70

501
1500

o000

Jo0o

3200

3100

4000

4001

o600

N

(O NIT
ARG™3. 1415927 /FLOAT(N)
C1«COS (ARD) '
Si1e~BIN(ARG)

CilJXwl.

'lJX'O.

N2aN/2

N2P1eN241

DD 70 J#2+N2PL

NP2M JuN+2- ]
SORRI®X { J)+X (NP2M )
SORIimY({J)~Y (NFP2NI)

R=C1JX
C1UX=C1JXNC] 81 X851
S1JX=R¥91 481 IXRCY
SORR2=X(J) =X (NP2 J)
SORI2%Y (J)4Y (NP2IM )
SORRIC1 IXNSORR2-E1IXSSORT?
SORI3I=L1 ¥ #SORI2481 IV ISORED
Y(J)=0 .58 (BORI1~SORRY)
X(J)=0, SR (SORR1+SORTY)
IF(J=N2P1) 71,700 7L

Y (NN ) ) =0, 80 (-SORT1~SNRR3)
X(NP2M_J) =0, 5% (SORRI~SORT3)
CONT INUE

XC1 wX (1347 (1)

Y(1)w0,

DO 501 Iw1,1024
XCI)mOXCTIEXCTIAYCIISYITY)
CONT INUE '
WRITECLA) (X(L)oIm1oNP)
CONT INUE

DISC CONTROL

ENDFILE 10
CALL CLDSE(1Q)
ENDFILE 14
REWIND 14

SIGNAL AVERAGING FOURIEF DOMAIN

DO 3000 lw=1,NF
Y(I)=0.0 "

DO 3100 =l NF
READ(14)(X(JY»UmLsNP)
DO 3200 Jm1iNF
Y(JymY<UI4x0J)
CONTINUE '

DO 4000 ImisNP
Y(I)wY(])/NF
CONTINUE

YAU=0,Q

DO 4001 I=1eNF
YAUsYAUHAV ()
CONTINLE
YAUsYAU/FLOAT (NF) *
ENDFILE 14

CALL CLOBE{(14)

WRITE FY DATA ON DISC

WRITECL12)(Y(I)sImiyNP)
WRITE(12)(YAW

ENDFILE 12

CALL CLOSEC(12)

sTOP

END

-~
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000000 M

1100

3500

4100

6000

1300
1400
1600
1700

1800

1900

4000

400 .

201

RPPLOT.FOR - . .
ZETA PLOTTING FOR FOURIER TRANSFNRMS et o

FILES REQUIRED:
(1)8YSLID d s
€2)XYLIB - o
(3)FORLIP . '

DIMENSION X(1100).Y (11NN
DIMENSION DAT(3)-TITLE(3)

CALL DATE(DAT)

WRITE(?+1200)(DAT(I)yIm1,3) ‘(

FORMAT(* *,3A4)

WRITE(?,1100)

FORMAT(’ 4 ’ENTEP DE:FILE.DAT FOR DATA'/’ *) _
CALL ASSION(10, ‘DKIFTNIO.DAT »=14°0LN’» 'NC* - 1)

WRITE(Z,3500)

FORMAT(’ ‘,"ENTER LENGTH FOR X-aXIS, INCH’)

READ (S5+6000) I IXX

WRITEC?,4100)

FORMAT(’ ‘4 ’ENTER LENGTH FNR Y-AXIS, INCH’)

READ(5+6000)IIYY

FORMAT(12)

XAXIS=FLOAT(IIXX)

YAXIS=FLOAT(IIYY)

READ(10) NF ®
READ(10) NP ,
READ(10) NS o
READ(10)(DAT(I)sIu1,3) . ,
READC10)(TITLE(I)»1m1+3)

READ(10)(Y(1)»Im1,NP) %
READ(10) YAV

WRITE(7+1300)(DAT(I),I=1,3)

FORMAT(’ ‘¢ ’DATE! ‘y3A4) .
WRITE(7+1400) (TITLE(I)sI=1,3) b
FORMATL’ ‘o TITLE! ’,3A4)

WRITE(7+1600) NF

FORMAT(’ ‘¢ ’NUNRER OF SETS OF NATA: “,14)

WRITE(7,1700) NP '

FORMAT(’ ‘» ‘NUMBER OF DATA PER SET! °,14) .

WRITE(7+1800) NS

FORMAT(’ ‘,’SAMPLING FREQUENCY OF DATA ACQUISITION: ‘,I7, : <.
HZ’/77 %) . *g*
WRITE(7+1900) YAV

FORMAT(’ “»’MEAN SIONAL® ’,E11.4) ) €,
ENDFILE 10 ;

CALL CLOSE(10) _
NORMAL ISES SPECTRUM IF- REQUIRED

WRITE(7+4000)

FORMAT(‘ ‘9 NORMALISED SPECTRUM =0, NON-NORMALISED =1°')
READ (S,9001 ) INORM

IF (INORM.EQ.1) 00 TO 700

DO 400 I=1,NP

Y(X)mY(1)/YAV .

CONT INUE
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C CORPMT.FOR

Gy

C TWO CHANNEL DATA ACQUISITION FOR CORFELATION

Cc

o) SURROUTINES NEEDED?

c (1)AQUIRE

Cc (2)SYSLIB

Cc (3)FORLIN

Cc

[

cC
DIMENSION TITLE(3)sDAT(I)vA(1200),E(1200)
DOURLE FFRECISION SUMAsSUME,SUMA2,SUMR2 ,SUMARYSASE.SARWR
COMMON /RON/ JNPy JSKs JCRr1A(1024)° /JRMB/ IR/1024)

c .

C INPUT ACQUISITION PARAMETERS

C

20 CALL DATE(DAT)

S020 FORMATI4)

WRITE(7»5030)
5030 FORMAT (* ‘»’ INPUT SAMPLE NAME’)
READ(5,5040) TITLE ’ .

5040 FORMAT (3A4) ' )
. WRITE(7+35050) : h
5050 FORMAT (* “y‘ INPUT NUMEER OF POINTS‘)
READ(S»5020) JUNP
WRITE(?7,5060)

$040 FORMAT(’ “»“INPUT CLOCK RATE’s/¢’ 2=1 MHZ' s/’ 4=100 KHZ'»/,
1/ 6x10 KHZ'v/s’ B=1 KHZ'+/s’ 10m100 HZ'v/s’ 14=4N HZ’'/)

READ(S,yS5020) IMCR
WRITE(7+5070) .

5070 FORMAT(’ ‘s’ INFUUT NIJMRER OF CLOCK PULSES BETWEEN SAMFLES’)
READ(5,5020) JSR
WRITE(7,%080) Co

5080 FORMAT(’ ‘9 ‘CORRELATION COEFF. .CALCILATED? O=NQOs 1=YE3’)

READ(5,5020) ICALC
. I

SET UP LPS CLOCK STATUS REGISTER PARAMETERS
JCR=(IMCR+257) '

CALCULATE ACQUISITION FREQUENCY ;

000 o000

- IF (IMCR.EQ.2) FREG=1000000.,0/FLOAT(JSR)
IF (IMCR.EQ.4) FREOQ=100000.0/FLOAT/ JSR)
IF (IMCR.EQ.4) FREG=10000.0/FLOAT(JSR)
IF (IMCR.EQ.B) FREG=1000.0/FLOAT(JSR)

IF (IMCR.EQ.10) FREQ=100.0/FLOAT(JSR)

. IF (IMCR.EQ.14) FREQ=460.0/FLOAT(JSR)

IFREQ=IFIX(FREQ)

ACOQUIRE DATA WITH SUBROUTINE AGQUIRE

OO0

WRITE(7»5090)
5090 FORMAT(’ 7’ CR TO START ACQUISITION’) -

READ(5+5020) I v .



0oon

S50

40

70

80

aoo0oo0n

6000

. 6020

4040

0o0o

200

30

6060

CALL AQUIRE
CALCULATION OF MEANS & CORFELATION COEFFICIENT

RNP=FLOAT (INP)
R=0.33333E+33

SUMA=0.0

SUME=0.0

SUMA2=0,0

SUMB2=0,0

SUMAR=0.0

DO SO I=1JNF

SUMA=SUMA+FLOAR(TA(I))
SUME=SUME+FLOAIPCIR(I))

CONTINUE

IF (ICALLC.EQ.0) GO TO 890

DO 60 I=1+JNP
SUMA2=SUMA2+FLOAT(TA(T) ) x%2
SUMB2=SUMR2+FLOAT FIB(T))¥¥2
SUMAR=SUMAR+FLOAT (IACT))XFLOAT/IE(I))
CONTINUE

SA=DSQART ((SUMA2~/SUMAXX2/RNF)Y ) (FNF=1,0))
SR=DSART ( (SUME2~( SUMB¥X2/RNF)) 7/ (RNF=1.,0))
SAR= (SUMAE- ( (SUMAXSUME) /RNF) ) / (RNF=1.0)

- SASHE=SA¥SH
- IF (SASEK.EQ.0.0) GO TO 70

R=SAR/SASH :

IF (SASB.NE.0.0) GO TO 80

R=0,3333I3E+33

SUMA=SUMA/RNF .
SUMB=SUME/RNF .
SUMABR=SUMA/SUME

DUTPUT DATA TO TEFMINAL

WRITE(7+6000)

FORMAT(’ “»’ MEAN A MEAN R MEAN A/E
WRITE(796020)SUMAYSIJME . SUUMAR,R

FORMAT(’ ‘»E10.4r3XyE10,493XsF10.4,3X:E11.4)
WRITE(7,6040)

FORMAT(’ ‘¢///’ STORE DATA =1, RERUN =2, EXIT =X’)
READ(5,5020) J

G0 TO (10,20,30) J

FORMS DATA FILE ON DTSC

WRITE(7,4050) -
FORMAT(’ ‘4’ ENTER DE:FILE.DAT FOR STRRAGE’//)
CALL ASSIGN(2y'DKIFTN2.DAT =1y 'NEW’» *NC*r1)
DO 200 I=1,JINP :
A(I)=FLOAT(IACI))

B(I)=FLOAT(IR(I))

CONTINUE

WRITE(2)(A(I)»T=1,1024)
WRITEG2)(R(I)rIn1,1024)

ENDFILE?2

CALL CL&SE(2)

80 TO %0

STOP

END

R’//)
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6150

6200

N

CALCULATES 8§ DISFLAYS MAX AMPLITUDE

DO 300 I=1.NP

IF (Y(I).BT,.AMAX) AMAX=Y(I)
CONTINUE

WRITE(7»B000)AMAX

FORMAT(’ ‘»’MAX AMFLITUDE =

COMPUTES BCALING FACTOR

WRITE(7+6050)

FORMAT(* “» ‘DO YOU REQUIRE SCALED PLOT Y=1 N=Q’)

READ(5,8100)M
FORMAT(I1)

IF(M.EQ.0) GO TO S
Y(NP+1)=0,0 B
Y(NP+42)=AMAX/YAXIS N
GO TO ¢ ;
WRITE(7+6150)

FORMATC(* 7, INPUT MAX AMPLITURE TO BE PLOTTED')

READ (5+4200)FPHAX
FORMAT(E10.4)
Y(NP+1)m0.0
Y(NP4+2)=PMAX/YAXIS

"RSCAL=FLOAT(NS)/2.0

RINC=RSCAL/FLQAT (NP)
DO 6500 IaisNFP
J=I-1
X{I)=FLOAT(J)XRINC

TRUNCATES DATA TN FIT FLOT

DO 400 I=1,NP

‘2E10.4)

IF(Y(I).0T.PMAX) Y(I)=PMAX

CONTINUE
XY PLOTTING ROUTINE

CALL PLOTST(0.005,’IN")
CALL PLOT €0.2,0.5.~3)

CALL SYMBOL(0.070.0+0,46sDAT,90.0+12)
CALL SYMBOL(0.0+2.0+0.16sTITLE<90.0,12)

CALL PLOT(0.8+0.0¢~3)

CALL AXIS(0.0s0.0sSHPOWER»+S5sYAXIS+90,0rY(NF+1)sY(NF42))

CALL SCALE(X»XAXIS,NPy1)

calLL AXIS(O:O-O.0’9HFREQUENCY--97XAXISvO.O'X(NP+1)vY(NP+2$)

CALL LINE(XsYsNFs1+0:0)
CALL PLOT(XAXIS»0.0,-3)
CALL PLOT(O0.5»=0.5,-3)
CALL PLOTND .
STOP
END

Q
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