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ABSTRACT

With the advent of inductively coupled plasma (1CP)
emission spectroscopy, vast amounts of analytical information

can be obtained simultaneously. However, only a small

fraction of this information is actually utilized by the

measurement systems based on photodiode array and Feurieri
transform spectrometers which are capable of Elﬂuit&ﬂégusly‘
acquiring sevéral hundred Angstréms of ccntinueﬂé spectra.
information froq\the ICP have been developed. Given such
spectrochemical Qeasurement systems, one then needs
effective software and hardware systems to fully utilize
the large gmounts of spectral data available from these
'systems. Correlation based methods are found to be .
partlirlarly simple and effective. '

In this thesis, theoretical and practical aspects of
correlation techniques as applied to spectfal data
processing are discussed. Simply speaking, correlation
analysis involves the use of a function (correlation mask)
to extraé& desirable analyt%cal information from raw
experimental data. A unique correlation data paint can be
obtained by performing a point-to-point multiplication
between the correldtion mask and the raw spectral data at
zero phase shift. The summation of these products represents

K
'




!

# R
\quantitativé information for the analyte-of-interest. -

i k) 3

the consolidation of all the desirable’épegtral_iniafmatigﬁ
into a single point. With the proper choice of correlation
magks, the relative and absolute magnitudes of this

I

correlation data point indicate the qualitative and

The correlation procedure is applied to analytical
data obtained with the ICP-photodiode array spectrometer
and the ICP-Fourier transform éﬁectrameter systems. It
is shown that this technique can be utilized to process
complex spéctrsl patterns for specific information via a !
gsoftware approach. This ine¢ludes the identificatigg
and quantitatign of scughtagar anal&te. Because bf the

simplicity of this method, the possibility of implementing

1

correlation analysis for automatic camﬁhtgr interpretation
-of spectral data is evaluated. )
Finally, the power of correlation techniques is
then further illustrated with thé development e? a real
time data processing system for interfer%metric signals.
In this casei,hardware implementation of correlation
analysis is achieved with the aid of”a low cost microcampu;&r;;;ffﬁix

and a high speed electronic multiplier-accumulator chip.

( ) I .
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CHAPTER 1

Intraduétién

A. An Ideal Spectrochemical Meagurement System I

A typical spectrochemical measurement can be subdivided
into three basic operations: an eécéQiﬂg step, a decoding
step, and a processing step. At the en:céing step,
analytical information about the composition of a sample
is encoded in the form of electromagnetic radiation. This
part of the system is usually classified as the saurcé and
a common example is the use of flames in atomic emission,
absorption or fluorescence spectrametry.‘At the decoding steg,
electromagnetic radiation carrying the analytical information
is measured. This task is carried out by a spectrometer.
In many cases, the processing step simply means the human
interpretation of the spggtral data obtained. With the
advent of advanced éiectzznic technology, é computer is
usually incorporated into the system with tpe a;pfapriazf
supporting data reduction software. It is then pcésible
to obtain the desirable analytical results within a
relatively short period of time. In addition, the computer
may also act as a controller for the whole system as
dgmanded by thejgser.

Analytical spectroscopists have been in search of an
"ideal” system ever since the need for spectrochemical

measurement arose. Although it is unlikely that an "ideal”



]

system will ever appear, it is worthwhile to look at some
of the desirable characteristics of the "ideal” syetem to
act as a standard towards which all "real” systems should
strive,

An ideal atomic speétrachemical measurement system
should have the capability afigbtaining analytical
inf@fg}tian for all elements at all concentration levels

and the data obtained should be a linear function of the

concentration with no interference effects. In addition,

accurate angﬁprgcise results are desirable. The measurement

system should also be applicable to all types of samples
without much sample preparation. The instrument used to
carry out the analysis should be compact, reliable, low
cost and Egsy to maintain. With the ever increasing load
of samples to be analysed, emphasis must also be placed on
the neééssity of the system to perform multielement
analysis simultaneously and for final
analytical results to be obtained in a short period of
time. This implies that efficient data processing methods
must be employed. i

Among all the techniques that have been used to carry
out the encoding step necessary for spectrochemical
measurements, the observation of emitted radiation from

free atoms- generated from the sample offers the most



promise of providing an "ideal" system. Simultaneous multi-
element analysis is possible with optical emission sﬁeetras
scopy in a relatively simple manner. The only requirement
is an energetic source to generate excited free atoms
ani/ar ions gpm/a sample. In the next section, an almost
ideal éXCltatlan source for atomic emission spectrometry
(AES), the inductively coupled plasma (ICP), will be

intAdduced and described.

B. Atomic Emission Spectroscopy

The principal excitation sources for AES are listed
below:

(a) Flames.

(b) Sparks

(c) Diréct current (d.¢c.) arcs.

(d) Plasmas.

(25 Glow discharge lamps.

(f) Hollow cathode discharges.

(g) Lasers.

Excitation sources based on glow discharge lamps,
hollow cathode discharges and lasers have had somewhat
limited usage in AES while d.c. arce and sparks, tagether:
with the classical thermal excitation provided by high

temperature flames such as nitrous oxide-acetylene, are



widely used in many applications. However, during the past
decade, exceptional growth hae occurred in the area of i
plasma emission spectroscopy. These energetic sources,
especially the ICP are likely to be used for years to

come as they approximate, in Qaﬂy ways, the ideal
spectroscopic source.

By definition, plasmas are gases in which a
portion of the atoms or molecules is ionized. The plasma
sources that have been utilized in AES can be classified
into:

(a) D.c. plasma Jjets.

(b) Capactively coupled microwave plagmas (CMP) .

(c) Microwave induced‘plasmasi(MiP)-

(d) Inductively coupled plasma (ICP).

An excellent description of these various kinds of
plasma excitation source can be found in the article by
Butler et al. (1). Comparison between these plasma sources
along with a general review of plasma spectroscopy have
also been presented by Greenfield et al. (2,3) and

Boumans %t al. (4). These references should be consulted

for more details. y %

The analytical performance of the ICP has been
compared with the other plasma sources and with various

established spectroscopic methods such as flame AES, flame



and furnace atomic absg on spectrometry, arc AES and

x-rayvfluarésc2ﬁce s®ctrometry by Boumans (5). The
overall assessment was based on the analytical capability
to perform direct solid analysis, direct liquid analysis,
multielement analysis. trace analysis, precise analysis
aﬂdvaccurate analysis. He concluded that the ICP is the
method of choice although it suffers from the incapability
of performing direct quantitative solid sample analysis.
This clearly explains why the ICP occupies such an
important role in AES at the prefent time. This can be
verified by the degree of commercialization and ever
iﬁcreasing analytical applications of the ICP.

Inductively Coupled Plasma: The ICP was developed from a

low pressure discharge described by Bobat (€) in 1947 to
the present atmospheric presSure gas discharge. The first
ICP discharge sustained at atmospheric pressure was
generated by Reed (7,8) in 1961. Reed used argon as the
plasma gas and his system was applied to the manufacture

of crystals from refractory materials. The easy
vaporization of powders (AlEDB) injected into the discharge
led to the suggesti@nkthat the ICP might have potential

as an excitation source for AES. In 1964, the analytical
applicati@ﬂ of thé ICP discharge was first reported by

Greenfield et al. (9). Shortly after, Fassel and Wendt (10)



published their own independent work on the ICP. Sinie then,
an explosive growth in the use of ICP has occurred,

A schematic diagram of the ICP discharge (11) is shown
in Figure 1. It consists of an ICP torch which is eomposed
of three concentric quartz tubes. The torch is placed .
within a water cooled copper coil to which a radiofrequency
(7-50 MHz, a typical value is 27.12 MHz) current is applied.
The power output of the radiofrequency geﬁerataf is usually

in the range of one to three kilowatts, ‘though some ICP

The ICP As initiated with the aid of a Tesla coil. It
provides a seed of electrons which interact with the
oscillating magnetic field (see Figure 1) produced by the
high frequency current to further ionize the plasma support
gas (normaldy argon) thereby forming a stable discharge.

The temperature of the plasma discharge in the central

core is about 10,000 °K. Three flows of gas, usually argon,
are introduced to the torch. The plasma gas (or coolant gas)
is introduced tangentially at about 15 liters per minute (1lpm)
and is intended to sustain the discharge in an annular

shape and ‘to prevent the outer quartz tube from melting.

The auxiliary gas (0-1 1pm) is used 1o raise or lower the
plasma discharge and in some cases, this flow of gas is

not necessary. Samples, in the form of fine aerosol are

el i W

kit gl



<3

Anolyta emission
regeon

Analyte amistion —————+

Argon plasma —— _

Analyte channe! — L

2

|
w

Load coil =

O
I

RF powsr
1-3 KW 27 MH:z

C

QN

RN, NI

4

AR KRRANBANN HHNNRRNNN RN, KUK )
p “Mﬂmm’ﬁmww AR A

Plasma gos (Ar) )
(15 lpm)

?éf
Auxiliary gas (Ar)
(0-11pm)

— Sample aerosol
(<11pm)

FIGURE 1. Schematic diagram of an ICP discharge.
-



L

introduced into the discharge with the aerosol carrier or

nebulizer gas through the central tube of the ICP torch.

The optimal emission region of the plasma is normally

around 15 mm above the copmer coil depending however on

the operating conditions and the sought-for analyte (12).
Some of the desirable characteristics offered by ]

the ICP as an encoding device in a spectrochemical

measurement system are: good sensitivity and low detection

lim;ts for most of the elements, high precision and accuracy

in the results obtained, linear response with respect to

analyte concentration of up to five orders of magnitude,

and low interference effects. In a sense, the ICP closely

approximates the "ideal" spectroscopic source other

than the fact that at the present time it only produces

good analytical results for liquid samples and it is

relatively expensive. Also as a result of the high excitation

energy available in the ICP, spectral interferences can be

a serious”problem. However, the ICP does provide the

spectroscopist with an excellent excitation source for

spectrochemical measurements. The next problem is ﬁew to

extract and utilize the vast amount of analyticai information

available from the ICP. In other words, what kind of

spectrometer should be used tazdeccde the analytical

spectrochemical information generated by the ICP?



C. Multielement Analysis Spectrometers

In order to fully utilize the spectral information
available from the ICP, wide continuous spectral coverage
by the spectrometer is highly déSifEblE:iFUfthémefe,
simultaneous detection capability is necessary for efficient
spectral analysis. This is also essential for background
correction which is a major consideration when using an
ICP. A true background or spectral correction procedure
can only be implemented if simultaneous spectral coverage
can be achieved.

In general, spectrometers commonly.used in AES can be

subdivided into two main types:

(a) Dispersive type. "
(b) Non-dispersive type. 7

© Dispersive type spectrometers have been
conveniently grouped into four categories by Boumans (13).
The list is reproduced below because it gives a general
jdea of the various kinds of dispersive spectrometer that
are available.
(a) Polychromators, one-dimensional dispersiaﬁ'with
fixed optical componentsi
(1) large polychromators (direct readers) with
multiple exit slit and multiple detector

(photomultiplier tube, PMI') or multiple



exit slit and Bingle detector (PMT) or a

single movable exit slit and a single detector
(PMT ) 4 h

(ii) large or small polychromators with exit slits
replaced by multiple arrays of photodiodes,
each consisting of a few photodiodes for
measurements of the line peak and the back-
ground.

(b) Echelle spectrometers, two dimensional dispersion
witﬁ fiXEdfopticai ccmpcnenté;
( 1) multiple exit slit and single detector (PMT)

design, "spinning encoding disk";

(ii) multiple exit slit and multiple detector
design, cassette witlh fixed apertures, mirrors
and PMTs;

(iii) with television camera tube (and image
converter;

s(iv) with image dissector.

(c) Spectrographs, one dimensional dispersion with
photographic detection éempletei with:

( 1) manual microphotometer; »

(11) recording picrophotometer;

(11i) computerized automatic mizrcphgtameter..

(d) Monochromators, one-dimensional dispersion with

10



mechanically movable optical component(s) for
wavelength adjustment:
(1) single exit slit and single detector (PMT)
design with wavelength control as follows:
-manual i !
-scanning
—slewing and programmable with precision
mechanical device
-slewing and programmable with computer or
microprocessor;
(ii) without exit slit, with television camera or
self-scanning linear photodiode array.

Among thé dispersf&e type spectrometers, there is no
doubt about the capability of spectrographs in covering a
wide spectral regiép. simultaneously and continuously. In
fact, spectfagraphé. which use photographic detection can
re«:cré thousands of spectral lines within a short perj.“
of time. However, the major drawback in the use of e
spectrographs is that time consuming readout procedures
are required. Although cemputerized‘égﬁematic microphoto-
meters such as those developed by Witner et al. (14) and
by Walthall (15) have appeared to minimize the problem,
good q;antitative results are still difficult to obtain.
These disadvantages can be overcome by the use of detectors



such as photomultiplier tubes (PMTs). With the use of these
detectors, electronic readout can be instantaneous. Linear
response over 5-6 orders of magnitude with good quanfitative
reésults can be obtained with PMTs. However, with the use

of PMTs which are essentially single channel detectors,wide
spectral coverage capability is lost. In order to combine
the advantages offered by PMI's and photographic detectors,
direct reading type spectrometers were introduced. In this

case, up to sixty channels of PMTs can be configured in

4
the focal plane of a polychromator for simultaneous detection

of spectral information. The major disadvantages offered

by the use of this type of spectrometer are: non-trivial
alignment procedures for each channel, limited PMT channels
because of- physical limitations in the focal plane of the
polychromator, the instrument is bulky and expensive,

and it is difficult to change to new qhannels. These,
combined with the fact that continuous spectral coverage

is not possible for background correction are some'of the
reasons for the appearance of slew scan type spectrometers.
For slew scan type spectrometers, a single channel detector
is used to scan through the’entire spectral region. This

is achieved either by moving the optical components of

a monochromator or-by'moving the detector along the

focal curve cf a polychromator. In this way, continuous
Ve

12
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spectrazjgc?EFage can ﬁe achieved. However, precise
alignment of the detector at a particular spectral wave-
length for analysis 1s not easy even with the help -
of a computer. Furthermore, the capability of simultaneous
detection of signals is lost. Much time is spent in scann-
ing through the entire spectral region in search of the
sought-for analytical information. =

So, the problem of combining simultaneous, continuous
and wide spectral detection with gé@d quantitative measure-
ment characteristics into a siﬁgle epectrometer has puzzled
spectroscopists for a long time. With the arrival of
electronic image detectors such as self-scanning photodiode
arrays, image dissectors and television camerfa type detectors,
an extensive investigation on the feasibility of these
kinds of detectors for analytical applications has begun.
These detectors are essentially the electronic versions
of photographic detectors. They were developed to combine

the advéntages offered by both PMTs and photographic detectors,

7 although the goal is not quite reached at the present time.

These devices are capable of simultaneous coverage of a
limited spectral region with instantaneous electronic
§eadout. Within the last few years, devalapmenti in this
area have produced imgge detectors such as the intensified

photodiode array with a sensitivity comparable to PMTs.
T,



The major drawbacks of the image detectors are high cost .
énd limited spectral coverage. Despite this, these electronic
devices have found numerous, applications in the development
of an "ideal" spectrometer. Of particular interest is the
replacement of-wingle channel detectors such as PMTs with
iﬁage detectors. They can be used in the direct reading
type ;pectrometers such as those develéped by Boumans
(16,17) or slew scan type spectrometers developed by
Horlick et al. (18,19), Fry (20), Yates et al. (21) and
Furuta (22). With these configurations, simultaneous:
coverage within a narrow spectral region for background
correction is possible. In order to extend the spectral
cerrage of these detectors, the use of Echelle spectro-
meters ‘which produce two dimensional spectra combined with
the use of two dimensional image detectors has been
reported. This configuration was first reported by
Margoshes (23) in 1970 and since then, several vérsiens
have been developed (24-27). With the trémendous progress
in electronjic technology, it is likely that the potential
of the image sensors in the:develapment of an "ideal"
spectrometer is not fully developed.

All the spectrometers mentioned above belong to the
dispersive cafagory; Another approach is to dispense

with the dispersive system completely and make use of the



multiplex technique. With this technique, spectral informa-
tion is encoded so that a single detector can be used to
simultaneously measure a wide spectral region. The most
common examples are Fourier transform spectroscopy (FTS)
and Hadamard transform spectroscopy (HTS). In the case of
HTS, a dispersive element is still used. In fact it is very

similar to a direct reading spectrometer and is listed under

difference with the HTS is that a single detector (PMT) is
used and discrete spectral information from various exit
slits of a polychromator are multiplexed into the single
detector. Since a multiplex advantage is not rea;iﬁfd in

the UV-visible-near IR region where detector noise ie not
the 1limiting factor, HTS does not offer a better alternative
to the conventional dispersive type spectrometers when
coupled to the ICP. However, in the case of FTS, wide
continuous specﬁggl infgfmatian can be cbtaingd simultaneously.
The &se of a FT spectrometer to carry out atomic emission
spectrochemical measurement has been discussed in detail by
Horlick, Hall and Yuen (28). It appears that the major

. drawback of the FTS when used in conjunction with the ICP is
the dynamic range problem. This limitation is due to the
multiplex property of the technique. Every single data

point contains information covering the whole spectral
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region and must stay within the scale of the measurement
electronics system in order to obtain proper analytical
information concerning the sample. The dynamic range
problem exists if the sample gives a very intense emission
at a particular wavelength. This intense emission will
limit the amplification of the signal and emission from
weak spectral lines is difficult to detect. With the use of
the ICP, tre dynmamic range problem due to strong background
emission can essentially render some spectral regions
analytically useless as reported by Hall (33). This can

now be resolved with the use of a mixed gas ICP. Further
discussion of this problem can be found in Chapter VI.

In conclusion, there is no definite answer as to which
design i1s the "ideal" spectrometer. However, one thing that
can be said is that simultaneous and continuous spectral
coverage is a major feature of an "ideal" instrument.

In our laboratory, spectrometers based on phat@dicde
arrays and Fourier transform techniques éapable of
simultaneous multielement analysis have been developed.

The photodiode array spectrometer can simultaneously
"measure 1024 spectral resolution elements and the Fourier
transform spectrometer, 4096 syéctral resolution elements.
Compared to multichannel polychromators which may have

Hx

20 to 50 channels the measurement capability of these new

i




x‘/

systems represents a major increase in cépability. Given
this new level of spectral information measurement
capability one then needs effective software and hardware
systems to fully utilize such large amounts of spectral {
data. A basic step in the processing problem is the
detection of the spectral information characteristic of the
chemical species. In atomic emission spectrometry this
typically involves the detection and quantitation of a
specific combination of spectral peaks in a complex
multiline spectrum. ‘

In this thesis, correlation techiques as applied to

the data processing step of the spectrochemical measurement

. systems based on ICP-photodiode array spectrometer and

ICP-Fourier transform spectrometer will be presented.
Correlation techniques were chosen because they are simple

and highly effective in processing tomplex data arrays.

D. Correlation Based Signal Processing

"Correlation techniques have long been used to measure
and process signals in physics, chemistry and engineering.
An early work concerning the application of correlation
analysis to the detection of periodic communication signals
was reported by Lee et.,al. (63). This topic was reviewed
in some detail in 1960 (64). Correlation techniques, again
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applied to communications, have also been described by

Lange (65). Many of the applications of correlation techniques
to chemical data have been reviewed and presented by

Horlick and Hietfje (38). Interested readers should refer

to this review and the references cited for full details.

+ Correlation techniques can be effectively applied to
spectrochemical data. In particular, the signal detection
aspects of correlation analysis look promising for achieving
computerized automatic detegtion of spectral information.
The power of correlation techniques for signal detection is
best illustgéted with an example.

Three atomic emission spectra are shown in Figure 2
for zinc, cadmium and boron all measured in the same
spectral region (~220 nm) with the photodiode arra$ spect-
rometer described in Chapter III, The wavelength axis has
been left off on purpose .to emphasize the fact that
knowledge of it is unnecessary for s?ectral identification
using cross-correlation techﬁiqﬁesg Let us choose zinc as
the sought-for spectral information. The complete cross-
correlation patterns for zinc-zinec, zinc-cadmium, zinc-boron
are shown in Figure 3. The exact computation of these
cross-correlation functions will be described in the
next chapter.

-/
Cross-correlation patterns can be intuitively evaluated

s
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FIGURE 3. Cross-correlation patterns for the (a) zinc, (b)
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by envisioning the correlating pattern, the zinc spectrum
in this case, to be slowly translated across the other
epectral patterns. The value of the cross-correlation
fuﬁcticn at any particular displacement is the sum of the
prcdﬁcts of the two functions at that displacement, in a
Eense, their mutual areas. A unique point is the point

of zero displacement, i.e. when the wavelength axes of the

iwo spectral patterns exactly coincide. This point is often

]

designated the T = 0 point. A large relative value of the
crogs-correlation function at t = 0 indicates a high

degree of similarity between the two patterns. Thig is
clearly indicated in Figure 3 by the cross-correlation
pattérn of zinc with itself. Note the relatively large
central value and the symmetry characteristic of an auto-
correlation pattern (Figure 3a). Thus the relative magni tude
of the t = 0O point can be used to indicate detection of a
spectral pattern. Note that the other erasgekarrelatian
patterns have no distinct maximum at t = 0 although the zinc-

cadmium cross-correlation pattern does contain a peak near

exist at essentially the same wavelength. Such is the case as
zinc has a line at 213 nm and cadmium a line at 214 nm in
this region.

The absolute magnitude of the T = 0 point is also

\M‘
[ o]



important in that it re;resentsithe consolidation into a

single value of all the quantitative information about the

on the basis of a single spectral intensity, the t = O value
represents the summation of th; quantitative information
from all spectral lines, thus more completely utilizing

the availatle spectral information. "

Correlatio; techniques can be further extended to
process complex patterns for specific analytical information.
This ?ask includes the ideptificaticn and quantitation of
sought-for'analyte with the proper use of cross-correlation
functions. Further details and examp;és of cetfelaticn
techniques as applied to atomic emission spectrometry will
be presented later in Chapter II. First, the theory
of correlation analysis will be reviewed. In addition
.the mathematical computation of the cross-correlation
functions will be presented. A software approach of
impleﬁénting cross-correlation techniques for processing
spectral data obtained from an ICP-photodiode
arréy spectrometer system and an ICP-Fourier transform
spectrometer system will be described in Chapter III and IV
respectively. A real time data processing system for
interferometric signals utilizing cross-correlation

techniques implemented in a hardware approach will be

described in Chapter V. -
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EHAPTERYII

Theoretical and Practical

Aspects of Correlation Analysis

The basis of correlation techniques, as applied to
chemistry, has been well documented in the literature (34-39).
In this chapter, correlation theory based on these references
will be summarized and presented. For a detailed description
of- the theory and its applications to chemical data
measurement, the review by Horlick and Hieftje (38) should
be concsulted. As will be shown later, the full correlation
operation can be carried out with the aid of Fourier
fransformatidn. The practical camgutaticn of the correla§icﬁ
function via the Fourier transformation route will be

illustrated with particular attention paid to the manipula-

tion of input and output data¥arrays.

A. What is Correlation?

Simply stated, correlation analysis provides information
about the coherence within a signal or between two ‘signals.
The correlation function of two signals is Dbtaineé by evalu-
ating the time averaged or integrated product of the two
signals as a function of their relative displacement.
Mathematically, correlation can be expressed as:

+T

Can(t) = 1im 2 | a(t)b(ter)dt | (4)
T 2T J =T
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where C_, (1) is the correlation function between the two
signals a(t) and b(t) and t is their relative displacement.
The signals can be a function of essentially any variable,
fdr example, wavelength, retardation, frequency, accelerating
voltage, time etc. Thus, if a and b are considered to be
functions of time, the correlation funetion C.p will be

)

Fi
related to and plotted against the relative time delay

between the two signals.

In most situations, correlation is implemented on
digitized signéls. For digitized signals; the calculation
of the correlation function can be expressed by the

.

following summation:
Cab(nat) = 2; a(t)b(tinat) n=0,1,2,3,..... (ii)

The signals can only be displaced some integral number of

the sémpling interval, at. Thus, the displacement nat is
equivalent to t in Equation i.
There are two basic correlation agzshtiansx auto-
correlation and cross-correlation. These, together with a
special kind of correlation operation, convolution, will
be treated indfvidually later., First, the relationship ' ‘ ’
between correlation and Fourier transformation must be

defined.
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B. Correlation and Fourier Transformation

The ready availability of digital computers has
facilitated software approaches to correlation. 1In
particular, the fast Fourier transform (FFT) algorithm
(L0) has essentially revolutionized the extent to which
correlation techniques can be implemented on computers
and indeed many correlation based techniques are more
commonly referred to as Fourier transform techniques. -
The power and range of applicability of some of these
techniques are generally well known and documented in
several books (bl;b5). In additicﬁ?to providing a
convenient route for the implementation of correlation,
a knowledge of Fourier transforms also aids the utilization
and understanding of correlation operationé. An impdrtant‘
theorem concerning correlation states that correlation of
two waveforms is equivalent to multiplication of their
Fourier traméforms followed by inverse Fourier transformation

of the product. Schematically, this sequence can be

represented in the following way:

(iV) :

a(t) . b(t) . cab(t) (1i1)
FOURIER INVERSE
FOURIER
TRANSFORMATI ON RANSFORMATION
A(T) x B(f) = Cap(T)
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The asterisk in Equation iii is merely a common
shorthand way to represent correlation)y Equation iii is
therefore identical to Equation i. Notice that in
Equations iii and iv, cross-correlation is shown to
involve a multiplication process in the Fourier domain.
Simple as this aspect of correlation might seem, it is
of paramount importance. A large fraction of software
and hardware methods for obtaining the correlation function
rely on the Fourier transform method because of its speed
and relative simplicity.

Several versions of the FFT abound in the literature
and in program libraries and utilization of these sub-
routines may, ét first, seem trivial. stever. subtleties
and pit falls exist with respect to data pretreatment,
data post-treatment, inverse Fourier transfsrmatiaAvand
manipulation of real and imaginary arrays that cal cause
considerable grief to the uninitiated. Thus, the utilization
and recycling of FFT algorithms will be discussed before
correlation analysis is illustrated.

Computer Software:s All calculations were carried out

using a FORTRAN FFT program which is based on a Cooley- [ ]
Tukey FFT algorithm (40) first suggested by Gentleman and
Sande (43). The complete program listing with flowchart

is included in Appendix III. fThis program can be operated




with or without a sorting routine which will be explained
later. The maximum number of points that can be processed
with the DEC PDP 11/10 minicomputer running under an RT-11
operating system is 4096 due to the in core memory size
(32 ) limitation. Detailed documentation can be found
along with the program. All the figures are 102L points
unless otherwise specified. They were displayed and
plotted with a VI-1ll screen and a Zeta incremental
plotter.

Utilization of Fast Fourier Transform Algorithms: All

FFT algorithms require real and imaginary input data arrays.

However, in the vast majority of situations, the pros-
pective user has a simple array of data to process; for
example, a digitized optical spectrum. Thus the user' is
immediately faced with the problem of how to fill up théi
real and imaginary input arrays of the FFT with the array
of d#ta. ‘With most FFT algorithms, it is recommended
that the data array be placed in the real input array and

that the imaginary input array be filled with zeros. This"

is illustrated in the~following scheme with R and I

representing the real and imaginary arrays.

_» R R
____§§£;§§§=::§E ki e (1)
DATA | ) -

1 (ZEROS) 1
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A data array which is a simple line spectrum generated by
the computer is used for illustration and is shown in -
Figure L. 1If this data array is placed in the real input
array of the FFT and zeros in the imaginary input array
the resulting real and imaginary outputs, after a 1024-
yoint FFT, appear as shown in Figure 5.

An alternate method of filling the real and imaginary
input arrays with data to be transform;d is to put the
odd points, i.e., 1, 3, 5, 7... of the data array into the
regl input array and the even points, i.e., 2, 4, 6, 8...
of the data array into the imaginary input array. This

scheme 1s outlined below:

. R (o0dd points) FFT . R’
T
DATA : [ - (2
I (even points) W;TH SORT 1

When this method is used the FFT must be followed by a
sorting routine in order to generate the correct real and
imaginary outputs (46).

This method provides for very efficient use of the
FFT algorithm as N data points can be transformed using
an N/2 FFT. However, this approach is normally carried
out so as to keep the transform size ldentical to the data

-

‘ array. This iIs easily accomplished by filling out each

28
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input data array to N with zeros after placing the N/2
odd and even points in the real and imaginary inputs.

The results of this approach are illustrated in
Figure 6. The same input data as that illustrated in
Figure 4 was used. The 512 odd points were placeéﬁin
the real input array and the 512 even points in the
imaginary array. Both input arrays were then filled out
to 1024 with zeros and a 1024-point FFT calculated
followed by the sort routine.

~ Both Schemes 1 and 2 are equally valid approaches to
setting up the real and imaginary- 1npgf arrays of the

FFT algorithm starting with a simple d?ta array. However,
Scheme 2 is usually preferred because the real and
imaginary outputs are intuitively easier to interpret

in that the end of each output array represents the
Nyquist frequency rather than the center of the array

as for Scheme 1. For example, the FFT cutputs resulting
e

t 1

from Scheme 2 implementation for a 31ngle peak spectrum
shown in Figure 7 are illustrated in Figure 8. The
real and imaginary FFT outputs are damped cosine and
sine waves:. The functional form and extent of the damping
are directly related to the position of the peak along

the horizontal axis (wavelength ax;s in the case of optical

spectrum) relative to the ori igin. The amplitude output

[
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array [(R? + IE)szj is shown in Pigure 8(c). It
represents the amplitude of the Fourier components making
up the original data, the single peak spectrum. In all
cases, these outputs, using Scheme 1, would be complicated
by information at each end of the output arrays. This is
illustrated in FPigure 9. These are the real and imaginary
output arrays of the single peak spectrum obtained

using Scheme 1 implementation.

Inverse Fourier Transformation: With a great many

Fourier transform data processing methods, data is
transformed, manipulated in the transform domain, and then
re-transformed (inverse Fourier transformation) back to
the original domain. The basis for these methods involves
the fact that convolutions, cross-correlations, and
auto-correlations can all be performed as multiplications
in the Fourier domain as pointed out earlier in this
chapter.

A number of subtleties exist in‘implémenting inverse
Fourier transformations that may give many a novice
considerable frustration. Several alternate routes are
possible depending both on the original method of Fourier
transformation (Scheme 1 or 2) and on the nature of the
processing carried out in the Fourier domain. The main

confusion centers around the exact manipulation of the
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explicit real and imaginary arrays that are generated
after the first FPT.

The standard route for recycling the FPT when
Scheme 1 is used to set up the input arrays for the first

transform is shown below:

__iﬁ—sgfsg—s——L—p‘R R-
DATA ———
4 1 (ZEROS) I —

The real output array from the first FFT is uéed as the
real input for the second FFT and the negative of the
imaginary output array from the first FFT is used as the
imaginary input for the second FFT. The real, imaginary
and amplitude output arrays of the second FFT using Scheme
3 are shown in Figure 10. The original data is the line
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spectrum illustrated in Figure 4. In this case the real
and the amplitude output arrays both contain the original
data.

When Scheme 2 (even-odd point method) is used to
set up the arigiﬂél input arrays, recycling is carried

out as outlined below:

— R (o0dd points) FPT E—j
DATA e
WITH SORT L
7 1 (even points) wf‘~ = UK 1
" ¢ FFT R (odd points)
s ]
1 *  WITH SORT I (even points)

In this case recycling is implemented using only the real
output of the first FFT as a single igput to the second
FFT. It is sorted odd points into the real input array
and even points into the imaginary array as is standard

for Scheme 2. These arrays are again filled out with

39
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zeros to the N value of the transform. The real, imaginary
and amplitude output arrays of the second FFT are shown in
Figure 11, again for the case in which the original datar
is the line spectrum shown in Figure 4. Now only the

feal output array contains the original data.

In addition to Scheme 4, several other recycling
implementations when Scheme 2 is used as the primary FFT
method have been tried. These results will be presented
in Appendix I aé they may aid others in sorting out FFT
problems and options.

Though the same pattern of the original spectrum
can be obtained using different versions of inverse FPFT,
one has to watch out for the changg in amplitude. 'In
general, the amplitude of the resulting spectrum is
increased by a factor which is equal to half of the number
of relevant data points inputted for the inverse FFT. For
example, in Sdﬂeme 3 the amplitude of the final spectrum
is a factor of 1024 higher than the original spectrum
since there are 2 x 1024 (real and imaginary) data points
inputted for the inverse FFT. In Scheme 4, the amplitude
is out by a facter of 512 because only one 1024 data array
has been used. Thus, amplitude adjustment is necessary
whenever an inverse FFT 1s implepented. This applies to

correlation operations if the Fourier transformation
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route ig chosen,

C. Cross-correlation

A cfcssscc,reiaticn function is obtained if the two
signals, F(t) and b(t) in Equation i (see Section A) )
are different. This operation is used to check for
gimilarities between the two signals.

Full cross-correlation in the Fourier domain requires
complete systematic utilization of the real gndaﬁmaginafy
arrays of the FFT algcrithms; The basic general zﬁheme
that is used I;r full crloss-correlation operations 33 shown
in Figure 12, The two functions to be correlated C&uncfian
one and function two) are processed with the sorting FFT
algorithm. Each will produce reél and imaginary arrays;
Rl, Il and R2, I2. A complex mathematical multiplication
is then performed. The product now consists of real,

(R1R2 + I1I2) and imaginary, (R2I1 - R112) parts. These
are inputted into the appropriate real and imagiﬁary'input
arrays of the non-sorting FFT algorithm. 1In the case of
the imaginary array, the negative is taken. The
resultant correlation function will then be available in -
the real output array resulting from the non-sorting FFT
algorithm. The whole operation is illustrated in Figure

e

13 with two simple functions. The functions shown in

42



43

‘UOTIeTalI00-88QJ0 utewop JatJanog J0J 318D MOTA *2T1 AHADIA

(ZITY - TIZY)TF + (ZITI + Zu(Y) = (ZIV - 2¥) x (11T + TH)
(FAILVYOAN) b h 4 *

I ¥ |

(240s on) | (LYOS HLIM) (L40S HLIM)|

Lad | Ldd|) *olad

| . | |

, \,

;

g

NOILONNd NOILWI3HH0D = OML SQHFEE, *  dANO NOILONNd



LR
'y

E
|
|
l
-

,1/;‘

FIGURE 13.

gﬁ

(a) (b)

1. . L X
i AL W

L

i

o TTRIIPOE (IR

UL _ JLU
(e)

(a) Function one and (b) function two for cross-
correlation operation. (c¢) Cross-correlation
function as calculated by the procedure outlined

in Figure 12,



bs

Figures 13(a) and 13(b) are simple spectral pétterns.
Cross-correlation patterns can be intuitively |
evaluated by envisioning one of the functions, for example
function two to be slowly translated across function one.
The value of the cross-correlation function at any
particular displacement is the sum of the ﬁrcducts of
the two functions at that displacement, in a sense, their
mutual area. In this particular example, when the two
functions are cross-correlated, the resulting correlation .
iunctian obtained in the real output array as shown in
Figure 13(c) is out of sequence when pict?iﬁg against a
scale running from a negative displacement (-t) to a
positive displacement (+t). The actual correlation pattern
of the two functions is shown in Figure 14. It is obtained
after proper rearrangement of the data array. Rearrangement
simply means the interchange of the upper 512 points with
the lower 512 points of the function which contains the
correlation information shown in Figure 13(c). i
At this point, the distinction between a(t) * b(t) and
b(t) * a(t) correlation operations should be made. This
is best illustrated by the above mentioned example. If
the two functions are interchanged in the correlation
operation, the resultant correlation function will t;en
be the mirror image of the one obtained previously. This
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is sh%wn in Pigure 15. Thus, care must be exercised
when performing full cross-correlation operations as to
which signal among the two is displaced,
D. Auto-correlation

Auto-correlation is cross-correlation of a function
- Wwith itself. If the two signals, a(t) and b(t) in Equation
i are identical, the function obtained is called an auto-
correlation function. It is used to check whether coherence

exi

ot
m

ts within a signal. It can be represented by the
following equation: '
i*T

Caa(T) ;leg % o a(t)a(tst)dt (v)

where Caa(t) is the auto-correlation function for the
signal a(t) and t is the relative displacement.

In the case of digitized signals, the equation becomes:
Caa(nat) = ga(t)a(t:nat) n=0,1,2,3,...., (vi)

Auto-correlation can be implemented by the scheme
8hown in Figure 16. It is somewhat simpler than cross-
correlation in that only two FFT's need to be carried out

and there is no imaginary cross product. The multiplication
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product which contains only real terms will generate the
auto-correlation function in the real output array
resulting from the non-sorting FFT algorithm. In this
case, the imaginary input array for the non-sorting FFT
algorithm is filled with zeros. The rearrangement of the
correlation function output array is necessary as in the
case of cross-correlation. An even simpler route is
possible for auto-correlation using only the sorting FFT -
algorithm and this is illustrated in Figure 17. A simple
spectral pattern and‘its corresponding auto-correlation
function are shown in Figure 18. The full auto-correlation

function as depicted in Figure 19 can be obtained simply

by reflecting the resulting function in Figure 18(b) about

the origin.

E. Convolution

A number of the aspects of correlation that have been

N
Y

introduced ére perhaps more familiar to the reader under
the term convolution. However, convolution, an operation
which occurs during the generation or measurement of all
signals, can be considered to be merely a special kind of
correlation process. Mathematically, convplution can be

expressed asi , )
. y,




ok

*U0F3ET8IJI00-03NE UTBWOP J3[INO4 patyiTdwyis JoJ 3I8YD MOTJ *4T FTUNDIE

(TITI + THTH)

(LYOS HLIM) |
144

Y

NOILONNA NOILYIIHH0OD-0LNY

(117

- Td) = (T1I

(LYO0S HLIM)

Ld 4

T + 1d)
A
|

NOILONNS



52

*L{ @anBTg uy paurTano sanpadoad ayj Lq pajeTnOTED
§8 UOT30UNJ UOT3BT8JIJ00-03NY (q) °*P83BI9II00-03NB aQq O3 UOTIOUN (B) °*gF FHNDIL

’ () (®)
g
— A :
Ls "
3 P
,_ Pt i Is3
5 3
f ﬂvﬂim ‘ ,ﬂl,., ,
= s
= L3
¢ s |
2 s
| "
o ] ]
s )



53

14

*(®)g1 8InITJ UT UMOYS UOTIOUNJ ayj JOJ UOT3OUNJ UOT}BT8IIO0D-03NY ‘61 FUNDIL

o e, s

A

0=1

n

([

1

(il s i g S e il it e

-

L]
49

T

gct

r44

IANLITINY

96
(,01X) @




e

54

. 1 T =
CONap(T) si;im — a(t)b(-tzt)dt (vil)

-m= 2T =T

CONab(nat) = ;l(t)b(-ttnﬁ) n=0,1,2,3,..... (viii)

If Eéuatians vii and i are compared, their only
difference is observed to be a minus sign in front of the
t of the b function. Phe effect of this minus sign is to
reverse the b(t) function (from left to right) on the time
axis before it is multiplied by a(t). The rest of the shift-
ing, multiplying and averaging procedures are identical to
those empiayed in correlation. Therefore, correlation and
convolution are identical, except that in convolution, one
of the signals is first reversed.

The reason for this can be best understood with the
aid of an example. Consider the effect of an instrument
response function on a signal. A peak input gignal and a
low pass fiiter response function typical of amplifiers
and recorders are shown in Figure 20. By convention /
tradition both the mignal and the response function are
expressed with the time increasing to the right. However,

{f we imagine the input signal entering the instrument it
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-
is apparent that the left side of the signal would enter
first. Thus, in order to usé the correlation operation to
agsess the effect of the instrument on the signal either

the signal or the respons® function must be reversed from
left to right before evaluation. It is conventional to
reverse the response function. Thus, convolution is cross-
correlation with reversal of the response function before
evaluating the correlation function. The convolution
function of the peak signal and the low pass filter response
fumnction obtained using the same flow chart (Figure 12) as
in the case of cross-correlation is 1llustrated in Figure
21. The response function is reversed before the full cross-
correlation operation.

From these considerations, convolution can be seen to
be merely a special kind of correlation and can often be
implemented and utilized in similar ways. In fact, in
those many instances in which the response function is
symmetrical, its inversion produces no change, so that
correlation and convolution provide identical results.

F. Information gt =t

1]

0 Point of the Cross-correlation
Function
In the previous chapter, the power of correlation
analysis for spectral identification of relatively simple

spectra has been illustrated. The t = O points of the
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A‘ | Bkiii‘

qualitative analytical information corresponding to the
sought-for analyte. In this section, another example is
given to further illustrate that in many cases, full cross-

4

cerrelatiqn functions need not be evaluated. As long as the
in phase, the cross-correlation function at the t = 0
point contains all the relevant analytical information
example: the qualitative and quantitative analysis of a
multielement sample spectrum. A spectrum containing
cadmium and zinc is shown in Figure 22, This, together with
the zinc, cadmium and boron spectra shown in Figure 2 were
@ured v,;ith the ICP-photodiode array spectrometer system
in the same spectral region (~220 nm). The experimental
details in obtaining these spectra will be given in the
next chapter.

The spectrum containing cadmium and zinc information
is cross-correlated with the pure zinc, cadmium and boron
spectra individually. At this point, the tegm "correlation
mask"” should be introduced. It simply represents the function
used to mask out desirable anélyéieal information from a
sample spectrum by correlation techniques. In this particular

example, cross-correlation masks are essentially the zinc,



59

190. 9%

20. 20

60. 08

AMPL 1 TUDE

#ﬂl .29

|

20.73

 JL_JU

0.20
r
_
_

FIGURE 22. Sample E@eetru% containing cadmium and zinc. \




cadmium and boron spectra which are used to extract zinc,
cadmium and boron information respectively. This terminology
will be frequently used throughout this thesis. The results
of the cross-correlation operations is shown in Figure 23.
The relatively high magnitude of the t = 0 points correspond-
ing to zinc and cadmium correlation masks clearly indicates
the presence of zinc and cadmium spectral information in the
sample. In the case of boron, no distinct high t = 0 point
is observed indicating the unlikelihood that boron is present
in the sample. The absolﬁte magnitude of the 1t = 0 point
will provide the quantitative informatlion corresponding
to the specific correlation mask used. As long as the
amplitude of the cross-correlation mask remains constant,
the magnitude of the t = 0 point will be linearly
proportional to the quantity of the sought-for information
present in the signal.

This example is given here merely to stress the

capability of spectral identification and quantitation

using the cross-correlation technique. The t = 0 point can
be utilized as opboSed to the full cross-correlation |
operation as long as the correlation mask and the signal
are in phase. Full cross-correlation or scanning between
the signal and the mask is not necessary. In the subsequent

chapters, correlation based data processing utilizing the
\
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FIGURE 23. Correlation patterns for the sample spectrum with

the (a) zinc, (b) cadmium and (c) boron spectra.



T = 0 value of the full cross-correlation function as applied
to multielement atomic emission signals originating from
an ICP source will be illustrated and discussed.

\
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CHAPTER III1

Correlation Based Data Processing for

the ICP-Photodiode Array Spectrometer System

" Cross-correlation techniques have been effectively
applied to the computerized automatic detection of spectral
information (36,48,49). The basic approach as outlined in
the last chapter involves cross-correlation of the raw
spectral signal with a noise free mask of the sought-for

spectral pattern. In this chapter the concepts of cross- .,

correlation methods for spectral pattern detection as
applied to atomic emission gpectra measured with a 1024~
element photodiode array spectrometer coupled to an ICP
will be outlined and then several analog and binary
spectral masks will be evaluated as to their effectiveness
for spectral signal detection. In particular, special
attention is paid to the effectiveness of crcss—cerreiﬁtian
techniques in cases where spectral interference is severe.
This is important because when electronic image detectors
:(5Qr55) are coupled to spectrometers, spectral resdyuticn
ig often sacrificed in order to achieve reasonable
wavelength coverage.

The cross-correlation techniques will be illustrated
for the determination of nickel or/and vanadium. This

system was chosen because the determination of both elements

63
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is of prime importance for the petroleum industry (56-58).
Besides, both nickel and vanadium yield complex spectra
which result in several spectral overlaps. An evaluation
* of the effectiveness of correlation analysis for the
automatic processing of spectrochemical data obtained

by an image sensor can thus be made.

B. The ICP-Photodiode Array Spectrometer System

A commercially available radiofrequency (27.12 MHz)
inductively'caézzéd plasma which is cggéble of delivering
a maximum power of 5 KW was used as the source for all the
atomic emission spectra described in this chapter. The
plasma was imaged onto the entrance slit of the photodiode
array spectrometer using a UV grade quartz lens of ten
centimeters focal length. The whole experimental setup
was located on an optical raili%ed gsimilar in concept to
the one suggested by Walters (59).

The 1024-element self scanning photodiode array
A brief description of the spectrometer is included below
for completeness. For full details, references cited
should be consulted.

A 1024-element photodiode array was psﬁeeé horizontally

along the exit focal curve of a monochromator. The



monochromator is of the Czerny-Turner design and has a
focal length of 35 centimeters. The standard diffraction
grating provides approximately 500 A of spectral coverage
for the array detector. The physical length of the array
is approximately one inch while the individual photodiode
measures 0.001 inch wide by 0.017 inch tall. During data
acquisition, the photodiode array was cooled to about -20°C
with the use of a Peltier cooler. This significantly
reduces dark current of the array and enables the
integration time to be varied from milliseconds to seconds
depending on the magnitude of the signal. The photodiode
array spectrometer was coupled to a PDP 11/10 minicomputer.
The complete system with the supporting software has been
recently described by Hull (60) and will not be repeated
here.

The analog signal obtained from the spectrometer was
electronically filtered and amplified with a differential
amplifier prior to analog-to-digital conversion. The
anﬁlog-to-digital converter was contained in the PDP 11
Laboratory Peripheral System. The equipment used for this
gtudy is summarized in Table 1. ' <

The atomic emission spectra of nickel and vanadium
were obtained at an ICP power level of 1.5 KW with the
coolant gas flowing at about 15 liters per minute (1pm).

The auxiliary gas flow was completely shut off. A
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conventional cross-flow nebulizer was utilized with the
gas flowing at about 1 lpm. The observation height of
the plasma was approximately 15 mm above the load coi'l.
The spectrometer was set so that it covered approximately
from 275 to 325 nanometers. All the spectra obtained were

averaged over ten seconds unless otherwise specified.

C. Simple Cross-correlation Masks

first step in the generation of a cross-correlation

]
~y
11

mask for the detection of specific spectral information is
the measurement of a spectrum of the sought-for element.
The atomic emission spectrum of vanadium is shown at the
bottom of Figure 24, The wavelength axis was lefé off.
When utilizing cross-correlation techniques it is not
necessary to define the wavelength axis, the specificity
is built into ¢he measured vanadium cross-correlation mask.
This complete spectrum can be used as a cross-
correlation mask to detect vanadium in subsequent
measurements, Only the t = 0 point need be evaluated
which can be generated by multiplying this spectral
intensity cross-correlation mask and subsequent spectra
together point-by-point apgiadding up the products. Such
a procedure can be used tg_;stablish an analytical curve
ﬁlatting the magnitude 5} the v = 0 cross-correlation point

versus concentration. Such an analytical curve is shown
v

€7
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in Figure 25, Alternate masks may be generated using
thres%@ld levels. Several such levels are indicated in
Figure 24 superimposed on the vanadium spectrum. Now,

in the generation of the t = 0 value, cross-correlation
products are only evaluated when the vanadium mask value
exceeds the specified threshold. With the 80% threshold
value the measurement reduces to essentially a conventional
Einglé Eeak intensity measurement as might normally be
carried out in éetting up an analytical curve. The
analytical curves for various threshold 1eveis*are also

shown in Figure 25. As less and less vanadium information

as indicated by the slope of the analytical curve, is
reduced. Thus the full cross-correlation mask provides
the most sensitive measurement of vanadium.

The full cross-correlation mask also provides the
most precise measurement of vanadium. Ten vanadium
spectra at the 10 ppm level were measured and the t = 0
cross-correlation points evaluated using the maéks with
various thresholds. The perceﬁt reigtive stgndgri
deviation (rsd) of the ten T = 0 values ranged from 11.6%
for the 80% threshold mark to 8.3 for the full (0% thres-
hold) cross-correlation mask.

An interesting alternative to the "spectral intensity"
-
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masks depicted at the bottom of Figure 24 are the binary
masks shown at the top of Figure 24. _A binary cross-
correlation mask is generated by firs' setting a threshold
and then every spectral intensity greater than or equal
to the threshold value is set equal to binary ] and every
value less than the threshold is set equal to bingr§ 0.
Binary masks for thresholds of 20%, 40X, 60% and BO% are
shown at the top of Figure 24,

‘'Several advantages accrue to the utilization of binary
cross-correlation masks. The evaluation of the t = 0 point
is now considerably simpler as the multiplication step is
not required. The t = 0 cross-correlation of éhe binary
mask and a measured vanadium gpectrum amounts to a gated
integration of specific spectral intensities. Analytical
curves established using the binary mhsks are shown in .
Figure 26 and are comparable to those shown in Figur; 25.
Also the precision of the t = 0 value is essentially the
gsame for the binary and intensity masks. A% g threshold
value of 20%, the percent rsd of the ten T = O values for,
the 10 ppm vanadium spectra was 8.7% for the ;peetral
intensity mask and 8.5% for the corresponding binary \mask.

In addition to allowing simpler evaluation of the

orrelation values the binary masks occupy con-

Cross

1
0

siderably less storage space in a computing system than

Lt "
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the spectral intensity masks. /This could facilitat?
ipplementation of cross-correlation ﬁethods with simpI?’

ROM (Read Only Memory) based microprocessor systems. Also
integrated circuit subsystems are now available spécifically
designed to carry out the cross-correlation between a

stored binary ﬁattern and an input analog signal (61).
Utilization of these subsystems would allow essentially

real time evaluation of v =0 cross-gorrelation values.

The analogous Spectfgl intengity and binary cross-
correlation masks for nickel in this exact same spectral
région are shown in Figure 27. They can be used for the
determination of nickel in a manner analogous to that just
discussed f?r vanadium. -

These cross-correlation hasks are good for spectral ;
identification and quéntification for relatively simple
aﬁalysis. When pna%ytical information is required fo;
samples of complex nature: spectrél inferference is a
~major problém. In the next section cross-correlation masks
- with built-in specificity for a particular @nalytical
problem, determination of vanadium or nickel‘in a mixture
of two, will be illustrated.

4 f
D. Cross-correlation Masks for Complex Spectra

Consider the problem of generating cross-correlation



74

- -4 -

- -




A

~ masks for the determination of either ﬁicke{ or vanadium

in the presence of each other. The spectrum of a solution
containing bgth nickel and vanadium is shown in Figure 28.
Several lines overlap, the most serious being the overlap
61 the most intense line of nickel-in(tﬁis region (310,1 nm)
with the seéong most intense vanadium line (310.2 nm).

A spectral intensity'crassacorfélati@n mask specific

for vanadium in the presence of nickel can be constructed
, ,

by stripping a vanadium spectrum with a nickel spectrum.

v

Thise is easily accomplished by ggbtracting a nickel
speetrum from a vanadium spectfdﬁ as shown in Fiéure 29..
Such an operation is very easy to perfcfm in a precise
manner ﬁsing the computer coupled photodiode array
spectrometer. Depending on the degree of spectral overlap,
the amount of stripping can be easily adjusted. In this
example, the stripping was carried out using a nickel
spectrum whose makimum intensity was twice that of the
maximum intensity in the vanadium spectrum. This was
accomplished by computer softwére on stored spectra. The
remaining features in the vanadium spectrum (above a
threshold of zero) can be used to set up specific!spectfal
intensity and binary cross-correlation masks that will
detect vanadium in the presence of nickel and will not

respond to any nickel information. These masks are shown
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in Pigure 30. The analogous procedure can be used to set
\up cross-correlation masks for the detection of nickel in
the presence of vanadium and the results are shown in
Figures 31 and 52. Thus with the meaguramEntbcapébility
‘Ef the photodiode array spectrometer it is relatively, easy
to set up, in an essentially automatic fashion, cross-
.correlation masks for the analysis of mixtures. Agaipf
note that knowledge of the wavelength axis cr-even whe're
lines overlap is not required. The stripping prccedufe
automatically removes the overlapped spectral intensities.
The t = 0 vélue of the cross-correlation function
was evaluated for spectra obtained of solutions containing
a constant amount of nickel (1000 ppm) and increasing
~amounts of vanadium (100 to 200 ppm) using cross-
correlation masks generated from a nickel spectrum and
a vanadium stripped nickel spectrum. The responses
of these spectral intensity correlation masks
are shown in Figure 33 and 34 respectively with
vgr%ous threshold levels. Iniéll cases, pure nickel
SPEGtral inteﬂsity cré%sscarrélatian masksiga extract
undesirable vanadium information from the signal as
indicated by the slope of the graphs in Pigure 33. The
vanadium stripped nickel cféssscerrelatiah masks do not

'respcnd to vangdium information as illustrated in Figure
o~ k
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CORRELATION DATA
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AL

FIGURE 33. Detection of nickel in the presence of vanadium
using nickel aspectral intensity erégsgcafrelatian
masks. Thresholds (a) 0%, (b) 20%, (c) 4O%,
(d) 60% and (e) B80%.



83

Y (v)

U

ION DA
2

(c) v

2

CORRELAT

(a)

(o)

FIGURE 34,

. h g h 4 v A g
10099 con VRNRDIUN YT 1000 Pom NISKEL ™

Detection of nickel in the presence of vanadium -
using vanadium stripped nickel spectral intensity
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;3&; Similar results are obtained for binary cross-
correlation masks at different;threshgld.levgls} these
;re illustrated in Figures 35 ard 36. Linear working
curves for these cross-correlation masks are 1llustrated
for the determination of vanadium in‘the presence of
nickel as shown in IFigures 37 and 38. °

At 'this pgiﬁf, one can envisi@ﬁ correlation masks
designed to implement more complex decisions than simply
the detection of a single élcﬁenti This can be achieved
by simultaneously assessing several elemental species and
their relative c@néentratiaﬁs; in this way, correlation
masks with Epecificity built-in cag be generated for a
specific analytical- problem. 7

One has to keep in mind that the correlation masks
generated as mentidned above can overcome the Prébiem
of spectral interferences, they do not compensate for the
true chemical interferences arising due to the matrix of

the sample,

E. Conclusions
From the fact that the performance of binary cor-

relation masks is comparable to the spectral intensity

correlation masks in all aspects, a preliminary investigation

to generate binary cross-correlation masks from a library

5
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using nickel binary cross-correlation masks.
Thresholds (a) 20%, (b) 40%, (c) 60% and
(d) 80%.
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FIGURE 36. Detection of nickel'in the presence of vanadium

using vanadium striPped nickel binary cross-
correlation masks. Thresholds (a) 20%, (b) Lox,
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Vanadium analytical curves determined using nickel .

stripped vanadium spectral intensity cross-
correlation masks. Thresholds (a) 0%, (b) 20%,
(c) 40%, (d) 60% and (e) 80%.
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of spectral line wavelengths by computer softwhre was
altempted. This was accomplished by calibrating the
spectral window covered by the photodiode array with
some standards that emit knogp spectral lines within the
particular spectral window. Appropriate correlation

masks were then generated for data processing. This has

calibrating the photodiodes to corresponding wavelengths.
This is due to tng fact that the dispersion of the
monochromator varies slightly with wavelength. If this
would have been successful, it would partially solve the
prébiem of limited spectral coverage by the array detector.
The monochromator can be slew scanned and calibrated
before cross-correlation masks for specific analytical
problem will be generated for data processing.

Based on the results obtained in this study,
eﬁperimentally generated cross-correlation masks can be
very poﬁerful; However, more spectral coverage by the
image detector is necessary in order to fully extend the
advantage of correlation analysis. Image sensor based
spectrometers utilissng area arrays and Echelle spectrometers

are now being developed that could eliminate this limitation.

.
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The fact that the knowledge of wavelength axis ié not
necegsary may help spectroscopists to further extend the
analytical capability of this system. Speétral information
can be packed ifito the detector without fegard to the
wavelength axis to fully utilize the size limited array
detector (62). The task of extracting the specific
spectral pattern for each Elemen% can then be handled by
qross-correlation techniques eveﬁ with severe spectral

aveflaps. Without cross-correlation analysis,

the spectral information does not necessary follow
the wavelength axis.

Correlation analysis does not 1limit itself to be
used as an effective data reduction tool for the photodiode
array spectrometer system, it can also be implemented in
a similar concept for other spectrometers based on
different image detectors. In the next two chapters,
cross-correlation teéhniqués are utilized to process
spectral data arrays in the form of inte;fercgrame generated
by Fourier transform spectrometers, With this kind of
spectrometer, wide spectral coverage and precise wavelength
calibration can be obtained in contrast to the dispersive-
based detector system such as the photodiode array., Thus,

the potential of correlation techniques can be further extended.




CHAPTER 1V

Correlation Based Data Processing

for the ICP-Fourier Transform Spectrometer System

A, Introduction )

Simultaneous wavelength detection capability is one
of the chief advantages offered by a Fourier transform -
spectrometer when coupled to an ICP. A vast amount of
analytical information is available within a relatively
short period of time. Thus, effective data processing
is of prime importance when the system is utilized in
multielemgnt atomic emission spectroscopy. This
statement is also true in other fields of spectrochemical
measurement utilizing an FT spectrometer as the detection
system, such as in the area of infrared spectroscopy
where the FT spectrometer finds most of its application.

TQe time domain signal (i.e. the interferogram)
obtained from the spectrometer is normally processed
through the fast Fourier transform (FFT) mathematical
algorithm described earlier in Chapter II. This step is
necessary before human interpretation of the spectral
data is possible. The‘?FT, when utilized has imposed
certain limitations on the effieieaey of the data
processing routine, in addition to the requirement of a
certain computer memory size for the precessiﬁg of the

spectral data, In the case of a _large number of data
)
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points for high resolution work, a large computer memory
is desirable.

Hardware development in computer technology, such
as the array processor, has tremendously reduced FT
computation time required by the ccmputer; But, these
devices are usually very expensive. 1In the case of
long interferograms, téchniques such as decimation in
time (76-78) where interfefcgfams are processed in
segments rather than as a whole giant block of data can
be employed. However, software development was found |
to be non-trivial (33). The laboratory computer can
also be interfaced to a large central computer for efficient
processing of large blocks of data points. In these cases,
efficient data processing will be hindered by the time
used to transfer data between devices. In view of the
abq#% comments, a simpler, alternate method te‘efficiently)
process the spectrochemical information obtained from the
ICP-FT spectrometer system is sought. Capability of the
data processing method to perform real time analysis is
of prime consideration. The adaptation of the method to
automatic interpretation of spectral data is also
important. Correlation is the answer.

Correlation techniques have been applied to process

interferograms (33,79,80). In this study, the feasibility

92



of the cross-correlation function at the t = 0 point as the
data processor for multielement étamie emission inter-
ferograms will be investigated. The aévantage of the
precise wavenumber axis provided by the FT spectrometef
will be utilized. This enables cross-correlation masks .
to be generated by the software of a small laboratory
computer for extraction of analytical information

directly fromj%ge time dcmai; signal without gcfng

througﬁ the FFT process. As mentiéned above, the
possibility of real time data processing and automatic
interpretation of spectral data will be assessed.

In order to fully appreciate this study, a general
discussion on the use of the FT spectrometer as a
detection system for the ICP is included in this chapter.
Particular attention is paid to the dynamic range problem

" imposedesby the use of the FI spectrometer.

B. The Experimental System

» A block diagram of the experimental setup is
illustrated in Pigure 39. The inductively coupled plasma,
Miéhelson interferometer and all the related optics

were mounted on an optical rail bed similar to the one
designed by Walters (59,81). The rail bed was in turn

placed on a vivration isclétian table which was air-floated
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whenever experimental data were belng taken. Phis system

provides precise alignment with the aid of a He-Ne

laser and the excellent stability that is required for the
operation of the interferometer. This setup is advantageous
because alignment between the plasma and the interferometer,
together with the internal optical alignment within
the interferometer is very critical especially when it
is being used in the ultraviolet region because of the
short wavelengths that are involved.

The Michelson interferometer with its control
electronics uséﬁ in this study has beé% well documented
in the literature (28,32,33). For the iatest modifications
of the interferometer system, refer to Appendix II. A
schematic diagram of the interferometer design and a block
diagram of how the interferometer operates are included for
completeness in Figure 40 and 41. The, inductively
coupled plasma is commercially availnbie and is capable
of a maximum power éutput of three kilowatts. The
operating conditions for the ICP are similar to those
described in Chapter III, In some cases, gases other
than argon such as niércgen or helium have been introduced
into the coolant stream of the plasma. In these cases,
analytical data were @btained under a mixed gas plasma

condition. Mixed gas plasmas were initiated using the
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FIGURE 41. Block diagram of the Michelson interferometer

setup.
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conventional argon-and were then slowly crossed over
;tc %he mixed gas condition with the aid of a flowmeter./
Further discussion on the use of the mixed gas plasma
will appear later in this chagtér.

A small region of the plasma was sﬁatially selected
by a 10 cm focal length quartz imaging lens and a 5 mm
circular aperture. The radiation passed by the aperture

-

was ¢ollimated by another quartz lens of 12 mm focal

length before it reached the interferometer. This optical

link between the ICP and the interferometer ies not the only
alternative. Currently, an all mirror baskd optical

Different detectors can be used in conjunction with
the interferometer, depending on the épeetral region of
interest. A summary of the different detéctcrs that
have been used to cover thé near IR-visible-UV spectfg%ﬁ
region is included in Table 2. Due to the fact that the
present beamsplitter in the interferometer does not
operate below 250 nm, the solar blind PMT detector is
sometimes replaced by a combination of the visible PMT
gnd a solar blind optical ﬁzlter (Oriel 5786) which has
a spectral response from 250 nm to 360 nm. This enables
a gain in sensitivity of several orders of magnitude.

However, with UV studies below 250 nm, the combination

98



spectrometer system.

Detector Spectral Response Peak Response (nm)
Solar Blind PMT 160 - 320 220

(Haflamatsu R166)

UV-ViS PMT 200 - 650 ' 300
(RCA 1P28) L

Silicon Diode 4Lo0 - 1100 850
(Electro-nuclear

Lab., Inc. 626)
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is not feasible.

The analog signal was fed into a current amplifier,
electronic filter and a low noise amplifier before the
analog to digital conversion was performed by the
Laboratory Pefiphéral System that was interfaced to a
PDP 11/10 minicomputer. All the interferograms were
averaged over twenty five scans and output through an
incremental plotter. Signals in the spectral domain
obtained by the FFT of the interferograms were obtained
using the software developed by Hall (33). Detailed
descriptions of the individual programs can be found in
reference 33. Sources of the equipmeﬁt that have been
used in this system are summarized in Table 3.

Two spectral systems were used for this correlation
study. In one system the multielement gignal obtained
from a solution of nickel (1000 ppm), vanadium (100 ppm),
cobalt (2500 ppm) and iron (1000 ppm) was studied.
This signal was measured using the 1P28 PMT combined
with the solar blind filter and a conventional argon
ICP. The second system studied was the multielement
spectrum of the alkali elements (1 ppm sadium.-z pPpm
potassium, 0.1 ppm lithium, 10 ppm rubidium and 5§ ppm
cesium). This signal was measured using a silicon

diode detector and a mixed gas‘ﬁitragen / argon ICP. -
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C. Use of a Fourier Transform Ameter as a Simultaneous
Detection System for the ICP
(a) General Considerations

When an PT spectrometer which is essentially a
Michelson interferometer is utilized as a measurement
sysfem for atomic emission spectroscopy, it offers various
advantages over the conventional detection systems. Most
of all, its wide and continuous spectral coverage is
unmatched by any other spectrometer. In addition to
this; high resolution can be achieved in a compact
system, the resolution fuhctian can be controlled by the
use of apodization techniques (32) and accurate and
precise wavelength calibration ie inherent in the nature
of the instrumentation. All these, with the computerization
of the system, provide a éimplicity and flexibility that
‘ cannot be matched by other systems.

.

without problems. One of the problems being aliasing,
which refers to the phenomenon of undersampling of
the signal. This problem exists especially when the
gpectrometer is bei%g utilized in the ultraviolet-visible
near IR region. It can certainly impose spurious
_information when dealing with broadband information.

S ,
However, with atomic emission spectrochemical measurements,



line spectra are normally obtained. Yuen arM Hcriict
(32,82) showed that alaising can be used advantageously if
it is carefully considered and manipulated. Another
problem deals with the degradation cf the signal-to-noise
ratio when the spectrometer is used in the UV-visible
region. However, signal-to-noise ratio 1s often not the
overwhelming consideration when carrying out a spectro-
chemical measurement. ,
The necessity of carrying out the FFT data processing
could be considered a drawback of the system because of

the requirement of computer and software overhead.

problem will certainly be phased out. Above all, a
simpler, alternate data processing approach based on
'carrelétien techniques can be utilized. This correlation
technique can be implemented in real time even in the case
of long interferograms. Furthermore, it can be utilized
in such a way that automatic computer interpretation
.of spectral data is possible. Full details on this
technique will be described in this and the following
chapter.

By far, the most severe drawback that limits the
practical use of the ICP-FT spectrometer system for real

sample analysis is the presence of a dynamic range



problem. This limitation is due to the multiplex
property of the spectrometer. Every single daia point
contains information c%yériag the whole spectral response
of the system and the signal must stay within the scale
of the data acquisition system in order to obtain proper
analytical information concerning the sample. The
dynamic range problem is,realized if the sample gives

a very intense emission at a particular wavelength. This
intense emission will thus 1imit the amplification of

the signal and emission at some other weak spectral

lines will thus be very difficult to detect. In a sense,
the detection Wr weak gignals is limited by the bit

resolution of the analog-to-digital converter being

used. This is why it is called the dynamic range

limitation. This problem can be partially overcome 4

to a certain extent by the use of optical or electronic
filters. However, when the FT speeframetEF is coupled

to the TICP, a serious problem arises because of the
presence of very intgfise plasma background (line

and continum) extending from the UV to near .IR region.
Detection capability of the system may be severly limited
by this backgréund. Use of optical or electranic filters
to resolve the problem is out of question in certain

spectral region because of th® enormous background



]

and the close proximity of the spectral lines. Another
important consideration is the "visibility"™ of the noise
present in the ICP by the FT spectrometer. This is
very important with respect to the use of the spectrometer
as a simultaneous multielement detection system for the
ICP. A little bit of insight into this is essential
as the way the noise shows up in the signal may again
impose the dynamic range limitation. We shall discuss
these problems in the following sections.
(b) Noise Studies efrthe ICP by a Fourier Transform
Spectrometer
Spectral information available from the ICP is
encoded as a time domain signal by thé FT spectrometer.
Input radi;tion is modulated at different frequencies
according to their wavelengths. In order to obtain a
spectrum, the time domain signal must be transformed
through the FT algorithm. 1In this way, it is analgous
to noise power spectra (83-88). Thus, one can predict
the superimposition of the desirable signal with the noise.
Winefordner et al. (88) have demonstrated that the
plésma consists of 1/f, 60 Hz and a proportional noise

centered around 200-500 He under the normal operati

&

condition of the plasma. The exact frequency of the

proportional noise depends on the plasma conditions. For
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example,'Yf the power of the plasma increases, the frequency

of the proportional noise also increases. Work‘.ﬁ our
laboratory has shown similar noise behaviour of the ICP (87)
and the proportional noise is suspected to be due to

the asymmetrical rotation of the plasma. Because of

the periodic nature of these noise sources, careful

electronic filtering must be applied to the signal obtained
from the spectrometer, or a dynamic range limitation due

to the presence of the noise spikes will occur. The

low frequency noises, (1/f and 60 Hz) are not of major

concern when applying the FT spectrometer to thé ICP as they
can be effectively filtered out electronically. The
proportional noise spike does create a problem if one (jS?
is not aware of its high amplitude.. An example is shown

in Figure 42. This is a spectrum obtained using' the

silicon diode detector. The proportional noise spike

as indicated by the arrow can be seen near 17400 em 1
corresponding to about 400 Hz. 1Its presence in the
signal will certainly impose the dynamic range problem
for any analytical applicationz- The other spectral

lines shown in Figure 42 are due to the plasma background
(mostly argon and oxygen lines from 400-800 nm) and

will be discussed later in this section. ' Because of the

fact that the frequency of this noise spike is fairly
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close to the frequency of the signal (1KHe-30KHz), a

better than average electronic filter must be employed

to prevent the noise interference on the signal. A

variable electronic filter:(xrghn?ﬁitég Model 3343)

capable of 48 dB/octave rolloff per channel is employed.
This will completely eliminate the proportional noise

from interfering with the signal. Other means of eliminating
the proportional noise are available. These include

the use of a variable notch filter or a long, extended

T
L]

CP torch (87) in place of the conventional designii As
mentioned before, the proportional noise does change

in frequency as one changes the operating condition of
the plasma. Thus, the notch filter does require frequent
resetting if it‘is being employed in the system. A

long ICP torch simply means an extension of the outer
quartz tube to about 5 cm above the load codl and
EmiEEiQﬂ of the plasma passes through the quartz before .
it reaches the spectrometer. Loss of spectral signal,
especially in the UV region is anticipated. ;Easéd on
these facts, the Krohn-Hite electronic filterxh;g been
incorporated into the measurement electronics for the
signal coming out from the FT spectrometer.

As a summary, while utilizing the FT spectrometer

as a detection system for the ICP, one has to be aware
. "

bl



of the noise present in the system as it will show up
superimposed with the signal spectrum. The presence of
noise FPikes in the spectrum may impose the dynamic
range limitation on the determination of trace elements.
The solution to this problem is the use of a good electronic
filter. Let us turn to the problem of dynamic range
due to the intense plasma background and the use of a
mixed gas ICP as a partial solution to this limitation.

(c) Analytical Improvement of the ICP-FT Spegframeter

System Using a Mixed Gas ICP
The use of gases other than argon to sustain the

plasma discharge can be traced back to the early stage
of the ICP (89-91). Gases such as helium, nitrogen,
air and oxygen have been investigated in order to improve
the analytical performance and to reduce the operation
cost of the system. Recent work (92-97) has emphasized-
the use of low power mixed gas ICP's with particular
interest in the nitrogen / argon cooled plasma. Work
in our laboratory has shown that the nitrogen / argon
cooled plasma is ccmparabie to or better than the con-
ventional pure argon plasma in terms of detection limit,
szability. sensitivity and freedom from interference
effects (97). Preliminary work using the mixed gas ICP

with the\FT spectrometer has demonstrated a tremendous

el
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decregse in background which eases the dynamic rangei
preb;Z; due to intense plasma background. In addition
to this, the nitrogen / argon cooled plasma provides -
a more stable source when compared to the conventional ICP.
In the following sections, the use Qf a mixed gas ICP
to improve the performance of the ICP-FT spectrometer
system will be briefly introduced. o
(i) Near Infrared Region

As mentioned before, the detector used in this
region is the silicon diode detector with a spectral
response ranging from 500 to 1000 nm. Within this region,
emission lines from the alkali metals are dominant. With
the use of the conventional argon ICP, plasma baekgrcﬂné
emission (Ar, O, H lires) is very intense. This renders
the region useless for any analytical work. The problem
is best illustrated in Figure 43. This spectrum was
obtained with 500 ppm sodium aspirating into the
conventional argon plasma. As it can be geen, the
amplitude of the sodium emission lines (589.0 nm and
589.6 nm) is not large. 1In other words, the dynamic
faﬂge problem is realized. Amplification of the signal

is limited by the plasma background and the proportional
%

noise indicated by the straight arrow in Figure 43. This spect-

rum was obtained without the Krohn-Hite electronic filter and

cie v M e P T
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this is the reason why the proportional noise spike shows
up in the spectrum. In this situation, determination

of sub ppm level of the alkali metals is thus impossible.
Introduction of nitrogen gas into the coolant stream

of the plasma reduces the plasma background significantly.
This is illustrated in Figure 4&4. This spectrum was
obtained under the same conditions with 500 ppm Na
aspirating. The only difference is the use of 50%

nitrogen in the toolant stream of the plasma. In this
case, the amplification of the sodium signal is no longer
governed by the background. Analytical determination

can then be performed in the sub pPpm level. The multi-
element alkali metal spectrum used later in this chapter
was obtained with the aid of the nitrogen / argon plasma.
One interesting factor that can be observed in Figure 44

is the disappearance of the proportional noise as we

cross over from the argon plasma to the argon / nitrogen
‘Plasma. This further supports the fact that the argon | .
plasma is rotating. The fact that the'naisé spike |
disappeared .is likely due to the reductiohn in size of

the argon / nitrogen plasma. The reduction in size
preéents the assymmetrical rotation of the plasma and

thus appears more stable as shown by the spectrum. In order

to illustrate that quantitative analysis can be performed
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with the argon / nitrogen plasma, a working curve of
lithium covering over a concentration range of 0.1 ppm-
10 ppm is shown in Figure 45,

(ii) Visible Region .

The detector used in this spectral region is a
photomultiplier tube with a spectradl response extending!
from 200-650 nm. If this detector ﬂ; used in conjunction
with the conventional argon plasma, a typical spectrum
obtained is shown in Figure 46. Intense argon emission
lines combined with broadband emission due to nitrogen
species are dominant in this region. Any good analytical
work cannot be performed due to the dynamic range limitation.
Introduction of 50% nitrogen / 50% argon as a coolant
gas for the ICP has a remarkable effect in reducing the
background to a minimum. This is shown in Figure 47
obtained using the s;me electronic amplification as for
the spectrum shown in Figure L46. Note that there is
some residual background and it is possible to furﬁher
reduce this with the use of a 1008 nitrogen cooled plasma.
A working curve for calcium obtained using a 50% argon /
50% nitrogen ICP is shown in Figure 48. The concentration
of calcium ranges from 0.1-50 ppm. This concentration
range is virtually impossible to cover with the use of

the conventional argon ICP when coupled to an FT spectro-
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',F"fg‘h

FIGURE 45. Analytical working curve for lithium obtained

ueing wn’ argon/nitrogen ICP.
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Amplitude (X107)

T - T
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Concentration of calcium (ppm)

PIGURE 48. Analytical working curve of calcium obtained
using a 50% argon/50% nitrogen ICP.
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meter.
The use of nitrogen / argon mixture as the coolant

gas for the plasma is not the only ‘choice. An example

of a spectrum obtained using a 50% helium / 50% argon

ICP is shown in Figure 49. It consists of a 10 ppm

calcium signal and a number of intense hydrogen emission

lines. Thé’presence of the hydrogen lines can be due

to the hydrogen gas impurity in the helium £as supply

or can be simply due to the hydrogen content of the water.

Iﬁ either case, it can be easily removed by filtration

or desolvation techniques. 1In this way, a super cleén

plasma background can be obtained. The only major

‘disadvantage of the use of a heliam / argon ICP is the

instability of the plasma. It is illuéﬁrated here

simply to demonstrate that the argon / nitrogen ICP may not be

the ultimate choice for the FT spectrometer system;

further investigation is necessary. Besides, the optimum

observation height, gas flow rates, power levels have

sfill to be determined for the nitrogen / argon ICP.

This investigation is best carried out using a photodiode

array spectrometer and is currently underway in our

laboratory. The work presented here by no means represents

the optimum signals that can be obtained by the system.

Further investigation must be carried out to fully extend
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the capability of the ICP-FT spectrometer system.
(11i) Ultraviolet Region

Generally speaking, as pointed out b§ Hall (33), the
conventional argon ICP provides an exceptionally clean
spectral region for analysis with a solar blind PMT as
@ detector. The use of argon / nitrcgen ICP will
increase the molecular band emission due to nitrogen
species. Thus, normally a conventional argon ICP is
employed. A working curve of magnesium with concentration
ranging from 0,1-50 ppm is shown in Figure 50 for |
illustration. .

(d).Conclusian

The feasibility of the ICP-FT spectrometer system,
for good aralyticalZWGrk is hindered by the dynamic m\
rangé problem present due to the multiplex préperty of
the spectrometer. Through the use of a mixed gas ICP
such as a 50% nitrogen / 50% argon plasma, the dynamic
range limitation due to the strong background emiss;an
of the plasma has been reduced to a minimal level.
Depending on the spectral region we are interested in,
different plasma excitation sources can be utilized to
.reduce the background. This is summarized in Table &.
In addition, the argon / nitrogen ICP is a more stable

source when compared to the conventional argon ICP.
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However, other means of reducing the plasma background
such as the use of a pure nitrogen plasma proposed

by Barnes and Meyer (98) or the use of a migrcwavé

induced plasma which has a fairly clean spectral background
(99) as compared to the conventional argon ICP cannot

be overlooked. But, this will not improve the dynamic
range problem imposed by the matrix of the sample. The
use of optical filters combined with the availability of

a good selection of spectral lines due to the wide
spectral coverage of the spectrometer can in some way
overcome the problem. For very complex matrices,

optical isolation of the strong emission lines from

weak emission lines must be performed. Techniques such

as the selectively modulated interferometric dispersive
spectrometer (100-102) or dual beam interferometer (103-
105) can be employed. In the former case, the fixed
mirror -of the interferometer is replaced by a diffraction
grating so that only a narrow band of spectral information
is modulated and utilized by the spectrometer. In this
case, fhe‘dynamic range prgblem will be completely
eliminated. Howevet, the multielement capability of the
system is reduced or completely lost. However, the precise
wavelength caliPration iﬁherifed in the system can still be

fully utilized. In other words, a precise slew scan type
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spectrometer can be obtained.

In the caée of a dual bggm:iﬁtETferameter. the
complementary outputs of the interferometer are used
to cancel out the very intense emission signal present
in the system.: Thus, the weak emission spectral infor-
mation can be detected. However, practical difficulties
in exactf& cancelling out the strong emission signals might
arise. 7

In summary, the application of the ICP-FT spectro-
meter system to real sample analysis cannot be overlooked
and the system will certainly extend to its full potential

if the dynamic range limitaticn can be fully overcome.

D. Cross-correlation Masks for Processing Interferograms
The same concept of correlation techniques as
applied to the spectral signals obtained using a photo-

diode array spectrometer can be utilized in a similar
fashion for data obtained using a Fourier transform
spectrometer. However, if correlation analysis is to

be performed on signals in the spectral domain, at least
two FFT's will be involved to convert the inter-
ferograms into spectra, one for the experimentally
generated cross-correlation mask and one for the '

experimenfal signal. This is certainly not a very

S N
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efficient way of performing correlation analysis. There

is no particular reason why cross-correlation techniques
cannot be applied to time domain gignals even though humans
find these signals difficult to directly interpret. Hall
(33) reported the use of experimentally generated
interferograms as cross-correlation masks for extraction

of analytical information from signal interferograms. 1In
this case, selection of specific spectral features in F
the cross-correlation masks cannot be accomplished

easily, in contrast to the correlation masks used in
spectral domain, by means of threshold levels. Threshold
levels can be implemented in a similar way only if

the cross-correlation masks are Fourier transformed,
threshold imposed and inverse Fauriergtransfcrmed back -
to time domain signals. In additign. it is very difficult
to obtain a very "clean" cross-correlation mask containing
only the specific spectral features required experimentally.
In most cases, background emission features are also
included in the cross-correlation masks. Eliﬁinati@n of
overlapping lines is also diffigult. Further, phase
differences between the crasss§§;rélsticn masks and

signals were corrected by performing a partial full
cfégs-carrelatian function. Relative displacement

(typically, ten data points along positive and negative <t

L smsintem o e T




displacements) between the signals and the correlation
masks was performed in order to obtain the desirable
correlation data. This increased the computation time
%gr the cross-correlation operation. 1In this chapter,
software generated cross-correlation masks will be
utilized. This is possible only because of the precise
wavenumber axis provided by the Fourier transform spectro-~
meters

Let us recall that the crogs-correlation function

at the t = 0 point can be exPreésed mathematically as *
the following:
C = 2;,anbnf ‘ (ix)

where C is the cross-correlation data point at t = 0, b
is the digitized signal which is an interferogram in
this case and a is the cross-correlatiorf mask. The
correlation dath point is obtained by the summation of the
products of the point-to-point multiplication between
the signal ‘and the mask and it Qill contain the desirable
analytical information as selected by the mask.

If monochromatic radiation is directed into a
Michelson interferometer, a cogine waveform interferogram
results. An example using a He-Ne laser as the source

of radiation is depicted in Figure 51 with the dotted
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He-Ne Laser
(632.8nm)

Michelson
Interferometer

[

FIGURE 51. Interferogram resulting from a He-Ne Taser.
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line representing the zero path difference between the /
two mirrors in the interferometer. In an ideal case, that
is no phase shift is present, the cosine wave originates

at the zero path difference point. When the plasma

. sfstém is coupled to the interferometer for simultaneoug

multielement analysis, the interferogram obtained is

simply a waveform resulting from the summation of
éifferent cosine waves, each cosine wave corresponding

to a' particular spectral line. With a laser referenced
interfer%metér, the exact waveform of the signals can

be predicted,‘that is to say, for every spectfal line, a
precise cosine wav;\ﬁan be generated in the computer

to be used as a cross-correlation mask. The idea of cross-
correlation techniques as applied to interferograms is
illustrated in Figure 52. The cross-correlation operation
betweén;an intéfferogram and a crgs;-c@rfelatian mask

is simplified with the use of cosine waves (i.e. mono-
chromatic signals). When correlation is performed

'between a signal and a mask that exaetlgﬁmatch with each y
.Dtth; as shown in Figure 52(a), the product of every
pair of data pcinﬁs will always turn out to be positive.
A high correlation data point will result indicating
the similarities between the signal and mask. As shown

in Figure 52(b), if the same correlation mask is used for

i N -
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(a)

(b)

L

FIGURE 52. Cross-correlation between cosine waves of

(a) same frequency and (b) different frequencies.



signals that do not correspond to the same frequency,
the summation of the point-to-point products will average
out to a very low correlation data point. Thus, cross-
correlation analysis is analogous to the classical
Fourier transform method, with only limited desirable
spectral information being processed. Hall (33) has

made an excellent comparison between corrélation and
Fourier transform processing methods and his work

should be consulted for more details.

As can be seen from the figure, the phase relation-
ship between the cross-correlation mask and the signal
is very importarit in ordet to get the right information
out of the signal. A phase correction routine is
incorporated into the data processing step. It simply
involves t;e generation of the appropriate cosine and
sine waves as two different cross-correlation masks.
Correlation ;nalysis is then performed betweenfthegg
masks and the signal individually. Two correlation

data points will be obtained, one for sine and one for

cogine, Tge root mean square value of these two correlation

data points will be the phase corrected correlation data
point. The cosine and sine cross-correlation masks
which are essentially synthetic interferograms are

generated by the following expressions:



cog (2wnvas) ‘ . (x)
sin (2wnvas) n=0,1,2,... | (xi)

where v is the wavenumber of the spectral line in interest,
88 is the sampling interval and n is the point number
of the interferograms. In our interferometer system,
a He-Ne laser was emplgyed‘ provide a sampling interval
of 0.63284.

A double sided interferogram is normally required
for phase correction purposes when the interferogram
is processed through the FFT route. This is not necessary
in the case of cross-correlation techniques. Phase
correction is accomplished by the use of cosine and sine
waveforms. Thus, a single sided interferogram is ,
sufficient. This immediately reduces the number of data
points to be processed by correlation analysis in half -
as compared to the FFT route while maintaining the same
degree of resolution. 1In this study, interferograms after
the zero path difference point during the forward mirror
movement will be utilized as opposed to the double sided
interferograms.
masks, the use of square wave synthetic interferograms

as cross-correlation masks is also investigated. Square
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synthetic interferograms are very much the same as the
cosine and sine synthetic interfercgrams except they

contain values of 1,0 and -1 only. They are obtained

by converting all values of the cosine or sine synthetic
interferograms that are greater than zero to 1's

and -1 for values that are less than zero. That is

to say, the amplitude information is discarded while
retaining the frequency information of the cross-correlation
masks. By doing this, the correlation process is simplified,
as multiplication is replaced by addition or subtraction.
This will certainly speed up the correlation process

and in addition, less memory space is required to store
these cross-correlation masks in a computer. In the
following sections, the cross-correlation technique

using both the analog (cosine and sine) and square i
synthetic interferograms as cross-correlation masks will

be degcribed.

E. Elemental Analysis Using Cross-correlation Techniques
¥

Qualitative Aspects: A multielement interferogram

containing sodium, potassium, rubidium, cesium and
lithium information is shown in Pigure 53. Obviously,
the interferogram has no meaning at all as seen by

human eyes. This interferogram was Fourier transformed
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X

3as shown in Figure 54. In the

into its spectral domain
spectral domain, it would then be possible to tell
which elements ard present. 1In this section, cross-
correlation techniques for automatic elemental analysis
of the signal in the Fourier domain will be illustrated.
As the multielement alkali metal interferogram
was stored in the computer memory, synthetic interfero-
grams or torrelation masks, each corresponding to a particular
wavelength of an element, were generated and correlated
with the signal. The correlation masks of seventy
elements were generated using the most sensitive ICP
lines as reportea by Boumans (106). These lines are
included in Table 5. Each element has been assigned a
code number arranged alphabetically for simplicity. There
is no reason why the atomic number of the elements
cannot be used. The present coding system was adopted
simply because the ICP spectral lines of each element
are listed alphabetically in Boumans paper. It must
be kept in mind that the most sensitive ICP lines presented
in Table 5 may not be true for the ICP-Fourier transform
spectrometer system, especially when a mixed gas ICP s
ie utilized. However, the table should be good enough
for preliminary work. Por fﬁture consideration, an

atlas of ICP lines based on the interferometer system
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TABLE 5. Most sensitive ICP emission line for 70 elements.

Elenent Code Nyugber ¥avelength (rm) Elsment Seode Mumber savslength (rm)

Ag 1 328,068 "a % 588.995
Al 2 396.152 " 37 202.%32
As » - 197.197 Nd 3 430.358
Au b4 201 . 200 ni » 231.600
B [ 208,959 on ] 206.721
Ba é 455.L07 F 41 213.618
? 234,861 2 b2 405.783
M 8 195,389 Fd b3 J0.LSE
» 9 267.857 Fr : b k17.538
Ca '10 39). %6 Pt L 204,937
cd 1 228.802 . 1) ™3 780.02)3
Ce 12 95,254 Re 47 227.525
Co 13 228.616 Rh u8 3).uly
cr 14 205.552 Ru by 260,272
Cs 1s B52.124 sb 50 206.83)3
cu 16 324,756 sc 1 *‘3@.
Dy 17 333.170 Se , 52 196.026
Er 18 390.631 s1 53 251.611
Eu 19 820,505 ' Ss [ 3%6.827
Fa 20 259.940 Sn 55 197.080
ca 3 294, W6l Sr 5 407.771 '
cd 22 W2, 27 Ta 37 214,687
Ge 23 99.02 ™ 58 350.917
Hf 24 202.618 Te . 59 200.202
Hg 23 253.652 Th - &0 401.91)
Mo 26 5.600 Ti 61 I, 9b1
In 27 325.609 T1 62 351.924
Ir 2 216.942 T 63 ws.220 °*
X P 266 .490 v " 385.958
la 3a 394.910 v &5 © 309,311
11 N 670,784 W ' & d02.998
1y 32 261,542 Y 67 371.030
Ng 3 279.553 o 68 39,419
Mn M 257.610 Zn 69 206 . 200

202.03%0 Ir 70 339.198

:EI
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similar to'the one obtained by Fassel et al. for dis-
persive spectrometers (107) should be obtained.

The results of the cross-correlation process for
all seventy elements are plotted in Figure 55- This
is a plot of¢}he cross-correlation function gt Tt =20
point versus an element axis where the elements are
represented by their respective code numbers. From the plot,
it can be seen that all the elements that were present in
the sample show relatively high correlation results as
compared with the others. In addition, indium, which was
absent from the sample, also shows relatively high correlation
data. This is because the indium line (325.61 nm), if
present, will overlap with the lithium line (670.78 nm)
because of alaising (32). However, the presence of indium in
the .sample is unlikely.because the response of the silicon
diode detector used to obtain the signal is minimal near
300 nm. Similar results were obtained using square synthetic
interferograms as the crcsssé@rfelatian masks. This is
shown in Figure 56. The selectivity of the analog and the
square synthetic interferograms appears to be comparable.
The only difference is the slight increase in the absolute
magnitude of the correlation data obtained using the square
synthetic interferograms as the cross-correlation masks.

This is because the square syhthetlc interferograms do g)
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not contain any value between 0 and -1; 0 and +1.. The
absolute magnitude of the correlation results represeﬁ%s
the quantitative information. about the sample analysed.
This will be further discussed later in this chapter. 1In
this.ﬁéy, the relative magnitude of the correlation

data can be utilized to ‘indicate the qualitative
information of the signal. It can be implemented in‘

an automatic fashion by a computer for spectral analysis.
This is analogous to spectral search methods used in

the infrared spectroscopy for compound identification.

A spectral match between the signal and a library of
‘Spectra is performed in the spectral domain. With the
correlation technique, spectral analysis can be accomplished
in the Fourier domain utilizing a library containing -~
various cross-correlation masks for each element.

The correlation technique was further investigated
with the use of a more complex spectrum. The signal
containing information about some transition metals
is shown in Figure 57. Theseitransiti@n metals were
cobalt, iron, niékel'and vanadium. For the sake of
illustration, this interferogram was Fourier transformed

into the spectral domain and is shown in Figure 58. A

~fairly complex spectrum was obtained. The pure spectra

Yfa

of these elements, are shown in Figure 59 for reference.
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¥
Note th the case of correlation agélysis neither tHe exact
position\o ‘tral lines nor the degree of spectral

-correlation analysis was

o]
‘<‘
11
o] |
[
]

o
~
m
[+

applied to the~tjme domain signal using crnss—carrela‘

masks generated acccréing to the wavelengths listed in
Table 5. These results were plotted as shown in Figure
60. The information obtained is erratic because neither
sodium nor palladium was present. Besides, two out

of the four elements that were present in the sample

do not show relatively high correlation results as
compared to ‘'the others. This problem was caused by the
poor selection gf wavelengths used to generate the cross-
correlation masks. With the use of the solar blingd

filter and the visible PMT combination as the detector

in obtaining this signal, the spectral response of the
system was limited to within 240 nm to 360 nm region.

The correlation analysis was then repeated using the
'crasssccrrelaticn masks generated by the wavelengths
listed in Table 6. This table contains the most sensitive
line for each element within the spectral window of 240 nm
to 360 nm. Again, the wavelengths were extracted from

the table published by Boumans (106). For some elements,
there are no reasonably sensitive spectral lines within

this region, the spectral line that is closest to the
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TABLE 6. Most sensitive ICP emission line for 70 elements
within the spectral window of 240- 360 nm,
328, 068 ¥ 330.237
309.271 L.]] by 309,418
278.022 Nd 38 386.333
267.595 " » 310.166
269.773 On &0 253.800
234,758  J 41 253,565
313.0L2 o ¥ S-‘E‘ﬁéiéﬁ
306.772 ) b3 0.usE
209 887 Pr bk 390. 8id
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Cu 16 326,756 Sc ' 51 317.283
Dy 17 353.170 Se 52 20€,275
Er -— 18 337.2711 51 53 251.611
Eu 19 381.967 Sn sb 36.827
Pe 20 259.940 ] Sn L1 203.599
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Ga 22" W2, 247 Ta Y 240,063
350.917
233.072
&0 339,204
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62 351.924
36,220
64 367.007
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Hf 2i 339.980

5 253.652

2% ¢ 345.600
325.609
254.397
80U b1k
,395"1?19
FJ}‘? -
1. 542 67 3%60.07)
279.553 &8 328.937
237.610 in é9 3. 502
313.2%9 3)9.198

o
L]

i
O

L
-~
gﬂl'ﬂﬂ?'ﬂl-@l\ﬂ‘
| [ S -
1™
L")

EFXFELEF "5 TR
EEELEE

Nt
L
o
-
-~
L -]




o . —gp—————— .

148

region was chosen to complete the list. The results are
shown in Figure 61. All four elements that were present
in the sample show relatively high correlation, in
addition, aluminium and palladium also show strong
indication of theilr presence. This is because the

line at 309.31 nm and in the case of palladium (340.46 nm),
there is a spectral overlap with a cobalt emission line
at 340.51 nm. It must also be pointed out that the
relatively high "background” for the rest of the elements
tested is mainly caused by the complexity of the signal.
Dﬁe to the large amount of emission lines tha{-are
available from the four elements present in the sample,
spectral overlap is severe.

In order to distinguish the elements that were
present in the sample from the elements that were not,
but showed high correlation, a secondary correlation
process is necessary. This simply means the utilization
of more spectral lines of the suspected elements for
correlation analysis. 1In this caée; two additional
spectral lines of each suspected elgment were used for
the generation of the additional é’!zs—ccrrelition values.
There is no particular reason why a total of three

spectral lines were chosen. In complex situations where
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spectral overlap is more severe, more than three spectral
lines for each element can be used to generate the cross-
correlation masks for analysis. The wafeleﬁgths of

three spectral lines for each element are shown in Table
7. Each spectral line has been assigned a code number

as indicated in Table 7. Each of these spectral

lines was used to generate a cross-correlation mask for
analysis and thus each element has three correlation

data points corresponding to each spectral line. The .
results of théée are plotted as shown in Figure 62. 1In

the case of aluminium and palladium, only the spectral
lines (aluminium 309.27 nm and palladium 340.46 nm)

that overlap with the iinea originating from other elements
which were present have high correlation data points.

For the other spectral information tested for these
elements none of them yields a high correlation result.

In contrast, all four elements that were present in the
sample show relatively high correlation for all the
spectral information tested. 1In this way, one is able

to pinpoint exactly which elements are present in the
signal and automatically identify spectral overlap ,g?
problems. As mentioned above, the absolute magnitude of
the correlation data indicates the amplitude of the

particular spectral information in the signal.



TABLE 7. Some ICP emission lines for aluminium, cobalt, iron,

nickel, palladium and vanadium (240 nm - 360 nm).

Element

Spectral Line

Code Number | Wavelength (nm)

Al

309.27
308.22
257.51

Co

345.35
340,51
341,23

Fe

259,94
302.06
275.57

Ni

310.17
31 .48
305.08

Pd

340 .46
W2.12
351.96

309.31
310.23
311.07

winhorRrlwunmRrlun R, mrluny Rl o e
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FIGURE 62. Secondary cross-correlation analysis results

for (a) aluminium, (b) cobalt, (c) iron,
(d) nickel, (e) palladium and (f) vanadium

utilizing analog cross-correlation masks.
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An alternative of performing the secondary correlation
analysis is to combine the correlation results obtained
from more than one correlation mask for each element, The
results are shown in Pigure 63,‘ In this case, a code
number of one represents the correlation data point
obtained from the correlation mask generated using spectral
line #1 for that particular element. A code number of 4
two represents the summation of the correlation data
points obtairned from the correlation mask generated using
spectral lines #1 and #2 for that particular element and
g0 on.

As shown in Figure 63, in the case that high
correlation is due to spectral overlap, the summation of
all the correlation results obtained from three independent
correlation analysis remains fairly constant as in the
case of aluminium and palladium. Cobalt, iron, vanadium
and nickel all show a staircase fashion increase in the
correlation results. Thus, this can also be utilized as a
méan for qualitative analysis. All the above analysis
have been performed using the analsg‘%rossac@frelatian
masks (i.e. cosines and sines). Similar results using
the square synthetic interferograms, as cross-correlation
masks can be obtained. The results are illustaated in

Figure 64,65 and 66.
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FIGURE 65. Secondary cross-corregation analysis results for
(a) aluminium, (b) cobalt, (c¢) iron, (d) nickel,
(e) palladium and (f) vanadium utilizing square

cross-correlation masks.
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utilizing square cross-correlation masks.
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In situations where spectral analysis is difficult,
cross-correlation analysis can be very helpful. Most
of all, correlation analysis can be implemented essentially
in an automatic fashion in a small computer system. Qual-
itative information can be obtained within a short
period of time by performing the analysis using cross-
correlation masks stored in a computer. 1In this case, neither
knowledge of the spectral axis nor the degree of spectral
overlap need be known once the library of correlation
masks has been established ,

Quantitative Aspects: As mentioned before, the

Loy
absolute magnitude of a correlation data point represents

the quantitative information at a particular spectral
wavelength. Linear working curves for lithium with
concentration ranging from 0.1 ppm to 10 ppm are shown
in Figure 67. They were obtained using the analog and
square synthetic interferograms corresponding to the
lithium line at 670.78 nm as correlation masks. As
indicated by the slopes of the graph, the results
obtained using square synthetic interferograms as
correlation masks have a better sensitivity over those
obtained using analog synthetic interferograms. Both
methods do demonstrate their abilities to extract

quantitative information from analytical signals.
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FIGURE 67. Linear analytical curvee for lithium obtained by

(a) square and (b) analog cross-correlation masks.
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The effect of combining correlation data obtained
from different correlation masks, each corresponding
to the quantitative information at a particular 5pe§tral
wavelength, is illustrated in Figure 68, This is a plot
of correlation results versus the concentration of
nickel with concentration ranging from 0 to 500 ppm. As
more spectral information is utilized, the sensitivity
as indicated by the slopes of the graph inireaées. However,
one cannot simply utilize all the spectral information
available in the signal as spectral interferences may
be ‘present. This is best illustrated with an example,
determinatiék of vanadium and nickel. Among the more
sensitive lines of vanadium and nickel, the vanadium
line at 310.23 nm overlaps' with the nickel line at 310.17
nm. If the three most sensitive spectral lines of
vanadium and nickel are utilized to establish an analytical,
calibration curve, the results illustrated in Figure 69
will be obtained. Correlation results using nickel and
vanadium cross-correlation masks on solutions containing
a constant amount of vanadium and an increasing amount
of nickel are plotted as shown in Figure 69(a) and 69(b).
Obviously, the vanadiﬁm crogs-correlation masks are ;
extracting nickel information because of the spectral
overlap between the two elements. Thus, one has to be

i
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FIGURE 68. linear analytical curves for nickel btained by

h¥

cross-correlation analysis with analytical
information corresponding to (a) 310.17, 341.48,
305.08; (b) 310.17, 341.48; (c) 310.17 nm.
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FIGURE 69. Detection of nickel and vanadium in the presence

of each other with cross-correlation masks

corresponding to (a) 310.17, 341.48, 305.08;

(b) 309.31, 311.07, 310.23 nm.
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careful about the choice of correlation masks. Upon elimination
of the 310 nm spectral line for both nickel and vanadium,

more éésirable results are obtained as shown in Figure'?@.
Correlation analysis on vanadium shows a constant level

of correlation data. In the case of nickel, a linear
calibration curve with zero intercept is obtained. If

a plot of correlation data obtained for a particular
wavelength against the concentration shows a non-zero

intercept, spectral interferences should be suspected.

in the presence of cobalt, nickel and iron. A linear
calibration curve for vanadium concentration ranging

from O to 10 ppm is obtained as illustrated in Figure 71,
The correlation data correspond to the ?anadium information
at 309.31 nm.

Precision is also an important consideration when
dealing with the correlation analysis. A,precisién study
on a solution of 10 ppm vanadium was carried out. The
data are listed in Table 8. These numbers are the'p2fcent
relative standard deviation of the 10 ppm vanadium signal
over ten readings. The conventional peak analysis and
correlation analysis based on both the analog and square
correlation masks give comparable results.

;.’ ‘
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311.07 nm.
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FIGURE 71. Analytical working curve for vanadium obtained
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cross-correlation analysis.
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F. Conclusions

A final compagison between correlation analysis and the
Fourier transform data processing method as applied to
the ICP-FT spectrometer system is depicted in Figure 72,
All the relevant analytical information can be obtalned
by correlation analysis without the necessity to
coniert the spectral data into the human intérpretable
spectral domain. Moreover, correlation based data
processing of interferometric signals is simple when
compared to the conventional fast Fourier transform
data processing method and yet is a powerful technique.
Because éf its simplicity, the need for a large computer
to carry out data processing for long interferograms
disappears. Furthermora;rthe correlation analysis
can be implemented esgentially in an automatic fashion
by a computer to perform qualitative and quantitative
analysis within a very short period of time. The
flexibility in the generation of cross-correlation masks
fully utilizes the wide spectral coverage of the ICP-
Fouriler transform spectrometer system. Different spectral ///;—g-
information can be obtained simply by using different
cross-correlation md;ks. Background correction by
correlation analysis is also possible. This can be‘accom-

plished by using an appropriate correlation mask that
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resembles closely in frequency the correlation mask
used to extract the desirgble analytical information.

With the gdventzéf:eiectrcnic multiplier chips,
correlation analysis which is essentially a process of
multiﬁlicaticns and accumulation can be accomplished in
real time. In the next chapter, a correlation based real
. time data processing system using a microcomputer as a
controller designed for the ICP-Fourier transform spectréé!i

meter system will be described. -

A



\
CHAPTER V '
A Real T¥me Correlation Based !
Data Processing System for Interferometric Signals
A. Introduction to Real Time Data Processing Systems for

*

Intérferamegric Signals

Recent hafdware developments have resulted in the
appearance of devices capable of essentially real time
Fourier transformation of electrical (66) and optical (67)
signals. The electro-optical dystem is particularly interest-
ing in that a‘twa %imensianal Fourier transform of an optical
image can be ééperated in a matter of milliseconds. High
sﬁeed fast Fourier transformation is also available as
computer firmware (68). Though the number of data points that
the firmware zanihandle is limited at»the present stage, the
ultimate goal of performing fast Fourier transformation for
a large blork of data essentially in reai timé is not far
away. These and fﬁture’ﬂevélopments,ére 1ikgly to revolution-
ize the present data processing methods invalving Fourier
transformation. Applications of these devices to real time
data processing for the ICP-Fourier tranéfcrm spectraé&ter
system may be possible in the near future. In this chgpterg
a real timﬁfdata processing system based on the correlation
approach will be described. It employs the use of the cross-
correlation function at t = 0 point, in;canSequence of the

*guccess of the software .implementation of the correlation

170



technique upon stored interfergrams described in Chapter'IV.
As the fast Fourier transform algorithm for processing

t
interferograms is not involved when correlation techniques

" are employed, the use of a microcomputer is sufficient for

>

the correlation mathematical computation, even in the case
of long interferograms. This can be achieved either in.a
software or haxvare approach. In a software approach,
interferograms-sto;ed in computer memories can be pfocesoed
in exactly the same fakhion as described earlier. Howé%er,
correlation which is essentially a process of mulfiplications
followed by accumulation can be hardware implemented more™
efficiently by utilizing high speed multiplier -

accumulator electronic.chips. The first profotype of a

“tnicrocomputer based data processing unit desighed for the

ICP-Fourier transform spectrometer system will be presented.
The basic idea is to use a microcomputer as a controller
with a muitiplier - accumulator electronic chip acting as
the actual data processor. Cross-correlation masks are
stored in computer memories and sent out to the multiplier -
accumulator at appropriate tlmes for proce531ng Multiplica-

tion between the acqulred 31gna1 and the correlation mdsk

_ followed by accumulation is performed in real time. Due to

the fact that phase correction is necessary, two individual

scans of the same signal are required for one correlation

1

TP S P

[ O



‘ e 172
' \\

available .in the multiplier-accumulator chip.

VTﬁis system is not meant to be a definitive configurat-
ion but was only constructed to test the basic idea of a
gimple hardware carrelatian'prézessor:i —

A
B. Rockwell AIM 65/TRW Multiplier-Accumulator Data Processing
System -

A block diagram of the experimental system is shown in
Flgure 73. It can be subdivided into the féllow1ng: .

(a) Rockwell AIM 65 microcomputer.

(b) Interferometer cantrél and measurement electronics.

(c) Start pulse and clock control circuitry.

Ed) Analog to digital conversion circuitry.

(e) TRW multiplier-accumulator.

(f) Data multiplexing circuitry.

The ﬁiéracémputer acts as a controller for the whole
system and as the source of the correlation masks necessary
for the data processing. The analog signal (interferogram)
from the interferometer system is digitized by the analog
to digital ;anefsién circuitry. The computer keeps track
of the end of conversion pulse for every signal and as

soon as the analog to digital conversion is finished, the



173

¥ L .
, ‘wajsAs Fursssodad ejep -
Jo3eTnWNOOB-aaTTd 13 Tnu MyL/J3jndwoooroTw §9 WIY TTamdo0y ay3 Jo weadeip ¥00T1d '€/ FTHAOI

>

GO |

W Aaygnoury avae 7
Bupsangy  fe- ,

{ T [Teonsoy ).

M0
” Aaynan) : :
| 10su09 30089 jeubig SNUOCIN ] |
,_E!Eu _S_- osing tg_m | SNOUCIYIUAG] JeNSwWOCIe IO |
| 18D seng b ”

{ediQ o} Boreuy beauod

i




appropriate caffelatién mask data point is fed into the
multiplier followed by the appropriate control and clock
signals. At the end of a scan, as recognised by the
computef. contral signals are sent to the #ultiplexing
circultry 1ﬁ order to multiplex the final data inte the
computer in beit data segments. This result will then be
manipulated as required and output®to display.

Start pulse and clcck caqtrcl Elrcultfy which is
controlled by the Eigﬂals coming from the interferometer

electronics is incorporated into the system so that the

data acquisition/processing will start at the right moment.

£ 4

Each of these sub§ystems w&ll now be described in
more detail in the following sectlons.

Rocﬁgell;&lﬂgés Microcomputer: The "heart" of the

data processing system is a Rockwell Ré%@@ Advanced

Interactive Microcomputer (AIM 65). It consists of two

modules; a master module with a 20-column thermal printer,
a 20-character display, and the microcomputer components;

a standard keyboard m’ﬁule for commuﬂicatign between the

Unit (CPU) of the microcomputer operates at 1 HHZ-_SQf%wafe

»

_ support of the AIM 65 computer consists of an 8K MONITOR

which includes an EDITOR; 8K BASIC and 4K ASSEMBLER. A
typical computer like this with 4K RAM (Random Access
{

174
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Memory) costs less than $1000 and thus significantly reduces
the initial cost of the data pfgcésaing system. "
The” interface of the computer with the rest of the
Bystem was gccomplished through the R6522 Yersatile
Interface Adapter (VIA) which is ‘available to the user at
the Application Ccﬁnectar of the computer. The VIA consists
of khe following: two B8-bit I/D ports (A and B), foﬁf
peripheral control/status lines (twp for each pDﬂI). two
-16-bit counters/timers and an B=bit shift register. Only the
1/0 ports and the ccnt;cl lines were utilized. The detailed
configuration of the VIA is shown in Figure 74, Port A 1/0
lines (PAO-PA?7) were used for data input into the computer.
The accumulatér output from the multiplier-accumulator chip
!\was mﬁltiple;ed into the comﬁuter in 8-bit segments through
Port A. Thgre are two peripheral control/status lines. at
Port A, namely CA1 and CA2. The CAl1 line was set up B0
that the end of conversion signal (1-0 transiticn) from the
’gnalagsta-digital converter could be monitored. A pasitive
pulse which acted as a multiply command signal to the . 4
multiplier—sceumulator was generatkd at the CA2 1ine. Port
B I/0 1lines (PBO-PB7) were used for output control eignals
and correlation masks, Correlation masks were sent from

the computer to the multipliersaccumulatar through the PBO

and PB1 linés. Accumulafian and output register tristate

R
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controls of thé multiplier-accumulator were set by the PB2
and PB5 lines respectively. For multiplexing accumulator
data into,the computer, two control lines.for the
multiplexing circuitry were necessary. Thése were controlled
by the computer utilizing the PB7 and PB6 1/0 lines. In
order to, have the whole system running, a CLEAR commarsi
Iallcwed\by a GO command which were software controllable
must be isaued*thraugh the PB3 and PB4 lines’ respectively.

Only one of the two control/status lines at Port B were

utilized. The CB2 line was set up to generate a positive

pulse as a data loading command signal for the multiplier-
/

accumulator. .

The exact sequence of events during the Dpéfatl'p of

the system is shown schematically in Figure 75 and should

be consulted during the discussion of the rest of the

system.

and Measurement Electronicss The

interferometer electronics can be subdivided into two parts:

a controlling part and a measuring part. The cantfél elect-
ronics have been descrlbed in detail by Yuen (32) and later

by Hall (33). Three digital signals from the control ~
electronics were utilized. They were the white

light pulse, the synchronous signal and the laser digital »

clock. Because of the fact that a single sided interferogram :
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is sﬁfiasient for correlatioﬁ'ahalysis, the control
electronics can be substgntially simplified. The phasellock
loop used to stabilizg the mirror drive, the white light,
the synchronous signal and the laser signal are sufficient
for the full operation of the correlation data proceésing
system. However, the three signal outputs ware obtained
dl;ectly from the control electronics circu?try to
maintain the proper operation of fhe original system.

The whlte light pulse, together'with the synchronous
signal and the laser digital clock signal were connected
directly into the start pulse and clock cghtrol circuftry.
The white light pulse was used as the start pulée or the
data acquisition and processing. The interfero obtained
after the zero path difference point between the two mirrors
in the interfermeter as indicated by the appearance of
white light pulses during the forward movement of the mirror
was used as the signal for processing. This was recognized
by the electronics with the aid of thé synchronous signal.
-Thi laser digital signal was used- as the conversion clock
for the aqglog to digital conversion circuitry.

The measurement end of the interferometer electronics
was described under the experimental section in Chapter IV,
The analog bipolar signal was adjusted to be within a t10 V
rahge and was connected to the analog input of the analog



l8o
to digital conversion circuitry. . B
Start Pu;ge‘and‘Q;gggfcant3317Ci§cq;t’,i A schematic
diagram of theégtart pulse and clock control circuitry is
shown in Figure 76. The start pulse and the digital clock
were all controlled by computer SthWEfE; First, the
comparator that ccﬁverted the analog white light into pulses
was set at a threshg;g so that naréaliy three pulses were ]
A

généféted. Three instead of one were utilized because it

only one pulse. This strain of pulses was then converted into

a single pulse b§ a monostable whose delay time was set to
atfout ten milliseconds. This ensured that only one clock pulse
wéuld trigger the JK flip-flop which then started the data -
‘acquisition and processing. Refer to the timing diagram

in Figure 75 for the exact sequence of events. The data
acquisition and processing would start if and only if the

computer issued a GO command (VIA PB4) and the white light

asidistinguished by ﬁ&e synchronous signal. At this time,
the laser digital éiack appeared at the output of the

NAND gates and thus triggered the conversion cycle of the
analog-to-digital converter. If the computer did not issue
a GO cemmaﬁé. a logic level of 'O' appeared at the output

of the NAND B gate and the system would be at the waiting
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staééi Whenever a signal was acquired and processed, the
microcomputer would issue a CLEAR command through the VIA
PB3 1/0 line to clear the JK flip-flop to be ready for the

next signal,

Analog to Digital Conversion Circuitrys The analog to

digital conversion circuitry is shown in Figure 77. It
consists of a 12-bit compatible sample and hold (Analog
Devices, Sample and Hold SHA 1A) and a 10-bit analog-to-
digital converter (Analog Devices, Analog-to-Digital
Converter ADC 102-002). The settling time for the sample
and hold is five microseconds and the conversion time for
the analog-to-digital converter is twenty microseconds.
They were wired accérding to the specifications recommended
by Analog Devices (69,70).

The analog-to-digital converter operated under its
internal clock during conversion of bipolar signals within
£10 V rahgei It was not calibrated against a standard
reference voltage nor zero adjusted for this preliminary
investigation. Obviously, a 12?bit analog-to-digital
conﬁétter which has been-calibrated and zero adjusted is
Q better choice for the system, but none were available
in thé laboratory for this application.

When the laser digital clock was used as the convert

command for the analog-to-digital converter, the microcom-
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puter kept track of tﬁe end of conversion. This was
accomplished by the connection of the VIA CA1 line to the
STATUS pin available in the analog-to-diglital converter.
In this way, the computer would generate appropriate
correlation masks and control sigﬁaﬁs for data processing
at the end of every conversion. The 10-bit digital outpat
in two's complement format, c@rresPQndingg;c the analog
signal, was continuously available to the data register X
of the T%W multiplier-accumulator after every conversion.

TRW Multiplier-Accumulators The 64-pin mMlltiplier-

accumulator chip, MAC (TRW, Inc., TDC 1009J) is a high
speed TTL LSI device capable of performing a multiplication
between two parallel 12-bit data and Pfaduct accumulation |
in 95 nanoseconds (71). It consists af}twm 12-bit data
registers, X and.Y. Data are loaded into the registers X
and Y at the rising edge of the clock pulses appljied at

CLK X and CLK Y respectively. Multipliggticn ie performed
between the two numbers in the data registers, followed

by product accumulation at the rising edge of CLK P. The

27-bit output register is tristate controlled. It can be

(PD'PLI)' most significant 12-bit (PLZ'PEB) and extended

most significant 3-bit (PEA'Pzé)' They are controlled by

the TSL, TSM and TSX tristate control signals respectively.
s

/

7

- 184
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Aglogic '0' at TSL, TSM, TSX will enable the output

drivers.

The detailed configuration of the MAC is illustrated
in Figure 78. The numerical system was configured in two's
complement to be compatible with the analog-to-digital
converter output. Since only 10-bit data were available
from the analog-to-digltal converter, the least
significant two bits (X, and Xl) of the data register X
wére grounded. When the end of conversion signal was
detected by the computer, a cofrelation mask data point
was fed into the data register Y of the MAC through 2
VIA 110 lines (PBO and PBl). The reason why only 2 lines
were used for a 12-bit cofrelation mas; will be explained
later along with the computer software. Once every-
thing was ready, the peripheral control line CB2 of
the microcomputer would generate the data loading clock
pulses (CLK X and CLK Y) so that data were entered into
the registers. The perlphengl control line CA2 would
then generate the multiply command (CLK P) to finish off
the multiplication and accumulation process for one "
data point. The whole cycle.was repeatel for another data
poinf until finished.

Before data acquisition, it was necessary to

preload the accumulator of the MAC with zeros. This was
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achieved by the use of the non-accﬁmulating mode of the
MAC (iogic 'O' at ACC). Data register Y was filled ;
with zeros through the use of PBO and PB1 I/0 lines.
After the gefleration of the clock pulses (CLK X,Y, and
CLK P), a zero product resulted in the accumulator. At
this point, the MAC was configured back to its accumulating
mode (logic '1' at ACC) to be ready for data acquisition.
The 27-bit accamulator output drivers were opened at the
end of one scan by the use of TSX, TSM, TSL .command
signals. The accumulator content was loaded into the
computer through the multiplexing circuitry. This was
necessary because the computer could only handle

8-bit data at one time.

Data Multiplexi Circuitry:s The MAC output register

(27-bit) was multiplexed into the computer as three 8-bit

and one 3-bit data points. A block diagram of the data
multiplexing circuitry is shown in Figure ?79. 1t

consists of a 2-1line to 4-1line decsder and an array of

27 tristates. The controls of the tristates were governed

by the four output lines bf the 2-line to 4-line decoder.

The inputs to the 2-line to 4-line decoder were under
computer control. A maximum of e}ght tristates were

enabled at one time. The detail configuration of the .

2-1ine to 4-line decoder which was made up of six NAND

(@)



188

*
Muttiplier/Accumulator Output Control -
Rockwel!
AlM 85
Microcomputer

27-Bit .
Data Tristates

Muttiplier/Accumulator Output Register

A




- 189

L
gates is shown in Figure 80. The PB6 and PB7 1/0

lines were the two control lines from the computer. Only
one of these four outputs of the 2-line to 4-1line decoder
would be at a logic '0' which would open up to a maximum
of eight tristates at one time. The data transfer from
the MAC to the Port A of the computer is better understood
with the aid of Figure 8l1. During the transfer of data,
the output data register of the MAC was'enabled and this
was easily accomplished by feeding a logic 'O’ to the -

tristates controls (TSL, TSM, TSX) of the MAC through |
P |

. the PB5 line of the VIA. ;

Computer Software: The program was written in BAS}&
and ASSEMBLER languages. It was initiated under BASIE”
and would request a wavelength input for the calculation
of correlation masks. Correlation masks were calculated
in the form of %guare_synthetic interferograms as
deacribed in Chépter IV and thus consisted of values +1,
0 and -1 only. The 12-bit binary eqﬁivalences of these
numbers are shown in Table 9. As it can be seen,

the information of the correlation masks can be transferred
with the aid of only two 1/0 lines. The PBO line of the
VIA was used for the least significant bit and the PBl1
line of the VIA was used for the most significant 11 bits

of the correlation masks to be transferred from the computer

Y
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to the MAC. The BASIC program stored the correlation
masks (both sine and cosine) in decimal as shown in Table
10. The decimal equivalence also included the information
for pins PB2 to PB?. These were the control signals used

to operate the system. The memory location of the

.correlation masks are indicated in the memory map shown

in Table 11.

The BASIC program then requested the ASSEMBLER
subroutine which was entered into the computer with the
aid of the Text Editor. The ASSEMBLER subrout;ne
controlled the data acquistion and correlation data
processing after preloading the accumulator of the MAC
with zeros. The whole procedure was repeated twice, one
for the cosine correlation and one for the sine correlation.
The accumulator outputs stored in the memory by the
ASSEMBLER subroutine were converted into the decimal
mode by the BASIC program and outputed onto the display
and printer. The whole process could be repeated for
another set of data with the same or a new correlation
mask. This program was initially set for acquiring
256-point‘interferograms and signal averaging capability

was not available. However, the program can be modified

to expand its capability.
_,jg;gzram flow charts and listings are included in

193"



o .
l Lg - //
. - , T iy, _
L »
N
&
! -
,!
"\ L
1
I
| I
,, | : |
(dd) §S2 S S S S S A A i-
J | | £ |
(0d) 252 0o .01 1 ¥ 1 1 1 | 0 .
| |
] Li
I . , |
(ad) €52 i o¢ ¥ ¥ vV v v 1 | 1+ |
I | f.f;
] ,,_
i 7
08d 1dd 2dd €4d 48d $ad 94d L6d '
| ,|L1 ) ,
| eouaTeafnby (xay) Tewidag gauTT 0/1I € 3I0d VIA ASeW UOT3IBTIIIOD ,
Tl /
. ~—
‘wesBoxd 5ISyd eyl £q pejeIsus? se s)sSBUW Ea,ﬁﬁﬁmhhﬁﬂ ayz Jo oousTealnbs Tewiosq 01 FIAVL
L.
—— . ’ I , T e e e i e - e - S o8 e ———— ety



195

TABLE 11. Memory map of the AIM 65 microcomputer.

"
- T 5 77 Address 7
Type ‘Hexidecimal |  Decimal
Start | End | Start | End
BASIC (internal use) "1 0000 | 0211 | 0000 | 0529
BASIC program | 0212 06FF | 0530 |1791
Assembler program 0700 O7FF | 1792 | 2047
Text editor 0800 OBFF 20&57 3071
Correlation mask (cosine) 0C00 OCFF | 3072 | 3327
Correlation mask (sine) 0D00 ODFF | 3328 3583
Results 0E00 OEFF 3584 3839
Index (used by Agsembler) O0F00 OFO00 384@ 3840
Assembler symbol table 94 OF01 OFFF 3841 | L4095

"=
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Appendix III. For further details, the AIM 65 manuals

(72,73) should be consulted.

C. Evaluation of the Rotkwell AIM 65 / TRW MAC Data
Processing System

Qualitativg Aspectss The qualitative aspect of the

system was tested out using a relatively simple signéi.
a He-Ne laser. The interferometric response was limited
to the near IRgiggible region because a silicon diode
detector was used. The interferogram, which was a very
simple cosine wave carrying the characteristic information
about the laser was correlated with masks generated from
the wavelengths indicated in Table 12. The lines for
the alkali metals were used because they are the prominent
lines present in this region. The resulting correlation
data based on two repetitions of the signal are shown
in Figure 82, It can be seen that the correlation mask
corresponding to the wavelength of the He-Ne laser
shows a relatively high correlation result while all the
others do not.

| The second test involved the use of the signal f : {
from a magnesium hollow cdthode lamp. The
spectrum of the magnesium hollow cathode lamp is shown in

Figure 83. This spectrum was obtained after Fourier \ 1
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TABLE 12. Some spectral lines in the near IR-vieible region.
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Species

Spectral Line

Cod-

Number

Wavelength (nm)

589.0
589.6

He-Ne

el

632.8

Li 1 670.8

K 1 766.5

2 769.9

Rb 1 780.0

: 2 794.8

Cs 1 852.1
2 894 .4 S
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transformation of a 4096-point interferogram with the

aid of the minicomputer used in the system described in ]
Chapter IV. One has to keep in mind that the resolution

of the signal obtained using the AIM 65 micracampﬁter
(256-point interferogram) is not as good as the' one
obtained using the minicomputer (4096-point interferogram). -
The spectrum is shown here to indicate what spectral
information is available from the magnesium

hollow cathode lamp. From the spectrum, it can

be seen that Mg 285.2 nm line is the prominant '

line present in the signal, followed by Mg 279.6 nm line
and 280.3 line. This signal was obtained using the

solar blind optical filter and the visible PMT detector.
Correlation masks based on the wavelengths shown in Table

6 were generated and used to perform real time data
acquistion / processing with this system. The correlation
data are shown in Figure B4, There is no distinct
indication that Mg is the major component because the
wavelengths indicated in Table 6 correspond to the major
emission lines available from the ICP not the hollow
cathode laﬁp. With the signal obtained from the hollow
catﬁode lamp,the 285.2 nm line instead of the 279.6 nm

line is the prominent line. This, together with the lower ‘
resolution offered by the system accounts for the high
"background” for the other elements. However, the

secondary correlation process was able to sort out
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the information present in the signal. The

elements that showed relatively high correlation results,
namely dysprosium, lanthanum, magnesium, scandium, tin

and thallium were further correlated at seccﬁdﬁry ICP
lineé- Dysprosium does not have any other intense lines
present in this region and could not be further correlated.
In the case of lanthanum, it is very unlikely that it was
present due to the poor response of the detector for

any spectral information outside the 240 nm - 360 nm
region. The remaining six elements were then

furt§3f tested with the secondary correlation analysis.
The wavelengthe used to generate the secondary cross-
correlation masks can be found in Table 13. The séccﬁdary
correlation results, as shown in Figure 85, clearly
indicate the presence of magnesium information in the
signal. From this example, the importance of thé right
choice of the spectral wavelengths used to generate cross-
correlation mgsks is clear.

f
Quantitative Asy

ectsr Linear working curves for He-Ne

:laser (632.8 nm) and magnesium (285.2 nm) signals are illustrated
in Pigures 86 and 87 respectively. These "analytical

curves” were obtained using neutral density filters to

alter the signal levels. Thus, the concentration axis

in both cases are relative in scale and have no resemblence
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TABLE 13. Most sensitive ICP spectral lines of magnesium,

scandium, tin and thallium within the 240-360 mm

window.

Element

Spectral Line

Code Number

Wavelength (nm)

T

Mg 1 279.6
2 280.3
3 285,2

. l

Sc 1 357.3
2 335.4 (
3 357.6

Sn 1 284.0
2 286.3
3 270.7

[

L B V]

351.9
291.8
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at all to the actpal level of the signals. These pseudo
analytical curve® are included to demonstate the
quantitative aspect of this real-time data acquistion /
processing system.

The precision of the data obtained with this system
was typically in the range of 9 to 10 % relative standard
deviation (rsd). It can at best attain a rsd of 4 to ng
depending on the wavelength and the amplitude of the
signal. This modest level of precision is limited by

the fact that phase correction has not been performed on

the same set of data. Any change in phase or amplitude

between scans ﬁauld contribute to the scattering of

the readings. The solution to this problem is to implement
phase correction on a single scan of signal with’cgsine

and sine correlations performed simultaneously. This

can be easily achieved with the use of two MAC's.

D. Conclusions ahd Prospects

At'the present stage, the Rockwell AIM 65 micro-
computer / TRW MAC system cannot function properly during
the operation of the ICP due to radiofrequency interference
originatinhg in the plasma power supply. This is the
reason why no actual ICP experimental data could %e

presented. This interference problem should be able to

207



T

—_

£

208

zt
be completely eliminated by properly packaging the whole

system and also by the use of by-pass capacitors on every
single electronic chip that has been used in this system.
Further details on the use of by-pass capacitors can
be obtained in referenégg?u_ These have not been tried
at this stage because the system requires a major
m@dificati;n to incorporate twé MAC's into the system for
bet'ter quantitative data.

All the results obtained are all based on a 256-point

interferogram and the system can certainly be expanded

to increase the resolution (i.e. decrease spectral .
-

interferences). There is actually no limitation on the
length of interferograms that the system can handle,
because the signal obtained is processed in real time
and is not stored in the memory of the c@mputer'whiGh
normally imposes a limitation on the number of data ﬁcints
to be processed. However, in the case of long interferograms,
the accumulator register of the MAC has to be checked '
for overflow, ’ |

The data processing system can be modified to a
single channel slew scan type processor with the use of

2 MAC's or a multichannel direct reading type processor
i = < =

;with the use of more than 2 MAC's. In the case of the

latter design, one pair of MAC's would be dedicated for one
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spectral line and true simultaneous multielement analysis
can be accomplished. The use of the square synthetic
interferogram correlation masks can be very beneficial to
the system. The correlation masks have values of +1 and
-1 with rare occasions that the value is exactly equal
to zero. Thus, the zeros can be ré%laced by either +1 or
-1 value with no substantial effect Ggithe selectivity of
the cross-correlation masks. A significant saving of
computer memory for storing correlation masks can be
achieved. High speed real time correlation analysis is
possible if all the masks can be stored in ROM, instead
of wasting computation time for the generation of the
correlation masks. Moreover, correlation masks can be
input into the MAC's more efficiently because one
byte (8-bit) of data output will be able to feed B MAC's
with correlation masks simultaneously. The AIM 65
microcomputer is limited by its 4K RAM and it should
be expanded to increase ite versatility. A large number
of correlation masks can then be stored in ROM and recalled
whenever they are necessary.

Based on these, a versatile, flexible and inexpensive
real time correlation based data processor should be able
to emerge for the ICP-Fourier transform spectrometer

system. In fact, it should be treated as a general
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purpose data processor for interferometric signals.




CHAPTER VI
Summary

In this study, the feasibility of automatically
processing spectral data by cross-correlation techniques
has been investigated. In particular, cross-correlation
functions at tv=0 point have been utilized. The basic
approach invclves cross-correlation of the raw sﬁectral
signél with a noise-free mask of the sought-for spectral
pattern at zero phase shift. Various types of cross-
correlation masks have been evaluated as to their
effectiveness of spectral signal detection. These Cross-
correlation masks were either éxperimentally or computer
software generated, ‘

For an inductively coupled plasma - photodiode
array cpectrometer (ICP-PDA) system, several analog
- and binary spectral masks originating from high signal-to-
noise ratio spectra of the sought-for elements were
utilizedktc process the analytical information available.
Both aralog and binary cross-correlation masks clearly
showed their effectiveness in extracting sought-for spectral
information from complex multielement emission Epectra.
Spectral overlap problems were overcome by the use of
highly selective cross-ccrrélatign masks. Furtherﬁare.
with the use of these cross-correlation masks, all the

spectral information related to the sought-for chemical

211
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species available from the system were fully utilized.
In this way, the analytical data obtained were better than
those obtained using the conventional single peak methods 2

in terms of sensitivity and precision. Due to the limited
spectral cgvefage of the ICP-PDA system, correlation
analysis could not be utilized to its full potential, but
the prospects of this technique certainly look good if
photodiode array spectrometers, or in general, spectrometers
based on image detectors can be developed with wide spectral
coverage. - |
In the case of an inductively coupled plasma -
Fourier transform spectrometer (ICP-FT) system, due to its
inherent property of precise wavenumber calibration,
analog and square cross-correlation masks were computer
generated for use in the correlation analysis of interferograms.
This, together with the wide spectral coverage provided by the

Fourier transform spectrometer provide a high degree of

masks are highly effective in obtaining quantitative and
qualitative information directly from the interferograms
obtained by the spectrometer. In carrying out elemental
identification on the signals, a preliminary correlation
operation is performed for all the elements. This procedure

essentially shortens the list of elements that are suspected
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to be present in the sample. Further investigations by
correlation, analysis on the suspected elements yield the
final analytical results. A consequence of the Eimplicity

| of this correlation method, as compared to the usual FFT
data processing method, is that a real time data processing
system using a low cost microcomputer could be developed.
The system utilizes a hardware multiplier and accumulator
to carry out the actual correlation computation. The
preliminary results obtained look promising and this
approach warrants further investigations.

The comparable capability'@f the simplifiéd
cross-correlation masks, namely the binary masks for the
1CP-PDA system and the square masks for the ICP-FT
system when compared to the analog cross-correlation
masks has certain-advantages when implementing the:
correlation techniques. The correlation procedure
becomes simple and fast, and binary and square masks
‘are simple to store in read-only memories (ROM) .

Thisfis important because atargge of cross-correlation masksé
is necessary for high speed data processing. »

In conclusion, spectral pattern recognition tasks
are gmaﬁgjﬁhe most difficult and complex operations to
program and iﬁplement with electronic and computing

technology. In fact we have some way to go before we

ek
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can rival the combination of the human brain and eye in
such tasks. However, cross-correlation based procedures

are beginning to provide a modest 1eve1Kaf capability in
automatic interpretation of complex data arrays and one

can certainly fcfesee the important role of correlation
techniques for data processing in simultaneous multielement

analysis, or in general spectrochemical analysis.



! The notation used to label the axes throughout the thesis
follows the version adopted in the computer graphics
industry. For fxamplé. in Pigure 3, the amplitude axis
represents values ranging from 0 to 6000.

In this particular example, the dynamic range problem

is imposed by both the emission of the plasma background
and the appearance of the noise spike. In cases where
plasma background emission is low, such as in the solar
blind spectral region, the dynamic range problem may be

solely governed by the amplitude of the noise spike.

3 The sodium lines appear between the lithium and potassium

lines because of alaising (28).
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< ‘ APPENDIX I

e

Alternate Methods of

Recycling Fast Fourier Transform Algorithms N
In this appendix, several recycling implementations
4. .
other than the one presented in Chapter II when Scheme 2 '
is used as the primary FFT method will be illustrated. The
computer software is identical to the one described ;
in Chapter II and will not be repeated here. ,
Let us recall that Scheme 2 does produce real and
imaginary output arrays and the imaginary array was ignored
in the recycling method presented as Scheme 4 }n Chapter II.
It would seem that a recycling method as illusﬁfated below:
R (odd points) FFT R —
. _ A -
L D
% o o - Ed
= 1 A -
1 (even points) WITH SORT 1—
| (5) .
1/2 R ‘
———R L, FFT . R = ';J:
< ]

should also be valid. In this scheme the real output array

is put into th& real input array of the second FFT and the

negative of the imaginary output array is put into the <* 1
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B " - ’
imaginary input ‘array of the second FFT and the FFT

implemented in the normal way. The real, imaginary and
amplitude output arrays for the second FFT are shown in
Figure 88. This method garks; but now the data occupy
only half of the output arrays.

Another approach is to ignore the imaginary output of
the first FFT and recycle using Scheme 1 to set up the

second FFT. This is outlined below:

f (o0odd points). FFT | R ——
L - y ’**}>
1 (even péEhIs) WITH SORT -

6
1/2 R (6)

~ R , ®r R

{iérl' ]
1 1 (ZEROS)

This also "works" as shown in Figure 89, but now the output

arrays contain redundant information in the upper and lower
. ‘
halves. f

Finally, a pseudo double sided interferogram similar
to the interferograms generated by Fourier transform

spectrometers can be constructed from the real output of

5
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output arrays for Scheme 5 inverse FFT

implementation.
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the S?heme 2 FFT. 1t is simply necessary to "reflect” it
about the origin generating a new array, twice the number
of the original data points as shown in Figure 90. The
real, imaginary and amplitude output arrays for the second

FFT when processed as outlined below:

R (odd points) R - -
FFT
— — _ e
DATA >
ﬁ ) WITH SORT 1
1 (even points)
Reflect to
pseudo
interferogram
R | FPT R (odd points) =— |
" - o (7)
v T N -
I WITH SORT 1 (even points)

are shown in Figure 91. The amplitﬁdé array now ccntaiﬁs the
original data.

While Schemes 5-? do represent somewhat unconventional
inverse FFT routes they do clarify the information
content of the various input and outpul arrays and illustrate
that no one method is solely acceptable. In addition Scheme
7 111ustrates.the relationship of "double sided" interfero-
gram type signals as generated by Fourier transform spectro-
meters to the output arrays when cDﬁVEﬁtian&l!Spegtfa are

transformed to the Fourier domain.
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Several analogous manipulations of the real and
imaginary output arrays for recycling when Scheme 1 was
used to impiEment the first transform were invedtigated.
None proved useful. In general, they generated severely

overlapped information.



APPENDIX 11
Modifications of the Michelson Interferometer

The Michelson interferometers in our research labor-
atory have evolved over more than 15 years. The original
version of the interferometer was designed and built by
Chaney (29,30) at the University of Michigan and was later
adapted by Horlick (31) in 1969 at the University of Illinois.
This design was then significantly modified into the
present form by Yuen (32) and Hall (33). In this appendix,
modifications that have been made to the interferometers
since then, up to the time of writing will be described.
A. Photomultiplier Tube Dynode Chain Circuitry

Two changes have been made on the dynode chain
rcircuitry; The 0.05 microfarad capacitor was originally
wired to the negative voltage supply (-HV) by mistake.
The configuration has now been changed 8o
that the capacitor is connected to the ground. This will
ensure all the high frequency noise that is going through
the dynode chain to be grounded. The other change is the
conversion of the voltage output circuitry to the present
current output configuration. This simply involves the
removal of the load resistor and enables the current
amplifier to be described later in this appendix to be

utilized.
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The final configuration of the photomultiplier tube

dynode chain circuitry is shown schematically in Pigure 92.

Photomultiplier Tube Housing

)

A 0.5 inch diameter UV grade quartz lens (Oriel
A11-621-08) of focal length 13 mm is inserted between the
entrance aperture of the PMT housing and the PMT. It is
pPlaced at a distance equal to its focal length from the
aperture so that there is a significant increase in the
amount of light that will reach the PMI. No experimental
test has been carried out to see what is the difference
between signal levels obtained with and without the lens.

)

C. Silicon Optical Detector

A new silicon diode detector from IR Industries, Inc.
(catalog number: 8016L) is now being utilized. This detéctar
provides bettéﬂgSEﬁBitiVity than the old silicon diode
because it has a large sensitive area and is’equipped
with a lens for focusing light onto the silicon diode.
Again, no test has been done to check on the performance

of these detectors.

D, Optical Pilter Mount for the Detectors

Optical filters are invaluable for resolving dynamic
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range problem imposed by the multipiex property of the
Michelsdn interferometer (see Chapter 1V). A mount designed
for optical filters is attached to the detector mount.
Optical filters such as those obtained fram‘priel
Corporation @fiAmerica can be easily put in place in front
of the detector. The optical mount can take any 1 inch
diameter filters with thickneés varying up to approximately

1 cm.

E. Micrometers on the Pixed Mirror Mount

The Michelson interferometer congists of a fixed

S
»’-”b.\,m__.-f/

mirror and a movable one. Final signal optimization is
normally achieved by the alignment of the fixed mirror.
In the case of UV signals, the alignment of this mirror
is crucial and is not easy to achieve using a

screw driver. Two differential micrometers obtained from
Lansing Research Corporation, Ithaéa,tﬂew York (model
number: 22 505) are incorporated into the fixed mirror
mount. Perfect alignment of this mirror can now be

achieved very easily with the use of these micrometers.

F. Photomultiplier Tube Power Supply

The PMT ig now powered by a high voltage supply
-
obtained from Keithley Instruments (model number: 24y),
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The voltage can vary from -200 V to -2200 V,

G. Signal Measurement Electronics
The signal measurement channel has been redesigned with
new electronic equipment . The current output from the
detector is amplified with a Keithley 427 current amplifier
before it is electronically filtered with a Krohn-Hite
3343 filter. The current amplifier can have a gain from

10% to 1011

with d.c. suppression. Additional am§1ifica£ian
can be obtained from the electronic filter (maximum 40 dB).
This is usually configured as a bandpass filter. Final
adjustment on the gain of the signal is provided by the
PAR 225 low noise amplifier before the signal is input

to the computer.

H.'0l1d Mirror Drive System

The electrical wires that provide the power to move
tﬁe mirror have been changed to smaller wires to provide
smoother drive. In addition:’some stop pins have been

“inserted into the mount to secure the springs in‘place-

I. New Mirror Drive System
r Perhaps, the major modification to the 4interferometer

éystem is at the mirror drive system. Two interfgr@mete;? -
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.

systeme are currently available in the laboratory. One
with the o0ld mirror drive system and the other with a
new mirror drive system that is going to be described in
this section.

A linear actuator (or linear moving coil motor)
purchased from Kimco, In¢., San Marcos, California is
used to drive the mirror in one of the two interferometer
systems. This drive is capable of delivering a peak force
of 8 pounds. With this new drive system, preliminary data
show excellent stability even without the electronic
phase locked loop and is certainly a great improvement over

the o0ld mirror drive.




APPENDIX IIIX

v Computer Software

A. Program Flow Chart and Listing for the Fast Fourier
Transformation Program Based on the Cooley-Tukey

Algorithm
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/INPUT NUMBER
OF POINTS

/ 4

/ INPUTDATA
FROMDISK

SORTING ROUTINE ;

COOLEY-TUKEY O
FFT ALGORITHM

RECONSTRUCTION

OUTPUT REAL
AND IMAGINARY
ARRAYS ONTO
DISK

CALCULATION OF
AMPLITUDE
" SPECTRUM

T ’ -
OUTPUT /
AMPLITUDE

SPECTRUM ONTO

DisSK

FIGURE 93. Plow chart for the FORTRAN FFT program.
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140

OO0O00

THIS PROGRAM WILL PERFORM THE FAST FOURIER
TRANSFORMATION USING THE COOLEY-TUKEY
ALGORITHM

PROGRAM IS EXECUTED UNDEF A RT-11 OPEFATIMG
SYSTEM WITH A DEC FDF 11/10 MINICOMFUTER

SUERROUTINES REQUIRED?
(1)FORLIP
(2)SYSLIR

DIMENSION X/ 4096),Y14096),L120)

COMFUTER REQUESTS AN INFUT TO INDICATE WHETHEFR
THE FFT IS WITH OR WITHOUT THE SOFRTING FOUTINMNE

SORTING FFT ROUTINE
INFUT ONE DATA ARRAY

- ODD FOINTS INTO REAL ARRAY X (M)

- EVEN POINTS INTO IMAGINARY ARFAY Y(N)

~ REST FILLED WITH ZEROS

- FFT

~ RECONSTRUCTION

- DATA OUTPUT

NON-SORTING FFT ROUTINE
- INFUT TWO DATA ARRAYS
- FFT

- DATA OUTFUT

WRITE(7+100)

FORMAT(’ ‘»’0=SORT 1=NO SCRT")
READ(S,120) ISORT

FORMAT(I2)

COMFUTER REQUESTS INFUT OF NUMEEFR OF FFT FOINTS

IN THE FORM OF 2¥¥N

MAXIMUM NUMEBER OF DATA FOINTS IS 4094 (N=12)
FOR THIS PFROGFAM 7
LIMITATION IS DUE TO THE SIZE OF THE COMFUTER

MEMOFY

WRITE(7+,140)

FORMATC(’ ‘¢ INFUT N (2¥%¥N)’)

READ(S5,120) N2POW
NF=2¥¥N2POW

DATA INPUT

ONE INPUT ARRAY FOR SORTING FOUTINE
TWO INFUT ARRAYS FOR NON-SOFRTING ROUTINE
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CALL ASSIGN(19, ‘LK :DATA.DAT” »=1:"0LD 9 NC’y1)
READC(10)/(X(1)rI=1,sNP)

IF(ISORT.EQ.D) BO'TO

READC10)(Y(I)»I=1,NP)

ENDFILE 10

CAaLL ﬁ.OSE (10)

SORTING OF DATA ARR&?\FOR SORTING FFT ROUTINE

ODPD DATA FOINTS INTO REAL ARRAY
EVEN DATA POINTS INTO IMAGINARY ARRAY
KREST FILLED WITH ZEROS

IF(ISORT.EQ.1) GO TO 12
NFT=NP/2

N=NF )

DO 2 I=1:NFT

X(I)=X(I%2-1) .

Y(I)=X(I¥2)

[0 3 I=NFT+1,NP :
Y(I)=0.,0 R
X(1)=0.0

WHREAF NIRRT NNGE RN
COOLEY-TUKEY FFT ALGOFITHM
1223200 0 0 8208t LS Qe

NTHFOW=2¥¥N2F O
NAFOUW=N2FOW/2

IF (NAFOW) 60163560 .
[0 61 IFASS=1:N4FOW
NXTLTH=2%¥ (N2FOW-2¥IFASS)
LENGTH=4¥NXTLTH
SCALE=6.2831853/FLOATLENGTH)
[0 61 J=1,NXTLTH
ARG=FLOAT(J-1)¥SCALE
CI=COS(ARG)

S1=SIN(ARG) .)
C2=C1¥C1-S1%S1 , i
S2=C1¥S14C1%S1

C3=C1%C2-S1¥S2

S3=C2¥S1+4S2»C1

DO 61 ISQLOC=LENCTH.NTHPOWsLENGTH
J1=ISQLOC-LENGTH+J
J2=J14NXTLTH
J3=J24NXTLTH

JA= JI4NXTLTH
R1=X(J1)4X(J3)
R2=X(J1)-X(J3)
R3=X(J2)+X(J4)
R4=X(J2)-X(J4)
FIl=Y(J1)4Y(J3)
FI2=Y(J1)-Y(J3)
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67
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48

FI3=Y(J2)4Y(J4) ‘
FI4=Y(J2)=Y(J4)

X(J1)=R1+R3

Y(J1)=FI14F13

IF(J=1)64+62+64

Y0 J3)=C1#(R24FI14)4S19(FI2-F4)
Y(J3)=-S1%(R2+FI4)4C1¥(FI2-R4)
X(J2)=C2¥(R1-R3)+S2¥(FI1-FI3)
Y(J2)=-S2%(F1-R3)4C2%(FI1-FI3)
X(J4)=C3I¥(R2-FI4)+S3I¥(RA+FI2)
Y(J4)=-SIN(R2-FI14)+C3IX(RA+FI2)
GO TO 61

X(J3)=R2+F14

Y(J3)=F12-R4

¥ (J2)=R1-R3

Y(J2)=FI1-F13

Y(J4)=R44F12

CONTINUE

IF ' N2POW-2¥NAFPOW) 65146965

[0 67 J=1sNTHFOW,2
R1=X( ) 4X(J41)

R2=X(J)=X(141)
FI1=Y () +Y(J+1)
FIZ2=Y() =Y (J+1)

() =R1

Y(J)=FI1

X(141)=R2

Y(141)=FI2

[0 68 J=1,13

L(J) =1

IF ( J-N2FOU) 69+ 69,68

L(J)=29¥ (N2FOW+1=J)

CONT INUE

1J=1

L1=L(13)

NTHFOW=L (12)

I1SQLOC=L(11)

J=L(10)

N2P1=L(9)

N2=L (8)

NF2MJ=L (7)

LB=L (&)

N2FOW=L (5)

N4FOW=L(4)

LENGTH=L (3)

NXTLTH=L(2)

IPASS=L (1)

DO 601 Ji=1,L1

DO 601 J2=J1,NTHPOW,L1

[0 601 J3=J2,1SALOC:NTHPOW
PO 601 J4=J3, J,ISOLOC

DO 601 JS=J4,N2F1,J
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DO 401 J4=J%5,M2,N2P1
DO 601 J7=J4sNP2MIsN2
DO &01 J8=J7:L8:NF2MJ
DO 601 J9=J8;NZFOWsLE
PO 601 J10=19:NAFPDH:N2POH
D0 601 J11=110,LENGTHsNAFPOW
DO 601 J12=J11,NXTLTH/LENGTH
DO 601 JI=J12,IFASS,NXTLTH
IF(II-J1)610,6105601
610 R=X(IJ)
X(IJy=X1(11)
X(JI)=R
FI=Y(IJ)
Y(ID)=Y(JI)
Y(JI)=F1

601 IJ=1141

Cc

C 1288 RRRAR AR R220d

Cc COOLEY-TUKEY FFT ALGODFRITHM ENDS

c 1322220202200 0ttt Rdtd)

c

c RECONSTFUCTION FOF THE SOFTING FFT ROUTINE
c -

IF{ISOFRT.EQ.1) GO TO 19
AFG=3.1415927/FLOATIN)
C1=C08ARG)
S1==SIN(ARG®

Cigrx=1,

S1.A¥=0,

N2=N/2

N2P1=N2+1

DO 720 J=2rN2F1
NF2MJ=N+2-)
SORR1=X(J}Y+XINF2MD)
SOFRI1=Y{J)-Y(NF2H.I)
R=C1JX
C1u¥=C1I¥¥C1-51.x%¥51
S1UX=R¥S14S51JX%(C1
SORFE2=Y(J)-X(NF2H)
SORI2=Y(J)+YINF2M))
SORR3=C1JX¥SOFF2-S1 JX¥SORI2
SORI3I=C1IX¥SOFRI2+S1JIX¥SORR2
Y(J)=0,5%(S0FI1-SORR3)
X(J)=0,5¥(SORFR1+SOKRI3)
IF(J-N2F1)71+70+71

71 Y(NF2MJ)=0,.5¥(~-S0FI1-S0FRF3)
X{(NF2MJ)=0.5¥ (SORR1-S0R13)

70 CONTINUE ‘
X(1)=X(1)4Y(1)
Y(1)=9,

c

c DATA OUTFUT ONTO THE DISK

c

c REQL ARRAY OUTFUT UNDER THE FILE NAME
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=REAL .DAT
IMAGINARY ARRAY OUTFUT UNDEF THE FILE NAME

=IMAG.DAT

CALL ASSIGN(10, 'DKIREAL.DAT ' +11»’NEW’»’NC’s1)
WRITE(1D)(X(I)rI=1¢NP)

ENDFILE 10

CALL CLOSE/1D)

CALL ASSIGN/10, ‘DK!IMAG.DAT +11y’'NEMW’s‘'NC’921)
WEITECIOY(Y(I)sI=1NF)

ENDFILE 10

CALL CLOSE(10)

CALCULATION OF THE AMFLITUDE SPECTRUM

Do 311 1
¥(1)=SQFT
CONTINUE

=1
(x I\i!(I)*YfI)inI)}

AMFL ITUDE SFECTRUM OUTFUT ONMTO THE DISK UNDEF
THE FILE NAME
—-AMFL . DAT

CALL ASSIGN(10: DI tAMPL.DAT r11s ' NEW’ s "NC’p1)
WRITE(10)(X(I)sI=1sNF) .
ENDFILE 10 .

CALL CLOSE¢1Q) -

PREOGRAM ENMDS

L S22 2202008008
FOGEF C. L. NG
FRA AR ENERN

SUFERVISOR:! DR. GARY HORLICK

JUNE 1980

CHEMISTRY DEFAFRTMENT

UNIVERSITY OF ALBERTA

EDMONTON: ALEERTA !
CANADA ’ . :

STOF
END
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B. Computer Software for the AIM 65 / TRW Multiplier -
Accumulator Data Processing System
(a) Program flow chart and listing for the main program

in BASIC.



T 7i .
T

WAVELENGTH

I~
CALCULATION AND
STORAGE OF
# CORRELATION

MASKS

DATA ACOUISITION
AND CORRELATION

(ASSEMBLER
SUBROUTINE)

e

CONVERSION OF
BINARY RESULTS
INTO DECIMAL

CORRELATION

chart for the BASIC program.



10
15
20
25
30
40
50
60
70
80
90
100
110
120
130
140
150
155
160
170
175
180
190
200
210
220
230
240
250
260
270
280
290
300

INPUT "WAVELENGTH ,NM" ; W
W=3975.99/W

FOR I=0 TO 255

A=I*W

R=COS (A)

K=0

IF R<O THEN J=255

IF R=0 THEN J=252

IF R>0 THEN J=253

IF K=1 THEN 130

POKE 3072+1,J

K=1

R=SIN(A)

GOTO 50

POKE 3328+I,J

NEXT

POKE 4,0:POKE 5,7 '
PRINT"WAITING"

GET AS

IF A$="" THEN GOTO 160
PRINT"BE PATIENT"
DUM=USR ()

1=0 R

IF I=0 THEN GOTO 230
c2=C1 “
I=4q

A=PEEK (3584+1)

B=PEEK (3585+1)

.C=PEEK (3586+1I)

D=PEEK (3587+1I)

Cl=D*1.6777216E07+C*6,5536E04+B*2 56E02+A
IF C1>6.7108864E07 THEN Cl=Cl-1.34217728E08

IE-I=0 THEN 210
RES=SQR(C1*C14+C2*C2)

4
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310
320
330
340
350

PRINTIRES .
PRINT"0=NEW MASK 1=NEW DATA®
INPUT I

IF I=0 THEN 10

GOTO 150
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(b) Program flow chart and 1isting for the subroutine
program in ASSEMBLER.



ACCUMULATOR
7 WITH ZERC'S

CONVERSION
FROM ADC

OUTPUT = 1
CORRELATION MASK
/o AND APPROPRIATE
i CONTROL'BIGNALS
AND CLOCK PULSES

REGISTER INTO
AlM 85 MEMOMIED

L3
FIRURE 95. Flow chart for the ASSEMBLER program.



"

LOOP

*=350700

LDA
STA
LDX
LDY
LDA
STA
LDA
STA
LDA
STA
LDA
STA
LDA
STA
LDA
STA
LDA
STA
LDA
STA
LDA
STA
LDA
AND
BEQ
LDA
BEQ

JMP

#500
$0F00

#500

ISFF

4SFF

$A002

#500

$A003
811001100
$A00C
#311100000
$A000
311101100
$A00C
4311001100
$A0OC
$311001110
SA00C
#211001100
$A00C
$411111100
$A000
$AOOD
#300000010
LONE

$OF00

LTWO .
$0D00, X
LTHR

1 INDEX FOR SINE OR COSINE
sMULTIPLICATION
;X REGISTER AS POINTER

;Y REGISTER AS NUMBER OF POINTS

+PORT B FOR OUTPUT

;PORT A FOR INPUT

;CAl, CBl INPUT, FALLING EDGE MODE
1CA2, CB2 OUTPUT, MANUEL PULSE MODE

t PRELOAD MULTIPLIER WITH ZEROS

;GENERATE CLOCK X,Y WITH CB2

iGENERATE CLOCK P WITH CA2

: READY

;CHECK FOR END OF CONVERSION ON CAl

s YES, GO AHEAD

252

; LOAD CORRELATION MASK AND CONTROL

1SIGNALS ONTO PORT B



LTWO
LTHR

LFIV
LSIX

LDA
STA

STA

STA
LDA
STA

STA

INX
DEY
BNE
LDA
BEQ
LDX
JMP
LDX
LDA
STA
LDA
ETA
LDA
STA

$0C00,X
$A000
#%11101100
$A00C
$%11001100
$A00C
$211001110
$A00C
#811001100
$AO00C
$A001

LONE

$0F00
LFIV

$504

LSIX

$500
$211100100
$A000
#811101100
$A00C
811001100
$A00C
#811001100
$A000

A $A001

§0E00,X

253

} GENERATE CLOCK X,Y AND P

s CLEAR INTERRUPT FLAG
; INCREMENT POINTER

s DECREMENT COUNTER

; REPEAT IF NOT FINISHED

; LOAD ACCUMULATOR OF MULTIPLIER
;INTO AIM 65 .

; LOAD MULTIPLIER WITH ZEROS TO

;LOAD PRODUCT IN 8-BIT SEGMENT
sWITH LEAST SIGNIFICANT FIRST



LFOU

FIIEIEE

6 3
b -

801001100
$A000
$A001
$0EO01,X

4810001100

$A000
$A001
$0E02,X
$A000
$A001
$100000111

.$0E03,X

$O0F00
LPOU
$0F00
LOOP



