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ABSTRACT 

Very early in the history of atomic emission 

spectr.oscopy (AES) it was understood to be a powerful 

analytical tool. until the 1930's the usefulness of atomic 

spectroscopy was not utilized very extensively even though 

its fundamental power was understood. The breakthrough that 

placed it in the standard chemistry laboratory was the 

discovery and implementation of the photoelectric effect. 

Since this discovery there has been a revolution in atomic 

spectroscopy which has.brought it from the role of a humble 

servant used for primary elemental screening to an 

outstanding leader in applications of elemental analysis. 

Atomic emission spectroscopy of complex samples has 

long suffered from matrix effects which result in 

overlapping of spectral lines, fluctuating backgrounds and 

changing conditions in the source. Investigations employing 

an echelle polychromator with a two dimensional solid state 

array detector show great promise in minimizing the effects 

of these interferences on multielement analyses of complex 

samples. The Charge Injection Device (CrD) detector used 

exhibits many characteristics which make it uniquely 

qualified for simultaneous, multielement detection in AES. 

with only slight modifications to the optics of a 

commercial spectrometer and the employment of a crD 
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detector, detection limits for a number of elements are 

quite favorable. Dynamic ranges of over seven orders of 

magnitude are obtainable with this experimental system .• The 

reduction of matrix effects by utilizing the huge wealth of 

information available from over 60,000 individual detector 

elements are demonstrated through results from several 

complex matrix standards. 

This CID-polychromator system was also employed for the 

element selective detection of gas chromatographic (GC) 

effluents. A microwave-induced plasma (MIP) based on the 

Surfatron design was built. A helium plasma from this 

device has shown to have resilience to organic samples and 

give good emission response to non-metallic atoms. 

A number of studies with this GC-AES-polychromator 

system are presented. This system is capable of monitoring 

atomic emissions from C, H, F, CI, Br, I, 0, Nand SaIl 

simultaneously, and the selectivity of this system is 

unsurpassed. Elemental ratios for separated compounds are 

also presented as a precursor to empirical formula 

prediction. 



Chapter 1 

INTRODUCTION 

Brief History of Spectroscopy 
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Spectroscopy, as a science, is quite old and has 

matured in its development through many different 

scientific disciplines, such as physics, astronomy and 

chemistry. The inception of spectroscopy can be traced 

back to Isaac Newton. While many of the other astronomers 

and scientists in western Europe were grinding glass 

lenses of various shapes trying to improve their 

telescopes, he began studying the "spectral decomposition 

of sunlight" by a prism which he had made in 1666, being 

the first to "grind optick (sic) glasses of other figures 

than spherical" [Newton, 1672]. Though the separation of 

light had been known of earlier, it was Newton who proved 

that the colored light (spectrum) was due to the sunlight 

and did not actually originate within the prism. It was 

also Newton who gave us the name spectrum. 

The beginnings of spectroscopy were advanced mostly 

through the development of better optics. Rittenhouse, an 

American scientist, began as early as 1785 trying to 

diffract light with a grating. Rittenhouse developed a 

transmission grating while trying to explain the puzzling 
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effect described by a Mr. Hopkinson. One evening Mr. 

Hopkinson, upon viewing a street lamp through a silk 

handkerchief witnessed the phenomenon which he was not 

expecting. In trying to simplify, model the silk 

handkerchief, and thus elucidate an explanation, 

Rittenhouse made a transmission grating "of parallel 

hairs" [Rittenhouse, 1786]. Through this he was able to 

explain the previous question, but was quite surprised to 

see colored spectra similar to that from a prism. 

Fraunhofer useQ the diffraction grating for 

spectroscopic applications in 1821 [Fraunhofer, 1823]. 

Finally in 1835 Schwerd proposed a wave theory that 

explained the diffraction grating. From this theory it 

became possible to make accurate measurements of the 

wavelengths observed. All of these early studies in 

spectroscopic development were performed using the human 

eye as the detector. 

During this time other scientists were extending the 

range of the electromagnetic spectrum beyond the visible 

region. In 1800, Herschel documented the discovery of the 

existance of the infrared region of the spectrum. In a 

series of experiments he noticed that the different colors 

in sunlight had different powers of heating and 



illumination. He described the following experiment to 

characterize the heating abilities of different colors: 

liThe first set of these experiments relate to the 
heating power of coloured rays. They were made by 
admitting successively each differently coloured 
ray of a prismatic spectrum, through a proper 
aperture in a pasteboard, on a thermometer whose 
bulb was blackened, while another similar 
thermometer, at a certain distance, showed the 
temperature of the ambient air. The general 
results here were, that the temperature, or rather 
the power of heating of the red ray, is greater 
than any other, bearing a proportion to that of 
the green ray as 9 to 4 , and to the violet, the 
least calorific, as 13 to 4 [Herschel, 1800b]." 

He then carried this type of experiment past the visible 
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red light and reported that there seemed to be some light 

rays which carried only heat but no color. This is the 

first report of the measurement of the infrared end of the 

spectrum. The detector used for these measurements was a 

thermometer. 

The ultraviolet spectral region was discovered 

independently by Ritter [McGucken, 1969] and Wollaston 

[Wollaston, 1802] in 1801. This region was discovered 

through studying different sizes of prisms. While 

studying how the light from different prism designs 

affected various chemical substances, it was noticed that 

more colors could be seen on certain compounds. The 

additional colors arose from the native fluorescence of 
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the organic substances being studied. However, these two 

scientists seemed so interested in the prism design work 

that the new spectral region seems to have slipped their 

attention. This region was not really exploited for 

approximately another fifty years. 

As the spectrometers became more sophisticated, the 

scientists were able to begin developing the theory of 

optics and spectroscopy. Almost immediately, 

spectroscopic sources other than the sun were used. 

Fraunhofer compared his solar observations with 

observations from "lamplight" (a flame) [Fraunhofer, 

1814]. Talbot studied the spectra from flames burning on 

wicks which were impregnated with various salts [Talbot, 

1826]. In this study he began to correlate certain colors 

with certain substances and was able to identify that 

since sulfur and soda both gave the same yellow light they 

must have something in common. From this he was able to 

deduce "a very singular optical analogy between soda and 

sulfur, bodies hitherto supposed by chemists to have 

nothing in common [Talbot, 1826, p.78]." Even though his 

conclusion was incorrect (since sulfur and soda (NaC03 ) 

really do not have any elements in common) he began to 

associate spectral colors with chemical composition. It 
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is presumed by this author that Talbot really saw sodium 

emission from an impurity in the sulfur. 

As the body of spectral information grew, spectrocopy 

began to develop away from small optical diversions in 

astronomy and haphazard stabs at understanding the nature 

of light and its interactions with variqus chemical 

sUbstances. By the late 1850's the idea of chemical 

identification through spectral analysis lead Bunsen and 

Kirchhoff to systematically examine various halide salts 

of some rare earth ana alkaline earth elements [Bunsen and 

Kirchhoff, 1861]. From this study they concluded that no 

matter what the anion of the metal was, or how the 

compound was formed, or the temperature of the analytical 

flame, the bright spectral lines observed upon dispersion 

did not change position. These bright spectral lines 

seemed to be characteristic for each metal. Through this 

. work of Bunsen and Kirchhoff, the scientific community of 

the day began to understand that with spectral observation 

they were in possession of a very powerful technique for 

chemical analysis. One review of the above work of Bunsen 

and Kirchhoff marveled: 

"We are, then by this method placed in possession 
of an analytical process of the most extraordinary 
delicacy. The researches of our authors prove 
that this sensibility almost approaches the 
infinite, the being able, by its means to 
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recognize the presence of the 1/3,000,000 part of 
a milligramme of chloride of sodium [Bunsen and 
Kirchhoff, 1860, p.281]". 

Even though the scientific advancement' of Bunsen and 

Kirchhoff was quite significant, they were severely 

limited by their apparatus which gave them the ability to 

detect only the most conspicuous spectral lines. This was 

very likely an advantage for them at the time because all 

the spectral lines that are now known to exist would 

probably have only hopelessly confused the whole study of 

spectral categorization and analysis. As the scientists 

of the day were able to develop optical and spectral 

theories, they were able to understand and correlate more 

information. 

The first significant advance in spectral detection 

came when Berquerel and Draper each independently 

photographed the solar spectrum in 1840 [McGuck~n, 1964, 

p. 116]. At the beginning of photography in spectral 

detection, the technique was rather slow to catch on. It 

was about 20 years later that photography was considered 

valuable to spectroscopy when it was found that 

photographic plates allow detection of the invisible 

ultraviolet rays. Ultraviolet spectroscopy, of course was 

also aided by the discovery in the early 1850's that glass 



blocked the transmission of the ultraviolet rays but 

quartz did not [Stokes, 1852, p. 540]. Finally in 1862, 

when ultraviolet spectra were studied using photography 

instead of by the standard method using a fluorescent 

screen, one researcher came to the following conclusion: 

"The lines of each spectrum are so numerous and so 
close together, that it would be impossible 
without a sacrifice of time, that would scarcely 
be justifiable, to obtain accurate impressions of 
them by eye-drawing. Indeed, except by the 
process of photography, these lines can only be 
rendered visible by the aid of a fluorescent 
screen, under which circumstances the minute 
details are almost necessarily lost even by the 
most careful observer [Miller, 1862, p.876]" 

22 

Even though photography gave scientists the ability to 

record as well as see spectra, the process used vIet 

colloidal plates which were quite cumbersome and required 

laborious efforts to prepare, expose, and develop. The 

wet process became even more laborious and erratic during 

long exposures due to the fact that the plates had a 

tendency to dry during the extended exposures. Another 

problem wet plates experienced was that, when working in 

confined spaces with electric discharges, sufficient ozone 

would be generated to react with the plates in such a way 

that upon developing these plates, there would be a thick 

deposit of silver on the plate [Hartley and Huntington, 

1879, p. 260; Huggins, 1880, p. 673]. 
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The next advance in spectral detection carne through 

an advance in photography. Scientists invented the "dry 

plate." The dry plates were found to be more sensitive to 

the far end of the ultraviolet wavelengths. The use of 

dry photographic plates caught on quickly and became the 

spectral detector of choice. This development finally 

gave spectroscopists the tool necessary to record spectra 

for closer and repeated evaluation at a later time. It 

also made longer integration with good sensi'tivity 

available. The development of more sensitive as well as 

more stable photographic plates and eventually 

photographic film was pursued with some interest by 

physicists and astronomers, but was practically ignored by 

chemists. 

Even though, almost from the beginning of the analysis 

of spectra, chemists saw the usefulness for chemical 

identification (elemental analysis), the development of 

the technique for routine use was rather slow to catch on. 

In a review of the state of the art of metallurgical 

spectrum analysis in 1927, Twyman concludes the following 

about the development of spectroscopy: 

"The time is too short for me to give an account 
of the numerous reasons which have been put 
forward to explain this hiatus; it suffices to 
remind you that the important developments of 
spectroscopy and the spectroscope which took place 
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in those years were mainly under the auspices of 
the physicist and the astronomers, for whom it 
rapidly became an instrument of supreme 
importance. Those chemists (they are still 
greatly in the minority) who use the spectroscope, 
use it very often, and find it almost 
indispensable. As a means of detecting minute 
quantities of the metals it is unrivalled. A 
metal can be readily distinguished in the presence 
of any other element, compound, or mixture'without 
the necessity of separation. The qualitative 
analysis of the metallic constituents of a 
substance, which the spectroscope gives so easily, 
is a sure basis for planning a chemical analysis. 
As the determination of each element proceeds the 
purity of precipitates may be checked as often as 
desired [Twyman, 1927, p. 285].11 

Thus, in the early twentieth century, spectral analysis 

was being used primarily for qualitative analysis to 

propose further methods of analysis as well as to evaluate 

the quality of the wet chemical procedures. It is very 

possible that the reason chemical analysis through 

spectroscopy did not immediately revolutionize analytical 

chemistry, as suggested by Talbot, Bunsen and Kirchhoff, 

was that chemists found the instrumental method of 

spectral detection inferior to wet chemical techniques 

available at the time. The scientists of the time 

prefered standard wet chemical techniques such as 

precipitation and derivatization over spectral analysis. 

Even though the spectra from the samples contained all the 

qualitative and quantitative data required for a full 
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analysis, the data were severely under utilized because 

the early instrumentation gave only marginal results, 

especially for quantitation of a sample. As photography 

became more routine, simplified, and some effort was made 

at measuring spectral intensities of the lines recorded on 

photographic film, spectroscopy became a more valuable 

technique in the area of chemical analysis. 

Photo-Electronic Detectors 

The next major breakthrough for spectroscopy occurred 

again in the world of physics around the turn of the 

century. with the discovery of the photoelectric effect 

through a series of experiments by Hertz, Hallwachs, 

Lenard, and Einstein the scientific community .achieved the 

ability to convert photons to electrons [Eisberg and 

Resnick, 1974, p. 31]. This discovery and the 

understanding of electron focusing lenses developed 

between 1926 and 1932, a way to manipulate and control 

these newly discovered photoelectrons was achieved 

[Csorba, 1985, p. 17]. 

It is unclear exactly when photoelectronic sensors 

were first applied to spectral analysis but it must have 

occurred sometime in the late 1920's or early 1930's. 
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Photoelectronic sensors are basically photon-to-electronic 

signal converters. The advent of the photoelectronic 

sensor gave the necessary boost for spectral analysis to 

begin pushing it into the forefront as a desired chemical 

analysis technique. with the ability to scan through a 

spectrum and quantitate the spectral emission immediately, 

chemists finally had the technology required to more fully 

utilize the abundance of information present from flame 

spectral emission. 

There are four general classes of photoelectronic 

sensors: (l)Photoemissive tubes, (2)Photoconductors, 

(3)Photovoltaic cells and (4)Solid-state sensors. 

Photoemissive tubes are reported to have been the first 

practical photoelectric sensors [Stimson, 1974, p. 17]. 

In the early use of photoelectronic sensors, 

photo conductors were also investigated though to a large 

extent with less eventual success. The initial advantage 

that the photoconductive detectors (peD) exhibited were in 

the areas of sturdiness. Being solid state devices, they 

were more rugged than the photoemissive tubes and because 

they responded to illumination with a variation in 

resistance they were able to be operated at low power. 

Even though both qualities (ruggedness and low power 



27 

operation) are desirable in a photodetector, they do not 

generally make up for some of the severe deficiencies such 

as their slow response time and their very narrow 

wavelength range in which they are responsive. 

Photomultiplier Tubes 

One of the early photoemissive devices, still in 

abundant use today, is the photomultiplier tube (PMT). 

PMTs exhibit a much wider spectral response than peDs. 

peDs are useful primarily only in the visible spectral 

region. PMTs also exhibit better threshold sensitivity, 

response time, linearity, and lower dark current. 

Therefore, even though the PMT requires high-voltage De 

power supplies and much more care in operation (they can 

not withstand direct room light while in operation and are 

very likely to break if physically impacted), they were 

and are still today the single-channel photoelectric 

sensor of choice by a vast majority of the analytical 

chemistry community. 

The advantages of the PMT over photographic film for 

spectral analysis are exhibited in several ways. PMTs 

have a linear response to a large range of photon 

intensities, enabling the measurement of large dynamic 
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ranges at any single operating voltage (sensitivity 

range). The PMT can also reproducibly measure light 

intensities with high accuracy when employed using 

suitably designed el~ctronics such as a stable, high

voltage power supply and a stable, sensitive electrometer. 

The speed with which a PMT can produce analytical signal 

is much quicker than that of photographic film. The light 

detected with a PMT is immediately converted to an 

electronic signal and read, instead of the procedure of 

exposing, developing, ·and then reading the signal from 

photographic film (Calder, 1969]. 

Even though the PMT improved the performance and speed 

of spectral signal collection, it still exhibits some 

features which are undesirable. The PMT lacks the ability 

to monitor more than one wavelength (or channel) 

simultaneously. Also because the PMT gives an electronic 

current in response to the amount of light illuminating 

its photoemissive surface, its design does not lend itself 

to the internal integration of photon signal over time. 

It is because of these tradeoffs between photographic film 

and PMTs as spectral detectors that neither one has shown 

itself superior as the detector of choice in general 

spectroscopic analysis. Instead they have each been 
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developed, improved, and applied in the respective areas 

to which the characteristics of each is most well suited. 

The dream of a detector which would combine the 

favorable characteristics of all the previously developed 

spectral sensors seemed at first to be only a pipe dream. 

Several characteristics of this ideal detector are listed 

as follows. This detector would have the ruggedness and 

low power requirements of the photoconductive detector. 

It would exhibit the wide spectral sensitivity with high 

gain, good threshold sensitivity, be fast and responsive, 

with high linearity and low dark current like a PMT. 

Finally, it would have the multichannel and integrating 

capability of photographic film. 

There have been many attempts to combine desired 

features of the different detectors to achieve this dream, 

all with various levels of limited success. Some of these 

attempts produced various instrumental designs such as the 

direct-reading spectrograph [Calder, 1969, p. 24], 

microchannel plate detectors [Lampton, 1981], 

densitometers [Walker and Straw, 1962], imaging charge 

storage tube detectors [Cosoba, 1985], image dissectors 

[Busch and Busch, 1990], and photosensitive semiconductor 

devices [Marton, 1975]. 
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Densitometers 

One technique, which is still used today in some 

applications, attempted to convert the information 

contained on the photographic film to an electronic signal 

using a densitometer. This method basically measures the 

density of the spectral lines on the exposed photographic 

film of the developed spectral images. When this works it 

gives the ability to measure electronic signals from a 

simultaneously integrating detection system. 

The densitometer can give measurements on the relative 

intensities of spectral lines within an exposure but 

comparison between exposures can still be a problem due to 

all the variables with developing the film. This method 

does nothing to improve on the low dynamic range or the 

inherent non-linear responses of photographic film to 

light. The speed with which the signal is obtained is 

also still inherently slow since the photographic film 

must still be exposed and developed in separate steps 

before being electronically read. 

Direct Readers 

The direct reader, and then later the echelle grating

prism cross dispersing system are attempts to achieve both 
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the high sensitivity and expediency of the PMT as well as 

the multiple wavelength ability of photographic film. 

Both of these schemes achieved limited success. The 

system becomes more complex and expensive as the number of 

PMTs and therefore the number of high-voltage power 

supplies and electrometers for each PMT are added to the 

system. As more PMTs are added to the system, the 

alignment of the spectral image on the focal plane and the 

positioning of each individual PMT also becomes more and 

more complicated until ultimately it becomes impossible to 

place every PMT in its optimum position simultaneously. 

The other problem that arises is that the size of each PMT 

is an ultimate limit on how close together two different 

wavelengths can be measured. Attempts to work around this 

problem with folding mirrors only complicates the whole 

system further. 

Micro-Channel Plates 

Another attempt at creating a PMT style array detector 

is the microchannel plate (MCP). The photoactive area of 

an MCP is made of a leaded glass wafer (a thin glass 

substrate) in which as many as 104 - 107 channels have 

been created. Each channel is a round hole typically 
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between 10 ~m and 100 ~m in diameter. Both the top and 

bottom of this glass plate are coated with a metallic 

coating to which a potential difference can be applied. 

In this configuration the MCP resembles an array of many 

miniature channel electron multipliers all ordered in a 

compact area. Each channel acts like a continuous dynode 

structure for electron multiplication. 

MCPs were used primarily for image amplification. By 

using an MCP to detect a low light level signal and then 

directing the subsequent emitted electrons onto a phosphor 

screen, the electronic image is converted back to a light 

signal with a much larger photon flux. This principle is 

behind the basic operation of many night vision devices. 

Though this scheme does enhance low light levels, it does 

not effect the desired directly readable electronic 

output. 

There were a few attempts at measuring the image from 

MCP's by various means. A separate anode per channel can 

be implemented, which would increase the complexity of the 

readout to an impossible level (remember that even using a", 

small MCP that would be approximately 104 separate readout 

channels!). Some tradeoff between resolution and readout 

complexity could be made by grouping more than one channel 
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per sensing anode. There have also been various ways 

devised to measure the MCP output resistively. A type of 

multiplexing readout scheme is also described for 

simplifying the readout complexity without sacrificing as 

much resolution [Lampton, 1981]. In general, MCP's are 

most commonly used as image intensifiers coupled with 

other array detection schemes. 

Vacuum Tube Imagers 

Many attempts at developing array imagers were 

prompted through the needs of the entertainment industry 

for improved television cameras. A large number of vacuum 

tube type imaging devices were designed and they all 

operate along the same general principles. They all 

consist of some type of target which is either one 

continuous surface or a mosaic of many smaller surfaces 

arranged in some regular pattern. This target is the 

photoactive surface ~rea which through some method 

converts incident photons on the front face into positive 

charge on the back face. The back face is interfaced to a 

vacuum tube. To convert the stored charge pattern into an 

electrical signal, the back side of the target is scanned 

with a low-velocity electron beam. As the electron beam 



discharges the back of the target, the current measured 

from the electron beam is proportional to the charge 

stored. This approach is essentially as attempt to make 

the photoemissive cathode of the PMT into a multichannel 

device like photographic film. 
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These types of camera tube target detectors were 

pursued quite fervently from the 1930's to the 1960's as 

the most viable solution to electronic imaging. During 

this time many different forms of the basic design 

described above were developed and tested. Some of these 

included the CPS emitron mosaic, the Orthicon mosaic, the 

Iconoscope mosaic, the Image orghicon (also known as the 

Isocon target), the Silicon intensifier target, the 

Secondary-electron conduction target, the Vidicon target, 

the Lead oxide target, the Silicon diode array target, the 

staticon target, the Chalnicon target, the Pasecon target, 

the Newvicon target, and modifications to these as well as 

others [Csorba, 1985]. Many of the modifications dealt 

with the photoactive target material. The desire being to 

either increase the low-light level ability of the device 

or to modify the spectral coverage to some specific 

application. Some of the schemes for segregating and 

storing the photogenerated charge were also modified. Of 



course with the various versions the overall performance 

of the different imagers varied. Each version generally 

optimized one characteristic whether it be wide spectral 

coverage, low-light level sensitivity, larger storage 

capacity, or a host of other features while compromising 

the others. 
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In general these camera tube imagers were fragile, 

difficult to construct, exhibited rather low quantum 

efficiencies, generally rather high dark current, and poor 

detector element selectivity, as well as high sensitivity 

to rf noise and magnetic fields. These TV camera type 

imaging tubes had limited to no response outside the 

visible spectral region, which is fine for television 

applications, but not for spectroscopic ones. Not all of 

these types of camera-tube imagers were tried with 

spectroscopic applications, and the ones which were 

applied to the detection of spectral emissions met with 

relatively poor success [Talmi and Busch, 1983; Howell and 

Morrison, 1977; Busch and Morrison, 1973]. 

semiconductor Array Detectors 

In order to take the next step past the limitations of 

tube type array detectors, another major scientific 
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breakthrough needed to occur. The needed breakthrough was 

finally realized with the advent and refinement of 

semiconductor design technology. This event had a similar 

effect on the scientific community as the breakthrough of 

the photoelectric effect had when it shoved spectral 

detection into the electronic age. 

Photo-Diode Arrays 

The first semiconductor type device used for the 

detection of light was the photodiode array (PDA). There 

are various schemes for constructing photodiode arrays, 

but they all work along the same basic principle. Each 

detector element is composed of a diode or two and a 

capacitor. To prepare the PDA for photon collection all 

the capacitors are charged to reverse-bias the diode. 

When photons fallon the photoactive area of the PDA, a 

charge is generated which causes the stored charge in the 

capacitor to decay. To readout the array each capacitor 

is successively recharged to its original potential. 

Where many photons fell, the capacitor will require a 

large recharging current, and where fewer photons fell the 

recharging current will be less. In this way the 

recharging current is a measure of the photons which fell 
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on the particular detector element. 

These PDA devices have been demonstrated to perform as 

reasonably successful detectors in spectroscopic 

applications. with the PDA, spectroscopists have finally 

achieved a reasonable blend so long desired for a 

multichannel detector with integrating capabilities, 

immediate electronic output, low power requirements and 

reasonable durability. 

PDAs as detectors for spectroscopic have been 

investigated in the literature [BUsch and Benton, 1983; 

Talmi, 1982] and are also currently being used in some 

commercially available spectrometers [Sullivan and Quimby, 

1990]. Their main limitation is due to their format and 

limited detector element density. Instruments using PDAs 

as detectors are required to make a severe tradeoff 

between wavelength resolution and spectral coverage. For 

many applications such as the room temperature molecular 

spectroscopies where the spectral peaks are quire broad 

the PDA works fine. But when faced with atomic emission 

spectra the spectral resolution becomes much more 

critical. Another severe limitation of PDAs is their 

tendency to bloom, which will destroy weak emission 

signals which lay near the intense spectral emissions of 
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major sample components. 

Charge Transfer Devices 

Not long after the development of the PDA, another 

class of semiconductor devices known as charge transfer 

devices was developed. This most recent of the photo

electronic array detectors was developed for the detection 

of light in and around the visible spectral region. 

The common characteristics of all the detectors in 

this class, is that while collecting photon signal they 

operate in some type of signal integration mode. To read 

out the signal from the detector elements, the stored 

photo charge is physically moved through the semiconductor 

substrate. There are two types of charge transfer 

devices: the Charge coupled Device (CCD) and the Charge 

Injection Device (CID). These two devices vary mainly in 

their readout schemes. To read the signal from a CCD, the 

charge in each individual detector element is transferred 

serially.from element to element to an on device amplifier 

where it is converted to a voltage which can be read by 

the user. Thus the CCD is read through an interdetector 

element transfer of charge. The CID on the other hand 

moves the charge in a detector element from one side of 
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the element to the other in order to detect the amount of 

signal present in the detector element. The signal is 

then connected to an on device amplifier through a 

multiplexing scheme from which the signal is presented to 

the user also as a voltage. These devices are read 

through an intradetector element transfer of charge. 

The CCO was originally conceived as an elegant 

electronic solution to the problem of introduction a time 

delay in analog signals and as a MOS storage device 

[Sangster and Teer, 1969; Boyle and smith, 1970]. Not 

long after its inception the CCD was employed as a solid

state imaging sensor and has continued to gain popularity 

ever since as a very sensitive and versatile integrating 

imaging device. 

The CIO grew out of an extension of the XY-addressable 

multiplexed photodiode array. There were a few attempts 

presented to clear photodiode arrays though injecting the 

charge into a grounded substrate [Weimer, et. al., 1969]. 

The original paper on a "cco type charge-injection device" 

for imaging was presented in 1973 [Michon and Burke, 

1973]. 

In an early comparative review between the CCD and CID 

the conclusions found in Table 1.1 were presented [Barbe, 



1976, p. 110]. In light of this comparison, it becomes 

quite apparent why the CCO technology was pursued much 

more rigorously than the CIO technology. For both 

applications of memory storage and video imaging the CCO 

has superior characteristics. with its "bucket-brigade" 

mode of charge transfer and its freedom from background 
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variability between detector elements, the CCD was 

superior in the applications of analog memory and time

delay applications. Likewise with its high sensitivity in 

particular illumination modes, the CCD was considered 

superior as an imaging device. 

In most applications, the CCD is favored over the CID. 

This trend to favor the CCD is due principally to the low 

dark current associated with the device, its on chip 

readout amplifier noise (values can be as low as 5 

electrons/read), its ability to be thinned and illuminated 

from the backside, and its ability to be constructed with 

a buried channel. This preferrence for the CCD has been 

evidenced in an empirical mannor by the large number of 

commercially available video cameras and other imaging 

systems which use CCD imagers. Even so, the CID does have 

a unique place in optical spectroscopy. These advantages 

will be explored in detail in Chapter 2. 

Environmental Analysis 

The monitoring of metals is gaining more and more 

interest as the biological effects of metals become 

understood better. In light of recent biological 

research, scientists are beginning to understand that 
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there are very few dangerous materials (which includes not 

only elemental metals but their refractory compounds such 

as their oxides, carbides, borides, etc.), but all 

materials can contain dangerous properties [Brakhnova, 

1975, p. 5]. The medical community has begun to discover 

that small amounts of previously thought hazardous 

materials are actually benificial to an individuals 

health. In other words, anything is potentially hazardous 

through the exposure amount and/or method. Through an 

understanding of how the materials interact with out 

health though, the health ris]cs can be minimized or 

eliminated. 

The role of analysis of these materials falls into two 

major sample classes: environmental and biological. The 

analysis of the natural environment and the working 

environment gives an understanding of the exposure to 

various materials. On the other hand, the analysis of 

these materials in the body through analyzing blood, 

urine, feces, and tissues can provide valuable health 

information about individuals as well as some feedback 

regarding the effect of the environment on human health. 

A compilation of the results from a recent conference on 

the biological monitoring of toxic metals on the types of 
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information which is desired from environmental and 

biological analyses are listed in Table 1.2 and Table 1.3. 

As the general population becomes more interested in 

the potentially hazardous materials in the environment, 

and as the medical community continues to better 

understand the role various materials play with regard to 

health, the analysis of these materials becomes more 

important. As stated by one author, "Advances in 

analytical instrumentation and their judicious 

application, in light·of the characterization of the 

analyte and the chemistry of the various biological 

matrices, will provide the key to future progress [Berman, 

1980, p. 4]" Even though this statement was made ten 

years ago, it still holds true today. Most scientists 

would agree that the "judicious application" of analytical 

instrumentation is just beginning. Just as in the past 

history of spectroscopy, as new technological 

breakthroughs are discovered, the analytical 

instrumentation will become even more useful at not only 

solving new mysteries but will be more adept at supplying 

data that are routinely desired. 

There are currently more analytical methods for trace 

elemental analysis of environmental and biological samples 



Table 1.2: Objectives of environmental monitoring. 

1. To assess the degree of current human exposure to 
metals via media such as air, water, or food. 
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2. To observe changes over time in the degree of human 
exposure to metals in these media. For example, 
repeated measurements of lead in ambient air samples 
from several European and North American cities have 
demonstrated declines in air lead concentrations 
concurrent with decreases in the use of lead additives 
in gasoline. 

3. To identify specific sources of exposure. For 
example, environmental monitoring can be used to 
distinguish whether the exposure to mercury in dental 
offices occurred from mixing of amalgam, insertion of 
fillings, or evaporation of spilled mercury from 
flooring. 

4. To monitor the effectiveness of environmental or 
industrial control measures, such as changes in 
process of ventilation, in reducing exposures. For 
example, decreased levels in air were observed in new 
primary lead smelting plants following changes in 
ventilation technology. 

5. To provide data for exposure-response and dose
response relationships. This information can be used 
to refine current estimates of risk exposure and to 
assess the adequacy of current exposure standards. 

6. To assess compliance with exposure standards. 
Probably the most common reason for obtaining 
environmental samples is to determine, for regulatory 
purposes, whether concentrations of metals are within 
currently accepted environmental of occupational 
exposure standards. 

Elinder, et. al., 1988, pp. 2, 3. 
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Table 1.3: Objectives of biological monitoring. 

1. To assess the current exposure to a metal in the 
environment. Biological monitoring can aid in 
providing an integrated assessment of absorption from 
all sources. For example, the blood lead level in 
children reflects absorption of both inhaled as well 
as ingested lead. 

2. To assess the body burden of a metal. 
body burdens is particularly important 
with long-term exposure to metals that 
the body. 

Information on 
for persons 
accumulate in 

3. To follow the effects of medical treatment, such as 
chelation therapy, to reduce body burden of a metal. 

4. To follow trends i~ exposure over time, For example, 
repeated measurements of blood lead levels in various 
countries have demonstrated declines in these 
concentrations in parallel with decreases in 
environmental air lead levels. 

5. To identify individuals of subpopulations with greater 
exposure. within any population, certain individuals 
take up more metals. This increased absorption may 
reflect either greater exposure, or greater absorption 
rates. 

6. To provide data for dose-response relationships and 
for risk assessment. If the relationships between 
exposure, delivered or target site dose, and adverse 
effects are known, data on biological monitoring can 
be used for risk assessment. 

Elinder, et. al., 1988, p. 6. 
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than can be reasonably addressed in this introduction. 

The most predominant applied analytical methods used today 

in routine analysis are: atomic spectroscopy (both 

absorption and emission), voltammetry, neutron activation 

analysis, total reflecting x-ray fluorescence, and isotope 

dilution mass spectrometry [stoeppler, 1988]. All of 

these methods seem to fall into one of three categories: 

(a) some are quite sensitive but only for one element at a 

time; (b) some have multielement capabilities but 

generally are not as sensitive for most elements; and (c) 

some are quite sensitive with more than one element but 

generally require expert technical experience. Often the 

sensitive, multielement techniques require time consuming 

labor and are therefore usually more expensive to perform 

and more likely to accidentally render incorrect results. 

Of all the techniques, the one which shows promise of 

exhibiting the most desirable characteristics of high 

sensitivity, multielement capability, and elegent 

simplicity is atomic emission spectroscopy [Harrison and 

Rapsomanikis, 1989; Boumans and Bosveld, 1979]. This 

technique, when coupled with a good emission source like a 

plasma, is beginning to exhibit sensitive detection of 

most elements in quick and potentially simultaneous 
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determinations. 

Chromatographic Analysis of Environmental Samples 

For the analysis of many organic and organometallic 

species in environmental samples, the ASTM methods call 

for the use of gas chromatography [ASTM, 1990i ASTM, 

1989ai ASTM, 1989b]. These ASTM methods are rigorously 

researched, stringently tested, and time honored routines 

for the analysis of many different samples of concern to a 

variety of industries: The separations in chromatography 

have been well characterized and tailored for many 

compounds. The quantitative abilities of chromatography 

are also well understood and are generally excellent if 

everything is working properly. Unfortunately standard, 

routine gas chromatography by itself is a poor qualitative 

technique. The identification of unknown compounds is 

accomplished by comparison of retention times between the 

sample and known standards run under identical conditions. 

This type of identification is only effective when there 

is a limited number of possible compounds in the sample 

[Goulden, 1978]. with environmental samples, the number 

of possible compounds is essentially unlimited. In these 

cases real identification of the eluting compounds must be 
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confirmed by other techniques. 

There are many different detectors which have been 

developed to alleviate some of the problems with GC 

separation and chromatographic identification. All of 

these detectors can be categorized in one of the following 

three classes: (a) Universal detectors: which respond to 

all or most compounds; (b) Specific detectors: which 

respond to a very limited class of compound or element; 

and (c) Selective detectors: which respond to a group of 

compounds or a number"of species. While the universal 

detectors will allow the GC operator to see response for 

all the various compounds in the sample, they do not give 

any information. about speciation of the compound. On the 

otherhand, the selective and specific detectors give 

species related information but only respond to the 

particular functional species of the sample for which it 

is optimized. The ideal GC detector would be one which 

will respond uniquely to every compound in the sample 

analyzed. 

When analyzing for pollutants in real world samples 

for example, an effective separation is often very 

difficult or even impossible to achieve. In these cases, 

using a general, non-selective detector becomes 



unacceptable. Many organic pollutants have specific 

elements in them which are not commonly found in the 

surrounding environment though. For example many 

industrial solvents and pesticides contain chlorine not 

normally found in the natural environment. If the 

chlorine can be monitored specifically, the demand for 

very high chromatographic resolution can be reduced. 
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Element specific detectors can also be used very 

effectively for compound identification. By specifically 

monitoring all the elements in the compound of interest, 

the identitification of the compound can be greatly aided 

through its elemental composition. This method of GC 

effluent identification is potentially more accurate, and 

less likely to report incorrect quantitative results 

arising from poorly resolved or unresolved chromatographic 

peaks. 

The only two universally selective detectors used 

currently for gas chromatography are atomic emission 

spectroscopy (AES) detectors and mass spectrometers (MS). 

MS is a very powerful and widely used technique. When 

used by someone who is knowledgeable in the interpretation 

of mass spectra, the spectral information can be used to 

elucidate some structural and elemental information about 
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the compound analyzed. In MS, each compound gives its own 

characteristic spectrum, so any compound can be identified 

conclusively by a comparison of the mass spectra from a 

known sample with the that from the unknown compound of 

interest. To aid this process, databases (commonly known 

as libraries) of mass spectra have been compiled for 

comparison and compound identification. In synthetic, 

well characterized clean laboratory samples these spectral 

library comparisons have proven to work quite well [Hites, 

1985; Middleditch, 1979; Gudzinowicz and Gudzinowicz, 

1977]. In real world chromatographic effluent analysis 

this library comparison becomes more difficult. Where 

there are incomplete compound separations or where the 

specific compound of interest is not recorded in the 

library, these library comparisons break down. 

On the other hand, AES detection of GC effluents give 

the absolute elemental intensities from the compounds 

detected. In this case if becomes possible to detect 

poorly resolved spectra by monitoring the emissions of 

elements which are mutually exclusive between the 

overlapping compounds. Compound identification becomes 

much easier with AEDs because the operator is only 

presented with the quantitation of each element present in 



the compound detected. The only information missing in 

AES detection is that of conformation. The emission 

spectra will only show how much of each element was 

present in the original compound, but the spectra supply 

no information regarding the actual position of these 

atoms relative to one another. This is not generally a 

problem though because isomers are routinely separated 

chromatographically, and when analyzed with an AES 

detector they can be shown to be isomers with different 

retention times. If specific determination of a certain 

isomer is desired, the comparison of the retention times 

along with the elemental information supplied by the AES 

detectors should be more than adequate. 
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When choosing an AES detector for chromatographic 

analysis some desirable characteristics must be 

considered. Most important is that the emission source 

must be able to atomize and excite all the elements 

present in the compounds contained in GC effluent. The 

use of helium plasma is best for assuring the desired 

characteristics due to the more energetic plasmas formed 

with helium. Helium plasmas have been shown to generally 

exhibit better atomization and excitation characteristics 

than comparable argon plasmas [Dingjan and DeJong, 1981]. 
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Plasma volume must also be considered when interfacing 

with GC. To preserve chromatographic resolution, the 

plasma volume into which the chromatographic effluent is 

expanded should be as small as possible. Also to preserve 

chromatographic signal quality, the plasma gas flow rate 

should be run as low as possible. Since typical flow 

rates for GC carrier gasses can range between 40 ml/min 

for packed columns all the way down to about 0.5 ml/min 

for glass capillary columns, the lower the plasma gas flow 

rate in the detector the less sample dilution will occur 

in the detector. 

Table 1.4 presents a general comparison of the three 

major plasmas used for AES detection; the direct current 

plasma (DCP) , the inductively-coupled plasma (ICP) , and 

the microwave induced plasma (MIP). The MIPs are able to 

generate helium plasmas at atmospheric pressure. MIPs are 

also operated at power levels much lower than the other 

two plasma emission sources. Even though the operational 

power in the MIP is the lowest, the MIP shows power 

densities similar to the ICP due to its much smaller 

plasma volume. 

In light of these comparisons it is not surprising 

that the AES detector which has been applied most often to 

the detection of GC effluents is the MIP. with its 
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ability to form a helium, its low plasma gas flow rates, 

its small plasma volume, and its high power densities the 

MIP provides the optimum compromise of plasma 

characteristics. The most common frequency used for these 

plasmas is 2.450 GHz. 

There are quite a variety of MIP devices structures, 

some of which will operate only at reduced pressures and 

others which will sustain plasmas at atmospheric pressure. 

The advantage of atmospheric pressure operation is quite 

apparent. Without the need for extra vacuum equipment, 

these systems are less cumbersome and the source can be 

viewed axially down the plasma tube as opposed to being 

viewed radially through the plasma tube wall. The plasma 

tube wall invariable changes over time which distorts the 

radial monitoring. 

Microwave-Induced Plasmas 

The microwave plasma is initiated and sustained 

through the process of electrons impacting plasma gas 

atoms with sufficient energy to ionize the atoms. During 

stable, steady-state operation electrons are released and 

recaptured at a steady rate. At very low pressure, the 

electrons in an oscillating microwave field will oscillate 
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with the field's frequency, but will be out of phase with 

the field. This out of phase oscillation is because the 

inertia of the electron will continue to carry the 

electron in the direction of the field gradient was 

pushing it. On the second half of every cycle of the 

microwave field oscillation, the electron experiences a 

field in the reserval in the applied field gradient and 

therefore must overcome its momentum in one direction and 

begin accelerating in the other direction. At very low 

pressures the electrons change direction primarily due to 

the effect of the oscillating field, and since they are 

out of phase with the field they are spending some portion 

of their time under decelerating conditions while they 

change direction. 

As the pressure of the plasma gas is increased the 

electrons experience more frequent collisions with plasma 

gas atoms. Th~ consequence of each collision is that the 

direction is changed without effecting the magnitude of 

its velocity greatly. Thus at higher pressures there 

becomes a more efficient mechanism for the electron to 

change its momentum and therefore its direction through 

collisions with plasma gas atoms or molecules. As the 

electron becomes more synchronized with the microwave 



field it can gain more energy until it has sufficient 

energy to ionize the plasma gas thus forming and 
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sustaining a plasma. Once the plasma gas pressure becomes 

too high though, the mean free path of the electrons 

becomes so limited by too many collisions that the 

collisions become a hinderance instead of a benefit to the 

sustenance of the plasma. 

It can be seen from the above discussion that there is 

an optimum pressure where the free electrons present in 

the field can gain the maximum amount of energy from a 

given frequency. For the most commonly used microwave 

frequency of 2.45 GHz this pressure has been measured to 

be about 4 torr [MacDonald and Matthews, 1956]. 

The equation which describes the amount of power 

absorbed by an electron from the exciting field is: 

P = (e2Eo2/2mv) (v 2/v 2+w2) 

where e => charge of the electron 

m => mass of the electron 

EO => maximum field amplitude 
(input power) 

v => collision frequency 
(the pressure dependent variable) 

and w => angular field frequency 



One of the design criteria was to be able to run at 

atmospheric pressure. To increase the power deposited 

into the electrons at higher pressures either the field 

amplitude can be increased or the field frequency can be 

decreased. Normally for microwave plasmas the field 

strength is increased and the frequency is left at 2.45 

GHz. When the frequency is lowered, one gets into the 

realm of ICP's which is outside the scope of these 

investigations. 
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In the early years of microwave plasmas, they were 

only able to operate at low pressures usually near the 

optimum 4 torr. The evolution of the MIP is unlike the 

DCP and ICP, which went through relatively few design 

iterations before stabilizing on a particular, well

accepted design. There were and still are many different 

structures designed for the generation of microwave 

plasmas. While the complete history and development of 

microwave plasmas will not be described here, some brief 

history of a few of the more common types of microwave 

devices developed for chemical analysis may be useful. 
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Early Microwave Plasma Generator Designs 

The earliest microwave plasma devices were based on 

two different ideas. One type investigated early on used 

a discharge tube with a central electrode [Greenfield, et. 

al., 1975; Cobine and Wilbur, 1951]. Most of the designs 

using the central electrode for spectrochemical analysis 

are variants of the design proposed by Cobine and Wilbur 

in 1951 [Cobine and wilbur, 1951]. These plasmas used an 

electrode coupled to a microwave oscillator through a 

waveguide. The plasma formed at the tip of the electrode 

and was often used in a manor somewhat analogous to a high 

temperature flame. 

The other type of earliest microwave plasmas were the 

electrodeless discharge type plasmas. The basic idea 

behind these designs is to set up a standing wave ideally 

with only one resonance mode. Then the plasma is 

generated by placing a plasma support gas, usually 

contained within a glass or quartz plasma tube, in the 

structure where the field energy is a maximum. The 

earliest type of cavity used for spectroscopic purposes 

was basically a tapered rectangular waveguide where the 

microwave power was deposited in the structure with an 

antenna on the larger end and the discharge tube was 



positioned at the other end of the waveguide at one

quarter wavelength from the narrow end [Broida and 

Chapman, 1958]. This cavity operated best at pressures 

below 50 torr. 
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Due to their better operating characteristics such as 

generally higher excitation temperatures, reduced 

interelement effects, reduced possibility of 

contamination, and greater stability the electrodeless 

cavities quickly became the method of choice for 

analytical microwave plasmas. Since this earliest report 

of optical spectroscopy using an electrodeless discharge 

there have been a plethora of designs and modifications of 

designs for microwave-induced plasmas. 

Coaxial Microwave Plasma Devices 

The most popular early design, which is somewhat an 

offshoot of the original waveguide design, was the 3/4-

wave coaxial cavity. These showed continued improvements 

over the previous attempts for spectroscopic applications. 

These cavities were generally more stable, easier to work 

with, and some were able to be run at atmospheric 

pressure. The similarity of these 3/4-wave cavities to 

the first waveguide plasma devices makes them function 
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along the same principle of setting up a standing wave and 

locating the plasma tube in a high energy density region. 

In these designs the length of the cavity was required to 

be an odd number of quarter wavelengths. Tuning these 

cavities was accomplished by either varying the length of 

the cavity, changing the microwave coupling impedance or 

both. These cavities have become familiarly known as 

Broida cavities. These plasmas were generally easier to 

tune and some were able to operate successfully at 

atmospheric pressure •. 

Almost simultaneously an alternative cavity, based on 

extremely similar design theory was developed using a 

cavity which was one quarter of the microwave wavelength 

in size. Many investigators reported easier 

implementation of these cavities for practical 

spectroscopic applications because of their reduced size 

[Skogerboe and Coleman, 1976; Vorburger, et. al., 1976; 

Vidal and Dupret, 1976; MCCarroll, 1970]. These cavities 

became known as Evenson cavities. The tuning of these 

plasmas was the same as for the Broida cavities. 

Bo~h the Broida and Evenson cavities were coaxial 

cavities and gave approximately the same results in 

spectroscopic applications. Both these cavities continued 



62 

to present the annoying problem of the generated plasmas 

being easily extinguished if too much sample was 

introduced unless they were operated at reduced pressures. 

Even though these cavities would sustain a plasma at 

atmospheric pressure, for spectroscopic applications they 

were generally run at reduced pressure for increased 

stability. 

Beenakker Microwave Plasma Devices 

As small design cnanges continued to slowly improve 

both types of coaxial MIP's, Beenakker designed the radial 

1/4-wave cavity. In his design Beenakker specifically 

sought a cavity which would operate at atmospheric 

pressure with either argon or helium. To do so his 

primary considerations were: (a) having a resonant 

frequency of exactly 2450 MHz (the operating frequency he 

chose); (b) minimizing the cavity volume to increase the 

power density; and (c) locating the discharge tube so that 

it is in the position of the highest electric field 

[Beenakker, 1976]. The resulting cavity design was a very 

short cylinder with a calculated diameter of 93.7 mm. The 

plasma discharge tube was positioned axially through the 

center of the cavity. The diameter of the cavity sets its 
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operating frequency and the length sets the energy density 

at any constant input power. The microwave power is 

introduced into the cavity through a coupling loop. Two 

tuning stubs are used to adjust the resonance conditions 

of the cavity. 

In actual practice, the presence of the dielectric 

plasma tube and plasma gas inside the cavity tends to 

shift the resonance of the Beenakker cavity toward lower 

frequencies. To compensate for this the actual cavity 

diameter used for the'Beenakker MIP's is slightly smaller 

than the theoretically calculated diameter. At this point 

calculations of the final dielectric properties will be 

somewhat imperically based (ie. plasma tube composition, 

diameter & wall thickness of the tube, plasma gas 

composition, plasma gas flow rate, etc.) and then an 

optimum diameter is chosen. 

Once the art of building one of these cavities is 

accomplished, the properly operating MIP is reported to 

run at atmospheric pressure and is highly stable. The 

plasma exists inside the cavity and is viewed axially, 

which is easily accomplished since there is no need for 

vacuum equipment which could interfere with axial viewing. 

Another advantage of this cavity over the Broida and 
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Evenson cavities is that even though the plasma resides 

inside the cavity, it is still physically close to the 

edges because the cavity is so short. The narrower 

cavities make higher electric field densities. This 

easily accessible placement of the plasma can simplify the 

interface to a sample introduction system without 

modifying or compromising the resonance of the cavity. 

Since Beenakker's original design, this cavity has also 

undergone a number of modifications, but it has remained 

basically the same and is emerging as one of the leaders 

in stable microwave plasma generation. 

Surfatron Microwave Plasma Devices 

The final microwave plasma which will be discussed 

here is a plasma generating structure known as a surface

wave launching device; dubbed the Surfatron. These plasma 

devices are relatively recent as atomic emission sources, 

even though they were developed and studied in the 1920's, 

and used extensively by physicists to accelerate electrons 

along a dielectric surface [Barlow and Brown, 1962]. The 

fundamental difference between the surfatron and the other 

types of MIP devices is that the plasma is not generated 

inside a resonant cavity. To generate these plasmas, a 
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device is used to send the microwave field down the inside 

of a plasma tube. The plasma is sustained, along the 

plasma tube in front of the launcher, not inside a 

resonant cavity. These plasmas operate well at 

atmospheric pressure for a variety of gasses. Because the 

plasma is not dependent solely on the resonance of the 

cavity, it is less susceptible to changes in the plasma 

gas and is therefore more resilient to sample 

introduction. 

At the present time the Beenakker and the Surfatron 

are the two most cornmon types of microwave plasmas in use 

today. This is evidenced by the majority of the current 

publications involving one of these two types of plasma 

generating devices. 

Dissertation Goals and Outline 

The primary goal of the research presented in this 

dissertation was to continue the development of a 

simultaneous, multichannel polychromator for use in atomic 

spectroscopy and the applications of this detector. The 

need for this type of system is quite evident in both the 

areas of inorganic analysis and organic analysis. It can 

be seen from the history of atomic spectroscopy and its 
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development through the latter half of the nineteenth 

century and the twentieth century that the analytical 

usefulness of atomic spectroscopy is at a plateau and will 

not be able to advance until larger, high-resolution, 

simultaneous, multichannel optical detectors are developed 

and applied to spectroscopy. Once the groundwork is laid 

for this type of technology in routine atomic emission 

spectroscopy, this technique will finally have matured to 

the level which was dreamed of by Bunsen and Kirchhoff and 

proposed by Tywman. When this type of detector technology 

is installed in the mainstream of the scientific 

community, AES should be unparalleled in its ability to 

accomplish routine elemental analysis for both bulk and 

trace species in a sample. 

In chapter 2, a novel optical array detector is 

presented. This detector, the charge injection device, is 

constructed through the use of recently developed 

semiconductor technology. The important features of this 

device as it is applied to AES detection will be 

presented. This chapter contains discussions of 

photometric response and dark current, as well as some of 

the unique features for AES applications. Also included 

in this section is a presentation of the optical system. 



The echelle polychromator and its interface to the CID 

array detector are outlined (the UA-CIDIIB integrating 

polychromator system). 
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Chapter 3 begins with a discussion of the direct 

current plasma source. This source is a good, basic 

emission source which is easy to use for routine aqueous 

analysis. This source was used for all the UA-CIDIIB 

integrating polychromator system characterization studies 

and benchmark tests. The scheme developed for 

quantitative aqueous sample analysis is presented and 

explained. In this section detection limits and linear 

dynamic ranges are presented for some representative 

metals. Finally, as a display of overall effectiveness, 

trace and bulk metals are analyzed in two water samples. 

The procedure for these analyses is described and the 

results are discussed. 

In preparing for the analysis of gas chromatographic 

effluents, an emission source which responds well to GC 

samples was required. Chapter 4 contains a discussion of 

the requirements for GC-AES detectors. The design and 

construction of the surfatron microwave plasma generating 

device is presented. This chapter concludes with a 

discussion of the practical operation of the surfatron. 
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Chapter 5 begins with a presentation of the entire 

system created and assembled for the simultaneous, 

multielement analysis of GC effluents. The components and 

interfaces are discussed. The algorithm developed for the 

collection of GC signals is presented. Also the various 

stages of the analysis of the GC signals are described. 

In Chapter 6 the unique integral format of GC signals 

from the multichannel, integrating detector employed is 

shown and evaluated. The simultaneous, multielement 

determination of a relatively large and diverse organic 

sample is presented and discussed. Sample analyses 

demonstrating overall performance, elemental ratios and 

detection limits are also presented and discussed. 

In Chapter 7 the conclusions from this research are 

presented, along with some future experiments which could 

be investigated. Ideas for redesigning the various system 

components and interfaces in light of the new 

understanding developed through this research are set 

fourth. Through the developmental work for an element 

specific GC detector it is anticipated that an even better 

system for GC-AES analysis of organic and organometallic 

samples can be developed. 
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Chapter 2 

THE CHARGE-INJECTION ARRAY DETECTOR AND POLYCHROMATOR 

Charge Injection Device 

The most common format of the charge-Injection Device 

(CID) is composed of rows and columns of detector elements 

in a two dimensional array. There have been a few linear 

CIDs and one very large single detector element CID 

fabricated [Sweedler, i989, p. 61]. A detector element in 

the CID is composed of two electrodes, as shown in Figure 

2.1. One is the collecting electrode and the other is the 

sensing electrode. To collect photogenerated charge, 

voltages are applied to the electrodes to create a potential 

well in the n-doped epitaxial layer below the plates (Figure 

2.2). As photons enter the silicon, hole/electron pairs are 

generated. A hole/electron pair is created when an electron 

in the semiconductor material is promoted from the valence 

band to the conduction band. In this case, these electrons 

are promoted through interactions with photons. What is 

left after the promotion is an electron which is now 

mobilized into the conduction band and now therefore able to 

be drawn by an imposed field away from its place of origin. 
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Likewise, in this original position there is left excess 

positive charge (simply because there is no longer an 

electron present, not because there is a positive equivalent 

for an electron in this position, as Benjamin Franklin 

originally believed [Crowther, 1937, p.73]), in other words 

a positive hole. Due to the potential field imposed on the 

epitaxy the electrons are attracted to the substrate and 

shunted off to ground while the positive holes are drawn 

towards the charged collecting electrode. As long as the 

electrodes are held at'the integrating potentials, any 

photogenerated charge will be stored at the detector element 

until the potential well is exceeded. At this point charge 

will begin to spill into the detector substrate and be 

neutralized by electrons from the substrate ground. 

Thourgh this mechanism the problem of blooming is 

avoided in the CID. Blooming is a problem that continues to 

plague many types of integrating detectors. It is the 

problem of charge from a full potential well (detector 

element) spilling over into adjacent wells. It is quite 

evident that when bloomiong occurs, the signal in the 

adjacent detector elements is no longer representative of 

the amount of light falling only on that detector element. 

For the CID, instead of charge from a full well spilling 
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into adjacent wells, it is removed through the substrate 

layer (which acts essentially as a ground plane) [Beynon and 

Lamb, 1980, p.108; Barbe, 1976, p.110]. Even though 

quantitative signal is lost from the full detector element 

the quantitative signal is not compromised in other detector 

elements as a result of the overflow in the full element. 

At this point it becomes important to understand how 

the signal from a eIn is read since the uniqueness of this 

process gives these type of devices their unique position in 

atomic spectroscopy. Figure 2.3 shows the scheme for 

reading the signal from a detector element. In Figure 2.3a 

the integration mode of the detector element is shown as 

discussed above. When the charge in a detector element is 

to be read the sensing electrode is switched from its 

integrating voltage bias level to the readout amplifier 

(Figure 2.3b). The readout amplifier is a very high 

impedance FET amplifier. When this switch occurs, the 

voltage at the amplifier should theoretically stay floating 

at the bias voltage level but can vary somewhat. To 

quantify this variance the actual potential at the amplifier 

is measured immediately after the sense electrode is 

connected. Once the actual bias potential (Vab) is known 

the charge collecting electrode is set to zero volts (ground 
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potential with respect to the substrate) which collapses the 

potential well under this electrode and the charge which was 

collected under this electrode migrates over under the 

sensing electrode. As a result of this migration, the 

voltage at the amplifier is equal to the actual bias 

potential plus the potential from the extra charge under the 

electrode. This situation is essentially like a capacitor 

with charge stored in it, where one side of the capacitor is 

the sensing electrode and the other side is the epitaxy. 

The charge and voltage on a capacitor are proportional, 

and the proportionality constant is known as the 

capacitance. 

g = CV 

By rearranging this equation we can see that the voltage on 

a capacitor is equal to the charge divided by the 

capacitance. 

v = gjC 

continuing the comparison between the crn detector 

element and a capacitor, it can be seen that the voltage 

measured on the sensing electrode will be proportional to 

the charge under it. The total voltage at the sensing 

electrode will therefore be the actual bias voltage plus the 

voltage due to the collected charge (gjC). 



Vt = Vab + qje 

Thus by removing the actual bias voltage from the total 

voltage, the remaining signal is a quantitation of the 

charge under the sensing electrode, and is directly 

proportional to the number of positive holes (q) stored 

under the electrode. 
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Once the charge is sensed and the sensing electrode is 

switched from the readout amplifier back to its bias 

voltage, there are two options for the charge still stored 

under this electrode. 'By raising the sensing electrode to 

zero volts while holding the collecting electrode at zero 

volts the entire potential well is collapsed and the stored 

positive holes are forced into the substrate where they are 

neutralized by electrons supplied from the ground. This is 

the method of removing the charge from a detector element 

(Figure 2.3, path D). This path (process) will be referred 

to as injecting the charge from the detector element, or 

more simply: an inject. 

The other possibility is to reestablish the negative 

integrating voltage on the collecting electrode and 

reestablish the bias voltage on the sensing electrode. When 

this occurs the charge migrates back under the collecting 

electrode (because of its stronger potential field) and the 
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detector can continue to collect charge without having 

removed any of the charge that was present before reading 

out the charge in the detector element (Figure 2.3, path C). 

This detector element charge sensing mode is called a 

nondestructive readout, because the charge at a detector 

element is read without destroying the charge information in 

that detector element. 

Two dimensional CID arrays are composed of rows and 

columns of these detector elements where all the sensing 

electrodes along one column are chained together and all the 

collecting electrodes along one row are chained together 

(Figure 2.4) to create a rectangular array of detector 

elements. To access anyone detector element the column of 

sensing electrodes associated with the desired detector 

element is switched to the readout amplifier. Then the row 

of collecting electrodes associated with the same detector 

element of interest is clamped to zero and all the charge in 

all the detector elements along this row is forced under the 

sensing electrodes. Since only one of the sensing 

electrodes in this row is switched to the amplifier, the 

only charge measured will be from the detector element of 

interest. In this way the whole array of detector elements 

is multiplexed into a set of row and column addresses. 
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Figure 2.4: Functional diagram of a small portion of 
the CIO array detector. 
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It is possible to accesses any small subarray of the 

full CID array, thus removing the necessity of reading 

signal from the entire array. This is most useful because 

very seldom during a spectral analysis does the entire array 

detector contain useful analytical signal. The readout 

timing sequences are controlled by a deticated camera 

controller unit which interfaces between the host computer 

and the camera head. This camera controller accepts 

commands from the host computer and translates them into the 

proper timing states tfiat execute the requested CID 

functions, and it coordinates the transmission of the 

digital data from the crD to the host computer. 

When any different subarray of detector elements (or 

window) of the CID detector is read, the camera controller 

requires the following information. To specify the size of 

the window, the number of horizontal detector elements and 

the number of vertical detector elements must each be 

specified. The horizontal and vertical position of the 

bottom left most detector element must also be specified. 

For example a 12 detector element window of 4 columns by 3 

rows with the origin in the 100th column and the 150 th row 

will cover a rectangle of detector elements from the 100th 

to the 103~ in the horizontal direction and the 150th to the 
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162nd in the vertical direction. 

This is a brief overview of the operation of the CID 

detector. For more in depth discussions of the operation 

and characteristics of the CID the reader is directed to the 

following references: Sims, G., 1989; Bilhorn, R., 1987; 

Burke and Michon, 1976; Barbe, 1976. 

The CID-11B 

The array detector used throughout these investigations 

was the CID-11B made by General Electric. A concise listing 

of its characteristics is shown in Table 2.1. The detector 

elements are arranged in 244 rows of 248 columns to give a 

total of 60,512 resolution elements. 

Dark Current 

The dark current given in Table 2.1 is due to the 

number of hole/electron pairs generated by thermal ejection 

of an electron at room temperature instead of an event 

occurring due to a photon. At this temperature the average 

charge capacity of a detector element will be exceeded in 

only about 1/2 of a second which severely limits the 

usefulness of this device at room temperature. On the other 

hand, the CID will function properly at the liquid nitrogen 
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Table 2.1: Characteristics of the CID-llB. 

Photoactive area 

Detector element size 

Array format 

Dark Current at room temp. 

Average Charge Capacity 

System Gain 

1.17 em X 0.85 cm 

47 ILm X 35 ILm 

244 rows X 248 columns 

4.6 X 106 carriers/sec 

2.3 X 106 carriers/ det. elem. 

741.6 carriers/ ADU 
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temperature of 77K. At this temperature the dark current is 

so severely reduced that there is essentially none over the 

short duration of minutes used for practical spectral 

applications. 

Figure 2.5 shows the effect of dark current over 

extended periods of time. The average signal from four 

different windows of the crD are plotted with respect to 

time. Each window is a ten by four array of detector 

elements and each window was initially exposed to a 

different amount of light. Once the initial exposure was 

complete the windows were each successively and continuously 

read nondestructively. To read each window, the signal from 

each detector element in the window was summed individually 

in computer memory and averaged. This is done to average 

out the white noise arrising from reading the detector 

element signal which is introduced by the readout 

electronics. One cycle of reading all the windows took 

about 1.5 seconds. Every five minutes a read from each 

window was stored in the computer. (The time was monitored 

by a real time clock which is interfaced to the computer.) 

The procedure of continuously rereading the detector 

elements of interest most closely duplicates the functioning 

of the detector when it is used for actual chemical 
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Figure 2.5: Graph of dark current generated over 13 
hours in the CID-11B at 77 C. 
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analysis. The procedure of reading and storing signal was 

repeated for a total of thirteen hours to show the long term 

effects of dark current on the CID. From the graph in 

Figure 2.5 it can be seen upon close examination that dark 

current does vary slightly due to the amount of signal 

stored in the detector element. For the most illuminated 

window, the dark current is only 0.2199 charge carrier per 

second, and for the least illuminated window the dark 

current is 0.0782 charge carriers per second. Table 2.2 

summarizes the dark current read for each of the lines in 

Figure 2.5. This increase in dark current is thought to be 

due to some type of charge pumping. When more charge 

carriers are being moved around in the detector element 

cells, the increased energy must be able to excite more 

electrons to the conduction band in the semiconductor. Even 

with this increase in dark current due to signal present in 

the detector elements, in all cases the dark current is 

negligible for integrations of two minutes of less, which is 

the longest integration time used in any of the 

investigations described in this dissertation. For a two 

minute integration the dark current is responsible for less 

than 0.001% of the total charge carriers in the detector 

elements. 



Table 2.2: Dark current measured at various charge 
levels in the detector elements. 

Average Intensity Dark Current 
(Charge Carriers) (Carriers/sec) 

750,959 0.2199 

608,573 0.2050 

217,444 0.0875 

112,632 0.0782 
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The spectral range in which the CIO-11B operates is 

from about 200 nm (when the glass window that it is 

manufactured with is removed) to about 1000 nm. Figure 2.6 

shows the spectral response (quantum efficiency) of the CIO

lIB from 200 nm to 1000 nm. The maximum quantum efficiency 

of 22.5% occurs at 550 nm with it drops to 4% at 900 nm and 

less than 1% at 200 nm. 

Photometric Response 

The ideal spectroscopic detector exhibits a linear 

relationship between the number of photons striking the 

detector and the measured response of the detector. To 

measure this relationship for the CIO-11B a relatively 

simple experiment was conducted. Light-emitting diodes 

(LEOs) were positioned to illuminate the CIO detector's 

photoactive area. By flashing the LEOs a small and 

controlled number of photons can be delivered to the 

photoactive area of the CIO. The curve in Figure 2.7 was 

measured by specifying a 10 X 10 detector element window 

near the center of the array detector. Through the course 

of the experiment the window was read multiple times and 

averaged to reduce the read noise. All the detector 

elements in the window were then averaged to produce an 
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Figure 2.6: The measured quantum efficiency for the 
CID-IIB between 200 nm and 800 nm. 
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Figure 2.7: The average photometric response 
measured from a 10 by 10 detector element window on the 
CID-IIB. 
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average value for the entire window. Finally the LEDs were 

flashed to introduce more photons the photoactive area of 

the detector. This alternating process of reading the 

signal and flashing the LEDs continued until the detector 

elements were totally saturated with photogenerated charge. 

From Figure 2.7 it can be seen that except for a small 

region at very low signal levels the relationship between 

the number of photons and the read signal is indeed quite 

linear all the way to the full well capacity of the detector 

elements. The non-linearity at low signal levels is due to 

photo-generated charge being trapped in immobile sites in 

the Si/Si02 interface [Balk, 1988, p.2-4i Seeger, 1973, 

p.423]. Once charge is trapped in these sites it is unable 

to move under the sensing electrode with all the other 

charge in the detector element. Thus, this trapped charge 

information is not measured even though it was originally 

generated by photons. Only when a massive inject (injecting 

the charge from all the detector elements simultaneously) is 

performed are the trapping sites cleared of their charge. 

If this problem of trapped charge was not recognized 

and overcome, most of the photogenerated charge would be 

lost during the initial stages of photon signal integration. 

To deal with this non-linear "foot" a bias charge can be 
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placed onto the detector to bring it into the linear range 

before the integration of photons from an analytical signal 

begins. This charge is most easily introduced by flashing 

LEDs inside the spectrometer which flood the detector with 

just enough photons to bring it into the linear region. 

It can also be observed that there is a small roll off 

and not a sharp flattening out at the top of the curve in 

Figure 2.7. This feature may lead to the incorrect 

conclusion that the detector elements do not respond 

linearly to light near" their full-well capacity. To 

demonstrate what really happens at the top end of this curve 

another experiment was performed. The procedure for 

collecting the curves in Figure 2.8 was very similar to the 

collection of the data for Figure 2.7 in its alternating 

procedure of reading signal and flashing LEDs. The 

difference this time was that all the detector elements in a 

window are not averaged. Instead, particular detector 

elements in the window were singled out and the signal from 

each of these detector elements was stored individually for 

each successive signal level. From Figure 2.8 it can be 

seen that the photosignal response of each individual 

detector element does abruptly flatten out at its full-well 

potential. This figure also shows, though, that each 
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measured in three separate detector elements on the CID-
11B. 
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individual detector element can have a slightly different 

collection efficiency on the photogenerated charge. Due to 

this variation in efficiency the individual detector 

elements will reach their full-well capacities at different 

times in the experiment. When the top break off point is 

averaged over a number of individual detector elements, the 

roll off in the upper portion of the curve in Figure 2.7 is 

observed, even though no single detector element rolls off. 

The Polychromator 

The spectrometer used throughout the investigations in 

this dissertation is a modified Spectra span III 

polychromator (SpectraMetrics Inc., Andover, MD). This 

spectrometer was chosen for its spectral display format. 

The dispersing scheme in this spectrometer uses both a prism 

and an echelle grating. In this spectrometer design the 

echelle grating is used in its higher orders to disperse 

wavelengths horizontally. The advantage of the higher 

orders is that the spectral dispersion is greater. The 

tradeoff though is that the order overlap is much more 

pronounced in the higher orders. This problem is solved by 

using a prism to disperse wavelengths vertically. In this 

way the different orders are dispersed vertically and the 
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wavelengths along each order are dispersed horizontally to 

create a two dimensional spectral format, which is the 

optimum spectral format for a two dimensional array detector 

such as the CID. 

A functional representation of the UA-CIDIIB integrated 

polychromator is presented in Figures 2.9a and 2.9b. The 

most obvious modification to this spectrometer is the 

removal of the original bank of PMT's and replacing them 

with the CID-IIB. The detector, associated cryostat, and 

analog electronics were mounted inside the spectrometer. A 

new spectrometer lid was made with a higher top to 

accommodate the new detector. A port in the top, covered 

with a light tight cap, permits the addition of liquid 

nitrogen to keep the CID at its proper cryogenic operating 

temperature. It was also possible to reach in through this 

same port with a vacuum line and evacuate the camera/dewar 

assembly. Evacuation of the camera/dewar assembly is 

necessary to keep the cold liquid nitrogen reservoir 

insulated from room temperature and to keep water vapor in 

the air from condensing or freezing on the cold surface of 

the CID detector. It is through this port then that all the 

routine service to the CID detector can be performed without 
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Figure 2.9: The optical component layout inside the 
polychromator: (a) top view, (b) side view. 



opening up the whole spectrometer or removing the detector 

from inside the spectrometer. 
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Another modification to the stock spectrometer was the 

replacement of spherical 75 cm focal length camera and 

collimating mirrors. The camera mirror was replaced with an 

off-axis parabolic mirror of the same focal length. The 

camera mirror was replaced with another off-axis parabolic 

mirror with a focal length of 42 cm. changing the spherical 

mirrors for off-axis parabolic mirrors takes care of some of 

the spherical aberrations that plagued the original 

spectrometer. The reason the focal length of the camera 

mirror was reduced was to demagnify the spectrum so a larger 

portion of the spectrum will fallon the detector. The 

tradeoff, of course, is that with the increased spectral 

range there is a decrease in resolution. This decrease in 

resolution, though, has proven in actual practice to render 

no significant problems. 

The resolution of any spectrometer is dependent on, 

among other factors, the size of the exit slit width. 

Because this spectrometer has the crD array detector instead 

of an exit slit, the resolution of this system is a function 

of the detector element size, the grating resolution and the 

spectrometer demagnification. with all these factors taken 
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into account the resolution of this spectrometer is 0.00291 

nmjdetector element at 400 nm and 0.01969 nmjdetector 

element at 800 nm. 
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CHAPTER 3 

INORGANIC AQUEOUS SOLUTION ANALYSIS 

By far the most common use of atomic emission 

spectrometry is for the analysis of metals in solution, 

consequently, that is where these investigations begin. A 

block diagram of the complete system used for these 

investigations is presented in Figure 3.1. A detailed 

description of all the"components can be found in Table 3.1. 

The emission source used for the characterization of metal 

analysis with the UA-CID11B integrating polychromator was a 

three electrode direct current plasma (DCP)i the Plasma Jet 

manufactured by Spectraspan Inc. (Andover, MD). This plasma 

is the same kind of plasma that is supplied with the stock 

Spectra span III instrument upon which the optical design of 

the polychromator is based. These sources have been used 

with relatively good success for routine analysis of aqueous 

solutions. 

The DCP Emission Source 

The DCP has some desirable characteristics which make 

it an ideal detector compared to the other two common plasma 

sources (the ICP and MIP). The plasma sustained by the DCP 
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Figure 3.1: Block diagram displaying the component 
layout used for inorganic analysis. 
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Table 3.1: Equipment used for aqueous metal analysis. 

Emission Source 
Plasma Generator: Spectrajet III 

DC Plasma Source 
(Spectrametrics Inc., Andover, MA) 

Plasma Gas: Reagent Grade Argon 
(Wayne Oxygen Co., Phoenix, AZ) 

Polychromator 
Dispersion optics: 

Detector: CID-11B 

Spectra span 
III Echelle Grating & Prism 
(Spectrametrics Inc., Andover, MA) 

Array Detector 
(General Electric Co., Syracuse, NY) 

Mirror Focal Lengths: 
Collumating Mirror: 75 cm 
Focusing Mirror: 42 cm 

Electronics and Computer System 
Camera Controller: Model aDA 

(Photometrics Ltd., Tucson, AZ) 
Computer: LSI 11/23 microcomputer 

(Digital Equipment Corp., Maynard, MA) 
Interface: DRV-11J 

4 port bi-d~rectional parallel interface 
(Digital Equipment Corp., Maynard, MA) 

Terminal: ADM3A Video Terminal 
(Lear Siegler Inc., Anaheim, CAl 

Plotter: Watanabe model WX4671 Digital Plotter 
(Western Graphics, Irvine, CAl 

Real Time Monitors: HP model 1332A XY Display 
(Hewlett-Packard, made in USA) 
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is quite stable and is not extinguished by the introduction 

of any aqueous samples supplied by this experimenter, 

including samples as high as 10,000 ppm in major metal 

concentration. The routine daily maintenance is quick and 

easy. This consists of changing the three electrodes and if 

necessary the ceramic sleeves used to direct the plasma gas 

around the electrodes. This usually takes less than five 

minutes. The plasma gas used in all the experiments 

reported in this chapter was argon. 

The lighting procedure for the DCP is quite simple 

also. To ignite the DCP, the plasma gas flow is begun, then 

power is supplied of the electrodes, and the arc is 

initiated by shorting the tungsten cathode to either or both 

graphite anodes. This shorting can be accomplished by 

either meticulously aligning the electrodes so that they 

touch in the run position, which can be rather difficult to 

maintain through many ignition cycles, or by simply shorting 

the electrodes with an insulated metal object such as a flat 

blade screwdriver with an insulating plastic handle. This 

is in essence like striking an arc when using an electric 

welder. Once the plasma is initiated the electrodes are 

contracted to their running position and the plasma is 

sustained between them. 
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These plasmas have proven to run quite stably for many 

hours at a time. The DCP also has a small optimum spectral 

viewing region which is quite well suited to the entrance 

aperture of the polychromator used and is below the region 

of the maximum argon (plasma gas) emission. There is of 

course some background emission from the argon in this 

optimum region, but it is far less intense than in other 

portions of the plasma. 

Unfortunately there are tradeoffs with this emission 

source. The DCP does not exhibit excitation temperatures as 

high as the other common plasma sources. This manifests 

itself in the observation of some sample matrix effects. 

The most notable effect is the problem of easily ionizable 

elements (EIE) causing a reduction of the emission from 

other metals. This effect has been seen in this laboratory 

and citations in the literature have noted this problem as 

well [Eastwood and Hendrick, 1982; Johnson, et. al., 1979]. 

These problems are avoided for the characterizations 

presented here by avoiding samples with high concentrations 

of EIEs when analyzing transition metals. This is easy 

enough to accomplish when working in a well ordered 

laboratory environment but it is not always possible to 

avoid when analyzing real world samples. The problem of EIE 

signal suppression can also be dealt with if necessary by 
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making standard additions to the analytical samples instead 

of simply assuming that the response of the standards run 

actually match the response of the sample, or by trying to 

match the sample major components in the standard. This 

should keep the effect of the EIEs constant for both the 

measurement of the original sample and the measurement of 

the quantitative standards. One must be careful to avoid of 

course the addition of quantities of an EIE with the 

addition of the standard sample. This scenario could arise 

if for instance sodium"was a major component of the sample 

and was included in the standard addition sample. 

Spectral Coverage 

As discussed in the second chapter, the CID detector 

does not cover the entire spectrum produced by the 

spectrometer. The spectrometer was set to a spectral window 

that covers the portion of the available spectrum from 

orders 48 to 71. This window was chosen to cover the most 

optimum emission lines of the transition metals, alkaloids, 

and rare earths. Figure 3.2 shows the spectral coverage by 

the CID detector for the analysis of metals. 
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Figure 3.2: A representation of the Spectral window 
cOvered by the CID-11B for inorganic analysis. 
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The Analytical Procedure 

Creating the Analytical Database 

The first step in performing the analysis of an aqueous 

solution for possible metallic species present using the UA

CID11B integrating polychromator is to chose which detector 

elements to monitor. Remember that only the detector 

elements which contain analytically useful signal need to be 

monitored since each detector element can be read separately 

instead of having to read out the whole detector. This is 

an important feature for two reasons. First, the speed with 

which the analytical signal can be monitored becomes highly 

important when spectral lines chosen for the analysis are 

intense. Second, the computer which controls this system and 

stores the data has only 32K words of memory which is 

actually 32,768 useable locations in which detector element 

information can be stored. An immediate problem can be 

envisioned if all the detector elements (60,512 total) on 

the entire CID must be read and stored in the computer's 

memory. Even without considering system and program 

overhead, it is apparent that only portions of the CID can 

be effectively used by the computer. So even if reading the 

entire detector array during actual chemical analysis was 

fast enough, the computer to which the system is currently 
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interfaced is not large enough to accept all the available 

information. This is not a problem because the actual 

spectral lines of interest fallon only a small percentage 

of the entire array detector. 

The first step in choosing the desired detector 

elements to monitor is identifying exactly where the 

spectral lines of an element of interest fallon the 

detector. This is most easily accomplished by aspirating a 

pure sample with a relatively high concentration of only a 

single element into the emission source. Samples greater 

than about 10 ppm were found to be quite adequate for this 

purpose though samples with higher concentrations of 100 ppm 

or even 1000 ppm were preferred when available. With a more 

concentrated sample the spectral line intensities are higher 

and therefore less time is needed to integrate these 

spectral lines to a high enough level to identify on the 

real time monitor. 

Since this particular instrument has only a real-time 

monitor for video display of the entire detector there is no 

feasible way to do any type of computer aided background 

subtraction to aid in the identification of sample spectral 

lines. Therefore the longer the integration is allowed to 

proceed, the more the argon background lines will integrate 

up to sufficient levels to appear as signal. After about 30 
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seconds there is generally too much background to easily or 

effectively distinguish the sample signal desired from the 

backgrond signal present. Very early on in the elemental 

mapping procedures most of the more intense argon background 

emissions were identified and noted as such. 

To perform this mapping of the spectral lines, first 

the detector is cleared of all charge using a massive 

inject. Then the single element sample is aspirated into 

the plasma. Once a steady emission is established a shutter 

in the sample light path between the focussing lens and the 

shutter entrance aperture is opened to allow the signal into 

the spectrometer. Depending on the concentration of the 

sample aspirated, the shutter is left open from about 1 

second to 30 seconds. While the detector is collecting 

signal, it is simultaneously monitored on the real-time 

display and the actual integration time is interactively 

controlled by the operator. Once the sample signal on the 

detector is deemed satisfactory, the operator must then move 

through the detector display and identify where the 

elemental emissions of the sample of interest occurred. The 

horizontal and vertical positions of the element emissions 

are then recorded in an element database and stored on disk 

for future use. After performing this operation it has been 

found that it is beneficial to go trrrough the clearing of 
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the detector and collection of the signal on the detector 

while aspirating a blank sample so that only the background 

emission from the plasma and blank are present. Then by 

monitoring the locations of the spectral lines just 

recorded, one can be assured that only the emissions from 

the sample of interest were recorded and that no background 

lines were accidentally misidentified as analyte lines. 

This error is not very common but has been known to occur 

and is easily corrected with this simple check. 

In this way, datanases for each element can be 

generated in a relatively simple manner. Table 3.2 shows 

the spectral lines of the elements mapped out on the 

detector at this time. Once a database is generated for an 

element this database can be used whenever an analysis of 

that element is desired. As long as the spectral window 

which the detector is viewing is not altered, then any 

databases generated in this window can be reused again and 

again. To prepare for the analysis of a sample, all the 

individual databases of the element which need to be 

monitored are concatenated into one analysis database. This 

analysis database will then be used throughout the analysis. 



Table 3.2: Detector positions and Wavelengths for 
Metallic Emissions in Spectral Window. 

Element X-position y-position Wavelength 
(nm) 

Ca 61 87 396.847 

Ca 63 32 422.673 

Ca 86 130 373.690 

Cr 193 46 425.435 

Cr 200 150 357.869 

Cr 25 154 360.533 

Cr 113 39 427.480 

Cr 42 41 428.972 

Cu 120 227 324.754 

Fe 171 153 358.119 

Fe 209 109 373.486 

Fe 193 119 371.994 

Fe 150 108 374.949 

Fe 121 236 271.903 

Fe 53 92 385.991 

Mg 20 111 383.826 

Mg 88 109 383.231 

Mg 121 108 382.935 
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Table 3.2: continued 

Element X-position y-position Wavelength 
(nm) 

Ni 179 161 361.939 

Ni 215 185 351.505 

Ni 145 198 341.476 

Ni 107 187 352.454 

Pb 230 89 373.995 

Pb 149 5 405.783 

Pb 198 49 283.306 

Pb 209 83 357.274 

Pb 96 19 401.964 

Pb 192 109 281.990 

Pb 128 149 368.348 

Pb 59 233 261.418 

Zn 106 243 213.856 
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Recalibration of the Databases 

Once the elements to be monitored are chosen and the 

analysis database has been created the database alignment 

should be checked and adjusted if necessary. A 

recalibration routine has been automated for this process. 

The only operator interaction required is to introduce a 

sample containing the elements desired to establish the 

emission signal for the elements which will be recalibrated. 

This can be accomplished either be making one sample which 

contains all the elements or by recalibrating smaller 

portions of the analysis database using samples with fewer 

elements. At times it is necessary to recalibrate smaller 

portions of the analysis database because two different 

elements may have emissions close to one other. In these 

instances the recalibration routine has an annoying tendency 

to assign the most intense spectral emission to both 

spectral line positions. To avoid this, elements with close 

lying spectral emissions should be recalibrated separately 

using standard samples which contain only one of the 

elements at a time. 

During the recalibration process, the computer monitors 

the emission lines specified in the analysis database and 

opens the shutter allowing the sample emission onto the 

detector. The computer then monitors the integration of the 
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signal until ~ach spectral line reaches a preset limit of 

photo-generated charge. As this limit is reached for each 

spectral line, the computer records the signal from all the 

detectors in a small window around the position specified in 

the database (a 13 by 3 window was found to be optimum for 

this). Once each spectral line has integrated up to the 

preset limit and is recorded, the computer then no longer 

monitors that line. This process continues until either all 

the spectral lines have integrated up to the preset limit or 

until a predetermined time has been reached (1 minute was 

found to be quite adequate for this recalibration routine). 

Once the time limit is reached, all the other spectral 

windows are recorded. The computer then goes through each 

spectral window looking for the position of maximum 

intensity in that window. This maximum intensity is then 

assigned as the new coordinates of the spectral line. When 

all the new coordinates are established they are compared 

with the old coordinates and if any of the coordinates are 

different the whole procedure is repeated. Usually only two 

signal integrations are required; the first establishes the 

current positions of all the spectral lines (which can shift 

a detector element or two), then the second confirms these 

new positions. 
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Data Collection 

A flowchart of the actual analysis of a sample is shown 

in Figure 3.3. At the beginning of the analysis the 

computer goes through the analysis database calculating the 

origin of each spectral window so that the maximum intensity 

of the spectral line will fall in the center of this window. 

The computer actually calculates the coordinates for two 

separate windows for each spectral line. A search window 

which is four detector elements wide by three elements high, 

and a read window which is sixteen detector elements by 

three detector elements high. The reason for the two 

different sized windows is that while signal from the 

spectral lines is being integrated on the detector, the 

background around the spectral line makes no difference to 

the analysis and therefore only the spectral line is 

monitored to determine when it has reached the preset limit. 

Once the spectral line has reached the limit, the read 

window is used so that both the spectral line and the 

adjacent background are read and stored in the computer's 

memory for further analysis. The origins of these two 

different windows for each spectral line in the analysis 

database are stored in separate arrays for quick access 

during the data gathering portion of the analysis. 
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Figure 3.3: A flowchart of the analytical procedure 
developed for inorganic aqueous analysis. 
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Biasing the detector in the next step has a twofold 

purpose. One reason for this bias is to get the detector 

operating in the linear region of its photo response 

(remember Figure 2.7). The other propose is to remove the 

fixed pattern background. Figure 3.4 shows a 100 by 20 

window in which two spectral lines appear. Notice in this 

figure that the background appears quite noisy, but it has 

been found that this background is very reproducible. It 

is, in fact, a fixed pattern which can be measured and 

subtracted as shown in' Figure 3.5. Though this operation 

can be done without biasing the detector into the linear 

region, by biasing then reading the spectral windows of 

interest, both the bias charge and the fixed pattern 

background can be removed at once. 

Once the detector has been prepared for the analysis by 

biasing it into its linear photoresponse region and reading 

the bias level, there are a few other assorted details that 

must be attended to before the analysis data acquisition 

loop can begin. The computer then sends the dimensions of 

the search window to the camera controller, resets the real

time clock and opens the shutter on the spectrometer 

allowing the analytical signal through. 

Once the the analytical signal is allowed into the 

polychrometer the computer can begin its data collection 
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SPECTRA WITH RESPONSE PATTERN 

HORllONTAL 

Figure 3.4: Axiometric plot of spectral lines with 
fixed pattern background. 
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Figure 3.5: Axiometric plot of spectral lines with 
fixed pattern background subtracted. 
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loop. Through the use of the NDRO mode (described in 

Chapter 2), the search window of each spectral line is 

monitored to see if the integration limit has been reached. 

When the computer finds a line which has reached the limit, 

it sets up the record window in the camera controller and 

records the data from this window. The time required for 

the signal to reach this limit is also recorded. Once the 

data is safely stored in computer memory, the spectral line 

that was just read is removed from the search scheme and the 

search window is reestablished in the camera controller. 

The search loop is continued with the remaining spectral 

lines until either all the spectral lines have reached the 

integration limit and been recorded or until a maximum time 

for the analysis of the sample has been reached. If the 

maximum time is reached before all the spectral lines have 

reached the limit, the search scheme ends and the data from 

all the remaining record windows are stored along with the 

integration time for each and the shutter is closed. It is 

important to have a maximum time limit for the analysis of 

anyone sample because if an element in the analysis 

database was not present in the sample, the search loop 

would continue until the stray light from the intense 

spectral lines and the argon background brought the signal 

in the detector elements up to the intensity limit, which 
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could take a very long time with no useful spectral 

information obtained during this extended wait. The other 

problem with an indefinite signal integration time is that 

if a very weak spectral line is left to integrate too long 

the noise associated with the stray light in the 

spectrometer will continue to build as the line slowly 

integrates and can actually hurt the overall signal-to

noise ratio of weak spectral lines. 

An optimum integration time was found to be between two and 

three minutes. 

Signal Intensity Calculation 

Once the data are recorded for each spectral line, the 

emission signal and background signal are analyzed to 

produce the spectral line intensity for each line. The data 

from each spectral window is treated in the same way so the 

discussion of the analysis will cover only one spectral 

window. The information each detector element contains when 

the computer stores the data is the total amount of 

photogene rated charge that is stored at that detector 

element. When the computer records the data it reads the 

charge (non-destructively) from each detector element 

multiple times to reduce the read noise (for more details on 

this see chapter 2), so the data stored in the computer is 
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the average amount of photogenerated charge at each detector 

element times the number of re-reads performed on the data. 

The first operation is to remove the inflation of the data 

due to the number of rereads by dividing all the individual 

data elements in the window by the number of rereads 

performed. Now the data contains the average amount of 

charge originally stored in each detector element. Because 

each spectral window was recorded at a different time, the 

true comparison between the spectral lines must be done with 

the photon flux, not the absolute number of photons 

recorded. Therefore the spectral window data is next 

divided by its integration time thus giving the photons per 

second at each detector element. Remember that the data was 

recorded from a 13 by 3 window so that the background at 

close lying wavelengths could be evaluated as well as the 

spectral line maximum. Figure 3.6 schematically shows the 

placement of the signal and the background. To do this the 

nine data elements in the middle of the data window are 

summed. This is where essentially all of the actual 

spectral intensity falls. Then off to each side a certain 

number of data elements in each row the background are 

summed (six all together). The distance from the center of 

course depends on the width of the spectral line, but 
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Figure 3.6: Diagram depicting the spectral window, 
the spectral line and the background evaluated for signal 
intensities in AES analysis. 
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generally 4 or 5 data elements away was found to be optimum. 

Then the background value is multiplied by the ratio of 

center data elements to backgrond elements to remove the 

discrepancy of fewer background elements than center 

elements being summed. Finally this background is 

subtracted from the center intensity to give the final 

spectral line intensity. 

As can be seen from the previous discussion, the 

intensities from this spectrometer are background corrected 

with the spectral line· and the background both being 

monitored truely simultaneously. This type of close-lying 

wavelength background correction is the most comprehensive 

form of background monitoring scheme presently. 

The CIO makes monitoring the background during an 

analysis much easier because it constantly integrates all 

wavelengths simultaneously. This way any high frequency 

fluctuations in the source which affect the emission signal 

and the background signal which would be missed by some form 

of mechanical background monitoring will be recorded on the 

CIO. This form of background monitoring also looks at 

background wavelengths on both sides of the spectral line 

and subtracts out any contributions due to sloping 

backgrounds. 
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Detection Limits and Linear Dynamic Range 

Experimental Procedure 

The detection limits and linear dynamic ranges of 

various analyte species have long been used as a benchmark 

of spectrometer performance. To measure both the linear 

dynamic ranges and detection limits a series of solutions of 

each metal were made covering the range from 10-3 ppm to 104 

ppm (sample concentrations were .001, .003, .007, .01, .03, 

..• , 3000, 7000, 10,00~ ppm) Each solution was run in 

triplicate. The different trials were averaged and the 

slope of the intensity versus sample concentration was 

calculated for each spectral line in the analysis database. 

Results and Discussion 

with the erD array detector any sample can be run as 

easily as a single element sample simply by setting up the 

appropriate analysis database. A graph of the 271.9 nm line 

for iron is shown in Figure 3.7. This is quite a typical 

spectral line and this one line shows a linear dynamic range 

of about five orders of magnitude. During the 

characterization analysis of iron, six spectral lines for 

this element were monitored and the results of all six are 

recorded in Table 3.3. 
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Figure 3.7: The measured working curve for the 
271.9nm iron emission. 

123 



Table 3.3: Linear dynamic ranges for the six iron 
spectral emissions. 
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line no. Wavelength Detection Limit Upper Cone. Limit 

1 271.903 nm ·0.067 ppm 7000 ppm 

2 358.119 nm 0.498 ppm 300 ppm 

3 371.994 nm 0.086 ppm 3000 ppm 

4 373.486 nm 0.137 ppm 7000 ppm 

5 374.949 nm 3.80 ppm 10,000 ppm 

6 385.991 nm 1.36 ppm 10,000 ppm 
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since different electronic transitions in atoms have 

different populations and transition probabilities specific 

temperature, the spectral lines from these transitions also 

vary in intensity. It is due partly to these differences in 

intensity that these different spectral lines of the same 

element exhibit different characteristics for upper and 

lower concentrations limits. Some other reasons are noise 

from the background around the spectral line and the quantum 

efficiency of the spectrometer and detector at the 

particular wavelength .. Thus each spectral line has its own 

limit of detection and linear dynamic range. The linear 

dynamic range is defined to be between the detection limit 

and the upper linear concentration limit. 

The variablity in performance of the various spectral 

lines can be quite a concern when using an instrument which 

monitors only one particular line for the analysis of any 

one element. In these cases, problems can arise in either 

the sample concentration or background emission which can 

invalidate the results of the particular line monitored. By 

monitoring multiple lines some of these problems can be 

detected and avoided. 

For this study the detection limit is defined as the 

concentration of the element which produces a signal three 

times greater than the background noise measured at that 
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line. The background noise was measured by taking the 

standard deviation of a number of repetitive analyses while 

aspirating a blank solution into the plasma. 

The upper linear concentration limit is set at the 

point where the signal intensity of a particular spectral 

line begins to deviate from the linear slope of the 

intensity versus sample concentration curve. These 

deviations at upper concentrations are always negative 

deviations. They arises from the time required to monitor 

all the spectral lines 'in the analysis database. The only 

reason for a spectral line to lose linearity is if its 

useful spectral information is not recorded before the 

potential wells in the detector elements have become 

saturated with photogenerated charge. When this happens 

some of the photogenerated charge is lost to the substrate 

(as discussed in chapter 2) and not stored, thus creating 

the roll off at high concentrations. This upper linear 

concentration limit is somewhat dependent on how many lines 

are actively being evaluated in the analytical database. As 

Table 3.3 shows, even without being concerned about spectral 

interferences, there is no one optimum spectral line for 

analysis of an element. Depending on the concentration of 

the element, different spectral lines will be within their 

linear dynamic ranges. The advantage of using the erD array 
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detector is that during anyone analysis, all the spectral 

lines of the element of interest can be monitored. Only 

after the analysis must the choice of which spectral lines 

are really suitable for use in the particular analysis be 

made. The results from the others can then be discarded if 

shown to be invalid. 

The linear dynamic ranges for other metals besides iron 

have been measured and are shown in Table 3.4 along with the 

values published by Spectrametrics Inc (Andover, MD). All 

of these results were obtained through the use of multiple 

lines for each element. The only reason that the linear 

dynamic ranges of all the elements go up only to 10,000 ppm 

is that this was the highest concentration standard made and 

measured. Each element had spectral lines that were still 

linear at this concentration, so the absolute upper limit of 

these elements is actually unknown. 

Mulitelement Sample Analysis 

All the benchmark tests up to now have shown that the 

UACID-11B polychromator is quite comparable to other 

polychromator systems and can match or exceed their 

performance in the analysis of carefully controlled 

laboratory samples. The real usefulness is shown in its 

ability to handle the analysis of real samples. In this 



Table 3.4: Linear dynamic ranges for some 
representative metals. 

Element UA-CID11B System Spectra span Lit. 
Linear Dynamic Range Linear Dynamic Range 

Ca <0.001 - 10,000ppm 0.007 - 100. ppm 

Cr 0.008 - 10,000 ppm 0.020 - 1000 ppm 

Cu <0.001 - 10,000 ppm 0.020 - 1000 ppm 

Fe 0.067 - 10,000 ppm 0.050 - 1000 ppm 

Mg 0.003 - 10,000 ppm 0.002 - 1000 ppm 

Ni 0.020 - 10,000 ppm 0.020 - 1000 ppm 

Pb 0.0023 -10iOOO ppm 0.010 - 1000 ppm 
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section the analysis of two different water samples will be 

presented. 

Experimental Procedure 

Due to the problems with matrix effects in the Dep, the 

standard addition technique was used on both samples. A 

standard addition standard was made with a relatively 

concentrated amount of all the elements of interest. The 

concentrations in this standard were designed to 

approximately double the concentration of the samples 

components upon addition of 100 ~l of the standard addition 

solution to 5 ml of the analyte sample. When the particular 

water sample was analyzed, a set of samples were made for 

analysis; the first being just straight sample with no 

additions, the next 5 ml of the water sample with 100 ~l of 

the standard add solution added, the third again 5 ml of 

water sample with 200 ~l of the standard addition solution 

added, and so forth. 

To get a proper calibration curve for each analysis 

five water samples as well as a blank sample were run. Each 

sample was run four times for reproducibility. The blank 

was made up using the same water and nitric acid that was 

used for the standard addition sample. 
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Once the intensity data were measured, the computer 

calculated the intensity of each sample trial in the same 

manner the detection limit and linear dynamic range analyses 

were calculated. Once the computer had calculated and 

printed out all the intensities, the replicate trials of 

each sample were averaged for each spectral line. Then the 

averaged background from the blank samples of each spectral 

line was subtracted from the sample intensity of its 

respective spectral line for each of the averaged sample 

intensities. The resuit of this was the final intensity for 

each spectral line of each sample. Then to complete the 

standard addition analysis, the intensity of each spectral 

line was plotted with respect to the final concentration in 

the solution analyzed of the element added in the standard 

addition sample. The x-intercept of this line is the 

concentration of the original sample with no additions. 

Results and Discussion 

The first sample presented is a sample of tap water 

from a non-distilled water faucet in the lab. This sample 

was obtained by filling a plastic gallon jug with the tap 

water and adding enough concentrated nitric acid to make an 

approximately 5% nitric acid solution. This sample was 

analyzed with the UACID-11B integrating polychromator system 
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by the standard addition method as discussed above. The 

sample was also analyzed by atomic absorption (AA) analysis 

for comparison. The AA analysis was used as a comparison 

because it is quite routinely performed and assumed to be 

interference free and is the industry standard for this type 

of aqueous sample. Table 3.5 lists the results of both 

analyses. It can be seen that there is relatively good 

agreement between these two analyses. It is important to 

note in this analysis that all eight elements were analyzed 

simultaneously. This analysis was capable of not only 

analyzing the bulk amount of calcium present, but at the 

same time it was able to accurately determine the 

qunatitative, trace amounts of the other metals as well. 

The second sample presented is the certified NBS water 

sample number 1643B. This sample was stabilized with nitric 

acid by NBS before it was shipped. The analysis of this 

sample was also performed as described above using the 

standard addition method. The results of this analysis 

along with the NBS certified values are listed in the table 

3.6. Once again these results show a good agreement between 

the analysis using the UACID-11B integrating polychromator 

system and the NBS certified values. This analysis also 

shows that this polychromator system's ability to 
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Table 3.5: Results from analysis of lab tap water. 

Element Polychromator Atomic Absorption 
System Analysis Analysis 

Ca 37.0 ± 2.5 ppm 36.5 ± 1.0 ppm 

Cr 0.209 ± 0.016 ppm 0.170 ± 0.030 ppm 

CU 1.93 ± 0.39 ppm 1.95 ± 0.14 ppm 

Fe 0.110 ± 0.041 ppm 0.110 ± 0.046 ppm 

Mg 3.73 ± 0.46 ppm 3.64 ± 0.07 ppm 

Ni 0.238 ± 0.014 ppm 0.215 ± 0.011 ppm 

Pb 0.413 ± 0.006 ppm 0.471 ± 0.133 ppm 

Zn 0.130 ± 0.006 ppm 0.103 ± 0.010 ppm 



Table 3.6: Results from analysis of NBS standard 
water. 

Element . Polychromator NBS Certified 
System Analysis Values 

Ca 39.1 ± 8.6 ppm 35 ± 1.0 ppm 

Cr 17.4 ± 1.07 ppb 18.6 ± 0.4 ppb 

eu 25.5 ± 1.08 ppb 21.9 ± 0.4 ppb 

Fe 102.5 ± 8.09 ppb 99 ± 8 ppb 

Ni 52.3 ± 3.57 ppb 49 ± 3 ppb 

Pb 29.4 ± 6.63 ppb 23.7 ± 7 ppb 
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simultaneously analyze accurately both major components (Ca) 

and elements very near their detection limits (Cr, Pb). 



CHAPTER 4 

SURFATRON DESIGN AND OPERATION 

Plasma Design criteria 
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When choosing a design for a microwave supported 

discharge, the ultimate choice should hinge on the 

characteristics of the resulting plasma. The following 

characteristics were used as a starting point for the 

design of an atomic emission plasma detector. The plasma 

should be stable both. mechanically and emissivily. In 

other words the plasma should neither wander nor flicker. 

The ability to utilize a variety of plasma gasses is 

preferable so that plasma characteristics may be tailored 

to the sample or analytical constraints. The plasma 

should of course be able to continue functioning properly 

with organic samples as well as inorganic samples. Other 

desirable characteristics, even if not quite as important 

are: single-mode propagation over a wide range of 

microwave powers and frequencies. 

The Surfatron was chosen as the atomic emission source 

to interface to the UACID-11B polychromator system. This 

choice was based on both fundamental as well as practical 

reasons. The Surfatron design is capable of operating at 

atmospheric pressure with a variety of plasma gasses, and 
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can be designed to easily tune for a wide variety of 

frequencies. It operates at atmospheric pressure. The 

plasma extends outside the plasma generating device for 

easy viewing either axially of radially. The literature 

evaluated for this decision indicated the Surfatron was 

more capable of handling samples from a variety of sources 

such as the effluent from a gas chromatograph, without the 

need for venting or splitting [Selbe and Hieftje, 1987]. 

Finally, the design appeared the most practical with 

respect to design and. fabricate [Selbe and Hieftje, 1987; 

Moisan, et. al., 1979]. 

Surfatron Theory 

A surface wave, as its name implies, is a wave that 

follows the contour of a surface. The propagation of 

radio surface waves and launcher designs for these waves 

have been studied since the beginning of this century 

[Melcher, 1963]. In the mid 1960's, surface waves began 

to be studied along the plasma-dielectric boundary 

[Shivarova and Zhelyazkov, 1982], and in the early 1970's 

surface waves were shown to have the capability of 

sustaining long plasma column [Moisan, 1979]. In 1975, 

Moisan and co-workers presented a plasma source based on 



surface waves and called their surface wave launcher a 

Surfatron [Moisan, et. al., 1975]. 
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Figure 4.1 shows the functional cross-section of a 

Surfatron. There are basically two parts to a surfatron: 

the wave launching structure and the microwave power 

coupler. The launching structure consists of two 

concentric metal cylinders, which in a sense form a 

section of coaxial line terminated at the back of the 

Surfatron by a short circuit, (the plunger) and at the 

front with a circular.gap. The launcher shape is designed 

so that the microwave electric field will extend through 

the gap and project the surface wave. This enargy 

sustains the plasma in the dielectric tube which is placed 

axially down the center of the launcher. 

The microwave power coupler can be thought of as a 

semi-rigid coaxial cable positioned radially in the 

launcher structure and extending out through a hole in the 

wall of the launcher. The coupler can be moved in and out 

in the radial direction without rotation. The coupler is 

kept from rotating so that any non-uniform symmerty in it 

will be kept relatively constant. It is important that 

the coupler have good electrical contact with the 

launcher. The coupler end inside the launching structure 

is denuded of its outer conductor and insulation and a 



~iBure 4.1: A cross-section diagram of the 
functional components of a Surfatron: (a) side view, (b) 
front view. 
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plate is attached to the end of the inner conductor. In 

this way a capacitance is created between the coupler 

plate and the inner tube. This capacitance can be varied 

by changing the insertion depth of the coupler. By 

varying this capacitance this becomes a useful tuning 

parameter which is an effective way to match the input 

impedance of the microwave generator. 

Plasmas generated by a surfatron always exhibit the 

same general features. The region of maximum power 

deposition into the plasma is near the launcher gap. It 

gradually decreases along the axis of the plasma tube 

extending out of the Surfatron structure. The neutral gas 

pressure affects the axial gradient of the electron 

density, which increases with increasing pressure. In 

other words, as gas pressure increases, the plasma column 

shortens. An increase in the microwave input power 

increases the length of the plasma column. 

Generally the dimensions of the plasma tube and 

dielectric are fixed by what quartz plasma tubing is 

available, and all the other parameters are then 

determined to give the best coupling of the microwave 

power into the plasma. changing the ratio of the external 

diameter and internal diameter (Dz/D1 , in Figure 4.1) only 

slightly changes the required total length (11 + lz) of 
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the Surfatron. The total length of the Surfatron, I, + 

12 , specifies the middle frequency of the input power. 

The length of 12 mainly affects the bandwidth. As has 

already been implied, the coupler insertion depth affects 

impedance matching of the microwave power source. The gap 

width can adjust all of these parameters to some degree 

and can be used to fine tune the center frequency as well 

as to adapt the Surfatron to changes in the dielectric 

properties of the plasma tube due to the devitrification 

of the tube and carbon build-up on the inner plasma tube 

wall during operation of the device. 

Surfatron Design 

When designing a Surfatron, the desired versatility 

must be considered in light of the complexity of design. 

The four types of Surfatron designs are listed in order of 

increasing design complexity and versatility, as given by 

Moisan et. al.: 

a) Fixed I" 12 and gap width: The coupler 

insertion depth is the only possible means of 

tuning. The middle frequency and the bandwidth 

are fixed permanently. 

b) Fixed I, and 12 : Both the coupler insertion 

depth and the gap width are variable. The middle 



frequency may be changed a few percent by changi~g 

the gap. 

c) Fixed 12 ; variable I" gap width and coupler 

insertion depth: The middle frequency may be 

varied with L) but the band ~.,idth is fixed for a 
I 

given 11 • Changing the gap width is of secondary 

importance, since its effect is less dramatic on 

the frequency. 

d) Variable 1 1 , 1 2 , gap width and coupler 

insertion depth: .The middle frequepcy can be 

varied and the band width optimized [Moisan, et. 

al., 1978]. 
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Generally a Surfatron designed as a source for atomic 

emission can be of either type b or c. With this type of 

application the middle frequency and bandwidth are usually 

held constant by using only one fixed frequency microwave 

generator. A Surfatron of type a is too limited with the 

fixed gap width. This type is useful only when generating 

a plasma without requiring under the variable condirions 

of analyte sample analysis. On the other hand Surfatrons 

of type d are more complicated than they need to be and 

designing 12 to be variable is extremely difficult. 

When the Surfatron design was first approached the 

following features if possible to obtain were considered 
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desirable: (a) operation with either argon or helium 

plasma gas; (b) operation at atmospheric pressure; (c) 

operation at a variety of frequencies; and (d) simplicity 

of design and construction since it had to be made by a 

semi-skilled craftman in the student shop. with these 

guidelines in mind a Surfatron of type c was chosen. 

The next step after choosing the general design of the 

Surfatron is to determine what dimensions are required. 

Since surface waves have been extensively studied, they 

are fairly well modelled mathematically in the literature. 

Moisan and coworkers have done a comprehensive 

presentation of the equations governing analytically 

useful Surfatrons. In Moisan's paper three dimensionless 

parameters are defined which describe the operating 

characteristics of the Surfatron [Moisan, et.al., 1979]. 

If these values were known then the launcher, coupler, and 

plasma tube dimensions could be calculated. Unfortunately 

these parameters are not access able from fundamental 

constants and therefore are not obtainable prior to 

building the Surfatron. They can only be measured after 

the Surfatron is constructed. So the dimensions of the 

Surfatron can only be approximated, then after the device 

is made it must be optimized through its tuning 

adjustments for best in use operation. A radial cross-
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section of the surfatron fabricated for use in these 

studies is shown in Figure 4.2 along with the dimensions 

chosen. 

Consideration of the material from which the cavity is 

made is also of extreme importance. Even though the 

Surfatron does not generate its plasma inside a resonant 

cavity, the Surfatron's wave launching structure does act 

as a resonant cavity while forming the surface waves which 

are imposed upon the dielectric surface through the 

circular gap. For both resonant circuits and cavities, a 

parameter has been defined to specify the "quality" of .the 

device in question. This parameter is most commonly known 

as the "cavity Q" or the "Q-factor." The cavity Q is 

defined as: 

Q = Energy stored in cavity eq. 4.1 Energy dissipated per radian 

The "perfect" resonant cavity would have all the available 

energy stored in the cavity with no dissipated energy. 

Equation 4.1 shows that the more efficient the resonant 

cavity is, the higher the Q-factor will be. 

A quantitative evaluation of eq. 4.1 leads to 

eq. 4.2 

where Ceq is the equivalent capacitance of the cavity, Req 

is the equivalent resistance of the circuit, and Wo is the 
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resonant frequency. (A derivation and more detailed 

discussion of Q-factors can be found in the reference by 

Altman [Altman, 1964].) From eq. 4.2 it can be seen that 

the Q-factor of the cavity can be increased by increasing 

any of the variables C~, Req , or wOo Even though at 

microwave frequencies in the GHz range the high 

frequencies enhance the Q-factors of a cavity, one must 

still consider the cavity construction in light of this 

parameter. 

The material selection from which to fabricate any 

device upon which microwave radiation is imposed has a 

direct bearing on the Q-factor of the cavity. It is 

important to remember from general physics that a wave 

reflecting off any boundary will have both a component of 

reflection and a component of transmission. In this case, 

as the microwave energy reflects off the cavity walls, it 

will lose a portion of its energy as part of the wave 

transmits into the cavity wall. The deeper the wave 

travels into the wall the less reflection back is 

achieved. This in turn leads to more energy dissipated 

and thus a lower Q-factor. This depth of penetration (0) 

or "skin depth" is defined as the depth at which the field 

has decreased to lie of its value at the material's 

surface, and can be calculated for any material for which 
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the electrical resistivity (p) is known. The relationship 

between 0 and pis: 

o = {p/'ffJ1.wo)Yz eg 4.3 

where J1. is a constant with a value of 4'ffx 10-7 

henry/meter. Table 4.1 gives the skin depth values at 

2.45 GHz for some metals with the lowest electrical 

resistivity. Electrical resistivities were obtained from 

the CRC Handbook of Chemistry and Physics [CRC, 1985]. 

Materials with a lower skin depth have a higher Q

factor. From Table 4.1, it is apparent that for a cavity 

with the best Q-factor, construction from silver would be 

the material of choice. Copper provides a Q-factor almost 

equivalent to silver at a dramatic decrease in cost as 

well as increased strength. For good high Q-factor 

cavities though, the surfaces should also be optically 

smooth, free from impurities such as oxides, sulfates, 

waxes, and grits left from polishing operations, and free 

from internal irregularities in crystal structure due 

either to natural causes or work hardening during 

machining. When working with microwave devices even the 

oils from fingerprints can affect the Q-factor of the 

cavity, so whenever the inside surfaces are handled they 

should be degreased. Due to these other considerations 

neither silver nor copper is truly the best choice for the 
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Table 4.1: Microwave skin depths for some metals. 

Metal 
Skin Depth (f;) . 

In ~m 

Silver 1.28 

Copper 1.32 

Gold 1.57 

Aluminum 1.63 

Brass 2.66 

Iron 3.18 

Lead 4.72 
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cavity construction material. Both materials oxidize 

readily in air, both are difficult to machine to a flat 

surface, and copper has a strong tendency to work harden 

during machining. 

The next two materinls down the list in Table 4.1 are .-
also plagued with problems. Gold is exorbitantly 

expensive. It is also really too soft to machine or to 

withstand the temperatures to which a Surfatron is 

subjected. Aluminum, even though it is easier to machine 

than any of the materials higher on the list, oxidizes 

far to easily for the construction of a reliable microwave 

generator. It is for these reasons that the Surfatron 

constructed for this work (and for that matter, many of 

the microwave devices in the world) was built out of 

brass. Even though brass is far down on the optimum skin 

depth list and thus compromises some of the Q-factor of 

the resultant cavity, it is still the best trade off for 

microwave cavities. The metals further down the list 

compromise the Q-factor even further and no electrically 

conductive material is easier to machine or resists 

corrosion better than brass. 

When the microwave application will not allow the 

tradeoff of the lower Q-factor materials fur the more 

desirable features of machining and resistance to 



149 

oxidation, a controlled skin-depth approach can be tried. 

The controlled skin-depth cavities are made from a 

machinable substrate upon which a thin coating of a good 

high Q-factor material is applied. The substrate then 

supplies the mechanical stability and the coating provides 

the electrical properties desired for microwave 

applications. A good high Q-factor cavity can be 

constructed using brass as the substrate upon which 

approximately 2 ~m of silver is plated. The 2 ~m depth is 

thick enough so that the microwaves will experience only 

the silver and not the compromising brass. To protect the 

silver coating a very thin film of gold can be flashed on 

the silver surface. It is reported that the Q-factor is 

unaffected by the thin gold layer [Zander and Hieftje, 

1981, p. 363]. 

Surfatron Operation 

Once the Surfatron was designed and fabricated, an 

argon plasma could be initiated and operated relatively 

easily. Some modifications and experience with tuning 

were required for the initiation of a helium plasma. The 

argon plasma is quite a bit longer than the helium plasma. 

When power is applied to any radio frequency or microwave 

frequency device, there are two measurements of power 
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which are important. The forward power in a measure of 

the amount of power being delivered by the power 

generating unit and the reflected power, as its name 

implies, is the amount of power that does not couple into 

the plasma generating device but is instead reflected back 

down the power line. The ideal conditions will cause zero 

reflected power. In this case all the available power is 

being used to sustain the plasma. At 120 watts forward 

power and 0 watts reflected power the argon plasma will 

extend about two inches down the plasma tube from the 

front face of the launcher. A helium plasma of the same 

power only extends about one-quarter of an inch down the 

plasma tube. Since the electric field of a surface wave 

decays mainly due to absorption by the plasma being 

sustained in the tube, this indicates that the helium 

plasma requires more power to be maintained. This fact, 

of course, is not surprising in light of the much higher 

ionization potential of helium. In actual practice, this 

fact manifests itself in that generally helium plasmas are 

in general more difficult to maintain than comparable 

argon plasmas. Even though a helium plasma is more 

difficult to work with it is the more desirable plasma to 

use. There are several reasons for its superiority over 

argon. Due to the high ionization potential of helium, it 
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generates a more energetic plasma which is better at 

exciting analyte species. The other advantage with helium 

is that an element with only two electrons has a very 

simple, uncluttered electronic spectrum and therefore the 

background from the plasma is far less obtrusive. 

Once a helium plasma is obtained with the Surfatron, 

the plasma will reignite reproducibly without any extra 

tuning, and will remain stable as long as there are no 

severe perturbations to the system such as an excessive 

amount of sample introduced or excessive devitrification 

of the plasma tube. 

The Surfatron fabricated for this work was built out 

of brass. All machining and assembly was performed in the 

Chemistry Department student shop by the author. When 

finished, the first plasma attempted was with argon as the 

plasma gas. This plasma initiated immediately when 

microwave power was supplied and the plasma tube was 

seeded with electrons from a Tesla coil. Once the plasma 

was formed, the Surfatron was tuned to a negligible amount 

of reflected power by adjusting the launching structure 

length, the coupler insertion depth and the gap distance. 

Once a stable plasma at negligible reflected power was 

obtained, subsequent reignitions of the plasma was quite 

simple. To reinitiate a plasma in the previously tuned 
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Surfatron, all that is required is to supply the plasma 

gas and microwave power, the plasma comes in reproducibily 

and still tuned to the minimum, negligible reflected power 

when seeded from a tesla coil. 

The generating of a helium plasma was initially not 

quite as straight forward. When only helium was first 

introduced as a plasma gas, the helium plasma would not 

initiate even with electron seeding from a tesla coil and 

a forward power over 120 watts. A mixed gas plasma could 

be achieved which was. primarily a helium plasma with a 

small bleed of argon required to keep the plasma sustained 

(argon flow was approximately 1 ml/min with a helium flow 

of approximately 1 l/min). 

To produce a pure helium plasma, the Surfatron 

required two modifications. Both modifications served the 

purpose of insuring good electrical contact between 

different pieces of the Surfatron. Silver braid was 

attached to the back of the plunger on both the outer 

circumference to provide good electrical contact between 

the plunger and the outer body, and on the inner 

circumference to insure good contact between the plunger 

and the inner tube. This modification was to insure that 

the plunger acted as a proper back end short to the 

launching structure. Four small (1/16" braided strap) 
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grounding straps were connected between the movable 

microwave coupler and the outside of the launcher 

structure. This modification simply insured also that the 

outer coupler structure and the launcher were at the same 

ground potential in the Surfatron. Once these two 

modifications were implemented, it was possible to sustain 

a pure helium plasma. 

To initiate a helium plasma the first time, before the 

Surfatron has been tuned (either due to operation with 

another plasma gas or. due to disassembly for maintenance), 

the plasma gas is introduced as about 60% helium and 40% 

argon. When a stable plasma has been achieved, the gas 

flows are slowly changed with constant retuning, mostly of 

the coupler insertion depth and the gap distance, until 

the argon flow has been eliminated totally and only helium 

is present. This process can be somewhat painstaking but 

it is quite effective when followed patiently. Once a 

helium plasma has been tuned in to the optimum negligible 

reflected power, to reinitiate the helium plasma the 

precess is almost as simple as with the argon plasma. 

As long as the tuning adjustments are not moved, to 

relight a helium plasma requires only the introduction of 

microwave power and plasma gases. This time as well as 

the primary helium flow a small bleed of argon is also 
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introduced. When the plasma is seeded with the Tesla coil 

it lights quite reproducibly. Once the plasma is self 

sustaining, the argon bleed can be removed and the 

reflected power returns to its usual negligible amount 

with no further reguired tuning. 

with argon as the plasma gas, the plasma will remain 

stable with forward powers as low as 30 watts and at least 

as high as about 200 watts. At the lower power levels the 

body of the Surfatron and the quartz plasma tube remain 

cool enough to require no further cooling than what is 

provided by the ambient room air. Above about 70 watts 

though, the Surfatron body begins to heat up enough to 

become painful to the touch if the device needs to be 

tuned. The excessive heat is not only annoying to the 

operator, but also potentially damaging to the Surfatron 

structure by accelerating oxidation of the wave launching 

section of the device. This in turn creates the need for 

more frequent maintenance to keep the Sur.fatron operating 

as efficiently as possible. 

To alleviate this Surfatron heating problem, 3/8 inch 

copper tUbing was soft-soldered to the outer surface of 

the launcher structure. When house cooling water is run 

through this tubing, the outer surface of the Surfatron 

body remains at approximately room temperature. This has 
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manifest itself as a sufficient solution to the problem of 

actually using the tuning controls even when sustaining 

plasmas at the highest power levels. 

with helium as the plasma gas, the plasma is self 

sustaining above about 70 watts forward power. Even at 

the lowest powers with the helium plasma, water cooling is 

required to keep the Surfatron structure from heating too 

severly. Above about 100 watts forward power with the 

helium plasma, the inner wall of the quartz plasma tube 

was heating so severely that it was scoring and bubbling, 

and at high enough power the entire plasma tube was 

beginning to deform through bending due to gravity. Under 

these operating conditions the cooling of the outer body 

of the Surfatron was not having any effect for the quartz 

plasma tube inside. To overcome this problem a 1/4 inch 

polyflow connector was installed in the side of the 

launching structure near the front face plate. This 

opening allows compressed air to be blown through the 

cavity of the launching structure to cool the plasma tube 

inside. When the helium plasma is running with both 

cooling water and cooling air flow in operation, the 

plasma will run steadily for many hours with no need for 

extra tuning. 
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When organic samples are introduced, the carbon from 

the samples has a tendency to cling to the inner wall of 

the plasma tube. This carbonization of the plasma tube is 

not prohibitively detrimental to the operation or 

effectiveness of the Surfatron for the analysis of organic 

samples. The effects it does have are manifested in 

several ways. Most notably, there is a constant though 

low level carbon emission in the plasma at all times. The 

quartz plasma tube heats up more and there is a 

corresponding yellow-orange sodium emission. This does 

not bother the detector though because the spectral window 

does not cover this emission wavelength and therefore it 

is not present in the observed spectrum. Also, the tuning 

shifts slightly as the dielectric of the plasma tube 

changes. The changing characteristics of the plasma must 

be monitored and corrected routinely, but does not defeat 

the analytical usefulness of the Surfatron. This 

carbonization is reduced by reducing the cooling air flow 

over the plasma tube, but when the air flow is reduced the 

plasma tube heats more and the result is more 

devitrification. There is a tradeoff and the system 

generally seems to operate the best when the cooling air 

flow in increased as the power is increased, and likewise 

when one is decreased the other is decreased. 
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Chapter 5 

GAS CHROMATOGRAPHIC EQUIPMENT AND PROCEDURES 

Discussion of System Equipment 

The Gas Chromatograph 
I 

The GC and detection system used in all the studies 

presented in this chapter are diagrammed in Figure 5.1 and 

the components are detailed in Table 5.1. The GC used was 

a single column Carlo-Erba Gas Chromatograph [Carlo Erba 

strumentazione, Milano, Italy] with temperature 

programming capabilities. The GC was originally designed 

to interface to a mass spectrometer, and therefore did not 

have any type of general GC detector associated with it. 

In the original mass spectrometric application the GC was 

outfitted with a 25 meter, OV-17 glass capillary column. 

Through the course of the studies for this dissertation it 

was found that another type of column was needed to 

achieve some of the desired separations of halogenated 

species. with only slight modifications to the injection 

port, an eighth inch by four foot packed column was easily 

interfaced to the GC. 
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Figure 5.1: Block diagram displaying component 
layout used for element selective GC analysis. 
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Table 5.1: Equipment used for GC-AES analysis. 

separation Equipment 
Gas Chromatograph: Carlo Erba 

160 

GC with Temperature Programming 
(Carlo Erba, Milano, Italy) 

Columns: OV-17 
25 m by 0.25 ~m Glass Capillary Column 
(Quadrex Corp.) 

15% DC-200 
4 ft. by 1.B in Packed Column 
(Gow-Mac Instrument corp.) 

Carrier Gas: Reagent Grade Helium 
(Liquid Air Corp., Walnut Creek, CAl 

Emission Source 
Plasma Generator: Surfatron 
Plasma Gas: Reagent Grade Helium 

(Liquid Air Corp., Walnut Creek, CA.) 
Power Supply: Microwave Power Oscillator model 420B 

(Micro-Now Instrument Co., Chicago, IL) 

Polychromator 
Dispersion optics: 

Detector: CID-11B 

Spectraspan 
III Echelle Grating & Prism 
(Spectrametrics Inc., Andover, MA) 

Array Detector 
(General Electric Co., Syracuse, NY) 

Mirror Focal Lengths: 
Collumating Mirror: 75 cm 
Focusing Mirror: 42 cm 

Electronics and Computer System 
Camera Controller: Model BOA 

(Photometrics Ltd., Tucson, AZ) 
Computer: LSI 11/23 microcomputer 

(Digital Equipment Corp., Maynard, MA) 
Interface: DRV-11J quad parallel interface 

(Digital Equipment Corp., Maynard, MA) 
Terminal: ADM3A Video Terminal 

(Lear siegler Inc., Anaheim, CAl 
Plotter: Watanabe model WX4671 Digital Plotter 

(Western Graphics, Irvine, CAl 
Real Time Monitors: HP model 1332A XY Display 

(Hewlett-Packard, made in USA) 
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The Surfatron 

The surfatron was viewed axially down the plasma tube. 

The plasma image was imaged onto the entrance aperture 

through the use of a focussing lens. The axial viewing 

was deemed best for several reasons. All the time a 

plasma is sustained in the quartz tube, this plasma tube 

undergoes both cracking and devitrifying. Also, when 

organic samples are presented into the plasma, carbon has 

a tendency to create an opaque coating on the inner wall 

of the plasma tube thus degrading the quality of radial 

viewing even futher as samples are analyzed. Finally, 

when designing GC detectors, the detector dead volume 

should be as small as possible to maintain adequate 

resolution. Even though the plasma is generated near the 

front face and is projected out of the generating 

structure down the plasma tube, lengthening the plasma 

tube sufficiently for axial viewing would significantly 

increase the plasma volume. When both the problems of 

plasma tube perturbation and plasma volume are considered, 

radial viewing of the becomes the best solution. 
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The GC-Surfatron Interface 

The GC was interfaced to the surfatron through a 

heated transfer tube interface. A 1/16 inch inner 

diameter stainless steel tube was connected to the outlet 

port of the GC on one end. On the other end the transfer 

tube fed directly into the plasma gas through a brass tee 

in a section of fittings which coupled the polyforw plasma 

gas line to the quartz plasma containment tube. The 

entire length of this stainless steel tube was heated 

through the use of a resistive wire heater which was 

insulated and affixed with fiberglass tape to the outer 

surface of the stainless tube transfer tube. The 

temperatur~ was controlled with a variac, and it was 

monitored with an iron-constantan thermocouple and an 

analog output meter. In this way the samples could be 

carried from the GC to the surfatron in a heated 

environment to prevent condensation. 

The entire length of quartz capillary tubing from the 

back of the surfatron of the interface to the plasma gas 

line was also heated using resistive fiberglass heater 

tape [Electrothermal, England] which was wrapped around 

the exposed quartz tubing to blanket it. The length of 

connector (brass fittings and copper tubing) between the 
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tee which introduced the GC eluents and the quartz-metal 

cajon type interface was also heated by the continuation 
, 

of this same heater tape. The temperature of this plasma 

tube section of the interface was also monitored with an 

iron-constantan thermocouple and analog output meter. 

The function of this GC-Surfatron interface was 

slightly different for the two chromatographic columns 

employed in these studies. The glass capillary column 

which was long enough, flexible enough, and small enough 

in outer diameter to fit inside the heated transfer line 

so it was run through the entire length of the stainless 

steel tubing and the plasma gas tube. In this way the 

glass capillary column was quite efficiently coupled to 

the generated plasma by depositing its samples very near 

the plasma. On the other hand, with the standard packed 

column it had none of the advantages of the glass 

capillary column in terms of length, flexibility, or size 

and therefore it was simply coupled to the end of the 

heated stainless steel transfer tube. Thus, after being 

separated by the column the sample components were fed 

into the transfer tube then pushed along with no further 

separation. Even though this coupling mechanism is not as 

efficient as the one for the glass capillary, it proved 
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adequate for the required experiments. 

Selected Spectral Window 

For the analysis of GC samples, the spectral window 

viewed by the crD array detector required relocation for 

the organic sample analysis. The final location selected 

was in the spectral region of the red and near infrared 

region of the spectrum. Table 5.2 shows the positions and 

wavelengths of the organic species mapped in this window. 

Within the selected window every element exhibited more 

than one spectral line except for hydrogen. with the 

current image reduction of the UA-crD11B integrating 

polychromator it is impossible to see more than one of the 

hydrogen lines in this spectral region no matter where the 

window is placed. The simultaneous monitoring of multiple 

spectral lines from all the other organic elements of 

interest was possible which made this the ideal spectral 

window to use in these investigations. 

Unfortunately due to the contamination of the helium 

plasma gas by minute amounts of water and air, the 

background plasma emission showed significant signals for 

hydrogen, nitrogen and oxygen. There was no attempt to 

remove these contaminations for this work. This removal 



Table 5.2: Spectral lines mapped for non-metal 
analysis. 

Horizontol Vertical Wavelength 
Element position position (nm) 

200 43 833.515 
C 72 28 940.573 

141 39 805.862 
H· 16 70 656.273 

229 53 775.470 

F 111 83 634.850 
173 75 685.602 

148 181 521.794 
216 65 754.709 

CI 27 36 858.527 

55 111 542.352 
126 73 725.665 

158 43 827.244 
Br 123 90 668.228 

226 181 497.976 

168 51 804.374 
170 122 562.569 

I 105 153 511.929 
280 80 661.966 
112 143 533.822 

82 39 868.028 
• N 66 41 868.340 

52 41 868.615 

12 43 921.291 

S 37 27 941.350 
48 133 550.97 

138 55 777.194 
• 0 126 55 777.417 

120 55 777.539 

• Contaminant In plasma gas 
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must be quite vigorous in order to be effective [George 

and Hessler, 1989; Goode and Kimbrough, 1988; Bradley and 

Carnahan, 1988]. Due to these contaminations though, no 

analytical determinations were possible. 

Chromatographic Data Acquisition 

Since the same polychromator and array detector were 

used for the element specific detection of gas 

chromatographic effluents as was used for the aqueous 

metallic analyses described in chapter 3, there are many 

similarities in instrumental operation. The procedure 

developed for the acquisition of simultaneous, element 

specific GC data is diagrammed in Figure 5.2. A 

comparison between this flowchart and the flowchart for 

the aqueous solution analysis (Figure 3.3) reveals quite 

readily that the procedures for the two different analyses 

is dramatically different. 

Mapping Spectral Lines 

The mapping of the spectral lines for the organic 

elements was found most easily accomplished by removing 

the heated stainless steel transfer tube which connected 

the GC to the plasma gas line at the brass tee. The open 

orifice in the plasma gas line was then capped with a 
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Chromatographic Data Collection 

Figure 5.2: A flowchart of the analytical procedure 
developed for element selective GC analysis. 
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piece of rubber septum inside a female compression 

fitting. In this configuration samples can be introduced 

into the plasma gas stream by injecting them though the 

rubber septum accessed through the hole in the fitting. 

By heating the tubing around the makeshift injection 

port with the plasma tube heater this modification made an 

acceptable heated port for the direct injection of organic 

samples. By directly injecting organic samples of low 

boiling points which contained the specific element of 

interest the mapping of the spectral lines was easily 

achieved. This was accomplished through the same type of 

procedure for identifying the positions of new spectral 

lines which appear in the spectral window as was described 

for the mapping of the metallic spectral lines. In this 

arrangement viewing the helium plasma near the red 

spectral region, there is very little background emission 

from the helium plasma gas. Due to the water and air 

contamination though there are about eight distinct 

background emission lines which must be avoided when 

mapping sample element spectral emissions. 
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Assembling the Analytical Database 

At the beginning of the signal collection flowchart 

the creation of the analytical database is called for. 

This is accomplished simply be choosing which spectral 

lines for the emissions of the elements of interest are to 

be monitored and assembling these into one database in the 

computer's memory for easy access. 

Due to the limited memory in the computer used for 

data acquisition, only twelve spectral lines can be 

monitored during any bne analysis. By using a more modern 

computer, this restriction could easily be removed. This 

is by no means a fundamental chemical limit on the 

possible number of spectral lines available. From the 

number of spectral lines available in the spectral region 

monitored (see Table 5.2) and the large eID detector 

element format which continuously integrates signal for 

them all whether they are actively being monitored of not, 

it is quite apparent that if there was room to store all 

the data available it could be done. 

The other restriction which must be considered will 

become evident later during the discussion of the 

collection of the chromatographic signal. Due to 

limitations in how the eID detector being used operates 
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and is run, the spectral lines must be matched to some 

extent to obtain good quality analyses. The spectral 

lines are not able to be allowed to integrate 

independently, so when selecting the spectral lines to be 

monitored one must consider the intensities of the various 

spectral lines. If very weak and very intense spectral 

lines are included in the same analytical database, when 

the intense lirles are recording spectral activity the weak 

lines do not have the chance to respond adequately. The 

result of this type of mismatch is that the signal on the 

intense spectral lines will be fine, but the weak spectral 

lines will show either very little signal (usually noisy) 

or no signal at all. Through the limitation imposed on 

spectral line selection by the detector, the most optimum 

spectral line is not necessarily the most intense one in 

this case. sometimes it is better to select a weaker 

spectral line which is closer in intensity to a spectral 

line desired for another element. 

Detector Preparation 

Once the analytical database has been prepared, the 

computer has been programmed with sufficient intelligence 

to perform the following signal collection automatically. 
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Before the detector is ready for analytical data, it must 

be biased into the linear range of its photometric 

response. To accomplish this, four LED's placed inside 

the polychromator are flashed for a specific number of 

times for a controlled duration on each flash. This 

procedure accomplishes the same detector biasing described 

in Chapter 3, without the added time required to read the 

detector between each flash. The other difference between 

the detector biasing for chromatography versus standard 

aspirated sample emission analysis is that the bias level 

is not recorded and subtracted at the end of the analysis. 

Due to the continuous nature of chromatography, it is not 

possible during the analysis to halt the flow of the GC 

while the bias frame is exposed and recorded. The bias on 

the detector is instead corrected for quite effectively by 

subtracting the amount of signal on the wings on either 

side of the spectral line from the center. Thus through 

the double side background correction, not only will the 

signal be free from any broad band features of stray light 

but it will also be corrected for the bias level at the 

same time. 
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Automatic Signal Collection 

with the detector now prepared for signal acquisition, 

the computer waits for the operator to indicate when a 

sample has been injected onto the GC column. When the 

computer has been signaled that the sample injection has 

occurred it resets its external real time clock and begins 

the following data collection loop. The computer first 

goes through the analytical database and independently 

averages eight signal reads for each spectral window. The 

spectral windows used' for the GC analysis are 18 detector 

elements wide by 3 detector elements high. This signal 

averaging is required to reduce the amount of read noise 

present in the signal and is accomplished through the use 

of non-destructive reads (see chapter 2 for details) . 

After collecting signal for all the spectral lines in 

the database, the computer goes through the stored signal 

for each spectral line looking for any signal which has 

reached some preset limit. If none of the spectral lines 

have integrated up sufficiently the computer must then 

decide whether to record the signal anyway. There are 

several scenarios which can occur in which the storage of 

the signal may be desired even though it is not 

approaching the limit of the full well potential. 
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One reason for the collection of signal which shows 

little or no spectral activity is to record the 

chromatographic baseline. The measured signal must be 

stored occasionally even when no chromatographic samples 

are present in the detector. In these experiments, a 

variable can be set which forces the computer to store the 

measured signal after some predetermined number of times 

through the read cycle. The judicious selection of this 

variable is important. If the variable is set to low, 

which will cause the computer to store many baseline 

points, the computer memory will fill too quickly and may 

not be able to record the entire GC separation. On the 

other hand, if this variable is set too high the routine 

description of the chromatographic baseline will be 

lacking definition and could cause uncertainty in the 

final analysis of the resultant chromatograms. 

It was found that recording the spectral line 

intensities every five to ten times thought the loop was 

quite effective. The factor which affects this variable 

the most is the number of spectral lines being monitored. 

If only one spectral line is being monitored, the computer 

is able to record and evaluate the signal much more 

quickly than if twelve spectral lines are being monitored. 



174 

So the more spectral lines monitored the fewer number of 

unrecorded cycles are needed to reach the necessary 

compromise between signal quantity and quality. 

The other possible reason to record the measured 

signal before it reaches the predetermined limit is if 

there is any chromatographic activity present in the 

signal. For either low carrier gas flow rates of very 

small sample sizes, it is very possible to have a spectral 

line integrate up some amount either without reaching the 

limit during the entire eluted sample, or reaching the 

limit very slowly. In either case, for good sample peak 

definition the signal should be recorded much more 

frequently than is required to define the baseline record. 

To accomplish this the computer compares the currently 

measured signal to that just previously measured on the 

last pass through the data collection loop. If any 

monitored spectral line shows a significant increase, the 

intensity for each spectral line is calculated and stored 

along with the chromatographic time. the amount of 

increase which is considered is also determined by a user 

set variable. Once again this variable must be chosen 

judiciously to discriminate between real chromatographic 

activity and the random noise in the measured signal or 
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any low level background from column bleed or plasma tube 

contamination. If this variable is set to low it will 

again record baseline activity to frequently and 

prematurely fill the computer memory. If, on the other 

hand, this variable is set too high it will not record the 

chromatographic peak activity as readily, which will cause 

poorly defined sample peaks in the resultant 

chromatograms. There are many factors and operating 

conditions which can effect the proper value of this 

offset variable significantly including column 

temperature, plasma containment tube quality, which 

spectral lines are monitored, any close lying background 

lines, and a host of other more minor variants. Care must 

also be taken when setting this variable to take all these 

factors into account. 

When a chromatographic point is recorded, the computer 

calculates the intensity for each spectral line using the 

same type of technique for evaluating the background on 

each side of the spectral line and subtracting it from the 

center intensity. A slightly different format is used 

though and is diagrammed in Figure 5.3. Due to the 

inability to subtract the detector bias from the entire 

spectral window before the intensity calculation, nine 
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Figure 5.3: Diagram depicting the spectral window, 
the spectral line and the background evaluated for signal 
intensities in GC analysis. 
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detector elements on each side of the central intensity 

are summed then divided in half. This background level is 

then subtracted from the summation of the nine central 

detector elements. In this wayan attempt is made to 

characterize the bias and the background level more 

effectively and completely than by only monitoring one 

background detector element in each row on each side of 

the spectral line. This final intensity is the only datum 

stored for each spectral line and the spectral window data 

read from the detector is discarded. The time during the 

chromatogram when this data set was collected is also 

recorded. 

The acquisition of chromatographic signal continues 

around this loop continually monitoring and recording the 

chromatographic signal as necessary until one of the 

spectral lines reaches the preset limit which is a warning 

that it is beginning to encroach on its full well 

capacity. When anyone of the monitored spectral lines 

reaches the users preset limit, set at about three 

quarters of the full well capacity, the left track of the 

data collection loop is then applied. The first task is 

to calculate and store the intensities of all the spectral 

lines being monitored. This data is stored in a data 
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array in the computer memory. The chromatographic time at 

which this data was read is also stored in a separate time 

array. Finally, the index pointer of the time array is 

stored in yet another array as a pointer array to show 

where the integral photo-signal was cleared from the 

detector. 

The signal is then removed from the entire detector 

through a simultaneous injection of charge from all the 

detector elements in the crD array detector. Through this 

act of removing the integral signal, the bias charge on 

the detector is also removed thus putting the detector 

back down into the non-linear photoresponse portion of its 

working range. To correct this problem as quickly as 

possible the detector is biased using the same bias 

routine described earlier in this section. 

The whole process of clearing the detector and re

establishing the detector bias takes only 0.03 seconds. 

Even though resetting the detector is very quick, some 

chromatographic signal could be coming through to the CID 

while the detector is not in the desired linear photon 

integrating region. In this way some of the 

chromatographic signal can be lost. It is impossible to 

predict exactly how much chromatographic signal is lost 
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during the detector resetting process because throughout 

the chromatographic peak the photon flux varies. If the 

resetting of the detector occurs either very near the 

beginning or the end of the peak where the photon flux is 

low, then very little photon signal will be lost. On the 

other hand, if the detector is reset in the middle of the 

chromatographic peak where the photon flux is highest, 

then many more signal photons will be lost during the 

process. Even though this does cause some amount of non-

recoverable error the" amount is not sufficient to 

significantly compromise the value of the system's data 

acquisition abilities. 

To avoid over-running the computer memory, any single 

chromatogram is limited to 600 data points per spectral 

line. with the proper settings of the variables 

discussed, chromatograms containing up to six organic . 
compounds eluting over about fifteen minutes have been 

successfully recorded. Once the computer reaches this 600 

data point limit if notifies the operator and terminates 

the data acquisition routine. The data collection routine 

may be terminated any time before recording the maximum 

number of points by using the escape sequence control-C. 

This escape sequence causes the computer to break out of 



the data collection routine from any point within it 

without disturbing the data in stored in memory. 

180 



181 

Chapter 6 

GAS CHROMATOGRAPHIC DATA EVALUATION AND RESULTS 

The data which is achieved from the system described 

in chapter 5 is quite unique in several ways. Due to the 

large number of resolution elements available with the CID 

array detector and the relatively large spectral window 

presented it by the polychromator, a large number of 

spectral emission lines can be well characterized 

simultaneously. The advantage this presents to gas 

chromatography is that many different emission lines can 

be monitored simultaneously during any single 

chromatographic run. These lines can be either from many 

different elements, multiple lines of single elements, or 

a combination of both. This type of selective, 

multielement GC detection can combine the desired 

advantages of a selective detector with the overall 

usefulness of a general detector. 

The use of an integrating detector to produce 

chromatograms from GC also presents some desirable 

features. Since the quantification of chromatography is 

so dependent on the integrated signal of the entire sample 



response, the use of an integrating detector simplifies 

the quantitative process immensely. 

Evaluation of Data 
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Figures 6.1 and 6.2 display the signal recorded from a 

separation of heptane, chloroform, and trifluoroethanol. 

This separation was executed at 105°C on an 1/8 inch by 6 

foot, DC-200 column. A total of eight spectral lines were 

monitored for the element specific detection of carbon, 

chlorine, and fluorine. As expected from specific 

emission lines, the individual spectral lines only show a 

response when that specific element is present. 

Unlike most other GC detectors in use currently 

though, the signal recorded with the UA-CID11B integrating 

polychromator is the integral signal shown in Figure 6.2 

instead of the more common differential signal shown in 

Figure 6.1. This gives the advantage of having the 

chromatographic peak integrated directly by the detector. 

The quantitation of these integral chromatographic steps 

is quite straight-forward. One can simply measure the 

level before and after the integral step and take the 

difference. Another advantage the integral chromatograms 

render is that by calculating the average of multiple 
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Figure 6.1: Differential chromatograms of the 
simultaneous monitoring of C, Cl and F for the separation 
of heptane, chloroform and trifluoroethanol. 
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Figure 6.2: Integral chromatograms of the 
simultaneous monitoring of C, Cl and F for the separation 
of heptane, chloroform and trifluoroethanol. 
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points for the initial and final integral step values a 

standard deviation for each measurement can be calculated. 

In this way a measures of the uncertainty as well as the 

absolute quantitative value can both be achieved from only 

one single chromatographic run. 

Required Data Manipulations 

To get from the computer measured signal to the 

integral signal does require some slight amount of 

processing. To help understand this process, it will be 

followed for the chlorine spectral line at 521.791 nm. By 

following the whole procedure for the one spectral line, 

the procedure can be demonstrated effectively. All the 

other spectral line displayed and data presented in this 

chapter were processed in the same fashion. 

stacking the Integral 

Figure 6.3 shows the data as it is recorded directly 

from the eID array detector for the chlorine 521.791 nm 

spectral line as well as a simultaneously monitored carbon 

spectral line at 833.515 nm. These two chromatograms were 

generated through the detection of a separated sample 

containing four different chlorine containing compounds as 
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Figure 6.3: The emission signal from two spectral 
lines as they are delivered from the detector: (a) the 
chlorine 521.791 nm line, (b) the carbon 833.515 nm line. 
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well as some other nonchlorinated organic species. 

These chromatograms, which show the signal directly 

off of the array detector, are composites of the integral 

signal from the detector coupled with the clearing and 

resetting of the detector when necessary. In the region 

between 400 and 500 seconds the effects of the detector 

clearing is plainly seen. In this area there are no 

sample compounds eluting off the chromatographic column 

and therefore no analytically significant chromatographic 

activity. What is observed here is a slight bit of 

background integration at the chlorine spectral line and 

much more at the carbon spectral line. Each time the 

carbon spectral line reaches the limit of approximately 

650 ADUs, the entire detector is cleared and reset, 

forcing both spectral lines back down to the reset bias 

level. When the sample compounds are eluting through the 

detector the detector resets occur much more frequently. 

The situation can even occur, through samples which create 

very high photon fluxes, where the detector is cleared and 

reset between each datum read. 

To remove the detector resets from the integral 

signal, the computer simply goes through the measured 

signal and adds an offset based on the value of the last 
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datum before the detector was reset to the sucessive 

segment before the next reset. This in a sense is like 

taking each integral segment and stacking it on top of the 

previous segment. The integral result from this "stacking 

process" for the 521.791 nm chlorine spectral line 

considered is shown in Figure 6.4. 

Chromatographic Time Correction 

The measured chromatographic time must also be 

processed slightly before it can be used in the analysis. 

The chromatographic time is measured with sixteen bits of 

resolution by a counting circuit consisting of a binary up 

counter with an astable, multivibrating dual monostable 

clock. It is then stored in a sixteen bit single 

precision word in the computer. With the accuracy of 

1/100 of a second (the monostable clock frequency) this 

timer will count for about 5.5 minutes before the 

sixteenth bit is used. Since the sixteenth bit in the 

computer is the sign bit, after the first 5.5 minute 

period, the chromatographic time recorded by the computer 

becomes negative and counts backwards to zero. It will 

reach zero at approximately 11 minutes and begin counting 

forward with positive numbers again. 
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Figure 6.4: The chlorine 521.791 nm emission GC-AES 
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Since this counter is reset to zero at the beginning 

of the chromatogram and during the actual chromatographic 

time always continues in a positive fashion, the computer 

measured chromatographic time can easily be converted from 

its cyclic 11 minute repetitions to the real 

chromatographic time. The real chromatographic time is 

then stored in double precision floating point numbers. 

Removal of Detector Reset Spikes 

The final feature'which must be discussed in relation 

to initial data manipulation can be seen in Figure 6.5. 

This figure shows the results from the sulfur line at 

921.291 nm. Upon initial examination of this chromatogram 

there appears to have been a number of sulfur containing 

compounds in this sample. Also, there seems to be quite a 

bit of noise which is especially apparent in the region 

between 269 and 533 seconds as well as others. Since the 

original sample run for this particular chromatogram 

contained only one sulfur containing compound and there 

was very little observable background on the real-time 

monitor during the acquisition of this chromatogram, this 

resultant chromatogram was totally unexpected. 
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Figure 6.5: The measured sulfur 921.291 nm line 
emission GC-AES chromatographic integral signal. 
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By studying the derivative of this measured integral 

displayed in Figure 6.6, both the cause and the solution 

of this apparent anomaly can be discovered. If the region 

between 269 and 533 seconds is examined it can be seen 

that there are recurrent, reproducible positive going 

spikes. These spikes all occur at the place where the 

clearing and resetting of the detector occurred and 

contain no real chromatographic information. Each of 

these spikes is always two points wide occurring at the 

detector reset point and the detector reset point plus 

one. since during the elution of the sample peaks these 

detector resets can occur between each data point 

recorded, the artificial spikes can sum. This summing 

effect can be seen in the response around 93 seconds in 

the derivative data. 

These anomalous spikes can be effectively 

characterized in the regions where there is no 

chromatographic sample eluting. Then, because the place 

in the chromatogram where each detector reset occurred was 

recorded by the computer, the amount of apparent signal 

contributed to the chromatogram by this anomalous spiking 

can be subtracted from the differential chromatogram. The 

resultant corrected differential chromatogram is displayed 
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Figure 6.6: The measured sulfur 921.291 nm line 
emission GC-AES chromatographic derivative signal. 



in Figure 6.7 and the re-integration of this corrected 

chromatogram is presented in Figure 6.8. 
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The observation of this corrected chromatogram shows 

results corresponding to what was expected from the sample 

separated and analyzed. There is one integral step 

corresponding to the single sulfur containing compound. 

The background on either side of the integral signal does 

show a tendency to wander more than would be expected from 

the real-time observation of the spectral line as the 

chromatogram was being collected. This is due primarily 

to the fact that the average of all characterizable 

artificial spikes was subtracted from each spike. By the 

definition of the average, some of these differences will 

cause positive deviations and some negative deviations in 

the final integral signal. These deviations do contribute 

some to the noise of the background signal and therefore 

it contributes to the uncertainty of the measurement. 

They by no means compromise the overall quality of the 

signal significantly, as the uncorrected artificial spikes 

did. 

Not all spectral lines which exhibit these spikes 

contain positive going spikes. As seen in Figure 6.9, the 

sulfur line at 550.97 nm contains the same type of 
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Figure 6.8: The corrected sulfur 921.291 nm line 
emission GC-AES chromatographic integral signal. 
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S(550.97nm): Uncorrected Derivative 
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Figure 6.9: The measured sulfur 550.97 nm line 
emission GC-AES chromatographic derivative signal. 
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artificial spiking feature but this time the contribution 

is in a negative direction. These negative going 

artificial spikes manifest themselves as a negative slope 

in the measured integral chromatogram shown in Figure 

6.10. The spikes are still two data points wide and occur 

in the same place relative to the clearing and resetting 

of the detector. Since their behavior is similar in 

character, albeit of opposite magnitude, these artificial 

spikes can also be characterized in exactly the same 

fashion as before and" easily subtracted from the 

derivative to produce the corrected derivative shown in 

Figure 6.11. Upon re-integration of the corrected 

derivative it once again produces the integral originally 

expected from this sample analysis shown in Figure 6.12. 

simultaneous. Multielement GC Detecton 

A sample containing all of the halogens which can be 

monitored by this system along with carbon and sulfur was 

assembled to demonstrate the overall ability of this 

system. Each sample component was added in approximately 

equal proportions by volume. Two spectral lines for each 

element were monitored giving a total of the maximum 

twelve spectral lines that can be simultaneously monitored 
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Figure 6.11: The corrected sulfur 550.97 nm line 
emission GC-AES chromatographic derivative signal. 
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in the analytical database. Even with this limitation 

though, the simultaneous integration of chromatographic 

effluent at twelve individual spectral lines is more than 

any other dispersive optical system which has been 

currently reported in the literature [Muller and Cammann, 

1988; Yu, 1988; Evans, et. al., 1987; Perpall, et. al., 

1987] or available by the one commercial instrument 

currently marketed for GC-AES [Hewlett Packard, 1989]. 

Likewise, with the advent in recent years of benchtop 

computers with greatly expanded memory, this limitation 

can now feasibly be eradicated. 

The sample of compounds listed in Table 6.1 was 

separated on the 1/8 inch by 4 foot, DC-200 packed column, 

under a programmed column oven temperature. The column 

oven temperature sat initially at 65·C for two minutes 

after the sample injection. It was then ramped at 

7·c/minute up to 140·C where it held for another one 

minute. All six sample peaks came out in under fifteen 

minutes with these conditions. Figures 6.13 through 6.18 

present the resulting chromatograms from this analysis. 

All twelve spectral lines were monitored simultaneously 

and are the result of only one sample injection. 



Table 6.1: Composition of six component sample. 
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Figure 6.18: The sulfur chromatograms obtained from 
the twelve spectral line simultaneous measurement for the 
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The most important features to observe in the entire 

set of chromatograms are first of all, for each spectral 

line there are only integral steps corresponding to 

compounds containing the element monitored by that 

spectral line. Some small positive of negative deviations 

can be observed in particular cases where they are not 

expected. These are due to the incomplete romoval of the 

artificial spikes contributed by the detector reset. 

Overall the selectivity shown in these samples by this 

detection system is quite excellent. 

Furthermore, the size of the step for each of the 

components registering in a spectral line are in 

approximate proportions to the number of atoms of the 

monitored element in the analyzed compound. Both these 

features are to be expected when using a sophisticated, 

simultaneous AES-polychromator to monitor GC effluents. 

There are a few other more specific features which can 

be observed in these chromatograms. Remarkably evident in 

the fluorine, but also noticeably present in the carbon 

and chlorine chromatograms, is the observed tailing of the 

integral steps. By comparing the sharpness of the 

integral steps in these chromatograms with those of 

bromine or iodine they can be seen to be much less sharp. 
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This indicates that somehow the fluorine especially, but 

also the carbon and chlorine travel through the excitation 

region of the plasma more slowly than the bromine or 

iodine. 

The cause of this variable transit time through the 

plasma is thought to be due to the interaction of the 

various atomic species with the inner wall of the plasma 

tube. As the sample compound enters the plasma it is 

first atomized and then excited thus causing the observed 

emission. Once the compound is atomized though, the atoms 

are free to interact independently from one another with 

the available surface. This is further confirmed by the 

observation that fluorine, the most highly reactive 

element present, makes the slowest transit time through 

the plasma. There have been various studies of other 

organic sample analyses which looked at adding a small 

bleed of oxygen into the plasma gas to reduce the tailing 

of carbon in plasma-AES [Quimby and Sullivan, 1990A, 

Evans, et. al., 1987] by converting it to a stable oxide 

before it has a significant chance to react with the 

quartz containment tube. It is possible that this 

technique would also limit this problem with the lighter 

weight halogens also by using a small bleed of hydrogen or 
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other reducing gas to convert the atoms to a less reactive 

hydride. 

GC Detection Limits 

The detection limits for this chromatographic system 

were measured one element at a time. Even though more 

than one element is always present in an organic compound 

(for instance carbon is present in all but the most rare 

cases), to give each element an equal chance they were 

viewed on separate chromatograms. The justification 

becomes evident by remembering that the integration time 

on all the spectral lines is linked through the need to 

reset the entire detector when anyone spectral line is 

saturating the detector. When measuring smaller amounts 

of a sample while monitoring many spectral lines only the 

highest intensity spectral line will have an adequate 

chance to integrate sufficiently above the background 

before the detector is cleared of signal. This gives the 

highest intensity spectral line an unfair advantage over 

the others when measuring the detection limits with this 

integrating detector. 
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Experimental Procedure 

To measure the detection limits of the various organic 

elements, samples of compounds were made by diluting the 

various compounds with cyclohexane. Each series was a 

serial dilution of 100 ~l of the previous sample with 

300~1 of cyclohexane. The initial sample run was the neat 

compund and these serial dilutions continued until there 

was no more apparent signal on the real-time monitor 

during the collection of the chromatographic signal. Each 

sample in the series was run at least three times to 

measure reproducibility. All detection limit samples were 

separated using the 25 meter, OV-17 glass capillary column 

and a fixed column temperature which was set according to 

the boiling point of the sample compound. 

For the calculation of the detection limits the 

integral chromatographic data was shipped over a serial 

link from the DEC computer to an IBM-PC. Through the 

added software support accomplished through this data 

transfer, the data was able to be analyzed using the 

commercial software package called ASYST (Version 1.56, 

Adaptable Laboratory Software, Rochester, NY) which 

readily gives many array capabil~ties such as mean and 

standard deviation calculations, it can integrate and 



differentiate arrays, graph arrays as well of a host of 

other useful features. 
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The measurement of the sample integral steps was 

accomplished by calculating the means and standard 

deviations of between 20 and 50 points representative of 

the baseline before and after each integral step. The 

mean before the integral step was then subtracted from the 

mean after the integral step to calculate the height of 

the step. The average intensity from each sample 

component with respect to the mass of the element of 

interest present in the injected sample was then plotted. 

The absolute detection limit was calculated as the mass of 

the element which corresponded to twice the average 

deviations of the points measured. 

Results and Discussion 

These detection limits are listed and compared with 

values reported from the literature in Table 6.2. The 

literature values for chromatographic detection limits are 

generally reported as mass per time values. As a 

comparison, the mass values calculated in this study are 

divided by the amount of time the chromatographic peak 

took to give the total intensity. These numbers can be 
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seen to be only about a factor of two or three above the 

reported current literature detection limits in most 

cases. It is not too suprizing in many of the cases that 

the detection limits measured with this system would be a 

bit higher because the most intense and therefore most 

optimum spectral lines for many of the elements measured 

were not contained within the spectral window monitored by 

the CID detector. If these stronger spectral lines were 

actively sought, lower detection limits should be quite 

readily obtained. 

Evaluation of Elemental Ratios 

The measurement of elemental ratios was also 

investigated with this system. Both chlorinated and 

brominated compounds were used in separate samples to 

demonstrate the abilities of this experimental system to 

measure atomic ratios between elements. The first attempt 

with these used a series of chlorinated compounds and 

measured the carbon and chlorine spectral lines. The 

other samples were several series' of brominated samples. 
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Experimental Procedure 

The chlorinated sample used for this was made up with 

equal volumes of dichloromethane, chloroform, and carbon 

tetrachloride. The sample was separated on the DC-200 

packed column at 140°C, while monitoring one carbon and 

four chlorine spectral emission lines. The height of each 

compound integral step was calculated as discussed 

previously for the detection limit studies. 

The brominated samples were composed ot 

dibromomethane, dibromoethane, bromoform, and the last 

sample discussed also contained I-bromobutane. These 

brominated samples were composed of equal molar parts of 

each compound. the smapoes were separated at 140°C on the 

OV-17 glass capillary column. The signal measurements and 

calculations were performed in the same manor as with the 

chlorinated compound samples. 

Results and Discussion 

To follow the calculations required for the measurement of 

elemental ratios, this process will be followed in depth 

for the chlorinated compound sample. To generate the 

normalized signals presented in Table 6.3 each integral 

step signal was divided by the number of atoms in the 
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compound which contributed to that signal. For example 

all the chlorine signals obtained for dichloromethane were 

divided by two and the chlorine signals obtained for 

chloroform were divided by three and so forth. A 

comparison of these normalized signals gives an idea of 

the amount of variation in this system with the DC-200 

packed column. 

The ratio of the average normalized carbon and 

chlorine signals can be used as a type of relative 

response factor as shown in Eq. 6.1. 

[ -.!c- ] atomc -
---..Icl-
atomcl 

Eq. 6.1 

This relative response factor can then be multiplied by 

the ratio of the original chlorine and carbon signals as 

described by the equation: 

[ [ -.!c-] 
) 

_atomc : 
__ ICl
atomcl 

Eq. 6.2 

to give the atomic ratios of the two elements. The 

results from this atomic ratio analysis are shown in Table 

6.4 for the chlorine and carbon lines. The results show 

that this system can measure these elemental ratios with a 
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relatively high degree of accuracy. Even in the worst 

cases the error is clearly within the allowed margin when 

the values are rounded off to their closest integral 

values. 

This process could easily be extended to analyzing 

unknown components in a sample. Through the addition of 

standards to the sample, the normalized intensities and 

relative re~ponse factors for each spectral line could be 

calculated using these added standards. Then by 

multiplying these calculated relative response factors by 

the unknown ratios, the unknown elemental ratios could be 

achieved. 

An inherent advantage this system gives is by using 

multiple spectral lines during its analyses becomes 

evident here. Through the use of the four different 

chlorine lines for the data in Table 6.3 the 

reproducibility of the elemental ratios can be confirmed 

without the necessity of multiple sample injections. By 

comparing the ratios of the various spectral lines, 

problems occuring at anyone particular spectral line 

during the analysis such as spectral interference at one 

of the lines could easily be detected. 



222 

A similar analysis investigating bromine to carbon 

ratios was performed. Table 6.5 shows the normalized 

intensities for a three component separation of 

dibromomethane, dibromoethane, and bromoform along with 

the average normalized intensities. By using the average 

normalized intensities for the relative response factor 

and multiplying this response factor by the ratio of 

original intensities as shown in Eg. 6.2, the bromine to 

carbon ratios reported in Table 6.6 were obtained. 

Because two separate carbon emission lines were monitored 

during this analysis, ratios between all of the bromine 

lines and each of the carbon is reported. By surveying 

this table, it can be seen that again the elemental ratios 

fit exactly what would be expected for each compound, when 

rounded off the their nearest integer value. 

A third elemental ratio analysis demonstrates another 

unique ability of this system in chromatographic analysis. 

When the bromine sample was extended to four components by 

adding l-chlorobutane, the resultant chromatograms still 

showed only three integral steps. Table 6.7 gives the 

normalized intensities for this analysis. Through the 

analysis of elemental ratios in the same manner as stated 
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above, the reason for seeing only three component steps 

can be understood. 
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Table 6.8 shows the resulting bromine to carbon ratios 

obtained from these calculations. Since the bromine to 

carbon ratio for the first component integral step is 

about 0.65, and if there were three bromine atoms for 

every five carbon atoms, the bromine to carbon ratio 

should be 0.60. Thus the first component step can be 

assigned as the summation of both the dibromomethane and 

the 1-bromobutane. Through this elemental ratio analysis 

it can be seen that these two sample components must have 

co-eluted. The stationary phase in the OV-17 column is 

composed of 50% methyl silicone and 50% phenyl silicone. 

With this mixed composition column, recommended for 

general purpose separation [Supelco, 1990, p. ?], it is 

not too surprising that the twe co-eluted compounes which 

seem to have very little in common to suggest the observed 

behavior. This co-elution is most likely due to different 

interaction mechanisms for each compound. 

It can also be observed, through the comparison of the 

elemental ratios displayed in Tables 6.6 and 6.8, that the 

accuracy of the ratios in the four component mixture has 

degraded somewhat. This loss in accuracy is not a result 
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of the number of compounds in the sample or the co-elution 

experienced. It can be attributed instead to the plasma 

power. The elemental ratio measurements displayed in 

Table 6.6 were collect at a forward plasma power of about 

140 watts, whereas the forward plasma power for the data 

displayed in Table 6.8 was only about 100 watts. When the 

four component sample showed only three distinct peaks, 

the measurement was not repeated at the higher plasma 

input power was done the three somponent sample. The 

higher power is reserVed for a limited number of sample 

runs because of the increased degredation rate which it 

causes in the plasma containment tube. From the 

comparison of the twe tabels in quistion though, the 

higher power can be seen to be necessary presumable for 

complete atomization of the samples, and therefore more 

accurate results. 

Chapter Summary 

The data presented in this chapter was all selected, 

collected and displayed to demonstrate the effectiveness 

and quality of the data from this experimental GC system. 

The GC, Surfatron, UA-CID11B integrating polychromator, 

and interfaces all work well enough together to give 
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reasonable, integrated chromatography data. Due to 

inherent problems, mainly with the detector being operated 

in a mode not always optimized for chromatographic data 

collection, the measured signals show on average about ten 

percent variation. 

Even with the limitations present in this system, the 

basic features demonstrated have been quite encouraging. 

The overall selectivity of the system is quite excellent 

with respect to the individual element responses. The 

detection limits are only slightly worse than those 

published with other fully optimized systems, and these 

could easily be improved. The actual quantitation of the 

elemental components is also quite accurate enough to 

measure the elementa ratios in the samples analyzed. In 

the final analysis of this first generation element 

specific, integrating gas chromatographic system, this 

system shows promise to be an effective system for both 

routine and unique qualitative and quantitative GC 

analyses. 
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Chapter 7 

Conclusions and Future Directions 

The UA-CIDllB integrating polychromator system has 

been shown to be an effective system for measuring the 

emissions from atomic species excited by plasmas. Though 

the analysis of metal species in aqueous samples, this 

system compared quite favorably in the standard benchmark 

tests performed. The" experimental system has proven to 

match or exceed published detection limits for a 

representative collection of metals. This experimental 

system also shows superior performance in upper 

concentration limits for metal analyses. The large linear 

dynamic ranges reported for this system can be attributed 

to its ability for simultaneous integration of all the 

spectral emission signals selected, each for its own 

optimum integration time. By evaluating each spectral 

line individually with respect to signal integration time 

each individual spectral emission can be evaluated at its 

optimum signal-to-noise ratio. Through the use of the 

non-destructive readout mode the spectral lines are 

allowed to interactively set their own particular required 
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integration time. This feature thus caters to each 

spectral emission on as individual basis for its intensity 

evaluation. In addition, the fact that all these 

individual spectral emissions are collected simultaneously 

lead to the advantage that all these spectral lines were 

collected under exactly the same excitation conditions in 

the source. 

The high detector element density in the CID array 

detector also shows some advantages for atomic 

spectroscopy. Through the use of the CID, the electronic 

spectral images collected from the presented spectra are 

quite fully defined. Since each sp~ctral line covers more 

than one detector element the full spectral line can be 

specifically defined as well as the background around the 

spectral line of interest. Through this full 

characterization of the spectral line and the close lying 

background, an accurate measure of both the emission 

signal as well as any broad spectral features superimposed 

on the desired emission signal can be measured. Thus by 

monitoring both background and emission signal, a more 

accurate measurement of the actual emission signal 

intensity can be achieved. 
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Through the ability to simultaneously monitor many 

spectral lines, the overall abilities of this system are 

enhanced even further. In any emission source, signal 

from each emitting specie is present. since the CID is 

able to collect emission signal simultaneously from all 

wavelengths in its spectral range this system is ideal for 

qualitative elemental analysis or elemental screening. 

Also by monitoring multiple emission signals from anyone 

element, internal consistency can be evaluated. If there 

is some type of interference on any particular spectral 

line (most likely due to an unresolved emission from 

another element) if this line was the only one monitored 

for the particular emitting specie, there would be 

essentially no way of recognizing the problem. On the 

other hand, by monitoring many emission lines from any 

particular element the emission results can be compared 

for internal consistency. In this way, either erroneous 

quantitative information can be identified and discarded, 

or false positives in elemental screenings can be avoided. 

To aid in the multiple spectral line analysis, the crD 

array detector is ideal due to the large number of , 

detector elements it contains, and its multiplexed 

detector element accessing ability. Through the large 
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number of detector elements present not only can each 

spectral line be well characterized as discussed above, 

but a large spectral range can also be covered quite 

effectively. By simultaneously observing a large spectral 

range many spectral emissions will be available for use in 

the analyses desired. Through the multiplexed access 

ability of the CIn array any detector element throughout 

the entire detector can be read independently. with this 

ability then, only the areas of the detector which contain 

useful analytical information need to be accessed which 

provides a large savings in reading time and computer 

memory required for data storage during the analyses. 

By jUdicious use of all the afore mentioned features, 

the UA-CIDI1B integrating polychromator system has been 

shown to be an effective detection system for atomic 

spectroscopic analyses. Two separate water samples have 

been analyzed and presented as an overall test of the 

system for routine metal analysis. In these analyses up 

to eight elements, composed of both trace and bulk 

elements, were analyzed simultaneously. The analysis of 

each sample compared quite favorably with standard 

analytical methods as a comparison. These accurate 

analyses were even shown to be effective down very near 



234 

the detection limits in several cases. The fact that only 

eight elements were analyzed is not a limitation of the 

system but it was simply a limitation of the sample. Had 

the sample contained sufficient quantities of more 

elements, these other elements could have also been added 

to the analytical database and included in the analysis. 

To accomplish gas chromatographic analysis using the 

UA-CIDIIB integrating polychromator as an element specific 

detector a new plasma source which would properly excite 

the organic elements presented in GC samples. After 

extensive literature review and an evaluation of the 

criteria for GC-AES detectors, a microwave plasma of the 

Surfatron design was chosen. A Surfatron plasma 

generating device was designed and constructed for this 

work. In evaluating this plasma source it was found, when 

properly cooled, to produce a very stable plasma for long 

periods of time (many hours). The plasma could be 

supported in either argon or helium at atmospheric 

pressure with only a moderate amount of tuning required 

when switching between the two plasma gasses. It has also 

been shown that the plasma can accept relatively large 

amounts of organic sample without being extinguished. 
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After evaluating the MIP source, the polychromator and 

the detector; these were all interfaced to a GC to create 

a gas chromatography-atomic emission spectroscopy system. 

This system has been shown to perform quite admirably for 

element specific GC analysis. The spectral region 

observed by the detector allows the simUltaneous 

monitoring of H, P, CI, Br, I, N, 0, C, and S. Not all of 

the emission lines in this spectral window were the most 

intense atomic emission line available for each element in 

the entire electromagrietic spectrum. Even though the 

limitation of not always having access to the strongest 

emission lines for each element available was present, the 

advantage of viewing all the spectral lines simultaneously 

is felt to surpass this limitation. 

The chromatographic output of this system is supplied 

in a unique and beneficial format. Since the emission 

detector is an integrating detector, the chromatograms 

achieved by this system are integral steps instead of the 

standard differential peak presented by most other GC 

detectors. Since the useful quantitative information from 

a GC analysis is contained in the integral, this unique 

chromatographic format proves very beneficial by lending 

itself so readily to easy quantitation of results. This 
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feature does not limit in any way the qualitative 

info~ation supplied by the integral steps either. since 

both the integral signal and the differential signal 

contain the same qualitative information about the 

presence or absence of any particular element and the 

retention time of the compound involved, this information 

is not lost by the detector supplying the integral 

information directly. 

The GC-AES system has been proven to perform quite 

effectively in the simultaneous, multielement detection 

mode. From data presented showing the elemental responses 

from C, F, CI, Br, I, and S for the separation of a six 

component mixture, the expected responses were observed 

for each element at the retention time of each compound. 

For elemental emissions from elements present in the 

eluting compound, there was a corresponding signal. For 

elemental emissions from elements absent in the eluting 

compound there was generally no signal. At times the 

baseline was observed to shift up or down slightly on one 

particular spectral line due to instrumental problems with 

the detection system, but overall the system proved to be 

quite selective with respect to each element. 
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Studies of detection limits from this system show the 

ability of this system to measure low emission levels for 

many of the organic elements to be somewhat worse than 

results published for other GC-AES systems. There were a 

few cases where the optimum elemental emissions fell 

inside the spectral window viewed by the detector, and in 

these cases the system performs quite competitively. Even 

the detection limits measured for elements without their 

optimum spectral line available only show from a factor of 

two to four worse than the best published limits. 

other studies show that the system was able to 

'accurately measure various elemental ratios. Elemental 

ratios between CI and C as well as Br and C were measured 

with enough accuracy to predict the integer ratios of the 

two elements in the original compound. This is quite to 

be expected from this system due to its excellent 

selectivity between the elements. If the source is able 

to stoichiometrically atomize and excite the incoming 

compound, then the collected emissions ~ .. lhich were 

monitored independently and simultaneously by the 

polychromator and detector should reflect the original 

elemental ratios. This technique was also used to 

identify two brominated compounds which had co-eluted. 
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Future Directions 

This whole system for element specific GC analysis can 

be improved and further per sued in mainly three areas, 

which are in direct correspondence to the three 

experimental parts of this system. Further investigations 

could be continued with the Surfatron MIP emission source, 

the polychromator dispersion optics, and the detector 

design and operation. 

Source Improvements 

The main limitations in this source are due to plasma 

contaminations and plasma tube cracking and devitrifying. 

The contaminations to the plasma arise from two different 

areas: the plasma gas and the plasma containment tube 

inner wall. The contaminations from the helium plasma gas 

originate from trace impurities of air and water in the 

helium. Since some of the most intense emission lines 

from hydrogen, nitrogen, and oxygen are the only ones 

available in the spectral window chosen, even trace 

impurities become unacceptable for these elements. There 

have been some investigations reported in the literature 

which attempt to remove these contaminations [George and 
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Hessler, 1989; Goode and Kimbrough, 1988; Bradley and 

Carnahan, 1988]. Success has been reported for partial 

and total elimination of both contaminants through the use 

of multiple stage trapping systems with combinations of 

heated metal oxygen getter beds, molecular sieves, and 

molecular traps. If some similar type system were 

constructed to clean the helium plasma gas, the 

quantitative analysis of hydrogen, nitrogen, and oxygen 

could be accomplished. 

By removing the contaminations introduced in the 

plasma gas a whole separate door could be opened to 

compound screening not only for halogenated and sulfur 

containing compounds, which is all that is possible at the 

present time, but all the other organic species as well. 

screening for oxygenated species such as alcohols, 

ketones, aldehydes, etc.; and nitrogen containing species 

such as amines could be accomplished. Also by scrubbing 

the plasma gas the quantitative detection of hydrogen 

could be accomplished. Through the quantitation of 

hydrogen, nitrogen, and oxygen the calculation of 

empirical formulas for a vast number of organic species 

could be accomplished in a similar manner to the carbon 

halogen ratios presented in this work. 
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The problem of contaminations arising from the plasma 

tube as well as the disintegration of the plasma tube over 

time could very likely be solved throu~h the modification 

of the plasma tube. As it stands now, the plasma tube is 

a single length of thick walled quartz capillary tube. In 

this current configuration the plasma is in contact with 

the inner wall of the plasma tube. By cooling the plasma 

tube with compressed air the degradation of this tube can 

be retarded somewhat, but to totally eliminate this 

problem the plasma must be held away from the inner wall 

of the plasma tube. 

The contaminations from the plasm tube also arise at 

least partially from the contact of the plasma with the 

inner plasma tube wall. As the plasma atomizes the sample 

compounds passing through it, many very reactive species 

are generated which have a tendency to interact with the 

inner wall of the plasma tube. this interaction tendency 

can be characterized by the transit time of the element in 

the plasma. If the plasma could be held away from the 

inner wall of the plasma tube, this interaction should be 

minimized if not eliminated. 

A solution to the problem of the plasma contacting the 

walls has been reported in the literature [Goode, et. al., 
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1985]. In this reference a tangential-flow torch design 

was evaluated with a Beenakker, TM010 cavity. The plasma 

was reported to be self-centering, able to handle larger 

samples without being extinguished, and more stable. As 

well, a drastic reduction in analyte deposition on the 

plasma tube wall was reported. If a similar design were 

implemented for the Surfatron, similar benefits should be 

obtained. This should solve many of the problems with the 

interaction of the plasma with the plasma containment 

tube. An added advantage which can be expected from the 

tangential-flow torch design is that by holding the plasma 

off the walls of the containment tube, the forward power 

used to operate the plasma should be able to be increased 

for better atomization and excitation without the negative 

side-effect of increased disintegration rate of the plasma 

tube. 

Another method which could be attempted to reduce 

emission signal tailing due to the analyte interacting 

with the plasma tube walls is to add small bleeds of 

various dopant gasses for various elements. It has been 

found that small bleeds of oxygen for instance reduces the 

amount of carbon buildup when analyzing organic samples in 

an Iep [Boumans, 1987]. This is presumably due to the 



formation of stable oxides of the carbon in the plasma 

before it has a chance to interact with the wall. 

Attempts to use small bleeds of gasses which promote 

reduction such as H2 to aid in the analysis of the 

halogens has also been reported to be effective. By 

experimenting with various dopant gasses, the tailing 

problems experienced in the current system could very 

possibly be eliminated or at least reduced to an 

inconsequential level. 

Polychromator Improvements 

The polychromator used in this system is a modified 

commercial spectrometer which proved adequate for the 

initial investigations of GC-AES with the crD array 

detector. This system was able to provide a spectral 

window in which all of the organic elements of interest 

provided some emission lines. 
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Analyses could be improved by creating the optical 

situation in which the spectral range could be increased. 

The compromise between spectral resolution and spectral 

range must of course be considered when making this type 

of change. The detector element size and the number of 

detector elements is fixed for any particular crD. 



243 

Therefore to accomplish adequate the spectral resolution 

required for atomic emission spectroscopy the spectral 

range will become limited at some point where the spectral 

range across any single detector element becomes to large. 

As a bottom line, spectral range and spectral resolution 

can be varied not only by the optical components in the 

polychromator but also by the size and density of the 

detector elements in the CID used. 

The advantages of increasing the spectral range should 

manifest themselves in a variety of ways. The most 

obvious advantage will be the ability to simultaneously 

monitor more of the stronger spectral emissions not 

available in the current window. This should increase the 

limits of detection measured for several of the elements. 

The ability to monitor even more emission lines for any 

one particular element will also give the ability for even 

more extensive internal checking between emission signals 

from one single element. Also, by increasing the spectral 

range down into the optimum region for metallic atomic 

emissions these metal emissions could be added to the 

analytical database. This would facilitate the full 

characterization of organometallic compounds of the 

analysis of free metal ions in organic samples. Both 
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types of analyses are of interest in various fields today 

including the analysis of metal center catalysts for 

polymerization reactions and evaluating metal 

concentrations present in biological and food samples. 

The investigations of the reported intense resonant 

spectral emission lines for many of the organic species 

such as oxygen at 130.49 nm, nitrogen at 149.28 nm, and 

chlorine at 134.72 nm [Denton, et. al., 1990] may also 

provide some usefulness in GC analysis. To accomplish 

this the spectral window will need to be moved and the 

polychromator and optical path between the source and the 

polychromator will need to be purged with helium or 

evacuated since these wavelengths are absorbed by the air. 

From and instrumental standpoint, going after these 

resonance lines in the vacuum ultra-violet could be 

difficult, but may provide rewarding. 

Detector Improvements 

The CID detector has been proven through this work and 

others [Sims, 1989; Bilhorn, 1987] to be a very effective 

simultaneous, integrating array detector for the atomic 

emission spectroscopic analysis of the steady-state signal 

from various aqueous samples upon aspiration into a plasma 
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emission source. The requirements placed on the CID 

detector by gas chromatography are somewhat different than 

those of previous analyses reported with the CID. Since, 

for these initial investigations into using a CID as a GC 

detector concentrated mainly on designing the overall GC 

system and required software, the CID which was still set 

up mainly for steady-state signal mode, would benefit from 

several fundamental modifications. The two most vital 

modifications for the improvement of the CID as a GC 

detector are to install the ability to remove the 

photogene rated charge from any single detector element 

without modifying or removing the stored signal in any 

other detector elements (a selective signal injection), 

and to remove the non-linear photo response at very low 

photon levels. 

The advantage the addition of the selective signal 

injection will give should have a very significant impact 

on the individual spectral lines du~ing the 

chromatographic analyses. This single improvement will be 

able to decouple the time each emission line is allowed to 

integrate before being reset. The advantage of this 

feature should manifest itself in much the same way that 

it is exploited in the steady-state solution analyses. It 
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is this variable integration time which gives rise to the 

large dynamic ranges in the steady-state analyses. By 

achieving this same advantage for the GC analyses, as the 

strong emissions integrate up and begin 'to encroach on the 

full potential well of the detector elements involved, by 

selectively injecting the signal only from these 

particular detector elements the lower intensity emissions 

would be allowed to continue integrating. Through this, 

once again the detector would be allowed to individually 

monitor the progress of each spectral line independently 

instead of the current mode where it is locked into only 

treating the currently most intense spectral line in the 

optimum time frame, and hoping the other emission lines 

being monitored are adequately intense enough to give 

reasonable signal. This one single addition of selective 

signal injection should improve the quality and abilities 

of all the spectral lines included in the analytical 

database which are not the currently most intense emission 

signal. 

The removal of the non-linear photo response region in 

the crD detector would improve the overall quantitative 

abilities of the GC signal provided by the detector. As 

stated in Chapter 5, there are brief, unavoidable periods 
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of time during the chromatographic analysis, while the 

detector is being reset, where it is not operating at its 

normal photon collection efficiency. If during these 

periods a chrolnatographic signal is present, some of the 

chromatographically important photons will be lost. ACID 

detector needs to be fabricated which exhibited a linear 

photo response all the way down to zero photon flux. When 

this new CID, during the chromatographic analyses after 

the detector signal was cleared the next photon through 

the polychromator would be collected with the same 

efficiency as the last photon through before the detector 

was cleared. In this way, the clearing of the detector 

would produce only the positive effect of keeping the 

detector elements from over-ranging without the negative 

side-effect of lost photons during the currently required 

re-biasing. 

To further complicate matters, the addition of 

selective signal injection is contingent on the removal of 

the non-linear photo response region. The justification 

for this is easily understood when considering the case 

where only a single analytical window is cleared. When 

this occurs, all the detector elements in that small 

region will be below the desired working range of the 
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detector while all the other elements on the entire 

detector are up in the proper operating. rn this case 

there is no way to properly bias the particular detector 

elements which are in need of the bias without affecting 

all the other detector elements also. So, if the 

selective signal injection is to be used effectively it 

must be implemented only after a solution to the non

linear photo response has been achieved. 

Fortunately, recently a new crD was developed which 

does exhibit a linear" response all the way down to zero 

photon flux as required for the improvement of Ge analyses 

[Pilon, 1991]. This erD was designed to eliminate the 

imperfections between the oxide layer and the epitaxial 

layer where the photogenerated charge is stored. As 

discussed in Chapter 2, due to these imperfections some of 

the photogene rated charge is trapped in these sites. By 

eliminating these imperfections the problem of charge 

trapping is also eliminated. The first of this type of 

improved erD was evaluated in the research laboratories of 

Dr. Denton at the University of Arizona. The lower 

portion of the photo response curve measured for this 

device is presented in Figure 7.1. From this graph it can 

be seen that the photo response of this new, improved ern 

is linear all the way down to zero photon flux, as desired 
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Figure 7.1: The lower portion of the photometric 
response curve measured for the new,. improved crD showing 
the linear response all the way down to zero photon flux. 
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for GC applications. 

The correction of the selective signal injection will 

require some rewiring of the CIO and some reprogramming of 

the camera controller used to operate the CIO. In the 

current CIO operational mode, optimized for steady-state 

signals the signal injection potential supplied to the 

detector to clear the detector elements can be only sent 

to all the collecting and sensing electrodes 

simultaneously. By redesigning the camera controller 

electrical circuits, the signal injection potential could 

be multiplexed along the same general strategy on the 

horizontal and vertical address registers, as the detector 

reads are now accomplished. In this way, access to clear 

any single detector element could be accomplished. The 

other required modification would be to reprogram the 

camera controller so that it was able to take care of this 

individual accessibili~y of the detector elements when 

clearing the signal from the detector. 

By installing these two improvements as described, the 

ability of the CID array detector to perform in the GC 

analysis mode should show dramatic improvements in the 

abilities of the entire GC-AES system. No longer will the 

analyst need to consider whither the emission lines chosen 
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are "properly matched" in intensity. Instead, the analyst 

will simply need to decide what elements should be 

analyzed and can implement as many emission lines as 

feasible for the chosen elements, knowing that the 

computer and CIO detector are cooperating to optimize the 

GC analysis independently at each emission line monitored. 

Final Remarks 

As the general public becomes increasingly aware of 

the real and perceived chemical dangers in the 

environment, there will be more demand for faster and more 

accurate analyses. Through the work presented in this 

dissertation, a unique integrating array detector has been 

evaluated and applied to gas chromatography. This union 

of GC and simultaneous, multielement AES demonstrates the 

ability of expanding GC from only an excellent separation 

technique to a technique which separates and identifies 

the compounds as they elute from the column. Through the 

judicious application of newly developed technology, a 

very sophisticated GC-AES system can be created which 

should be even more effective at both quick routine 

screening as well as specific compound identification in 

the future. 
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