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ABSTRACT 

This document describes the development of spectroscopic 

techniques which benefit from the use of charge-transfer 

devices. Both charge-coupled devices (CCD's) and 

charge-injection devices (CID's) are used in the techniques 

presented here such as atomic emission spectroscopy and latent 

fingerprint imaging. The use of a CID echelle system for axial 

viewing of the inductively coupled plasma (ICP) demonstrates the 

enhancement in sensitivity that can be obtained over tangential 

viewing. More importantly though, are the advantages afforded 

by simultaneous multi-element detection. Axial viewing of the 

ICP has shown to not only improve upon the detection limits of 

several metals by, in some cases, a half order of magnitude, but 

also to increase the amount of light collected and thus reduce 

the time of analysis. Along with this, the effect of 

interferences upon the detection of various metals is, at worst, 

equivalent to that of an ICP with tangential viewing. Further 

enhancement of sensitivity in atomic analysis can be achieved by 

atomic fluorescence with an ICP. Although in the past, hollow 

cathode lamps have proven to be insufficient, advanced designs 

of hollow cathode lamps presented here have demonstrated an 

increase in the intensity of lines of copper best suited for use 

in ICP atomic fluorescence. Lastly, a latent fingerprint has 



been imaged with the use of a scientific CCD and a flashlight 

where in the past such a technique was accomplished with high 

power lasers. By using a CCD, the immediate digitization of 

information combined with the sensitivity and image processing 

capabilites offer a portable means by which to image latent 

fingeirprints on poor surfaces. 
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CHAPTER 1 

INTRODUCTION 

optical spectroscopy is heavily utilized to provide 

information for chemical analysis and image identification. 

Using optical spectroscopic techniques, information on the 

identification of a substance, quantification, the form it 

takes, and the spatial mapping of each substance can readily be 

retrieved. Many techniques exist to provide these types of 

information, including absorbance, fluorescence, emission, and 

scattering, utilizing wavelength regions spanning from the 

X-rays to the far infrared. The detection and analysis of 

photons used in these techniques requires detection systems that 

are 1) quantitative over a large linear dynamic range, 2) 

responsive to a broad set of wavelengths, 3) efficient at 

converting photons into a measurable signal, 4) durable, and 5) 

limited in detector noise for use in low light level 

spectroscopies and imaging. Charge-transfer devices (CTD) meet 

these requirements for the detection of spectroscopic and 

imaging techniques. CTD's include both charged-couple devices 

(CCD's) and charge-injection devices (CID's). Both are silicon 

based array detectors with high quantum efficiencies and large 

linear dynamic ranges, combined with an extremely low read noise 
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for the CCD and random access and non-destructive read 

capabilities of the CID. 

The CID has the unicjue ability to randomly access any pixel 

within its array so that the entire chip need not be read in 

order to determine the signal at one pixel. In addition, this is 

read non-destructively. The ability to monitor any given pixel 

as well as measure its value non-destructively effectively 

expands the CID's linear dynamic range by including time into 

the level of a signal. The use of such a device with atomic 

spectroscopy offers an improvement in multi-element 

determination using both emission and fluorescence techniques. 

In each case, an echelle spectrograph, when combined with a CID 

offers wide wavelength coverage, reasonable sensitivity, and up 

to 250,000 channels which can be monitored individually over 

time periods from a few milliseconds to several minutes. The 

advantage of the CID echelle, though, can be offset by its 

limited light throughput and the aperture shape. Atomic 

emission spectroscopy utilizing an inductively coupled plasma 

(ICP) is considered to be the method of choice in the analysis 

of metals in the part per billion to part per thousand range. By 

monitoring the emission of various metals in the ICP axially, 

i.e. down the central channel, the amoimt of light that can be 

collected from a given sample is dramatically increased. The 

ability to detect metals at extremely low concentrations is also 

improved without a concomitant deterioration via interference 



effects. An axial system has been designed whereby variations 

in the design of the torch, the optical arrangement, and the 

detection system has been accomplished to achieve optimum 

results. The use of the CID echelle enables the simultaneous 

determination of multiple transitions of each metal and thus 

decreases the amount of time needed to spend on each sample. 

With the advantages of the CID, the linear dynamic range of an 

experiment also increases to well over 8 orders of magnitude. 

As can be seen here, the CID echelle when combined with axial 

viewing of the ICP improves the ability to monitor a number of 

metals quickly, accurately, and precisely. 

Another atomic spectroscopic technique which is 

advantageous for the analysis of metals is atomic fluorescence 

spectroscopy. The advantages gained by fluorescence, 

sensitivity and selectivity, have in the past been outweighed by 

either the lack of adequate hollow cathode lamps or the 

complexity of lasers required. Atomic fluorescence with an ICP 

offers enhanced sensitivity over that of atomic emission due to 

the nature of the measurement of the signal. Unfortxinately the 

energy of the excitation source which should match that of the 

ICP is insufficient with standard hollow cathode lanps while 

lasers offer only one wavelength without retuning. Research 

here has focused on the development of advanced hollow cathode 

designs for use in ICP atomic fluorescence. The development of 

a semi-obstructed discharge has shown to increase the intensity 
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of metal emission lines which are most suited for fluorescence 

in the ICP. When combined with em axial viewed ICP echelle CID 

system, maximum sensitivity and selectivity can be obtained. 

The wide availability of CCD's makes it ideal for use in 

low light level spectroscopies and imaging such as Raman 

spectroscopy, fluorescence, luminescence, and imaging of distant 

astronomical events. The application of such a device to the 

imaging of fluorescently tagged latent fingerprints provides a 

method by which images of fingerprints can be digitized 

immediately with a simple, inexpensive, portable source. The 

use of low light level sources such as the output of a 

monochromator or the use of a flashlight provides an example of 

the powerful detection capabilities of the CCD. Such a latent 

fingerprint detection system would incorporate a low power 

portable source (either monochromatic or broad banded with 

wavelength selection filters used), a CCD camera operated in 

either a scientific mode (cooled to -100 C and read slowly) or a 

video mode whereby instantaneous information can be gathered. 

The demand for such a device is large due to the need to quickly 

and accurately gather information about individuals present at 

any one time on a crime scene. The availability of image 

processing software offers immediate and simple clarification of 

prints that are difficult to obtain due to the type of surface 

on which they lie. 
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Each of the following three sections describes research 

done in the area of spectroscopic applications with 

charge-transfer devices. Part I describes the construction and 

optimization of an axial ICP system. Part II describes the 

development of advanced hollow cathode designs for use in atomic 

fluorescence, while Part III describes the imaging of a 

fluorescently tagged latent fingerprint with a CCD. 
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Part I 

Axial Viewing of the Inductively Coupled Plasma 
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CHAPTER 2 

ATOMIC EMISSION SPECTROSCOPY 

Atomic emission spectroscopy (AES) has been widely accepted 

for use in chemical analysis and has shown to be the method of 

choice for elemental determination in a variety of samples. 

Many sources are available for AES depending upon the form of 

the sample to be analyzed and the type information needed. 

Although AES sources seem to vary widely in design and form, 

similarities in the excitation processes bring commonness to 

each of these techniques. A brief discussion of several 

excitation and emission processes is presented as an 

introduction and prelude to discussions on the design and 

development of a unique plasma system for use in AES. 

AES typically requires the sample to be atomized. 

Atomization involves the breaking apart of the sample matrix 

into small clusters of molecules or atoms in various ionic 

states. This may occur through different processes depending 

upon the source used, although the net effect is the same. In 

many AES techniques, the excitation is accomplished by the same 

processes as the atomization. The duality of these processes 

can lead to advantages in terms of simplicity and disadvantages 

in terms of potential matrix and energy effects. These effects 

will be discussed with each type of source listed below. 
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The excitation process involves the promotion of an outer 

electron from the free atom or ion to an upper electronic state. 

The required energy is typically obtained from collisions with 

free electrons, atoms, or ions. Energy is released in various 

forms including heat and light. Light is emitted with a 

characteristic energy, or wavelength, equal to the difference in 

energy levels between the excited state eind the relaxed state of 

the atom or ion. Since there are many energy levels within a 

given atom or ion, numerous emission wavelengths are possible. 

For certain elements, over 1000 wavelengths are discernible due 

to the complexity of the electronic structure. Certain 

transitions are much more probable than others, thus anywhere 

from 1 to 15 wavelengths can be reasonably interrogated in order 

to properly identify and quantify the element of interest. 

The multielement capabilities of atomic emission 

spectroscopy enable the laboratory to identify and quantify 

anything from single element samples to complex mixtures. As a 

result of the ability to interrogate multiple wavelengths for 

each element, the effect of overlapping emission wavelengths, 

matrix interferences, and self absorbance can be overcome by 

choosing a different emission wavelength for analysis. In 

contrast, most absorbance and fluorescence techniques are 

inherently limited to one wavelength for any given sample at any 

given time. 
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A multitude of sources are availeible for AES, some of which 

are applicable in only a small number of analyses. Most of 

these sources can be broken down into eight major 

classifications in AES. The eight types of sources are: direct 

and alternating current arcs, variable voltage sparks, glow 

discharges, lasers, flames, inductively coupled plasmas, 

microwave induced plasmas, and furnaces. This list by no means 

attempts to cover every source available for use in AES. Each 

source will briefly be described, listing the main 

characteristics and types of samples for which they are suited. 

Direct and Alternating Current Arcs: 

Direct current (dc) and alternating current (ac) arcs are 

simple and powerful sources primarily used in the analysis of 

solid samples. Figure 1 shows a variety of electrodes for use 

in both ac and dc arc spectrometry. This figure also includes 

examples of both solid and liquid sampling probes. Each system 

involves the placement of an electrode, usually graphite, in 

proximity to the solid sample to be analyzed. A low voltage 

(10-25 V) is applied between the electrodes producing a direct 

or alternating current (5-30 Amps) depending on the type of arc. 

The thermal energy (typically 4000-6000 K) produced from the arc 

vaporizes, atomizes, and excites the various elements contained 

within the sample matrix.^ One major advantage of this 

technique is the applicability to solid sair^jles of both 
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Ficfure 1 - Electrodes for AC / DC Arc Spectrometry 

Various electrodes used in both ac and dc arc spectrometry 
including: (a) point-to-point, (b) point-to-plane, (c) porous 
cup, (d) rotating disk, and (e) carrier distillation. Taken 
from Robinson, James W. Atomic Soectroscopv. New York, Marcel 
Dekker, Inc., 1990. p. 244. 
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conducting and non-conducting forms. The sinplicity and low 

cost of such a system is also a advantageous. One disadvantage, 

though, is the method by which vaporization takes place. 

Vaporization, atomization, and excitation of each element is a 

result of thermal energy, therefore various elements will have 

different rates of vaporization depending upon their respective 

volatility. Figure 2 shows the effect of vaporization rates of 

various metals in a dc arc analysis. Other problems can arise 

due to wander of the arc and inconsistencies in the sample. 

This can lead to uneven vaporization and thus poor 

reproducibility. Matrix effects within such a system can be 

severe and thus dc/ac arc is not commonly used for quantitative 

analysis.^ 

Variable Voltage Sparks: 

The variable voltage spark in many ways resembles the ac 

and dc arcs previously described. The electrodes in a variable 

voltage spark are the same as in the ac and dc arcs, and 

sampling takes place under similar conditions. One major 

difference, though, is that the flow of current between the 

electrodes occurs over a very short time (10 - 100 |J.sec) and 

with a very high applied voltage (10-50 KV)Cooling takes 

place during the relaxation time between the pulses so that 

heating is less significant than in ac and dc arcs thus any 

variation in vaporization rates is greatly reduced. The 
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Figure 2 - Differential Vaporization Rates in a DC Arc 

Vaporization rates of various elements in a dc arc showing 
effect of constant heating on electrodes. Taken from P.W.J.M. 
Boumans. Inductively Counled Plasma Emission Sipectroscopv-Part 
I. . New York, John Wiley & Sons, 1987. p. 26. 



28 

atomization and excitation processes in a variable voltage spark 

also benefit from the increased voltage which helps to reduce 

matrix effects. Precision is very high due to the uniformity of 

each spark and lack of differential vaporization rates. The 

complexity of such an instrument can be prohibitive, though, if 

accurate quantitative information is not needed. 

Glow Discharges: 

Glow discharges again offer the advantage of solid sample 

introduction. Figure 3 shows a Grimm glow discharge lamp which 

operates under a reduced pressure of an inert gas such as argon. 

Under these conditions, the voltage drop from the anode to the 

cathode, which is composed of the sample for analysis, will 

cause any free electrons to accelerate towards the anode while 

positively charged fill gas ions accelerate towards the cathode. 

These ions achieve sufficient velocity to sputter metal atoms 

from the surface of the sample cathode. This process 

encompasses both vaporization and atomization, but does not 

typically involve the excitation of the atoms or ions of 

interest. The excitation occurs through a secondary process 

whereby fill gas atoms and ions collide with the atomized sample 

atoms and ions, resulting in an energy transfer to the 

atomized/ionized sample. Since the excitation process is 

separate from the vaporization and atomization processes, matrix 

interferences are greatly reduced. There are examples of both 



Figure 3 - Diagram of a Grimm Glow Discharge Lamp 

(1) sample, (2) 0-ring, (3) cathodic block, (4) coolant inlet, 
(5) coolant outlet, (6) pumping port, (7) carrier gas inlet, (8) 
anodic block, (9) quartz window, (10) pumping port, (11) 
insulating disc, (12) hollow cathode, (13) vacuiom-tight lid, 
(14) aioxiliary cathodic block. Taken from Caroli, Sergio. 
"Low-pressure Discharges: Fundamentals and Applicative Aspects, " 
J. of Anal. Atom. Spec., Vol. 2, October 1987, p. 666. 
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solid material applications and liquid applications which are 

deposited onto the cathode. The sputtering process of a solid 

in a glow discharge apparatus is not thermally controlled, 

although different metal atoms can be sputtered at different 

rates depending upon the energy and type of fill gas atoms. 

Because of this, time dependent emission profiles can be 

obtained for a variety of metals. 

Lasgrs; 

since the advent of laser technology, various AES laser 

techniques have been developed. One common technique is laser 

ablation of solid samples. In this technique a high power laser 

is used to thermally vaporize and atomize a sample. Under these 

conditions, precise control of the power yields controlled 

atomization. Lasers have also been used for excitation, 

absorbance, and fluorescence techniques.^ Most commonly, 

though, lasers are used in conjunction with a secondary source 

for excitation. Figure 4 displays an example of the use of a 

laser in atomic emission spectroscopy. 

Furnaces; 

Furnaces (see Figure 5) are most commonly used with atomic 

absorption techniques, although there are some instances where 

furnaces are used in conjunction with other sources for atomic 

emission. Vaporization is efficient in a graphite furnace due 
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Figure 4 - Schematic of a Laser Microprobe 

An example of the use of a laser with other emission techniques 
for vaporization of metals. Taken from Willard, Merritt, Dean, 
and Settle. Instrumental Methods of Analysis. Sixth Edition. 
Belmont, CA, Wadsworth Publishing- Company, 1981. p. 168. 
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Figure 5 - Cross Section of a Graphite Furnace 

Electro-thermal furnace used most commonly in atomic absorption 
spectroscopy. Taken from Willard, Merritt, Dean, and Settle. 
Instrumental Methods of Analysis. Sixth Edition. Belmont, CA, 
Wadsworth Publishing^ Company, 1981. p. 168. 



to rapid heating and the relative inertness of the graphite, and 

small quantities of sample can be vaporized efficiently. 

Atomization is also efficient due to the moderate temperatures. 

Unfortunately, though, the ten5)eratures are not high enough for 

reasonable excitation and usually result in the formation of 

oxides and other common interferences. Once again, this 

technique uses thermal energy for vaporization eind will 

therefore result in varying rates of vaporization.® 

Flames; 

Flame atomic emission spectroscopy is one of the oldest and 

most widely recognized atomic emission techniques. The 

simplicity and effectiveness of the vaporization, atomization, 

and excitation processes has led to wide use throughout the 

scientific community. Flames typically operate at 2000-2500 K, 

depending on the fuel/oxidant type, which is only sufficient for 

excitation of a limited number of elements. As a result of the 

low temperatures, oxide formation and other interferences are 

common. Metals with resonance lines below about 350 nm (3.5 eV) 

are not properly excited.^ 

There are a variety of sources based upon the use of 

plasmas. Plasmas exhibit very high operating temperatures 

(upwards of 5000 K) and readily accept gases and liquids for 

analysis. Sensitivity and accuracy are extremely good in 

plasmas with a linear dynamic range of four or more orders of 
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magnitude. As a result, plasmas lend themselves quite well to 

multi-element analysis. There are a large number of plasmas 

that have been developed, but for the purpose of comparison, 

only commonly used techniques will be presented. These include, 

but are not limited to, microwave induced plasmas, direct 

current plasmas, and inductively coupled plasmas. 

Microwave Induced Plasmas: 

Microwave induced plasmas (MIP) operate at moderate to low 

powers (1 - 200 Watts). Most microwave plasmas are at 

atmospheric pressure utilizing argon or helium as the plasma gas 

Q 
at a flow of 1 L/min or less (see Figure 6). Due to the small 

size, the relatively low flow rate of the plasma gas, and the 

low power, MIP's are incapable of handling large amounts of 

sample or breaking apart many molecular species. MIP's hence 

are commonly used for analysis of samples whose emission 

wavelengths are in the red or near infra-red and for gaseous 

samples. The helium atmospheric MIP has proven to be a good 

detector for gas chromatography for the analysis of various 

metals^ [Boxjmans , 61 [3 , 4 , 98-101] ] . 

Direct Current Plasmas: 

Direct Current Plasmas (DCP) operate by exciting a fill 

gas, such as argon, flowing (8 L/min) between two electrodes 

with current {7.5A at 40V) running through them. Unlike the dc 
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Figure 6 - Schematic Drawing of an MIP 

The plasma is generated in a discharge tube placed in a resonant 
cavity which is coupled by a coaxial line to a microwave 
generator. (1) Gas Inlet, (2) Restriction, (3) Discharge tube, 
(4) Cavity, (5) Coaxial line, (6) Gas outlet. Taken from 
P.W.J.M. Boumans. Inducivelv Coualed Plasma Emission 
SpectroscoDv-Part I. . New York, John Wiley & Sons, 1987. p. 59. 
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Figure 7 - Diagram of a Commercial Direct Current Plasma 

Three electrode DCP configuration including two graphite 
electrodes and a tungsten electrode. Notice the location of the 
excitation region. Taken from P.W.J.M. Boumans. Indueivelv 
Counled Plasma. Emission Sxpectrosconxr-Part I. . New York, John 
Wiley & Sons, 1987. p. 56. 
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arc, the plasma is not used to vaporize the sample. Figure 7 

shows a commonly used DCP configuration. As current flows 

between the anodes and the cathode the argon is ionized and 

heated creating a highly energetic region (6000 K) at the so 

called "Y-Zone". It is at this point where background emission 

from argon is the least ajid sample emission is the brightest. 

The sample is supplied to this region in small droplets from a 

nebulization chamber. Emission from the DCP is somewhat free 

from molecular interferences compared to the techniques 

previously listed. Because of reduction of molecular 

interferences, the DCP is an excellent atomic emission source 

and is used throughout the world. One limitation is that the 

graphite rods are consumed in about 2 to 4 hours time and 

require replacement. 

Inductively Coupled Plasma: 

The following chapter thoroughly describes the history, 

design, and operation of the inductively coupled plasma (ICP) 

although a brief description is presented here for comparison 

purposes. The ICP (Figure 8) is a high energy plasma usually 

using argon as the plasma gas. It is the most common plasma and 

is used extensively throughout the world. Due to the high 

temperatures (up to 10,000 K) , molecular species are readily 

dissociated thus limiting most molecular interferences. A 

variety of elements can be analyzed producing excellent 
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Figure 8 - Schematic of an Inductively Coupled Plasma 

Sample atoms are readily heated and excited in an ICP. Taken 
from P.W.J.M. Bovunans. Inductivelv Coupled Plasma Emission 
Spectroscopy-Part I.. New York, John Wiley & Sons, 1987. p. 73. 
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detection limits near the part-per-billion level for most 

elements. There are certain real advantages of an ICP, though, 

as described by Fassel^^ [Boumans, 70]: (a) effective injection 

of the sample into the hot portion of the plasma; (b) relatively-

long residence time of the sample in the plasma; (c) higher 

temperature than combustion flames; (d) continuous temperature 

gradient from 99000 K to room tenperature, allowing greater 

latitude in selecting optimal temperature; (e) free atoms may be 

generated in the hottest zones of the plasma and then observed 

in lower temperature zones where background emission is lower; 

(f) chemical environment may be manipulated, within limits; and 

(g) no electrode contamination. 

Each of these sources can be used for atomic emission 

spectroscopy and each has its own advantages and disadvantages. 

The research presented in this dissertation has focused on 

improved developments of the ICP for better detection limits and 

limited interferences. 
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CHAPTER 3 

THE INDUCTIVELY COUPLED PLASMA 

The previous chapter briefly described various sources for 

use in atomic emission spectroscopy (AES) . The inductively 

coupled plasma (ICP) is the most widely used and most powerful 

of the listed sources. A more detailed discussion of the ICP is 

hence presented including the theory of its operation, design 

and configuration, characteristics, and combined techniques. 

Historv: 

There have been a variety of books and review articles 

written about the inductively coupled plasma. It should be noted 

that Babat is generally given credit for the first ICP in the 

1960's although his intent was not for use as a spectroscopic 

source. Fassel and Greenfield were credited with establishing 

the ICP as an analytical spectroscopic source during the 1960's. 

Much of their initial work involved the improvement of detection 

12 limits for a variety of species. Detection limits were brought 

down to the 0.1 - 10 ng/mL level for many elements by the late 

1960's. These improvements represented an improvement of 

detection limits by more than two orders of magnitude for many 

elements from the original design. Development work through 

much of the 1970's and 1980's focused on variations in the 
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design, configuration, and fxinctional characteristics of the 

ICP. Among these are reduced and high pressure torches, torches 

with widely varying diameters, and the use of various plasma 

gases. In 1974 the first commercially available ICP was put onto 

the market. Since then, the ICP has been readily available from 

commercial manufacturers in a variety of formats. Much of the 

recent advances in ICP designs has involved the design of 

torches suited for more difficult samples, improved detection 

limits (especially of critical metals), and a more rugged design 

combined with simplicity in its use. 

Theory of Ot)eration: 

Figure 10 shows a cutaway schematic of a commonly available 

inductively coupled plasma. It consists of three concentric 

tubes most often made of quartz. Surrounding the outer tube is a 

hollow metal ttibe wrapped into a coil and connected to a 

radiofrequency (rf) power supply. The tube is hollow so that 

water may flow through and thus cool the metal. Argon flows 

through each of the quartz tiibes in varying amounts. The flow 

through the outer tube is on the order of 10 - 20 L/min for most 

torches. This flow is considered tangential flow in that the gas 

spirals its way up the tiibe towards the outlet. Tangential flow 

is critical for the operation of an ICP in that a consistent 

turbulent flow is needed to maintain the plasma and properly 

cool the outer walls of the torch. The next most inner tube 
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Figure 10 - Schematic of an Inductively Coupled Plasma 

Cutaway diagram showing excitation and emission regions critical 
for inductively coupled plasma atomic emission spectroscopy. 
Taken from Robinson, James VI. Atomic SpectroscoDV. New York, 
Marcel Dekker, Inc., 1990. p. 244. 



contains the auxiliary gas, argon, at a flow below 1 L/min. It 

is not essential that the flow in this region be tangential 

although in most torches it usually is. The innermost tube 

contains a flow of argon which has passed through a nebulizer 

13 and spray chamber, and thus contains the analyte of interest. 

Most commercial ICP's operate at a frequency of 27.12 MHz 

although some commercial instruments now function at 40 MHz. 

Standard operating frequencies of ICP's vary between 27 and 

150 MHz. Gas flow is initiated with flow rates as described 

above, followed by the application of rf power to the load coil 

at the same time that a spark is generated from a Tesla load 

coil in order to generate free electrons. A plasma is formed in 

the outer argon flow and maintained from the inductive heating 

effect of the rf and the coil. The plasma is maintained as a 

result of magnetic fields created from the oscillating current 

in the load coil. This field creates a constantly oscillating 

field in the argon via the free electrons and argon ions. The 

movement of each of these charged particles though the argon 

creates even more ionization and heating, thus creating a 

sustainable plasma. At the center of this plasma it has been 

estimated that temperatures can reach 11,000 K. Therefore in 

order to keep the quartz from melting, it is necessary to have 

an insulating layer of gas along the torch wall. The high flow 

of the outer gas functions both as a supply for the plasma and 
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as a coolant for the quartz. The auxiliary gas provides only 

minimal cooling for most torches. 

The central channel within an ICP is critical since it 

contains the analyte of interest generated from the spray 

chamber. As the gases from the nebulizer pass though the center 

of the plasma, it cools the central area of the plasma 

resulting in a transfer of energy from the plasma to the sample 

stream. It should be noted that there are a variety of ways of 

introducing sample into an ICP and will be discussed in a later 

section. Atomization and excitation of the ajialyte occur within 

the central channel as a result of the energy transfer form the 

plasma. 

Configuration: 

There have been a variety of configurations of ICP's 

throughout its development. Much of the development has involved 

variations on the load coil location and form. The torroidal 

shape of the plasma is a critical con^jonent that is a common 

result of most designs. One reason for such a shape is due to a 

energetically weak area naturally created in the center of the 

torroid. Because of this weak area, a cool conducting gas, (in 

this case the sample stream containing the target analyte) , can 

be supplied to the central channel without greatly effecting the 

stability of the plasma. It is during a brief period of time 

that the sample is atomized as a result of temperatures on the 
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Figure 11 - Approximate Temperatures within an ICP 

(a) Diagram of an estimate of temperatures within different 
regions within an ICP. (b) Cross-sectional view of the plasma. 
Notice that the sample channel cools the plasma significantly as 

it passes through the central "turuiel". Taken from Michael 
Thompson, J. Nicholas Walsh, A Handbook of Inductively Couoled 
Plasma Snpctros^copv. Glasgow, Blackie, 1983. p. 10. 
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order of 5000 - 8000 K. Figure 11 shows a diagram representing 

approximate temperatures within an ICP. Immediately above the 

high temperature zone (slightly above the load coil) is a cooler 

region named the analytical zone. The analyte atoms and ions 

which were formed in the high energy region are readily excited 

here, whereas background emission is reduced, as a result of 

lower temperatures. The optimal location for detection of the 

analyte will depend on the configuration of the torch and the 

element of interest. Elements such as alkali metals are readily 

excited in cool regions of the plasma, whereas the main group 

metals are best excited in the more energetic regions. The 

optimization of detection height is thus dependent upon the type 

of element. It is this variation that has led to a focus on 

axial plasmas. 

The third region of the ICP is called the tail flame. This 

region is cool when compared to other areas within the plasma. 

Although some metals, especially at high concentrations, produce 

eye appealing colors, this region is not typically considered 

very useful for analytical atomic spectroscopy. 

Characteristics: 

Each of the three regions have unique temperatures, density 

of electrons, and ionic content. The first region, that is the 

region within the load coil, is typically characterized by high 

temperatures 8000 - 11000 K. It is also characterized by a very 
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high number of free electrons and ions. It is in this area that 

atomization occxirs. The extreme temperatures combined with high 

energy electrons desolvate the analytes and break apart the 

various molecular species. This region, due to high energy-

events, is also characterized by strong argon ionic and atomic 

emission combined with a bright continuum emission as a result 

of high energy electrons. Because of this, the backgrotind 

emission in this region is extremely high compared to other 

regions and is thus typically excluded. It should be noted that 

by looking at the torch axially (literally down the center of 

the torch), much of this background can be ignored. This 

technique, known as axially ICP will be discussed in a later 

chapter. 

The second region is the analytical region. Temperatures 

are reduced from the first region although still significant 

(about 7000 K). The amount of free electrons and ions are still 

at reasonable levels so that excitation of the various elements 

can occur. It is within this region that emission is best 

detected for most elements. This is due to a lower background 

emission, specifically from the continuum as a result of a lower 

density of free electrons and a general thermal cooling. It 

should be noted that a significant background emission does 

exist and is one of the more prominent limitations to improved 

detection limits in ICP-AES. 
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The third region, called the tail flame region, looks most 

like what one would see in a standard flame. This region is 

comparatively cool (1000 - 4000 K) but still capable of exciting 

some elements, especially those such as the alkali metals. The 

low temperature is combined with a low level of free electrons 

and ionized elements so that little excitation of many of the 

elements occurs. The background radiation from this region is 

greatly reduced and insignificant at many wavelengths. Although 

the background is greatly reduced, the excitation/emission 

processes are also reduced leading to a poorer signal for most 

metals. Low temperatures also lead to molecular and oxide 

formations which can further interfere with quantitative 

analysis. 

Sample Introduction Technicmes: 

The research that was focused on for this dissertation did 

not include extensive variation and consideration of the sample 

introduction techniques. It should be noted, though, that the 

method by which a sample is introduced into the ICP is critical 

for detection limits, sensitivity, interferences, and stability. 

There are a number of sample introduction techniques which are 

used for ICP-AES some of which are briefly described in this 

section. 
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Figure 12 - Pneumatic Nebulizers 

Types of pneumatic nebulizers: 1) concentric glass nebulizer, 2) 
cross-flow nebulizer, 3) Babington nebulizer, and 4) fritted 
disc nebulizer. Taken from P.W.J.M. Boumans. Inductively 
Couoled Plasma Emission ScectroscoiPY'Pajrt I. . New York, John 
Wiley & Sons, 1987. p. 300. 
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Pneumatig Nebulizsrs; 

Pneumatic nebulizers include the concentric nebulizer, the 

cross-flow nebulizer, the Babington nebulizer, and the fritted 

disc nebulizer (Figure 12). Each of these involve the aspiration 

of a solution by the use of a pressurized gas, usually argon. 

The concentric flow nebulizer, the most common of which is the 

Meinhard nebulizer, is self aspirating and thus requires no pump 

to force the solution through it although a pump stabilizes the 

flow and is thus commonly used. All four nebulizers work on the 

principle of high speed gas molecules colliding with the 

solution and thereby breaking it down into small particles with 

the gas steam. This method is quite inefficient and results in a 

loss of over 95% of the solution to the drain. Particle sizes 

which make it to the ICP are of somewhat uniform shape and do 

not heavily load the plasma. Much work is being performed 

currently on creating more uniform particle sizes and in^roving 

the efficiency of nebulization techniques. 

Ultrasonic Nebulization: 

Ultrasonic nebulizers (USN) operate on the principle of 

establishing an ultrasonic wave (1 MHz) from a transducer that 

is perpendicular to an interface between a gas and a liquid. 

This wave will cause aspiration of the sairple with particle 

sizes in the micrometer range. (USN) are capable of producing 

very small particle sizes and does not use the carrier gas as a 



means of aspiration and thus can carry more mass per volume of 

analyte into the plasma. This has inproved detection limits for 

most metals upwards to a factor of 10. USN's do suffer from 

memory effects and an inability to handle large salt 

concentrations. In the latter effect, the plasma could be 

extinguished from the loading as a result of the high salt 

concentrations. 

Electrothermal Nebulization 

Electrothermal nebulization is quite useful for very 

sensitive determinations of small amounts of sample. In this 

case, the sample delivery system incorporates an electrically 

heated device such as a graphite furnace for liquids or a spark 

or arc for solids. With this method solvent loading is reduced 

and the mass transport of material to the ICP is efficient. One 

problem is the effect of varying vaporization rates within the 

electrothermal nebulizer. Different metals will vaporize at 

different rates which will reduce the advantage of ICP as a 

simultaneous multi-element analysis technique. 

Hydride Technicrues 

Hydride generation is quite useful for volatile hydrides 

such as arsenic, antimony, bismuth, selenium, and tellurium. 

Figure 13 shows an example of a hydride generation technique 
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Figure 13 - Hydride Generation Technique for AES 

Hydride generation Technique for transient signals used in AES 
for various metals. Taken from P.W.J.M. Boumans. Inductively 
Coupled Plasma Emission SnectroscoiDv-Part I. . New York, John 
Wiley & Sons, 1987. p. 337. 
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involving the use of sodium borohydride in the presence of an 

acidified sample yielding the hydride of the metal. 

NaBH4 > Na"^ + H- + BH3 

The volatile hydride is carried in an argon stream into the 

ICP. Hydride generation of certain metals leads to improved 

detection limits but complicates the analysis and limits the 

simultaneous multi-element analysis capabilities of ICP-AES.^^ 

Direct Solids 

Direct solids, both conducting and non-conducting, can be 

sampled so that vapors are carried into the ICP. Technicjues 

which can accomplish this include arc, spark, and laser 

ablation. These techniques were described in Chapter 2. For each 

of these sampling methods, the vapor is carried into the ICP and 

thus does not load it with solvent hence reducing the background 

interferences. Disadvantages include variable vaporization rates 

as previously described for each technique. 

Fluorescence Spectroscopy: 

Although this section focuses on atomic emission 

techniques, other common uses of the ICP should be mentioned. 

One such technique involves fluorescence spectroscopy with an 

ICP. Figure 14 shows a commercial ICP fluorescence instnmient 

developed by Bair Corporation. Atomic fluorescence offers 

advantages in terms of sensitivity, increased linear dynamic 
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Figure 14 - Atomic Fluorescence Apparatus 

ScJiematic diagram ot an ICP tluorescence apparatus produced by 
Baird Corporation. In this case, each hollow cathode lait^ has 
its own photomultiplier tube with a filter placed before it. 
Taken from P.W.J.M. Boumans. Inductively Coupled Plasma 
Emission Spectroscopy-Part I.. New York, John Wiley & Sons, 



range, reduction of background interferences, and selectivity. 

Sensitivity is increased as a result of the method by which the 

signal is obtained. In an atomic emission experiment, signal is 

obtained in the presence of a significant backgrovind. The 

ability to detect a small signal upon this background can be 

impeded by the presence of some other species which would emit 

at the same approximate wavelength. With an atomic fluorescence 

experiment, the signal is detected with and without the presence 

of an external excitation source, in this case a hollow cathode 

lamp. Since the signal measured is independent of excitation 

processes within the plasma, small changes in the net signal are 

more easily determined. 

Increased linear dynamic range is achieved from the 

advantage as sensitivity. Since the net signal measured is a 

function of a signal difference with and without the hollow 

cathode lamp, changes both small and large are more easily 

measured. Effects of matrix interferences within the plasma 

which in an emission experiment might effect excitation 

mechanisms and thus emission will not be a factor with atomic 

fluorescence due to the use of an external excitation source. 

Background interferences are reduced and selectivity is 

gained also as a result of using a separate source for 

excitation of the analyte of interest. Overlapping emission 

lines while cumbersome in atomic emission can be ignored with 

the use of atomic fluorescence. The use of specific narrow lines 
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from a hollow cathode lamp allow accurate excitation of only the 

levels of interest in a specific metal. Thus excitation does not 

occur for other elements even though emission might overlap in 

wavelength. 

Disadvantages with atomic fluorescence come from the 

selectivity of such a technique. Although sensitivity and 

selectivity are gained for one element, it is difficult to 

properly promote and detect fluorescence for multiple elements 

in a simultaneous analysis. The Baird configuration allowed for 

multiple lamps and multiple detectors, but proved to be 

impractical. Multiple wavelength analysis is achieved by using 

several photomultiplier txibes each with a bandpass filter placed 

before it. Atomic fluorescence is possible using an axial 

technique and is discussed in the conclusion section on page 198. 

Inductively Coupled Plasma Mass Soectrometrv: 

The ICP by nature of the number of ions produced within its 

sampling zones is well suited for use as both a sampling and ion 

source for mass spectrometry. Various plasmas have been 

investigated as possible sources for mass spectrometry where 

Gray [Boumans 89] is credited as being the first to successfully 

combine such techniques with the use of a dc capillary arc 

source and a quadrupole mass filter. Inductively coupled plasma 

mass spectrometry (ICPMS) has been extensively developed by Gray 
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Figure 15 - Schematic of an ICPMS Sampling Interface 

Dual stage sampling cone for ICPMS used for analysis of various 
metals. Taken from P.W.J.M.. Boumans. Tnductivelv Coxinled Plasma 
Emif^fsinn Sipectroscopv-Part I. . New York, John Wiley & Sons, 
1987. p. 90. 



and Houk [Botamans 89] . Today there are several connnercially 

available ICPMS units. 

A number of advantages can be gained over ICP-AES by use of 

ICPMS. Characteristics of ICPMS are listed below to better 

describe its operation. To this date much of the work has 

focused in on both the location and design of the torch. Because 

of the sampling method in ICPMS {see Figure 15) the location of 

the plasma with respect to the sampling cones is critical. One 

real advantage, though, of ICPMS is a reduction of background. 

Detection limits within ICPMS are much better than ICP-AES 

because of a reduction in the background. In ICP-AES photon 

emission from argon and free electrons causes a reasonably 

intense background upon which measurements must take place. In 

ICPMS the only background that is present is that from argon, 

nitrogen, and oxygen. Since these masses are reasonably 

confined, unlike the continuum problem in ICP-AES, it is 

feasible to ignore these masses. Spectral overlap is also 

simpler within ICPMS although doubly charged ions, clusters, and 

molecular species still contribute to possible interferences. 

One final advantage comes cLbout from the ability of ICPMS to 

measure isotope ratios. This aspect becomes critical for such 

fields as the nuclear industry, mining, and geology. 
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CHAPTER 4 

DETECTION SYSTEMS 

A discussion of atomic emission spectroscopy would be 

limited without a discussion on detection systems as well. The 

discussion in this chapter is broken into two main sections, the 

first being a discussion of spectrometers and spectrographs and 

the second being a discussion of detectors. The choice of both 

spectrometer and detector are very much dependent upon the type 

of analysis being performed and the information needed. As a 

result, this discussion will focus more upon those detection 

systems which are useful for inductively coupled plasma atomic 

emission spectrometry. 

Important Factors in Spectrometer Choice 

Various items are brought into consideration when deciding 

what type of spectroscopic detection system to use for atomic 

emission spectroscopy (AES). Among these are the desired 

wavelength resolution, number of lines or channels that need to 

be monitored at one time, spectral coverage needed for 

wavelengths of interest, the need to monitor transient events 

(and on what time scale), intensity of signal, intensity of 

backgroxind, cost, and ease of use. Each of these items needs to 

be evaluated for every combination of spectrometer and detector. 



For ICP-AES resolution, number of lines, spectral coverage, 

cost, and ease of use are of primary importance. Monitoring 

transient events is less critical since most ICP analyses 

involve stable, consistent aspiration of sample into the ICP. 

Spectrometers 

Four general classifications of spectrometers will be 

considered in this survey. They include: monochromators (both 

scanning and imaging), polychromators (both scanning and 

imaging), echelle spectrographs, and Michelson interferometers. 

Monochromators: 

A scanning monochromator, such as the Czemy-Turner design, 

is a well established, practical system for spectroscopic 

analysis (Figure 16). It is available from a variety of 

manufacturers at a reasonable cost. Resolution is good although 

the time needed to scan a broad wavelength region can decrease 

its practicality when resolution is sought after, due to the 

monochromatic nature of the spectrometer.^"^ The spectral 

bandpass of the system is also quite good when coupled with a 

photo-multiplier txabe (see detectors) . Other advantages of a 

scanning monochromator include the ability to monitor transient 

events (when used with a photomultiplier tiobe (PMT) or other 

high speed detector) , and moderate wavelength accuracy. Some 

disadvantages include the inability to simultaneously monitor 
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Figure 16 - Diagram of a Czemy Turner Monochromator 

Czemy-Tumer spectrometer, a is the angle of incidence, |3 is 

the angle of diffraction, 6 is the grating angle measured 

relative to the zero order normal, and (j) is the fixed angle 
between the incident and diffracted rays. Taicen from Bouiaans, 
P.W. Inductively Courpled Plasma Emission Spertrosconv-Part I. 
New York, John Wiley & Sons, 1987. p. 482. 
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multiple wavelengths at one time. Multiple wavelength 

determinations must be accomplished by scanning the grating 

which is a time consuming process. 

The most commonly available spectrometer is the imaging or 

non-scanning monochromator. This usually incorporates a linear 

photo-diode array (PDA) detector so that multiple channels can 

be evaluated simultaneously (Figure 17). Resolution is generally 

poor on these systems due to the size of each detector element 

on the PDA. Resolution can be increased, but usually at the 

sacrifice of wavelength coverage. For example, in order to use a 

1024 element device and obtain a resolution of .01 nm the 

wavelength coverage would be limited to 2.54 nm. Some advantages 

of imaging monochromators include the capability to perform 

multichannel analysis, wide availability, and inexpensive 

relative cost. Disadvantages include a lack of resolution, 

inability to maintain a flat field (maintaining a good focus) 

across the entire detector, and lack, of multi-order correction. 

Multi-order overlap can be corrected with appropriate filtering 

techniques. It should be noted that imaging monochromators are 

generally not used for ICP-AES due to a lack of resolution which 

is sufficient enough to properly differentiate between the 

various emission wavelengths of each analyte of interest. 



63 

CCD w 

LN, deuar 

DC plasna 

end vieu 

Figure 17 - Diagram of an Imaging Monochromator 



concave 
gralint] 

entrance 
sill 

photomultiplier 
lube povier oiiJ 

read out 

photomultiplier 
tubes 

Figure 18 - Diagram of a Direct Reader 



65 

Direct Readers: 

Direct readers are based upon a Rowland circle design and 

offer multichannel capabilities with good resolution (Figure 

18). A concave grating focuses each wavelength to a point along 

a circle. The Rowland circle design is similar to that of an 

imaging monochromator in that the grating and focal plane are 

fixed, although they differ in that the Rowland circle design 

allows for increased resolution without having to apply 

corrections to achieve a flat field. This design also 

incorporates the use of PMT's placed with a slit at the focal 

point for wavelength of interest. Advantages of a direct reader 

include good resolution, simultaneous multichannel capabilities, 

ability to monitor transient events, and excellent wavelength 

coverage. Disadvantages include limited niamber of channels 

{dependent upon the number of PMT's), difficulty in calibration 

and adjustment, a need to supply power to multiple number of 

PMT's, and cost. Although these disadvantages seem quite 

18 limiting, the direct reader is commonly used for ICP-AES. 

Pclychrgmators; 

Various polychromator designs are available axid include 

both scanning and imaging varieties. Detection is similar to 

that of monochromators although masking and extra dispersive 

devices are used to eliminate stray light and improve resolution 

(Figure 19). Advantages of polychromators include excellent 
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Figure 19 - Diagram of Double Monochromator 

•Double monochromator with computer driven gratings used to 
minimize stray light. Taken from Robinson, James W. Atomic 
Spectroscopy. New York, Marcel Dekker, INC., 1990. p. 254. 
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resolution and the ability to monitor transient events. Some 

disadvantages include poor light throughput, an inability to 

simultaneously monitor multiple channels (scanning version), and 

cost. The scanning version and the imaging version will 

typically have the same advantages cind disadvantages as the 

scanning monochromator and the imaging monochromator, 

respectively, although with an increase in resolution and a 

decrease in light throughput. 

Echelle Spectrographs: 

Echelle spectrographs combine the high resolution found in 

scanning instruments with an ability to simultaneously monitor 

multiple channels by using a cross disperser such as a grating 

or a prism (Figure 20). The grating operates at a high order, 

such as 70, so that the effective resolution is very high but 

order overlap is also severe. Mounted tangentially in the light 

path before and/or after the grating is a prism which disperses 

out the various orders in a direction which is tangent to the 

dispersion from the primary grating. The resultant image is a 

two dimensional representation of a high resolution linear 

spectrum which makes the echelle ideal for use with a 

19 two-dimensional array detector. There are a variety of 

echelles available which fall into two categories: PMT based 

ixnits and array detector based units. The PMT based units place 

multiple PMT's (by use of fiber optics if necessary) at the 
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Figure 20 - Diagram of an Echelle Spectrograph 

Typical prism/grating echelle with a variety of detectors 
available. Taken from Willard, Merritt, Dean, and Settle. 
Instrumental Methods of Analysis. Sixth Edition. Belmont, 
Wadsworth Publishing Company, 1981. p. 168. 



focal point of each wavelength of interest. This can be 

disadvantageous as the wavelengths of analysis are fixed and do 

not readily allow for simultaneous background correction. Both 

systems offer the advantages of high resolution, excellent 

wavelength coverage, and simultaneous multi-channel analysis 

while the PMT unit offers the ability to monitor transient 

events. The array detector based system offers the ability to 

monitor more than 250,000 channels at one time dependent upon 

the array detector used. Disadvantages of echelles include a 

limited throughput and cost / complexity. The echelle has proven 

to be an excellent choice as a spectrometer for ICP-AES and is 

the focus of research presented within this dissertation. 

Michelson Interferometer: 

Michelson interferometry (Figure 21) has typically been 

known as a technique well suited for infrared analysis due to 

its extremely high resolution and excellent throughput. The 

application of interferometry to the ultra-violet and visible 

regions of the spectrum has been limited by the ability to step 

the moving mirror extremely small distances and a problem with 

shot noise interferences of all wavelengths. Since the entire 

spectrum strikes the detector simultaneously, noise from a 

dominant spectral source at one wavelength will be present 

across the entire spectrum. Shot noise becomes problematic when 

trying to detect a small signal in the presence of a very strong 
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Figure 21 - Diagram of a Michelson Interferometer 

A Michelson interferometer utilizing any combination of sources 
and detectors. Taken from Christian, Gary D., and O'Reilly, 
James E. Instrumental Analysis. Second Edition. Boston, Allyn 
and Bacon, Inc., 1986. p. 233. 



signal. In ICP-AES, various analytical wavelengths are 

evaluated in the presence of a very strong background emission. 

Advantages of Michelson interferometers include excellent 

throughput, excellent resolution, very large wavelength 

coverage, and speed of analysis. Disadvantages include shot 

noise limitations, physical limitations with stepping at small 

increments. Michelson Interferometry is not typically used for 

ICP-AES. 

Detectors 

A variety of detectors can be utilized with each of the 

spectrometers listed in the previous section. Among those 

included in this summary are: photomultiplier tiibes (PMT) , 

photo-diode arrays (PDA), charge-transfer devices (CTD), and 

photographic emulsions. Although many other detectors exist, 

these are the most common for the spectrometers reviewed above. 

Important Characteristics of Detectors 

When analyzing the quality of the various detectors several 

characteristics must be considered. Among these characteristics 

are: quantiim efficiency, response time, wavelength response 

factor, background noise level, read noise, digitization 

effects, format, and cost. Each of these factors can be both 

advantageous and disadvantageous depending on the spectrometer 

and application of interest. 
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Photomultiplier Tubes: 

Photomultiplier txibes have been used for a nvimber of years 

and are available in a number of formats. The response time of 

these detectors make them excellent for monitoring transient 

20 events. Although the quantiom efficiency for these detectors 

is reasonable at about 10% peak, the sensitivity is poor in the 

visible and near infrared. Other disadvantages of 

photomulitplier tubes include a high read noise and high 

background noise level. With an intense light, these 

disadvantages are reduced. Furthermore, because of the format of 

the PMT, it is capable of monitoring only one channel. Lastly, 

PMT's are readily available at a reasonable cost. 

Photodiode Arrays: 

Photodiode arrays (and photodiodes) are silicon based 

detectors which can detect radiation ranging from the UV to the 

NIR. All silicon based detectors are limited by the band gap of 

silicon which restricts the maximum wavelength to about 1200 nm. 

PDA's are available in a variety of linear and two dimensional 

formats. Advantages of PDA's include multichannel capabilities, 

high digitization level (usually between 12 and 16 bits), 

wavelength sensitivity, and cost. Disadvantages include quantum 

efficiency, response time, background noise level, and read 

noise. The background noise level can be reduced by utilizing a 

cooled PDA, although read noise is fixed. 
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Photographic Emulsion: 

Photographic emulsions (or film) have been utilized for 

echelle and direct readers. Qualitative information is readily-

acquired with very long integration times. Unfortunately, the 

response of film to the amount of light striking the material is 

not linear and is therefore not highly practical for 

quantitative analysis. Wavelength calibration is also difficult 

due to stretching of the film during the development process. 

Because of the disadvantages, instrument manufacturers avoided 

the use of photographic emulsions for atomic emission 

spectroscopy. 

Charge-Transfer Devices: 

Charge-transfer devices are silicon based detectors like 

the PDA. Included among this classification of detectors is both 

the charged-couple device (CCD) and the charge-injection device 

21 22 (CID). ' Both detectors have the advantage of extremely high 

quantum efficiencies (90% at peak), very low read noise {4e~ for 

the CCD and 40e~ for the CID) , extremely low background noise 

level when cooled to -100 ®C (le~ per minute) , and good 

wavelength response from the soft X-ray to the NIR. The CCD is 

available in a variety of formats from linear devices to 4096 X 

4096 element devices. The CID is currently available in a 388 X 

244 format. When coupled with an imaging spectrograph or an 

echelle, data can be obtained quantitatively over a very broad 



wavelength region and with very good resolution. Some 

disadvantages of CTD's are cost / availability and the time 

needed to digitize the signal (a 512 X 512 device takes = 4 

seconds to read and digitize). 

Sunmary 

Each spectrometer and detector has its advantages and 

disadvantages. Resolution and sensitivity along with 

multichannel analysis are two main tradeoffs. For atomic 

emission experiments utilizing a variety of components within 

one sample, a multichannel system is preferable. Multi-channel 

analysis allows an appropriate selection of a vinique line for 

analysis different from the priinary line if there is some 

emission which might interfere with it. Simultaneous background 

correction can also be achieved with multi-channel analysis 

which reduces the effects of drift in the source and detector. 

Of these issues, the ability to monitor more channels at a low 

cost and time is considered. 



CHAPTER 5 

ARIZONA SYSTEM CONFIGURATION AND DESIGN 

Two major designs of ICP torches were evaluated. One 

design incorporated a hand made demountable torch at The 

University of Arizona. The second design involved variations on 

a commercially available torch at Thermo Jarrell Ash Inc. (TJA), 

Franklin, MA. Design considerations were evaluated based upon 

an optimization of performance, and influenced the design of 

both types of torches. The design changes in the TJA torch was 

closely controlled so as to limit the amount of change to a 

commercial version and thus limit the amount of cost to change 

an existing system. With The University of Arizona system, two 

different echelle spectrographs were used to compare tangential 

and axial viewed torches. Although each echelle was very 

similar, throughput studies were performed to eliminate an many 

variables as possible. All data at Thermo Jarrell Ash was taken 

on a calibrated direct reader. Both tangential and axial data 

were taken on the same instrument so that consistency was 

maintained. 

The goal of the design with The University of Arizona 

system was to optimize every possible parameter of axial ICP-AES 

in order to increase the sensitivity of several metals while 

reducing the level of interferences. While some work has been 
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performed on the development of axial viewing of ICP's, it has 

usually encompassed changes in commercial systems or variations 

in ICP systems which were originally optimized for tangential 

viewing. This work has focused on a revolutionary torch design 

and adaptation of highly sensitive detection systems to maximize 

the quality of information obtained with axial ICP-AES analysis. 

Torch Desicm and Configuration; 

Proper torch designs focus on optimizing those parameters 

which are best suited for axial viewing. The use of 

commercially available torches is feasible, practical and has 

been accomplished with reasonable results in the past. These 

torch modifications offer simplicity, reliability, and a system 

which generates a plasma that is well suited for tangential 

viewing. Unfortunately, though, these torches have been 

optimized for tangential viewing and thus do not always offer 

the best characteristics for axial viewing. 

Factors Effecting Desicm of an ICP for Axial Viewing: 

There are several important factors to consider when 

designing a torch for use in axial ICP-AES. Advantages of axial 

viewing can be enhanced when properly considered in a design. 

Advantages include (1) an elongated sample path length, (2) a 

reduction of background emission, (3) an ability to examine 

highly energetic regions, and (4) an cibility to simultajieously 
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examine more zones within the Certain factors have 

proven to be more critical than others in irt^jroving performance 

in all types of ICP's, although each factor is examined with 

respect to its importance for axial viewing. 

The central channel of a plasma is created from a flow of 

argon which includes the analyte of interest. This flow punches 

a hole in the center of the plasma. It is at this interface 

where energy is transferred from the extremely energetic outer 

regions of the argon plasma to the central channel. Excitation 

and emission regions, which are element dependent, are typically 

found from a location where the sample first enters the plasma 

to well into the tail flame. Depending upon the design of the 

plasma, the analytical region can extend from about 1.5 to 5 cm 

and is typically aroiind 1 to 8 mm in diameter. When viewed 

tangentially, the depth of field, or path length, which the 

analyte encompasses is equivalent to the diameter of the central 

channel since, for the most part, the sample is contained within 

the boundaries of the central channel. When viewed axially, the 

sample path length is equivalent to the length of the central 

channel and can be 10 to 100 times the length of that viewed 

tangentially assvuning the entire channel is obser-ved. Elements 

whose strongest transitions require relatively high energies 

(short wavelengths) for excitation are often best viewed in the 

energetic regions of the plasma while those elements whose most 

probable transitions require only small amoimts of energy (long 



wavelengths) are best viewed in cooler regions of the plasma. 

In any case, the extension of the sanple viewing region results 

in a greater collection of photons. 

One problem with ICP-AES is the effect of background 

emission. The backgrovind emission is mainly a result of free 

electron recombination events and argon ion emission. As more 

energy is supplied to an ICP, the elemental intensity becomes 

more greater but with an increase in background emission. At 

some point, the advantage gained in signal with an increase in 

power is lost or overwhelmed by the increase in background 

emission. When viewing tangentially, the optical path includes 

not only the central channel, where the background emission is 

moderate, but the outer portions of the plasma where little 

sample emission occurs and the background emission is quite 

high. Although many elements might exhibit a strong emission in 

highly energetic regions of the plasma they must be viewed in 

cooler regions due to the overwhelming background emission in 

the energetic regions. Thus in ICP-AES, viewing locations are 

determined by optimum signal to background ratio although the 

signal is not necessarily the most intense at this location. 

When viewing axially, the optical axis is in line with the 

central channel. Background emission throughout the central 

channel is significantly lower than the outer portions of the 

plasma. In the case of axial viewing there is no need to view 

through the intense backgrovind regions in order to properly 
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detect emission from the various analytes. Optically, though, 

it is irtpossible to conpletely eliminate the background emission 

since there is a limited depth of field which is dependent upon 

the focal length of the imaging optic used (see Figure 22). The 

depth of field can be increased with a sacrifice of light 

collection efficiency so as to narrow the sampling window and 

thus reduce the amount of non-focused background emission that 

reaches the detector. 

Regions which are generally ignored in tangential viewing 

are readily evaluated in axial ICP. In tangential viewing, many 

regions are ignored because it would require sampling through an 

intense backgrovind emission (see above) . In addition, there are 

some regions that are physically impossible to view tangentially 

due to an obstruction by the load coil. It is in this region 

that much of the initial excitation takes place, but can not 

accurately be viewed tangentially. When viewing axially, these 

regions are readily monitored. In fact, axial atomic absorbance 

is feasible and has been investigated by Rayson et. al. at New 

Mexico State University. Although the region within the load 

coil is not necessarily of critical interest for quantitative 

pu2rposes, a host of information can be obtained by viewing this 

region. 

Lastly, the regions in which various elements exhibit the 

best emission will vary depending upon the difference in energy 

levels between the excited cind relaxed states. When viewing 
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Figure 22 - Depth of Field for the Imaging Optics 

Diagram of the plasma with imaging optics for the CID echelle 
system. The variance of the depth of field will affect the 
amount of background emission detected. 
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axially, two methods are possible. The first method involves 

varying the viewing height depending upon which metal is of most 

interest to the user. The second method involves fixing the 

viewing height at some compromise location where every metal can 

be quantified. It should be noted that most tangential systems 

use a tall, narrow slit arrangement which, while narrowly 

sampling the center channel, includes a larger portion of the 

height of the center channel. Thus the second method, where the 

viewing height is fixed, is generally the method of choice so 

that simultaneous multi-element analysis can be performed on 

each sample. Axial viewing, on the other hand, enables a larger 

segment of the channel to be viewed at one time depending upon 

the depth of field of the imaging optic. Furthermore, The 

shorter the wavelength, or the high the energy of the 

transition, the closer to the load coil the optimum viewing 

location is likely to be. Because of this pattern, corrected 

lenses for chromatic aberrations can be used to fix the focus 

for each wavelength near its optimum location in the plasma (see 

page. 

Each of these four criteria were considered in designing an 

axial viewing system for ICP-AES. It is at this point that the 

results of the design be presented with correlation to each of 

the above listed criteria. Design changes from a commercially 

available system are described in the next section. 
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Figure 23 - Diagram of Constructed Torch for Axial ICP 

Changes from standard torch including: 1) six turn load coil, 2) 
small bore diameter, 3) extended torch, and 4) demountable 
sections. 
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Torch Bore Diameter: 

A cutaway schematic of a redesigned torch is shown in 

Figure 23. The torch design was chosen to be demountable so 

that the length and position of each tiabe could be easily 

controlled. Demountable torches offer sirt^sle control of the 

types, lengths, and position of the each tx±)e in an ICP. One 

main disadvantage, though, of demountable torches is the 

difficulty in maintaining concentricity with all of the tubes. 

In an ICP, it is critical that the spacing between the plasma 

and auxiliary tube be constant (Figure 24). Inconsistencies in 

the spacing of these t-ubes will lead to non-uniform temperature 

distributions within the plasma. Hot spots will be created that 

will melt the outer tube, or excess turbulence will be caused 

that will extinguish the plasma. With commercially made 

torches, the distance between the plasma tube and the auxiliary 

tube is carefully controlled and fixed. With demoiintable 

torches, much care must be taken to ensure that concentricity is 

obtained. The location of the injector tube is of less 

importance, although by locating the sample channel in the 

direct center of the plasma, uniform energy transfer from the 

highly energetic portions of the plasma is properly achieved. 

A diagram of a commonly available ICP torch is displayed in 

Figure 25. The dimensions for such a torch are shown in the 

diagram and are considered to be in line with industry-

standards. The demountable torch used for these studies was 
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Figure 24 - Top View of Torch Showing Critical Spacing 

Spacing between the plasma and avixiliary tvibe is critical for 
the proper operation of and inductively coupled plasma. The 
concentricity of the sample tube is of less importance. 
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designed with a smaller bore. By narrowing the outer bore of 

the torch the plasma is contained within a smaller volume and is 

able to transfer more energy into the central channel when 

compared to standard designs. With tangential viewing, 

increased sample channel energy is not necessarily desirable. 

The background emission of the outer portion of the plasma 

increases as the energy of the central channel increases. As a 

result, the signal of the analyte versus the background is not 

enhanced. In axial viewing, much of the background emission in 

the outer region is not in the "window" and therefore is not 

collected so that an increase in energy transfer to the central 

channel becomes an advantageous process resulting in an increase 

in the signal to background ratio. Along with the reduction in 

the diameter of the plasma txibe, the auxiliary tube had been 

reduced so that a sufficient gap remains between the plasma tiibe 

and the auxiliary t\ibe. The injector tube diameter was varied 

throughout the design process resulting in an optimal of 

diameter 2 mm. The diameter of the injector tiobe can effect the 

size and quality of the central channel. A small diameter 

results in not only a small sample stream that punches through 

the plasma, but a relatively high linear velocity of the analyte 

atoms. Increased linear velocity results in a shorter residence 

life time within the plasma and thus a reduced sampling time for 

analysis. Injector tiobes which are excessively wide are unable 

to create a sufficient linear velocity to punch a hole in the 



plasma. In this case, the sample flows along the outer portions 

of the plasma and is thus difficult, if not impossible, to 

detect. Wide injector tips also create a poorly defined central 

channel which spreads the analyte across a region too large to 

properly detect. Thus an injector diameter was experimentally 

determined via optimization of the size and quality of the 

central channel. It should be noted that by using a smaller 

bore torch, the central channel can be more easily defined with 

the choice of an appropriate injector diameter size. When 

compared with a standard torch, the central channel is sharper 

and more defined yielding increased emission within a well 

defined zone without a significant increase in backgroiind. 

Extended Plasma Tube: 

Along with a narrowing of the torch diameter, the plasma or 

outer tube was lengthened. In a commercial torch, which is 

commonly viewed tangentially, the plasma txabe extends only a 

small distance (several millimeters) above the load coil. A 

large portion of the plasma is open to the atmosphere and thus 

undergoes what is called air entertainment. When the high 

energy, turbulent flow of argon gases meets with the atmosphere, 

air is pulled into the plasma thus cooling it rapidly. Air 

entertainment is a contributing effect to the overall length of 

the visible portion of the plasma which is on the order of 

3-10 cm. With tangential viewing the short tube configuration 



is necessary for proper viewing. The outer txibe which is made 

of quartz is transparent to the ultra-violet, but easily 

collects deposits which could effect the transmittance of light. 

As the light is obscured, calibration is affected and 

quantification of a sample within the plasma becomes 

unreasonable. This is especially true when dealing with high 

salt concentrations. Other factors related to a short plasma 

tube which could effect results in tangential viewing are 

minimal and will not be considered. With cixial viewing, the 

entertainment of air, and thus rapid cooling with turbulent 

conditions causes instability in the plasma and excessive mixing 

of the central channel which can lead to reduced sample emission 

and increased background emission. While viewing axially, the 

location and stability of the central channel is more critical 

and thus must be maintained. By extending the plasma torch, the 

effect of air entertainment is greatly reduced or negated. Tube 

lengths extend the visible portion of the plasma to at least 

twice the length of that with a short tube. The plasma is 

contained within the extended torch so that stability is very 

good. Also, the central channel is well defined due to less 

turbulent conditions and thus less mixing. One possible 

problem, though, is that the plasma tube extension must remain 

cool; thus power can be limited to levels slightly below that of 

short tubes but still within practical levels. One other 

advantage of an extended torch is the lengthening of the 



analytical or energetic regions. With the loss of rapid 

cooling, the zones in which analyses can be performed is 

extended, thus in^roving upon the sample path length as 

mentioned above. The results of this will be discussed in the 

experimental section. 

Load Coil Variations: 

Most load coils which are shipped with commercial versions 

of ICP's include a 3 turn load coil. This value has been 

achieved empirically for simplicity and fiinctionality. When 

reducing the diameter of the torch assembly, more power is 

concentrated into a given region. By extending the load coil, 

power densities are reduced at first glance since the energy is 

transferred over a longer region. Plasma designs at the 

University of Arizona included a 3, 4, and 6 turn load coil. 

The utilization of a 6 turn load coil not only distributes the 

power over a larger region, but is more efficient at 

transferring power into the plasma. The result of a 6 turn load 

coil is the extension of the analytical zone thus creating a 

more uniform excitation region when compared to a 3 turn load 

coil. When changing from a 3 to 6 turn load coil, though, it 

should be noted that a change in inductance does occur which 

will in effect change the tuning of the plasma. It is critical 

to have some kind of matching network or feedback system which 

is capable of tuning in the new coil design. 



TCP Power Distribution and Matching Network; 

A power generator and matching network were utilized with 

the Plasma Therm system. The power generator was a Plasma Therm 

HFP-2500D capable of supplying up to 2500 Watts into a 50 ohm 

load. The oscillator operates at 27.12 MHz with a sustained 

output of 20 A at 2500 W. The radio frequency generator 

consists of a crystal oscillator driving a buffer which drives a 

power amplifier. The generator power is fed to a automatic 

power control system (Plasma Therm APCS-1) and an automatic 

matching network power system (Plasma Therm APMNPS-1) . The 

APCS-1 holds power from the output stage of the rf generator 

constant by monitoring the forward power and reflected power at 

the ICP. The APMNPS-1 holds the impedance of the load coil 

during plasma operation at 50 ohms using a variable capacitive 

load. Gas flows were maintained using flow controllers supplied 

with the Plasma Therm 2500 ICP box. The entire box was mounted 

on its side so that axial viewing could be accomplished with the 

detection system placed in a standard configuration. This 

required moiinting the flow controls in a vertical position. The 

load coil used with the commercial torch design was the original 

3 turn load coil consisting of 1/8" copper ttibing with chilled 

deionized water flowing through at about 1 gallon per minute. 

The chilled water was supplied from a 25 liter container to the 

plasma and returned to the container. The water in the 

container was chilled by a heat exchange involving 1/4" copper 
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tubing in line with an in house chilled water system held at 

50°F. The 4 and 6 turn load coils used were also made of 1/8" 

copper tubing and chilled with the same water cooling system. 

The spray chamber used for all designs was that supplied by 

Plasma Therm and is shown in Figure 25. The dual chamber design 

allows heavier droplets to collide with the walls and thus not 

be pushed into the plasma. The nebulizer used was a Meinhart 

TR-30-C2 which is a concentric nebulizer rated with a 2.0 mL/min 

free uptake at 37 psi. Plasma ignition was generated by a Tesla 

coil held just below the load coil. Gases used were high purity 

argon supplied with a head pressure of 60 psi and distributed by 

the flow controllers previously described. Sample uptake was 

controlled by free aspiration and controlled uptake. Controlled 

uptake involved the use of a 6 stage peristaltic pump (Rainin 

Corporation, Rabbitt P\imp) supplying between 0 and 4 mL/min of 

sample to the nebulizer. 

The Echelle Spectrograph: 

Spectrometric analysis was performed at the University of 

Arizona using a custom designed echelle spectrograph. The 

spectrograph (Figure 20) consists of an entrance aperture, a 

collimating mirror, a prism, an echelle grating, a camera or 

focusing mirror, a kicker mirror, and various baffling along 

with the casing. The aperture used was a roxand aperture of 58 

|im in diameter. The collimating mirror used was a spherical 
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Figure 26 - Block Diagram of Echelle Optics 



mirror with a focal length of 383 mm. Collimated light is 

passed through a calcium fluoride prism (transparent from 150 nm 

to 800 nm) oriented for dispersion in the vertical plane. This 

light strikes an echelle grating of 63 grooves/mm with a 19.5° 

blaze angle oriented for dispersion in the horizontal plane. 

The light is then refocused using a toroidal camera mirror and 

then focused onto a charge injection device. The resultant 

echellogram consists of a two dimensional representation of a 

linear moderately high resolution monochromator. Typical orders 

used are from order 21 to order 60 giving a wavelength coverage 

from 179 nm to 512 nm. Resolution varies from 0.2 nm in order 

21 to 0.06 nm in order 60. Optics were designed to yield a 1:1 

magnification ratio so that a 58 um aperture would result in a 

58 um spot on the detector. The f-number which is a guide to 

light throughput when combined with the aperture size is 

f-number = 10. This corresponds to a light throughput which is 

generally much lower than that of direct readers and imaging 

monochromators. The low light throughput is indicative of 

echelle spectrographs and is compensated by using an extremely 

sensitive detector. Also, since the ICP is generally photon 

abundant where the noise is derived from background effects in 

the ICP, light throughput limitations do not restrict limits of 

detection. By utilizing an echelle, information in a two 

dimensional format is well suited for use with a array detector. 
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Monochromator Slit Echelle Aperature Monochromator Slit Echelle Aperature 

Tangential Axial 

Figure 27 - Axial vs. Tangential Viewing 

Diagram showing advantages and disadvantages for axial and 
tangential ICP with both a monochromator and an echelle. 
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Advantages / Disadvantages Axial TCP with an Echelle: 

The use of an echelle spectrograph in axial ICP-AES is 

beneficial for iitproved light throughput eind limits of 

detection. When viewing the ICP tangentially, the image of the 

sample channel that falls upon the slit is tall and narrow. The 

best information gathered simultaneously for all elements would 

incorporate gathering information over an extended portion of 

the height of the image (Figure )27. Direct readers, scanning 

and imaging monochromators, and polychromators usually 

incorporate the use of a tall narrow slit. This design is well 

suited for use in tangential ICP and offers the best signal to 

noise for all elements with a fixed viewing height. The use of 

an echelle when viewing tangentially creates limitations on the 

height of the slit that can be used. If the slit is too tall, 

information from each order overlaps that of the other orders, 

so that order separation is not maintained. By the use of a 

short slit the viewing regions, that is where various elements 

will emit best in different regions, and light throughput are 

limited. Thus, tangential viewing of the ICP is by nature 

suited for use with a tall narrow slit. With axial viewing, the 

image of the central channel is round. When using a tall narrow 

slit the image of the ICP includes not only the central channel 

but the outer areas which encompass a high background emission 

and limited sample signal. In order to exclude this high 

background area, it would be necessary to mask the slit and thus 
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illuminate a reduced area of the grating and a reduced area of 

the detector ultimately reducing the light throughput. With the 

use of an echelle, the slit or aperture is already well suited 

for such a setup. The round or short nature of the aperture 

limits the light throughput under all conditions so viewing 

axially offers a more matched set of image shape and aperture 

shape since only the small central channel need be observed. 

Thus for viewing axially, the echelle is more suited when 

combined with a highly sensitive detector to accommodate for the 

limited light throughput. 

One other factor worth noting is the advantage gained by 

use of an echelle of simultaneous multi-wavelength multi-element 

analysis. As described before, the echelle spectrograph 

produces a two dimensional spectrum with high resolution and a 

wavelength coverage of over 300 nm. These two attributes when 

combined with an array detector enable simultaneous 

multi-wavelength analysis. With the ability to monitor multiple 

wavelengths for each element, spectral interferences and poor 

wavelength selection are overcome on the fly by choice of 

alternate wavelengths. The ability make these choices on the 

fly gives power to a system which could determine for each 

analysis the best lines to use for qualitative and quantitative 

information. 
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The Charge Injection Device; 

As mentioned before, when combined with a highly sensitive 

array detector the echelle spectrograph functions as a superb 

detection system for atomic emission spectroscopy. The 

charge-injection device (CID) is a highly sensitive array 

detector. This section describes the characteristics of a CID 

for use with an echelle spectrograph in AES. 

The CID operates in a similar manner to a charged-couple 

device (CCD) which is used by many fields for a variety of 

moderate and low light level spectroscopies. The CID is a two 

dimensional array detector manufactured from silicon. The CID 

used in these experiments was a CID17B-100 (CID Technologies, 

Liverpool, NY) which has 388 x 244 elements for a total of 

94,672 elements each of which is 28 x 23 |Jin. The advantage in 

using such a device is its superior ability of converting light 

into a stored charge. The CID has extremely high quantum 

efficiency, upwards of 50% at peak wavelengths. This compares 

to a quantum efficiency of around 10% for the best photo 

multiplier tiibes. The quantum efficiency will vary with 

wavelength. The upper wavelength cutoff of the CID is a 

fionction of the silicon used to construct the device. Since the 

conversion of photons into charge is dependent upon the 

semiconducting properties of silicon, the band gap of silicon 

limits energy differences, corresponding to about 1100 nm. The 

lower wavelength cutoff of the CID can be enhanced by use of a 



fluorescent down converter which converts short wavelength light 

by means of fluorescence to longer wavelengths more suitable for 

the CID. The ability to generate charge within each pixel is a 

finite process and will reach a maximum of stored charge nears 

the devices full well capacity. The CID17B-100 is rated with a 

full well capacity of 400,000 electrons. The dynamic range of 

such a system is on the order of 4 orders of magnitude. The 

read noise of a CID is on the order of 40 electrons after 

multiple rereads. This noise is representative of one pixel and 

is independent of the photon flux. Noise in any system can be 

broken down into a variety of components. The first of these 

components is detector read noise and is independent of photon 

flux (noise = constant). The second source of noise is photon 

shot noise. Photon shot noise is a randomized event which is 

dependent upon the square root of the photon flux (noise «*= 

1/2 (signal) ) . The last case to consider is where the noise is a 

result of source fluctuation and is dependent upon the photon 

flux of the source (noise signal). In ICP-AES, read noise is 

typically not dominant. This is especially true when looking at 

powers and in regions of the ICP where there is a significant 

background. Therefore photon shot noise and source fluctuation 

noise are the dominant sources of noise. With photon shot 

noise, the noise is dependent upon the square root of the the 

signal and thus there is an enhancement of the square root of 



the number of channels used with a multichannel detector for a 

given analysis time. 

SNRMC _ Vz 
SNRsc ~ 

MC = Multi-channel Detector 
SC = Single Channel Detector 

N = Noise 

When source fluctuation noise dominates, there is no 

enhancement with multiple channel reads. 

The CID is an integrating detector capable of storing and 

accumulating charge for long periods of time. As photons strike 

the CID they are converted into charge which is stored for 

reading purposes. This charge can be stored for large amoimts 

of time (several hours) without any loss of information. The 

CID is also capable of reading the value of charge stored within 

each pixel without effecting the amoiint of charge stored, that 

is the CID can be read non-destructively. The CID is also 

capable of randomly accessing any pixel within the array. The 

powers of combining random access with non-destructive reads 

enables the CID to function as a time based instrument while 

simultaneously fianctioning as an integrating detector. When 

monitoring intense signals simultaneously with very weak signals 

as is commonly needed in AES, one can continuously read each 

pixel tintil the charge reaches the upper limit of the linear 

range of the CID. When this occurs, the pixel group containing 

the emission information for that line is read multiple times 
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for reduced read noise and the time in microseconds is recorded. 

The weak line is allowed to continue its integration until it 

reaches the maximum level for linearity or until some maximimi 

time of analysis is reached. At this time that pixel group is 

read multiple number of times to reduce read noise and the time 

is recorded. The advantage of variable integration time in AES 

adds 2 to 3 orders of magnitude to the linear dynamic range of 

an emission experiment. It also enables most pixels to be read 

at or near the maximiim linear dynamic range of the CID so that 

read noise is minimal compared to other sources of noise. This 

when combined with the 4 orders of magnitude from the linear 

dynamic range of charge stored within the CID yields a linear 

dynamic range of 8 orders of magnitude with variable integration 

time. This is several orders of magnitude above any other 

detection system. 

Detection System Configuration: 

Figure 28 shows a block diagram of the CID camera and 

controlling electronics. The camera and certain controlling 

electronics for the CID are housed in a cryostat dewar. The 

dewar is evacuated and cooled to 77 K with liquid nitrogen. 

Cooling contacts exist in the dewar for the CID and certain low 

noise amplifiers. The dewar has attached to it analog and 

digital electronics which convert the signal from the CID into 

usable information for the computer. The camera is controlled 
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with a Motorolla 68000 computer containing a Photometries camera 

controller (Photometries, Tucson, AZ) . Echellegrams are 

displayed on a video monitor. The CID camera unit is placed on 

the echelle and is focused with a three point kinematic movint 

system. Light is controlled to the CID by placement of a 

computer controlled electronic shutter immediately before the 

entrance slit of the echelle. The imaging optic used was a 1" 

quartz achromat lens with a 17 cm focal length. The lens was 

positioned by a X-translation stage. 
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Figure 28 - Block Diagram of Camera Control Electronics 



CHAPTER 6 

Experiments and Results with the University of Arizona System 

The previous chapter described the design and construction 

regarding various parts of the system used for studies at the 

University of Arizona. Several torches were used to optimize 

the signal to noise ratio for atomic emission spectroscopy 

(AES). Experiments and results are presented in this chapter in 

a logical order which follows the experiments performed. This 

includes optimization of signal to noise as a function of plasma 

position, power, gas flow rates, and nebulizer flow rates. It 

also includes comparison data with a tangential ICP system. The 

tangential system incorporates the use of a different CID 

echelle detection setup and has been evaluated previously. 

With inductively coupled plasma atomic emission 

spectroscopy (ICP-AES), signal to noise must be optimized for a 

variety of conditions. The signal to noise is a ftinction of the 

signal level for any given line of an element and the square 

root of the background level when the noise is shot noise 

limited. When the overall noise is directly proportional to the 

signal, source noise is the dominating noise. In either case, 

it is necessary to optimize any parameters so that a maximum 

signal is achieved with the lowest relative background. 
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Optimization was performed for both a commercial torch and the 

constructed torch on the constructed CID echelle system. 

Plasma Position and Focus: 

Figure 29 shows a diagram of the layout of the entire 

system. The CID echelle was positioned vertically by the use of 

a Z-axis translational stage and moved horizontally by manual 

adjustment. The focusing lens was positioned by use of an 

X-axis translational stage. Although the ICP was originally 

designed to move the torch along the current optical axis, the 

torch was fixed and the lens was repositioned for focus. As 

discussed in a previous chapter, each transition of each element 

will be optimized in a different location along the optical axis 

within the plasma. An achromatic lens was not used, thus 

chromatic aberrations will exist. Chromatic aberrations were 

not a key factor for these experiments since only similar 

transitions for one metal were looked at regarding the 

optimization of the torch design. The lens was originally 

positioned approximately 250 mm from the the load coil of the 

ICP and was 25.4 mm in diameter. The distance from the lens to 

the entrance aperture of the echelle was 110 mm for a total 

magnification ratio of about 2:1 and a collection f-n\imber of 

10. The distance between the torch and the entrance aperture of 

the echelle remained constant while the position of the lens was 

variable. For each torch design the torch was placed on the 
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Figure 29 - Block Diagram of Constructed Axial System 
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system and the sample tube of the torch was aligned with the 

optical axis. The plasma was operated with a 10 |J.g/mL solution 

of manganese in 5% nitric acid aspirated through the respective 

nebulizer depending upon the torch used. Three lines of 

manganese, 257.61, 259.37, and 260.57 nm were identified and 

their positions on the CID recorded. Signal and background data 

for each line was recorded from a s\ib-array on the CID. The 

echelle optics are arranged so that a 58 jJin aperture will focus 

to a 58 |im spot size which encompasses a 3 x 3 pixel (which 

corresponds to an area of 69 x 84 Jim) area on the CID17B-100. 

The process of obtaining a signal for a given line can include a 

background subtraction at the wings of the line. The CID is 

read in a 3 x 13 sub-array where the center 3x3 window is the 

line of interest. The outer 2x3 window on each side of the 

line is recorded, normalized for area and time and used for 

background subtraction (see Figure 30) . By the use of a 

background subtraction, variations over time in the backgroimd 

should have less of an effect on the net background subtracted 

signal and should thus improve precision. All center nine 

pixels are summed to include the signal. The effect of looking 

at differing numbers of pixels on the signal to noise assiiming 

that the experiment is shot noise limited is shown in Figure 31. 

Wavelength calibration is performed by use of a mercury pen lamp 

from day to day to accommodate any shift in line position on the 

CID. The 253.56 nm line of mercury is used as a reference where 
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Figure 30 - Sub-Array for the CID Echelle 

Top diagram shows the 3 x 13 sub-array on a CID and those pixels 
used for the background subtraction. The bottom diagram 
demonstrates the method by which the background subtraction is 
performed utilizing an average of the background on each side of 
the peak. 
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Figure 31 - Maximization of Signal to Noise with a CID 

This figure demonstrates the effect of utilizing successive 
pixels for signal to noise averaging. An increase of almost 
100% is achieved in the signal to noise ratio by combining 
several pixels for the determination of the final signal to 
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by checking the horizontal and vertical displacement of the 

mercury line, the same movement is assumed for each line. This 

technique accommodates linear motion but does not accommodate 

twist in the camera which is typically not critical. The signal 

to noise ratio for every pixel was determined by acquiring a 

30 second integration of the plasma with eind without the 

presence of 10 |a.g/mL. Mn. The noise is asstimed to be dominated 

by shot noise so that the square root of the background is used 

for the noise. Of the nine pixels, the pixel with the highest 

signal to noise was summed with each successive pixel from the 

highest to the lowest signal to noise. One can see that by 

summing multiple pixels, the overall signal to noise is enhanced 

until a point is reached where the addition of a pixel with a 

low enough signal to noise no longer improves the overall signal 

to noise. By inclusion of all 9 channels, this example showed 

almost an 80% enhancement in signal to noise when compared to 

using only the brightest pixel. 

The signal and background levels were measured for each 

line of manganese in order to optimize various parameters 

including plasma position, power, gas flow rates, and nebulizer 

flow rates. The focal point of the lens was fixed at a point 

slightly above the load coil so that the optimization of 

emission based on plasma position could be determined. The 

plasma position was varied in both a horizontal and vertical 

direction. Maximum signal to noise was predicted to occur while 
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looking at the central most portion of the channel. Therefore 

plasma position optimization experiments involved looking at the 

manganese emission from one side of the sample channel to the 

other. Figure 32 shows the results of optimizing the plasma 

position with the commercial torch. As predicted, the central 

most region of the sample channel yielded the most intense 

emission when con^ared to the background. Secondly, the lens 

position was varied so the focal point within the plasma would 

vary over a range from a location at the load coil to the tail 

of the plasma. With the commercial torch, the variance in focus 

produced little change so that a position slightly above the 

load coil where a maximum occurred was used. With the 

constructed torch a 10% variance was seen over the ranges looked 

at and is shown in Figure 33. The lens type and focal length 

remained constant throughout each experiment. The optimally 

viewed transitions of manganese are excited with a relatively 

high amount of energy and as predicted are located at or near 

the most intense, or highly energetic, portions of the plasma. 

When considering backgrovmd emission though, the depth of field 

in which the imaging optic encompasses must be considered. As 

the focal point of the plasma is moved, the amount of 

non-focused or stray background light that strikes the entrance 

aperture of the echelle will also change. This must be 

considered in the end since the rejection of background is 

critical to optimizing the signal to noise ratio for each 
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Figure 32 - Plasma Position Optimization 

Signal optimization with respect to position across the sample 
channel o£ the plasma. Optimal signal to noise ratio occurs 
when viewing the central most portion of the saitiple channel. 
The horizontal position values are relative and indicate 
approximately a 1 mm shift in image location. 
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Figure 33 - Optimization of Axial Focal Point 

Optimization of signal as a function of imaging lens position 
along the optical axis for Plasma Therm torch on axial system. 
The relative position of the lens corresponds to movements of 2 
wm along the optical axis. 
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element. The lens arrangement used was chosen to have a large 

depth of field and a demagnification of about 2:1. Using these 

values, the angle of the cross section is 5.7° so with the beam 

waist of the focus set at 2 mm, the depth of field is on the 

order of 20 mm (Figure 34) . These n\jmbers were chosen assuming 

that 2 mm of the central channel would contain a reasonable 

sample emission signal while also containing a reduced 

background signal. 

Commercial Torch on Constructed Svstem: 

Power Optimization Studies: 

A variety of radio frequency powers can be utilized for 

ICP-AES. By increasing the forward power of the plasma, the 

emission of the sample will increase, but with the sacrifice of 

increasing the background emission simultaneously. For both 

torches, the power was varied from 1.0 to 2.2 kW. Upper and 

lower limits might vary from torch to torch and will be noted 

accordingly. Both the signal and the background were measured 

for each of three lines for manganese: 257.61, 259.37, and 

260.57 nm. A 10 |j.g/mL solution of manganese was used for sample 

emission while a 5% nitric acid solution was used for the blank. 

With the Plasma Therm commercial torch, forward powers were 

varied from 1.2 to 2.0 kW. At each power, both the signal and 

the background were determined without performing a background 
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Figure 34 - Depth of Field for Axial ICP 

Depth of field for axial lens arrangement calculated with a 2 mm 
beam waist yielding a 20 mm depth of field. The diagram above 
shows the resulting effect of the depth of field on sample and 
stray backgroimd emission. 
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Figure 35 - Power Optimization for Plasma Therm Torch 

Signal to noise as a f\anction of power for the Plasma Therm 
torch viewed axially. Although 1.1 KW demonstrated the best 
signal to noise, the ability to sustain the torch at these 
powers was limited and thus 1.5 KW was chosen as a maximum. 
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subtraction on each line so that an accurate background level 

could be determined. Figure 35 shows the result of the power 

study using the Plasma Therm torch. The maximum signal to noise 

ratio occurred at a power of 1.5 kW and thus all quantitative 

data was taken at this power. All power measurements were taken 

with constant conditions of 12 L/min of argon for the plasma 

gas, 0.45 L/min of argon for the auxiliary gas, and 45 psi at 

the nebulizer. The optimum plasma gas flow rate was also 

determined by monitoring the signal to background ratio for each 

of three manganese lines at 12 and 16 L/min of Ar. Table 1 

shows the results of this experiment and demonstrate that for 

the commercial torch, 12 L/min is the optimal flow rate. At the 

higher flow rate, the transfer of energy to within the central 

channel is diminished by the highly turbulent conditions within 

the outer and central channel. At the lower flow rate, the 

plasma ran more stable and the central channel was visibly more 

defined. 

Detection Limit Determination for Manganese: 

The detection limit of each manganese line was determined 

at the optimal power, position, and gas flow rates for the 

Plasma Therm torch. These conditions were 1.5 kW, 12 L/min of 

plasma gas, 0.25 L/min auxiliary gas, 45 psi nebulizer pressure 

for a flow of 0.45 L/min of sample and argon, and a focus just 

above the load coil in the center of the sample channel. (Table 
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Flow Rate 
(L/min) 

Wavelength 
(nm) 

Signal to 
Noise Ratio 

12 

257.61 4023 

12 
259 .37 2138 

12 

260.57 2681 

16 

257.61 1688 

16 
259.37 1642 

16 

260.57 1933 

Table 1 - Signal to Noise as a Function of Gas Flow Rate 

Signal to noise ratio at different plasma gas flow rates for the 
Plasma Therm torch on the axial system. Three lines of 
Manganese are presented above. 
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Wavelength (nm) 
Detection Limit 

(ng/mL) 

257.61 12.4 

259.37 to
 

260.57 23.6 

Table 2 - Limits of Detection for Plasma Therm Torch 

Limits of detection for 3 manganese transitions for the Plasma 
Therm torch on the axial system. 
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2). The auxiliary tube location was also varied to best 

optimize plasma conditions and was eventually placed 

approximately 2 mm below the load coil. 

Plasma Gas Flow Rate Optimization: 

The plasma gas flow rate was varied from between 12 and 

22 L/min. At the higher rates, the plasma would become more 

turbulent providing a large amount of cool gas to the wall of 

the plasma tube. When the flow rates were lowered below 16 

L/min, the flow was insufficient to properly cool the plasma 

t\ibe, resulting in the melting of the quartz. It was determined 

that a flow rate of 20 L/min would be optimal combining both the 

advantages of cooling with the stability of the plasma. The 

flow rate of the sample gas showed to be more critical in the 

narrow bore torch as compared to the commercial torch. At low 

flow rates the linear velocity of the sample gas was 

insufficient to punch a hole in the center of the plasma. At 

very high rates, the flow of sample gas would extinguish the 

plasma. The diameter of the injector tip was varied to optimize 

the size and quality of the central channel within the plasma. 

A diameter of 3 mm proved to be optimal. The smaller injector 

tips created a linear velocity too high to properly sustain the 

plasma and a back pressure in the spray chamber. An injector 

tip of larger diameter proved unable to properly punch a hole in 

the plasma. Both the pressure on the nebulizer, and thus the 
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flow rate of argon, in the sample channel, and the voliometric 

flow of saitple supplied to the nebulizer were monitored and the 

results are displayed in Figure 37. Each value shows the signal 

to backgroiind ratio for manganese with all other parameters held 

constant at 1.6 kW, 20 L/min plasma gas, 0.0 L/min auxiliary 

gas. The results demonstrated that a pressure of 50 psi 

resulting in a flow of 0.8 L/min of sample and a volumetric flow 

of 1.5 mL/min of solution were optimal. The argon flow rate 

when compared to the commercial torch is much higher although 

the injector tip size difference between the two compensates for 

the disparity in flow rates. 

Power Optimization: 

Power studies were then performed on the demoxintable torch 

in order to optimize the signal to background ratio as a 

fiinction of forward power. Power was varied from 1.4 to 2.1 kW. 

Powers below 1.4 kW were insufficient to sustain the plasma 

where powers above 2.1 kW produced too much heat for the plasma 

tube. Both the signal and background were monitored for each 

line of manganese as described previously. All other parameters 

were held constant at 20 L/min plasma gas, 0.0 L/min aiixiliary 

gas, 50 psi nebulizer pressure, and 1.5 mL/min of sample flow 

through the nebulizer. The results of this study are shown in 

Figure 38. Although the maximiom signal to background ratio 

appears at 2.1 kW, the maximum at 1.8 kW was chosen for 
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Figure 36 - Location of Sample Injector Tip 

Sample injector tip is located immediately at the first turn of 
the load coil on the constructed torch. 
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practical reasons. With higher powers, energy consumption, 

torch damage, and safety are of high importance and must be 

considered. Thus when choosing an optimal power, a reasonable 

upper limit should be considered. In this case the advantage in 

going to higher powers was minimal and thus a reasonable limit 

was chosen. 

Linear Dynamic Range and Detection Limit Studies: 

With all possible parameters optimized, a linear dynamic 

range and detection limit study was pursued. Varying 

concentrations of manganese were prepared through serial 

dilution from a 748 )J.g/mL solution of manganese in 5% nitric 

acid. Each dilution was prepared in 5% nitric acid with 

concentrations from 3 ng/mL to 1000 p.g/mL. Plasma conditions 

were fixed at the same as those used in the power study sind with 

the power at 1.8 kW. 13 samples were run including the 12 

dilutions and a 5% nitric acid blank. For each sample the 

signal was determined as above using a background subtraction 

method. Integration times were limited to 2 minutes with 4 

trials for each sample. Each signal was averaged, normalized 

for time, and had the blank subtracted from it. The linearity 

curve for each line is shown in Figure 39. This curve yielded 

detection limits for manganese shown in Table 3. Axial ICP-AES 

for manganese shows a linear dynamic range of over 3 orders of 

magnitude. At lower concentrations the signal is insufficient 
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Figure 37 - Signal to Noise as a F\mction of Sample Flow 

Optimization of the signal to noise ratio as a function of 
sample flow rate through the nebulizer. The gas pressure on the 
nebulizer was held constant. 
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to be discernible from the backgroiind due to the noise in the 

background. At higher concentrations non-linearity could result 

from several factors. One factor is the effect of 

self-absorption. Self-absorption occurs because the presence of 

"cold" atoms in which most of the electrons reside in a ground 

state. As a photon of an energy corresponding to the difference 

between an excited and ground state level is emitted there is a 

probability that it can be absorbed by the "cold" atom having 

exactly the same energy difference between the ground and 

excited state energy levels. This typically occurs only at high 

concentrations where the probability is increased due to the 

number of photons being emitted and the density of cold atoms in 

the optical path. With tangential ICP-AES this effect is 

predicted to be minimal. This is due to the fact that the 

optical path length of the sample is short and the niimber of 

cold atoms is limited along the optical path. In axial ICP-AES, 

the optical path length of the sample is long with cold atoms 

residing along the optical path. One other factor contributing 

to non-linearity at higher concentrations is that as the number 

of atoms increases within the center channel, the efficiency at 

which energy is transferred from the plasma to these atoms for 

excitation can become non-linear. This effect would appear to 

be similar for both tangential and axial ICP-AES. The maximixm 

linearity of 100 to 200 |J.g/mL is slightly less than that of 

commercial torches when viewed tangentially. Once again the 
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Figure 38 - Signal to Noise as a Fiinction of Power - Axial 

Optimization of signal to noise as a function of power for the 
constructed torch on the axial system. Three transitions of 
manganese were monitored at each power. 
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detection limits obtained here have not been compared to 

literature values but con^jare favorably to those obtained with 

the commercial torch. Table 4 shows the detection limit of 

several lines of mangeinese for both the commercial and 

demountable torch. When ratioed, the constructed torch showed 

an enhancement by a factor of 2 over the commercial torch. This 

indicates that when viewing axially, a narrow and long torch 

prove to be more advantageous. It is necessary though to 

compare these results v/ith a tangential system so that an 

accurate comparison is achieved. In order to accomplish this, a 

tangential CID ehcelle system was used to compare both cLxial and 

tangential detection limits along with linear dynamic ranges. 

This comparison is thoroughly described in the next section. 

Tangential ICP CID Echelle System: 

System Description: 

In order to successfully con^are tangential and axial 

viewing of the ICP, a tangential system was chosen that closely 

resembled the system used for the axial studies. The optimal 

situation would be to modify the axial setup for tangential 

viewing so that the same detection scheme, optics, and torch 

were used. This comparison would not be valid, though, since a 

modified setup would not represent the most current technology 

and thus best detection limits. The system chosen for this work 

is a prototype to a commercial system available from Thermo 
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Figure 39 - Linear Dynamic Range for Mn - Axial Torch 

Linear Dynamic Range for manganese from the constructed torch on 
the axial system. Three manganese lines were monitored. 

Non-linearity is evident at about 100 |J,g/mL. 
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Wavelength (nm) 
Detection Limit 

(ng/mL) 

257.61 3.4 

259.37 5.2 

260.57 11.8 

Table 3 - Limits of Detection for Constmcted Torch 

Limits of detection of manganese with the constructed torch on 
the axial echelle system. Three lines of manganese were 
monitored. 
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Jarrell Ash Corp. (Frcinklin, MA). The system consists of a 

modified Plasma Therm 25 with echelle optics supplied in place 

of the scanning monochromator optics. The plasma box was left 

intact and consists of a separate radio frequency power supply, 

a power drive amplifier, matching network, torch housing, along 

with gas and water supplies. The torch used was a standard flow 

torch available from TJA (Model number 126440-02) [see Figure 

40]. The spray chamber used included a cross flow nebulizer and 

was baffled to reduce the number of large droplets entering the 

plasma. Liquids are forced through the nebulizer by use of a 

built in paristaltic pump. Power is supplied via a separate 

power supply capable of generating between 0.75 and 1.75 kW. 

Power is maintained to the plasma via a power feedback module 

and tuned through a 3-tum load coil to 50 Ohms. All parameters 

including flow rate of gases and power were computer controlled 

using TJA Thermo Spec software. 

The spectrograph portion of the unit included a vacuum 

purged tank with the same optics as those described in the 

constructed system. The CID camera used was also a CID17B-100, 

CID Technologies (Liverpool, NY) and was coated with a 

Metachrome II (Photometries Ltd., Tucson, AZ) down converter. 

The down converter enhances the quantum efficiency in the 

ultra-violet and vacuxmi ultra-violet wavelength regions. Camera 

control and software used for the CID were exactly the same as 

that used for the constructed system. A 121 mm focal length 
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Wavelength (nm) 

Detection Limit (ng/mL) 
Ratio of 
Detection 
Limits 

Wavelength (nm) 

Constructed 
Torch 

Plasma Therm 
Torch 

Ratio of 
Detection 
Limits 

257.61 3.4 12.4 3.6 

259 .37 5.2 14.2 2.7 

260.57 11.8 23.6 2.0 

Table 4 -Ratio of Detection Limits for Both Axial Torches 

Ratio of detection limits on the axial echelle system for both 
the constructed and the Plasma Therm Torch. 
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fused silica lens was placed equidistant from the center of the 

plasma and the entrance aperture for a 1:1 imaging magnification 

ratio. The entrance aperture used was a 32 um round aperture. 

The entire path from the plasma to the entrance aperture was 

encased in a housing consisting of a metal tube with a ceramic 

extension near the plasma to reduce the effect of heat. The 

entire path is capable of being purged with argon for vacuum 

ultra-violet work. 

Power and Viewing Height Studies: 

With the focus position fixed, only the power and viewing 

height was varied in the experimentation. With tangential ICP, 

the viewing height is em important consideration especially when 

using a short slit such as that with an echelle spectrograph. 

Experiments were thus performed to optimize the power and the 

viewing height for three lines of manganese: 257.61, 259.37, and 

260.57. Manganese was aspirated through the plasma at 10 |Xg/ml 

so that the location of each line as it falls on the CID could 

be calibrated. Focus was fixed from the commercial setup so 

that only the viewing height could be varied. Gas flow rates 

and pressures were fixed at 12 L/min for the plasma gas, 0.5 

L/min for the auxiliary gas, and 30 psi on the nebulizer with a 

flow setting of 100 or 1 mL/min for the pump. Both signal and 

background measurements were taken for each line of manganese 

using the quantitative analysis routine described in the 
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previous chapter. This routine was repeated for powers ranging 

from 750 to 1750 W and viewing heights from 10 to 40 mm above 

the load coil. The results are shown in Figure 41. As 

predicted for manganese the optimal viewing height is at 10 mm 

above the load coil and at a power of 1750 W. Due to the 

energetic nature of the transitions of manganese, the optimal 

region for excitation and emission occur in the areas of the 

plasma which are more energetic. Therefore a viewing height of 

10 mm and a power of 1550 W was chosen for the linear dynamic 

range studies and the limit of detection studies. 1550 W was 

chosen over 1750 W due to practical reasons and because the 

difference was minimal for the signal to background for these 

two powers. 

Linear I>/namic Range and Detection Limits: 

The quantitative analysis was performed with the CID 

echelle system in order to determine the linear dynamic range 

and limits of detection. A series of solutions were used from 

3 ng/mL to 1000 |Xg/mL and were identical to those used in the 

constructed axial quantitative experiments. The analysis 

involved variable integration time on the CID to maximize the 

amount of signal stored in the detector and thus reduce the 

contribution of read noise. The signal of each line for each 

concentration was determined under constant plasma operating 

conditions using a background sxibtraction method previously 
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described. A blank consisting of 5% nitric acid was also 

measured for each wavelength so that a blank signal could be 

determined. The results for the linearity and detection limits 

are presented in Figure 42 and Table 5 respectively. The linear 

dynamic range for the tangential ICP shows the effect of 

non-linearity at higher concentrations than that of the axial 

ICP. This would seem to support the idea that self-absorption 

is a strong contributor to non-linearity within the axial 

plasma. The lower end of the linear dynamic range, and thus the 

detection limit, shows to be higher than that of the axial 

system. It would be futile to attempt to compare these numbers 

directly, though, since they were obtained on two different 

systems. Therefore, in order to compare these numbers, a 

throughput study was performed on each system to obtain a factor 

by which one system would be normalized to the other. 

Throughput Comparison Study: 

In order to properly compare and obtain a normalization 

factor for each system as many parameters as possible must be 

included and held at a constant. To achieve this, a mercury pen 

lamp was put in place of the torch on each system (Figure 43). 

The pen lamp was placed at the focal point on each system so 

that only the torches, and orientation of the torches, would be 

different between the systems. The wavelength chosen for the 

comparison study was the 253.56 nm line of mercury due to its 
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Figure 41 - Effect of Mn Signal on Power and View Height 

Signal to background ratio as a function of power and viewing 
height above the load coil in millimeters. Thermo Jarrell Ash 
Atom Scan 25 Standard Flow torch with custom CID echelle 
detection system (tangential viewing}. 
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line location being in the same order of each of the manganese 

lines and in the same approximate location on the CID. By being 

in the same order and in the same approximate locations 

variances in cpiantum efficiency from order to order and across 

the CID would be minimized. On each system, the mercury pen 

lamp was allowed to warm up followed by a quantitation of the 

253.56 nm line using the quantitation software previously 

described. Since the software used for each system was the 

same, the differences of the CID, echelle, imaging optics and 

entrance aperture were normalized. The values obtained from 

each system were used to establish a throughput factor of 2.4:1 

for the axial and the tangential system respectively and are 

shown in Table 6. In order to compare detection limits from 

each system, the throughput ratio must be factored for both the 

signal and the background. Assximing that shot noise is the 

dominant noise, that is the noise is a function of the square 

root of the background signal, the net ratio would be equal to 

the signal ratio divided by the square root of the background 

ratio yielding a net ratio of 1.56:1 for the axial and the 

tangential system respectively when using it for a signal to 

noise ratio. The detection limits of the tangential system 

where normalized for the the throughput and are presented in 

Table 7 along with the detection limits of the axial system 

including the commercial and constructed torches. A comparison 

of each of these detection limits is also shown in Table 7 and 
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Ficpure 42 - Linear Dynamic Range for Tangential Torch 

Linear dynamic range of manganese when viewed tangentially with 
the TJA torch and custom CID echelle system. Non-linearity is 

not observed at values between 1 and 3 jJ.g/mL. 
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Wavelength (nm) 
Detection Limit 

(ng/mL) 

257.61 23.9 

259 .37 30.4 

260.57 43 .9 

Table 5 - Limits of Detection for Tangential System 

Detection limits for TJA torch with tangential CID echelle 
system. Three lines of manganese were monitored. 
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Figure 43 - Block Diagram of Throughput Study Setup 

Both the tangential and the axial setups had a mercury pen lamp 
placed at the focal point of the imaging lenses so that 
throughput studies could be performed to eliminate variable 
between each instrument. 
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shows an overall enhancement of the detection liitiit for the 

constructed axial system of 7:1 where the axial coinmercial 

system showed cin enhancement of 3:1. 

Discussion of Results: 

Under these conditions, the enhancement seen for the cixial 

system utilizing the constructed torch is significant for 

manganese. A factor of 7:1 enhancement was seen indicating that 

the detection of manganese is more sensitive for the constructed 

axial system. The question arises though as to whether the 

enhancement was seen from a reorientation of the torch or the 

reconstruction of the torch. As indicated above, the commercial 

torch used for the axial system yielded an enhancement of 3:1. 

This would indicate that the reconstruction of the torch 

contributed a significant amount to the enhancement seen. 

Although only one element was experimented with the trend should 

be similar for most metals. The effects of interferences need 

to be determined. Questions remain such as the effect of 

self-absorption of the alkalis, easily ionizable element 

interferences, matrix effects, stability, amd precision. These 

questions are best answered by experimentation with a commercial 

system. The system used for the constructed plasma suffered in 

that a problem with tuning existed so that precision was 

difficult to maintain. Work done beyond this point was 
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Wavelength (nm) 

Signal 

Ratio Wavelength (nm) 

Axial System 
Tangential 
System 

Ratio 

253 .56 2387 993 2.4 

296.73 50 .3 18.5 2.7 

312.57 95.6 51.5 1.9 

313.16 55.1 41.8 1.3 

313 .18 23 .5 18.7 1.3 

365.01 29.0 21.6 1.3 

404.66 136 116 1.2 

435.83 214 192 1.1 

546.07 492 582 0.8 

Table 6 - Intensity of Mercury on Each System 

Nine lines of mercury were monitored on both the tangential and 
axial systems with a comparison coming from the 253.56 nm. 
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accomplished at Thermo Jarrell Ash Inc. in Franklin, MA where I 

spent time as a consultant. 
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Wavelength 
(nm) 

Signal to Noise Ratio 
Ratio of 
Detection 
Limits 
from 

::onstructec 
Axial to 

Tangential 
System 

Ratio of 
Detection 
Limits 
from 
Plasma 
Therm 
Axial 

Torch to 
Tangential 

System 

Wavelength 
(nm) 

Axial 
irons tructec 

System 

rangential 
Thermo 
Jarrell 

Ash System 

Axial 
System 
with 
Plasma 
Therm 
Torch 

Ratio of 
Detection 
Limits 
from 

::onstructec 
Axial to 

Tangential 
System 

Ratio of 
Detection 
Limits 
from 
Plasma 
Therm 
Axial 

Torch to 
Tangential 

System 

257.61 3.4 23 .9 12.4 7.1 1.9 

259.37 5.2 30.4 14.2 5.8 2.1 

260.57 CD
 

43 .9 23 .6 3.7 1.9 

Table 7 - Comparison of All Detection Limits for Mn 

Comparison of the detection limits of each system studied for 
each of three lines of manganese. A significant enhancement in 
detection limits was seen for the constructed torch when viewed 
axially. 
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CHAPTER 7 

AXIAL ICP WITH THERMO JARREL ASH SYSTEM 

Introduction: 

The comparison of axial inductively coupled plasma (ICP) 

with tangential ICP is best performed when both systems are of 

as similar design and construction as possible. It would also 

be best to study a system which is well known and whose 

detection limits are calibrated and accepted as some of the best 

available for such a technique. The use of a Thermo Jarrel Ash 

ICP which is commercially available for comparison of tangential 

and axial ICP fits the criteria listed above. The following 

sections describe a series of experiments involving a TJA direct 

reader instrument currently on the market. The instriiment was 

calibrated as it would be if it were to be shipped to a customer 

and various studies were performed to determine the detection 

limits, linear dynamic range, and effect of interferences on the 

emission of various metals. This system was then carefully 

modified for axial viewing. The imaging optics and torch were 

altered at one point or another so that the best detection 

limits would be achieved with the axial design. 
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Tangential System: 

System Design and Configuration; 

The tangential ICP consists of a Thermo Jarral Ash 6IE ICP 

Spectrometer. This instrument is commercially available and 

accepted as one of the best instruments for the analysis of 

various metals by atomic emission spectroscopy (AES). The 

system consists of a radio frequency power supply, standard flow 

torch, direct reader spectrometer, photomultiplier detection, 

and is controlled by Thermo Spec software Version 5 by TJA 

(Figure 44) . The power supply is a separate unit capable of 

supplying from 500 to 1750 W of forward power to the ICP. The 

impedance of the torch is matched and power maintained via an 

automatic tuning network. Software is used to control power and 

timing is automatic. The torch used is similar to that 

described in Chapter 6. It consists of a plasma tube, auxiliary 

tube, and a sample tube. The torch housing is 1" in diameter 

and extends only a few millimeters above the load coil. The 

spray chamber consists of a baffled chamber combined with a 

cross-flow nebulizer. The imaging optics used are a pair of 

mirrors, one is a flat mirror with the other being a torroidal 

mirror with a focal length of 50 cm. The torroidal mirror was 

positioned so that the total magnification ratio would be 1:1 

with a focal length of 25 cm from the torch to the mirror and 

from the mirror to the entrance slit of the spectrometer. The 
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Figure 44 - Block Diagram of TJA 61E ICP 



147 

spectrometer is direct reader which consists of a concave 

grating and a series of photomultiplier tubes arranged at the 

focal point for various wavelengths. The entrance slit of the 

spectrometer was 20 um wide with a height of 3 cm. At the focus 

of each characteristic wavelength within the spectrometer, a 50 

um wide slit was positioned immediately before a photomultiplier 

tube so that resolution would be maintained. There were 13 

photomultiplier tiobes arranged so that 13 elements with one 

transitions each could be monitored. Alignment and wavelength 

is achieved by the use of a diffractor plate placed in the path 

of the light between the entrance slit and the grating. The 

plate is capable of varying the angle of light passing through 

ic so that the focal point of each wavelength is varied by about 

1 nm. 

Experiments and Results 

The detection of thirteen metals was measured by use of a 

two point calibration method and 4 standards. Standard 1 

consisted of a 5% hydrochloric acid in water. Standard 2 

consisted of 10 ug/mL of cadmium, chromiiim, copper, iron, 

manganese, lead, and zinc in 5% HCl. Standard 3 consisted of 10 

ug/mL of berylium and sodium in 5% HCl and 100 ug/mli of 

potassiiim in 5% HCl. Standard 4 consisted of 10 ug/mL of 

arsenic, antimony, and selenium in 5% HCl. The plasma was 

operated at 1150 W with 30 psi on the nebulizer, high flow on 



the plasma gas (12 L/min.) , low flow on the axixiliary gas (0.5 

L/min) and with the pump running at 1 mL/min of sample. Each 

standard was run with an integration time of 10 seconds with 4 

trials for each standard at a power of 1150 W. A two point 

backgroxmd method was used whereby a slope and intercept were 

determined for each element. The slope corresponds to the 

sensitivity and is equal to a change in signal with a change in 

concentration. The intercept corresponds to backgroxmd 

equivalent concentration (BEC) which is the intensity of the 

background in units of concentration. The detection limit of 

each metal was then calculated by determining a value of twice 

the noise in units of concentration by running ten trials of a 

blank. The slope, BEC, and detection limit for each element is 

listed in Table 8. Once again this is a commercial instrument, 

so that these values are considered to be acceptable for use in 

ICP-AES. The detection of arsenic, selenium, and lead are of 

extreme importance due to their toxicity in humans. The 

detection limits of these elements have typically been poor and 

are always looking for improvement when possible. It should 

also be noted that potassium is a poor emitter in the ICP for an 

alkali metal. The improvement in detection limits for the main 

group metals and potassium was considered to be of primary 

concern when designing an axial system. 
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Element 
Wavelength 

(nm) 
Sensitivity 
(slope) 

BEC (ug/mL) 
Detection 
Limit 
(ng/mL) 

As 193 .6 .99 1.3 17.1 

Be 313 .0 27 .4 .023 <0.1 

Cd 228.8 2.21 .053 1.7 

Cr 267.7 4.18 .16 1.3 

Cu 324.7 1.91 .11 1.3 

Fe 259.9 5.51 .10 1.8 

K 766.4 .443 28 209 

Mn 257.6 24.3 .027 .2 

Na 588.9 38.2 .57 7.0 

Pb 220.3 4.18 .17 1.3 

Sb 206.8 1.60 .77 26.9 

Se 196.0 .965 1.2 33 .7 

Zn 213 .8 8.41 .11 .8 

Table 8 - Limits of Detection for TJA Tangential Torch 
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Axial System with Standard Torch: 

Simple modifications would be made to the ICP 61E to 

optimize axial viewing. With each modification, sensitivity, 

BEC, and detection limit of each element would be monitored so 

that improvements would be evident. At this time, only 

fimdamental changes were made to the torch with no changes in 

optics or torch design. 

System Design and Configuration: 

The first modifications that were performed to the 

tangential torch unit was to rotate the existing torch hosing so 

that the axis of the torch was in line with the optical axis. A 

four turn load coil replaced the three turn load coil and the 

matching network was retuned. Other modifications such as 

moving the exhaust hood, various water lines, etc. were 

performed but had no effect on the performance of the plasma. 

The slit was masked to reduce the height to 3 mm and thus 

include only the sample channel when viewing axially (Figure 

45). The torch length was not modified so that air entrainment 

was evident and the sample channel while being fairly well 

defined was high in visible backgrovmd. 

Experiments and Results 

Each standard was run with an integration time of 10 

seconds and with the plasma set at 1150 W. Gas flow rates were 
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Figure 45 - Masked Slit for Axial Viewing 
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set at 12 L/min plasma, 0.5 L/min axixiliary, and 30 psi 

nebulizer pressure. The detection limits were quite poor 

although the sensitivity was higher for many of the elements. 

The background equivalent concentrations were much higher than 

that of the tangential torch indicating an increased background. 

Therefore, although the total light emitted was increased, the 

background was increased at a rate sufficient to harm the limits 

of detection. Although various slit arrangements were 

experimented with, the large background could not be eliminated. 

Imaging Optics Variations: 

The high background was believed to be from a shallow depth 

of field. With a small depth of field, the amount of light 

collected from intense portions of the plasma would be 

increased, and thus the signal to background ratio would be 

reduced. In order to increase the depth of field, a new optical 

arrangement was designed and constructed so that focus 

optimization could be performed. 

Pggjqn and Ccnfiguraticn; 

The toroidal mirror on the ICP 61E was replaced with a flat 

mirror. A quart lens was placed in the optical axis and 

position with a magnetic base stand. The lens had a focal 

length of 150 mm. When the optic was placed at a distance of 
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182 mm from the slit the overall demagnification ratio was 

4.7:1. With this demagnification. ratio, the depth of field was 

quite large although the light collection efficiency was poor. 

The slit was again masked to reduce the height to 3 mm and thus 

reject the high background portions of the plasma. Focus, 

power, gas flow, nebulizer pressure, and sample pump rate 

studies were performed along with an analysis of the detection 

limits at the optimal settings. 

Experiments and Results 

With the lens placed in line with the plasma, the optimal 

focus was determined each group of elements: alkali earth, 

transition, and main group metals. The plasma was operated at 

1150 watts with conditions similar to those listed in the 

previous section. The sensitivity and BEC was monitored for 

arsenic as a function of focus position and is presented in 

Figure 46. When calculated, the optimal focal point from the 

plasma was slightly above the load coil. This falls in line 

with predictions since the arsenic transition is a high energy 

transition. The next study involved the optimization of power 

at the optimal focus point. Six powers were monitored from 750 

to 1550 W with the slope and BEC reported for arsenic, selenium, 

and lead in Figure 47. The optimal power occurred at 950 W for 

each element where the BEC was the lowest representing the best 

signal to background ratio. With the power optimized, the 
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nebulizer pressure was varied from 15 to 45 psi with the slope 

and BEC monitored for arsenic, lead, and selenium. The results 

are shown in Figure 48. Results are reported as signal for a 10 

ug/mL solution of each metal with a 10 second integration time. 

A pressure of 25 psi seemed to indicate the best pressuxe and 

thus the lowest BEC. With the focus, power, and nebulizer 

pressure optimized, the pump rate was varied from 20 to 200 rpm 

with the BEC monitored for each of the three metals. Results 

are presented in Figure 49 with the optimal pump rate at 150 

rpm. At this point, with all parameters optimized, the 

detection limits of each of the 13 metals was determined. 

Operating conditions include a focus position of 23, power of 

950 W, 25 psi nebulizer pressure, and 150 rpm pump rate. 

Detection limits are much higher than expected. Once again, the 

background is still significant with EEC's much higher than 

acceptable. Although many variations were tried, the limits of 

detection could not be reduced to a reasonable point. 

Extended Torch: 

One clear advantage that the axial system at the University 

of Arizona had over a tangential system was the extended torch 

housing. The stability gained by the extension helped define 

the central channel and reduce the background. Up until this 

point, the backgrovind was still ixnreasonably high and needed to 

be reduced. Although other variations had been tried with 
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improvements in the detection limits the iitprovements were not 

enough and thus an extended torch was constructed. 

System Design and Configuration: 

A standard flow torch was modified to create an extended 

torch. The modification involved fusing two pieces of quartz 

together each of which was the tube used in the construction of 

the standard flow torch. Careful attention was paid to maintain 

concentricity with the other txibes. The resultant torch was 

just over twice as long as the standard torch and had the same 

diameter along with the same aixxiliary and san^le tube. The 

torch was mounted in the plasma unit in the same location as the 

standard torch. All other physical characteristics such as the 

optics and spectrometer were left the same as the previous 

experiment. When lit the visible portion of the plasma extended 

from the load coil to the end of the plasma tube. The plasma 

gas had to be varied from its nominal value of 12 L/min to a 

value of about 16 L/min. At the lower flow rate the plasma tube 

would begin to show signs of overheating whereas values that 

were too high created a spiral form of the plasma where the 

sample channel was able to maintain concentricity about half way 

down the tube. With the flow rate at 16 L/min, the sample 

channel was well defined with an extremely long energetic 

region. 



160 

Experiments and Results: 

With the new torch in place, it was necessary to refocus 

the instrument. Focusing involved the analysis of a mixture of 

10 ug/mL of arsenic, lead, and selenium in 5% HCl. Each line 

was integrated for ten seconds along with a 5% HCl blank. The 

BEC was determined at each focus so that minimization of BEC as 

a function of focus could be achieved. The optimal focus 

position for these metals is located at poition xxx which is 

slightly above the load coil. The sensitivity, BEC, and limits 

of detection were determined for each of the 13 metals in a 

manner similar to that already described and is shown in Table 

9. Conditions for the determination were 950 watts, xx psi, 

A dramatic improvement in detection limits was seen 

over both the previous axial experiments and the tangential 

commercial system. The major portion of the improvement came 

from a dramatic reduction in background at these wavelengths 

with no loss in sample emission. This was also well established 

from a good improvement in precision with most elements falling 

at well below 0.1% 10 ug/mL. Long term stability also proved 

to be good with no appreciable drift in signal over 1 hour. 

Although the detection limits were good for many of the 

elements, the alkali earth elements had poor detection limits. 

This effect can be attributed to two factors: chromatic 

aberrations in the lens used and plasma location dependence for 

the best emission of each metal. As mentioned before, alkali 
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Element Wavelength Sensitivity BEC Detection Limit 

(nm) (Slope) (ug/mL) (ng/mL) 

As 193.6 2.30 1.88 14 

Be 313.0 86.9 0.033 0.2 

Cd 228.8 3.8 0.055 1 

Cr 267.7 6.53 0.277 1.3 

Cu 324.7 4.18 0.23 0.7 

Fe 259.9 8.19 0.183 1.8 

K 766.4 1.14 40.9 207 

Mn 257.6 36.6 0.037 0.2 

Na 588.9 1.14 40.9 10.1 

Pb 220.3 3.32 1.77 13.4 

Sb 206.8 2.49 1.16 20.2 

Se 196.0 2.9 1.73 22.7 

Zn 213.8 12.8 0.085 0.7 

Table 9 - Detection Limits with Extended Torch 



earth elements will typically exhibit the best emission profile 

at or near the tip of the plasma. In order to maximize the 

emission for each element the point of focus should vary for 

each element. Luckily, the location of maximum sensitivity for 

each line of each element is usually a direct relation to the 

wavelength or energy of the line. At longer wavelengths, the 

best focus would be near the tip of the plasma while shorter 

wavelengths would be optimized near the load coil. Lenses by 

nature exhibit chromatic aberrations. The aberrations are a 

result of the dependence of the refractive index of glass upon 

wavelength. With lower wavelengths the point of focus is closer 

to the lens thcin higher wavelengths (Figure 50) . This is in 

fact cin opposite effect of the maximum focal point for each line 

of each element in the plasma. Therefore by use of a lens, the 

variance in the appeared focus is dependent both on the mciximum 

location within the plasma and the chromatic aberrations. 

Chromatic aberrations are usually compensated for by the use of 

an achromat lens. The achromat lens is capable of maintaining a 

constant focus no matter what the wavelength. This correction 

involves the use of secondary lens which achieves the resultant 

correction. By the use of a lens which would over correct 

chromatic aberrations the focal point for shorter wavelengths 

can be made to occur at a point further from the lens than that 

of longer wavelengths. This brings all lines in focus at their 

maximum with the use of one lens at one focal position. 
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Figure 50 - Chxomatic Aberrations of Simple Lenses 
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Upon completion of the extended torch experiments, the 
I* 

original optics were put back in place of the modified optics. 

The original optics involved the use of mirrors so that 

chromatic aberrations were not seen. The optics were arranged 

with the focal point located slightly above the load coil. A 3 

mm mask was placed before the slit to reduce the slit height and 

thus eliminate background. Detection limits were then obtained 

by the use of the four prepared standards. The results of each 

are displayed in Table 10. Detection limits were found to be 

excellent with this technique and are compared with the 

tangential system. One point of interest lies in the value of 

the sensitivity or slope. The results showed a light intensity 

enhancement of xxx even with the slits reduced. This bodes well 

for use with the CID echelle system since it is inherently light 

limited. By increasing the amount of light that enters the 

spectrometer the integration times needed should greatly reduce 

thus increasing the niomber of samples that can be analyzed 

during a given time interval. The detection limits should also 

be enhanced for elements that are typically poor emitters such 

as arsenic, selenium, lead, and thallium. 

Interference Studies: 

With improved detection limits, the effect of interfering 

elements was studied. Certain concerns existed before beginning 

these experiments. The sheer length of the plasma might include 
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Axial Tangential 

Element Wavelength Sensitivity Detection Limit Sensitivity Detection Li 

(nm) (Slope) (ng/mL) (Slope) (ng/mL) 

As 193.6 5.76 7.1 0.99 17.1 

Be 313.0 313 0.2 27.4 0.1 

Cd 228.8 13.3 0.4 2.21 1.7 

Cr 267.7 25.4 4.2 4.18 1.3 

Cu 324.7 20.7 0.6 1.91 1.3 

Fe 259.9 33.8 1.2 5.51 1.8 

K 766.4 13.6 50.4 0.443 209 

Mn 257.6 141 0.3 24.3 0.2 

Na 588.9 117 1.9 38.2 7 

Pb 220.3 11.75 11.2 4.18 1.3 

Sb 206.8 9.11 12.2 1.6 26.9 

Se 196.0 7.77 11.7 0.965 33.7 

Zn 213.8 38.4 0.6 8.41 0.8 

Table 10 - Detection Limits of Axial ICP w/Original Optics 
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a long region of cold atoms that would be highly likely to show 

self-reversal or the reabsorption of light emitted from excited 

atoms or ions. The length of the plasma tube also could act as 

a depository for cold metals which would slowly burn off over 

time creating a background that could interfere with the 

analysis of certain metals. Along with these effects common 

interferences such as magnesium, calcium, aluminum, and iron in 

the presence of arsenic, selenium, and lead were monitored. The 

linear dynamic range for sodium was also determined since sodiiam 

typically shows the effects of self-reversal to the greatest 

degree. In order to determine the effect of the extended torch 

on each of these problems, various samples were run containing 

large amounts of interfering elements. For each solution, the 

effect of the interferent was determined on both the axial 

system and a commercially available tangential system. 

The first experiment involved the determination of arsenic, 

selenium, and lead in the presence of calcium, magnesium, 

aluminum, and iron. The main group metal standards were created 

as 10 ug/mL in 5% HCl. Each of the interferences were created 

in 5% HCl as 500 ug/mL calci\im and magnesium, 500 ug/mL 

aluminiam, and 200 ug/mL iron. Each of these three standards 

were aspirated into the plasma with the same conditions as with 

the pure standards. The effect of each interference on each 

element is demonstrated in Figure 51. The arsenic 193.6 nm 

transition is easily interfered by the aluminiim and has a slight 
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interference with iron. The effect of calcium on arsenic is 

minimal at these wavelengths. The lead 220.3 nm transition 

shows a minimal interference with aliominxjiti and none with 

calcium, magnesium, and iron. The selenium 196.0 nm transition 

has a mild interference with aliaminum and an interference with 

iron. The effect of magnesium and calcium is negligible. When 

compared, not only did the axial plasma not show an increase in 

interference effects, but a reduction was seen especially for 

aluminum, the largest interference. It is important to look at 

these interferences since aluminiim, calciimi, magnesium, and iron 

are common metals found in a multitude of matrices used in 

atomic emission spectroscopy. The use of an axial plasma 

demonstrates that these interferences should pose no real 

problems when compared with tangential viewing. 

The effect of interferences was also determined with regard 

to the determination of various metals in a 0.5% calcium / 

magnesium standard and a 1% sulfuric acid standard. Both the 

tangential and the axial plasma were calibrated for each metal 

in pure form including zinc, lead, cadmium, barium, iron, 

chromiiam, manganese, cobalt, copper, and nickel at the 10 ug/mL 

level. Each metal was then incorporated into the interference 

matrices at the 10 ug/mL and the concentration calculated with 

the plasma at 950 watts, 30 psi nebulizer pressure, 100 rpm p\amp 

rate, and 12 L/min plasma gas flow rate. The results of each 

metal are presented in Table 11 including the ratio between the 
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Aluminum 
Arsenic 

Calcium / Magnesium 

Wavelength 

Figure 51 - Interferences on As from Al, Mg, Ca, and Fe 
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Ca/Mg Matrix Sulfuric Acid 

Element Wavelength Tangential Axial Tangential Axial 

(nm) (ug/mL) (ug/mL) (ug/mL) (ug/mL) 

Zn 213.8 8.28 8.82 6.6 7.27 

Pb 220.3 7.7 9.21 0.258 0.162 

Cd 226.5 7.28 8.92 6.71 7.44 

Be 455.4 8 9.44 0.135 0.113 

Fe 259.9 7.47 8.06 7.51 7.54 

Mn 257.6 7.58 9.98 7.35 9.05 

Cu 324.7 9.16 11.48 7.73 7.79 

Tcible 11 - Interference Effects from Ca, Mg, and S04 
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axial and tangential results. For the calciijm / magnesiiom 

matrix the abiindance of electrons from these easily ionized 

elements interferes with the excitation processes within the 

plasma thus reducing the emission of various metals. This 

process can be dependent on viewing location, plasma 

construction, power, cuid load coil construction. As seen in 

these results, the effect of calcium and magnesiim on each of 

the metals is reduced within the axial viewed plasma when 

compared to the tangential plasma. For both plasmas, though, 

the calculated concentration is different from that of the true 

concentration. This is typically accovinted for by placing an 

internal standard within the solution such as yttrium. Although 

this does improve the ability to extract the true values, errors 

can become quite significant when dealing with a large variance 

in calculated concentrations. In the case of the sulfate 

interference, the effect is chemical where sulfates can readily 

form. The effect from both the tangential and the axial plasma 

appear to be consistent. 

Lastly, the linear dynamic range of sodium and potassiiom 

were determined for both the tangential and eixial system. 

Varying concentrations of sodium and potassium in 5% HCl from 

0.1 to 1000 ug/mL were used to determine the effect of the 

construction of the torch on linear dynamic range. The results 

are shown in Figure 52. The tangential plasma returned poor 

values at low concentrations as a result of the lack of 
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sensitivity for these metals. At high concentrations, though, 

the non-linearity was not seen. The axial plasma returned good 

values at low concentrations indicating excellent detection 

limits. At higher concentrations, though, the effect of 

self-absorbance seems significcint above 100 ug/mL. Since 

potassiiim and sodium are typically the worst case scenarios in 

terms of self-absorbance, the degradation in linearity at higher 

concentrations from the axial plasma is for the most part 

inconsequential. The improvement in linearity at lower 

concentrations far outweighs the degradation in the upper end. 

Conclusions: 

VJork at Thermo Jarrell Ash has substantiated earlier 

results from the University of Arizona. The effect of extending 

the torch appears to have the greatest influence on improving 

detection limits for axial ICP. When combined with a CID 

echelle system the advantages are tremendous. More important 

than the improvement in detection limits is the increase in the 

amount of light that is emitted from the plasma for each metal. 

The echelle being light limited is needy of photons from a 

tangential plasma. The axial plasma can greatly reduce 

integration times possibly up to an order of magnitude. 

Although interferences have been touted as being harmful to 

axial viewing, these results show that no degradation in results 

occur. In fact under certain circximstances, an improvement in 



results was found when looking with 

The commercial usefulness of such a 

established depending upon the road 

take. 
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the axial extended torch. 

design seems well 

that various industries will 



174 

Part II 

Latent Fingerprint Imaging 
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CHAPTER 8 

Introduction 

The Detection of Latent Fingerprints: 

Television creates a conception that articles foiind at a 

crime scene can be individualized to a particular person. 

Truly, there are very few forms of physical evidence that can 

give this level of individualization. These include 

fingerprints, jigsaw matches, footwear and tire marks, tool 

marks and ballistic evidence. Latent fingerprints are perhaps 

the most dynamic pieces of physical evidence and in many cases 

the only piece of physical evidence obtained. 

The mid 70's saw the introduction of automated fingerprint 

identification systems where single prints stored in a digital 

form could be searched and coit^jared with fingerprints on file. 

This ability places even greater utility on fingerprint 

detection. The next most important advcince in fingerprint 

analysis was introduced in 1976 by Roland Menzel in the use of 

lasers to enhance the recovery of latent fingerprints. Lasers 

provided the means to detect the faint luminescence from the 

nanogram quantities of fluorescing material in latent prints: 

intense, monochromatic radiation. Subsequent work has centered 

on alternate laser light sources and development of fluorescent 

tag to enhance the fluorescence emission or to improve the 
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discrimination of fingerprint fluorescence from the fluorescence 

of the substrate. 

In fluorescence, detection can be improved by 1) modifying 

the optics, 2) using a more powerful source, or 3) using a more 

sensitive detector. In the past, the approach has been to 

develop better sources. Crime labs typically utilize argon ion, 

copper vapor or frequency doubled Nd:YAG lasers operating at 5 

to 20 watts output power. Attempts to make portable laser 

fingerprint detection systems utilize smaller lasers, 22 mW or 

filtered lamp sources, occur at a substantial loss in 

sensitivity. The approach taken in these laboratories was to 

use a more sensitive detector making lower power sources 

acceptable. 

The Charaed-Coupled Device (CCD): 

CCDs are a class of silicon based solid state array 

detectors and are quite similar to the charge-injection device 

mentioned in Part I. When the CCD is operated in the scientific 

mode (with slow scan speeds to reduce read noise and cooled to 

reduce dark current) it becomes and excellent detector for cases 

where there is little light available. These detectors have 

modest power requirements, are rugged and portable. The high 

spatial resolution, large linear dynamic range, high sensitivity 

from the UV to the near-IR and the ability to integrate signal 

for long periods of time makes the CCD a near ideal detector for 
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this type of imaging application. Read noise for the CCD is 

typically much less than that of the CID and thus is more 

amenable to low light level spectroscopies where read noise 

dominates other sources of noise. Read noise is independent of 

photon flux and the major contributor to noise in techniques 

such as fluorescence, Raman scattering, and chemiluminescence 

spectroscopies. By far, though, the advantage of immediate 

digitalization offers an extreme enhancement over current latent 

fingerprint detection schemes. The ability to digitize and then 

analyze a given print could dramatically speed up the process of 

matching prints with those in a given database. Digitization 

also includes image enhancing features such as flat fielding, 

mathematical smoothing, and pseudo-color enhancement of each 

image. In flat fielding, the excitation source used for the 

fluorescent imaging illuminates a similar surface so that 

spatial inconsistencies in the source, imaging optics, and 

detector are reduced to obtain a more consistent representation 

of that which is being imaged. 

The results from fluorescent imaging of latent fingerprints 

tagged with both orthophthalaldehyde and NBD chloride, using 

excitation from low power, inexpensive filtered lamp sources and 

CCD detection are described. The CCD based system offers a 

rugged, flexible, portable alternative to photographic film and 

has the added advantage of capturing the data in a digital form. 



eliminating the need to digitize photographs, allowing the 

automated search systems to be used directly. 
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CHAPTER 9 

System Construction and Design: 

Construction of the UV source: 

A transilluminator was constructed for use as the UV 

excitation source for the orthophthalaldehyde tagged 

fingerprints on glass (Figure 53). This source was constiructed 

utilizing an aluminum box (12" x 7" x 4") as the enclosure. Two 

different sets of 4-watt UV fluorescent light bulbs were 

investigated as excitation sources in the transilluminator. The 

first set consisted of two 310 nm F4T5 UV fluorescent bulbs 

(Fotodyne, Inc., New Berlin, Wisconsin). The second set 

consisted of two 365-nm F4T5 UV fluorescent light bulbs 

(Spectronics Corp., Westbury, New York). A 3' x 4' hole was 

placed in the top of the aluminum box to allow the passage of 

the UV excitation energy. Two wide band pass filters were 

moiinted in tandem over this hole in order to achieve proper 

excitation wavelength filtering. These filters consisted of a 

310 nm filter glass (Fotodyne, Inc.) and a U-340 filter (Hoya 

Optics, Inc., Fremont, CA). 

Visible Illiomination Source: 

Excitation of the NBD chloride-amino acid product was 

achieved by placing a 450 nm, 20 nm full width at half height. 
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Wavelength Selection 
Filters 

UV Fluorescent 
Light Tubes 365 nm 

Figure 53 - Transiluminator for UV Fingerprint Imaging 

A custom built ultra-violet transilluminator used for 

fluorescence excitation of orthophthalaldehyde tagged latent 

fingerprints. Two wide bandpass filters are used to select an 

excitation wavelength of 310 to 340 nm. 
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band pass interference filter (Melles Griot, Irvine, CA) on the 

front of a siinple flashlight with a tungsten filament bulb 

capable of producing up to 14,000 candlepower. The beam was 

reflected onto the object using a 2" round mirror with a total 

distance of 24 inches between the flashlight cuid the object (see 

Figure 54). The choice of a flashlight as an illuminating 

source demonstrates the simplicity and portability this system. 

Given the broad excitation curve of the NBD chloride-amino acid 

product a relatively inexpensive and simple filter could be 

used. The construction of a portable source with better photon 

flux in this wavelength region could make imaging even simpler 

by reducing the amount of time that each fingerprint would need 

to be imaged. 

Detection Svstem; 

The CCD camera system utilized in this study was provided 

by Photometries, Ltd. (Tucson, AZ), Figure 55. This system 

consisted of a CC200 camera controller, CE200 camera electronics 

unit and a PM512 scientific grade CCD. The CCD was mounted in 

an evacuated dewar assembly which allowed for cryogenic cooling 

of the device to -100°C to prevent dark current build-up and 

thus allow for exposure times of hours if necessary. The 

exposure time was controlled with an electronic shutter mounted 

on the front of the dewar assembly. The shutter mount also 

allowed for the adaptation of a 50 mm camera lens and extension 
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Charge Coupled Device 
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Figure 54 - Visible Fingerprint Imaging System 

Latent fingerprint imaging system utilizing a flashlight with a 
450 nm bandpass filter as the excitation source. Imaging is 

performed with a CCD camera with a long pass filter to eliminate 
scattering. 
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Diagram of a Charge-Coupled Device 
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moimt (Pentax) . Two filters assemblies were mounted on the 

front of the camera lens to achieve the proper emission 

filtering characteristics for both the orthophthalaldehyde and 

NBD chloride tagged fingerprints. These emission filters 

consisted of a #47B eind a #2E Wratten filter (Kodak) for the 

orthophthalaldehyde tagged print. There filters were replaced 

by a #12 Yellow filter (Tiffen, Hauppauge, NY) in order to 

monitor the emission from the NBD chloride tagged fingerprints. 

Preparation of the orthophthalaldehyde solution: 

The orthophthalaldehyde fluorescent tagging solution was 

prepared from the following analytical grade reagents: 2.5 

grams of boric acid was dissolved in 95 mL of distilled water 

(pH adjusted to 10.4 with 6M KOH). To this solution was added 

.3 mL of a 30% Brij 35 detergent solution. The resulting 

solution was combined with another solution consisting of 250 mg 

or orthophthalaldehyde in 2 mL of methanol. 

Microscope slides were wiped with the tagging solution and 

allowed to dry. The tagged fingerprint was obtained by touching 

the treated glass slide. 

Preparation of the NBD chloride solution: 

20 mg of NBD chloride, 

7-chloro-4-nitrobenzo-2-oxa-l,3-diazole, (Aldrich Chemicals, 

Milwaukee, WI) was dissolved into 8 mL of absolute ethanol. To 



this, 20 itiL of 1,1,2-trichlorotrifluoroethane (Aldrich 

Chemicals) was added. This procedure varies from that of 

Salares et al^^ in that the ethanol concentration was boosted 

order to eliminate rapid vaporization of the sample mixture. 

The resultant solution was then aspirated via an aerosol onto 

the fingerprints which were deposited on 20 lb. photocopying 

paper (Figure 56). After 1 to 2 minutes of air drying, the 

paper was heated in an 90°C oven for 10 minutes to ensure that 

the reaction would be complete (Figure 57). 
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I 
))• Meinhard Nebulizer 

NBD chloride 
Solution 

Surface with Latent Fingerprint 

Compressed air 
at 50 psi 

Figure 56 - NBD chloride Deposition System 
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NBD chloride = 7-chloro-4-nitroben2-2-oxa-1,3,dia2ole 

^ \-a NHj-CH-COOH * t 
R 

NH-CH-COOH 
I 

R 

NBD-chloride 
( non-fiuorescent ) 

Amino Acids 
( non-fluorescent ) 

Fluoresces @ 542 nm 
with ex. @ 450 nm 

Figure 57 - NBD chloride Reaction with Fingerprints 

Reaction of NBD chloride with amino acids contained within 

latent fingerprints producing a fluorescent product that can be 
imaged with a CCD. 
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CHAPTER 10 

Results and Discussion 

Orthophthalaldehvde Tagged Fingerprint; 

Figure 58 is a fluorescent image of a latent fingerprint 

tagged with orthophthalaldehyde on a glass plate obtained with 

the CCD system. The glass plate with the tagged fingerprint was 

placed fingerprint side down on the filtered source in order to 

avoid absorption of the UV radiation by the glass substrate. 

The glass camera optics and filters removed the unwanted source 

emission and created a band pass for the detection of the 

orthophthalaldehyde derivatized fluorescence emission. The 

image of the print in Figure 58 possesses adequate contrast and 

sufficient ridge detail to characterize the fingerprint. 

One of the major considerations in performing any 

fingerprint analysis is to optimize the source, filters and the 

image enhancing chemistry so as to obtain the highest contrast 

between the fingerprint residue and the substrate. Minor 

components in the glass sxibstrate create dolor centers which 

luminesce under UV illumination. This fluorescence gives rise 

to a background fluorescence which limits the integration time. 

The shorter the excitation wavelength, the stronger the 

background fluorescence. The absorption of the 

orthophthalaldehyde tagged fingerprint peaks at 338 nm. For 



Figure 58 - Image of orthophthalaldehyde Tagged Print 
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this reason, a comparison of lamps with emission maxima at 310 

mn and 365 nm was performed. 

Figure 59 shows the obtained signal-to-noise ratio with 

respect to integration time for the two types of lan^s. The 

best signal-to-noise ration was obtained with the 310 nm laitps 

for equivalent integration times, the optimixm time being about 2 

minutes. Although the 310 nm lamps out performed the 355 nm 

lamps on this glass substrate, problems with backgroimd 

fluorescence on other substrates may hamper the performance of 

these bulbs making the longer wavelength bulbs more attractive. 

The background emission from the glass substrate was measured to 

be 47 ADUs/sec with 310 nm bulbs. This translates into a 

maximum integration time of nearly 6 minutes. 

NBD Chloride Tagged Print: 

Many types of paper, especially those which are bleached, 

display background fluorescence, being strongest when excited by 

UV radiation and weakest when excited by visible to near 

infrared (NIR) radiation. When selecting a tag for use with 

latent fingerprints on these papers, it is important to choose 

one which produces a relatively strong fluorescent signal while 

minimizing the backgroxind fluorescence intensity. Fingerprints 

were received by several people in The University of Arizona 

Department of Chemistry. Each print was reacted with by the NBD 

chloride solution and allowed to bake in an oven. Visual 
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Figure 59 - Signal to Noise as a Fxmction of Wavelength 
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identification was achieved by use of an argon ion laser tuned 

to 465.8 nm with a power of 10 mW. After visual inspection, the 

fingerprints were circled with a pen and placed on the CCD 

imaging stand. Various wavelengths were used for excitation 

from a monochromator, Figure 60, including 465, 515, and 440 nm. 

At each wavelength, the output of the monochromator was very 

weak and required imaging times on the order of 10 to 30 minutes 

to obtain a reasonable image of the fingerprint. A variety of 

f-numbers were investigated from f/2.8 to f/8 with f/5.6 

yielding the best quality image and most reasonable integration 

time. In order to reduce the integration times, a flashlight 

was positioned so that most of the light would fall upon the 

fingerprint. A 450 nm bandpass filter was attached to the end 

of the flashlight so that only a small frequency range of light 

would illuminate the fingerprint. Figure 61 shows a CCD image 

of a fingerprint tagged with NBD chloride and illuminated with 

450 nm light from a filtered flashlight source. Under these 

conditions, the background fluorescence was small yielding 

signal-to-noise ratio values 25:1 with a 20 second integration 

time for most of the prints investigated. The use of portable 

monochromatic light with improved luminosity over that of the 

flashlight would enable CCD imaging of fingerprints at 

integration times on the order of a second or less. The true 

advantage of this technique, though, is that surfaces that will 

fluoresce when illuminated with ultra-violet light can be 
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Figure 60 - Fingerprint Imaging Using a Monochromator 

Latent fingerprint imaging system utilizing monochromatic 
excitation from a Czemy-Tumer monochromator. 



Figure 61 - Image of NBD chloride Tagged Print 
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investigated by using a fluorescent tag which is excited in a 

less energetic region of the spectr-um. Although shifting to an 

even longer wavelength would further reduce background 

fluorescence, the advantage of visual identification indicates 

that it would be more practical at this time to keep the 

fluorescence in the visible portions of the spectrum. 

The CCD base imaging system offers considerable flexibility 

in the processing of the fluorescence image. The inherent 

nature of the image being stored directly into the computer 

memory easily allow for contrast enhancement through gray scale 

adjustment. This allow for one to observe the faint fluorescent 

signal on the rather large fluorescent backgroxind emission, as 

depicted in Figure 58. 

Conclusions : 

The use of the CCD detector system offers an attractive 

alternative to the use of expensive, high power laser based 

systems for the field imaging o latent fingerprints. The high 

quantum efficiency of the CCD over a broad wavelength rcinge 

eliminates the need to match the photographic emulsion with the 

emission wavelength. The electronic readout removes the need to 

develop the film and digitize the resulting photo. Images are 

rapidly obtained and can be immediately sent over phone lines at 

the crime scene to the computer to perform the automated search. 

The rapid acquisition of the image allows quick adaptation of 
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the image enhancing chemistry, rather than await the results 

from the development of the film. The CCD and both the 

flashlight and trans illuminator sources have very modest power 

requirements, are portable and rugged. 

Many of the concepts important to the imaging of latent 

fingerprints are also applicable to a wide variety of chemical 

systems. As with many fluorescence experiments, the background 

is the key limiting factor. A combination of proper source 

illumination, filter arrangement, and tagging chemistry can be 

employed in order to make fluorescence emission of UV/Vis 

absorbance measurements on a variety of substrates, such as 

thin-layer chromatographic plates, microtiter plates and 

electrophoretic gels with CCDs possible. 
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CHAPTER 11 

CONCLUSIONS 

Advances in both low light level imaging and atomic 

spectroscopy using charge-transfer devices has been extensively 

demonstrated in this dissertation. Both the CCD and the CID 

have shown to be powerful detectors for analytical studies. In 

each case, the large array foirmat of each device has provided a 

significant amount of information that is beneficial to each 

measurement. The combination of a CID echelle with axial 

viewing of the inductively coupled plasma yields improved 

detection limits and shorter analysis times while not degrading 

the quality of analysis for metals in complex matrices. Various 

modifications of torches were performed with the extended torch 

design showing the best improvement in detection limits. 

Detection limits of most metals was improved while certain 

critical elements such as arsenic, lead, and selenium showed 

excellent improvement of a factor of five. Advancements in 

atomic spectroscopy were also made by developing improved hollow 

cathode lamps which provide a desirable excitation source for 

ICP fluorescence. Optimal designs yielded an enhancement of the 

copper ion emission which is most prevalent for ICP 

fluorescence. Lastly, the use of a CCD for latent fingerprint 

imaging has allowed the use of inexpensive portable illumination 
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for prints on very poor surfaces. By using such a portable 

system, information can be digitized immediately on the site 

where image processing can be used to more accurately identify 

prints. Such a system could increase the speed and reliability 

of latent fingerprint analysis. 

Future Directions: 

The use of a CID echelle system for axial viewing of the 

ICP offers great flexibility in the analysis of metals using 

atomic emission spectroscopy. The development of larger CID's 

containing more elements would greatly benefit atomic emission 

with an echelle spectrograph. With an increase in size, 

aberrations from small spot size focusing would be reduced 

resulting in better resolution. By increasing the number of 

elements, the wavelength coverage could be increased without 

degradation of the resolution. Each of these changes would 

result in the ability to monitor more wavelengths and interpret 

interferences more accurately. By correctly identifying 

interferences, wavelengths of analysis for the metals of 

interest can be chosen where no interference occurs. 

The development of higher energy hollow cathode lamps 

should lead not only to better atomic fluorescence measurements, 

but also to better solid sampling of metals for mass spectral 

analysis. The high energy and extent of ionization from such a 

device could lead to direct analysis of metals by glow discharge 
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mass spectrometry. Secondary ionization methods would not be 

necessary with such a system since the metal is both atomized 

and ionized from the glow discharge. 

The development of a simple latent fingerprint imaging 

system has only touched the surface of a fascinating area of 

chemical analysis. Along with source and detector iirprovement, 

constant work on tagging chemistry would further the advances of 

latent fingerprint imaging. Along with these advances will come 

improved image analysis techniques which will be able to 

interpolate a fingerprint from a poor image, thus helping to 

identify the prints of humans on a whole variety of surfaces. 

Each of these advances should further establish the 

advantages of a charge-transfer based spectroscopic system. The 

array format, high sensitivity, broad wavelength coverage, 

simplicity, durability, low background, low read noise, and size 

of such devices provide a detector for use in a number of types 

of spectroscopy only a few of which have been utilized here. 
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