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ABSTRACT

THE DESIGN AND CHARACTERIZATION OF A

MINIATURE, NANOSECOND SPARK DISCHARGE FOR

ANALYTICAL EMISSION SPECTROSCOPY

By

Gary T. Seng

The design, construction, and characterization of a

miniature, nanosecond spark is described. The present

spark design features a coaxial, double-gap system powered

by a direct current power supply. Pure argon continuously

flushes the secondary gap. The analyte solution is nebulized

via an ultrasonic nebulizer and desolvated in a heated

chamber. The dry aerosol is swept into the analytical gap

in a laminar stream of argon or helium directed either

parallel to, or perpendicular to the inter-electrode axis.

A quartz lens collimates the discharge radiation onto the

slit of a programmable monochromator. A gated photomulti-

plier tube transduces the emitted radiation into an elec-

tric current. Integration of the photocurrent is performed

under the control of digital time-resolution electronics

with time windows adjustable in 0.1 us increments. Timing

is initiated by a fast photodiode-Darlington system
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which monitors radiation from the secondary gap.

Time-resolved studies of the excitation temperature,

ionization temperature, electron density, and background

emission are presented and discussed.

For analytical determinations, the analyte emission

line is selected under minicomputer control. Additionally,

the minicomputer directs the time-resolution circuitry,

acquires emission data, and performs statistical calcula-

tions.

The miniature Spark has been found to be an excellent

source for the determination of a number of elements

including Ca, Al, B, C, Si, P, Mo, Cu and others.
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I. INTRODUCTION

A spectrochemical Source is a device which converts

an analytical sample (gas, solution or solid) into an

atomic vapor and provides the energy necessary to excite

a certain fraction of the analyte atoms to electronic

levels above the ground state. The spectrochemical source

thus serves as a sample atomizer, as well as an excitation

source. It can be viewed as a transducer whose output

is (NA);, the number of density of excited analyte atoms

in the Jth electronic energy state. The input to the

source is CA, the concentration of analyte-containing

molecules in the original sample. The ratio of (NA)§/CA

is the transfer function of the source is generally an

extremely small value. An inspection of such fundamental

principles permit one to envision an "ideal" spectrochemi-

cal source.

The "ideal" spectrochemical source might be charac-

terized in a number of ways. However, some of the more

general and desirable characteristics are:

1. good sensitivity to all analytes;

2. no background emission;

3. controllable excitation energy;

ability to examine samples in any form;

no chemical, spectral or physical interferences;

O
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accurate and precise results;



7. rapid and low—cost analyses;

8. simple construction and simplicity in use;

9. compactness and portability; and

10. safety for the operator.

Through the years spectroscopists have repeatedly

attempted to create such a source with varying degrees

of success. Unfortunately, although a variety of in—

geneous and useful spectrochemical techniques have been

developed, no source available today can claim to approach

the "ideal" source. This is substantiated through the

literature where one finds a-continuing effort to develop

and evaluate analytically useful sources.

Modern atomic emission techniques include flames,

arcs, plasma Jets, sparks, and the high frequency plasmas.

Each source exhibits unique good and poor qualities when

compared to the "ideal" case. The task of the emission

spectroscopist is to select the optimum source for the

particular analysis to be performed from the resources

available. Intelligent selections are made by recogniz-

ing the strengths and weaknesses of each technique.

The primary advantages of conventional flames are

simplicity, low cost, and good reproducibility; especially

for solution analyses of easily excited atoms (alkali

metals, alkaline earths, etc.). These qualities account

for their extreme popularity as spectrochemical tools.

On the other hand, flames suffer from several types of



severe interferences which limit their utility in a number

of applications. Furthermore, the flame provides a rather

low excitation energy, and is limited in the extent of

energy variation. To reduce both problems, a multitude

of burners, fuels and oxidants have been employed. How-

ever, routine users often avoid the inconvenience and

danger associated with many of the varieties on the

market and simply resort to other techniques when faced

with problem analytes.

The family of electrical discharge devices classified

as arcs reduces or eliminates many of the interferences

normally observed in the flame. Due to the continuous,

high-temperature, high excitation—energy conditions which

exist within the arc, the technique is extremely sensitive

to a wide variety of elements. Furthermore, the analyst

generally has some control over the excitation energy.

Disadvantages include poor precision, bulky, expensive

electronics, and problems associated with sample prepara-

tion. Solid samples or solution residues provide the

most favorable results and are almost exclusively used.

The DC plasma Jet is an attempt to meld the high

temperature characteristics of the arc and the repro-

ducibility of the flame. Although the precision is much

better than that of the arc, the detection limits do

not reach those attainable by flame emission; nor do

flame interferences disappear to the extent predicted.



To realize the full potential of the technique, a large

concentration of an easily ionizable element must be

combined with the analyte solution. As a result, the

DC plasma jet has not enjoyed widespread use.

The classical high-voltage spark discharge preserves

the high temperature and controllable excitation energy

of the arc, while affording greater precision in the

final results. Large continuum backgrounds, ionization

interferences, and radio frequency (RF) noise generation

are the major problems associated with the spark. As

in the case of the arc, bulky electronics are necessary

and most early work involved solid samples or residues.

However, more recently, solutions have been analyzed

as well.

The high frequency plasmas have received a great

deal of prominence in recent times. This is especially

true for the RF and microwave-induced plasmas. The major

reasons stem from two characteristics which are the high

temperature and a flame-like nature; i424, those sought

for the plasma jet. The high-frequency plasmas exhibit

substantial freedom from matrix effects, respectable

precision, and good detection limits for a number of ele—

ments. The most serious drawbacks are the eXpense, bulk,

and problems incurred when attempting to introduce solu-

tions into the torch. To avoid extinguishing the plasma

regularly, rather complex electronics are necessary.

 



The performance of the introduction system is also ex-

tremely critical. These requirements have limited the

use of such techniques for routine analyses.

The miniature, nanosecond Spark was developed at

Michigan State University (1—3) as a viable addition to

the sources previously described. The instrument consists

of a small coaxial spark source, a Veillon and Margoshes

(A) introduction system, a monochromator and photomulti-

plier modular combination, a data acquisition system,

and a minicomputer. The introduction system produces a

dry aerosol which is swept into the spark gap using an

argon carrier gas. Emission results as the spark dis-

charges between two thoriated tungsten electrodes. The

radiation emitted is collected by the monochromator and

passed to a photomultiplier tube for conversion to the

current domain. The current produced is transferred to

a series of transducers which ultimately yield numerical

data. Good precision and ease of sample introduction

are provided by the discontinuous nature of the plasma.

The spark source has been coaxially designed for maximum

power, a spark of nanosecond duration, and freedom from

significant RF noise. These properties permit the use

of compact low-power, electronic supplies to produce the

discharge, and virtually unshielded digital circuitry in

the vicinity of the spark source. It is therefore pos-

sible to employ boxcar integration of the emission

 



photocurrent which drastically improves the analytical

results. The spark, in essence, appears arc-like through

a delayed examination of the discharge. In a comparison

of overall expense and simplicity, the miniature, nano-

second spark fares well against arcs, conventional sparks

and the high—frequency plasmas. Furthermore, it has

been found to be an excellent source for the determina—

tion of a variety of elements including those which form

refractory oxides. However, continued research on the

system by several workers suggested that a number of

modifications might be beneficial.

It is readily apparent when examining today's numer-

ous, complex spectrochemical instruments that the loss

of analytical information through the separate components

is quite large. Although it is the heart of the system,

an "ideal" source is only one of the "ideal" units which

are necessary to construct the "ideal" instrument. It

seems appropriate to apply the cliche, "a chain is only

as strong as its weakest link", to spectrochemical

instrumentation.

The approach taken in this research follows the

"weakest link" philosophy. Each successive unit of the

miniature spark was examined and modified in an attempt

to produce a more "ideal” instrument. Improvements have

been made on the nebulizer, the gas flow system, the spark

design, the electronic triggering device, the optical

system, the boxcar integrator, and the entire data

 



acquisition system. The software and hardware developed

permit the user to control the boxcar integrator, as well

as collect, manipulate, store, and print the data from a

console.

In the chapters of this dissertation which follow,

a brief survey of the recent literature relevant to the

present work is first presented. In Chapter III, the

instrumentation which was developed to improve the minia-

ture spark is described in detail, while in Chapter IV,

the minicomputer software necessary to control the

instrumentation and to acquire and analyze the data is

described briefly. Chapter V deals with the characteriza-

tion of the improved spark source, both in terms of its

physical properties, and its analytical capabilities.

The final section of this dissertation is a commentary

which examines the present status of the miniature spark

and offers the author's views on its future.



II. HISTORICAL

A. Introduction

To understand the use of the relevant literature in

the redesign of the original miniature spark, one must

first examine the key papers concerned with its concep-

tion. After presentation of the major design considera-

tions and the results obtained from analyses, it is then

possible to discuss system modifications on the pre—

viously developed miniature Spark instrumentation in-

telligently. The section entitled the "Modified Minia-

ture Spark Design" deals with the bases for the instru-

mental changes made excluding the introduction systems

and the time resolution electronics. The introduction

systems are described in a separate section of this

Historical, while the electronics are presented in a

later chapter.

B. Original Miniature Spark Design

1. Miniature, Nanosecond Spark Source Design

The miniature, nanosecond spark (MNS), reported by

Zynger and Crouch (1,2), was originally designed to be

a short duration pulsed light source for fluorescence

lifetime measurements. Such sources have been previously



reported with flash durations of 20 to 350 ns (5,6),

These sources produce a short, high—power, capacitative

discharge between two tungsten electrodes. Various

atmospheres are employed to produce the radiation required.

Zynger developed the MNS to achieve lower pulse widths

(7 to 15 ns) and high electrical power dissipation (on

the order of 107 w) by building a coaxial capacitor directly

into the source. Due to the fact that the MNS provides

rather large amounts of energy over very short periods of

time and retains the classical spark characteristic of

good precision, it was felt that the source should also

function well as a spectrochemical tool for the analysis

of samples externally introduced.

2. Spark Solution Techniques

For a variety of reasons, solutions are extremely

popular spectrochemical samples (1). Although arcs and

Sparks are generally associated with solid samples, solu-

tion methods have also been under development for some

time. The earliest methods involved spark—to-bulk tech-

niques whereby the Spark passes between one solid elec-

trode and the surface of a liquid (7,8). These systems

suffer from solution spattering problems. As a result,

later researchers developed the spark—to—thin-film

techniques which include the rotating disk and porous-

Cup designs (9,10). Although these methods show some
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improvement over Spark—to-bulk techniques, some spatter-

ing is still observed, as well as solution uptake problems.

Spark-in-spary techniques offer somewhat of a reduction

in spattering by introducing the solution as a fine mist

which is passed through the spark gap (11,12). However,

great care must be taken to avoid contamination of the

sparking region. Furthermore, the spark-in-spray method

does not show any real improvement in sensitivity due to

the inefficiency of particle desolvation by the dis-

charge.

To improve the sensitivity of a number of spectro-

chemical techniques, various researchers have developed

desolvation systems to remove the solvent from the

analyte prior to introduction into the excitation cell

(3,13,1A). Desolvation of the aerosol alleviates many

of the problems incurred in the spark-in—spray method,

and appears to be an attractive feature for spark solu-

tion analyses. The MNS employs such a system to produce

a desolvated aerosol which is then introduced directly

into the discharge (1,3)-

3. Time-Resolution Spectroscopy

Since 1900 it has been known that the continuous

background and atmospheric lines present in a spark

discharge disappear before the analyte lines become prom-

inent (15). Given this fact, it seems apparent that
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the observation of the total emission of a spark results

in a large amount of analytically useless information.

In a process known as time slicing, the observation of

the emission is delayed for some preset time interval

relative to the beginning of the discharge. Thus, early,

large background-to-analyte emission ratios and the

associated optical noise problems are avoided. As a

result, the use of this method increases the sensitivity

of the spark to virtually all analytes. Modern spark

researchers have taken the timing process one step further

br limiting the observation time of the discharge in

C

addition to providing the initial delay period. This

method, known as time resolution, increases the sensi-

tivity of the spark even further due to the fact that

spectral information is collected only during the period

of time yielding the maximum analyte signal-to—noise

ratio. A great deal of spark research has been aimed at

the construction of time-resolution and time-Slicing

instrumentation for both photographic and electronic

detectors. Optical shutters, rotating mirror and rotat-

ing disk assemblies, and photomultiplier gating circuits

have been studied as time-resolution devices (16-19).

Recently, the photoelectric detector-electronic

gating methods have become popular due to their good

precision and to advances in electronic component tech-

nology. Walters (20) and Piepen and Schroeder (21)
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described a modern integrated circuit version of the

vacuum tube gated integrator constructed by Steinhaus,

33 al. (19,20). Zynger (1,3) used a circuit similar to

those presented previously to time resolve the MNS. The

electronics, which were employed, involved a dual gating

system whereby both the photomultiplier tube and the

solid state integrator become active after some preset

delay period. The use of this monostable timing system

permitted one to sample the Spark emission over time

intervals of approximately 2 to 100 us knifiidelay inter—

vals over the same range.

A. MNS Characterization and Applications

After constructing the MNS and using it as a light

source, Zynger (1,3) evaluated the system as a spectro-

chemical instrument. Studies indicated that the excita-

tion temperature varies between A300 °K and 3800 °K as

time (following spark initiation) increases from 2 to

20 us. On the other hand, the ionization temperature ranges

from 6600 °K to 5200 °K from 2 to 30 us. The differ-

ence in the excitation and ionization temperatures indi-

cates that thermodynamic equilibrium is not achieved during

the period of observation. As is expected from the tem-

poral difference between the background and analyte emis-

sion, each particular element exhibits a maximum signal-

to-noise ratio at a different time relative to spark
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initiation. Zynger studied the signal-to-noise versus

time profiles for a number of elements and determined

the MNS detection limits for these same elements. The

MNS was found to have better detection limits than either

the flame or the inductively coupled plasma for silicon

and phosphorus. The values for boron and carbon were

found to be superior to those of flames, while calcium

and molybdenum results proved to be better than those

obtained using the inductively coupled plasma. Matrix

effect studies were also performed and the results indi-

cated that the effects of cesium and aluminum on the

emission of calcium (neutral and ion) can be reduced or

eliminated by properly choosing the observation time.

However, Since the effects of the matrix are smallest

early in time, the signal-to-noise ratio is decreased

and the calcium detection limit increases.

In our laboratory, Glass (22,23,71) performed a

sizable amount of unpublished work which further charac-

terized the MNS. The research included physical design

changes to vary the spark capacitance and inductance,

carrier gas studies, interelement and anion effects, and

real sample analyses. His findings indicated that the

MNS is a viable instrument for real sample analysis,

although sample introduction problems, memory effects

and an increase in background emission somewhat limited

its usefulness.
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Lantz (2A,25) reported the use of the MNS as a gas

and liquid chromatographic detector. The system was

found to be a successful, element-specific addition to

the family of detectors now available. In addition to

the ease of selectivity, the MNS provides sufficient

information for the user to determine the empirical for-

mula of the analyte.

C. Modified Miniature, Nanosecond Spark
 

In spite of the well-documented evidence for the

fine performance of the MNS as a spectrochemical tool,

the work performed by former researchers, as well as early

work of the author and co-worker Sandra Koeplin, pointed

out several general areas where the method might be im-

proved. The suggested improvements are directly aimed

at increases in the precision and overall sensitivity of

the technique.

1. General System Modifications

A number of factors contributed to the overall noise

observed in the final analog Signal obtained from the

MNS and, thus, to imprecision in the data. Optical

noise appeared to be the primary source of noise. This

noise is generated as a result of spark "wander", $L3;,

the movement of the discharge channel away from the axis

1}
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joining the electrodes. Some of the factors that influence

the spatial stability of the spark include the stability

and direction of the gas flow, the electronic circuitry,

the geometry and condition of the electrodes, and the

composition of the discharge region (1,26). The MNS

employs needle-point electrodes to reduce "wander" due

to electrode geometry. However, the gas flow is directed

perpendicular to the inter—electrode axis and this, com—

bined with variations in the flow rate due to the introduc-

tion system was thought to be largely responsible for

the observed spatial instability. Several workers have

found that increased stability is obtained if a thin

stream of gas is directed through a hole in one of the

electrodes (21,26,27).

Walters and Goldstein (28) published a classic article

which discusses designing and sampling spatially-stabi-

lized spark sources. They indicated that the best flow

system consists of a thin laminar jet of gas directed from

a small cone surrounding the anode towards the cathode.

This would more readily lend itself to use with the MNS

introduction system than would gas flow through the elec-

trode. However, it must be pointed out that none of the

authors were faced with the additional problem of using

the stabilizing gas to nebulize solutions and carry par-

ticulate matter into the discharge. Walters and Gold-

stein also advocated the use of a high-frequency,

5
'
!
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unidirectional source to stabilize the discharge further.

The original MNS, being a critically-damped discharge,is

unidirectional, but is definitely not high frequency.

A reduction in optical noise is also possible through

partial isolation of the charging circuitry from the

analyte gap. This can be accomplished by adding a secon-

dary gap which is generally purged by a well-stabilized,

uncontaminated gas flow (29-31). The double gap circuit

permits one to increase the excitation energy, while

ensuring a constant breakdown potential at each particu-

lar secondary gap length without disturbing the analytical

gap. Rather than use a classical spark gap for control,

several researchers have turned to encapsulated systems

such as the hydrogen thyratron (30,32). The advantages

of these tubes include the ability to initiate the spark

reliably from a remote, accurate pulse source and the

fact that sensitive adjustments of the gap length are

unnecessary. Since imprecision in timing is another

major source of noise, the hydrogen thyratron might first

appear to be an attractive choice as a secondary gap for

the MNS. However, the tubes are somewhat expensive and

limited in their electronic capabilities. It should be

more advantageous to "free-run" the spark with a direct

current power supply and use inexpensive photodetectors

to determine the beginning of the discharge combined with

precise digital timers to perform time resolution.

Electronic noise can be minimized through proper, hard-

5
,
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wired circuitry layout, proper shielding, and expeditious

conversion of the signal to the digital domain (33).

In this work, spatial stability and the stability of

the breakdown potential were improved in the MNS through

an axial, laminar flow of the carrier gas and a double-

gap system powered by a direct current power supply.

The correct choice of a direct current supply has per-

mitted the user to increase the spark discharge rate for

faster data acquisition. To retain the high power of the

discharge, and to promote spatial stability, the dis-

charge is somewhat over-damped. The data acquisition

electronics included a fast photodetector, an accurate,

precise digital timing network, a fast integrator, an

analog—to-digital converter, and the electronics neces-

sary to interface the system to a minicomputer or a micro—

computer. Finally, improvements in multielement capabili-

ties and the nebulizer are desirable and are discussed in

the following sections.

2. Multielement Spectroscopic Measurement Techniques

Multielement analysis techniques have become increas-

ingly important and popular as the number and complexity

of analytical samples has increased. With the present

demand for such techniques, the development of instru-

mentation has increased dramatically. Winefordner, g: 31.

(3“) divided the multielement detection systems into
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temporal, spatial, and multiplex devices.

Temporal devices are the most common and include the

rotating filter systems, the scanning or programmed mono—

chromators, and the image dissector photomultiplier.

Each of these methods requires some type of sequential

wavelength selection, either through the wavelength isola-

tion device, as in the case of the monochromators and the

rotating filter system or the detector itself, as in the

case of the image dissector (35). The rotating filter

assemblies eliminate the need for the expense of a mono—

chromator, and in addition, offer a larger spectral through-

put. However, high background problems and poor resolu-

tion have generally limited their usage to atomic fluores-

cence. Both monochromator methods reduce background and

spectral overlap problems, but they require some form of

wavelength control. The scanning technique is limited

by the response time of the detector and the measurement

time allotted to each individual analysis line (36).

The sequentially programmed technique is generally more

complex, but is superior in that the spectral areas con-

taining no relevant information are quickly passed by

slewing through these regions. The image dissector in-

volves an electronic scanning system which passes an

electron image of the analyte line to an aperature.

The image is electronically swept into the aperature and

is then amplified using the classical dynode chain.
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This has been found to be an excellent detector for atomic

absorption and atomic emission (37,38). The major draw-

back is the cost of the apparatus.

The spatial devices, which perform true simultaneous

multielement determinations, include polychromators com—

bined with photomultiplier tubes and slits (direct read-

ers), or with silicon vidicon detectors, or with photo-

diode arrays. The direct reader is the oldest and most

sensitive of the three, but is expensive and limited to

a number of specific lines by space considerations.

The photodiode arrays provide the means by which one may

examine a complete portion of the spectrum (39). The

major drawback is the low sensitivity. Codding (“0)

used a linear diode array as a detector for the MNS and

found that the detection limits increased by a factor of

at least 200 over those observed with a photomultiplier

tube. Although the conventional silicon vidicon tube

possesses approximately the same sensitivity as the photo-

diode array, recent developments in vidicon technology

incorporate image intensifiers into the detector which

greatly enhance the signal power and make the device

much more attractive (35).

Multiplex techniques, such as Hadamond transform

spectroscopy and Fourier transform spectroscopy, use a

single channel detector, yet simultaneously record several

spectral components by encoding the information in the
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frequency domain (3h). Both methods require computer

facilities capable of handling the sophisticated soft—

ware. In general, for ultraviolet and visible work, the

techniques are at a disadvantage when compared to spatial

and temporal techniques.

Busch and Morrison (35) concluded that at the present

state of technology, the programmable monochromator and

the intensified vidicon tubes show the most promise as

multielement tools. Winefordner, _t _l. (“1) agree to

a certain extent, but feel that the choice should be based

on fundamental considerations, such as signal-to-noise

characteristics and the complexity of the sample. In

another earlier work, Winefordner and co-workers (#2)

concluded that at the present "state—of—the-art", the

vidicons and diode arrays would find only limited use

for atomic emission.

Since the previous MNS equipment was easily inter-

faced to a programmable monochromator system, and since

the single channel photomultiplier detector is less

expensive and more sensitive than other detectors, it

was felt that this method of multielement analysis would

prove to be the most advantageous. The design of such

a system necessitates the use of a dependable means of

wavelength determination (35). Dawson and co-workers

(“3) have constructed an instrument which employs an

electrooptical device to determine the wavelength ac-

curately. More recently, Malmstadt and Cordos (U4,U5)
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described a multielement system which employs an encoder

to track the monochromator. The encoder is a compact

device which fits easily inside a commercial monochromator

and produces electronic pulses as the drive chain is moved.

Due to the fact that the monochromator described in the

Malmstadt paper is the same make and model as that now in

use in the MNS, an updated version of the Malmstadt design

was found to be a viable method for MNS multielement work.

D. Methods of Sample Injection (Introduction)

Although sample injection is known to be extremely

important in achieving good analytical results, it has

not received the amount of attention that sources or

techniques have received. Obviously, poor injection will

result in low sensitivity and may provide a large source

0

cl unwanted noise. With recent advances in sources,

wavelength isolation techniques, background correction

techniques, and data acquisition systems, atomic spec-

troscopy may rapidly be approaching the point at which

the sensitivity of a determination is limited by the

process of sample injection. Therefore, it is important

to examine the methods of sample introduction for possible

incorporation into the MNS system.

Zynger (1,3) initially used a Beckman total-consump-

tion burner to create a liquid aerosol which was directed

a
,
"
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into a Veillon and Morgoshes (A) desolvation chamber.

This nebulizer was relatively inefficient and was re-

placed with a modified design. In spite of the improve-

ment observed in the emission, pneumatic nebulizers of

this type are inefficient, require large operating gas

flow rates and pressures, and in the case of the MNS,

partially cause optical noise problems (23,A6). For the

MNS, other introduction systems may prove more advantag-

eous.

Electrothermal atomizers, such as the various furnaces,

carbon rods, and loops or strips, have been extensively

employed in atomic absorption and atomic fluorescence

spectroscopy (#8). They offer the advantages of requir-

ing small sample volumes and performing pre—analysis

ashing and desolvation (47). In the case of the MNS, the

atomization step would reduce problems associated with

particle loss through the introduction system and remove

one energy requirement of the discharge. However, due to

the transitory nature of the atomized gas and the spark

discharge itself, as well as the large dilution effects

of the carrier gas, the inherent sensitivity of these

techniques would be low. A crude electrothermal graphite

braid atomizer has been studied as an introduction system

on the MNS with the predicted results (23).

Sample boats, sampling rods and microprobes are gen-

erally associated with flame analyses (U8). As is the
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case with the electrothermal atomizers, small volumes

of both solid and liquid samples can be analyzed by

placement of the sample container directly into the flame.

Unfortunately, the use of these injection systems with

the MNS would introduce the imprecision due to sample

placement and flame fluctuations, in addition to the

problems encountered with the electrothermal atomizers.

Chemical vaporization methods have been reported by

a number of authors (AB—51). The process is based on

volatile compound formation by elements in groups IVA,

VA and VIA, as they are exposed to suitable reducing agents.

The gases generated are swept into the source by a carrier

gas. In the case of the MNS, the technique may suffer

from problems similar to those of the electrothermal atom—

izers, and furthermore is limited to a few elements. On

the other hand, it provides an interesting way to determine

a group of elements which are generally difficult to de-

termine.

To reduce the time-consuming work involved in solution

preparation of certain difficult samples (geological,

metal, 233.), several researchers have developed rather

unique methods for solid sample introduction. Gilbert

(52) and Willis (53) suspended finely ground samples in

solvent mixtures for aspiration into flames. With finely—

ground samples, other workers utilized vibrations from

pulsating pistons or ultrasonic generators to create a

.' u?" .l‘.

i. i 1
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cloud of material which is carried into the source (U8).

Jones, gt al. (5A) and Fassel, _t_al. (55) reported a

rapidly moving arc sampler for use with solid metal sam-

ples. With the exception of the arc sampler, the solid

samplers would be difficult to interface to the MNS.

A large portion of everyday solution analysis is

performed with nebulizers which generate an aerosol from

the sample. In addition to that previously explained as

a part of the original MNS, two other nebulizers have

recently gained prominence. The crossed—flow nebulizer

described by Davies, §£.§l° (56) consists of two adjust-

able channels placed perpendicular to one another. As

gas is fed through the venturi and over the perpendicular

capillary, liquid is drawn into the gas stream and is

converted to a fine mist. The design permits easy inter—

change of various sizes of capillaries and venturis.

Valente and Schrenk (57) modified the design by using

stainless steel hypodermic syringes for gas and liquid

flow. Fassel and co-workers (58) simplified the crossed—

flow system and introduced glass capillaries in place

of the hypodermic syringes. They found that the flow

rate of gas necessary to operate the nebulizer efficiently

was as low as 0.8 i/min with a pressure of 25 psi. Re-

cently, Donahue and Carter (59) have further simplified

the use of the nebulizer by constructing the Fassel

design so that the capillaries are easily adjustable.
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In contrast to the pneumatic nebulizer which is based

on gas pressure, ultrasonic nebulizers generate liquid

aerosols through ultrasonics. Modern ultrasonic systems

employ radiofrequency generators in the range of 20 KHz

to 6 MHz to supply a piezoelectric transducer with suf-

ficient energy to create an aerosol from liquids placed

on the surface (A8). Although ultrasonic nebulizers are

much more complex than are pneumatic nebulizers, they

enjoy such advantages as producing smaller, more uniform

droplets of controllable size, and independence of aerosol

generation from the pressure and flow rate of the carrier

gas (EU). A number of ultrasonic nebulizer designs have

been reported in the literature (60—66). In addition,

several researchers have studied the performance of such

systems (67-70). Comparisons of ultrasonic and pneumatic

nebulizers have shown the former to be superior in all

cases. Recently, Fassel, _t _l. (A6) developed a well—

designed ultrasonic system for use with an inductively-

coupled plasma. This system is now available commercially

as a product of Plasma—Therm, Inc.

Due to their excellent performance and the ease of

interfacing the crossed-flow and ultrasonic nebulizers

to the MNS, these nebulizers have been examined as pos—

sible alternatives to the original MNS nebulizer.



III. SPARK INSTRUMENTATION

A. Introduction

The general, overall configuration of the present MNS

system is outlined in Figure 1, while Figure 2 is a photo-

graph of the instrument. The analyte solution is drawn

up to one of three possible nebulizers either through pres-

sure differentials within the nebulizer or by an external

peristaltic pump. The nebulizer produces a fine mist which

is directed into a heated chamber similar to that of Veillon

and Margoshes (A). There desolvation occurs and the result-

ing mixture is passed through a modified Friedrichs con-

denser to remove the solvent vapor. The dry salt particles

are swept through the analyte cone in the MNS housing and

along the inter—electrode axis in a laminar flow of argon

or helium. The secondary gap is continuously flushed

with tank argon. A high voltage power supply charges the

coaxial capacitor located at the top of the spark housing

to the breakdown potential of the system. Spark discharge

radiation is monitored by a photodiode-Darlington trigger

in the secondary gap and a spectrometer in the analyte

gap. The trigger pulse signifies the beginning of the dis-

charge to the gated integrator (or sample—and-hold) cir-

cuitry which is employed to time resolve the emission from

the MNS. In the analytical gap, the spark atomizes the
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salt particles and excites the atomic cloud produced.

Emission from the discharge is collimated to fill the en-

trance slit of a programmable monochromator and passed

to a gated photomultiplier tube. The signal obtained

by integrating or sampling the photocurrent is available

for direct output use by a recorder and oscilloscope, or

as an input to an analog-to—digital converter. In the

latter case, the digitized data are accessible to a mini-

computer. The minicomputer stores the data, performs

simple statistical calculations, and controls the mono-

chromator and the time-resolution electronics. Manual

control of the timing circuitry is also provided. A

detailed description of the MNS design is presented in the

following sections. Separate discussions are apportioned

to the introduction system, the spark housing and elec—

tronics, the data acquisition circuitry, and the mini-

computer. Optimum Operating oonditions and physical MNS

determinations are primarily left to Chapter V.

B. MNS Description

The present MNS source design was developed to increase

the spatial stability of the discharge, and to reduce

background emission fluctuations by decreasing the in-

fluence of the analytical gap on the breakdown potential

(28,31). An explanation of the MNS source can most
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conveniently be treated by dividing the system into two

sections. The physical description of the housing is

first discussed followed by the power supply and the spark

circuitry.

l. MNS Housing

Preliminary work on the design of a simple prototype

was performed by co-worker, S. Koeplin and myself. The

present design, shown in Figure 3, was independently

developed by S. Koeplin (72). The housing can easily

be separated into four main sections. They are from

top to bottom, the capacitor housing, the secondary gap

housing, and the analytical gap housing, which consists

of two pieces. The capacitor housing is similar to that

developed by Zynger (I). It is constructed from two

concentric copper tubes connected by a brass plate on one

end. The inner tube runs the length of the housing and

provides the ground connection to the bottom electrode

of the analytical gap. A solid aluminum cylinder covered

by a 0.02 in polyethylene sheath (Cadillac Plastics) fits

inside the inner copper tube to form the coaxial capacitor.

A high-voltage connector screws into the top of the alumin-

um cylinder to provide the electronic connection to the

power supply. The most recent design is 3-3/A in. longer

than that shown in the diagram and features a removable

capacitor for simplified maintenance and for quick
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Figure 3 . The MNS housing.
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interchange of power supplies.

The brass secondary gap housing supports a teflon

chamber with quartz windows and is similar in design to

that reported by Lantz (2A). Argon, monitored by a

Gilmont flow meter, continuously passes through the secon-

dary gap region. The discharge is formed between two 2%

thoriated tungsten electrodes (Union Carbide, Linde Div.).

A light pipe (Edmund Scientific), used to conduct emission

from the secondary gap to an optical trigger system, passes

through a teflon support in the brass housing, and butts

up against one of the quartz windows.

The brass analytical gap housing supports a rather

complex teflon gas flow system. The analyte stream from

the heated chamber passes into this system via one of the

male Swagelock fittings on the side of the unit. The

analyte stream is guided into the cone surrounding the

upper electrode and along the inter-electrode axis (note

bottom view of flow system). A port on the opposite side

of the unit is available for a sheath gas. If employed,

the sheath gas flow parallels the inter-electrode axis.

The length of the analytical gap is easily adjusted over

a 1.5 cm range by twisting the threaded brass rod which

extends from the bottom of the housing. A quartz lens

of 1.0 in focal length is set 1.0 in from the center of

the discharge to collimate the radiation produced. The

vertical height of the lens is adjustable and it is
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aligned with the gap following gap length changes. The

lengths of both gaps are accurately determined using a

reticle (Edmund Scientific) and an optical coupler develop-

ed by S. Koeplin (72).

2. Power Supplies and MNS Circuitry
 

To reduce the overvolting problems found in the

original MNS, a direct current (DC) power supply (Spell-

man, UHRlOPlOO, 10 mA at 10 kV) is employed in the present

system. To current limit the supply during the discharge,

a 1.0 Mg, 100 W carbon film resistor (American Component

Co.) has been introduced into the charging circuit. For

safety and RF noise reduction, the resistor is totally

enclosed in a plastic container, which in turn is sur-

rounded by a Faraday cage. Current is delivered to the

resistor and ultimately to the MNS coaxial capacitor via

coaxial cable (Beldon, RG 8/u) and Amphenol connectors

(82-8U3, 82-320). The DC supply has been found to produce

sparks at repetition rate more than an order of magnitude

higher than that found to be possible using the original

MNS pulsed supply. It is also possible to use the original

pulsed supply (Xenon Corp., A73A Nanopulser) by simply

changing the coaxial capacitor system to that compatible

with the supply. The pulsed supply needs no current

limiting resistor and uses RG 58 c/u (Beldon) coaxial

cable with appropriate Amphenol connectors (29100, 27025).
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A simplified schematic diagram of the MNS is present-

ed in Figure A. To obtain the power necessary for high

atomization efficiency and excitation energy, and yet use

a small-sized power supply, as well as to simplify the

time resolution process, the spark discharge should be

nearly critically damped. Equation 1 indicates the rela-

tionship between the equivalent circuit resistance, induc-

tance, and capacitance for such a discharge (76).

R 2/L/c (1)

For a more complete understanding of the present MNS dis-

charge, a semiquantitative solution to this equation is

useful. The calculation of MNS values for R and L are

presented in Appendix A. They are 210 Q and 0.3 pH,

respectively for a typical gap combination (secondary

= 3.0 mm, analytical - 3.0 mm) in an argon atmosphere.

The capacitance of the system has been found to be 350

pF (Chapter V, Section Bl.).

Using the previously calculated quantities, the right-

hand side of Equation 1 becomes 60 9. Since R was de-

termined to be 210 Q, the present MNS discharge appears

to be somewhat overdamped. However, these semiquantita-

tive calculations assume that the gap atmosphere is pure

argon, while in reality, the analytical gap contains water

vapor and some type of analyte(s) or analyte(s) and matrix
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which definitely change, and probably lower R and L (78,79).

Therefore, from the calculations presented, it is dif—

ficult to exactly determine the extent of overdamping

quantitatively. The true character of the discharge lies

somewhere between the overdamped discharge described, and

a critically damped discharge. Obviously, the use of

other gases in the gap will greatly affect the discharge

character by changing R and L.

The bridging resistor, RB (10 M0 or greater), is often

employed in the MNS circuit. It decreases the influence

of the analytical gap on the breakdown potential of the

system (31). With this resistor connected, the bottom

electrode of the secondary gap becomes a true ground.

Gap breakdown occurs when the voltage on the capacitor

reaches that amount necessary to initiate the discharge

in this gap alone. Upon discharge formation, current

passing through the resistor increases the voltage across

the analytical gap quickly and, finally, this gap begins

to conduct. During the period of time that the analytical

gap is conducting, RB presents a resistance which is too

large to affect the discharge appreciably. Bridging

resistors of this type are generally employed in classi-

cal double-gap sparks to stabilize the breakdown potential

and, thus, the total spark energy.
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C. Injection (Introduction) Systems
 

The modified Veillon and Margoshes (A) pneumatic

nebulizer performed well in use with the original MNS

system. On the other hand, coaxial-flow nebulizers are,

as is the case with most pneumatic nebulizers, somewhat

inefficient (A6). Furthermore, the large operating pres-

sure and flow rate become problems when interfacing this

nebulizer to the present MNS flow system. Walters (73)

stated that for flow systems similar to that employed in

the present MNS, stability decreased for flow rates above

0.6 A/min (a rather low flow rate to realize with any

nebulizer). However, the crossed-flow and ultrasonic

nebulizers described in this section perform efficiently

at flow rates much nearer those required for good sta-

bility.

A desolvation system developed by Veillon and Mar-

goshes (A) is employed with all three nebulizers to de-

solvate the sample. The apparatus, shown in Figure 5,

is constructed from a cylindrical, glass,heated chamber

and a modified Friedrichs condenser. The heat is supplied

by heating tape (Biskeat, 768W, Brisco Mfg. Co.) which

encompasses the chamber. At a Powerstat (Superior Electric

Co.) setting of 55 V, under nebulizing conditions, the

inside temperature of the chamber reaches approximately

160 °C. In the water-cooled condenser, 98% of the solvent

(water) is removed (1). The dry aerosol is carried to
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the spark housing through large bore tygon tubing. A

tapped teflon connector couples the tubing to the male

Swagelock fitting on the MNS housing.

1. Modified Veillon and Margoshes Nebulizer

For all MNS studies, Zynger (l) employed the modified

Veillon and Margoshes (A) nebulizer as diagrammed in

Figure 6. A teflon-coated stainless steel ball-joint

fits over the nebulizer and serves to seal it to the heated

chamber. Solution is directly aspirated into the heated

chamber. For original MNS use, normal operating conditions

were a tank pressure of 50 psi (3.5 kg/cm2), an argon flow

rate of 3.8 z/min, and a solution uptake rate of 2.5

mQ/min.

2. Crossed—Flow Nebulizer

Recently a crossed—flow pneumatic nebulizer has been

reported by Fassel, et a1. (58). A modified version of

that nebulizer,which was used in this work, is shown in

Figure 7a. Argon is directed through the horizontal

capillary (0.23 mm tip orifice) at flow rates of 0.8

z/min or greater (9a. 25 psi). Solution is drawn through

the vertical capillary (5 pi pipet, 0.28 mm 1.0.) and

nebulized into the aerosol chamber diagrammed in part b

of Figure 7. Although, the solution capillary used is
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Figure 6. Modified Veillon and Margoshes nebulizer.



 

  

 

   

We

 

j-\

H—SLEEVE
k .

SgLUTc'QS'LLARY SWAGELOK

INLET

 
 
  
 

 

~
1
—

  
   

   

 

TO HEATED

1- CHAMBER

. N

 

 

. ~32?“

DRAIN—> INLET

 
(b)

Figure 7. Crossed-flow nebulizer and aerosol chamber.

 



N2

convenient and simple to adjust, the solution uptake rate

is low (the original design employed a 0.25 mm orifice

diameter). To Obtain good results in the present design,

it is better to pump the solution through the capillary.

A peristaltic pump (Ismatec) Operating at 2.3 mA/min is

used to deliver the solution to the nebulizer.

The capillaries are secured by compressing two 0-

rings which are seated between a brass insert and a teflon

insert—Swagelock combination. Pressure is exerted on the

teflon insert by tightening the external female Swagelock

fitting. Optimum nebulization is Observed to occur when

the capillary to capillary distance is approximately 0.1

to 0.15 mm.

The aerosol chamber (Figure 7b) design has been des-

cribed by Fassel and co—workers (A6) for use with an ultra-

sonic nebulization system they developed. The design

minimizes the number of large droplets which reach the

heated chamber. The vaporization of such droplets cause

gas flow pulsations which can lead to source instability.

The aerosol chamber is easily interfaced to the heated

chamber via an 18/9 male-tO-male elbow.

3, Ultrasonic Nebulizer

A Plasma-Therm ultrasonic nebulizer (Model UNSl) has

also been examined as a nebulizer for the present MNS.

The design, presented in Figure 8, is extremely similar
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to that described by Fassel, _t_al. (A6). The piezo—

electric crystal is seated in a cylindrical teflon housing

which permits a constant flow Of cooling water to play

over the back face. Electrical connections to the crystal

are made through this chamber. Power is supplied by a 50w

radiofrequency generator of variable frequency (l350-1A00

kHz, see Figure 2). The analyte solution is pumped to the

crystal through tygon tubing, followed by 1.0 mm (i.d.)

polyethylene tubing, by a peristaltic pump (Ismatec).

The delivery tube is positioned extremely close to, but

not touching, the upper-center portion of the crystal face.

The carrier gas is introduced through a side-arm in the

drain tube to avoid flow obstruction by the condensed

aerosol. Normal Operating conditions include an incident

power of 15W, 1.0 to 1.25 Q/min argon flow rate, and a

solution delivery rate Of 2.3 mi/min. However, unlike the

nebulizers previously discussed, the ultrasonic nebulizer

functions acceptably at argon flow rates as low as 0.3

z/min or with helium as the carrier gas.

D. Data Acquisition Circuitry

1. Introduction

The MNS data acquisition circuitry consists of a fast

trigger, gated integrateaand-hold electronics (or sample-

and-hold), a computer interface, and a monochromator
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interface. The heart of the system is housed in a modi-

fied rack mount (Varipak, Elco Corp.) as six printed cir-

cuit boards which plug into a backplane bus. The six

mainframe boards are the delay scalar, the integrate

scaler, the analog integrate, the clock/initialize/sample—

and-hold, the primary computer interface, and the mono—

chromator interface. The Optical trigger, photomultiplier

gate circuitry, and a portion of the monochromator elec-

tronics are external to the mainframe. Power is supplied

by a commercial power supply (Power-One, Inc., HCBB-75W),

which provides +5 and :15 volts.

Figure 9 is a functional outline of the data acquisi-

tion system. As the spark discharges, emitted background

radiation from the secondary gap begins the timing sequence

when it strikes the Optical trigger. A pulse from the

trigger circuitry enters the delay scaler and gates on a

20 MHz clock. The delay time required can be varied in

0.1 us increments and is set either manually using rotary

switches (0.1 to 99.9 us), or via the minicomputer (0.1

to A09.6 us). Upon the completion of the delay period,

the photomultiplier gate returns all dynodes Of the photo-

multiplier (PM) tube to their full operating tube voltages

while either the sample-and-hold (S/H) or the gated inte-

grate-and-hold (GI/H) begin to receive the photocurrent.

If the S/H is selected on the front panel, the end-of-

delay pulse initiates the sample function, whereas if the
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GI/H is selected, integration begins under the super-

vision of the integrate scaler. User control of the

integrate scaler is equivalent to that of the delay

scaler. Amplification of the integrated signal can be

manually adjusted from a gain Of l to 100 in stages.

Both the S/H and the GI/H pass their analog signals to the

analog—to—digital converter (ADC). The GI/H signal is

also available from a remote monitoring connector. The

digital output of the ADC is accepted by the minicomputer

through the interface. Spectral scans or fast multiele-

ment data collection is also possible under computer con-

trol via the monochromator interface.

To understand the capabilities and limitations Of

the data acquisition system more fully, a detailed examina-

tion of the circuitry is warranted. The remainder of this

chapter is devoted to such an examination.

2. Timing Circuitry
 

TO accurately characterize the discharge, Observe early

spark emission, and achieve optimum analytical results, a

fast trigger and fast photocurrent measurement is neces-

sary. The Optical trigger, delay scaler, integrate scaler,

PM gate, I/H and S/H, combine to form a fast data collec-

tion network capable of examining the MNS. Since timing

is one of the central functions of the electronics and

is extremely critical to the quality Of the analytical
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results Obtained, the optical trigger, delay scaler, in-

tegrate scaler, clock, and PM gate are presented first.

The entire system was constructed within the sequencer

framework described by Crouch, 32 £1. (7“).

a. Optical Trigger
 

Studies of the MNS early in time require that the

timing circuitry consistently detect the spark immediately

after the onset of the emission. The original MNS relied

on high-frequency noise to initiate timing. This was

somewhat unreliable due to inconsistencies in the actual

time of formation of the discharge. Glass (23) used a

phototransistor (Til6A, Texas Instruments) to determine

the time of formation Optically in the manner shown in

Figure 10a. Although the phototransistor is a step in the

right direction, it is moderately slow (1.5 Us rise time)

when compared to the sub—microsecond time scale in which

theremaindercm‘the MNS electronics Operates.

Of the remaining optical triggers available, it was

found that only the photodiode was sufficiently fast for

possible application (1.0 ns rise time). These devices

have been employed in laser research for some time. Un-

fortunately, they possess low spectral sensitivities and

in stand-alone usage with the MNS, initial studies indicated

that the photodiode could not supply the necessary current

and voltage for direct interface to digital circuitry.
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To increase the photodiode signal strengths to workable

levels, fast video amplifiers are often combined with photo-

diodes. These combination units are commercially avail—

able, but are somewhat expensive and are easily ruined

by high—frequency noise such as that created by the MNS.

All attempts to construct a combination from discrete

parts and use it as an optical trigger failed in spite

of heavy shielding and other noise-reducing precautions.

The combination type Optical trigger was abandoned in

favor of the photodiode-Darlington circuit shown in Fig-

ure 10b. Emission from the secondary gap of the spark is

transmitted to the photodiode via an optical light pipe.

The A700 0 resistor to ground was chosen as a compromise

between the RC time constant of the circuit and the vol—

tage developed at the base of the first amplifying tran-

sistor. The use of greater resistance results in large

rise times due to the ApF capacitance associated with

the photodiode, while smaller resistances result in vol-

tages below the transistor threshold. In practice, the

photodiode-Darlington circuit produces negative-going

Spikes with fall times of less than 75 ns duration and

rise times of 200 ns. It has been found to perform well

with either argon or helium in the analyte gap and for

all gap distances examined. However, it fails when helium

is used in the secondary gap due to the low background

emitted by the discharge. In this case, the previously
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presented phototransistor circuit must be employed.

b. Delay Scaler

The delay scaler (Figure 11) and the clock (Figure

1A) combine to form the timing circuitry necessary to

delay integration or sampling of the photocurrent following

spark initiation. Figure 15 summarizes the timing func-

tions of the MNS electronics. The magnitude of the delay

time can either be set manually using front panel rotary

switches or via the minicomputer under interactive user

control. To ensure that the delay scaler is capable of

handling the high-frequency clock and that the propagation

delay through the timing chips is within reasonable limits

on the 0.1 us time scale, the timing circuitry has been

constructed from Schottky TTL integrated circuits.

The timing sequence begins as the external trigger

signal from the optical trigger signal sets an RS flip-

flop (7ASOO, gates 3 and A). This, in turn, gates on the

external 20 MHz clock via JK flip-flop l (7ASllZ-l). The

output of this flip-flop supplies the cascaded counters

(7A3161, 1-3) with 10 MHz clock pulses. The magnitude

of the delay selected by the user is contained in three

7Al6l binary counters. As the 7ASl6l counters are clocked,

the outputs Of both sets Of binary counters (7ASl6l and

7A16l, 1-3) are continuously compared by three 7A885

magnitude comparators. Upon completion of the delay
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Figure 11. The delay scaler circuit.
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period, i;§L, when the number Of clock pulses equals the

previously defined number, the comparators provide a high

pulse which either simultaneously starts the integrate

period and photocurrent integration, or directs the S/H

module to sample the photocurrent .

If the computer mode is selected, the 7Al6l counters

act as simple latches. The binary number to be loaded

into the counters is stored in the minicomputer Accumula-

tor (AC) and is presented to the counter data inputs through

the interface card. As the number appears at the inputs,

a computer timing pulse draws the load lines low to com-

plete the sequence. To assure correct loading, the clock

inputs Of the counters are held low by the Q output Of a

monostable (7A121—3).

Under manual control, it is necessary to convert the

decimal number set on the front panel rotary switches to

binary. To accomplish this task, a three stage operation

is necessary. First, the decimal information is con-

verted to a BCD encoded number through a hard-wired net-

work on the four-stage rotary switches. Next, this number

is loaded into BCD counters, and finally is "translated"

into binary. A monostable (7A121-1) loads the BCD informa-

tion into cascaded decimal counters (7Al90, 1-3), clears

the binary counters (7Al6l, l-3), and triggers monostable

2 (7Al2l-2) to begin the "translation" process. Mono-

stable 2 initiates the numerical conversion to binary
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approximately 0.A us following the previous end-of—delay

by enabling JK flip-flop 2 (7A5112-2). The 5 MHz clock

pulses are directed to the clock inputs of both sets of

counters simultaneously. As the decimal counters count

down, the binary counters count up. When the cascaded

decimal counters register zero, a ripple clock pulse from

the most significant counter disables JK flip-flop 2, and

the binary counters contain the binary equivalent of the

decimal number requested.

c. Integrate Scaler
 

User control of the integrate scaler (Figure 12) is

identical to that of the delay scaler. In Operation, the

integrate scaler is extremely similar to the delay scaler.

Computer and manual control of the timing is accomplished

in the same fashion. However, in the case of the inte-

grate scaler, the end-of—delay pulse starts the integrate

timer and the end-of—integrate pulse is bused to the analog

integrate card alone. The RS flip-flop (7ASOO, gates 5

and 6), associated with manual control, is set by a pulse

from the analog integrate circuitry following completion

of the hold period.
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Figure 12 . The i ntegrate so aler circuit.
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d. Photomultiplier Gate Circuitry

To protect the photomultiplier (PM) tube from the

excessive emission present early in the life of the spark,

Zynger (1) designed a TTL compatible PM gating circuit.

In the Off state, this circuitry reduces the voltage

difference between dynodes 2 and 3 Of the dynode chain

to 5 volts, thereby lowering the tube gain considerably.

In the on state, dynodes 2 and 3 are returned to their

normal 150 V difference, and the PM functions normally.

In the present system, this gate is controlled by the

end-of—delay and end-of—integrate pulses via an RS flip-

flop on the analog integrate card (Figure 13).

3. Analog Electronics

The analog portion Of the circuitry consists Of the

gated integrate-and-hold (GI/H) electronics on the analog

integrate card (Figure 13) and the sample-and-hold (S/H)

module on the clock/initialize/sample-and-hold card (Fig-

ure 1A). Since the GI/H is almost exclusively used in data

taking, it will be presented first and in greater detail.

The GI/H operates in three states. These states are

determined by the delay and integrate cards,as well as

timing chips on the analog integrate card itself, or the

analog-to-digital converter (ADC) on the primary computer

interface card. In state one, the delay state, FET l
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Figure 13. The analog integrate circuit.
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(IH5020, Intersil) is Open and FET 2 is closed. Thus, the

integrator is or is in the process of being discharged and

the PM output is "disconnected". In state two, the inte-

grate state, the end-of—delay pulse sets the two controlling

RS flip—flops (7ASOO, gates 2, A, 5, 6). The 0 output

of RS flip-flop l (gates 2 and A) opens FET 2, while the

Q output of flip-flop l closes FET 1. Integration Of the

photocurrent is now possible. State three is the hold

state. In this condition, the end-Of-integrate pulse

clears flip-flop 2 (sets 6) and opens FET l. The hold

time Of the integrated signal is determined by either mono-

stable 1 (when the system is under manual control), or the

ADC (when under computer control). If the manual mode is

selected, the hold time is varied by adjusting a 50 k0

potentiometer on the analog integrate card. To aid the

user in the adjustment, the 5 output of the hold mono-

stable is available at the side of the mainframe. In

the computer control mode, the ADC status line ends the

hold state. In either case, the falling edge of the

hold pulse triggers monostable 2 which closes PET 2 and

returns the system to the delay state.

The AlJ operational amplifier (Analog Devices), which

performs integration of the photocurrent, was chosen for

its low bias current (0.5 pA) and high input impedence

(10130). The A700 pF integrate capacitor is of a poly—

styrene, 1ow-leakage variety to permit long hold periods.
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The 5026 Operational amplifier (Teledyne—Philbrick) was

chosen for the high Open lOOp gain, high common mode re—

jection ratio and low offset voltage. The gain of the

amplifier circuit is selected manually and ranges from

a factor Of 1 to 100. However, FET switching transients

and non-linearity problems are Observed at high gains.

The output of the GI/H is available to the ADC and any

other external signal monitoring devices the user may

deem necessary. Generally, the output is connected to

an oscilloscope. However, a recorder (Heath SR255-B)

has also been employed. To smooth the output for re-

corder use, a second order passive filter (0.5 uF, 100-

A00 k0) is necessary.

The S/H module is a Datel SHM—2 selected for its speed

(acquisition time < 100 ns, aperature time < 10 ns). The

input to the unit is either the direct PM photocurrent,

or a voltage proportional to the photocurrent provided by

a Keithly A27 current amplifier unit. The end-Of-delay

pulse initiates the hold, and the ADC status line returns

the module to the sample mode. At present, only computer

control is possible. However, the circuitry is amenable

to simple modifications which would expand the output

capabilities to be equal to those available from the GI/H.

The S/H system is generally not employed in normal spark

usage due to imprecision Observed in the data caused

primarily by clock, computer and RF noise.
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A. Minicomputer and Peripherals

Computer control of the electronics and data acquisi—

tion is provided by a Digital Equipment Corporation (DEC)

PDP-8/e minicomputer. The core memory available is suf-

ficient to support an 08/8 Operating system and a complete

FORTRAN IV software package. In addition to the mainframe,

the system includes a DEC hard disk drive (RKO5), and a

Sykes dual flexible disk drive (model 7000) for mass

storage, a Decwriter or Decwriter II (DEC) for hard copy

production, and one of two possible interactive terminals

with display (Applied Digital Data Systems consul 980,

or Tektronix model A006-l) for communication.

The PDP-8/e minicomputer provides an external bus for

interfacing user—designed instrumentation to the system

(75). The DEC KA8-E Positive I/O Bus interface board

converts the internal omnibus Of the PDP—8/e to that of

an earlier DEC computer, the PDP-8/I which generates

external synchronization pulses, and provides direct access

to the Accumulator (AC) and to the Memory Data (MD) lines.

Where user-designed instrumentation is interfaced to the

computer, all programmed input/output (I/O) is accomplished

through the KA8-E Positive I/O board.
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5. Computer Interface

a. Introduction
 

Communication between the minicomputer and the MNS

data acquisition electronics is performed via a rather

lengthy communication network. Programmed I/O functions

are available from the KA8-E board through an external

Computer Interface Buffer (CIB, Heath Co.). The CIB is

patched into a transmitter/receiver (T/R) unit which per-

mits signal transfers over the 125 ft of distance between

the minicomputer and the MNS electronics (A7). The MNS

interface is, in turn, directly patched into the receiver

end of the T/R unit using standard 3A line ribbon cable

and printed circuit paddles.

The programmed I/O sequence is initiated through

execution of an I/O Transfer (IOT) instruction (75).

During the execution, MD bits 3 to 11 are monitored by

the Positive I/O Bus interface. Bits 3-8 carry the device

select code indicating which peripheral is accepting or

providing I/O. Interpretation of bits 9—11 by the KA8-E

board results in the generation of any combination of

three timing pulses (IOP). During an IOP pulse, the AC

input and output lines are active for data transfer to

and from the minicomputer. To complete the I/O process,

it is often necessary to indicate to the computer that a

peripheral is ready to transmit information to, or accept
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information from the AC. One possible method involves the

use of the skip (SKP) line provided by the KA8-E board.

Implementation of this method is performed by designing

the peripheral such that it sets a "flag" flip-flop when

it is to be serviced. The computer repeatedly strobes

the output of this flag via IOT instructions in a soft-

ware DO loop. When the combination of the flag and IOT

sequence is true, (iLQL, the peripheral is ready to be

serviced) the SKP line is asserted low and the computer

skips out Of the D0 loop. The instruction following the

SKP is generally another IOT instruction which transfers

numerical information from the AC to the peripheral or

vice versa. Data are passed from the MNS interface to

the minicomputer in this fashion.

b. Primary Minicomputer Interface

The MNS computer interface performs four tasks. Delay

and integrate times are passed from the AC to the ap-

propriate cards. Data from the ADC are passed to the

AC. The monochromator drive control is provided, and

movement of the monochromator is monitored. The first

two tasks are handled by the primary MNS interface and

will be presented first. The latter two are handled

by the monochromator interface through the primary inter-

The IOT

face and are discussed in the following section.

instructions for all interface functions are presented
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in Table l.

The MNS primary interface is shown in Figure 16.

Device select codes which appear on MD bits 3-8 are decoded

by the 7AA2 device decoders and the 7A02 NOR gates. Each

incoming bit is clamped to ground through a lNAlA8 diode.

The IOP pulses and the INITIALIZE pulse are squared up on

the interface paddle by an open collector NAND (7A38, not

shown). At the interface card, the signals are inverted

and again sharpened using 7AlA hex Schmitt triggers. The

IOP pulses and the device select pulses are combined by

AND gates (l—A) and NAND gates (l and 2) to initiate the

various interface functions.

The diode clamped AC out lines are directly connected

to the latches (7Al6l) on the delay and integrate scaler

cards via the MNS backplane bus.

In addition to control Of the delay and integrate time,

the computer accepts data from the ADC (Burr-Brown, ADCBOAG)

through the interface. The process begins with a convert

command from the analog integrate card (7A121-l) at the

end of the integrate state (this is also true when the

S/H is used). The ADC is configured to produce a digital

number in complimentary straight binary code for voltages

between 0.0 V and +10.0 V. After completion of the con—

version cycle, the status line Of the ADC sets a flag

(JK flip-flop, 7A76). During the conversion period the

minicomputer continuously performs a skip test and upon
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Table l. MNS IOT Instructions.

 

 

IOT Instruction Description

 

Primary Interface

 

6AA1 ADC Flag check (SKP test)

6AA2 Load Delay Scaler Counters

6AAA Load Integrate Scaler Counters

6A51 Clear ADC Flag

6A52 Gate Data to AC

6A5A Unused

Monochromator Interface

6A2l Clear Slew up Flag (Slew)

6A22 Clear Slew Down Flag (Slew)

6A2A Set Slew Flags (Halt)

6A3l Scan Oscillator Code

6A32 Set Scan Flag (Scan Up)

6A3A Clear Scan Flag (Scan Down)

6A6l Encoder Flag Check (SKP Test)

6A62 Unused

6A6A Clear Encoder Flag
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Figure 16 . The primary minicomputer interface circuit.
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finding the ADC ready, drives the 12 data bits into the

AC using 12 gated drivers (7A38, l-l2). Finally, the ADC

flag is cleared, and the data stored in memory for future

use.

c. Monochromator Interface

TO place the GCA McPherson monochromator (EU-700-77)

and controller (EU-700-32) under programmable control,

the interface shown in Figures 17 and 18 has been con-

structed. The monochromator interface (MI) receives all

computer commands through the primary interface. In turn,

the direction and movement commands are passed to the

monochromator via a cable—paddle combination which plugs

directly into the McPherson external bus.

In the scan mode, the system requires clock pulses

and a direction. Clock pulses are provided by the com-

puter at the maximum allowable rate of 200 Hz. The direc-

tion is selected by setting or clearing JK flip-flop l

(7A76). Slewing is initiated by providing a lo logic level

to either the slew up or slew down line as is the task of

flip-flops 2 and 3. To terminate the slew function, the

slew flip-flops are simply reset.

A transmitter/receiver couple (8Tl3 and 8TlA in Fig-

ure 18) are employed to pass the encoder pulses (indi-

cating drive train movement) over 75 0 coaxial cable from

the monochromator to the MI. Although the encoder pulses
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are available through the external McPherson bus, the

use of the separate, shielded communication lines appears

to reduce noise problems which seem to plague the system.

Outputs 1 and 2 of the receiver chip on the MI card are

respectively the up and down movement pulses. The 7Al32

Schmitt triggers sharpen the pulses prior to passing them

to the flag (7Al92). A positive skip test is indicative

of one encoder pulse which signifies one step (0.1 A

movement). Each step is added to a software counter which

monitors the progress of the movement.

6. Perspectives

Although the present electronics show definite improve-

ments over earlier designs, there is still room for some

major revisions. Rather than "tie-up" the minicomputer

exclusively for MNS use, it should prove advantageous to

interface the MNS electronic system to a microprocessor

(MP). A resident MP would eliminate the need for the

present complicated manual circuitry, and reduce noise

problems associated with the PDP-8/e. High level calcula-

tions could be passed to the minicomputer. The technology

necessary to multiplex several MP systems to the PDP-8/e

is available in this laboratory. Due to its similarities

to the present interface structure, the Intersil 6100 MP

system should prove to be the most advantageous choice.

With total MP control of the system, the reduction in
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the number of chips required to perform the timing function

should permit one to incorporate all timing electronics

into a one card network. This would reduce the complexity

of the MNS backplane bus and substantially reduce circuitry

noise.

Also included in timing considerations are the PM

gate circuitry and the photodiode-Darlington trigger system.

For early investigations in the life of the spark, it

should now be possible to design a faster PM gate which

could be enabled after small (<100 ns) delay times relative

to spark initiation. Physical and electronic modifications

to the photodiode-Darlington trigger system would increase

the reliability and decrease the fall time of the unit.

Another major group Of modifications applies to the

GI/H system. The FET switches have continuously been a

problem in achieving early spark investigations (due to

the on time) and especially in high signal gain work (due

to switching transient feed-through. Faster switching

systems are now available to combat early observation

problems. Furthermore, there has been some success in

reducing transient feed-through by employing compensation

circuitry which directs an equal spike of opposite voltage

into the analog channel during switching periods. To

further reduce analog noise problems, the ADC should be

on the analog integrate card, rather than on the interface

card. Finally, it would be moderately simple to replace
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the present follower with gain by a programmable ampli-

fier which would be under MP control.

Experience has shown that the present control of the

monochromator is somewhat unreliable. To improve the per-

formance, a more sophisticated control system should be

developed, such as a modern version of that devised by

Malmstadt and Cordos (A5). The encoder counting circuitry

conceptualized could take a form very similar to that

used for the delay and integrate scalers.

 



IV. MINIATURE SPARK SOFTWARE

A. Introduction
 

Within the past few years, dedicated minicomputers

have become a common sight in the analytical laboratory.

In addition to decreasing data reduction times, the

minicomputer has been increasingly applied to instrument

supervision. Such automation has been the key in dealing

with ever-growing laboratory work loads.

As a result of the recent tremendous upsurge in the

number Of resident minicomputers, and in response to user

demands, vendors have developed sophisticated software

Packages to accompany their hardware systems. Such operat-

ing systems bring programming and minicomputer-user com-

munication to a level that permits a high degree of ver—

satility and yet is easily understood. The Digital

Equipment Corporation (DEC) supplies the 08/8 operating

system to users of the PDP-8/e minicomputer. The system

supports up to 32K words of core memory and as many as

15 peripherals (80). It permits direct communication

through a console terminal and places a wide variety of

useful programs at the user's disposal. The library of

programs available provide the programmer with the

ability to create, debug, edit and execute programs

in a number of languages including PAL8, SABR, RALF,

78
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FORTRAN II, FORTRAN IV, and BASIC.

The choice of a programming language depends on a

number of factors such as core memory availability, mass

storage availability, the operating system, the complexity

Of the task to be completed, the initial programming time,

and the ease of program additions or deletions. In gen-

eral, calculations and input/output (I/O) are more easily

accomplished in a higher level language, 143;, FORTRAN II,

FORTRAN IV, or BASIC. On the other hand, for communication

between the minicomputer and user built instrumentation,

the use of lower level languages is mandatory. In the

cases where calculations and complex I/O are involved in

the completion of the task in addition to data collection

and instrument supervision, it is advantageous to create

a program which is a meld of a higher and lower level

language. Since the MNS software is an example of such

a case, it was necessary to examine FORTRAN II, FORTRAN

IV and BASIC, and compatible lower level languages for

possible use.

Although BASIC has much future potential, particularly

in the world of microcomputers, the programmer was un-

familiar with both the instruction set, and the process

involved in the incorporation Of a lower level language

into a BASIC program. Therefore, FORTRAN II and IV were

selected for system programming. Of the two, FORTRAN II

is the simplest language to use due to the fact that an
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assembly language (SABR) can be interspersed directly

into FORTRAN II programming. For this reason, the

original MNS software was written in FORTRAN II. On

thecmfimn~hand, in spite Of the fact that FORTRAN IV does

not permit the direct insertion of lower level codes,

there are some advantages to FORTRAN IV which makes its

use attractive. The advantageous features include the

following: the availability of logical variables, logical

IF statements, and Hollerith formats; improved calcula-

tion times, improved program execution times, a more

powerful library, and full ANSI compatibility (which

Offers the possibility of incorporating outside FORTRAN

IV software) (81). Thus, it was decided to convert the

existing MNS software to FORTRAN IV and create all remain-

ing programs in this language.

B. MNS Software Structure

The software prepared for the MNS system is divisible

into two separate units based on whether or not the avail-

able multielement capabilities are to be exercised.

GSPARK.FA, which is presented in Appendix B, was developed

for use when manual monochromator control is sufficient,

and the largest portion of the present spark data was

collected under the supervision of this program. For

complete spectral scans, and fast multielement analyses,

the main program, GSMLEL.FA (see Appendix B), was

3
:
"
"
m



81

created to collect MNS data and coordinate a series of

subroutines developed primarily by S. Koeplin (72).

l. GSPARK.FA and Associated Subroutines

All user interaction, final I/O, and calculations are

handled by the main program, GSPARK.FA. A flow chart

outlining the program is presented in Figure 19. Com— f

munication between the minicomputer and the MNS electronics

 

is accomplished by GSPARK calls to subroutines SET.RA A

and ADC.RA (Figure 20 and Appendix B) which are written

in RALF, the assembly language for FORTRAN IV. In SET.RA,

the portion Of the program titled "eight-mode code"

instructs the minicomputer to pass the magnitude of the

delay and integrate times selected by the user to latches

on the proper scaler card. Floating point numbers from

0.0 to A096.0 are acceptable to SET.RA. The correspond-

ing section in ADC.RA transfers digital data from the

analog-to-digital converter (ADC) to the accumulator

(AC) of the minicomputer. The user may average any

number of ADC conversions from 1 to A096 to form one

data point and may request up to 1000 data points for

each trial. A data point ranges in magnitude from 0.0000

to 1.0000 for ADC input voltages from 0.0 to +10.0 volts,

respectively. The number of significant figures in the

data is limited by the accuracy Of the l2—bit ADC. After

the completion of the data collection process, GSPARK
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calculates the average, the standard deviation, and the

relative standard deviation Of the data set. If the

user has indicated that the data collected are from a

blank, the computer assumes that the data from the pre-

vious trial were from a sample. The computer then per-

forms a subtraction of the two averages to yield the

signal minus background value. In addition, the signal—

to-noise (S/N) ratio is calculated,as well as a detection

limit factor (DLF). The DLF is a ratio of the Observed

S/N value to a S/N value of 2 (defined as the detection

limit). It provides information on the amount Of dilu-

tion that would be necessary to reduce the present analyte

concentration to the detection limit. The final results

of all calculations are provided on the console and as a

hard COpy. The value obtained for each data point is

also available to the user on the console only, as is a

total from the synchronization counter (see Figure 20,

ADC.RA). The counter is incremented each time the mini-

computer enters the data collection loop in ADC.RA to

find the ADC flag previously set. The counter value is

useful in monitoring MNS discharge frequency stability

and software-discharge frequency interaction. After all

output has been completed, the program is ready to re-

cycle at the user's discretion.
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2. GSMLEL.FA and Associated Subroutines

The general, overall structure of the MNS multi-

element software is outlined in Figure 21. This program

and the associated subroutines form the software portion

of the GCA McPherson monochromator supervision system.

The main program, GSMLEL.FA, provides all user inter—

action, final I/O, and calculations in a fashion similar

to GSPARK. GSMLEL operates in a scan or a slew mode.

If the scan mode is selected by the user, an entire

spectral region is temporally examined in preset wave-

length increments. The program requests the region

length (in A), the increment length (in A), the delay

time (in us), the integrate time (in us), and the number

of data points to be collected at each wavelength ex-

amined. Subroutine GSCAN.FA supervises the scan, timing

process and data collection through sequential calls to

SET.RA, SCNTO.RA and ADC.RA, respectively. The data col-

lected are stored in files which are preserved for future

inspection or plotting. Chapter V, Section E2 provides

an example of plotted results. A scan over AOOOA using

three different time windows requires approximately four

hours of scanning time.

If the slew mode is selected, the monochromator is

slewed between analyte lines for fast multielement work.

The main program requests the symbols of any combina-

tion of 10 possible elements (B, Cu, P, Ca(I), Ca(II),



86

 

GSMLEL.FA

 

 

 

SKLNFD.FA GSCAN.FA
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Figure 21. Software structure of the multi-element programs.
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C, Al, Mo, Si), the delay and integrate times, and the

present monochromator wavelength setting. GSMLEL sets

the delay and integrate time via SET.RA, then passes

the remaining information to SKLNFD.FA. This subroutine

calculates the number of monochromator steps and the

direction necessary to reach the first element selected.

It calls subroutine SLWTO.RA to begin the slew operation.

Due to the fact that the drive train does not stop im—

mediately upon termination of the slew, the termination

sequence is implemented 3.0 A prior to reaching the analyte

line. Uncertainty in the wavelength value due to noise in

the electronic monitoring system, and the large move-

ment rate make it necessary to determine the analyte wave-

length maximum by scanning over a small spectral interval

while collecting data averages of 1000 sparks per step

(0.1 A). SKSNAD.FA performs the search through calls to

subroutines SCNTO.RA and ADC.RA. Following the scan,

SKSNAD supervises the return to the maximum, and stores

both the average of 10,000 sparks and the wavelength value

in a common array. Control is then returned to SKLNFD

tO repeat the sequence for the next element requested.

Following the completion of data collection for the final

element, SKLNFD yields control to GSMLEL. The user is

subsequently prompted to replace the sample with the blank

and, after signifying completion of this task, the data

collection process is repeated. However, for the blank
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trials, SKSNAD uses the previously stored wavelength

maxima. Final calculations and I/O are performed by

GSMLEL. The multielement studies which employ this soft-

ware are discussed in Chapter V, Section F.

C. PerSpectives
 

It might prove interesting to examine the possibilities

of writing the MNS programs in BASIC, especially if micro-

computer control is tO be used. However, if the present

programs are retained, it is acknowledged that several

alterations would simplify and increase the efficiency

of the software. In terms of software additions, the

most obvious improvement lies in the expansion of the

multielement software to include the time of maximum

S/N for each element, as well as a larger elemental

repertoire. Improved electronics (see Chapter III, Sec-

tion D6) would eliminate the need for individually deter-

mining emission maxima during each multielement trial,

and thus, reduce the time of analysis. Finally, if

standard curves are recorded prior to sample analysis,

direct analyte concentrations could be reported to the

user.



V. MINIATURE SPARK CHARACTERIZATION

A. Introduction
 

The primary purpose of any analytical study involving

the design and construction of instrumentation is to

evaluate its use in sample analysis, and to understand

its basic nature to a degree which permits future im-

provements. In the case of the MNS, this entails an

examination of important electrical properties, plasma

diagnostics, and analytical findings. The following

sections are devoted to such an examination.

B. Determination Of Electrical Properties

1. Capacitance Determination

The capacitance of the coaxial cable and the coaxial

housing capacitor were physically measured through a

capacitance substitution procedure. The housing and cable

were placed in an RC circuit which consisted of a function

generator, operated at 100 Hz, a 1.0 MG resistor, and an

oscilloscope. The final value was obtained by matching

the housing and/or cable discharge curve to that of a

known capacitor. The determination yielded housing and

cable capacitances of 300 pF and 50 pF, respectively.

The capacitance can also be calculated from physical

89
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measurements of the length and thickness of the poly—

ethylene dielectric, and the radius of the inner aluminum

bar (82,1). The capacitance of the cable can be calculat-

ed from manufacturers' specifications. The values ob—

tained in this manner are 290 pF and A5 pF for the housing

and cable, respectively. Considering the fact that the

RC method in itself is accurate to pg. 10% (due to

capacitor tolerances and oscilloscope decay time measure-

ments), the capacitances determined using the two methods

are in good agreement.

The 350 pF total capacitance is a factor of 1.75

times larger than that employed in the original MNS.

Since the total energy consumed in a spark circuit is

1/2 CVC2 (where C equals the capacitance, and VC is the

total voltage on the capacitor), it was felt that the

increase in capacitance would partially compensate for

the decrease in V0 expected for the DC power supply

presently employed (as compared to the overvolting pulsed

supply).

2. Breakdown Voltage Studies

The breakdown voltage, in conjunction with the spark

capacitor, determines the total energy available to the

discharge. The magnitude of the voltage depends on the

instantaneous gap conditions at the time of breakdown.

Important factors include the gap environment (i.e., gas
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employed, presence of impurities, and application of

external radiation), and the electrode sizes, shapes,

composition, and temperature. Due to the fact that there

is a time lag between attainment of the breakdown poten—

tial, and formation of the discharge, the "true" break-

down voltage of any gap is realized only when the capaci-

tor is charged slowly (78,79). In the case of the

original MNS, the pulsed supply employed overvolted the

gap considerably. The DC supply currently used overvolts

much less.

The breakdown voltage Observed in the present system

varies with the secondary and analytical gap gas flow

rates, the gap length, and the DC supply voltage setting.

At low gas flow rates, the diffusion of air into the gap

region causes large breakdown voltages and erratic firing.

Excessive gas flow rates appear to increase the breakdown

voltage over that found for typical operating conditions,

probably by efficiently removing ions remaining in the gap

region from the previous spark. Gap length effects have

not been studied in detail, but limited observations

indicate that the relationship between the breakdown

voltage and the gap length is not a direct one. Experi-

ments conducted by researchers using needle-point elec—

trodes in an air atmosphere indicate that a complex rela-

tionship is not uncommon (78)-

The discharge frequency is also an important factor
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in determining the breakdown voltage. Figure 22 shows

the relationship between the Observed breakdown voltage

and the discharge frequency. The exponential-like decay

Of the curve at high frequencies supports the earlier

premise that ions may remain in the gap region long

after the end of spark life. As the DC supply voltage is

increased, the spark frequency increases, and the charg-

ing capacitor "sees" a lower resistance through an atmos-

phere which has an increased concentration Of ions.

Finally, it should also be pointed out that after

sharpening the electrodes, or beginning daily research,

the breakdown voltage will vary for several minutes,

until the electrodes have been conditioned.

3. Current Measurements

The electrical property which most directly determines

the plasma characteristics is the current. Therefore,

it is important to gain some knowledge of the current

magnitude and, how physical changes influence the cur-

rent.

The method chosen to evaluate the current involved

the use of a probe, designed by Glass (23), which directs

the current through a small piece of nichrome wire. The

spark current in this wire creates a voltage-time pro-

file which was monitored through an impedence-matched

attenuator by a Tektronix 56A storage scope equipped

 



93

 

  
 

300 I

qb

; 2.5 "

.3

g 0 .

q:

L“

1-3 0

O

>

z 0

3

O

Q

:C Ib

<

E
m 2.0 1»

1.5 e a c c : e : e L : c

0.0 1.0 2.0 3.0 “.0 5.0

Frequency (kHz)

Figure 22. Discharge frequency effects on the spark

breakdown voltage.

 



9A

with a fast sampling module and a camera. Voltage-time

profiles were recorded on film, enlarged, and digitized.

An example of such a curve is presented in Figure 23.

The current-time profiles were generated by S. Koeplin

(72) using a Runge-Kutta (83,8A) solution to the first

order differential equation which relates the voltage-time

profile to the current-time profile. This relationship is

expressed by the following equation:

V(t) = L(dI(t)/dt) + I(t)R + I(t)t/C, (2)

where I is the spark current and L, R, and C are the

nichrome wire inductance, resistance, and capacitance,

respectively. The capacitance was estimated to be in

the pico-Farad range (85). The resistance was accurately

Obtained by measuring the voltage drop across the wire

from a standard current. The value Obtained was 0.0792 9.

The inductance is more difficult to determine and is

important because it affects the results rather dramati-

cally. Indications are that the value lies somewhere

between 1 nH and 10 nH (86,87). A value in the center

of these extremes was chosen due to the fact that the

current profiles Obtained were consistent with the cir-

cuit calculations presented in Appendix A. Figure 2A

shows a typical current-time profile. Although the

profiles Obtained are probably close to the "true"
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profiles, it is best to use the results presented for

relative comparisons only. Table 2 summarizes the results

of the studies. The same dependence on the frequency

(DC supply voltage) found in the breakdown voltage

studies are suggested by the results of the helium trails.

Furthermore, it is evident that helium produces lower

currents than argon under similar conditions. The data

also demonstrate gap length effects and gap atmosphere

effects. It appears that water vapor increases the cur-

rent, as has been found to be the case with sparks in

air (78). It also appears that Glass (23) was correct

in his studies involving current observations in high

analyte concentration solutions. He stated that the

water vapor acted as a buffer which prevented large cur-

rent changes with analyte introduction. Finally, although

current profiles were not determined for the original MNS,

a similar one-gap system using the pulsed supply yielded

voltage-time profiles which appeared to be oscillatory

and which had an initial peak ca. three times that found

for the largest peak presented in Table 2.

C. Temperature Determinations

The plasma temperature(s) bear a more direct rela—

tionship to the observable physical properties of the

spark than the electrical parameters previously discussed.
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Table 2. Current Measurement Results.

Gap* Time of DC

Length— Maximum Maximum Supply

Sec.,Anal. Current Current Voltage

(mm) Atmosphere (amps) (ns) kV

3.“,2.0 He 17.8 26.5 b.0

3.h,2.0 He 23.7 22.9 3.0

3.0,2.0 Ar “0.1 30.1 U.0

3.0,3.0 Ar 52.5 26.5 b.0

u.o,2.o Ar 57.0 32.5 “.0

3.0,2.0 Ar “6.9 24.1 U.3

3.0,2 0 Ar, H2O vapor 55.0 26.5 “.3

3.0,2.0 Ar, H20 vapor 56.5 26.5 U.3

500 ppm Ca

 
 

*

No bridging resistor was employed in any trials reported.
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In fact, the temperature is the most vital parameter

governing the characteristics of a plasma (76). Four

possible temperatures may be used to describe a monatomic

gas plasma (143;, the electron, gas, excitation, and the

ionization temperatures). In the sections which follow,

the excitation and ionization temperatures are examined

for the present MNS.

l. Excitation Temperature

The excitation temperature describes the population

of various energy levels in the gaseous system. For a

Maxwell-Boltzmann distribution of atoms at some tempera-

ture, T, the intensity, I, of a spectral line produced

by transitions from energy level E2 to level E1 is given

by:

Cg2A2+

I = _-—T—_l exp (-E2/kT), (3)

where C is a constant, g2 is the statistical weight of

state 2, A2+l is the transition probability (Einstein

Coefficient), A is the wavelength of emission, and k is

the Boltzmann constant (1,76,78). For determination of

the excitation temperature, Equation 3 can be expressed

in a more convenient form.

E
I). 2

' ‘ 2.303kT (u)
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A plot of the left hand side of this equation versus E2

should produce a straight line with a slope that is pro-

portional to the excitation temperature. This method is

applicable with the constraints that self—absorption is

negligible, accurate transition probabilities are avail-

able, and the spectrometer exhibits a uniform spectral

response over the wavelength region used (88). The first

requirement is true for argon plasmas below 65003, and

the latter two are true if the correct series of argon

lines are chosen.

The slopes of the lines fitted to the data were cal-

culated by a least squares routine. Transition probabili-

ties for the spectral lines employed were reported by

Adcock and Plumtree (89). Table 3 lists the results of

the determinations, the results found for the original

MNS, and the spectral lines employed. Temperatures were

determined for several gap lengths with and without the

bridging resistor, and over various time intervals. It

is apparent from the values obtained, that the bridging

resistor does at least partially remove the analytical

gap from the circuit during the charging period. A

comparison of the data with those obtained by Zynger (l)

and Lantz (2U) supports the previous findings of a lower

discharge energy for the present system. Furthermore,

the temperature appears to decrease more quickly than was

observed by Zynger and Lantz. It is therefore expected
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Table 3. Discharge Excitation Temperatures.

Gap Orig.

Length- Time Spark

Sec.,Anal. Period Temperature Results

(mm) (us) (°K) (°K)

3.0,3.0 0.5-2.0 M8001U00 --——

1.0—3.0 HMOOtuOO ——--

2.0-5.0 uOOOinO M300

5.0-l0.0 3600:400 H700

10.0—15.0 3000iUOO “550

15.0-20.0 -------- 3800

3.5.3.0a 0.5-2.0 u500:u00

2.0-5.0 3700:“00

5.0—10.0 3000:UO0

14.5.3.0a 0.5-2.0 M6001u00

2.0—5.0 3800iu00

5.0-l0.0 3300:“00

 

 

aBridging resistor employed.

b
Single gap, pulsed supply.
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that the time window of maximum signal-to-noise for each

element will occur earlier in time and for a shorter

period of time than was found by previous workers.

Zynger (1) pointed out that the MNS resembles the micro-

wave plasma in argon reported by Taylor 33 a1. (90),

as far as the excitation temperature is concerned.

2. Ionization Temperature and Electron Density

The ionization temperature describes ionization

equilibria and is mathematically expressed by the Saha

equation (76). The following equation, derived from the

Saha relationship, relates the intensity ratio of an

ion-atom line pair of one element to the ionization

temperature. The equation states that:

g A A

log (I+/I) = - log Fe + log 2+1.

gA2+lx

SOHO + _ _

where "+" designates the ions, Vij is the apparent ioniza—

tion potential, which contains the partition functions,

Vq is the energy level from which emission occurs, and

Fe is the electron pressure (76,91). The electron pres-

sure is defined as:

N T

P = e , (6)

e 7.3ux1021
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where Ne is the electron density (76). In turn, the

electron density can be obtained from the half width of

the A8613 HB line which is subject to a linear Stark

effect (92). The relationship is:

N8 = C(Ne,T)AA3/2 . (7)

The coefficient, C, is slightly dependent on the electron

density and the electron temperature, and therefore, the

final value employed is an average over electron densities

previously reported for the MNS and over an electron tem-

perature range of 10,000 to 30,000 °K. The half widths,

AA, were obtained by scanning slowly over the HB line and

monitoring the emission intensity on a strip chart re-

corder. Ne values, determined under various conditions,

are presented in Table A.

With the electron density and the intensities of the

Ca ion (3933A) and Ca neutral (A227A) lines, the ioniza—

tion temperatures were determined through an iterative

technique. The results of calculations are presented in

Table A, together with other pertinent information. As

is the case with the original MNS, the ionization tempera-

tures are larger than the excitation temperatures de-

termined under the same conditions. However, the tempera-

ture differences observed in the present system are much

smaller than those found previously, which suggests a
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Table A. Discharge Ionization Temperatures and Electron

Densities.

Gap Orig. Sparkb

Length- Time Ne Ioniz. Ne

Sec.,Anal Period 3 Temp. 3 Temp.

(mm) (useC) (e/cm ) (°K) (e/cm ) (°K)

3.0,3.0 O.5-2.0 l.lleO16 55001600 .6x1016 --——

1.0-3.0 9.11x1015 5A001600 --__ --_-

2.0—5.0 6.7x1015 5200:600 .uxiol6 —---

a 16

3.5,3.0 0.5-2.0 1.3x10 51001600 —--— _-__

1.0-3.0 8.5x1015 ........ ---_ _---

14.5.3.0a 0.5-2.0 1.14x10l6 5200:600 -—-— -_--

1.0-3.0 9.1x1015 ———————— ---- _-__

2.0-5.0 5.7x1015 ........ ---- _-_-

2-15 6600

15-30 5150

5-10 6.1x1016 ---—

 
 

aBridging resistor employed.

bSingle gap, pulsed supply.
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plasma that is somewhat closer to a state of equilibrium

during the time intervals chosen. The large difference

between present and past findings is a further indication

that the present discharge is less energetic.

D. Introduction Systems

Analytical findings using the three nebulizers pre-

viously discussed are sufficiently unique to the present

flow systems and discharge to warrant a detailed explana-

tion. Each nebulizer will be briefly discussed followed

by a general comparison of the three. In addition to

the axial aerosol injection system described in Chapter

III, side introduction, as was employed in the original

MNS system, was also used. Normal operating conditions

for the nebulizers with both flow configurations are

presented in Table 5.

l. Ultrasonic Nebulizer

As was expected, of the three nebulizers studied,

the ultrasonic nebulizer produced the best results.

The detection limits found while using each nebulizer

are presented later in this chapter. For axial gas

flow, signal—to—noise (S/N) ratio studies at various

argon flow rates indicated that a maximum occurred in

the curve at ca. 1.25 fi/min, as is shown in Figure 25.



106

 
 

 

Table 5. Typical Operating Conditions for all Nebulizers

Studied Using Axial and Side Flow Configura-

tions.

Flow Flow Rate

Nebulizer Configuration or Tank

Pressure

Ultrasonica Side 2.0 i/min

" Axial 1.25 l/min

Crossed-Plow Side 35 psib

" Axial 30 psi

Modified V and M Side 50 psi

" Axial 25 psi

 
 
aIncident power equals 15 w, cooling H2O equals 2 gal/hr

Auxiliary gas flow of 1.0 R/min used.
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On the other hand, a plot of the signal minus background

value (data scaled for plotting convenience), as a func-

tion of the flow rate does not reach a maximum until 9a.

1.75 i/min argon. These facts, combined with detection

limit studies (which yielded poorer results than was

found for the original MNS system), suggested that a less

restricted flow configuration might prove beneficial.

The most convenient and well-researched design was the

side introduction system employed by Glass (23), Lantz

(2A), and Zynger (1). It was therefore decided to com-

pare the results of side introduction to those obtained

using axial flow.

Helium was also employed as a carrier gas in the

ultrasonic system. Figure 26 shows that the maximum

S/N value for helium occurs at 2.3 fi/min. The increased

optimum flow rate for helium over argon is not surpris-

ing considering the difference in density between argon

and helium.

2. Modified Veillon and Margoshes, and Crossed—Flow

Nebulizers

As Figure 27 clearly shows, both the Veillon and Mar-

goshes, and the crossed-flow nebulizers also exhibit a

S/N dependence on the carrier gas flow rate (a pressure).

For the Veillon and Margoshes nebulizer, the maximum

at 25 psi represents a pressure of about one-half that
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used for side introduction (past and present). Although

the average droplet size is only slightly affected by

this reduction, the amount of aerosol produced per unit

time is definitely smaller. For the crossed—flow nebulizer,

the maximum occurs at 30 psi. At low pressures, an

auxiliary gas flow (Figure 7b) improves the S/N ratio.

However, at high pressure, the added flow destabilizes

the discharges and reduces the S/N ratio.

3. Nebulizer and Flow System Comparisons

It is readily apparent from the detection limit data

presented later in this chapter that the ultrasonic

nebulizer produces superior results in both flow con-

figurations. However, the ultimate decision on which

nebulizer is to be used must take into account the sub-

stantial increase in complexity of the construction and

control of the ultrasonic nebulizer as compared to the

two pneumatic nebulizers. In spite of the increased

discharge stability observed for the axial flow con-

figuration, side introduction yields better overall

results. The ratio of axial to side introduction detec-

tion limits is approximately u.5:1. This difference

is partially attributed to the less restricted flow design

of the side introduction system. A redesign of the present

axial flow system, eliminating the sheath gas system

(since it is only desirable at low gas flow rates), and



112

increasing the entrance and cone orifices, may improve

axial results. However, there may always be an inherent

advantage to side introduction where particulate matter

is concerned.

In the case of the two pneumatic nebulizers, which

have efficiencies at least partially dependent on the

tank pressure, the differences observed between the two

flow systems are more dramatic. For the modified Veillon

and Margoshes nebulizer, the axial to side ratio averages

7.“:1. This ratio physically demonstrates the previously

discussed decrease in aerosol production per unit time

at the lower pressures required for axial flow. Initially,

it may seem surprising that the crossed—flow nebulizer

(axial to side ratio is 5.0:1) does not fare much better

than the modified Veillon and Margoshes nebulizer,

especially at the lower tank pressures (axial flow)

where it should be more efficient. The reason probably

lies in the present design. A smaller aerosol chamber,

an improved capillary adjustment system, a smaller

diameter solution capillary, and a better aerosol chamber

to heated chamber interface should improve the relative

results.
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E. Emission Studies

1. Background Emission Studies

The background radiation emitted by the spark, like

the temperature, provides some direct insight into the

nature of discharge. Furthermore, the time profile of

any optical noise in the background radiation emitted

primarily determines the ultimate detection limits

observed. Figure 28 is a time-resolved view of the emis—

sion of the present MNS using tank argon over a spectral

range extending from 2000A to 50003. From the diagram

it is relatively easy to observe the increase and de-

crease of emission from carbon (2A7BA - impurity in tank

argon), hydroxyl radicals (band head at 30643 — from water

impurity), the second positive band system of nitrogen

(band heads at 39773, 33713, 35761, 38051, u0591 - im-

purity in tank), oxygen (33701, 35173, 373ufi — impurity

in tank), and the group of argon lines used in the excita—

tion temperature determinations (A1503 - A3003) (93,9N).

In comparison to the original MNS, the findings here

again indicate a less energetic plasma. Very little

continuum radiation is observed in the present dis-

charge, while Zynger (1,3) observed a fairly strong

continuum which reached a maximum intensity in the 0.5-2

us time period. Furthermore, hydroxyl band emission in

the present system is observed to be present during the
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0.5-2.0 us time interval with maximum emission occurring

between 2.0 and 5.0 us, whereas in the original spark,

the time periods were found to be 5-10 us and 30—100 us,

respectively. It appears that for the present system,

maximum elemental emission should occur in the 2.0-5.0

us time period.

2. Analyte Signal-to-Noise Studies
 

The maximum signal-to-noise observed during any

analytical determination is dependent on a number of

variables, several of which are unique to the MNS system.

The effect of the delay period on the S/N ratio has been

previously explained. Figure 29 is an example of typical

curves. The figure also demonstrates one possible ef-

fect of an added matrix. The curve shown is that of the

calcium ion S/N ratio versus time with a five-fold excess

of aluminum added. Aluminum is a known calcium emission

depressant, and is thought to physically reduce the free

calcium concentration in plasmas (95). As would be pre-

dicted, the calcium ion curve in the presence of aluminum

is shifted to earlier times where the discharge is more

energetic.

As is expected, any gap changes which effect the

breakdown voltage produce a shift in the value and tem-

poral position of the maximum S/N ratio. For example,

calcium ion S/N ratios were simultaneously monitored

I".
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during the breakdown voltage studies of Figure 22. The

S/N curve parallels the breakdown voltage curve over

the entire range of frequencies examined. Furthermore,

the S/N maximum is shifted to slightly later times as

the breakdown voltage is increased and to earlier times

as it is decreased. These findings seem to apply to all

other previously discussed gap length and flow rate changes

as well. Another effect due at least partially to a change

in breakdown voltage is the shift of S/N versus time

maxima with changes in the carrier gas. Figure 30 demon-

strates the difference observed for atomic calcium in

argon and helium. The less energetic helium plasma shifts

the S/N maximum to 1.7 us from the 3.2 us value found in

argon.

One final factor which was also important in the

original MNS system is the gap observation position.

This is especially important at high carrier gas flow

rates. Zynger (1,3) found that with side introduction,

the emitting species may be blown away from the inter-

electrode axis. With axial introduction, the same

phenomenon is observed. However, in this case, the maxi-

mum S/N is found to occur near the cathode (lower elec-

trode).
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Figure 30. Temporal dependence of the S/N ratio for

atomic calcium on the gap atmosphere.
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3. Analytical Findings

The stability and detection limit information for

the present MNS system and for the original MNS is pre—

sented in Tables 6 and 7. Table 8 is a comparison of the

present detection limits to those obtained using other

spectroscopic methods (96). .

At low gas flow rates (0.6 fi/min), using axial intro-

duction, the precision has been improved by a factor of

2.6 over that found for the original MNS. Under normal

operating conditions (1.25 l/min), the factor is ca,

2. When side introduction is employed with the present

system the precision is similar to that obtained by

Zynger (1,3). However, the long term stability of the

present system is slightly worse than that obtained for

the original MNS.

The detection limits presented are defined as those

analyte concentrations which yield a S/N value of two.

The noise value used in the determinations was that of

the blank alone since small signal (total signal-back-

ground) values result in signal variances which are small

compared to those observed for the blank.

Figure 31 is a plot of calcium ion emission in ar-

bitrary units versus concentration. The calibration

curve is linear from the detection limit to 3a. “0

ppm Ca. The slope of the curve is 1.0“ i .05.
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Table 7. MNS Stability Information.

Flow

MNS Config. Precision Conditions

Present Axial 1.5% U2003 Ar line,

0.6 i/min flow

" " 1.9% 39331 Ca+, 1 ppm.

1.25 E/min flow,

ultrasonic nebu-

lizer

" Side 3.8% 39331 Ca+. 1 ppm,
2.0 i/min flow,

ultrasonic nebu-

lizer

Orig. Side 3.9% 32A7A Cu, 2 ppm.

3.8 E/min flow,

V and M nebulizer
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Table 8. A Comparison of the Present MNS Detection Limits

to Those of Other Spectroscopic Techniques.

 

 

 

Induct. Flame

MNS figfifiiif AAS AFS ABS

Element (ppm) (ppm) (ppm)

Ca 0.01 2.0x10'5 0.001 1.0x10“6 0.0001

Si 0.07 0.01 0.1 --- 5

B 0.1 0.005 6 --- 30

Al 0.15 0.002 0.03 0.005 0.005

P 0.2 0.0a ———- ----- 3

Cu 0.02 0.001 0.002 0.001 0.01
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1.0 10.0 100.0

CALCIUM CONCENTRATION (ppm)

Figure 31. (Calibration curve for calcium (ion at 393 A;

log-log plot).
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F. Multielement Studies

Table 9 summarizes the results of fast multielement

determinations performed by the hardware (Chapter III,

Section 50) and the software (Chapter IV, Section B2)

previously described. Solutions containing various

concentrations of Si, Cu and Ca were prepared by combining

stock solutions of each element. The monochromator was

set at 2A50A for each trial. The solutions were analyzed

by slewing to within 3.0K of each of the three analyte

lines (in the order shown in Table 9), scanning over the

line, and finally, taking intensity data at the line

Blanks were run at the wavelength maxima pre-maximum.

viously determined. The detection limits reported were

obtained from those concentrations of analytes which con-

sistently gave S/N ratios equal to two. The increase

in the detection limits observed are probably the result

of the electronic monitoring system which often times

slightly misses the analyte wavelength maximum. One

complete determination requires 10 min excluding solution

preparation time. However, since most of the time is

associated with manual tasks, a larger number of elements

can be determined without a substantial increase in the

total analysis time.
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Table 9. A Summary of Multielement Results.

 

 

 

Line Multielement MNS* Ratio of

DL DL Multielement

Element (A) (ppm) (ppm) DL to MNS* DL

Si 2516 0.2 0.07 2.9

Cu 3247 0.05 0.02 2.5

Ca(II) 3933 0.02 0.01 2.0

 

 

*

See Table 6.
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G. Real Sample Analysis

Table 10 summarizes the results of the semiquanti-

tative analysis of a non-toxic flame retardant sample

requested by a member of the Michigan State University

Chemical Engineering Department. The sample solution

was prepared by heating a 0.500 g of the sample powder

to boiling, and filtering the resulting mixture. Ap—

proximately one-third of the sample was insoluable in

hot water. The solution was diluted by a factor of ten

and analyzed for Na, Ca, Al, B, Si, P, and C using the

ultrasonic nebulizer, and side introduction. Although

it was predicted that B and Al would be present and none

was found, it is known that POM-3 and 003"2 are also

common anions in non-toxic flame retardants (97).
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Table 10. Flame Retardant Analysis Results.

 

 

 

Analysis 1 of

Element Lgfe Conc. Dissolved

Found ( ) (ppm) Sample

P 2535 10 i 2 10

C 2U78 7 i l 7

50H
-

\
J
'
l

Na 5896 50

 

 



VI. COMMENTARY

A. General Perspectives
 

Although the present MNS system has been shown to be

a viable spectrochemical instrument, there is still much

room for improvement. Suggestions for software and elec—

tronic modifications have been previously presented.

First in priority are modifications to the gas flow system

of the MNS housing. To provide the capability of employ-

ing secondary gap lengths over 5.0 mm, a larger gap chamber

should be designed which promotes spatial stability via

an axial stream of gas provided at low flow rates. Er-

ratio firing resulting from air leakage into the gap

region at low flow rates can be reduced by flushing the

inside of the brass housing (which supports the secondary

gap chamber) with the gas used in the study. Further

studies should be performed to determine whether the

axial flow system of the analytical gap can be improved

to the point that it can compete favorably with side intro-

duction in the area of detection limits. A less restrict—

ed axial flow system should improve results. Since it

appears that the sheath gas flow is unimportant except

at low axial flow rates (: 0.5 A/min), it might be ad-

vantageous to redesign the present analytical gap flow

system such that it provides a simple, direct flow from

128
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the heated chamber to the cone (which directs the gas

along the inter-electrode axis). It might also prove to

be beneficial to increase the size of the cone orifice

somewhat from the present 2.6 mm diameter. However, any

modifications should be tempered by the following rela—

tionship:

L a v/R, (8)

where L is the amount of analyte lost through an orifice

or constriction, R is the radius of curvature through

which the particle must travel to avoid impact with the

barrier, and v is the particle velocity (98). If the

modifications implemented do not result in attainment of

the detection limits sought, and the user is willing to

sacrifice spatial stability, a permanent side intro-

duction system should be designed. It might prove interest-

ing to perform electron microscope studies of the amount

of analyte reaching the gap per unit time for various flow

configurations.

Recently, as a logical extension of its use as a gas

chromatographic detector, the MNS has been investigated

as a liquid chromatographic (LC) detector (2A). Further

investigations are presently being conducted in this

laboratory. The major efforts include reduction of the

system dead volume, construction of an interface between
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the LC and the MNS nebulizer, and lessening of the effect

of high concentrations of organic solvents on the discharge.

Water has been successfully used as a solvent in MNS-LC

experiments (2A). However, organic solvents tend to ex-

tinguish the spark.

There are several important experiments to be performed

on the MNS which would further define the overall capa—

bilities of the system. It might prove interesting to

investigate the effects of using air or nitrogen as secon—

dary gap atmospheres. Furthermore, although the original

MNS pulsed supply does not appear to break down two gaps

well, no attempts were made with the bridging resistor in

the circuit. Such an experiment should be conducted in

argon and helium, and, if successful, emission studies

should be performed using this system. Finally, simplex

Optimization of many of the user-controlled parameters

discussed in Chapter V might prove beneficial.

B. Present MNS Capabilities
 

As was found to be the case with the original MNS,

the present source has been found to be an excellent

spectrochemical tool. It is felt that several significant

improvements have been made in the overall structure of

the MNS since it was first constructed. The present sys-

tem permits a ten-fold or larger increase in the rate of

data acquisition via the high voltage and digital/analog
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electronics constructed. This same digital/analog system,

when combined with the MNS software, and the fast optical

trigger, also provides increased timing accuracy, simple,

fast user-instrument interaction and rapid multielement

capabilities. Furthermore, the user has more direct control

over the characteristics of the plasma through variations

of such parameters as gap lengths, gas flow rates, DC

supply voltage, and, if necessary, two different atmospheres

in the analytical and secondary gap regions.

The axial flow system, described in this work, per-

forms as expected by improving the spark precision by a

factor of as much as 2.6 (to a value of pa. 1.5%, RSD).

However, in spite of the decrease in spatial stability

associated with side introduction of the sample, detection

limits for the latter method were found to be superior to

those found with axial flow.

As has been shown in this work, the present MNS

exhibits somewhat different characteristics than its pre-

decessor. It is felt that the present spark system, like

the original, requires more than one graduate career to

fully develop its analytical potential. It is hoped that

this work provides a sound basis from which to perform

future research toward this end.



APPENDIX A

Calculation of the Average Resistance and

Inductance During Typical Operation of the MNS
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This Appendix is devoted to the calculation of the MNS

average resistance and inductance. For information con-

cerning the high-voltage circuit discussed, see Figure A

and pages 33-36 of this Dissertation.

To simplify the calculations involved, it is neces-

sary to assume that the separate inductances and resist-

ances in the MNS circuit are directly additive (L=LL+LC+LA’

R=RC+RA). The total resistance for a typical gap combina-

tion (secondary = 3.0 mm, analytical = 3.0 mm) can now be

obtained from the following equation:

R=k—£,
(9)

where R is the total resistance, k is the Toepler constant

which is dependent on the atmosphere in the gap region, A

is the gap length, and Q is the total charge passed through

the gap (77). For argon, k is approximately A.0 x 10'“

Q/cm (77). The total charge, Q, can be calculated from

the product of the spark period (0.A ms) and the average

current (2.8 mA) supplied by the DC power supply. From

these data, R is found to be pa. 210 0.

The capacitance of the system is almost exclusively

provided by the cable and coaxial capacitor. The value

of the capacitance has been found to be 350 pF using the

discharge time method presented in Chapter V (Section Bl.,

Capacitance Measurement).
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The inductance is obtained through the use of Equation

10, which relates the current magnitude at any time, t, to

the circuit R, L, and C values as follows:

I = k(sinwt)(e-at),
(10)

where k is a proportionality constant,

w = (l/LC - Re/AL2)l/2, (ll)

and

a = R/2L (82,83). (12)

For an overdamped discharge, w2 is less than zero and

Equation 10 becomes:

I = k'(e8t - e-Btwe‘at , (13)

where the sin(iwt) was replaced by an equivalent expres-

sion, k' is a new proportionality constant, and

s2 = - 02 (83). (11)

Given the values of R and C previously determined, L can

be found if two current values, I1 and I2, at times tl
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and t2 are ratioed to eliminate k'. Although current values

are not directly accessible from the MNS data collected,

the ratio of the currents at two times is available from

the voltage-time profiles (Chapter V, Section B3), if the

curve is examined late in spark life (pa. 70-80 ns). It

is assumed that the inductance and capacitance of the ni-

chrome wire do not substantially affect the voltage ob-

served during this period, and thus, the voltage is

proportional to the current. This assumption is true

pply within the semiquantitative framework applied to

this problem. Using the ratioed voltage values, it was

possible to solve for L by iteration using a FORTRAN II

program executed on a minicomputer. The value of the

inductance was found to be 0.3 0H.
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MNS Software
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PROGRAM NAME: GSPARILFQ

DATE OF MDST RECENT VERSION: 9/2/78

PROGRAMMER: G. T. SENG

AT: MICHIGAN STATE UNIVERSITY

EXTERNAL ROUTINES CALLED: SET€RA. ADC.RA

PROGRAM FUNCTION: TO COLLECT TIME-RESOLVED EMISSION DATA

FROM TRE MNS AND PERFORM STATISTICAL

CALCULATIONS ON THE DATA OBTAINED.

USER.ENTERS BY PROMPT:

I. READING (IF DESIRED)

2. DATA READING (IF DESIRED)

3. DELAY TIME (F FORMAT) IN MICRDSECONDS

4. INTEGRATE TIME (F FORMAT) IN MICROSECONDS

5. NUMBER OF PTS. AVERAGED PER.DATA PT

6. NUMBER OF DATA PTS.

7. A BLANK? Y'OR N

PROGRAM'OUTPUTS:

A. BLANK8 N : VALUES OF DATA PTS., STANDARD DEVIATION.

RELATIVE STANDARD DEVIATION

B. BLANK= Y : VALUES OF DATA PTS.. STANDARD DEVIATION.

RELATIVE STANDARD DEVIATION. S/N RATIO.

DETECTION LIMIT FACTOR. SIGNAL - BACKGRD.

REFERENCE: G.T. SENG PR.D. THESIS. MICHIGAN STATE UNIV..

DEPT. OF CREM.. E. LANSING. MICR..1978.

*tBEGIN PROGRAM*¥

DIMENSION ARRAY(IOOO). READRIII)

BEGIN READING SECTION

WRITE(0.IO)

FORMATI' ENTER READING')

READ(4,15)( READR(M).M=I.11)

FORMAT(11A6)

WRITE(3.20)(READR(N).N=I.Il)

FORMAT(' '.llA6)

WRITE(3.40)

WRITE(3,45)

FORMAT( 1R0.25X. 'DEL INT NUMAV NUMDP')

FORMAT(IR .l5X,'AVERAGE'.IOX.’STANDARD
DEV'.8X.'REL STD DEV 8‘)

WRITE(0.55)

BEGIN DATA READING SECTION

FORMAT(‘ DATA READER? - YES=Y:NO=N’)

READ(4.60)DATR

FORMATIAG)

IFIDATR.EQ. 'N’)GO N 75

WRITEIO.56)

FORMAT(‘ ENTER READING')

READC4.65)(READR(I).I8l.ll)

WRITEI3.7O)(READR(J).J31.11)

FORMAT(11A6)

FORMAT(’ ‘.IIA6)

WRITE(O.80)

ENTER DELAY .INTEGRATE TIMES- DATA PTS. AV..'DATA PTS)

FORMAT(' DELAY TIME(F)".O)

READ(4.85) DELAYT

DELAYT=DELAYT*IO.

FORMAT(013.6)

WRITE(O.87)

FORMAT(’ INTEGRATE TIME(F)='.S)

READ(4.85) FINIT

FINITVFINIT*IO.

WRITE (0,90)

FORMAT(' POINTS PER DATA POINT(I)" .0)

READ(4,95) NUMAV

FORMAT(I¢)

VRITE(O.88)

FORMAT(' NUMBER OF DATA POINTS(I)".O)



100

110

115

120

175

180

185

195

200

210

215

125

130

135

140

145

150

155

160

165

170
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READ(6.95) NUMDP

MISSSO

CALL RALF RDUTINES TO SET ELECTRONICS CTRS. AND

CALL SET (DELAYT.FINIT)

CALL ADC(ARRAY.NUMAV.NUMDP.MISS)

SQSUM=0.0

DATOT=0.0

RSDEV=0.0

STDEV=0.0

ROUND DATA AND CALCULATE AVERAGE

DO 100 L=I.NUMDP

IN'INT(ARRAY(L)*IOOOO/FLOAT(NUMAV))

ARRAY(L)'FLOAT(IN/IOOOO.)

DATOT=DATOT + ARRAY(L)

CONTINUE

DATAV=DATOT/FLOAT(NUMDP)

CALCULATE STATISTICS

DO 105 K=I.NUMDP

DEV=0.0

DEV=ARRAY(K)-DATAV

SQSUM=SQSUM + DEV**2

STDEV=SQRT(SQSUM/(FLOAT(NUMDP)-1.0))

RSDEV=IOO*STDEV/DATAV

VRITEt0.125)

READ(4.130)BLANK

IF(BLANK.EQ.’Y’)GO T0 110

SDATAV=DATAV

SSTDEV=STDEV

VRITE(O.135)(ARRAY(I).I'1.NUMDP)

WRITE(O.140)DATAV

VRITE(O.145)STDEV

WRITE(0.150)RSDEV

WRITE(3.155)DELAYT.FINIT,NUMAV,NUMDP

WRITE(3.170)DATAV.STDEV,RSDEV

IF(MISS.GT.O)GO T0 115

WRITE(O.160)

GO TO 120

WRITE(O.165)MISS.NUMAV

IF(BLANK.NE.’Y')GO TO 175

SIGNAL=SDATAV-DATAV

STONR=SIGNAL/SQRT((SSTDEV**2)+(2*(STDEV**2)))

DLFAC=SIGNAL/(2.828*STDEV)

WRITE(3.205)SIGNAL

WRITE(3.206)STONR

WRITE(3.207)DLFAC

WRITE(0.205)SIGNAL

WRITE(0.206)STONR

WRITE(O.207)DLFAC

WRITE(O.180)

FORMATI' DO YOU WANT MORE RUNS MASTER? - YES'YINOIN‘)

READ(4.185)YKNAVE

FORMAT(A6)

IF(YKNAVE.EQ.'N')GO T0 215

WRITE(O.I95)

FORMAT(’ NEW READER? - YES'YINOSN')

READ(4.200)DIFRD

FORMATIA6)

IFIDIFRD.EQ.'Y’)GO T0 5

GO T0 50

CONTINUE

FORMATI' A BLANK? -YES'Y8NO=N')

FORMAT(A6)

FORMAT(1R ,5F13.4)

FORMAT(’ TRE AVERAGE" ,F13.6.5X)

FORMAT(’ THE STANDARD DEVIATION= '.F13.4.5X)

FORMAT(' TRE RELATIVE STANDARD DEVIATION' ’.F13.6.’ 5‘)

FORMAT(1R0.25X.F5.0.IX.F5.0.1X.I§.1X.14)

FORMATI' SYNC CTR ' O. NO FLAGS SET EARLY')

FORMAT(' SYNC CTR ' '.14.' FOR'.Ié.' SPARKS')

FORMATIIR .8X.F13.4.5X.F13.4.5X.F13.6)



139

205 FORMAT( ’ ' ,//. 10X. ’SIGNAL-BKGRD= ' .F'LQ)

206 FORMAT( ' ' .//.10X. 'SIGNAL/NOISE' .F7.2)

207 FORMATI ' ' .//.1OX. ’DETEC LMT FAC'IOR‘ ‘ .F7.2.///)

END
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PROGRAM NAME: GSMLEL.F4

DATE OF MOST RECENT VERSION: 9/6/78

PROGRAMMER: G.T. SENG, ALL NON GS.... SUBROUIINES

PREPARED BY S; KOEPLIN

AT: MICHIGAN STATE UNIVERSITY

EXTERNAL ROUTINES CALLED: SKLNFD.F4, GSCAN.F4, SET.RA

PROGRAM FUNCTION: To DIRECT SLEW AND SCAN SUBROUTINES

FOR MNS FAST MULTIELEMENI WORK AND

SPECTRAL SCANS.

USER ENTERS BY PROMPT:

) HEADING

I SCAN? - Y OR N

SCAN = Y - ENTER INIT WL(A), FNL WL(A), INCR

LENGTH(A), DEL TMS (UP To 5 MICROSEC), INT

TMS (MICROSEC) NUM DATA PTS, NUM DATA PTS AV

(4) SCAN = N (SLEW), ENTER EL, DEL TM, INT TM,

INIT WL - ROUTINE WILL PROMPT

**SIARI BLANK** - WHEN COMPLETE TYPE "0”.

FIRST 5 VARIABLES, 613.6 FORMAT - FINAL 2, 15 FORMAT

PROGRAM OUTPUTS:

(1) SCAN: DATA FILE ON DISK

(2) SLEW: DATA AVERAGES FOR ALL ELEMENTS, STATISTI-

A
A
A

“
M
I
-

CAL CALCULATIONS FOR ALL ELEMENTS AND BLANKS, S/N.

REFERENCE: G.T. SENG, PH.D. THESIS, M.S.U., 1978,

CHAPTER IV.

**BEGIN PROGRAM**

COMMON ELI-:MT (10)

COMMON DATA (10,4)

10 WRITE (0,20)

20 FORMAT (' SCAN OR SLEw - SC = SCAN, SL = SLEW .)

READ (4 30) CHOICE

30 FORMAT 2A6)

IF (CHOICE .EQ. 'SL') GO TO 90

WRITE (0,40)

40 FORMAT (1 ENTER - IN WL(A), FLWL(A), WL INC(A),

DEL TM (MS), INT TM (Ms), DAT PTS/AV,

NUM DAT AV 1)

READ (4,50) TIWL, FWL, WLI, DIM, TITM, NDPTS,

NDAV

50 FORMAT (5613.6 215)

CALL GSCAN (TIWL FWL, WLI, DTM, TTTM, NDPTS,

NDAV

60 WRITE (0,70)

70 FORMAT (1 REPEAT? - Y OR N 1)

READ (4 80) REPEAT

80 FORMAT (A6)

IF (REPEAT .50. 'Y') GO To 10

Go To 190

90 WRITE (0 100) F

100 FORMAT (3 ENTER - NUMBER OF ELEMENTS1AND ELEMcNI
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SUBPROGRAM NAME: GSCAN.F4
CALLED BY: GSMLEL.F4

DATE OF MOST RECENT VERSION: 9/6/78
PROGRAMMER: G.T. SENG, ALL NON-GS SUBROUTINES

PREPARED BY S. KOEPLIN
AT: MICHIGAN STATE UNIVERSITY
EXTERNAL ROUTINES CALLED: SET.RA, ADC.RA, SCNTO.RA
PROG. FUNC.: CONTROLS SPECTRAL SCAN SUBROUTINES FOR

MNS OVER VARIOUS TIME PERIODS.
USER ENTERS AFTER CALLING FRTS:

(FILE.DA /5, TO STORE WAVELENGTHS

(I; FILE.DA /5, T0 STORE WAVELENGTHS

2 FILE.DA /6. TO STORE DATA AVERAGES

PROGRAM OUTPUTS: DATA FILES ON DISK

**BEGIN PROGRAM**

SUBROUTINE GSCAN (TIV, FV, WI, DT, TOI, IDP, IDA)

DIMENSION ARRAY(1000)

IDIR = 0

WL = 0.0

NSTEP = INT((FV - TIv)/o.1)

IF (NSTEP .LT. o) IDIR = 1

NSTP = IABS(NSTEP)

IN = INT(WI)

I = NSTP/IN

CALL SET (DT, T01)

00 20 K = 1,1

CALL ADC (ARRAY, IDA, IDP)

DO 10 L = 1 IDP

IDAPT = INT(ARRAY(L)*10000/FLOAT(IDA))

ARRAY(L) = FLOAT(IDAPT/10000.)

DATOT = DATOT + ARRAY(L)

CONTINUE

DATAV = DATOT/FLOAT(IDP)

WL = TIV + WI

WRITE (5,30) WL

FORMAT (013.6)

WRITE (6,40) DATAV

FORMAT (G13.6)

CALL SCNTO (IDIR, IN)

CONTINUE

RETURN

END
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SUBPROGRAM NAME: ADC.RA
CALLED BY: GSPARK.F4
DATE OF MOST RECENT VERSION:
PROGRAMMERS: G.T. SENG, S.M.
AT: MICHIGAN STATE UNIVERSITY
NO EXTERNAL ROUTINES CALLED
PROGRAM FUNCTION: TO ACCEPT TOTAL NUMBER DATA PTS.

FROM GSPARK AND STORE DATA PTS.
GENERATED BY THE ELECTRONICS IN A
CORE MEMORY ARRAY.

THE ”8-MODE' CODE SECTION IS PRESENTED-
THE RALF SECTION MUST ACCEPT THE NUMBER OF DATA
POINTS AVERAGED, AND THE NUMBER OF AVERAGES AND PASS
THE INFORMATION TO THE 'B-MODE" SECTION
(NPTAV,NUMDPB). THEN, RETURN "8-MODE” DATA TO THE
GSPARK ARRAY VIA VARIABLE AR.

**BEGIN PROGRAM**

7/8/77

KOEPLIN, E.H. PALS

 

SKPAD 6441 /SKIP ON ADC FLAG

DRIVE 6452 /DRIVE DATA T0 AC

CLRFG 6451 /CLEAR ADC FLAG

FIELD1 #ADC

0 /SAVE RETURN

IOF /DONT INTERRUPT THIS CODE

CLA /CLEAR AC

TAD AR /PICK UP DATA FIELD

AND N7 /MASK

CLL RTL /M0VE T0

RAL /PROPER BITS

TAD N6201 /SKELETON CDF INSTRUCTIONS

DCA . +1 /SET TO EXECUTE

0 /AS IN LINE CODE

TAD . -1 /SAVE FOR FUTURE REFERENCE

DCA CCDF /ELSEWHERE

TAD NPIAV1 /SAVE THE NUMAV COUNTER

DCA NPTAV

152 AR +1

SKP

JMS SUB

152 AR +1

SKP

JMS SUB

Isz AR +1

SKP

JMS SUB

3MP CHECK

STR, CLA CLL

SKPAD /MISSED A POINT 7

JMP . +3 /N0, CONTINUE

ISZ MISSED /YES, INC. POINTER

CLRFG /DISCARD MISSED POINT



CHECK,

SUB,

CCDF,

SKPAD

JMP . -l

DRIVE

CLRFG

RAL

CML

RAR

CMA

TAD PRAD

DCA PRAD

SZL

ISZ MSWRD

JMP .-+2

HLT

ISZ NPTAV

JMP STR

CLA CLL

TAD N13

DCA% AR+1

ISZ AR+1

SKP

JMS SUB

TAD MSWRD

DCA% AR+1

ISZ AR+1

SKP

JMS SUB

TAD PRAD

DCA% AR+l

ISZ AR+1

SKP

JMS SUB

CLA CLL

DCA PRAD

DCA MSWRD

TAD NPTAVl

DCA NPTAV

ISZ NUMDPB

JMP STR

ION

CDF CIF 0

JMP% #ADC

¢

CLA CLL

TAD Nl¢

TAD CCDF

DCA . +1

4

CLA CLL

144

flCONVERSION YET 2

/N0, WAIT

/YES, GET IT

/CLEAR FLAG

/SET FOR INPUT

/COMPLEMENT MOST SIGNIFICANT BIT

/RESTORE TO PROPER POSITION

ACOMPLEMENT AC

/ADD PREVIOUS RESULT

/SAVE IT

/OVERFLOW 2

/YES, INC. MOST SIGN. WORD

/NO, CONTINUE UNABATED

/ ADDEND OVERFLOW 2

/D0NE YET 2

/N0, GET ANOTHER POINT

/PREPARE TO STORE A POINT

/NECESSARY FOR NORMALIZATION

/PUT 13 INTO EXPONENT

/MOVE POINTER TO NEXT LOCATION

/CHANGE THE DATA FIELD

/PICK UP MOST SIGN WORD

/DEPOSIT WORD 2 FORT. VARIABLE

/INCREMENT POINTER

/CLEAR STORAGE

/RESET COUNTER

/TAKEN NUMBER OF REQUESTED DATA PTS. 7

/N0, GET SOME MORE

/TURN INTERRUPT BACK ON BEFORE EXITING

/PREPARE TO RETURN

/GO BACK TO RALF MODE

/SAVE THE RETURN

/INCREMENT THE DATA FIELD

/SET TO EXECUTE AS IN LINE CODE
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JMP% SUB

/DEFINE THE NECESSARY'CONSIANTS

AR, 0000

0000

N7, 0007

N10, 0010

N6201, 6201

N13, 0013

Ave, 0000

0000

NPTAV1 , 0000

NPTAV, 0000

DPB, 0000

0000

NUMDPB, 0000

XMISS, 0027

0000

MISSED, 0000

PRAD, 0000

MSWRD, OOOO

 



146

SUBPROGRAM NAME: SET.RA

CALLED BY: GSPARK.E4

DATE OF MOST RECENT VERSION: 7/8/77

PROGRAMMERS: G.T. SENG, S.M. KOEPLIN, E.H. PALS

AT: MICHIGAN STATE UNIVERSITY

NO EXTERNAL ROUTINES CALLED

PROGRAM FUNCTION: TO ACCEPT DELAY AND INTEGRATE

TIMES FROM PROGRAM GSPARK.E4

AND PASS TO THE TIMING

CIRCUITRY IN PROPER FORM.

THE "B-MODE” CODE SECTION IS PRESENTED-

THE RALF SECTION MUST ACCEPT THE DELAY

AND INTEGRATE TIMES FROM GSPARK.F4, AND

PASS THE VARIABLES TO THE ”B-MODE” CODE SECTION

(DEL8 AND INTB) IN THE PROPER FORM.

**BEGIN PROGRAM**

OUTl 6442

OUT2 6444

FIELDl #SETB

/LATCH OUT DELAY TIME

/LATCH OUT INTEGRATE TIME

/LOAD THIS SECTION IN FIELD1

D /SAVE RETURN ADDRESS

IOF /TURN OFF INTERRUPT

CLA CLL

TAD DELB 2 /GET 1 WORD DELAY TIME

CMA /INVERT FOR PROPER TIME VALUE

0UT1 /LATCH OUT VALUE

CLA CLL

TAD INTB 2 /GET 1 WORD INTEGRATE TIME

CMA /INVERT FOR PROPER TIME VALUE

OUT2 /LATCH OUT VALUE

CLA CLL

ION /RESTART INTERRUPT SYSTEM

CDF CIF 0 /PREPARE FOR RETURN

JMP% #SETB /RETURN TO RALF MODE

DELB, 0000 /STORAGE-DELAY TIME

0000

0000

INTB, 0000 /STORAGE AREA FOR TIME

0000

0000
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