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ABSTRACT 

Inductively-Coupled Plasma Optical Emission Spec­

trometry (ICP-OES) is evaluated as method for the selective 

determination of several non-metals which emit light in the 

Vacuum Ultraviolet (VUV) region of the spectrum. In this 

study, emphasis is placed on those elements which are 

totally unobservable with standard techniques or have very 

we a k em iss ion 1 in e sin the UV - V I S reg ion 0 f the s pe c t rum. 

The sensi tivi ty and accur acy of the appara tus and methods 

devised allows the determination of empirical formulas of 

gas chromatographic effluents. 

The results of this study indicate that the 

background emission of the ICP in the VUV is low level and 

nearly constant over the entire spectral region investi­

gated (125 - 185 nm.). Promising analytical lines for 

oxygen, nitrogen, chlorine, bromine, and carbon are also 

observed in this region. 

A progression of four experimental configurations 

were constructed, employing a purged optical path and a 

unique coolant tube design. The last of these 

configurations has the capability of spatial resolution of 

individual portions of the discharge so that emission maps 

and profiles could be constructed. 

xv 
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The results of the maps generated indicate that the 

region of highest emission intensity is always centered in 

the discharge. However, the vertical position of this 

region is found to be dependent upon r.f. power and argon 

flow rates. 

Detection limits in th~ low nanogram region are 

observed for each non-metal. The dynamic range for each 

element is in excess of 10 4 and the selectivity ratio 

versus carbon is above 100 in each case. A method was 

developed for determining the elemental composition of the 

effluents of a Ge. Using internal standards, the method is 

independent of the weight of each component eluted thus 

sampling errors are eliminated. The average relative 

errors in multielement analysis are 0.89 %,0.75 %, 2.1%, 

0.55 %, and 0.64 % for the percent carbon, oxygen, 

nitrogen, chlorine, and bromine, respectively. 



CHAPTER 1 

INTRODUCTION 

Elemental analysis by atomic emission spectroscopy 

has been a useful technique since its inception by Bunsen 

and Kirchhoff <1861> and an acceptable method for routine 

analysis for more than three decades (Rumires-Munoz, 1971>. 

Many different sources have been employed to provide the 

thermal energy necessary to vapor ize, atomize, and excite 

the analyte species. The most commonly accepted source is 

the chern ical flame. However,'i t is char acter ized by 

several flaws which have lead to the search for a more 

ideal spectroscopic source. 

The ideal source should provide among other things 

sufficient thermal energy to completely atomize.all analyte 

compounds of interest and electronically excite all 

elements atomized. It should also provide an environment 

which prevents the formation of refractory compounds and 

provides a long residence time to allow multiple excita­

tions and emissions for each atom. One source which 

closely fills these requirements is the inductively coupled 

plasma (ICP). 

The inductively coupled plasma is an electrical 

discharge which has an intensly luminous teardrop 

1 
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appearance. The plasma is supported by a flow of argon in 

a vertical arrangement of 3 concentr ic quartz tubes known 

as the plasma torch. The energy necessary to sustain the 

discharge is induced by a copper coil surrounding the outer 

tube and carrying a high frequency oscillating electric 

current. The oscillating magnetic field created by this 

current generates eddy currents which flow in closed 

circles around the axis of the torch assembly. Resistance 

to the eddy currents result in Joule heating and subse­

quently the ionization of the argon forming an annular 

plasma core. Greenfield, Jones, & Berry (1964) have 

estimated the thermal temperature of the plasma core to be 

between 12,000 and 15,000 oK while Kalnicky, Kniseley, & 

Fassel (1975) have estimated the thermal temperature of the 

hole at the center of the annulus to be about 5,000 OK. 

The residence time in a typical plasma discharge has been 

determined to be about 2.5 ms. (Scott et al., 1974). An 

illustration of a plasma torch is shown in Figure 1 

depicting the relative positions of the discharge, load 

coil, and plasma torch assembly. Three individual argon 

gas supplies are required to support the discharge. The 

coolant gas flows in a tangential manner providing a cool 

sheath of gas around the discharge to prevent the outer 

tube from melting. The sample gas transports the analyte 

into the plasma by punching a hole in the bottom of the 

discharge. The plasma or auxilIary gas is sometimes used 
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Figure 1. Inductively Coupled Plasma Torch. 
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to raise the plasma off of the 2 inner tubes of the torch 

assembly. 

Reed (1961) was the first to investigate the use of 

a high frequency inductively coupled plasma and employ it 

to grow high purity crystals. Later, Greenfield, Jones, 

and Berry (1964) modified Reed's design to use the plasma 

as an excitation source for atomic emission spectroscopy. 

They reported the absence of matrix effects usually 

associated with chemical flames. Since then numerous 

investigations have shown that the Iep can be superior to 

other emission sources in analytical situations (Green­

field, McGeachin, & Smith, 1976; Boumans, 1977; Barnes, 

1978) • 

The Iep has been used in many laboratory 

conf igura tions. It has developed into a sensitive method 

for the simultaneous multielement analysis of metals in 

solution (Scott et al., 1974; Boumans and de Boer, 1975; 

Greenfield et al., 1968). The rep has been used in the 

simultaneous determination of 15 wear metals in lubricating 

oils (Fassel et al., 1976). The plasma has been used as a 

sample cell in atomic absorption spectrometry (Wendt & 

Fassel, 1966) and in atomic fluorescence spectrometry 

(Montaser & Fassel, 1976). 

Windsor (1977) was the first to investigate the use 

of the Iep as a gas chromatographic detector. Empirical 

and molecular formulas of a variety of hydrocarbons were 
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determined with high precision as they eluted from the 

column using simultaneous multielement analysis. These 

studies were limited however, to compounds containing only 

ca rbon, hydr ogen, and a few metal s and left the mul ti tude 

of organic compounds inaccessable due to the absence of 

analytically useful emissions in the visible or ultraviolet 

region of the spectrum. Brown & Fry (1981) have 

investigated the use of the rcp as a GC detector for the 

near inf~ared emissions of oxygen but the sensitivity of 

these lines (0.65 ug) appears to be insufficient for the 

majority of gas chromatographic separations. 

According to wavelength tables there are many 

atomic emission lines from elements which do not have very 

many or very strong lines in the ultraviolet-visible region 

including oxygen, nitrogen, bromine, chlor ine, and sulfur 

(Striganov & Sventitiski, 1968; Zaidel et al., 1970). 

Kirkbr ight, Ward, & We st (1972; 197 3) have studied the rcp 

excited emission from sulfur, phosphorus, iodine, arsenic, 

selenium, and mercury at wavelengths as short as 170 nm. 

Analytically useful emission lines from each of these 

elements were observed in the vacuum ultraviolet (VUV) 

however, it appears that no examination with an rcp at 

wavelengths shorter than 170 nm. has been reported. 

The purpose of this study was to investigate and 

evaluate the rcp excited emission of non-metals in the VUV, 

viz., oxygen, nitrogen, chlorine, bromine, and carbon. 



6 

Several novel torch designs were used to study emissions 

between 125 and 185 nm. Studies were performed on the 

effect of power and flow rate on the character of the 

plasma. Emission maps and profiles were constructed for 

each element. working curves for gaseous, aqueous, and 

liquid organic samples were prepared. Finally, an 

evaluation of the rcp as a element selective GC detector 

for these elements was made. Selectivity ratios and 

relative response ratios as well as empirical formulas for 

a variety of oxygenated, nitrogenated, chlorinated, and 

brominated compounds were determined. 



CHAPTER 2 

INSTRUMENTATION 

The ICP system is composed of several major 

components: a radio frequency power supply, a plasma torch 

assembly, two monochromators with associated transfer 

optics,and detector systems which include a microcomputer 

for operational optimization and data aqusition. A diagram 

of the entire system is shown in Figure 2. 

Radio Frequency Power Supply 

The radio frequency power supply consist s of thr ee 

major components: the exciter unit which generates a 27J2 

MHz signal at low power, a Collins Radio (Cedar Rapids, IA) 

204C-l lrinear power amplifier which boosts the low power 

signal to several kilowatts, and an impedance matching 

network which efficiently couples this electric current 

into the plasma discharge. 

The exciter unit and linear power amplifier built by 

David Heine in this laboratory are described previously 

(Heine, Babi s, Den ton 1981). 

Impedance Matching Network 

The rna tching ne two r k was used to couple the energy 

produced in the linear power amplifier into the argon 

7 
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plasma. This was done by matching the impedance of the 

50 ohm output of the linear amplifier to the low impedance 

(-1 ohm) of the load coil. 

The matching network rests on an aluminum carriage 

which rolls along the optical axis of the vacuum monochrom­

ator. Schematically shown in Figure 3, the matching 

network was powered via a 4 meter length of Plastoid Corp. 

(New York,NY) RG 17 A/U coaxial cable which was shielded 

with a 3.6 meter length of 33 mm. i.d. flexpipe and 

terminated with a Technical Materials Corp. (Mamaroneck, 

NY) PL 135 connector on the linear power amplifier end. At 

the output end, the ground braid \laS peeled back 40 cm. and 

soldered to hold a 10-32 machine screw. This screw 

attached the braid to the capacitor ground plate by a 30 

cm. length of 0.4 mm. x 13 mm. nickel plated copper str ip. 

The 2 vacuum variable capacitors, adjustable between 5 and 

750 pf and rated at 5000 volts, were mounted on a block of 

nickel plated brass ( 6.25 mm. x 165 mm. x 102 mm. ). This 

bloc k is the ground r epr esented in Figur e 3 and wa s water 

cooled with a 25 cm. length of 6.25 mm. ode copper tubing 

silver soldered to it. The ceramic standoffs of the 

capacitor moving motor assemblies raised the capacitors 3.8 

cm above the carriage on which the entire assembly rested. 

The top plate of the carriage also held a 3.7 cm. 

x 15.2 cm. x 9.8 cm. plexiglas block which held the load 

coil in place as well as the torch base assembly. The load 
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coil was a 50 cm.length of 3.12 mm. ode copper tubing with 

a 26 mm ide 2 1/2 turn coil in the middle. The coil was 

held in the plexiglas block with four 25.4 mm. diameter x 

3.12 mm. thick teflon wafers. Each turn of the coil was 

separated from the next by approximately 2 mm. Each end of 

the load coil was attached to a capacitor top with 2 

Crawford Fitting Co. (Solon, OH) swagelok adapters #200-R-

4. Electrical contact to each capacitor top was made with 

a 78 mm. o.d. x 45 mm. i.d. x 15 mm. thick brass ring, each 

with a coil of 6.25 mm. ode copper tubing which was silver 

soldered to it. Cooling water was pumped in one capacitor 

top, through the load coil, and through the other capacitor 

top. To insure electrical insulation, Gould Inc. (Chicago, 

IL) Poly Flo 44 P-1/4 polyethylene tubing runs to and from 

the capacitor tops. The bottom of the carriage was used to 

hold the capacitor motor circuitry. A schematic of this 

electrical circuit is illustrated in Figure 4. 

~ Housing 

The metal enclosure containing the ICP torch and 

matching network was mounted directly to the vacuum 

monochromator chassis (Figure 5). The base plate of the 

housing was an aluminum plate 25.5 cm. x 66 cm. x 9 cm. 

thick with races milled to hold three 9 mm. diameter ball 

bearings which allowed the carriage to move back and forth 

along the optical axis of the vacuum monochromator. 
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The base also has a 100 mm. diameter hole directly 

beneath the plasma torch to allow access to the torch and 

accessories. The frame of the 25.4 cm. wide by 66 cm. long 

by 61 cm.high housing was In angle iron tapped to hold the 

sheet metal panels and hinges for the doors. A 150 mm. 

diameter chimney allowed the hot gases from the plasma to 

be swept into a hood. Argon rotometers and the capacitor 

control toggle switches were mounted on the front panel as 

were the power switch and the Tesla coil control. The 

Electro Technic Products (Chicago, IL) BD-IO Tesla coil was 

mounted on the bottom of the base plate of the housing near 

the 100 mm. access hole with a large hose clamp. A lead 

from the coil was attached to the plasma gas fitting on the 

torch base assembly. Three Thermacote Co. (Pasadena, CAl 

11.3 cm. x 13.3 cm. grade TIOH welders glass panes were 

mounted in the front door to allow observation of the 

plasma while in opera tion. A hole in the rear panel 

allowed UV-VIS observations of the plasma with a second 

monochrometer. 

Torch Mount ~ Torch Base Assembly 

The torch mount consisted of a 8 cm. x 12 cm. x 2.4 

cm. block of plexiglas with a 38 mm. hole to hold the torch 

base. This plexiglas block slides in a dovetail joint on 

the load coil holder block and allowed the positioning of 

the torch base relative to the height of the load coil. 
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The torch base assembly originally developed in 

this laboratory ( Windsor '78 ) has been modified several 

times to reduce its size and cost of construction (Figure 

6). Torch base A was used in all studies presented herein 

while base B was designed for use in a Jarrell-Ash 

(Newtonville, MA) rcp 5000. The major components of the 

assembly are made of plexiglas. The collars for spacing 

the o-rings are teflon and the sample tube tightening 

collar was Kel-F. The gas inlets were Crawford Fitting Co. 

Swagelok fittings #400-1-2 turned down and threaded to fit 

into the 1/4-20 holes in the assembly. A 10 cm. diameter 

polyethylene washer lays on the top of the assembly to 

pr even.t photodegrada tion the top of the assembly. 

Torch Quartz 

The various pieces of quartz used in the torch base 

are seen in Figure 7. The sample tubes k & 1 are both 17.5 

cm. long and 6 mm. o.d. Tube 1 was used predominantly for 

character ization studies and on work with the gas chromato­

gr aph. Tube k was used in conj unction with the Babington 

nebulizer. The nebulizer tube configuration was necessary 

due to the fact that tube 1 would clog with condensed 

aerosol readily while tube k precluded this. The quartz 

piece labeled e is a standard plasma tube with a length of 

7.8 cm. The bell portion of the tube is 15 mm. o.d. while 

the stem of the tube is 12 mm. o.d. The bell shape has a 
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Figure 6. Detailed Drawing of the Demountable Torch Base 
Assemblies.--Assembly used in the present work 
(a), assembly designed for Jarell-Ash rep 5000 
(b), cross-hatched components are teflon and 
shaded pieces are Kel-F. 
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F i gu r e 7 0 Tor c h Qua r t z • - - Ext end e d cool ant tub e ( a) , 
extended coolant tube with side-arms (b&c), 
standard length coolant tube (d), plasma tube 
(e), collar (f), extended 'bell' collar (g), 
spiraled spacers (h,i&j), sample tubes (k&l). 
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dual function. It prevented the spiral collar which forms 

a tangential flow from slipping off due to the pressure of 

the coolant gas. It also compressed the thickness of this 

tangenti al flow so that it extends only 1.5 mm. from the 

coolant tube as it enters the excitation region. Tube d is 

a standard coolant tube used at wavelengths greater than 

180 nm. or at vacuum ultraviolet wavelengths when used in 

conjunction with the vacuum 'bell' collar, piece i. Its 

1 eng t his 7.8 c m.' wit han o. d. not gr eat e r th an 2 0 .5 m m. 

Tube a is an extended coolant tube whose length is at least 

130 mm. Employed at wavelengths greater than 180 nm., this 

type coolant tube has been shown by several authors 

(Windsor, 1977;Brown & Fry, 1981) to improve the sensi­

tivity of measurements when used in place of a standard 

length coolant tube (piece d). Piece f is the standard 

style collar used with coolant tube d to prevent arcing 

from the plasma to the load coil. Pieces b & c are vacuum 

ultraviolet coolant tubes used in this study. Each are 130 

mm. long with a 25 mm. o.d. side-arm centered 92 mm. from 

the bottom end. Tubes b & c worked equally well but c was 

used prediminantly in this study due to its smaller 

observa tion aperatur e which causes a smaller perturba tion 

in the shape of the discharge. Both the 'T' coolant tube 

and the 'bell' collar with standard coolant tube were used 

in the final quantitative work. The 'bell' collar was just 

an extended collar with a side arm. This configuration 
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allowed a much larger vertical and hor izontal observation 

window as compared with pieces b & c. The much larger i.d. 

also allowed the discharge to be completely unperturbed 

i.e., the plasma discharge appeared the same as that when 

using a conventional torch assembly. 

Spiraled Spacers 

Illustrated in Figure 8, the spiraled spacer was 

placed as far up on the plasma tube as possible. These 

teflon spiraled spacers have a 2-fold purpose. The first 

was to cause a tangential flow of coolant gas to flow into 

the discharge thus creating a sheath of cool gas next to 

the coolant tube wall. The second purpose was to center 

the plasma tube in the coolant tube thus allowing a 

symmetr ical discharge. 

The teflon spacers were constructed from In 

diameter bar stock. The workpiece was first turned down 

until it was between 0.025 and 0.05 mm. larger than the 

i.d. of the coolant tube to be used. A groove was cut 0.75 

mm. deep and 2.5 mm. wide with between 4 and 7 threads per 

inch. A 12.1 mm. diameter hole was then drilled in the 

center of the piece and a slight bevel to fit the contour 

of the plasma tube was then cut on the inside of the hole. 

The surfaces were lightly sanded until the coolant tube 

slipped over the piece and the plasma tube could fit in the 

hole. The piece was then cut off at a length of 1.7 cm. 
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The geometry of the groove in the spacer is quite 

important. Both the cross sectional area of the groove and 

its pitch have been found to infl uence the plasma gr ea tly. 

The pitch of the thread appears to be optimum at either 4.5 

or 5 per inch. With 4 or less per inch, the discharge has 

a twisted ribbon shape and is not symmetric. Above 5 or 6 

per inch, the discharge spreads out rapidly and begins to 

sublime the top of the coolant tube thus causing optical 

opacity. 

The cross sectional area of the groove has been 

found to be optimum at 2 mm 2• When larger areas were used, 

the coolant gas flow rate was required to be extra­

ordinarily large (15-20 liters/min at 1.0 kW). When the 

cross section was smaller than this value, coolant tube 

melt downs were not uncommon due to an insufficient flow 

ra te of coolant argo n. Several groove geometries were 

investigated in this work, viz., rectangular, 'vee', and 

semicircular. The rectangular geometry was found to be 

most satisfactory due to the higher coolant tube contact 

area to groove cross section area ratio. A 'dovetail' 

style groove would probably work even better but was not 

attempted in this study. The high contact area with the 

coolant tube was necessary to prevent the streamers which 

form during the ignition of the plasma from running along 

the coolant tube spacer interface. This action would 
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slowly erode the surface of the spiral spacer rendering it 

useless. 

~ Distribution System 

Three compressed gas cylinders, each with its own 

Victor Equipment Co. (San Francisco, Ca) regulator, were 

necessary for the operation of the system. These 3 gases 

enter the shielded housing via 6.25 mm. o.d. copper tubing. 

A helium supply was necessary to purge the optical path 

between the spectrometer and the plasma discharge for 

vacuum ultraviolet observations. Helium was chosen over 

nitrogen as the purge gas due to its higher transparency at 

the short wavelength end of the spectral region investi­

gated. This supply was metered with a rotometer which was 

recalibrated for helium and~was variable between 0 and 400 

mIl min. This gas was then introduced into anyone of the 4 

input assemblies used in this study. A second compr essed 

gas cylinder containing argon was used to supply the plasma 

gases. This supply was split into three lines which feed 

the remaining 3 rotometers mounted on the front panel of 

the housing. Polyethylene 44 P-1/4 tubing was used to 

transport the gases from each rotometer to the input 

fittings on the torch base assembly. The third compressed 

gas cylinder was used with the Babington nebulizer to 

pressurize the tip and produce a head pressure for the gas 

ch roma tog r aph. 
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sampling Systems 

Methods were developed for introducing both gaseous 

and liquid samples into the plasma. In each situation, the 

samples were mixed with the sample argon flow which was 

then infused into the discharge. Three methods for each 

type of sample were employed. 

Gas Sampling 

Gaseous samples were introduced into the plasma by 

one of three methods: discrete manual injections; discrete 

sampl ing loop inj ections; 0 r co ntinous ga s sampl ing. 

Discrete sampling was used for the construction of 

calibration curves and for interference studies. The 

constant sample concentration supplied by continous gas 

sampl ing wa s usef ul in the pr epa ratio n of bac kgr ound 

spectra and plasma emission profiles and maps. 

The gases used in discrete sampling were of 2 

types. Compressed gases were introduced into the plasma 

with the use of a Spectra Physics (Santa Clara, CA) NPSV-20 

10 ul. sampling loop. These gases were either used as 

obtained from the manufacturer or prepared in lecture 

bottles. A description of the method of the preparation of 

these gases can be found in the Working Curve Experimental 

section of Chapter 4. Gaseous samples at atmospheric 

pressure were introduced into the plasma with a Hamilton 

Co. ( R e no, NV) 1 0 0 r 5 0 u 1. Gas t i g h t s y r i n g e. The 
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injection port for this method of injection was a Crawford 

Fitting Co. Swagelok 'T' {#200-3) placed in the sample gas 

line. A silicone septum was placed in the remaining branch 

of this fitting. The gases used with the syringe injection 

technique were prepared in Supelco Inc. (Bellefonte, PA) 

125 mI. gas sampling bulbs. Compressed gases were used to 

fill these bulbs and samples were made by the technique of 

successive dilutions. 

The gases used in continuous sampling were fed 

into the plasma with the use of the GC transfer tube 

(Figure 9) and metered with a 0 - 25 ml/min rotometer. The 

inlet of this rotometer was attached to the gas supply used 

for the nebulizer and gas chromatograph. 

made to minimize the short term 

concentration in this system. 

Liquid Sampling 

No provision was 

fluctuations of 

Three methods of sample introduction were used for 

liquid samples. Continuous liquid sampling was achieved 

with either a Babington nebulizer of a head gas sampler. 

Discrete liquid sampling employed a gas chromatographic 

system interfaced to the rcp. 

Babington Nebulizer. The analytical uses of the 

Babington nebulizer, developed in this laboratory (FRY, 

1976), have been exploited with the use of the rcp. The 

neb u 1 i z e r use din t his w 0 r k iss how n in Fig u reI O. Th e 
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Figure 9. Gas Chromatographic Transfer Tube. 
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right hand #9 standard taper joint was used to introduce 

the sample. A tapered nylon piece was fitted into the 

j 0 in tan d 0 ve rap i e ceo f 4 m m. o. d. g 1 ass tub in g • Th e 

solution to be aerosolized was transfered from the peri­

staltic pump to the nebulizer via a 50 cm. length of Norton 

Co. (Akron,OH) Tygon l/an Ld. tubing. The 6.25 mm. o.d. 

brass tip was snugly fit into a teflon block with a 24/40 

male taper which fit into a similar jOint on the glass 

nebul ize r body. A 4 mm. o.d. g las s impactor rod also fit 

in to th is teflon bloc k and could be mani pula ted with the 

handle on the exterior end. The design of the brass tip 

has been optimized by Algeo (19al) and was best positioned 

such that the delivery tube fits into the groove on the top 

edge of the tip. A sample gas pressure versus flow rate 

curve can be seen in Figure 11 for a tip with a O.OOa n 

diameter orifice. The left hand #9 joint was used to 

attach the nebulizer to the sample tube and was usually 

held fast with rubber bands. A piece of Tygon 1/2 n o.d. 

tubing was used on the drain port to transfer excess 

solution to a reservoir. The lower end of the drain tube 

must be submerged to prevent the aerosol from exiting the 

nebulizer via the drain port. The flow rate of solution to 

the nebulizer could be varied between 0 and 25 ml/min. by 

adjusting the d.c. voltage supplied to the pump by a 

Hewlett Packard (Palo Alto, CA) Harrison 6201B d.c. power 

supply. The effect of the input voltage on the flow rate 
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can be seen in Figure 12. The efficiency of the nebulizer 

can be seen in Figure 13. The data for this curve was 

obtained by trapping the aerosol from the nebulizer in a 

liquid nitrogen trap at various input flow rates. 

Head Gas .s.smpler. The head gas sampler was used to 

introduce a constant concentration of liquid sample vapor 

into the plasma pr imar ily for mapping studies. The glass 

sampler seen in Figure 14 was placed in the sample gas line 

with Tygon 1/4" i.d. tubing. Liquid samples were not 

usually placed in the sampler until the discharge had been 

ignited due to difficulties in lighting the plasma when 

organic vapors were present. Analyte was injected into the 

sampler via syringe through the septum. The plasma could 

however be ignited with aqueous samples present viz., 

bromine water, and NaOCI solution. 

~ ~mpling Syste~~ Two GC systems were used in 

the course of this work. In the early studies requiring 

low resolution and no special capabilities, it was found 

very convienent to use a Carle Instruments Inc. model 9000 

GC. Later, a Lowenco Inc. (Altadena, CAl model 70 HiFlex 

was interfaced to the ICP. A heated transfer tube (Figure 

9) was used to transport the effluent of the GC directly 

from the column to the sample tube of the ICP. This 

apparatus consisted of two 1/16" o.d. pieces of stainless 

steel tubing held in a #9 female standard taper glass joint 



1 ARGON IN 

Figure 14. Head Gas Sampler. 

) 

ARGON & 
SAMPLE OUT 

32 



33 

with silicone sealer. The make-up gas connection was made 

to the sample ga s r otom eter v ia a 28 cm. length of tubing 

while the 54 cm. GC tube was connected directly to the 

output of the packed column. Heat was applied with an 

Electrothermal (England) heater tape and the temperature 

was controlled with a Superior Electric Co. (Bristol, CT) 

variable autotransformer. 

YUY Input Assemblies 

A progression of 4 input assemblies have been used 

in the course of this work. The first configuration, seen 

in Figure 15, was used in the first qualitative work. 

These results were reported previously (Heine, 

Denton, 1981). The disadvantages of this system 

Babis, 

led to 

the construction of the second assembly, depicted in Figure 

16. This figure illustrates both the second and third 

generation input assemblies. The component labeled i was a 

plexiglas construction containing 3 beveled gear trains 

which allowed the focusing of the plasma image on the 

entrance slit by moving the lens in and out along the 

optical axis. These trains also allowed a restricted 

positioning of the image on the slit. (approximately 1 mm. 

horizontal and vertical)by tilting the lens holding sleeve. 

The o-ring compressor seals the coolant tube side arm to 

the assembly. Dur ing several months of operation the 

plexiglas portion of this assembly slowly degraded and 



c: 

h-II ru 

Figure 15. Illustration of Vacuum Monochromator Interface to ICP.--Load coil (a), 
coolant tube (b), 'o'-rings (c), purge gas inlet (d) shutter (e), window 
(f), slits (g), grating (h), PMT (i), copper transfer tube (j). 

o 
o 

w 

""' 



a 
b o I-h 

Cl>"'1,,1I.1"""'-- O~I! 
e 

Il .... • .. ..-· 
g fI)'\1. oI111".1

1J -

J~ 
'_I'~tn 

Figure 16. Second & Third Generation Input Assemblies.--Flange (a), lens holding 
sleeve (b), lens (c), lens retainer (d), lol-rings (e), beveled gear 
trains (f), purge' chamber (g), shutter (h) r plexiglas purge chamber (i), 
beveled gear adjustment assembly (j). W 

lJ1 



36 

melted due to the radiation and heat generated by the 

plasma, therefore the third assembly was constructed, 

(piece g in Figure 16). This nickel plated brass assembly 

used the same flange and incorporated a manual shutter. 

The o-ring compressor was water cooled with 6.25 mm. o.d. 

copper tubing soldered to it. This piece did not have the 

beveled gear trains since once focused, the lens in the 

previously assembly had not been moved during many months 

of operation. This more durable assembly was used on all 

preliminary work up to the time that maximum sensitivity 

was necessary. The major disadvantage of this assembly was 

in the fact that the observation position in the discharge 

depended entirely on the precision with which the depart­

mental glass blower could reproduciably construct the ITI 

tubes~ i.e., each coolant tube had a slightly different 

observation position. These problems were solved when the 

final input assembly was constructed, Figure 17. 

The final input assembly incorporated 2 Acton 

Research (Acton, MA) M9F2 coated 25.4 mm. diameter mirrors 

and 2 General Electric (Schenectady, NY) antibacklash gear 

assemblies taken from a TU-9-B Transmitting Unit. 

Considering the center of the lens as an observation 

pointand the axis of the torch assembly as an image plane, 

these mirror when adjusted allowed a 45 mm. vertical and a 

33 mm. horizontal window through which the plasma could be 

observed. The entrance flange used in the previous 2 
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stages could not be modified to hold the mirror assembly, 

therefore a new flange was constructed. The Harshaw Co. 

(Solon, OH) planoconvex 1.5 cm. focal length 19 mm. 

diameter CaF 2 lens was held in the flange with a threaded 

ring and the vacuum was maintained with the use of o-rings. 

The flat side of the lens faced toward the plasma and was 

flush with the inside surface of the flange. When 

assembled the image of the plasma was focused on the 

entrance slit of the VUV monochromator. 

vacuum Monochromator gng ~ Assemblies 

The Jarrell-Ash (Newtonville, MA) model 78-651 Seya 

Namioka 0.5 meter scanning monochromator was received in 

this laboratory as government surplus and as such had no 

slit assemblies or detector electronics. After a complete 

overhaul with slight modifications and the construction of 

the slit assemblies, the vacuum chamber was able to hold a 

vacuum of less than 5 x 10-5 torr. Modifications included 

the addition of a Veeco Instruments Inc (Plainview, NY) 

ionization gauge and controller and a Varian (Newton, MA) 

NRC 801 thermal conductivity gauge with 2 type 0531 

detector heads. One of these heads was mounted on the 

roughing line while the other was mounted on the grating 

chamber. 

The slit assembly housings were made from aluminum 

pipe with 6 n flanges TIG welded on each end, Figure 18. 
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The exterior of each was painted flat black while their 

interiors were blackened with Birchwood Casey (Eden 

Prairie, MN) iA-14 Aluma Black to preclude outgasing of 

paint. The slit assemblies were taken from a surplus 3/4 

meter Jarrel-Ash (Newtonville, MA) monochromator. The 

corners of each assembly were ground down so that they 

could fit into the 4" i.d. of the aluminum pipe. Mounting 

plates and vacuum feed-throughs were constructed so that 

these adjustable slits could be used and varied without 

disrupting the vacuum. 

Each slit assembly was covered with a 4" diameter 

0.79 mm. thick aluminum disk to limit stray light. The 

output sl i t disk had a 19 mm. diameter hole in the center 

while the input disk had a 1 mm. high slit cut in it to 

limit the apparent height of the entrance slit. This 

intermediate image mask also had a grid etched into its 

surface for visual confirmation of the positioning of the 

mirrors. 

Wabbler Plate Assembly 

The wabbler plate assembly shown in Figure 19 was 

not used in the preliminary studies but was found necessary 

for the latter stages where background correction was 

needed. The wabbler plate, a Harshaw Inc. (Solon, OH) 2mm. 

thick x 25.4 mm. diameter CaF2 window rotated at 0.6 Hz and 

thus allowed the rapid scanning over the analytical line of 
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Figure 19. Wabbler Plate Assembly.--Brass ring (a), lower 
bear ing mount (b), glass cup (c), lower bear ing 
(d), plate holder (e), wabbler plate (f) plate 
retainer (g), shaft magnet (h), cover slip (i), 
flange (j), magnet (k), magnet mount (1), reed 
relay (m), reed relay mount (n) ,aluminum 
assembly mount (0), gear train (p), motor (q). 
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interest. This rapid scanning was necessitated by the 

large background caused by the contaminants in the argon 

supply, i.e., oxygen, nitrogen, and carbon. The assembly 

consists of a brass ring 6" o.d. x 4" i.d. x 8.5 mm. thick. 

A small In diameter cone shaped portion on the top 

contained the upper bearing race and a 6 mm. diameter x 12 

mm. long magnet. The lower bearing was mounted in a block 

on the bottom of the inside of the ring. These bearings 

held a 0.125" diameter shaft which rotated in them. 

The CaF 2 window was mounted on this shaft in a 30 

mm. o.d. x 25.4 mm. i.d. brass ring and was held with a 

copper retainer. 

The Bodine Inc. (Chicago, IL) KYC-23Al a.c. motor 

rotated at 1800 rpm. Its output was geared down to 36 rpm 

or 0.6 Hz. At the output of the gear train, a bar magnet 

7/8" diameter x 4" long was held in an aluminum block and 

the entire motor assembly was attached to the top of the 

wabbler flange with a 12-24 Allen cap screw. The output of 

the gear train was coupled to the wabbler plate via the 

large magnet and the smaller magnet attached to the shaft. 

To minimize the friction of the shaft, a microscope cover 

slip was glued to the inside top of the brass flange of the 

assembly. An on/off switch and a dpdt switch were mounted 

in a 7.5 cm. x 7.5 cm. x 5 cm. sheet metal box on the top 

of the motor. The dpdt switch allowed the motor to operate 

in either direction. A reed relay was mounted near the 
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large magnet and was used to generate a sync pulse. This 

sync pulse was debounced with cross coupled NAND gates and 

input to the computer via bit 15 of port 1 of the 

multiplexer. 

Photomultiplier ~ Assembly 

The photomultiplier tube assembly consisted of 3 

components: the vacuum flange, the photomultiplier tube, 

and the PMT housing, each shown in Fi gur e 2 O. The flange 

was a 611 diameter x 3/8 11 thick aluminum disk with a 1.5 11 

diameter threaded hole in the center. A plexiglas ring 

which held the PMT screws into this hole. The 1 1/8 11 

diameter brass ring of the Gemcon Inc (Plainview, NY) EMI 

G-26E3l5 PMT fits into this plexiglas ring. Vacuum was 

maintained with 2 o-rings and electrical connections to the 

PMT were made with the tube socket on the PMT housing. The 

voltage divider network was in the base of this housing. 

The housing was held to the flange with three 6-32 x 5 cm. 

machine scr ews. 

UY-VIS Monochromator 

The Spex Industries Inc. (Metuchen, NJ) 1672 

Doublemate monochromator was used as a second channel for 

elemental ratio analysis. Emissions from the plasma exited 

the hole in the rear of the shielded housing and were 

focused by the 75 cm. f.l. quartz lens on the entrance slit 

of the monochromator. In the initial work with this 
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spectrometer, the image of the plasma was positioned on the 

entrance slit with a first surface mirror mounted in a 

Lansing Research Corp. (Ithaca, NY) model 10-203 gimbal 

optical mount (Figure 21). Adjustment of the position of 

the image was made with the micrometer heads on the 

assembly. However, in the final phase of the study, this 

mir r or wa s removed and the spectr omete r was used as 

depicted in Figure 2. The spectrometer, usable between 175 

and 800 nm., contained 2 gra tings blazed at 300 nm. A PMT 

housing was modified with a In o.d. brass tube silver 

soldered to its side to fit into the exit aperature of the 

monochromator. A Hamamatsu TV Co. (Hamamatsu, Japan) 

R2l2UH photomultiplier tube was used with this spectrometer 

due to its availability and good spectral response between 

200 and 300 nm. 

Detector Electronics 

The detector electronics for both the VUV channel 

and the UV-VIS channel were quite similar. Each channel 

contained an electrometer, a high voltage power supply, 

and an AID converter. Data were acquired from these 

converters with an Intel 8080 based microcomputer. 

The vacuum PMT required approximately 1700 to 2500 

volts for proper operation, therefore a Carad Inc. model 

#1522B precision high voltage power supply was used to bias 

the cathode of this PMT. A Kepco (Flushing, NY) model ABC 
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l500M high voltage power supply was used to supply between 

400 and 1000 volts to the R2l2UH in the UV-VIS channel. 

A laboratory built electrometer based on a NE536 

operational amplifier was used with the vuv channel. This 

system had variable input ranges between 10 pA and 1 rnA and 

selectable time constants, Figure 22. The electrometer 

used with the Spex monochromator was a Keithly Instruments 

(Cleveland, OH) 414 Micro Micro Ammeter with preselected 

internal time constants. The Keithly electrometer used in 

most of the preliminary work, was found to have too large a 

time constant when used in conjunction with the wabbler 

plate output. The wabbler plate output was monitored with 

a Tetronix Inc. (Beaverton, OR) TYPE RM585A oscilloscope 

with a TYPE 86 plug-in unit which was triggered by the reed 

relay on the wabbler plate assembly. The signal from each 

electrometer were transmitted to the AID converters via RG 

59 C/U coaxial cable. The AID converter circuit for each 

channel are identical, Figure 23. The lN4740 zener diode 

was used to eliminate signals larger than 10.1 volts and 

less than -0.6 volts. The 10 bit Datel Systems Inc 

(Canton, Ma) EKIOB current integra ting AID converter had a 

maximum conversion time of 6 msec. which corresponds to 

sampling rates in excess of 150 Hz. The zero and gain 

controls set the zero and full scale points while 5 input 

ranges representing 1 order of magnitude could be selected 

for maximum sensitivity. The start convert pulse for both 
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converters was generated by the computer by enabling output 

device 11=13, thus both converters could be digitizing 

simultaneously. The digital data for the VUV channel 

enter ed the mul tiplexe r using por t 11= 1 <labeled dev ice *2 

on the multiplexer board) while the UV-VIS channel entered 

via port #2 <labeled device #3). The digitized data (bits 

o through 9) enter each port on bits 1 through 10 of the 

multiplexer so that data must be shifted right one place 

before manipulation. Bit 14 is used for the end of 

conversion flag. Analog da ta from the electrometers were 

aquired on Linear Instruments.(Irvine, CAl model 255 strip 

chart recorders. 

Microprocessor 

A MITS (Alberquerque,NM) Altair 8800 microprocessor 

was the center of the computer system. Based on an Intel 

(Sunnyvale,CA) 8080 microprocessor, this unit was only part 

of a system containing a Processor Technology Corp. 

(Emeryville,CA) 3P+S Input/Output module, a North star 

Computers Inc. (Berkely,CA) 5 1/2" micro disk system, and 

20 K of static RAM. All human interaction with the 

computer was accomplished with a Teletype Corp. (Skokie, IL) 

model 35 Teletype. CONVERS 2.1 (Tilden, Denton '78), an 

interpr eti ve compiler type language was used on all 

software. 
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The 16 channel multiplexer unit interfaced all 

devices to the computer with the exception of the disk 

drive and the teletype. The 2 parallel ports on the 3P+S 

module make up the 16 bit input and output (I/O) busses of 

the multiplexor. Devices were selected with the 4 bit 

device select line from the 3P+S module. A Signetics Corp. 

(Sunnyvale, CAl 74154 1 to 16 multiplexor decoded these 4 

bits which then enabled the output buss. Sixteen 74150 16 

to 1 demultiplexors decoded the 4 bits and enabled the 

selected input device. 



CHAPTER 3 

ICP OPERATION 

The operation of the ICP with its many 

interdependent opera tional parameters ie., rf power, flow 

rate, PMT voltage, etc., bear heavily on the analytical 

results obtained.. It is important to optimize these 

parameters and attempt to set them to the same values daily 

for the acquisition of results which can be correlated over 

long periods of time and from lab to lab. The most prudent 

method of optimizing these parameters is by computer 

assisted Simplex methods (Routh, Schwartz, Denton '77). 

The ICP system used in this study does not at this time 

have the full complement of computer interfacing possible. 

Several computer programs have however, been written for 

use with this system which aid in the acquisition of data. 

A discussion of the routines is presented indicating their 

utility in chemical analysis. 

Initiating ~ Plasma Discharge 

Detailed instructions in the initiation of the 

plasma discharge can be found in Appendix A. A warm-up 

period of at least 20 minutes was necessary before 

quantitative work could be accomplished. This time was 

used to do several preliminary operations. 

52 
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Vacuum System 

The vacuum chamber containing the grating was 

usually gated off when the system was not in operation to 

prevent the excess accumulation of vacuum oil on the 

grating and inside surfaces of the lens and PMT window. 

Dur ing the warm-up per iod, this chamber could be roughed 

down to a pressure of about 30 urn. at which time the gate 

valve could be opened so that a pressure of below Ix10- 4 

torr could be attained for normal operation. Even with 

this precaution, the vacuum optics had to be cleaned every 

few months. These cleaning procedures are detailed in 

Appendix B. 

Readout Electronics Warm-up 

The vacuum PMT required an unusual warm-up 

procedure when it had not been used for several days. After 

application of the high voltage, the tube had no response 

except for the dark current of approximately 0.002 pA until 

the monochromator was scanned over either the zero order 

line or one of the impurity emission lines. The light 

initiated a response which built over several minutes to a 

steady level at which time the PMT performs properly. 

computer Operation 

The software used for data acquisition has been 

written in CONVERS. Listings of all software routines 

described in this chapter can be found in Appendix C. 



54 

Loading CONVERS 

CONVERS 2.1 (Tilden, 1978) was loaded from dis k by 

North Star DOS. Due to a hardware peculiarity, the last 4K 

of memory must be unprotected upon each restart of the 

system. This was accomplished by examining hexidecimal 

location 4000 and then unprotecting this location. The DOS 

bootstrap starts at hexidecimal memory location E900. The 

command GO CONVERS loads the basic CONVERS language from 

disk. Upon successful completion of the load, the message 

CONVERS 2.1 was output. All routines used with the 

exception of the peak integra ting program INTEGR required 

the floating point package which was loaded by block 77. 

MAP & ABEL Routines 

These programs were used in conjunction with the 

wabbler plate. The wabbler plate scan window, which was 

approximately 2 nm. wide, was segmented into 64 data points 

which were acquired sequentially on each rotation of the 

pIa teo The routines, outl ined in Figur e 24, perfo rm 

background correction on either side of the analyte line at 

a wavelength set by the operator. The standard deviation 

of the measurement was calculated for both the signal and 

the noise in each routine. The ABEL routine was similar to 

the MAP routine in all respects except for the expected 

observation positions from which the data is taken. In the 

MAP routine, any coordinates could be entered for each 
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observation while in the ABEL routine, the data had to be 

input sequentially for positions described by the ABEL 

format. This format required that the data be taken from 

the center of the discharge towards the edge and from the 

bottom of the plasma towards the top. Either 11 or 21 

points could be taken for each slice with a maximum of 10 

slices for each map_ 

lABEL & FlABEL Routines 

These programs were used without the wabbler plate 

assembly but rather with the monochromator set for the 

analytical line of interest. The lABEL routine depicted in 

Figure 25, averaged 64 sequentially acquired data and 

stored the value in a buffer. Upon the completion of the 

slice of the map, this buffer was stored on disk. The 

operator at this point has the option to cancel the map or 

continue the acquisition. The map data was output upon 

cancelation or completion of the map. The PlABEL routine 

was similar in all respects to the lABEL routine except 

that the output of data was not done until all maps in a 

series had been completed. 

CTOUR Routine 

Maps of the discharge were generated using the 

CTOUR routine (Algeo, 1981). This program required data in 

the form of a number of evenly spaced slices taken 

horizontally through the discharge. Eleven points were 
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taken for each slice starting at the center of the 

discharge and working towards the edge. The boundaries for 

the maps were set using the internal coordinates of the 

Watanabe Inc. x-y plotter. A complete descr iption of the 

methods of map construction can be found in Appendix D. 

RATIO Routine 

The Ratio routine outlined in Figure 26, was used 

for the empirical formula determination of GC effluents. It 

located the peak maximum for 2 input channels and 

calculated the empirical formula. This routine was usually 

called twice, once for the internal standard and once for 

the peak of interest. Baseline background correction was a 

capability of the program as was a variable smoothing 

function which reduces the probability of inaccurate ra tio 

de termina tions caused by noisy da tao 

GC Routine 

Illustrated in Figure 27, the GC routine acquires 

data from two input channels simultaneously. Every half 

second, the data for each channel was averaged and these 

values were stored in an array which had enough storage 

area for a 12 minute chromatogram. Data was stored on disk 

and was output by calling GC-OUTPUT. 
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Software Integration 

The areas under chromatographic peaks were 

calcula ted using the progr am INTEGR (Heine '81). The 

routine requests the threshold level and number of data 

points in succession which are greater than the threshold 

level before of peak was assumed. Once a peak had been 

confirmed, the computer would sum the previous 300 data 

points and add their value to the peak area. When the tail 

of the peak drops below the threshold value, the area was 

output as a double precision value. 



CHAPTER 4 

PRELIMINARY EVALUATION 

To evaluate the use of the ICP as an element 

selective gas chromatographic detector for elements which 

emit strongly in the vacuum ultraviolet, a step by step 

investigation was planned and carried out. Initial 

qualitative results revealed the presence of several 

promising analytical lines in the VUV for non-metals 

important in organic analysis. The most sensitive line for 

each element was determined and each was used to construct 

working curves and to calculate detection limits. Finally, 

sample chromatograms from synthetic organic mixtures were 

made to demonstrate the possibilities of this technique. 

Oualitatiye Investigation 

The initial qualitative investigation of the 

emission of an ICP in the spectral region between 120 and 

185 nm. was carried out using the experimental 

configuration shown in Figure 15. The 0.5 meter Seya 

Namioka scanning monochromator was jacked up approximately 

20 cm. so that the optical axis of the spectrometer was 

just above the level of the load coil. A copper transfer 

tube was constructed so that a purged optical path was 

available and several different extended coolant tubes with 
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side-arms wer e constructed and used in the investiga tion. 

Promising analytical ILles for oxygen, nitrogen, carbon, 

chlorine, bromine, and sulfur were observed. The results 

of these studies were reported previously (Heine, Babis, 

Denton '80; Heine '81). The major disadvantage of this 

system was poor sensitivity due to the absence of 

collection optics and the fact that the entrance slit of 

the monochromator was located 54 cm. from the center of the 

discharge. Ther efore, a new exper imental conf igura tion was 

designed and constructed. 

Initial Quantitatiye Analysis 

Once this new experimental apparatus had been 

completed, a series of experiments were planned to evaluate 

the system. They involved first, the reexamination of the 

studies performed in the initial qualitative investigation 

to determine which emission lines for each element of 

interest were most useful for quantitative analysis. After 

these analytical lines had been selected, the effect of 

input power on the signal, noise, and background were 

studied. With the optimum opera tional parameters obtained 

calibration curves for 3 sample introduction techniques 

were constructed. These introduction techniques included 

the use of a gaseous sampling loop, aqueous nebulization, 

and discrete liquid organic injection. This latter 
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technique extended into the evaluation of the rcp as an 

element specific GC detector. 

Experimental 

The components of the apparatus used in the initial 

quantitative analyses have been described previously. 

Essentially the experimental configuration consisted of the 

vacuum monochromator on which was mounted the r.f. shielded 

housing containing the matching network and carriage, rep 

torch assembly, and an entrance flange containing the CaF2 

lens. The entrance flange used in this portion of the 

investiga tion allowed only the focus sing of the image of 

the discharge on the entrance slits of the monochromator 

while spatial positioning of the image was severely 

limited and depended entirely of the geometry of the 

coolant tube. A 'T' style coolant tube was used in all 

initial work. The observation window with this coolant 

tube and flange combination had dimensions of approximately 

1 mm. horizontal and 5 mm. vertical. This window was 

center ed hor izon tally in the discharge and ver tically 

centered 18 mm. above the load coil. 

Plasma Background 

The first study conducted entailed observing the 

background of the plasma in the spectral region between 125 

and 185 nm. As can be seen from Figure. 28, the background 

is rather flat and consists of 6 lines. The first line is 
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a n 0 x y g e n t rip 1 e t <13 0 .2 2, 13 0 .4 9 , & 13 0.6 0 n m • ) Th ere are 

2 nitrogen emissions, one a triplet at 149.28 nm., the 

other a doublet at 174.27 and 174.52 nm. The remaining 3 

lines are from the emission of carbon. The first a hextet 

at 165.7 nm o , the second a quartet at 156.1 nm. and the 

third a doublet at 146.1 nm. The difference between the 

backgrounds caused by two qualities of argon were investi­

ga ted. As can be seen from Figur e 28, the use of Ma theson 

Inc. (East Rutherford, NJ) ultrahigh purity argon reduced 

the line background and continuum noise level by only a 

factor of two. The results of this experiment indicate 

that both oxygen emission at 130.49 nm. and the nitrogen 

emission at 149.28 nm. decrease proportionatly. This would 

not be expected if one of -the maj or contr ibutions of 

background oxygen were due to the sUblimmation of the 

quartz coolant tube as Brown and Fry (1981) have suggested. 

Since this ultra high purity argon was known to be at least 

2 orders of magnitude cleaner than standard welders grade 

argon, leaks in the argon delivery system was probably the 

best explanation of this higher than expected background of 

oxygen and nitrogen. 

To determine whether there was a need to remove the 

impurity components of the argon, to obtain reasonable 

detection limits, several calibration curves were made for 

both oxygen and nitrogen. Initial results indicated that 

detection limits for each should be between 2 and 25 ng. 
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These values were severely affected by the concentration of 

impurity in the argon supply and these concentrations were 

found to vary by as much as 500 percent from cylinder to 

cylinder. 

An investigation into the methods of scrubbing 

inert gas supplies was conducted. Several investigators 

have found that heated metal turnings such as zirconium are 

capable of reducing the levels of impurities in argon 

(Passel & Tabeling 1956; Gibbs, Svec, & Harrington, 1956). 

After completing several initial experiments with heated 

zirconium turnings, however, it was determined that at 

least 60 kilograms of these turnings held at 900 - 1000 OC 

would be necessary to reduce the impurity concentration by 

an order of magnitude in welder's grade argon at the flow 

rates nece s sa ry fo r ICP ope ratio n. The dange r of this 

quantity of very hot zirconium should not be understated. 

A leak in the gas supply could cause the spontaneous 

combustion of the metal and the possibility of the 

resulting fire was not worth the effort for such a small 

improvement in the detection limits. It was for this 

reason that no further attempt was made to reduce the 

concentration of impurities in the argon supplies. 

Line Optimization 

Oxygen, To determine if the oxygen line at 130.4 

nm was the most sensitive, a steady flow (- 10 ml/min.> of 
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pure oxygen was added to the sample gas feed. A scan over 

the region between 125 and 185 nme was made and only 1 set 

of lines were observed. These lines were used in all 

further studies. To determine which line in this triplet 

was most sensitive, a second experiment was performed. It 

involved slowly scanning across the triplet while injecting 

10 ul samples of pure oxygen with a sampling loop every 5 

seconds. As can be seen in Figure 29, the line at 130.49 nm 

gives the best response to background ratio. 

~~£LQ~~~ The question as to which nitrogen 

emission line was most sensitive was answered in a manner 

similar to that of oxygen. A 10 ml/min. flow of nitrogen 

gas was added to the sample gas and a comparison of the 

intensities of the lines at 149.28 nm. and 174.27 nm. was 

made. The line at 149.28 nm. was found to be about 1 order 

of magni tude gr ea ter in in tensi ty than the 1 ine at 174.27 

nm. Except for an instance mentioned in chapter 5, the 

149.28 nm. line was used on all further analytical 

observa tions of nitrogen. 

Bromine. To determine which bromine line was to be 

used in further investigations, the head gas sampler 

(Figure 14) was used in the sample gas line. A dilute 

solution of bromine water was prepared and placed in the 

head gas sampler. The water and bromine vapor above the 

dilute solution were then swept into the plasma by the 

sample gas flow. A scan over the entire region was then 
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made. The only intense lines were found between 150 and 

160 nm. and so a second scan over this more restricted 

region was made. The result of this scan can be seen in 

Figure 30. Two lines of nearly equal intensity can be seen 

at 153.17 and 154.06 nm. with a smaller doublet at 157.48 

and 157.64 nm. The high intensity line at 156.1 nm. was 

the result of the background carbon emission. A low 

intensity quartet at 154.4 nm due to carbon emission was 

also observed in a spectrum of this region in the absence 

of bromine. The line at 153.17 nm. was chosen for use in 

all further studies due to its being slightly more removed 

from both of these background carbon emissions. 

Chlorine. In the case of chlorine emission, a 

dilute solution of sodium hypochlorite (NaOCl) was placed 

in the head gas sampler. A scan was made over the entire 

region. The most intense region being between 132 and 140 

nm. as seen in Figure 31. This spectrum indicated that the 

most intense line lies at 134.72 nm. with several slightly 

less intense lines at 135.17, 136.34, and 137.95 nm. No 

carbon emission lines of any significance were observed in 

this portion of the spectrum. The 134.74 nm. line was used 

in all further studies. 

Power Study 

The effect of input power on various operational 

parameters was then investigated. The first element to be 
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studied was oxygen. Samples for this study were introduced 

into the plasma either as a steady flow of a dilute mixture 

of oxygen in argon or as discrete 10 ul injections of these 

same mixtures. As can be seen from Figure 32, the signal 

rises through a maximum at 1.75 kW. The signal to noise 

ratio and signal to background also peak at this point as 

seen in Figures 33 and 34. This peak was probably due to a 

combination of 2 factors. Due to the nature of the 

experimental configuration, all observations were made at a 

point centered 18 mm. above the load coil. Any effect 

which changes spatially with respect to power might 

possibly result in a peak of this nature. The second 

factor influencing these curves were changes in the coolant 

flow rate necessary to keep the coolant tube intact. The 

sample gas was held constant at 0.5 liters/min in each of 

these studies while the plasma gas was increased slowly 

above 3 kW just enough to lift the discharge from the 

plasma tube. The coolant flow was set to a minimum at each 

power setting. At flow rates below this minimum, the 

plasma lost its teardrop shape and flared out to touch the 

top of the coolant tube. The plasma gas was always turned 

off after the ignition of the torch except at powers 

greater than 3 kW. The background does not substantially 

rise until the power is above 2.5 kW as seen in Figure 35. 

The use of plasma gas at powers less than 2.5 kW resulted 

in a substantial rise in the background level. It was 
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concluded that all work with oxygen should be carried out 

at 1.75 or 2.0 kW. 

The next power study involved nitrogen as the 

analyte. Samples were introduced in a manner similar to 

that of oxygen. As can be seen in Figure 36, the signal 

increases slowly with power through 3 kW while the signal 

to noise ratio peaks at 1.75 kW (Figure 37). Figure 38 

shows that the signal to background drops over the entire 

power region investigated while the background rises over 

the entire region (Figure 39). With these facts in mind, 

all further studies involving nitrogen were run at 1.5 to 

1.75 kW. 

To study the effect of power on chlorine and 

bromine emission, the Babington nebulizer was used for 

sample introduction. Dilute aqueous solutions of KCl and 

KBr were prepared and aerosolized into the discharge. As 

seen in Figure 40, the signal continously rises as a 

function of power to at least 3 kW for bromine emission as 

well as for the chlorine emission seen in Figure 4l. 

Figures 42 and 43 show that the signal to noise ratio in 

each case drops rapidly so that for this experimental 

configuration, 1.0 to 1.25 kW were used for the study of 

bromine and chlorine. 
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working Curves 

To acquire the data necessary to generate the 

calibration curves, gaseous, aqueous, and organic samples 

had to be prepared. The gaseous samples were introduced 

into the discharge with the aforementioned gas sampling 

loop, while for aqueous samples, the Babington nebulizer 

was used. For organic samples, the Carle gas chromatograph 

was used in conjunction with the heated transfer tube for 

sample introduction. 

Experimental 

The gaseous samples were prepared in clean lecture 

bottles by first evacuating the bottles and then 

introducing either 02, N2, Hel, or HBr gas to a pressure 

equal to the atmospheric pressure at the time. The bottles 

were then pressurized with argon to complete the 

preparation. Successive dilution was used for the more 

dilute sample preparations. The concentration of each 

sample was roughly calculated using a high pressure gas 

regulator. 

The gases were then analysed using a General 

Electric (Schenectady, NY) Monopole 300 and quantitated 

using the peak heights and electron impact ionization 

efficiencies calculated by several authors (Hughes & Klein, 

1923; Compton & Van Voorhis, 1925, 1926; Smith, 1930; Tate 

& Smith, 1932). 
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The aqueous standards wer e pr epar ed by successive 

dilutions of stock solutions prepared from Fischer Scien­

tific Co. (Fair Lawn, NJ) A.Ro grade KBr and KCl, and 

deionized distilled water. Aqueous nitrogen calibration 

curves were not attempted. 

The organic samples were prepared with either 

spectra grade hexane or toluene. The organic compounds 

used were Fischer Scientific Co. A.R. grade chloroform, n­

bromopropane, acetone, and acetonitr ilea The heated 

transfer tube was maintained at 160 0c and was connected 

directly to the output of the GC. The columns used were 

five foot by 1/8" nickel, packed with either 3% OV-lOl on 

Gas Chrom Q or 4% Carbowax 20 M with 0.8% KOB on 100/120 

Chrom 103. The column, temperature, and flow rate were 

selected to give complete solvent analyte resolution. 

Results & Discussion 

The first calibration curves were generated using 

the peak heights resultant from the injections of the 

gaseous samples as seen in Figures 44, 45, 46, & 47. 

Linear curves with ranges of 3 to 4 orders of magnitude 

were obtained. The minimum detectable quantities of oxygen 

and nitrogen were calculated to be 4 ng. while those for 

chlorine and bromine were 1 and 0.6 ng. respectively. 

These values were calculated using the formula: 

MDQ = 2N / m 
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where N was the peak to peak noise and m the slope of the 

wor king curve. The precision of this method of manual 

injection can be seen in the example in Figure 48. 

The second series of calibration curves were made 

from the aqueous standards, Figure 49 & 50. Detection 

limits of 20 and 30 ppm. for bromine and chlorine were 

obtained. The limiting factor for these determinations 

was the noisy background caused by the introduction of the 

aerosolized sample. 

The final set of working curves were prepared from 

organic injections made on the GC. Figures 51, 52, 53, & 

54 show linear dynamic ranges of 4 to 5 or de r s of magni tude 

and detection limits of 26, 22, 15, and 13 ng. for oxygen, 

nitrogen, chlorine, and bromine respectively. The larger 

dynamic ranges for this method over the other two lies in 

the integration of the GC peaks. A compilation of all 

working curve results can be seen in Table 1. 

~ Chromatographic Detector 

To demonstrate the capability of the ICP as a gas 

chromatographic detector, several org~nic mixtures were 

prepared and separated on a column. The peaks as they 

eluted, were monitored with the ICP at the wavelength of 

the element of interest. Two examples of these separations 

can be seen in Figures 55 and 56. Integration of each 

chromatogram was accomplished with a Spectra Physics (Santa 
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Table 1. Initial Detection Limits. 

Oxygen Nitrogen Chlorine Bromine 

Gaseous 4 ng. 4 ng. 1 ng. 0.6 ng. 

Aqueous ------ ------ 30 ppm 20 ppm 

Organic 26 ng. 22 ng. 15 ng. 13 ng. 
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Clara, CAl Auto Lab I Computing Integrator. The chlor ine 

chromatogram was made on the 5' x 1/ a" nickel column packed 

with 3% OV-IOI on 100/120 Chrom 103 at a column temperature 

of 95 °C. 'l'he transfer tube was maintained at 110 0c while 

the detector oven of the Lowenco Inc. model 70 HiFlex GC 

was held at 160oC. The carrier argon flow rate was 14.6 

ml./min. and the make-up gas flow rate was 0.5 liter/min. 

The sample consisted of a 1.0 ul. injection of a mixture of 

7 low carbon number chlorinated compounds listed in Table 

2. The peaks as they eluted from the column were monitored 

with both the rcp and the thermal conductivity detector of 

the chromatograph. No degradation in resolution was 

observed between the output of the TC detector and that of 

the ICP. This was surprising due to the rather large 

volume of the ICP observation region and the associated 

plumbing of the transfer tubing system as compared to the 

rather small volume of the TC detector. The weights of 

chlorine found for each component injected can be seen in 

Table 2. The average deviation from 100% recovery was 

2.25%. Carbon tetrachloride was used as an internal 

standard for this chromatogram. 

The bromine chromatogram was made on the same 

column at a temperature of 110oC. The transfer tubing 

temperature was 1600 c and the carrier argon flow rate was 

21.3 ml./min. The make-up gas flow rate was 0.5 liter/min. 

The sample consisted of a 1.0 ul injection of 6 brominated 
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Table 2. Chlorine Separation. 

compound ug Cl ug Cl % recovered 
injected found 

Dichlorome thane 62.1 60.7 97.9 

T-butyl chloride 67.9 66.2 97.5 

Chloroform 51.9 
118* 96.7* 

I-butyl chloride 70.2 

1,2-dichloroethane 118 115 97.4 

carbon tetrachloride 236 237 100 

1,1,2-trichloroethylene 196 201 103 

* unr es 01 ved pe ak • 

Table 3. Bromine Separation. 

compound ug Br ug Br % recovered 
inj ected found 

Bromobenzene 18.1 16.8 92.5 

Bromocyclohexane 21.3 21.0 98.5 

Benzyl bromide 22.8 24.5 107 

I-bromoheptane 35.8 38.7 108 

1-brornooctane 26.0 26.0 100 
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compounds diluted in n-bromobutane. The composition of 

this mixture as well as the weight of bromine found for 

each peak can be seen in Table 3. The average deviation 

from 100% recovery was 5.8%. This value was probably this 

high due to the number of unresolved peaks which the 

integrator could not adequately separate. However, no 

degradation of the resolution was observed in this 

situation either. 

Conclusions 

From the results of this initial study, it appear­

ed that the Iep had great potential as a gas chromato­

graphic detector for the four non-metals investigated. The 

recovery percentages from the illustrated chromatograms 

indicated that quantitative results were possible. 

Sensitive detection limits for both gaseous and liquid 

organic samples were obtained. The unique nature of the 

information obtained as well as the high sensitivity 

observed indicated that further investigations should be 

very rewarding. 

Several disadvantages to this experimental system 

existed which precluded further study. The first problem 

was the question of the spatial observation of the 

discharge and the inability of the optimization of this 

parameter. The second problem lie in the irreproducibility 

of the construction of the 'T' coolant tubes by the 
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glassblower. This caused a different observation position 

for each coolant tube due to this inprecision. The third 

flaw of the system was the lack of background correction 

capability and the forth was the lack of data acquisition 

capability. Each of these problems was solved to some 

extent by the construction of the apparatus used in work 

described in Chapters 5 and 6. 



CHAPTER 5 

MAPPING THE DISCHARGE 

The initial studies of the plasma resulted from 

obse rva tions made a tone poin t in the discharge. In many 

cases, there was the question as to whether this particular 

point was the optimum for any particular analysis. The 

expe r imental co nf igur a tion de scr ibed in chapter 4 was 

modified to examine this question. 

The input flange assembly was completely redone so 

that it contained the CaF2 lens in a fixed position and 

placed at a point calculated to cause the image of the 

discharge to be focused on the entrance sli t. The flange 

assembly depicted in Figure 17 also contained 2 MgF 2 coated 

mirrors. These mirrors allowed the positioning of the 

image on the entrance slit via 2 antibacklash gear 

assemblies. 

In the mapping studies, two coolant tube configura­

tions were examined. One was the aforementioned 'T' tube 

while the other was a standard straight coolant tube cut 

off 10 mm. above the load coil. A 'bell' style collar 

replaced the standard collar. To prevent the entrainment 

of oxygen, teflon tape was used to fill the gap between the 

coolant tube and the collar below the load coil. As can be 

108 
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seen in Figure 57, the size of the observation windows of 

these 2 coolant tube conf igurations were gr eatly enhanced 

over that previously used. In the case of the 'T' tube, 

the enti re width oE the coolant tube could be observed as 

well as a 28 mm. vertical range. For the 'bell' collar, 

this window was even larger, being 45 mm. high and 33 mm. 

w ide. The bottom 5 mm. of this window was unusable since 

the coolant tube blocked VUV radiation from this region of 

the plasma. These observation windows are represented by 

the elipses in Figure 57 while the dark outlined rectangles 

represent the boundaries of the maps which are presented in 

this chapter. 

Experimental 

All data taken with the mirror head assembly were 

acquired with an AID converter. The method of making a map 

was to load the program lABEL or FlABEL into the computer 

and set the background and gain levels on the AID converter 

and electrometer. The mirrors were then positioned at the 

first observation point. The debounced switch (input bit 

15 of device #1) was then closed which initiated the 

acquisition. Sixty-four conversions were then processed 

and averaged a.nd the average value stored. A prompt from 

the teletype then indicated a conclusion of this process, 

and the mirrors were repositioned and the procedure was 

repeated until a full map was obtained. Map data were 
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taken from the center of the discharge to one edge. As 

seen from Figure 58, this was appropriate since the profile 

of the discharge was symmetrical. Data acquisition time 

was therefore cut in half since only 1/2 of the discharge 

was, mapped. The maps demonstrated in this work were 

generated by folding the data over to obtain a full map. 

Each map was constructed from 110 data points 

consisting of 10 slices of 11 points each. The overlap 

between each slice was considered to be 50% and fourth 

degree polynomials were calculated in both the vertical and 

horizontal directions. The Program CTOUR (Algeo, 1981) was 

used to generate each map and the map boundaries were drawn 

proportional to the actual physical experimental 

co nf igur a tio n. Each map contains 5 contours. The 

perimeter delineates the 10 percent of maximum emission 

region while the center contour encloses the 90 percent of 

maximum intensity region. The remaining 3 contours 

represent the 30, 50 and 70 percent levels. 

The flow rates of the 3 gas supplies were held 

constant for all studies conducted for this chapter. They 

were 10, 0, and 0.5 liters/min. for the coolant, plasma, 

and sample gas respectively. These flow rates were chosen 

as the minimum necessary to sustain the plasma at 3.0 kW. 

It is for this reason that no studies were conducted at 

power levels above 3.0 kW. It should be noted however, 
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that extended coolant tubes with or without sidearms do not 

last very long at power levels greater than 3 kW. 

Bell Configuration Studies 

The 'bell' collar was designed to attempt to be 

able to correlate the emissions observed in this study to 

any other system which might attempt to make similar 

observations. When this extended collar was used, the 

appearance of the discharge was identical to that observed 

when a standard collar was used so this correlation might 

be expected. 

Background Maps 

The first maps generated were total background 

maps, Figure 59. These maps were made by observing the 

intensity of the zero order of the spectrometer to get an 

idea of the total background emission of the system. 

Figur e 59a was made at 1.0 kW and indica tes that the most 

intense background emission occurs approximately 21 mm. 

above the load coil. Figure 59b was generated in a similar 

manner at 1.5 kW. It is obvious that the entire map is 

shifted up slightly while the region of highest intensity 

shifts to 23 mm. above the load coil. Since there is no 

difference in the flow rates of these two maps, this effect 

must be entirely a factor of power. 
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Oxygen 

Once the region of maximum scattered light had been 

identified, a study of oxygen emission was conducted. 

First of all, The background emission was mapped. Figure 

60 contains the background emission maps for oxygen at 1.0, 

1.5, and 2.0 kW. The discharge elongates but the region 

of highest intensity does not rise but remains at 24 mm. 

above the load coil. The emission due to oxygen added to 

the discharge was then studied. A slow stream of 02 (5 

ml./min.) was added to the sample -'flow and maps were 

generated at the same 3 powers, Figure 61. The elongation 

of the discharge is still apparent as is the fact that the 

region of maximum intensity does not change position 

substantially. It is however in a slightly lowe~ position 

at 20 mm above the load coil. A map representing the 

difference between Figures 60a and 6la indicates that the 

background corrected region of maximum intensity is at 19 

mm above the load coil, Figure 62. From these maps, one 

must conclude that the observation of oxygen at 130.49 nm. 

with a 'bell' collar should be carried out at a position 

approximately 19 mm above the load coil. 

Nitrogen 

Nitrogen emission WaS studied with this system, 

however, the intense nitrogen line at 149.28 nm. observed 

with the 'T' tube was not observed when using the 'bell' 
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Figure 60. Maps of the Background Oxygen Emission at 130.49 
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Figure 62. Map of the Background Corrected Oxygen Emission 
at 130.49 nm. 
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collar. Studies were therefore carried out using the 

normally less intense 174 .. 27 nm line. Maps were generated 

at two powers for the background emission of nitrogen. 

These maps can be seen in Figure 63. The region of highest 

intensity appears ~o drop slightly with an increase in 

power while the discharge elongates slightly. A 5 ml/min. 

stream of N2 was then added to the discharge at various 

powers and map data taken. The results seen in Figures 64 

for input powers of 1.0 and 1.5 kW indicate that very 

little change occurs between these two powers with the 

region of maximum intensity remaining at 19 mm. above the 

load coil. A difference map constructed from Figures 63a 

and 64a indicates that the optimum observation positionfor 

the 174.27 nm. line of nitrogen is at 14 mm. above the load 

coil (Figure 65). 

Halogens 

To study the emission characteristics of bromine 

and chlorine, gaseous samples were generated in the same 

manner as in the line optimization study of chapter 4. The 

resultant maps were not too spectacular, Figure 66. In 

each case the region of highest intensity appears to be 

below the top of the coolant tube. 

Initial Conclusions 

The poor emision intensities of bromine and 

chlor ine coupled with the absence of nitrogen emis sion at 



b. 

Figure 63. Maps of the Background Nitrogen Emission at 
174.27 nm.--1.0 kW (a), 1.5 kW (b). 
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Figure 64. Maps of the Nitrogen Emission at 174.27 nm.--1.0 
kW (a), 1.5 kW (b). 
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Figure 65. Map of the Background Corrected Nitrogen 
Emission at 174.27 nm. 
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Figure 66. Halogen Emission Maps.--153.17 nm. bromine 
emission at 1.5 kW (a), 134.72 nm. chlorine 
emission at 1.0 kw (b). 

I-' 
tv 
W 



124 

149.28 nm. led to the abandonment of the 'bell' collar 

configuration and a return to the 'T' tube. The Ibell' 

collar had one other disadvantage in that a large quantity 

( >2.5 liters/min. ) of helium was necessary due to the 

large aperature at the top of the collar • 

. ~ ~ Investigation 

At this point in the investigation, vertical 

profiles through the central portion of the discharge were 

made as well as full spatial maps. 

Oxygen 

The emission at 130.49 nm. due to the residual 

oxygen in the argon supply appears to rise substantially 

with power when using the IT' tube. At 1.0 kW, the region 

of maximum intensity is centered at 10 mm above the load 

coil, and rises until this region is above the window 

threshold at 2.0 kW (Figure 67). When oxygen was added to 

the discharge as a 5 ml/min flow, the region of maximum 

intensity rises from 10 mm. above the load coil at 1.0 kW 

to only 20 mm. above the load coil at 2.0 kW as seen in 

Figure 68. Once these two experiments had been conducted, 

oxygen emission maps were made. The maps in Figure 69 were 

made at the 130.49 nm. oxygen emission line and were 

generated by the addition of oxygen gas to the discharge. 

It should be noticed that the region of maximum intensity 

rises as the power was inc~eased from 1.0 kW to l~ kW. It 
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was concluded that the observation position for oxygen when 

using this ITI tube configuration was dependent upon the 

in put power. Th e fin a 1 dec i s ion 0 nth e 0 pe rat i n g 

parameters for further work on oxygen was made after 

considering the signal to noise ratio plot illustrated in 

Figure 70. This data were taken at the position of maximum 

intensity for each power. This curve indicates that the 

signal to noise ratio does not vary appreciably over the 

power region investigated. With these observations in 

mind, a power of 2.0 kW with an observation position of 20 

mm. above the load coil was selected as a median between 

maximum signal and the reasonably low flow rate necessary 

to prevent coolant tube melt down. 

Nitrogen 

As depicted in the vertical profiles in Figure 71, 

the position of maximum intensity due to the residual 

background nitrogen rises similarly to oxygen. At 1.0 kW, 

the region of highest intensity was at 16 mm above the load 

coil while at 2.0 kW, this region was well above the window 

threshold. For the case of added nitrogen however, the 

region of maximum intensity does not shift appreciably 

(Figures 72 and 73). This was observed for both the 

emission at 174.4 and at 149.28 nm. In the case of the 

149.28 nm. emission, the high intensity region remains 

centered at 13 mm above the load coil while in the case of 
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the 174.4 nm. emission, this region rises from 10 mm. above 

the load coil at 1.0 kW to only 13 mm at 2.0 kW. Maps of 

nitrogen emission generated from data taken at 149.28 nm. 

are illustrated in Figure 74. 

findings of the vertical 

These maps corroborate the 

profiles. Taking into 

consideration the signal to noise curve, Figure 75, the 

choice of the 149.28 nm. line at a power of 2.0 kW and an 

observation position of 13 mm above the load coil was 

chosen for all further work on nitrogen. 

Chlorine 

The background at the chlorine wavelength, 134.72 

nm. is relatively constant through the power range 

investigated (Figure 76). As seen from the power study 

profiles, Figure 77, the region of highest chlorine 

emission does not shift with an increase in power but 

remains at 12 to 13 mm. above the load coil. This 

observation was borne out by the maps in Figure 78, which 

show the emission of chlorine at 134.72 nm. at 1.5 and 2.0 

kW. The signal to noise ratio, Figure 79, indicates as in 

the previous cases, that better sensitivity should be 

expected at higher powers. For reasons similar to those 

men tioned for nitrogen, fur ther studie s involving the 

emission of chlorine at 134.72 nm. were performed at 2.0 kW 

with an observation position of 13 mm. above the load coil. 



134 

OJ 
N . 
0\ 
-.:I' 
r-i 

"-' 
nJ 

s:: 
o ..... 
CIl 
CIl ..... 
= r.:l 

s:: 
OJ 
tTl • 
0,.." 
1-1.0 
"-' ..... ..... 
Z~ 
~ 

4-l 
0 0 . 
CIlN 
0.. 
nJ .. 
:i:: ...... 

nJ 
OJ ..... 

-§~ 
Eo!~ 

- 0 Eo! • 
- r-I 



135 

1 • 0 

~ w 
(J') 
-. 
I!:) 

z 

" 0.5 
--' cr: 
z 
c.:J ...... 
(J') 

0 
0 1 2 3 

FORWARD POWER (k W) 

Figure 75. The Effect of Power on the Nitrogen 
Signal to Noise Ratio at Constant Flow Rate.--

iii 149. 2 8 nm. 0 17 4 • 27 nm. 



1. 0 

... '" 
a: 
c ...... 

t-
Z 
W 
~ 
~ 

0.5 
:J 
U 
l!J 
t-
l!J 
:::c 
(L 

2 

F~RWARD P~WER [kW) 

Figure 76. The Effect of Power on Halogens 
Background .-- t:l bromine, 0 chlor ine. 

136 

3 



1000 

>-
t--U1 
Z 
W 
t-
Z 

500 -
w 
> -t-
o: 
-1 
w 
a:: 

0
0 10 20 30 

HEIGHT AB~VE LOAD C~IL (mm) 

Figure 77. Vertical Profiles of Chlorine Emission at 
134.72 nm. 0 1.0 kW, x 1.25 kW, A 1.5 kW, 
s 1.75 kW, • 2.0 kW. 

137 

40 



b. 

Figure 78. 'T' Tube Maps of Chlorine Emission at 134.72 nm. 
1.5 kW (a), 2.0 kW (b). 

..... 
w 
Q) 



139 

1 • a 

w 
(J) 
...... 
0 
z 

" o.s 
--l 
a: 
z 
t:J 
...... 
U1 

00 1 2 3 

F~RWARD F~WER (k W ) 

Figure 79. The Effect of Power on the Chlorine 
Signal to Noise Ratio at Constant Flow Rate. 



140 

Bromine 

Using the 153.17 nm. line of bromine, several power 

studies were performed. The region of maximum intensity 

for bromine emission tends to shift upward slowly with an 

increase in power, from 8 mm above the load coil at 1.0 kW 

to 12 mm at 2.0 kW (Figure 80). Figure 81 bears this 

observation out. The signal to noise ratio, as seen in 

Figure 82, indicates that observations of bromine should be 

carried out at the highest power possible. For the 

practical reasons mentioned earlier, all further studies 

were used at a power of 2.0 kW with 12 mm above the load 

coil as the observation height. 

Carbon 

Carbon emission at both 156.1 and 165.7 nm. were 

investigated. Power studies were conducted at each 

wavelength. The resul~s are illustrated in the vertical 

profiles in Figures 83 and 84. At each wavelength the 

region of maximum intensity does not rise with an increase 

in power. Both intensity maxima are centered at about 8 

mm. above the load coil. Maps generated from data taken at 

the more sensitive 165.7 nm. line corroborates this 

observation (Figures 85). 

Conclusions 

In every situation to this point, the center of the 

discharge was found to be the most intense region. 



141 

1000 

>-
t--(f') 

Z 
IJJ 
t-
Z 

500 -
IJJ 
> -t-
a: 
.....J 
IJJ 
a::::: 

0 
0 10 20 30 40 

HEIGHT AB~VE L~AD C~IL (mm] 

Figure 80. Vertical Profiles of Bromine Emission at 153.17 
nm.-- <:> 1.0 kW,. x 1.25 kW, A 1.5 kW, s 1.75 kW, 
• 2.0 kw. 



142 

. 
e 
c: 
r--
r-I . 
C"'I 
U") 

r-I 

.j.J 

ra 
c: 
0 
.~ 

Ul 
Ul 
.~ 

e 
r.:I 

<lJ c: . . ~ ...... 
e..Q 
0 ...... 
1-1 
I!l~ 
~ 

~c:: < --<=--
UlN 
0-ra .. 
:E; ...... 

ra 
<lJ 

a ..Q~ 
::J.!IO: 
E-t 

0 
~ . _ r-I 

r-I 
CD 

<lJ 
1-1 
::J 
O'l 
.~ 

ex.. 



1 • 0 
w 
U1 
....... 
EJ 
Z 

......... 

....J 
0.5 

a: 
z 
t:J 
....... 
U1 

0
0 1 2 

F(jRWARD P(jWER ( k W ) 

Figure 82. The Effect of Power on Bromine Signal 
to Noise Ratio at Constant Flow Rate. 

143 

3 



144 

1000 

>-
I-..... 
U1 
Z 
lLJ 
I-
Z 500 ..... 
lLJ 
> ..... 
l-
e: 
-...J 
lLJ 
a:::: 

0 
0 10 20 30 40 

HEIGHT AB~VE L~AO C~IL (mm) 

Figure 83. Vertical Profiles of Carbon Emission at 165.7 
nm. -- <:) 1.0 kW, x 1. 25 kW, • 1.5 kW, t:J 1.75 kW, 
• 2.0 kW. 



145 

1000 

>-
t--t.n 
Z 
W 
t-
Z -500 
w 
> -t-
o: 
-I 
w 
a::: 

a 
0 10 20 30 40 

HEIGHT ABCJVE LCJAD CCJIL (mmJ 

Figure 84. vertical Profiles of Carbon Emission at 156.1 
nm. -- G) 1.0 kW, X 1.25 kW, ... 1.5 kW', 1::1 1.75 kW. 



o 

146 

. 
e 
c: 

c: • 
0 ...... 

.Q.Q 
1-1 ...... 
ra 
US: 
~ 

\1.4 
00 

UlN 
0-ra .. 
~ ...... 

ra 
Q) ...... 

.Q:s: 
~~ 
_ LO 

Eo! • 
- r-j 

LO 
co 



147 

HO\'lever, when high concentra tions (0.1 to 0.5 lite rs/m in.) 

of either oxygen or nitrogen were added to the discharge, 

the region of maximum intensity appeared to split as in the 

example represented in Figure 86. This effect was not 

observed for high flow rates of either Hel or HBr. A 

summary of all optimized observation positions for this 

system may be found in Table 4. 

The optimum observation position is dependent upon 

each individual element. Positioning mirrors are therefore 

necessary for the most sensitivity. Since in all but a few 

cases the region of maximum intensity is centered in the 

discharge, an experimental configuration with only a 

vertical scan mirror might be employed with satisfactory 

results. Signal to noise studies tend to indicate that the 

highest power practical with the minimum flow rate possible 

should be used for the analysis of the four non-metals 

investigated. 
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Figure 86. Map of Oxygen emission at 130.49 nm. and 1.5 kW 
with High Sample Flow Rate. 
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Table 40 Optimum IT' Tube Observation Positions. 

Element Wavelength (run) Height (nun) * 

Oxygen 130.49 20 

Nitrogen 149.28 13 

Chlorine 134.72 13 

Bromine 153.17 12 

Carbon 165.7 8 

*Distance above load coil. 



CHAPTER 6 

EVALUATION OF THE ICP AS AN ELEMENT SELECTIVE 
GAS CHROMATOGRAPHIC DETECTOR 

To complete the evaluation of the ICP as an element 

selective gas chromatographic detector, several 

investigations were conducted using the optimized 

operational parameters determined in the previous chapter. 

Relative responses for a variety of compounds containing 

one or more of the non-metals of interest were determined. 

Working curves were constructed and selectivity ratios for 

the responses of the elements of interest versus that of 

carbon were calculated. These ratios were defined as the 

weight of carbon necessary to produce a signal equal to the 

signal produced at the detection limit of the element of 

interest. Multicomponent mixtures were separated and the 

capabili ty of the technique of simultaneous multielement 

detection was demonstrated. 

Experimenta~ 

Discrete liquid sampling was used to determine 

detection limits, working curves, linear dynamic ranges, 

relative responses, and selectivity ratios. The 

separations for detection limits were accomplished with the 

Carle GC system while those for selectivity ratios and 

150 
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further studies were done on the Lowenco system.. All 

responses were determined from digitized data either as 

peak heights or peak areas. The Spex Industr ies Inc. 

Doublemate monochromator was positioned behind the r.f. 

shielded housing in such a manner that a quartz lens with a 

75 cm. focal length could be used to focus the image of the 

plasma on the entrance slit. To optimize the positioning 

of the image, Matheson Inc. P-5 gas (5% methane in argon) 

was slowly bled into the discharge and the monochromator 

and lens were arranged to obtain the greatest signal atthe 

247.8 nm. carbon emission line. This observation position 

was centered in the discharge and centered about 9 mm. 

above the load coil. The length of the entrance slit 

supplied with the monochromator allowed an 8 mm. high 

window to be observed. 

Detection Limits & Working Curves 

The compounds and solvent used in the determination 

of working curves and detection limits were all Fischer 

Scientific Co. A.R.grade reagents. The solvent for each 

series of injections was hexane while the compounds used 

were acetone, acetonitrile, n-bromopropane, chloroform, and 

toluene. The column, injection port, and transfer tubing 

temperature and argon flow rates for this study are listed 

in Table 5. The vacuum PMT was held at 2400 volts and both 
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the entrance and exit slits of the Vacuum monochromator 

were set to 20 urn. 

The peaks associated with discrete liquid sampling 

appeared as narrow peaks with baseline widths of a few 

seconds. Due to the baseline width dependence upon 

retention time, peak areas were calculated from digitized 

data and these areas were taken as a measure of response. 

For presentation herein, these digitized values were 

reformatted into area values with the dimensions of nA sec. 

Detection limits were defined as the weight of the element 

of interest which produced a signal tw ice as large as the 

peak to peak noise. 

With the exception of carbon, detection limits for 

each element investigated were below 10 ng. as seen in 

Table 6. The high value for carbon was probably a result 

of the bandpass of the double monochromator caused by the 

0.5 mm slits employed. Working curves for oxygen, 

nitrogen, chlorine, bromine, carbon are illustrated in 

Figures 87 to 91. These curves were obtained from peaks 

broadened by a GC column which had the effect of reducing a 

the concentration of analyte in the plasma per unit time. 

Linear dynamic ranges were from 10 4 to 105 for each 

element. These values were about a factor of 10 larger 

than those obtained earlier which was probably a result of 

the use of higher input power. 
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Table 5. Operational Parameters for Working Curves. 

Column temperature 

Injection Port Temperature 

Transfer Tubing Temperature 

Coolant gas flow rate 

Plasma gas flow rate 

Carrier gas flow rate 

Make-up gas flow rate 

Table 6. Organic Detection Limits. 

Element Wavelength (nm) 

Oxygen 130.49 

Nitrogen 149.28 

Chlor ine 134.72 

Bromine 153.17 

Carbon 247.86 

l20 0 C for Carbon 
1050 c for 0, N, Cl, & Br 

1600 C 

1600 C 

8 liters/min. 

o liters/min. 

20 ml/min. 

500 ml/min. 

ng 

2 

3 

.8 

.5 

32 
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Selectivity 

The applicability of the ICP as an element 

selective GC detector is represented by the example 

illustrated in Figure 92. This series of chromatograms 

was obtained by injecting 1.0 ul of a mixture of 11 

compounds diluted in hexane on to the 3% Carbowax 20 M with 

0.8% KOH column. Telltperature programming was used to elute 

the highly retained components in a reasonable time. The 

column temperature was maintained at llOoC for the first 2 

minutes. At that point the temperature was raised at a 

rate of 320 C per minute until it had reached 200oC. Due to 

the absence of a vacuum polychromator, this example had to 

be constructed from 4 separate injections with each 

injection being normalized to the carbon channel (247.8 

nm.). However, this example does illustrate the utility of 

this method as a simultaneous multielement GC detector. The 

high selectivi ty of the technique was also apparent as no 

peaks were observed where they would not be expected. The 

negative background changes, apparent on all but the carbon 

channel, were due to the decr ease in the plasm a in tensi ty 

caused by a decrease in the power coupling efficiency to 

the plasma. It was observed that the reflected power 

exceeded 350 watts. This drastic drop in efficiency was 

due to the relatively large quantity of solvent injected 

with each sample. In this example, it should be noted that 

the positive ba.ckground changes resultant from scattered 
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Figure 92. Separation of Mul ticornponent Mixture.-- ethanol 
(a), i-propanol (b), carbon tetrachloride (c), 
1,2-dichloroethane (d), nitroethane (e) n-brorno­
butane (f), tetrachloroethylene (g), 1,2-di­
brornoethane (h), brornobenzene (i) phenol (j), 
chlorobenzaldehyde (k). 
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light, were not observed. This absence was solely a result 

of the concentration selected for the components of this 

mixture. At concentra tions near the detection limit this 

effect was obvious (Figures 93 & 94). It was therefore 

concluded that the selectivity was limited by the back­

ground changes and background correction techniques would 

have to be employed for the greatest sensitivity. For this 

reason, the wabbler plate assembly was constructed. 

Selectivity Ratios 

The calculation of selectivity ratios versus carbon 

were accomplished by injecting dilute mixtures and using 

the peak areas of those peaks arising from scattered light. 

Selectivity ratios were defined as the weight of carbon 

required to produce a signal equal to the signal produced 

at the detection limit of the analyte element at its 

analytical wavelength. This criterion has been found to be 

inc.~pendent of the compounds used. (McCormack,'et aI, 1965; 

Windsor, 1977). 

The wabbler plate assembly was used to subtract the 

background at 0.5 nm. on either side of the analytical line 

of interest from the intensity at the analytical 

wavelength. In the case of bromine and chlor ine the 

background was approximately the same at 0.5 nm. off-line 

as on the line. However, the background was much smaller 

0.5 nm. removed from the oxygen and nitrogen emission 
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lines. As can be seen from Table 7, the selectivity of 

both nitrogen and oxygen was improved by about a factor of 

2 with the use of the wabbler plate while in the case of 

bromine and chlorine, this factor was on the order of five. 

These values were influenced by the absorption of light by 

the wabbler plate. The use of the plate decreased the 

minimum detectable quantity by over 1 order of magnitude. 

In the futur e, a much thinner pIa te ( -.2 mm.) would have 

to be used to limit this disadvantage. 

~ Chromatographjc Detector 

The initial evaluation of the ICP as a GC detector 

was carried out by investigating the elemental relative 

response ratios of compounds containing the 4 elements of 

interest. Samples were prepared by mixing the analyte in 

either spectra grade hexane or toluene. The organic 

compounds were all A.R. grade and used without further 

purification except for the amines which were vacuum 

distilled. Each sample was diluted 1:100 v/v in the 

solvent and stored at 5 oC until use. Five injections 

were made with each solution and the area of the resultant 

peaks were calculated. The results of these injections 

can be seen in Tables 8, 9, 10, & 11. These results 

indicate that even without internal standards, the ICP 

shows promise as a good element selective GC detector for 

these elements. 
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Table 7. selectivity Ratios. 

Element Wavelength (nm) Without* With* 

Oxygen 130.49 1.lxl03 2 x 103 

. Nitrogen 149.28 420 800 

Chlorine 134.72 240 1.5xl0 3 

Bromine 153.17 110 700 

*Background correction. 
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Table 8. Oxygen Relative Response Ratios. 

Compound %ReSponse* Compound % Response* 

diphenyl ether 100.2 

diethyl ether 102.7 

anisole 98.7 

tetrahydrafuran 

1,2-dimethoxyethane 

1,4-dioxane 

propionaldehyde 

benzaldehyde 

methanol 

ethanol 

n-propanol 

n-butanol 

t-butanol 

3-me thy 1-1-but anol 

2-methyl-2-butanol 

cyclohexanol 

101.5 

96.6 

94.7 

100.8 

99.7 

118.4 

104.6 

100.3 

99.7 

99.4 

98.2 

98.2 

94.7 

*normalized to i-propanol (100). 

phenol 98.8 

benzyl al cohol 97 .5 

l-octanol 87.5 

2-octanol 

acetone 

methyl ethyl ketone 

ace tophenone 

3-pentanone 

cyclopentanone 

cyclohexanone 

84.7 

106.3 

101.7 

99.0 

98.4 

94.3 

95.7 

diisobutyl ketone 94.4 

methyl isobutyl ketone 97.4 

nitroetliane 84.7 

nitrobenzene 81.5 

o-ni troto1 uene 

water 

80.2 

113.2 



Table 9. Nitrogen Relative Response Ratios. 

Compound 

tr i-amy 1 amine 

di-n-hexyl amine 

diphenyl amine 

cyclohexyl amine 

ethylene diamine 

tri-n-butyl amine 

aniline 

tri-n-hexyl amine 

diethyl amine 

N,N-dimethyl aniline 

quinoline 

ethyl benzyl amine 

m-toluidine 

pyridine 

cyanoethylene 

*normilized to cyanobenzene (100). 

% Response* 

91.6 

96.2 

94.7 

102.2 

106.8 

98.3 

92.8 

94.7 

96.6 

93.9 

89.4 

91.4 

94.5 

a4.9 

112.1 
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Table 10. Chlorine Relative Response Ratios. 

Compound 

t-butyl chloride 

dichloromethane 

1,2-dichloroethane 

chloroform 

l,1,2-trichloroethylene 

carbon tetrachloride 

acetyl chloride 

o-chlorobenzaldehyde 

benzyl chloride 

p-chlorophenol 

benzoyl chloride 

m-chloroaniline 

l-chloronaphthalene 

*normalized to i-butyl chloride (100). 

% Response* 

96.5 

97.9 

101.3 

93.9 

102.7 

103.1 

106.4 

98.9 

101.7 

98.6 

97.4 

93.4 

91.6 
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Table 11. Bromine Relative Response Ratios. 

Compound 

n-bromopropane 

3-bromopropene 

t-butyl bromide 

n-buty1 bromide 

dibromomethane 

1,2-dibromoethane 

bromoform 

1,4-dibromobutane 

bromocyclohexane 

n-bromooctane 

2-b romotol uene 

bromobenzene 

I-bromonaphthalene 

*normalized to i-bromopropane (100). 

% Response* 

97.5 

106.4 

98.1 

102.4 

99.7 

96.9 

95.8 

91.2 

98.9 

92.4 

98.7 

97.4 

92.6 
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Pesticides 

As a measure of the real world capability of this 

method, a 15 ul manual injection of Nanogens International 

(Freedom, CAl standard chlorinated pesticides mixture (MX2) 

was made with the operational parameters set as listed in 

Table 12. This rather large volume of sample was necessary 

due to the very low concentration of each pesticide in the 

sample. The resultant chlorine channel chromatogram can be 

seen in Figure 95. Each component injected had a total 

weight of 1.5 ng. In order to prevent the discharge from 

being extinguished, the tuning of the 1 inear amplif ier as 

well as the input power were adjusted manually during the 

the time that the solvent peak eluted. The illustrated 

chromatogram was the result of one instance where it was 

not extinguished. A splitter valve could alleviate this 

problem by venting the solvent to the atmosphere. 

The weight found for each component was less than 

15% from the actual amount injected (Table l3). However, 

the p p' DDE peak was not detected and no emission of 

carbon above the background level was observed for any peak 

except the solvent • 

~ Qf Elemental Ratios Qll Unresolved Peaks 

In many chr oma togr aphic si tua tions, it is not 

always possible to resolve all of the peaks in a mixture 

under one set of operational conditions. Several 
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Table 12. Operational Conditions for Pesticides Separation. 

Column temperature 220 0 C 

Injection port temperature 240 0 C 

Transfer tubing temperature 240 0 C 

Column 5'xl/8" 3% OV-I01 on Gas Chrom Q 

Power 2 kW 

Observation height above load coil 

Coolant gas flow rate 

Plasma gas flow rate 

Make-up gas flow rate 

Carrier gas flow rate 

Table 13. Pesticides Separation. 

Compound ng Injected 

Lindane 1.09 

Heptachlor .99 

Aldrin .87 

Heptachlor Epoxide .94 

p,p'-DDE .66 

13 rom. 

9 liters/min. 

a liters/min. 

5 00 ml/min. 

27.8 mn/min. 

ng Found 

1 

.9 

.8 

.8 
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injections with varying operational parameters ie., 

temperature, flow rate, etc. are necessary at times. With 

the use of multichannel element selective GC detection, 

this problem may not be so time consumming. When an 

unresolved peak elutes and the shape of the peak is 

unremarkable, that is no shoulders or separation is 

apparent, it still might be possible to detect the 

presence of both components and calculate their empirical 

formulas. An example of this is seen in Figure 96 in which 

an unresolved peak consisting of carbon tetrachloride and 

1,2-dichloroethylene was broken down into 2 respective 

empirical formulas by ratioing the carbon channel to the 

chlor ine channel. Ther efore, by monitor ing the elemental 

ratios of all peaks, many unresolved components may be 

resol veda This technique will -not work however, for 

isomers, trace components, or compounds with identical 

reten tion times. 

Elemental Analysis 

The accuracy and precision of the method were 

eval ua ted by determining the percentage composi tion of a 

series of compounds. The percentage carbon and either 

oxygen, nitrogen, hydrogen, chlorine, or bromine were 

determined for each mixture injected into the GC (Tables 14 

through 18). In each series, the compound used to generate 

the working curves was used as an internal standard. 



3 

-~ 2 
I­
Z 
ILl 
iii: 
iii: 
::I 
U 

I-

l: 
Do 

I­
Z 
ILl 

0-1.---,.,..;············· 

40 

30 

iii: 20 
iii: a 
I-
l: 
Do 

10 

O..i---~· .. ······· 

5 .. 
~ J zQ 
1L11-2 
l:~ 
ILIa: 

o I 134.72 nm. 

........ ~.---

C 1247.68 nm. 

•••••••••• ;':0 •• ___ _ 

CI:C 

!Ai 1 
o +-----ll~-----J~-------I~----~I 

o 5 10 1!!1 20 

TIME (sete) 

174 

Figure 96. Unresolved Tetrachloromethane and 1,2-Dichloro­
ethylene Peaks. 



Table 14. Elemental Analysis of Oxygenated Compounds. 

% Carbon Relative % Oxygen Relative 

Theoretical Found Error (%) Theoretical Found Error (%) 

--------------------------------------------------------------------
benzaldehyde 84.01 84.17 0.19 15.99 15.83 0.98 

propionaldehyde 69.25 69.50 0.36 30.75 30.50 0.82 

methyl benzoate 75.02 75.34 0.43 24.98 24.66 1.30 

benzyl alcohol 84.01 84.14 0.16 15.99 15.86 0.82 

phenol 81.83 81.79 0.04 18.17 18.21 0.22 

methanol 42.88 42.57 0.73 57.12 57.43 0.55 

ethanol 60.02 59.88 0.23 39.98 40.12 0.35 

propanol 69.25 69.40 0.22 30.75 30.60 0.49 

butanol 75.02 75.39 0.49 24.98 24.61 1.47 

t-amy1 alcohol 78.96 78.85 0.15 21.04 21.16 0.56 

cyclohexano1 81.83 81.62 0.26 18.19 18.38 1.16 

diethy1 ether 75.02 75.26 0.33 24.98 24074 0.98 

methoxy benzene 84.01 84.09 0.09 15.99 15.91 0.46 

I-' 
-....l 
U1 



Table l4--bQlltinyed 

% Carbon Relative 

Theoretical Found Error (%) 

---------------------------------
tetrahydrofuran 75.02 74.99 0.04 

acetone 69.25 69.74 0.71 

methyl ethyl ketone 75.02 74.94 0.11 

cyclopentanone 78.96 78.65 0.40 

cyclohexanone 81.83 81.79 0.06 

acetophenone 85.73 85.62 0.12 

1,2-dimethoxy ethane 60.02 59.92 0.17 

% Oxygen 

Theoretical Found 

24.98 25.01 

30.75 30.26 

24.98 25.06 

21.04 21.35 

18.17 18.21 

14.27 14.38 

39.98 40.08 

Relative 

Error (%) 

0.12 

1.60 

0.32 

1.50 

0.25 

0.74 

0.26 

.... 
-..J 
m 



Table 15. Elemental Analysis of Nitrogenated Compounds. 

triamyl amine 

di-n-hexyl amine 

diphenyl amine 

cyclohexyl amine 

ethylene diamine 

tri-n-butyl amine 

anil ine 

trihexyl amine 

diethyl amine 

N,N-dimethyl aniline 

quinoline 

ethyl benzyl amine 

m-toluidine 

% Carbon 

Theoretical Found 

92.79 

91.14 

91.14 

83.74 

46.17 

91.14 

83.74 

93.92 

77.43 

87.28 

88.53 

87.28 

85.72 

92.43 

91.18 

91.13 

83.75 

';6.06 

91.22 

83.96 

93.30 

77.57 

87.04 

88.59 

87.22 

85.28 

Relative 

Error (%) 

0.38 

0.04 

0.01 

0.02 

0.23 

0.08 

0.37 

0.65 

0.19 

0.28 

0.06 

0.07 

0.51 

% Nitrogen 

Theoretical Found 

7.21 

8.87 

8.87 

16.26 

53.84 

8.87 

16.26 

6.08 

22.57 

12.72 

11.47 

12.72 

14.28 

7.57 

8.83 

8.88 

16.25 

53.94 

8.78 

16.04 

6.70 

22.43 

12.96 

11.41 

12.78 

14.71 

Relative 

Error (%) 

4.91 

0.37 

0.11 

0.09 

0.19 

0.87 

1.39 

9.17 

0.65 

1.89 

0.50 

0.47 

3.05 

...... 
'-.I 
'-.I 



Table l5--~QntinygQ 

% Carbon Relative % Nitrogen Relative 

Theoretical Found Error (%) Theoretical Found Error (%) 

------------------------------------------------------------------------------------
cyanobenzene 

pyridine 

cyanoethylene 

acetonitrile 

85.72 

81.09 

72.01 

63.17 

85.31 

79.51 

72.29 

63.21 

0.47 

1.95 

0.39 

0.07 

14.28 

18.91 

27.99 

36.83 

14.69 

20.49 

27.71 

36.79 

2.84 

8.36 

0.99 

0.11 

...... 

" co 



Table 16. Elemental Analysis of Chlorinated Compounds. 

% Carbon Relative 

Theoretical Found Error (%) 

dichloromethane 14.49 14.44 0.30 

chloroform 10.15 10.08 0.68 

tetrachloromethane 7.81 8.67 11.09 

1,2-dichloroethane 25.30 25.34 0.14 

1,1,2-trichloroethane 18.42 18.42 0.00 

tetrachloroethylene 14.49 14.56 0.49 

t-butyl chloride 57.54 57.77 0.39 

benzyl chloride 70.34 70.22 0.16 

l-chloronaphthalene 77.21 77.78 0.74 

% Chlorine 

Theoretical Found 

85.51 85.56 

89.85 89.92 

92.19 91.33 

74.70 74.66 

81.58 81.58 

85.51 85.44 

42.46 42.23 

29.66 29.78 

22.79 22.22 

Relative 

Error (%) 

0.05 

0.08 

0.94 

0.05 

0.00 

0.08 

0.53 

0.39 

2.50 

I--' 
-.J 
1.0 



Table 17. Elemental Analysis of Brominated Compounds. 

bromoform 

1,2-dibromomethane 

n-bromopropane 

n-bromobutane 

1,4-dibromobutane 

bromocyclohexane 

bromobenzene 

2-bromotoluene 

I-bromonaphthalene 

% Carbon 

Theoretical Found 

4.77 

13.07 

31.08 

37.55 

23.12 

47.42 

47.42 

51.27 

60.05 

4.80 

12.93 

31.34 

37.78 

23.35 

47.71 

46.79 

50.59 

60.74 

Relative 

Error (%) 

0.63 

1.08 

0.86 

0.60 

1.03 

0.61 

1.38 

1.33 

1.15 

% Bromine 

Theoretical Found 

95.23 

86.93 

68.92 

62.45 

76.88 

52.58 

52.58 

48.73 

39.95 

95.20 

87.07 

68.66 

62.22 

76.65 

52.29 

53.23 

49.41 

39.26 

Relative 

Error (%) 

0.03 

0.16 

0.39 

0.36 

0.31 

0.55 

1.24 

1.40 

1.73 

I-' 
00 
o 



Table 18. Elemental Analysis of Hydrogenated Compounds. 

% Carbon Relative 

Theoretical Found Error (%) 

---------------------------------------
toluene 91.17 91.14 0.03 

benzene 92.26 92.37 0.12 

phenol 92.26 92.32 0.06 

i-propanol 81.71 81.86 0.18 

ethylene diamine 74.87 74.81 0.08 

cyclohexylamine 84.62 84.51 0.13 

1,2-dich1oroethane 85.63 85.49 0.16 

t-buty1 chloride 84.12 84.04 0.09 

n-bromobutane 84.12 83.96 0.19 

bromocyclohexane 86.67 86.51 0.18 

% Hydrogen 

Theoretical Found 

8.83 8.86 

7.74 7.63 

7.74 7.68 

18.29 18.14 

25.13 25.19 

15.38 15.49 

14.37 14.51 

15.88 15.96 

15.88 16.04 

13.33 13.49 

Relative 

Error (%) 

0.34 

1.42 

0.78 

0.82 

0.24 

0.72 

0.97 

0.50 

1.01 

1.20 

..... 
00 ..... 
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Hydrogen emission was observed at 652.96 nm. with a 

second UV-VIS spectrometer. This monochromator was 

positioned to the side of the double grating monochromator. 

The image of the plasma was focused on the entrance slit 

with a 51 mm diameter 75 mm focal length quartz lens. The 

blaze of the grating wi this instrument was 500 nm. The 

VUV channel detector electronics were used for these 

analyses. The ratios were taken digitally at the peak 

maximum for both the standard and the analyte. The weight 

fraction used in these Tables was based on the combined 

weight of carbon and the element of interest only. An 

example of the precision of these analyses can be seen in 

Table 19. Results of a statistical analysis of the data 

can be found in Tables 20 and 21. The accuracy of these 

results in all but a few instances was sufficient for the 

determina tion of empi rical formulas. 

Empirical Formulas 

Empirical formulas were determined from these same 

elemental mixtures. Each was calculated by dividing the 

percentage of each element found by the atomic weight of 

that element and then adjusting the ratio so that the lower 

value was an integer. The remaining value was then 

rounded-off to give the empirical formulas found in Tables 

22 through 26. All oxygen containing compounds had their 

formulas pr edi cted cor r ectly. Three nitrogen containing 
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Table 19. Repetitive Analyses for Brornpropane 
and 1,2-dich1oroethy1ene. 

n-brornopropane 1,2-dibrornoethane 

% C % Br % C % Br 

Run 1 31.17 68.83 12.86 87.14 

Run 2 31.42 68.58 12.94 87.06 

Run 3 31.37 68.63 12.99 87.01 

Run 4 31.26 68.74 12.79 87.21 

Run 5 31.09 68.91 13.08 86.92 

Run 6 31.23 68.77 13.03 86.97 

Run 7 31.48 68052 12.91 87.09 

Run 8 31.51 68.49 13.06 86.94 

Run 9 31.41 68.59 12.83 87.17 

Run 10 31.45 68.55 12.80 87.20 

Average 31.34 68.66 12.93 87.07 

(j (ppt) 4.5 2.1 9.0 1.3 
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Table 20. Average Relative Error in Multielement Analysis. 

Series 

Oxygen 

Nitrogen 

Chlorine 

Bromine 

Carbon Channel (%) 

.264 

.543 

1.850 

.911 

X Channel (%) 

.748 

2.116 

.548 

.644 

Table 21. Average Relative Standard Deviation of 
Multielement Analysis. 

Series 

Oxygen 

Nitrogen 

Chlorine 

Bromine 

Carbon Channel (ppt) 

2.5 

1.9 

8.4 

5.9 

x Channel (ppt) 

8.7 

7.3 

3.1 

2.3 



Table 22. Determination of Empirical Formulas of Oxygenated Compounds. 

benzaldehyde 

propionaldehyde 

methyl benzoate 

benzyl alcohol 

phenol 

methanol 

ethanol 

propanol 

butanol 

t-amyl alcohol 

cyclohexanol 

diethyl ether 

Empirical 

Formula 

C70 

C3 0 

C40 

C70 

C60 

CO 

C20 

C30 

C40 

C5 0 

C60 

C40 

O/C Ratio 

Theoretical Found 

0.1428 

0.3333 

0.2500 

0.1428 

0.1667 

1.0000 

0.5000 

0.3333 

0.2500 

0.2000 

0.1667 

0.2500 

0.1412 

0.3294 

0.2457 

0.1405 

0.1671 

1.0130 

0.5030 

0.3310 

0.2452 

0.2010 

0.1690 

0.2467 

aError relative to weight of oxygen in compound. 

bError relative to total weight of compound. 

Absolute 

Error 

0.0016 

0.0039 

0.0033 

0.0023 

0.0004 

0.0130 

0.0030 

0.0023 

0.0048 

0.0010 

0.0023 

0.0033 

% Error 
--------------------
Relativea Relativeb 

1.120 

1.170 

1.320 

1.611 

0.240 

1.300 

0.600 

0.690 

1.920 

0.500 

1.380 

1.320 

0.169 

0.322 

0.310 

0.238 

0.041 

0.649 

0.208 

0.184 

0.415 

0.091 

0.220 

0.310 

...... 
m 
1I1 



Table 22--£QIlt i!l!H~Q 

Empirical O/C Ratio Absolute % Error 

Formula Theoretical Found Error Re1ativea Re1ativeb 

methoxy benzene C70 0".1428 0.1421 0.0007 0.490 0.072 

tetrahydrofuran C40 0.2500 0.2504 0.0004 0.160 0.035 

methyl ethyl ketone C40 0.2500 0.2511 0.0011 0.440 0.098 

cyclopentanone C5 0 0.2000 0.2038 0.0038 1.900 0.362 

cyclohexanone e60 0.1667 0.1672 0.0005 0.300 0.049 

acetophenone C80 0.1250 0.1261 0.0011 0.880 0.117 

1,2-dimethoxy ethane C20 0.5000 0.5023 0.0023 0.460 0.164 
------------------------------------------------------------
aError relative to weight of oxygen in compound. 

bError relative to total weight of compound. 

I-' 
00 
0\ 



Table 23. Determination of Empirical Formulas of Nitrogenated Compounds. 

Empirical N/C Ratio Absolute % Error 
--------------------

Formula Theoretical Found Error Relativea Relativeb 

triamyl amine C15 N 0.0667 0.0702 0.0036 5.405 0.333 

di-n-hexyl amine C12 N 0.OS33 0.OS30 0.0003 0.360 0.027 

diphenyl amine C12 N o .OS33 o .OS34 0.0001 0.120 0.010 

cyclohexyl amine C6N 0.1667 0.1664 0.0003 o .lS0 0.025 

ethylene diamine CN 1.0000 1.0040 0.0040 0.400 0.093 

tri-n-butyl amine C12 N 0.OS33 o .OS25 O.OOOS 0.960 0.073 

aniline C6 N 0.1667 0.163S 0.0029 1.720 0.259 

trihexy1 amine C1SN 0.0556 0.0616 0.0060 10.SOO 0.561 

Cliethyl amine C4 N 0.2500 0.2479 0.0021 0.S40 0.161 

N,N-dimethyl aniline CSN 0.1250 0.1277 000027 2.160 0.250 

quinoline C9 N 0.1111 0.1105 000006 0.540 0.059 

aError relative to weight of nitrogen in compound. 

bError relative to total weight of compound. 

...... 
CD 
...... 



Table 23--£Qntinued 

Empirical N/C Ratio 

Formula Theoretical Found 

ethyl benzyl amine C8N 0.1250 0.1257 

m-to1uidine C7 N 0.1428 0.1479 

cyanobenzene C7 N 0.1428 0.1476 

pyridine C5 N 0.2000 0.2210 

cyanoethylene C3 N 0.3333 0.3288 
----------------------
aError relative to weight of nitrogen in compound. 

bError relative to total weight of compound. 

Absolute 

Error 

0.0007 

0.0051 

0.0048 

0.0210 

0.0045 

% Error 

Re1ativea Re1ativeb 

0.560 0.043 

3.571 0.466 

3.361 0.456 

10.520 1.862 

1.350 0.343 

..... 
OJ 
OJ 



Table 24. Determination of Empirical Formulas of Chlorinated Compounds. 

Empirical 

Formula 

dichloromethane CC12 

tetrachloromethane CC1 4 

1,2-dichloroethane CCI 

1,1,2-trichloroethane C2C13 

tetrachloroethylene CC12 

t-butyl chloride C4Cl 

benzyl chloride C7Cl 

l-chloronaphthalene CIOCI 

Cl/C Ratio 

Theoretical Found 

2.0000 

4.0000 

1.0000 

1.5000 

2.0000 

0.2500 

0.1428 

0.1000 

2.0080 

3.2468 

0.9980 

1.5000 

1.9881 

0.2477 

0.1437 

0.0968 

aError relative to weight of chlorine in compound. 

bError relative to total weight of compound. 

Absolute 

Error 

0.0080 

0.7532 

0.0020 

0.0000 

0.0119 

0.0023 

0.0009 

0.0032 

% Error 

Relativea--;~l~~iv~b 

0.400 

18.830 

0.200 

0.000 

0.595 

0.920 

0.360 

3.200 

0.330 

17.360 

0.143 

0.000 

0.503 

0.352 

0.101 

0.698 

I-' 
m 
1.0 



Table 25. Determination of Empirical Formulas of Brominated Compounds. 

Empirical Br/C Ratio Absolute % Error 
------------------ --------------------

Formula Theoretical Found Error Relativea Relativeb 

-----------------------------------------------------------
bromoform CBr) 3.0000 2.9762 0.0238 0.793 0.752 

1,2-dibromomethane CBr 1.0000 1.0121 0.0121 1.210 1.112 

n-bromobutane C4Br 0~2500 0.2518 0.0018 1.280 0.746 

1,4-dibromobutane C2 Br 0.5000 0.4936 0.0064 1.280 0.947 

bromocyclohexane C6Br 0.1667 0.1647 0.0019 1.140 0.559 

bromobenzene C6Br 0.1667 0.1711 0.0044 2.640 1.343 

2-bromotoluene C7 Br 0.1428 0.1468 0.0040 2.801 10308 

1-bromonaphtha1ene C10 Br 0.1000 0.0972 0.0028 2.800 1.080 

-------------------------
aError relative to weight of bromine in compound. 

bError relative to total weight of compound. 

...... 
1.0 
o 



Table 26. Determination of Empirical Formulas of Hydrogenated Compounds. 

toluene 

benzene 

phenol 

i-propanol 

ethylene diamine 

cyc1ohexy1amine 

1,2-dich1oroethane 

t-buty1 chloride 

n-bromobutane 

bromocyc1ohexane 

Empirical 

Formula 

C7 H8 

CH 

CH 

C3H8 

CH4 

C6H13 

CH2 

C4H9 

C4 H9 

C6H11 

H/C Ratio 

Theoretical Found 

1.1428 

1.0000 

1.0000 

2.6667 

4.0000 

2.1667 

2.0000 

2.2500 

2.2500 

1.8333 

1.1589 

0.9941 

0.9880 

2.6379 

4.0160 

2.1827 

2.0239 

2.2621 

2.2781 

1.8590 

aError relative to weight of hydrogen in compound. 

bError relative to total weight of compound. 

Absolute 

Error 

0.0161 

0.0059 

0.0120 

0.0288 

0.0160 

0.0160 

0.0239 

0.0121 

0.0281 

0.0257 

% Error 

Re1a~i~~~- Re1a~i;~b 

1.400 

0.590 

1.200 

1.075 

0.400 

0.738 

1.195 

0.533 

1.244 

1.418 

1.122 

0.046 

0.077 

0.144 

0.054 

0.098 

0.049 

0.052 

0.082 

0.096 

...... 
\0 
...... 



compounds were determined to have formulas other than the 

correct one. In the cases of tri-amyl amine and tri-hexyl 

amine, This error was probably attributable to the low 

percentage of nitrogen in each compound, 6.2% and 5.2% 

respectively. In the case of pyridine even at the low 

concentration used, it caused a noticeble decoupling of 

input power to the plasma, thus incomplete decompo si tion 

might be the explanation for this incorrect determination. 

Tetrachloromethane was the only halogen containing compound 

to have its empirical formula determined incorrectly. This 

was probably due to the low carbon percentage of 7.8%. It 

should be noted however, that with retention time data and 

the knowledge that a formula of C2Cl7 is impossible without 

an undetected heteroatom, a correct empirical formula would 

have been determined. 

Had a vacuum polychromator been available, total 

empirical formulas could have been determined. However, an 

example of the results which might be expected with the use 

of such an instrument could be evaluated by combining the 

empirical formulas determined for carbon to hydrogen ratios 

and for carbon to heteroatom ratios as seen in Table 27. 

These total empirical formulas were calculated by 

normalizing the individual ratios to a heteroatom ratio of 

one. The carbon and hydrogen ratios were then rounded off 

to the nearest integral value yielding the empirical 

formulas presented. 
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Table 27. Total Empirical Formula Determinations for a 
Variety of Compounds. 

Empirical 
Carbon Hydrogen Heteroatom Formula 

phenol 5.982 5.910 1.000 C6H60 

i-propanol 3.021 7.970 1.000 C3H80 

ethylene diamine 0.996 4.000 1.000 CH4N 

cyclohexylamine 6.012 13.124 1.000 C6H13N 

1,2-dichloroethane 1.002 2.028 1.000 CH2Cl 

t-butyl chloride 4.037 9.132 1.000 C4H9Cl 

n-bromobutane 3.971 9.047 1.000 C4H9Br 

bromocyclohexane 6.072 11.287 1.000 C6HIIBr 



CHAPTER 7 

CONCLUSIONS & FUTURE DIRECTIONS 

The ICP has been shown to have potential analytical 

utility for the direct detection of non-metals which can 

not be analyzed in flames. Analytically useful atomic 

emission lines for oxygen, nitrogen, carbon, chlorine, and 

bromine have been observed in the vacuum ultraviolet region 

of the spectrum with the use of a unique coolant tube 

conf iguration. Emission intensity maps have been generated 

indicating the region in the plasma at which the most 

sensitive observations may be made. Accurate and precise 

analyse s have been pe rformed on GC effl uents and the 

results of these investigations suggest several avenues of 

possible future research. 

With the addition of the capability of analyzing 

compounds containing oxygen, nitrogen, chlor ine, and 

bromine, the ICP now has the distinction of being able to 

selectively and quantitatively determine all elements of 

organic significance with the exception of fluorine. The 

principal fluorine emission is expected to be observed at 

94 nm. which is beyond the capabilities of the present 

system. 
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The detection limits for the 4 non-metals investi­

gated were in the low nanogram region and the linear 

dynamic ranges for each exceeded 10 4• with the use of 

background correction techniques, selectivity ratios in 

excess of 500 were found for each element. With only a few 

exceptions, the accuracy of the method of multielement GC 

detection was found to be sufficient for empirical formula 

determina tions. 

Internal standards were used in the method develop­

ed for determining elemental compositions of each effluent 

from a gas chromatograph. This method was found to be 

independent of the weight of the sample and thus sampling 

errors were eliminated. 

Two different coolant tube configurations were 

investigated in the course of this study. The 'T' tube 

configuration was found to be far superior to the 'bell' 

style interface. This superiority lies in the expanded 

volume of the plasma created in the former. The great 

disparity in emission intensities was due to the rapid 

cooling of the plasma by the surrounding gas as it exits 

the coolant tube. The use of the 'T' style coolant tube 

coupled with recent advances in coolant tube modification 

(Fry & Devine, 1981) now give most commercially available 

ICP systems the capability of observing vacuum ultraviolet 

emissions. 
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The experimental configuration used in this 

investigation was not capable of monitoring more than two 

elements simultaneously. A vacuum polychromator would be 

needed to remedy this inability. The use of such a 

polychromator would require a single set of operating 

conditions, most notably a single observation height above 

the load coil. This observation position would be a 

compromise between the optimum observation positions for 

each element to be analyzed. 

Ern ission intensity maps for the 4 non-metal s we re 

gener a ted at sever al input powe r levels. With the excep­

tion of oxygen, the region of maximum intensity for each 

element remained at one position in the discharge. In the 

future, this mapping technique might be employed to 

determine the basic excita tion mechanism of the discharge. 

The argon metastable line has been suspected of having a 

fundamental role in this mechanism. To date, no technique 

has been available to observe this emission, however, with 

the use of LiF optics in a similar experimental 

configuration, the intensity and spatial profile of this 

emission may be obtained. Using inverted Abel techniques, 

(Algeo, 1981) the excitation mechanism might be derived 

from these observa tions. 

Extensions on this course of research might include 

the use of the ICP as a detector for HPLC effluents and 

industrial process lines. The bulky vacuum spectrometer 
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might in the future be replaced by a number of spectral 

bandpass filters, each one selected for an individual 

element. 

The ICP has been shown to be a sensitive technique 

in the analysis of organic compounds. The methods devised 

lend themselves well to the simultaneous determination of 

many organically important elements and the added ability 

of very accurate empirical formula determinations will be 

invaluble to the organic analytical chemist in the future. 

The VUV has been found useful in the observation of 4 non­

metals and has been shown to have great potential for the 

analysis of many other elements. The ability to analyze 

compounds containing oxygen, nitrogen, chlor ine, and 

bromine will certainly aid the organic chemist as the ICP­

GC becomes a routine and trusted laboratory tool. 



APPENDIX A 

TRANSMITTER START UP & TORCH IGNITION 

1. Turn on the filament switch and let the transmitter 
warm up about 5 min. 

2. After the delay make sure the key switch is off and 
turn on the plate switch. 

3. Make sure the power control unit is on manual mode and 
the input power potentiometer is fully counter 
clockwise. 

4. Close the roughing valve on the monochromator and open 
the fore valve to pump down the upper chamber. 

5. Turn on the argon and helium supplies and make sure 
that the coolant argon pressure is above 500 psi. 

6. Adjust 

Let the 

the gas flow rates 
coolant argon 
plasma argon 
sample argon 
purge helium 

system purge for 

to the following conditions: 
3-5 liters/minute 

I liter/minute 
0.25 liters/minute 
0.25 liters/minute. 

about 3 - 5 minutes. 

7. Close the fore valve and open the roughing valve. 
Slowly crack the gate valve until the pressure in the 
top chamber begins to go down. After the needle of 
the meter has reached 10 microns, open the gate valve 
all the way. 

8. After purging the system, turn the coolant supply up 
to 9 - 10 liters/minute. 

9. Turn on the key and adjust the output power to about 
300 - 500 watts. Turn the key off and wait a minute. 

10. Turn the key on again and scan the course capacitor 
through the dip observed on the power meter. Adjust 
the capacitor to the low capacitance side of the dip 
and turn the key off. Wait one minute. 
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11. Turn the key on and adjust the output power to 1 kW. 

12. 

Press the Tesla coil button and simultaneously scan 
the course capacitor over the dip. The torch should 
ignite. 

Adjust the SWR to its 
adjusting the worm gear 
unit. 

maximum with your thumb by 
on the course capacitor motor 

13. The system should warm up for 20 - 30 minutes before 
analyses may be performed. During this time, the SWR 
should be checked periodically. The transmitter should 
be turned off immediately if the reflected power 
rises above 100 watts. This is done by turning off 
the key switch. 



APPENDIX B 

HANDLING & CLEANING OF VUV OPTICAL COMPONENTS 

The optical components should be held only by the 

edge with plastic or rubber gloves previously cleaned with 

alcohol or detergent and water. Holding by the edge with 

bare fingers leaves grease on the edge and usually on the 

edge of the optical surface. 

Cleaning 

Every few months, the optical surfaces in contact 

with the vacuum of the spectrometer will need to be cleaned 

to prevent substantial build up of polymerized vacuum pump 

oil. The cleaning procedure for VUV optics is quite 

different from that of standard coated optics since the 

materials are water soluble. Therefore, water and alcohols 

are not to be used. 

Spectra grade xylene is used as a cleaning solvent 

for VUV optics. Ultra pure freon may also be used if 

available. To clean windows and lenses, a lens tissue 

moistened with xylene is used to lightly clean the surface 

of the component. The final step for this procedure is to 

douse the component with xylene and let it air dry. 
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To remove the oil from the grating, spectra grade 

xylene is used. The oil film, which appears pink, is 

removed by pouring the solvent over the grating until it 

returns to its natural grey color. No brush, cleaning 

tissue, or other solid object is ever supposed to touch the 

surface of the grating. The grating is allowed to air dry 

after its final rinse. 



APPENDIX C 

COMPUTER PROGRAM LISTINGS 

DIRECTORY 

120 MAP ROUTINE (MAP) 
;USED WITH THE WABLER PLATE ASSEMBLY. X,Y COORDI­
;NATES MAY BE ENTERED. LOAD 77 & 120. 

125 ABEL MAP ROUTINE (ABEL) 
;USED WITH WABLER PLATE ASSEMBLY. ABEL MATRIX X,Y 
;COORDINATES MUST BE USED. LOAD 77 & 125. 

135 INTEGRATING ABEL MAP ROUTINE (lABEL) 
jUSED WITHOUT WABLER PLATE. ABEL MATRIX X,Y MUST 
;BE USED. PRINTS OUTPUT IMMEDIATELY AFTER EACH 
;MAP. LOAD 77 & 135. -.- .. ~ 

140 FAST INTEGRATING ABEL MAP ROUTINE (FIABEL) 
;USED ON ANALYTE LINE. ABEL MATRIX X,Y MUST BE 
;USED. STORES DATA ON DISK. LOAD 77 & 140. 

162 RATIO ROUTINE (RATIO) 
;DETERMINES RATIO BETWEEN 2 INPUT CHANELS (VUV & 
;UV-VIS). CALCULATES AVERAGE VALUES, AVERAGE 
;DEVIATION, & EMPIRICAL RORMULA. STORES DATA ON 
;DISK AND PRINTS OUT VALUES FOR ALL SAMPLES 
;INJECTED. LOAD 77 & 162. 

164 FRACTION ROUTINE (FRACTION) 
;CALCULATES ELEMENTAL WEIGHT FRACTION OF COM­
;POUNDS. LOAD 77 & 164. 

170 MODIFIED RATIO OUTPUT ROUTINE (MRATIO) 
;OUTPUTS COMPOUND NAME, AVERAGES, EMPIRICAL 
;FORMULA, RELATIVE & ABSOLUTE ERRORS. LOAD 77, 
;162, & 170. 

201 GC INPUT-OUTPUT ROUTINE (GC GC-OUTPUT) 
;INPUTS 2 CHANNEL DATA SIMULTANEOUSLY, AVERAGES 32 
;POINTS & STORES AVERAGE VALUES ON DISK. 1000 
;POINTS PER CHANNEL AVAILABLE ( 12 MIN). LOAD 201 

202 
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000100 
: TRIGI BEGIN-HERE 1 0 OUTDEVICE OPUSH 2 INDEVICE 10000 AND 
IF END ELSE BEGIN THEN ; : TRIGZERO BEGIN-HERE 1 0 OUTDEVICE 
OPUSH 2 INDEVICE 10000 AND IF BEGIN THEN TRIGI ; : TRIG 1 0 
OUTDEVICE OPUSH 2 INDEVICE 10000 AND IF TRIGZERO ELSE TRIGl 
THEN ; : START-? BEGIN-HERE 1 0 OUTDEVICE OPUSH 2 INDEVICE 
100000 AND IF END ELSE BEGIN THEN ; ;S ~ 

000101 
: IN-DATA UPDICT NUMBER ; : SC 0 0 OUTDEVICE 13 0 OUTDEVICE 
o 0 OUTDEVICE ; : ADF BEGIN-HERE 1 0 OUTDEVICE OPUSH 2 
INDEVICE 40000 AND IF END ELSE BEGIN THEN ; : AD-F 
BEGIN-HERE 2 0 OUTDEVICE OPUSH 2 INDEVICE 40000 AND IF END 
ELSE BEGIN THEN ; : ADCI 1 0 OUTDEVICE 3 INDEVICE 2 INDEVICE 
21 1777 AND ; : ADC 2 0 OUTDEVICE 3 INDEVICE 2 INDEVICE 21 
1777 AND ; : DATAl SC ADF ADCl ; : DATA SC AD-F ADC ; : 
SDATAI ADF ADCl : SDATA AD-F ADC ; ;S ~ 

000102 
: TEST TRIG 100 1 DO DATAl LOOP ; : PTEST CRLF 10 1 DO 10 1 
DO • LOOP CRLF LOOP ; 100 1 DIMENSION TARRAY : T-ARRAY-INIT 
100 1 DO 0 I TARRAY ! LOOP; : TAX 100 1 DO 101 I - TARRAY 
DUP @ 3 UNDER + SWAP ! DROP LOOP ; PRINT TSMAG NUMBER OF 

SUMATIONS FOR SMOOTHING (1,2,4,8, ••• )? 1 0 VARIABLE SMAG 
: SMERK CRLF TSMAG DECIMAL I~-DATA OCTAL SMAG ! CRLF ; ;S -

000103 
: GRX T-ARRAY-INIT SMAG @ 1 DO TEST TAX LOOP ; 0 VARIABLE 
CCC : PTARRAYS CRLF 1 CCC 1 10 1 DO 10 1 DO CCC @ TARRAY @ • 
CCC @ 1+ CCC ! LOOP CRLF LOOP ; 1 VARIABLE YCNT : DI YCNT @ 
1 DO 100 1 DO I TARRAY DUP @ 21 SWAP ! LOOP LOOP ; : DIVCONT 
SMAG @ 1 YCNT ! BEGIN-HERE 21 DUP 1- IF YCNT @ 1+ YCNT ! 
BEGIN THEN DROP DI ; ;S ~ 

000104 
PRINT GDIVIDE ENTER INTEGRATE MODE (1) SMOOTH MODE (0): / 0 
VARIABLE DIVT : DEVWANT aDIVIDE IN-DATA OIVT ! CRLF; : 
SMURG SMAG @ 1- IF DIVCONT THEN ; : XRG CRLF DEVWANT OIVT @ 
IF END THEN SMURG ; ;S -
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000105 
PRINT TQUERY HORIZONTAL LOCATION ? / 0 VARIABLE BACKSTORE 
PRINT TQUERYl VERTICAL LOCATION ? / 0 VARIABLE LINESTORE 
PRINT TPOINTS NUMBER OF MAP LOCATIONS : / 0 VARIABLE HOZL 
PRINT TBACKG LOWEST OF EIGHT BACKGROUND ARRAY LOCATIONS : / 
PRINT TLINELOC LOWEST OF FIVE LINE ARRAY LOCATIONS : / 
o VARIABLE HOZL 0 VARIABLE VEZL 0 VARIABLE ZCNTR 0 VARIABLE 
POINTS 0 VARIABLE BACKG 0 VARIABLE LINELOC ;S ~ 

000106 
:QUERY CRLF TQUERY DECIMAL IN-DATA OCTAL HOZL ! TQUERYl 
DECIMAL IN-DATA OCTAL VEZL ! ; : QUERY-MAP 10 1 DO CRLF LOOP 
TBACKG IN-DATA BACKG ! CRLF TLINELOC IN-DATA LINELOC ! CRLF 
TPOINTS DECIMAL IN-DATA OCTAL POINTS! ; ;S ,.. 

000107 
o VARIABLE BA 0 VARIABLE LIF : BACKCOR BACKG @ BA ! 10 1 DO 
BA @ TARRAY @ BA @ 1+ BA ! LOOP + + + + + + + 2/ 2/ 2/ . 
BACKSTORE ! ; : LINEFIND LINELOC @ LIF ! 5 1 DO LIF @ TARRAY 
@ LIF @ 1+ LIF LOOP MAX MAX MAX MAX LINESTORE ! ; ;S ~ 

000110 
o VARIABLE NST 0 VARIABLE NOISESTORE : B-S BACKSTORE @ BA @ 
TARRAY @ - NST @ + NST ! ; : S-B BA @ TARRAY @ BACKSTORE @ -
NST @ + NST ! ; : NOISE 0 NST ! BACKG @ BA ! 10 1 IIO BA @ 

TARRAY @BACKSTORE @ < IF B-S ELSE S-B THEN BA @ 1+ BA ! 
LOOP NST. @ 2/ 2/ NO I SESTORE ! ; ; S ,.. 

000111 
374 1 DIMENSION STOREOUT : HORZ-ST HOZL @ ZCNTR @ STOREOUT 
! ; : VERT-ST VEZL @ ZCNTR @ POINTS @ + STOREOUT ! ; : 
XBACKSTORE BACKSTORE @ ZCNTR @ POINTS @ DUP + + STOREOUT 
: LINE-STORE LINESTORE @ ZCNTR @ POINTS @ OUP DUP + + + 
STORE OUT ! ; : DIF-STORE LINESTORE @ BACKSTORE @ - ZCNTR @ 
POINTS @ DUP DUP DUF' + + + + STORE OUT ! ; : NOISE-STORE 
NOISESTORE @ ZCNTR Z POINTS @ DUP DUP DUP DUP + + + + + 
STORE OUT ! ; S ~ 

000112 
o VARIABLE SLI 0 VARIABLE PSLICE : HORIZ-ST ZCNTR @ 1- ZCNTR 
STOREOUT ;: VERTI-ST PSLICE @ ZCNTR @ POINTS @ + STOREOUT 
! ; ; S ~ 

000113 
PRINT THREADER HORZ VERT BACKGD LINE DIFF 2*SD / 
: S SPACE ; : XOUTPUT CRLF CRLF CRLF THREADER CRLF CRLF 
POINTS @ 1 DO I STOREOUT @ DECIMAL • S S POINTS @ I + 
STOREOUT @ • ~ S POINTS @ DUP I + + STOREOUT @ • S S POINTS 
@ DUP DUP I + + + STORE OUT @ • S S POINTS @ DUP DUP DUP I + 
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+ + + STOREOUT @ • S S POINTS @ DUP DUP DUP DUP I + + + + + 
STORE OUT @ • CRLF LOOP OCTAL ; : ZCNTR-TEST ZCNTR @ POINTS 
@ = IF XOUTPUT ELSE ZCNTR @ 1+ ZCNTR ! THEN ; ;S ~ 

000114 
PRINT THOUT HORIZ SLICE BACKGROUND LINE 

DIFFERENCE 2 * S.D. / : Q SPACE ; : AOUTPUT CRLF 
CRLF POINTS @ 1 DO I STORE OUT @ DECIMAL • Q Q POINTS @ I + 
STORE OUT @ • OCTAL Q Q POINTS @ DUP I + + STOREOUT @ FLOAT 
F. Q POINTS @ DUP DUP I + + + STOREOUT @ FLOAT F. Q POINTS 
@ DUP DUP DUP I + + + + STORE OUT @ FLOAT F. Q POINTS @ DUP 
DUP DUP DUP I + + + + ~ STOREOUT @ FLOAT F. CRLF LOOP; 
ZCNT-ABEL ACNTR @ POINTS @ = IF AOUTPUT ELSE ZCNTR @ 1+ 
ZCNTR ! THEN ; ;S ~ 

000115 
o VARIABLE TIME WATE 1000 1 DO LOOP ; : WAIT 1 DO WATE 
LOOP; : O.lSEC 1 DO 4 WAIT LOOP; : SEC 1 DO 30 WAIT LOOP 
;S ~ 

000116 
PRINT QLEVEL SET BACKGROUND & GAIN LEVELS ! / PRINT TFIN 
FINISHED 1 YES (O)! / : LEVEL CRLF CRLF QLEVEL CRLF 
BEGIN-HERE 600 1- DO DATAl DROP 1 O.lSEC LOOP TFIN IN-DATA IF 
BEGIN ELSE CRLF THEN ; : STOREOUT-INIT 374 1 DO 0 I STOREOUT 
! LOOP ; : T-A DIVT @ IF END THEN SMURG ; ;S ~ 

000117 
: STORE HORZ-ST VERT-ST XBACKSTORE LINE-STORE DIF-STORE 
NOISE-STORE ; : MAP-RUN STOREOUT-INIT SMERK 1 ZCNTR ! 
POINTS @ 1 DO QUERY GRX T-A BACKC8R LINEFIND NOISE STORE 
ZCNTR-TEST LOOP; MAP LEVEL SMERK GRX XRG PTARRAYS 
QUERY-MAP MAP-RUN; ;S ~ 

000120 
OCTAL 100 LOAD 101 LOAD 102 LOAD 103 LOAD 104 LOAD 105 LOAD 
106 LOAD 107 LOAD 110 LOAD 111 LOAD 113 LOAD 115 LOAD 116 
LOAD 117 LOAD ;S ~ 

000121 
PRINT NOTICE ABEL MAP DATA IS TAKEN FROM THE CENTER (0) 

TOWARDS THE EDGE / PRINT NOTICEl (11 OR 21) & FROM THE 
BOTTOM (1) TO THE TOP (MAXIMUM OF 10). / PRINT TPPSLICE 
NUMBER PF POINTS PER SLICE 1 (11 OR 21) : / PRINT TSLICE 
NUMBER OF SLICES 1f MAXIMUM OF 10) /: PPSLICE TPPSLICE 

DECIMAL IN-DATA OCTAL POINTS ! CRLF ; : SLICE TSLICE DECIMAL 
IN-DATA OCTAL SlI ! CRLF ; ;S ~ 
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000122 
PRINT XCOM COMMENTS: / PRINT XL ABEL LABEL: / PRINT XPOWER 
POWER: / PRINT XFLOW FLOW RATES: / PRINT XELEMENT ELEMENT: / 
PRINT XDATE DATE: / PRINT XADG AD GAIN: / PRINT XELECG 

ELECTROMETER GAINt / PRINT XPMTV PMT VOLTAGE: / : TIT 
XLABEL UPDICT CRLF XDATE UPDICT CRLF XELEMENT UPDICT CRLF 
XPOWER UPDICT CRLF XFLOW UPDICT CRLF XADG UPDICT CRLF XELECG 
UPDICT CRLF XPMTV UPDICT CRLF XCOM UPDICT CRLF CRLF ; ;S -

000123 
: ABLSTR HORIZ-ST VERTI-ST XBACKSTORE LINE-STORE DIF-STORE 
NOISE-STORE ; : ABEL-QUERY 10 1 DO CRLF LOOP TBACKG IN-DATA 
BACKG ! CRLF TLINELOC IN-DATA LINELOC ! ; : ABEL-RUN 
STOREOUT-INIT SMAEK SLICE PPSLICE CRLF NOTICE CRLF NOTICE! 
CRLF CRLF TIT CRLF CRLF THOUT 1 PSLICE ! SLI @ 1 DO ZCNTR ! 
POINTS @ 1 DO START-1 GRX T-A BACKCOR LINEFIND NOISE ABLSTR 
SPACE ZCNT-ABEL LOOP PSLICE @ 1+ PSLICE ! LOOP ; ;S -

000124 
: ABEL LEVEL SMERK GRX XRG PTARRAYS ABEL-QUERY ABEL-RUN CRLF 
CRLF CRLF CRLF CRLF ; ;S -

000125 
OCTAL 100 LOAD 101 LOAD 102 LOAD 103 LOAD 104 LOAD 105 LOAD 
106 LOAD 107 LOAD 110 LOAD 111 LOAD 112 LOAD 114 LOAD 115 
LOAD 116 LOAD 121 LOAD 122 LOAD 123 LOAD 124 LOAD CRLF ;S -

000126 
: START-1 BEGIN-HERE 1 0 OUTDEVICE OPUSH 2 INDEVICE 100000 
AND IF END ELSE BEGIN THEN ; 0 VARIABLE VCNT 0 VARIABLE XYZ 
o VARIABLE SCRATCH 0 VARIABLE lSN 0 VARIABLE 2SN 0 VARIABLE 
ZSTORE 0 VARIABLE INST 0 VARIABLE ISTEMP 0 VARIABLE SLI 0 
VARIABLE PSLICE 0 VARIABLE ZCNTR 0 VARIABLE POINTS 100 1 
DIMENSION ISTOREOUT 200 1 DIMENSION PSTORE ;S -
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000127 
PRINT T?? LEVEL DURATION ( SEC ) : 1 0 VARIABLE DURAT PRINT 
QLEVEL SET BACKGROUND AND GAIN LEVELS 1 PRINT TFIN FINISHED 

? YES (0): 1 : LEVEL CRLF T?? IN-DATA DURAT ! CRLF QLEVEL 
CRLF BEGIN-HERE DURAT @ 1 DO DATAl DROP 10 O.lSEC LOOP TFIN 
IN-DATA CRLF IF BEGIN ELSE CRLF THEN ;S ~ 

000130 
: HST ZCNTR @ 1 - ZCNTR @ PSTORE !; VST PSLICE @ ZCNTR @ 
POINTS @ + PST ORE ! ; : ZSTORES ZSTORE @ ZCNTR @ POINTS @ 
DUP + + PST ORE ! ; : INSTORE INST @ ZCNTR @ POINTS @ DUP DUP 
+ + + PSTORE ! ; : IABLSTR HST VST ZSTORES INSTORE ; 
SHTEST lSN @ IF 2SN @ FLOAT lSN @ FLOAT FDIV F. ELSE 14 1 DO 
52 POP POP OUTTTY LOOP THEN ; ;S ~ 

000131 
: TAKEPOINT 100 1 DO DATAl I ISTOREOUT ! LOOP ; : INTABEL 0 
ZSTORE !. 100 1 DO I ISTOREOUT @ ZSTORE @ + ZSTORE ! LOOP 
ZSTORE @ 21 21 21 21 21 ZSTORE ! ; : A-B ZSTORE @ ISTEMP @ -

INST @ + INST !; B-A ISTEMP @ ZSTORE @ - INST @ + INST ! 
; : INOISE 0 INST 100 DO I ISTOREOUT @ OUP ISTEMP ! ZSTORE 
@ < IF A-B ELSE B-A THEN LOOP INST @ 21 21 21 21 21 INST ! ; 
;S ~ 

000132 
: Q SPACE ; : IOUTPUT CRLF POINTS @ 1 00 CRLF I PSTORE @ 
DECIMAL • Q Q POINTS @ I + PSTORE @ • OCTAL Q Q POINTS @ OUP 
I + + PST ORE @ OUP 2SN ! FLOAT F. Q Q POINTS @ DUP OUP I + + 
+ PSTORE @ DUP 1SN FLOAT F. Q Q SNTEST LOOP; ;S ~ 

000133 
PRINT THHOUT HORIZ SLICE SIGNAL 2 * SO 

SIG TO NOISE / ZOUT CRLF CRLF THHOUT 500 SCRATCH ! XYZ 
@ 1+ 1 DO 1 PSTORE ! SCRATCH @ 1 READ IOUTPUT SCRATCH @ 1+ 
SCRATCH ! LOOP EXECUTIVE ; PRINT GU LEVELS? YES (0) : / : 
GUESS CRLF GU IN-DATA IF ZOUT ELSE LEVEL THEN ; PRINT TQ 

CONTIMUE ? YES (0) : / : CONTINUE=? TQ IN-DATA IF GUESS 
THEN ; : OSTASH 1 PSTORE 1 SCRATCH @ 1 WRITE SCRATCH @ 1+ 
SCRATCH ! ; ; S ,.. 

000134 
PRINT IAMRT INTEGRATING ABEL MAP ROUTINE / : ZCNT-IABEL 
ZCNTR @ POINTS @ = IF DSTASH CONTINUE-? CRLF XYZ @ 1+ XYZ 
ELSE ZCNTR @ 1+ ZCNTR ! THEN ; : lABEL CRLF IAMRT CRLF CRLF 
NOTICE CRLF NOTICE1 CRLF CRLF LEVEL SLICE PPSLICE TIT 500 
SCRATCH ! 0 XYZ ! 1 PSLICE ! SLI @ 1 DO 1 ZCNTR ! POINTS @ 1 
DO START-? TAKEPOINT INTABEL INOISE IABLSTR SPACE ZCNT-IABEL 
LOOP PSLICE @ 1+ PSLICE ! LOOP XYZ @ 1- XYZ ! ZOUT ; ;S ,.. 
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000135 
126 LOAD 101 LOAD 115 LOAD 127 LOAD 121 LOAD 122 LOAD 130 
LOAD 131 LOAD 132 LOAD 133 LOAD 134 LOAD CRLF CRLF ;S ~ 

000136 
: FVOUTPUT 1 VCNT ! CRLF CRLF POINTS @ 1 DO I PSTORE @ FLOAT 
F. VCNT @ 1+ DUP VCNT ! 6 = IF 1 VCNT ! CRLF THEN LOOP ; : 
FVOUT CRLF CRLF 500 SCRATCH ! XYZ @ 1+ 1 DO 1 PST ORE 1 
SCRATCH @ 1 READ FVOUTPUT SCRATCH @ 1+ SCRATCH ! LOOP ; : 
ZCNT-FIABEL ZCNTR @ POINTS @ = IF DSTASH CRLF XYZ @ 1+ XYZ 
ELSE ZCNTR @ 1+ ZCNTR ! THEN ; PRINT TFIAB FAST INTEGRATING 

ABEL MAP ROUTINE / ;S ~ 

000137 
: FIABEL CRLF CRLF TFIAB CRLF SLACE PPSLICE TIT LEVEL 500 
SCRATCH ! 0 XYZ ! SLI @ 1 DO 1 ZCNTR ! POINTS @ 1 DO START-? 
TAKEPOINT INTABEL ZSTORE @ ZCNTR @ PSTORE ! SPACE 
ZCNT-FIABEL LOOP PSLICE @ 1+ PSLICE ! LOOP XYZ @ 1- XYZ ! 
FVOUT ; ;S ~ 

000140 
OCTAL 126 LOAD 101 LOAD 115 LOAD 127 LOAD 121 LOAD 122 LOAD 
130 LOAD 131 LOAD 132 LOAD 133 LOAD 136 LOAD 137 LOAD CRLF 
CRLF ;S ~ 

000141 
PRINT TFROM? BEGINNING BLOCK: / PRINT TTOO? ENDING BLOCK: I 
o VARIABLE TTF 0 VARIABLE TTO : HARD-COPY TFROM? UPDICT 
NUMBER TTF ! TTOO? UPDICT NUMBER TTO TTO @ TTF @ - 1+ TTO 
! CRLF CRLF TTO @ 1 DO TTF @ DUP DUP • BLOCK-DISP 1+ TTF ! 
CRLF LOOP ; ;S ~ 

000142 
o VARIABLE Ct 0 VARIABLE vt F 0 FVARIABLE SMVA F 0 
FVARIABLE SMUA F 0 FVARIABLE EMV F 0 FVARIABLE EMU F 0 
FVARIABLE FDEN F 0 FVARIABLE FDILU PRINT !!!! * I PRINT TCM 

COMPOUND : / PRINT TVNA VUV ELEMENT : / PRINT TUNA UV-VIS 
ELEMENT : / PRINT TDEN DENSITY : I PRINT TDIL DILUTION : / 
PRINT TEX X 10- / 12 1 DIMENSION CNAME 12 1 DIMENSION VNAME 
12 1 DIMENSION UNAME 2 1 FDIMENSION DFRt 4 1 FDIMENSION 
FNtSV 24 1 DIMENSION N1SV 3 1 DIMENSION BtSV 36 1 
FDIMENSION GtSv ;S ~ 
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000143 
: TRC HERE 1@ OPUSH 1 CNAME ! HERE 1+ 2 CNAME HERE 1@ OPUSH 
WORDS ; : TRV HERE 1@ OPUSH 1 VNAME ! HERE 1+ 2 VNAME HERE 
1@ OPUSH WORDS ; : TRU HERE 1@ OPUSH 1 UNAME ! HERE 1+ 2 
UNAME HERE 1@ OPUSH WORDS ; : CMPD? CRLF TCM UPDICT TRC CRLF 
TVNA UPDICT TRV !!!! UPDICT NUMBER Vi ! CRLF TUNA UPDICT TRU 
!!!! UPDICT NUMBER Ct ! CRLF TDEN F FDUP FDEN F! 3 FNtSV F! 
CRLF TDIL F TEX E- FDILU F! FDILU F@ 4 FNiSV F! CRLF ; ;S ,.. 

000144 
o VARIABLE DLOC 0 VARIABLE tOSAVE 0 VARIABLE ilSAVE 0 
VARIABLE iOSTASH 0 VARIABLE t1STASH 0 VARIABLE USTASH 0 
VARIABLE VSTASH : VAINIT 0 VSTASH ! 0 USTASH ! ; : 100TAKE 
100 1 DO DATAl VSTASH @ + VSTASH ! SDATA USTASH @ + USTASH 
LOOP ; : VDIVIDE VSTASH @ 2/ 2/ 2/ 2/ 2/ 2/ VSTASH : UDIVIDE 
USTASH @ 2/ 2/ 2/ 2/ 2/ 2/ USTASH : BASELINE VAINIT 100TAKE 
VDIVIDE UDIVIDE ; : COUT 2 CNAME 1 CNAME @ TTYOUT ; : VOUT 2 
VNAME 1 VNAME @ TTYOUT ; : UOUT 2 UNAME 1 UNAME @ TTYOUT ; 
;S ,.. 

000145 
o VARIABLE RiCNT 0 VARIABLE IJCNT PRINT TAIJ ANOTHER 
COMPOUND? YES (0) : / : DEINIT 0 DUP tlSTASH ! tOSTASH ! ? 
: DTINIT 0 DUP ilSAVE ! iOSAVE ! ; : FINTEST 1 0 OUTDEVICE 
OPUSH 2 INDEVICE 100000 AND ; : 4POINTS 4 1 DO DATAl tlSTASH 
@ + ilSTASH ! SDATA tOSTASH @ + iOSTASH ! LOOP; : COMP 
tlSTASH @ 2/ 2/ ilSAVE @ MAX ilSAVE ! iOSTASH @ 2/ 2/ tOSAVE 
@ MAX iOSAVE ! ; : DATA TAKE DTINIT BEGIN-HERE DEINIT 
4POINTS COMP FINTEST IF END ELSE BEGIN THEN ; ;S ,.. 

000146 
: BASESTASH VSTASH @ 1 BiSV ! USTASH @ 2 BtSV ! ; : NiSTASH 
iOSAVE @ RiCNT @ NiSV ! ilSAVE @ RiCNT @ 1+ NiSV ! ; : 
DATASET BEGIN-HERE START-? 5 O.lSEC BASELINE BASESTASH 
DATATAKE NiSTASH DECIMAL IJCNT @ • TAIJ IN-DATA OCTAL CRlF 
IF RiCNT @ 2 + RiCNT ! IJCNT @ 1+ IJCNT ! BEGIN THEN RtCNT @ 
1+ 2/ 3 BiSV ! ; : DCN 1 CNAME I*BUFF @ 24 lIJORIIS ; : DVN 1 
VNAME I*BUFF @ 24 + 24 WORDS ; : DUN 1 UNAME I*BUFF @ 50 + 
24 WORDS ; ; S ,.. 
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000147 
: DDFRi 1 DFR. I*BUFF @ 74 + 10 WORDS ; : DFNi 1 FNISV 
I*BUFF @ 104 + 20 WORDS ; : DNIS 1 NISV I*BUFF @ 134 + 50 
WORDS ; : DBIS 1 BISV I*BUFF @ 204 + 6 WORDS ; : DGIS 1 GISV 
I*BUFF @ 212 + 100 WORDS ; : ACtS CI I*BUFF @ 312 + 2 WORDS 
; : ACllS VI I.BUFF @ 314 + 2 WORDS ; : SEIS SMVA I*BUFF @ 
316 + 4 WORDS ; : SCtS SMUA I*BUFF @ 322 + 4 WORDS ; : 
DISKDUMP DCN DVN DUN DDFRt DFNt DNtS DBtS DGtS ACtS AC1tS 
SEIS SCtS DLOC @ WR-VERIFY DLOC @ 1+ DLOC ! ; ;S ~ 

000150 
: ZCN I*BUFF 1 CNAME 24 WORDS; ZVN I*BUFF @ 24 + 1 VNAME 
24 WORDS ; : ZUN I*BUFF @ 50 + 1 UNAME 24 WORDS ; : ZDFRt 
I*BUFF @ 74 + 1 DFRI 10 WORDS ; : ZFNI I*BUFF @ 104 + 1 
FNISV 20 WORDS ; : ZNIS I*BUFF @ 134 + 1 NISV 50 WORDS ; : 
ZBIS I*BUFF @ 204 + 1 BISV 6 WORDS ; : ZGIS I*BUFF @ 212 + 1 
GISV 100 WORDS ; : ZAC I*BUFF @ 312 + CI 2 WORDS ; : ZAIC 
I*BUFF @ 314 + VI 2 WORDS ; : ZZA I*BUFF @ 316 + SMVA 4 
WORDS ; : ZZB I*BUFF @ 322 + SMUA 4 WORDS ; ;5 ~ 

000151 
: WRFDISK DLOC @ BLOCK ZCN ZVN ZUN ZDFRI ZFNI ZNIS ZBIS ZAC 
ZAQC ZZA ZZB DLOC @ 1+ DLOC ! ; 0 VARIABLE Gil 0 VARIABLE 
Gt2 0 VARIABLE GI3 0 VARIABLE CCZZ 0 VARIABLE CZCZ 0 
VARIABLE IVtG PRINT TSIG SIGNAL M MOLES I PRINT RAT 

RATIO I : RHEADING 14 1 DO SPACE LOOP VOUT SPACE TSIG 
VOUT 6 1 DO SPACE LOOP UOUT SPACE TSIG UOUT 4 1 DO SPACE 
LOOP RAT; GINIT I Gil ! 13 GI2 ! 25 GI3 ! ; : 3SPA 3 1 DO 
SPACE LOOP ; ;S ~ 

000152 
: ROUTPUT 1 CCZZ ! 1 CZCZ ! WRFDISK CRLF CRLF COUT CRLF CRLF 
GINIT RHEADING CRLF 3 BtSV @ 1 DO DECIMAL CCZZ @ • OCTAL 
3SPA CZCZ @ NISV @ FLOAT 1 BtSV @ FLOAT FSUB FDUP F. 3SPA 
SMVA F@ FDIV FDUP F. 3SPA Gtl @ GtSV F! CZCZ @ 1+ DUP CZCZ ! 
NtSV @ FLOAT 2 BISV @ FLOAT FSUB FDUP F. 3SPA SMUA F@ FDIV 
FDUP F. GI2 @ GISV F! Gtl @ GISV F@ GI2 @ GISV F@ FDIV FDUP 
3SPA F. GI3 @ GISV F! Gil @ 1+ Gil! GI2 @ 1+ GI2 Gt3 @ 1+ 
Gt3 ! CCZZ @ 1+ CCZZ ! CZCZ @ 1+ czez ! CRLF LOOP ; ;3 ~ 

000153 
F 0 FVARIABLE AVtSV F 0 FVARIABLE AV2tSV F 0 FVARIABLE 
AV3tSV PRINT AXS AVERAGE I PRINT LNPT ------------ I : 
AVGPRT AXS 21 1 DO SPACE LOOP AVISV F@ F. 23 1 DO SPACE LOOP 
AV21SV F@ F. 3 1 DO SPACE LOOP AV31SV F@ F. ; : AVGCL 0 
FLOAT AVtSV F! 0 FLOAT AV2tSV F! 0 FLOAT AV3tSV F! ; : 
2AVGCL GISV F@ AVtSV F@ FADD AVtSV F! ; : 3AVGCL GtSV F@ 
AVISV F@ FADD AV2tSV F! ; : 4AVGCL GtSV F@ AVtSV F@ FADD 
AV3tSV F! ; ;S ~ 
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000154 
: 5AVGCL AVtSV F@ 3 BtSV @ FLOAT FDIV AVtSV F! ; : 6AVGCL 
AV2iSV F@ 3 BtSV @ FLOAT FDIV AV2tSV F! ; : 7AVGCL AV3tSV F@ 
3 BiSV @ FLOAT FDIV AV3iSV F! ; : AVGCL lAVGCL 3 BtSV @ 1 DO 
I 2AVGCL I 12 + 3AVGCL I 24 + 4AVGCL LOOP 5AVGCL 6AVGCL 
7AVGCL AVGPRT ; ;S ~ 

000155 
F 0 FVARIABLE PRtSV F 0 FVARIABLE P2RSV F 0 FVARIABLE P3RSV 
PRINT SIGMA AVERAGE DEVIATION / : PRCPRT DIGMA 7 1 DO SPACE 
LOOP PRiSV F@ F. 23 1 DO SPACE LOOP P2RSV F@ F. 3 1 DO SPACE 
LOOP P3RSV F@ F. ; : 1PRCCL 0 FLOAT PRtSV F! 0 FLOAT P2RSV 
F! 0 FLOAT P3RSV F! ; : 2PRCCL GtSV F@ AVISV F@ ; : 3PRCCL 
GtSV F@ AVtSV F@ FSUB PRtSV F@ FADD PRtSV F! ; : 4PRCCL GiSV 
F@ FSUB PRiSV F@ FADD PRiSV F! ; ;S ~ 

000156 
~ SPRCCL GiSV F@ AV2iSV F@ ; : 6PRCCL GtSV F@ AV2tSV F@ FSuB 
P2RSV F@ FADD P2RSV F! ; : 7PRCCL GtSV F@ FSUB P2RSV F@ FADD 
P2RSV F! ; : 10PRCCL GtSV F@ AV3tSV F@ ; : 11PRCCL GtSV F@ 
AV3tSV F@ FSUB P3RSV F@ FADD P3RSV F! ; : 12PRCCL GtSv F@ 
FSUB P3RSV F@ FADD P3RSV F! ; ;S ~ 

000157 
: LtPT 31 1 DO SPACE LOOP LNPT 23 1 DO SPACE LOOP LNPT 3 1 
DO SPACE LOOP LNPT ; PRINT NTE CHANGE DISKETTE ! I : PRCCL 
lPRCCL 3 BISV @ 1 DO I 2PRCCL F) IF I 3PRCCL ELSE AViSV F@ I 
4PRCCL THEN I 12 + 5PRCCL F) IF I 12 + 6PRCCL ELSE AV2tSV F@ 
I 12 + 7PRCCL THEN I 24 + 10PRCCL F) IF I 24 + 11PRCCL ELSE 
AV3tSV F@ I 24 + 12PRCCL THEN LOOP PRiSV F@ 3 BiSV @ FLOAT 
FDIV PRiSV F! P2RSV F@ 3 SISV @ FLOAT FDIV P2RSV F! P3RSV F@ 
3 BISV @ FLOAT FDIV P3RSV F! PRCPRT ; ;S ~ 

000160 
: EMPCALC AViSV F@ AV21SV F@ F( IF 1 FLOAT AVISV F@ FDIV 
AV2tSV F@ FMUL EMU F! 1 FLOAT EMV F! ELSE 1 FLOAT AV2iSV F@ 
FDIV AVtSV F@ FMUL EMV F! 1 FLOAT EMU F! THEN; PRINT EMP 

EMPIRICAL FORMULA : / PRINT SMR SIGNAL PER M MOLE / : 
SMRATIO SMR TVNA F SMVA F! CRLF SMR TUNA F SMUA F! CRLF ; 
: EMPIRICAL CRLF EMPCALC EMP UOUT SPACE EMU F@ F. VOUT SPACE 
EMV F@ F. ; ;S ~ 
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000161 
PRINT ACTU ACTUAL : / PRINT =ii ----------- / : ACTUAL ACTU 
DECIMAL UOUT Ci @ • SPACE VOUT Vi @ • OCTAL ; : SLINERT CRLF 
CRLF 10 1 DO =ii LOOP ; : ROUT DLOC @ 0 - IVtG ! 0 DLOC ! 
IViG @ 1 DO SLINERT ROUTPUT LtPT CRLF AVGCL CRLF PRCCL CRLF 
EMPIRICAL ACTUAL LOOP ; : RATIO 0 DLOC ! CRLF NTE CRLF LEVEL 
SMRATIO BEGIN-HERE CMPD? 1 RtCNT ! 1 IJCNT ! DATASET 
DISKDUMP TFIN IN-DATA IF BEGIN THEN ROUT ; ;S ~ 

000162 
OCTAL 100 LOAD 101 LOAD 115 LOAD 127 LOAD 142 LOAD 143 LOAD 
144 LOAD 145 LOAD 146 LOAD 147 LOAD 150 LOAD 151 LOAD 152 
LOAD 153 LOAD 154 LOAD 155 LOAD 156 LOAD 157 LOAD 160 LOAD 
161 LOAD CRLF CRLF ;S ~ 

000163 
o VARIABLE tEL 5 1 FDIMENSION AMW 5 1 FDIMENSION FMW 5 1 
FDIMENSION iil F 0 FVARIABLE DDEN F 0 FVARIABLE TMW PRINT 
D~~ DENSITY : / PRINT i?i • OF ELEMENTS / PRINT ELE ELEMENT 

: / PRINT TTMW MOL. WT. : / PRINT TCZ COMPOUND : / PRINT 
it i / : MWIT tEL @ 1 DO CRlF ELE UPDICT TTMW F I FMW F! 
LQOP ; : NU CRLF CRLF TCZ UPDICT Dti F DDEN F! CRLF iEL @ 1 
DO it F I iil F! LOOP CRLF ; ;S ~ 

000164 
163 LOAD: PAS tEL @ 1 DO I ttl F@ I FMW F@ FMUL I AMW F! 
LOOP; TOT) FLOAT TMW F! tEL @ 1 DO I AMW F@ TMW F@ FADD 
TMW F! LOOP TTMW TMW F@ F. CRLF ; : FRAC tEL @ 1 DO I AMW F@ 
TMW F@ FDIV F. LOOP; : FRACTION CRLF CRLF DECIMAL i?t 
UPDICT NUMBER tEL ! MWIT BEGIN-HERE NU PAS TOT FRAC BEGIN 
CRLF CRLF ;5 ~ 

000165 
: ZROUTPUT 1 CCZZ ! 1 CZCZ ! WRFDISK COUT CRLF GINIT 3 BiSV 
@ 1 DO CZCZ @ NtSV @ FLOAT 1 BiSV @ FLOAT FSUB SMVA F@ FDIV 
Gtl @ GiSV F! CZCZ @ 1+ DUP CZCZ ! NtSV @ FLOAT 2 BiSV @ 
FLOAT FSUB SMUA F@ FDIV Gi2 @ GiSV F! Gil @ GiSV F@ Gt2 @ 
GiSV F@ FDIV Gt3 @ GtSV F! Gil @ 1+ Gil ! Gi2 @ 1+ Gi2 ! Gi3 
@ 1+ Gi3 ! CCZZ @ 1+ CCZZ ! CZCZ @ 1+ CZCZ ! LOOP ; PRINT 
ZZX U MOLES / : XZZAZA lAVGCL 3 BiSV @ 1 DO I 2AVGCL I 12 + 
3AVGCL I 24 + 4AVGCL LOOP 5AVGCL 6AVGCL 7AVGCL ; ;S ~ 



213 

000166 
: ZGA AXS 4 1 DO SPACE LOOP ZZX UOUT SPACE AVtSV F@ F. 3SPA 
ZZX VOUT SPACE AV21SV F@ F. RAT SPACE AV3iSV F@ F. CRLF ; ! 
ZZPRCCL lPRCCL 3 BISV @ 1 DO I 2PRCCL F) IF I 3PRCCL ELSE 
AVISV F@ I 4PRCCL THEN I 12 + 5PRCCL F> IF I 12 + 6PRCCL 
ELSE AV21SV F@ I 12 + 7PRCCL THEN I 24 + 10PRCCL F) IF I 24 
+ llPRCCL ELSE AV31SV F@ I 24 + 12PRCCL THEN LOOP PRISV F@ 
3 BISV @ FLOAT FDIV PRISV F! P2RSV F@ 3 BISV @ FLOAT FDIV 
P2RSV F! P3RSV F@ 3 BISV @ FLOAT FDIV P3RSV F! ; ;S " 

000167 
F 0 FVARIABLE ZABSER F 0 FVARIABLE ZZABSER F 0 FVARIABLE 
ZZZABSER : GGZ SIGMA 4 1 DO SPACE LOOP PRISV F@ F. 15 1 DO 
SPACE LOOP P2RSV F@ F. 14 1 DO SPACE LOOP P3RSV F@ F. ; 
PRINT RGG RELATIVE ERROR 1 PRINT RGR ABSOLUTE ERROR 1 PRINT 
~ ~ 1 : TGSE AV31SV F@ ZZABSER F@ FSUB FDUP ZABSER F! AV31SV 
F@ FDIV 100 FLOAT FMUL ZZZABSER F! ; : PABSER VI @ FLOAT CI 
@ FLOAT FDIV ZZABSER F! TGSE ; ;S " 

000170 
~65 LOAD 166 LOAD 167 LOAD: GASTY PABSER RGR ZABSER F@ F. ~ 

3SPA RGG ZZZABSER F@ F. ~ ; : GHTY CRLF ZROUTPUT XZZAZA 
ZZPRCCL CRLF ZGA GGA GGZ CRLF EMPIRICAL ACTUAL CRLF GASTY 
CRLF CRLF ; : MRATIO DLOC @ 0 - IViG ! 0 DLOC ! IVIG @ 1 DO 
SLINERT GHTY LOOP; CRLF CRLF ;S " 

000171 
o VARIABLE UGAVG 0 VARIABLE VQAVG 0 VARIABLE SEI 0 VARIABLE 
DCN 0 VARIABLE DNC 1750 1 DIMENSION UAR 1750 1 DIMENSION VAR 
40 1 DIMENSION UARRAY 40 1 DIMENSION VARRAY 10 1 DIMENSION 
TN PRINT LA. LABEL: 1 PRINT BS BEGINNING ~:SK SECTOR? 1 
PRINT CD CHANGE DISKETTE!! 1 CODE DABORT 301 1, 301 1, 301. 
1, RTN ; S .... 

000172 
: PORK 40 1 DO DATAl I VARRAY ! SDATA I UARRAY ! LOOP ; : 
VAINIT 0 DUP VGAVG ! UQAVG ! ; : VAVG 40 I DO I VARRAY @ 

VQAVG @ + VQAVG ! LOOP VGAVG @ 21 21 21 21 21 VQAVG ! ; : 
UAVG 40 1 DO I UARRAY @ UGAVG @ + UGAVG ! LOOP UGAVG @ 21 
21 21 21 21 UQAVG ! ZFINISHED I 0 OUTDEVICE OPUSH 2 
INDEVICE 100000 AND ; : ARINIT 1750 1 DO 0 I UAR ! 0 I VAR 
LOOP ; ; S .... 
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000173 
: GCl ARINIT START-1 1750 1 DO VAINIT PORK VAVG UAVG VQAVG @ 
I VAR ! UGAVG @ I UAR ! ZFINISHED IF DABORT THEN LOOP ; : 
TRUCK HERE 1@ OPUSH 1 TN ! HERE 1+ 2 TN HERE 1@ OPUSH WORDS 
; : GCINIT CRLF CD CRLF CRLF LAi UPDICT TRUCK CRLF ; : 
BSINIT as IN-DATA SEt ;5 ~ 

000174 
: -DC 370 DCN ! 1 DNC : -DN 1 TN I*BUFF @ 20 WORDS 1 
I*BUFF @ 20 + 760 WORDS SEt @ WR-VERIFY SEt @ 1+ SEt ! ; 
-DG 2 1 DO DCN @ VAR I*BUFF @ 1000 WORDS SEt @ WR-VERIFY 
@ 1+ SEt ! DCN @ 400 + DCN ! LOOP DCN @ VAR I*BUFF @ 740 
WORDS SEt @ WR-VERIFY SEt @ 1+ SEt ! ; ;S ~ 

000175 

VAR . • 
SEt 

: -DM 3 1 DO DNC @ UAR I*BUFF @ 1000 WORDS SEt @ WR-VERIFY 
SEt @ 1+ SEt ! DNC @ 400 + DNC ! LOOP ; : -DW DNC @ UAR 
I*BUFF @ 720 WORDS SEt @ WR-VERIFY SEt @ 1+ SEt ! ; PRINT 
FGH FINISHED 1 YES (1); I : -DISKSTASH -DC -DN -DG -DM -DW 
: F11 CRLF FGH UPDICT NUMBER ; ; GC BSINIT BEGIN-HERE GCINIT 
GCl -DISKSTASH F11 IF END THEN BEGIN ; ;S ~ 

000176 
; -WN SEt @ BLOCK I*BUFF @ 1 TN 20 WORDS l*aUFF @ 20 + 1 VAR 
760 WORDS SEt @ 1+ SEt ! ; : -WG 2 1 DO SEt @ BLOCK I*BUFF @ 
DCN @ VAR 1000 WORDS SEt @ 1+ SEt ! DCN @ 400 + DCN ! LOOP 
SEt @ BLOCK I*BUFF @ DCN @ VAR 740 WORDS SEt @ 1+ SEt ! ; 
;S ~ 

000177 
: -WM 3 1 DO SEt @ BLOCK I*BUFF @ DNC @ UAR 1000 WORDS SEt @ 
1+ SEt ! DNC @ 400 + DNC ! LOOP ; : -WW SEt @ BLOCK l*aUFF @ 
DNC @ UAR 720 WORDS SEt @ 1+ SEt ! ; ; WOUT 2 TN 1 TN @ 
TTYOUT ; : WRFDISK -DC -WN -WG -WM -WW ; ;S ~ 

000200 
PRINT UX UV-VIS CHANNEL I PRINT VX VUV CHANNEL I 0 VARIABLE 
GXX : GCO CD CRLF as UPDICT NUMBER SEI ! CRLF WRFDISK CRLF ? 
: GC2 DECIMAL 0 GXX ! VX CRLF 1750 1 DO I VAR @ • SPACE GXX 
@ 1+ DUP GXX ! 12 = IF CRLF 0 GXX ! THEN LOOP ; : GC3 0 GXX 
! UX CRLF 1750 1 DO I UAR @ • SPACE GXX @ 1+ DUP GXX ! 12 = 
IF CRLF 0 GXX THEN LOOP; : GC-OUTPUT GCO WOUT CRLF GC2 
CRLF CRLF GC3 ; ;8 ~ 

000201 
OCTAL 100 LOAD 101 LOAD 171 LOAD 172 LOAD 173 LOAD 174 LOAD 
175 LOAD 176 LOAD 177 LOAD 200 LOAD CRLF CRLF ;8 -



APPENDIX D 

MAP CONSTRUCTION 

The data used to construct the maps presented 

herein, were taken in an array of spatial postions. This 

was accomplished with the use of the mirror manipulating 

assembly which is depicted in Figures 17 and 97. These 

arrays consisted of 10 horizontal rows of 11 points each. 

Each row began at the center of the plasma discharge and 

extended towards the edge in equal 0.86 rom. steps. The 

center' of each row was separated from the next by either 

3.1 rom or 4.4 rom depending on which of the two different 

coolant tube configurations were used. Since the intermed­

iate image mask was 1 rnm high and the demagnification of 

the transfer optics was 2.5X, the overlap of each observa­

tion was about 40%. This value was used as the overlap 

requested in the CTOUR program. 

The analog signal from the PMT was converted into a 

digital value with the use of the ADC. These digital 

values were then output as floating point numbers. A file 

was then created in the Nova computer system and these 

values entered in the format shown in Figure 98. The first 

line contains the word APPARENT to delineate it from an 

Abel inversion file. The second line contains the file 
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Cross::...section of Hirror Manipulating Assembly.­
side arm coolant tube assembly with 'Bell' 
collar configuration in outline(a), water 
cooled o-ring compression collar(b), vertical 
scanning VL~ mirror(c), purged aluminum hous­
ing(d), horizontal scanning VUV mirror ana gear 
assembly(e), lens(f), intermediate image mask 
(g), entrance slit(h), monochromator (i) • 



APPARI:IJT 
f:Rt1l0 BRot.1fNE 1.0 n! HEAD GAS 

11 f, 153.2 20. 0.22001: 2 
0.1510E 3 O. 1112 OE 3 0.1250E 3 0.1000E 3 a.BaOOE 
0.8200E 2 0.3200E 2 n.aaOOE 2 0.8 IfOOE 3 O.7900E 
0.7eOOE 2 
0.3(.30E 3 0.4370E "1 0.3930E 3 0.3180E 3 0.2350E 
O. 1 5110 E 3 n.9200E 20.8 L100E 2 n.6flOOE 2 0.7200E 
O.Cl500[ 2 
0.5790E 3 0.5580E 3 0.5230E 3 0. 1179 OE 3 O. It 911 OE 
O.3930E 3 0.26001: 3 0.1720E 3 O.1220E 3 0.8500E 
O.6200E 2 
O.4940E 3 0.4840E 30. l t690E 3 0.4660E 30. Lt290E 
0.4040E "1 0.3170E .3 0.2560E 3 0.lS80E 3 0.1540E 
a.llIOE 3 
O.lIOIIOE 3 O.3f.80E 3 O.3540E 3 O.3390E ., 0.3270E 
0.3020E 3 O.2200E 3 0.1570E 3 O. 1011 OE 3 0.7200E 
O. 5110 OE 2 
0.32201: :=I O.3010E ., 0.2800E 3 0.2690E 3 0.2l90E 
0.lG70E 3 O.1290E 3 0.7C)00E 2 0.4700E 2 0.3100E 
0.2200[ 2 

Figure 98. Example of Data Format for Map Generation. 
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code name and any comments relevent to the acquisition of 

the data. The third line contains a 2 digit number in 

columns 14 and 15 representing the number of values taken 

in each row. Eleven values were used in all maps presented 

herein, however, 21,31,& 41 values may be used in the CTOUR 

routine. The value in columns 29 and 30 is the number of 

rows taken. This value is limited to a maximum of 10 rows. 

An F6.l value beginning at column 32 is the wavelength 

which may be entered but is not necessary for th€ proper 

operation of the routines. The F4.0 value is the slit width 

in micrometers and the Fll.4 value is the observation 

window width in mm. The data begins on line 4 and consists 

of rows of five Fll.4 entries. The first entry in each 

group of 11 entries must be the central value and each 

group of 11 must be placed in order of increasing height 

above the load coil. 

Once the file is created in this format, the CTOUR 

routine is run. It requests the data file name and several 

other parameters including the aforementioned ro\'l overlap. 

The prompts in this routine are self explanatory and their 

answers are dependent en the manner in which the data was 

obtained. 



APPENDIX E 

VUV LASER 

Before the ICP-VUV project was initiated, the VUV 

spectrometer was used for several other studies. Among 

these was the characterization of a very high repetition 

rate VUV molecular hydrogen laser. 

The output of this laser consists of 17 or more 

molecular emission lines in the spectral region near 160 

n. m. (F i gu r e 99). These emissions result from the transi-

tions to the ground state from the rotational-vibrational 

sublevels of an excited electronic state(Figure 100). 

Shipman (1967), Hodgson (1970), waynant (1970,1971) 

and Goldsmith and Knyazev (1977) have all elaborated 

extensively on the theoretical aspects of the excitation 

mechanisms and the physical requirements necessary to 

achieve laser action. The most critical requirements are 

attributable to the extremely short radiative lifetime of 

the upper laser level (0.8 nsec.) and the fact that the 

lower laser level is metastable. These factors limit the 

the useful discharge duration to about 1 nsec. Goldsmith 

and Knyazev (1977) have shown that the pumping current 

density of the excitation discharge be at least 105 to 106 

Amps / cm2 . This requirement can be fulfilled most readily 
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Figure 99. Spectral Output of Hydrogen Laser.--Digitized 
Densitometer Tracing with Wavelength in nano­
meters. 
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by limiting the discharge channel height to between 0.05 

and 0.50 rnrn. with an excitation pulse rise time of less 

than 1 nsec. 

The hydrogen laser is quite simple in structure. It 

consists of a glass discharge channel with two electrodes, 

which are sandwiched between two capacitor plates. The 

energy stored in the plates is discharged into the laser 

mecia with the use a simple gas filled sparkgap. An 

exploded view of the laser may be seen in Figure 101. 

Excitation rise times on the order of 1 nsec can be 

achieved with the use of a Blumlein transverse discharge. 

A schematic representation of the sequence of events of a 

Blumlein discharge can be seen in Figure 102. The lower 

discharge plate is charged to a high positive potential 

relative to the two upper plates which are held at ground. 

The spark gap is then fired causing a circular wavefront to 

radiate from the spark gap. When this wavefront intersects 

the laser discharge channel, a large current across the 

channel is generated which sweeps down the channel in less 

than the required nanosecond. 

The phase velocity of this sweeping action is 

dependent upon the dielectric constant (er) of the insul­

ator between the discharge plates and is a function of the 

angle at which the wavefront intersects the discharge 

channel. As seen from Figure 103, this phase velocity can 

be in excess of the speed of light. 
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Figure 101. Explodec Diagram of Laser Assembly. 
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Figure 102. Model of Blumlein Discharge.--Fully charged 
(upper) , circular wavefront approaching 
discharge chanel(middle), discharge across the 
laser media (1ower) • 
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The first use of a hydrogen laser was to study the 

excitation mechanisms and the spontaneous amplified emis­

sions resulting in a laser of this type. These first 

lasers had poor repitition rates, on the order of one pulse 

every few hours(Shipman 1967). To be useful as an analyti­

cal spectroscopic source however, the laser would have to 

operate at a substantially higher repetition rate. Figure 

104 demonstrates the intensity of the output power and the 

output per pulse as a function of frequency for the laser 

described herein. The output per pulse drops with the 

frequency while the mean output power rises steadily up to 

about 350 Hz. Above this frequency, the mean power drops 

abruptly. This sharp drop is probably due to the inability 

of the laser discharge plates to charge between pulses. 

The first application of this laser was to investi­

gate its us~ as a photoionization source in a gas chromato­

graphic detector. The output of this laser results in 7.7 

to 7.9 ev photons which should have the ability to ionize 

a discrete group of compounds, eg., secondary and tertiary 

amines and polynuclear aromatics, all of which are of 

environmental importance. 

The detector cell designed for use in this experi-

ment can be seen 

able ceramic base 

a LiF window and 

were biased with 

in Figure 105. It consists of a machin­

which supports 2 gold plated electrodes, 

inlet and outlet ports. The electrodes 

batteries to between 50 and 300 volts. 
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One electroce was grounded while the other was input to an 

integrating operational amplifier circuit. Due to the 

shape of the laser output, the entire volume of this cell 

(40 ul.) was active so that the electrodes had to be masked 

to prevent photoelectron effects on their surfaces. The 

cell was held at constant temperature in a heated chamber. 

This prevented condensation of the analytes or solvents on 

the vuv window. The detector was connected to the gas 

chromatograph via a 25 cm. length of heated capillary tube. 

The initial separations were performed on a custom packing 

(0.8% KOH and 4% Carbowax 20M on 100/120 chrom 103). 

From the initial separations it was observed that 

signals above the background level were present with 

analyte present in the cell. However, several improvements 

would have to be implemented before quantitative analyses 

could be attained. 

this time: 

Three factors limited quantitation at 

1. Triggering inconsistancy. 

2. Irreproducable laser pulse heights. 

3. Rf noise. 

The timing of the triggering circuit depended upon 

an RC network (Figure 106) and the breakdown mechanics of 

the sparkgap. The pulse to pulse deviation for the circuit 

alone, at 100 Hz, was observed to be less than 5%. The 

main inconsistancy of the circuit occured in the sparkgap 

which caused an overall pulse to pulse deviation of as much 
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as 20% at 100 Hz. It was found that the inductance of 

state of the art EG&G SF6 filled fixed separation sparkgaps 

was too high to allow sufficiently rapid excitation rise 

times. Therefore, a laboratory built sparkgap with vari­

able gap and pressure had to be employed. 

The sparkgap problem was one of two which contri­

buted to the irreproducibility of the laser pulse height. 

Since the time between pulses could not be held constant, 

the amount of charge delivered to the laser capacitor plate 

could not be constant. Therefore, the amount of energy 

dumped into the laser media could not be reproducible. The 

second contribution involved the pressure and flow rates of 

laser media (hydrogen) and the sparkgap dielectric (SF6 or 

N2) • Simple flow meters, high pressure regulators, and 

a differential pressure meter were used to measure and 

meter these gases. Mass flow meters and an absolute method 

of pressure detection should be employed to improve the 

precision of these parameters. 

Problems in the detection system resulted from the 

high intensity Rf noise generated by the electrical dis­

charge of the laser. Better shielding and a method of 

synchronous data aquisition should be employed to alleviate 

these difficulties. 

The molecular hydrogen laser is a relatively simple 

and inexpensive apparatus. Its radiation can be useful in 
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a variety of analytical situations since it is the only 

intense line source, to date, of VUV photons in this par­

ticular region of the spectrum. 



APPENDIX F 

LASER OPERATION 

1. Turn on the vacuum pump. The differential pressure 
meter will rise to an off-scale reading. After several 
minutes of purging, the laser channel output line valve 
(labeled VAC) may be opened. This operation should be 
performed very slowly to prevent "pegging" the vacuum 
meter. When the valve has been completely opened for 
several more minutes, the pressure gauge should read 0 
torr. If a non-zero reading is observed, the system 
should be checked for leaks. 

2. Turn on both of the power switches (110 & 220 VAC). 

3. Turn on the coolant water to the laser tube water 
jacket if it is to be used. 

4. Turn of a slow flow of helium purge gas. 

5. Close the input valve and open the hydrogen tank valve. 
Adjust the regulator to 10 psi. 

6. Turn on the spark gap dielectric gas supply and adjust 
the pressure to about 40 psi. 

7. Close the VAC valve and reopen 1 1/2 turns counter 
clockwise. 

8. The input valve may then be cracked to allow a slow 
flow of hydrogen to enter the discharge channel. The 
valves should then be adjusted to obtain a steady 
pressure at 40 torr. The input valve should be used as 
a course adjustment and the VAC valve as a fine 
adjustment. This fine adjustment is best set ~lhile the 
laser is in operation. The system should be purged for 
at least 5 minutes at this point. 

9. Turn on the Hi Voltage main power. 

10. Turn the Hi Voltage adjustment potentiometer down all 
the way (ccw). 

11. Turn on the Hi Voltage. 
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12. Turn on the trigger power supply and select the "auto" 
mode. 

13. Adjust the trigger repetition rate to about 1 - 10 Hz. 
This may be accomplished by observing the output of the 
trigger circuit on an oscilloscope or by making the 
adjustment from the audible clicking of the spark gap. 

14. Gradually increase the Hi Voltage until auto breakdown 
occurs when the potential between the spark gap 
electrodes rises above the breakdown potential of the 
fill gas thus causing a continuous discharge. An 
increase in the spark gap pressure will allow a higher 
operating voltage. However, as the potential and 
dielectric pressure are increased, the reproducibility 
of the pulse intensity diminishes. Therefore, a 
compromise between these competing affects must be 
made. 

15. Adjust the dielectric gas pressure until the desired 
voltage may be attained without auto breakdown. 

16. Adjust the hydrogen pressure with the fine adjustment 
while observing the laser output on a fluorescent 
screen (sodium salycilate or uranyl acetate). At the 
optimum pressure, the output should appear as a narrow 
lens shape with several dim bands above and below 
caused by the waveguide affects of the narrow laser 
channel. 



APPENDIX G 

LASER TROUBLE SHOOTING 

Problems with the laser are usually in one of four 

catagories: 

1. Laser dielectric degradation. 

2. Spark gap degradation. 

3. Trigger circuit failure. 

4. Discharge channel degradation. 

When an arc has formed in the mylar dielectric, the 

dielectric should be replaced. However, a short term 

remedy is to place a piece of thick (0.032 n
) polyethylene 

sheeting in the path of the arc if possible. 

To change the polyester (Mylar), the laser is 

dismantlec and the old mylar is removed. Any tape 

remaining on the high voltage plate should also be removed. 

Using 'Scotch' tape, new mylar is wrapped around the plate. 

Seventeen layers of 0.002 n thick mylar are necessary. To 

obtain a neatly wrapped package, the process is Gone in 

steps of 3 to 4 layers at a time. 

The end of the mylar roll is taped to the middle of 

the plate and 3 or 4 complete wraps are made tightly around 

the plate. The edges of mylar are then trimmed about 6 to 

8 cm from the edge of the aluminum plate. These edges are 
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then folded toward the bottom side of the plate and taped 

in place. Corners anc curved edges are folded over by 

first slitting the film into 5 cm wide tabs which can then 

be taped down. In each successive set of 3 to 4 layers, 

this procedure is repeated except that the tabs forming the 

curved edges are offset to prevent a path for arcing to 

occur. The final step in recovering the plate is to cut a 

5 cm diameter hole in the mylar to expose the spark gap. 

When trouble arises with the spark gap, the remedy 

is usually readjustment of the gap distance. The upper 

electrode may be adjusted by screwing the electrode 

assembly in or out with a wrench. When the lower electrode 

has pitted enough to cause erradic operation, it must be 

replaced. This requires the disassembly of the spark gap 

assembly. The copper and brass button electrode is removed 

with a pair of 'c'-ring pliers. This button is then heated 

with a brazing torch until the copper insert may be 

removed. Once this is accomplished, another insert is 

brazed into the brass collar and the assembly is then faced 

off in the lathe. 

Trouble with the trigger circuit (Figure 106) was 

always due to the failure of the SCR in the circuit. 

Replacement of this component remedied the problem. 

The manufacture of the discharge channel is a 

stepwise procudure requiring the curing of epoxy glue 

between each construction step. The design of the laser is 
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essentially that of Golasmith ana Knyazev (1977), however, 

several improvements in the methods of construction have 

been incorporated into this procedure. The laser channel 

developed by Goldsmith and Knyazev consisted of 6 pieces of 

glass and 2 copper electrodes. They made no mention, how­

ever, of the manner in which the channel was constructed to 

insure that it was parallel over its entire length. In this 

section, a method of construction which insures that the 

channel is parallel is described. 

The components for the construction of a standard 

laser channel are as follows: 

a. 2 - stainless steel electrodes 17"x6"xO.OI". 
The four corners of each of these sheets is 
trimmed to a radius of about 1 cm. 

b. 2 - glass panes 1.S'x20"xO.2S". 

c. 2 - glass panes I.O"x20"xO.lS". 

d. 2 - glass panes O.2S"x20"xO.IS". 

The components for an optional water cooled channel 

are as follows: 

e. 4 - glass panes O.2S"xlB.S"xO.2S". 

f. 2 - glass panes I.S"xlS.S"xO.2S 

The flat construction of the laser channel was 

accomplished by using two a"x24"xO.S" glass optical flats. 
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The method of construction was as follows: 

1. Using a metal forming brake, bend the long edge of 
each electrode 90 degrees 1 mm from the edge. Care 
should be taken to ensure that this bend is a 
uniform width along the entire length of the 
electrode. Care should also be take to prevent the 
formation of a crease across these bends since such 
a crease would tend to increase the probability of 
a arc forming in the finished channel. 

2. A generous quantity of mixed epoxy is then spread 
on on of the 1.S"x20"xO.2S" glass panes which is 
placed on one of the optical flats. An electrode 
is then placed on the eposy with the bend facing 
up. A flat object is then used to squeeze the 
excess epo:cy from under the electrode. The 
electrode is then positioned so that it is centered 
along the length of the glass and the bend is 9 mme 
from the edge. 

3. Epoxy is then spread on the top 
taking care not to cover the 
1.0"x20"xO.18" glass pane is the 
the electrode and firmly pressed 
excess epoxy may be removed. 

of the electrode 
bent portion. A 
placed on top of 

down so that the 

4. A 0.2S"x20"xO.lS" glass strip is then placed on the 
other side of the bend in the electrode. This piece 
is not pressed down at this time. 

5. Modeling clay is then placed at the four corners of 
the assembly to insure that no shifting of the 
pieces occurs during curing. 

6. A second optical flat is then placed over the 
assembly and approximately 60 pounds of lead bricks 
are equally spaced on the flat. 

7. After about an hour, while the epoxy is still 
leathery, The top optical flat is removed and a 
knife is used to remove excess eposy which moves 
into the slot containing the electrode. Iso­
propanol is used to clean the electrode and the 
glass surfaces. The optical flat and weights are 
then replaced for the remainder of the curing 
process. At this point, the cross-section of the 
assembly should resemble that depicted in Figure 
107a. 
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Figure 107. Cross-section of Laser Channel at various 
stages of construction.--half cell(a), com­
plete channel (b), completed channel 'vi th 
cooling water jackets(c}. 
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8. steps 2 through 7 are repeated for the second half 
of the assembly. 

9. While the assemblies are curing, the jig which is 
used to ensure that the final assembly is parallel, 
is assembled. This jig is a 3/8" aluminum frame 
10"x28 n • centered in each end are 2 - 1/16 n holes 
separated by 1 cm. Associated with each hole are 
tightening screws. Nickel plated electric guitar 
strings are then taughtly stretched in the frame. 
The diameter of the wire determines the height of 
the final laser channel. 

10. When the assemblies have totally dried, the optical 
flats and weights are removed from each and a razor 
blade is used to remove any remaining excess epoxy_ 

11. The wires of the jig are center.ed on one assembly 
and a modicum of epoxy is placed on each edge of 
the assembly. The other assembly is then placed on 
the top of the wires and then removed. By 
observing the epoxy contact points, one can 
determine where more or less epoxy is needed. Once 
the leveling of the epoxy is accomplished, the top 
assembly is placed on the wires and modeling clay 
is used to prevent shifting during curing. One 
optical flat is then placed on the assembly and the 
lead bricks are again used to weight down the laser 
channel. 

12. When the epoxy has completely dried, The weights 
and flat are removed and the wire tightening screws 
are loosened. The wires are walked back and forth 
until they can be moved into the slot containing 
the electrode. The wires are then extracted from 
the assembly. The channel should at this point 
resemble Figure l07b. 

·13. If cooling water channels are to be appended to the 
channel, they are at this time epoxied to the 
channel. If not, the plexiglas end pieces are 
custom fit to each end of the channel. 

14. To attach the cooling water channels to the 
assembly, the preassembled channels are epoxied to 
the center of each side of the laser channel 
leaving 0.25" of each end uncovered. The preas­
sembly of the channels is accomplished while 
the discharge channel is curing. Each channel is 
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constructed by epoxying a O.2S"xlS.S"xO.2S" glass 
strip to each edge of a 1.S"xlS.S"xO.2S" glass pane 
to form a 'u' shape. 

15. Each end piece must be custom fit to the ends of 
the channel due to the irreproducable nature of the 
glass used in the construction. The pieces can be 
of any useful dimension provided they contain a gas 
inlet/outlet port, an 'o'-ring groove for a 3/4" or 
1" salt window and ports for the water cooling 
channels if used. In addition, the endpieces must 
make a vacuum tight seal to the laser discharge 
assembly when epoxied to it. 
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