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ABSTRACT 

Spectroscopic investigations have been carried out on hollow 

cathode discharges adapted from laser technology for use as a 

spectroscopic light source and the argon inductively coupled plasma 

(ICP) as an excitation source for nonmetal emission. 
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High and low voltage aluminum and copper hollow cathode 

discharges were studied as a source of ionic and resonant atomic metal 

emission. The high voltage versions achieve strongly positive 

current-voltage behavior through utilization of the obstructed 

discharge phenomenon. The current-pressure-intensity-voltage 

relationships for low and high voltage copper hollow cathode 

discharges were studied with the inert gases He, Ne, Ar, Kr, and Xe. 

The intensity for copper resonant atomic emission with the fill gases 

Ar, Kr, and Xe improved relative to neon in the high voltage lamp when 

compared to the low voltage lamp. Absorption measurements through the 

cathode bore show the ground state atom density to increase with the 

atomic weight of the fill gas at any given level of intensity, at the 

fill gas pressure yielding highest resonant atomic copper emission. 

The estimated ion/atom intensity ratio is increased with fill gases 

which have metastable or ionization energies greater than the 

excitation energy of the ion transition. 

A copper hollow cathode lamp incorporating a short positive 

column discharge in front of the cathode opening was investigated for 

its lineshape as measured spectroscopically and by its atomic 
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absorption sensitivity. Incorporation of this positive column allowed 

higher intensities to be obtained at the same line quality as a 

commercial hollow cathode lamp. An enlarged cathode volume also 

improves the lineshape at a given intensity. 

Inductively coupled plasma spectra for the elements C, 0, N, 

Cl, P, S, and Br were obtained in the vacuum ultraviolet utilizing a 

vacuum polychromator and SWR film. The detection limit for injected 

02 and N2 detected electronically by their VUV emissions is 1.3 and 

0.9 micrograms respectively with this system. 

A VUV filter photometer was utilized for oxygen and phosphorus 

analysis. The detection limit for injected oxygen was 1 microgram 

with this photometer; the detection limit for phosphorus as inorganic 

-3 phosphate in aqueous solution is 10 M. The bandpass of the 

photometer limits its selectivity. 
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CHAPTER 1 

INTRODUCTION 

The glow discharge as a spectral emission source has a fairly 

long history with emissions of Geissler tubes being observed as early 

1 as 1858 by Heinrich Geissler and Julius Plucker. The primary 

analytical use for the glow discharge today is in the form of a hollow 

cathode discharge as a light source for atomic absorption and atomic 

fluorescence analysis. The atmospheric pressure inductively coupled 

plasma (ICP) as an emission source has a much shorter history, being 

first employed by Stanley Greenfield and coworkers in England2 and 

3 members of Velmer Fassel's group at Iowa State University 22 years 

ago. The major use for the inductively coupled plasma is still as a 

combination vaporization/ atomization/ excitation source for atomic 

emission spectroscopy (ICPAES) although it has been used as the 

atomization cell for atomic fluorescence spectroscopy (ICPAFS)4 and 

5 the ionization source for mass spectrometry (ICPMS) . 

Atomic absorption and atomic fluorescence spectroscopy both 

commonly employ hollow cathode lamps as light sources, however one 

characteristic of the hollow cathode lamp which could be improved for 

both is the intensity. 

Associated with every light source is a certain amount of 

photon noise which goes as the square root of the source intensity. 

At low light levels, the noise becomes a significant fraction of the 

source intensity and the signal to noise ratio is degraded. This is a 



particular problem in the short wavelength UV region around 200 nm 

where flame gases can absorb a large fraction of the light source 

intensity. Increasing the light intensity in this situation will 
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improve the signal to noise ratio and detection limits for atomic 

6 absorption analysis. The fluorescence signal obtained increases with 

the intensity of the source until saturation conditions are reached. 

Several methods have been employed to increase the intensity 

of the standard hollow cathode lamp including pulsing the lamp to high 

current, use of a secondary boosting discharge, and high frequency 

operation. An important consideration for atomic absorption 

spectroscopy is that increased intensity be obtained without 

broadening of the analytical line by self absorption. Experiments are 

described in this .dissertation which deal with means to increase the 

hollow cathode lamp intensity and the subsequent effect on the 

lineshape and analytical atomic absorption sensitivity. 

Self absorption limits the performance of the standard hollow 

cathode lamp through calibration curve nonlinearity and reduction in 

absorption sensitivity. This dissertation describes experiments 

carried out on a lamp designed to minimize self absorption effects. A 

two fold mechanism is utilized the sputtered metal density is low in 

the region observed, yet all the discharge current must pass through 

this region which increases the rate of excitation and decreases the 

absorption. Furthermore an added element in the lamp construction 

causes ions escaping from the cathode to return to the cathode by the 

catophoretic effect and reduces the likelihood for self reversal. 

Hollow cathode discharges have been utilized in laser 

applications since the the initial work on the He-Cd system in 19697 . 
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To achieve the excitation necessary for laser oscillation, the 

operating conditions and construction of hollow cathode discharges for 

laser usage differ considerably from the conventional spectroscopic 

hollow cathode lamp. Typical spectroscopic hollow cathode lengths of 

1 cm, fill gas pressures of 3-5 torr, and operating currents of 10-20 

rna are greatly scaled down from those in a typical hollow cathode 

laser, where the length of the discharge tube is 0.2 - 1 m, gas 

pressure is 3-75 torr, and the total current may exceed 50 A. 

A novel derivation of the hollow cathode discharge, the hollow 

anode cathode (HAC) dischargeS was developed through hollow cathode 

laser research. Its construction allows operation of discharges in 

entirely new pressure voltage current regions, which may substantially 

change the excitation process. This design allowed the discharge 

voltage to be increased without decreasing the gas pressure and 

resulted in high voltages at a relatively high pressure9- l2 In 

this construction, the increased electron energy led to increased 

output power and lower threshold currents for laser action9 . This new 

geometry also resulted in several new CW laser lines in noble gas 

mixture hollow cathode lasers9 ,lO. 

The HAC discharge design has not previously been assessed for 

its potential as an analytical light source. Studies described in 

this dissertation address this unexplored area. Copper and aluminum 

HAC discharge lamps were examined for resonant atomic and nonresonant 

ionic emissions. While a strong source of resonant atomic emission is 

useful in atomic absorption and atomic fluorescence as described 

earlier, the potential of a strong ion line source is also to be 

assessed. One possible application for a strong source of ionic 
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spectra is the area of atomic (ion) fluorescence in the Iep. At a 

plasma temperature of 7500 K, 40% of the first 90 elements of the 

periodic table are estimated to be 95% singly ionized13 For these 

elements, atomic (ion) fluorescence should be much more sensitive than 

atomic (atom) fluorescence. 

The wide-ranging use of the inductively coupled plasma as an 

analytical tool for the analysis of metals was demonstrated by 

Dickinson and Fassel14 . Its use for the analysis of nonmetals in the 

UV, visible, and near-infrared region was investigated by Windsor15 

Both transition probabilities and the Boltzmann distribution favor the 

vacuum ultraviolet (VUV) transitions of the nonmetallic elements and 

. h h' . . d H' t 1 16. t' d th .. f W1t t 1S 1n m1n, e1ne ea. 1nves 19ate e em1SS10ns 0 

nonmetals in this wavelength region. Single channel results obtained 

17 by Babis indicated the analytical viability for analysis of 

nonmetallic materials by their VUV emission. Multichannel detection 

is necessary for the determination of empirical fonnulz..s of organic 

materials introduced into the plasma. This has been successful 

utilizing UV, visible, and IR transitions15 , however had never been 

attempted in the VUV region. A portion of this dissertation research 

was devoted to developing a VUV po1ychromator system for the analysis 

of nonmetal molecules and determination of their empirical formulas. 

An Iep po1ychromator system is complex and expensive. To 

address these issues, and to also greatly increase the emission 

collection efficiency, an Iep filter photometer system was 

constructed. It was assessed for applicability to the analysis of 

oxygen and phosphorus. 
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Hollow cathode forms of the glow discharge and the argon ICP 

were both investigated in this dissertation work; chapters 2-11 

describe the glow discharge work, and chapters 12-15 describe the work 

with the inductively coupled plasma. The main focus of the glow 

discharge work was to investigate the possibility of creating a high 

intensity source of resonant atomic emission for spectroscopy. The 

main focus of the ICP work was to utilize the VUV emissions of 

nonmetallic elements for their quantitation in gaseous and aqueous 

samples. 

The first of the glow discharge chapters, chapter 2, discusses 

major reactions in gas discharges, operation of the glow discharge and 

several different lamp constructions. Chapters 4-6 give qualitative 

aspects of the discharge, and indicate the need for cleaning of the 

cathode surface to obtain stable operation and for a high quality 

vacuum system to avoid molecular spectra from contaminants. Chapters 

7 and 8 present the current-pressure-fill gas dependence of emission 

intensity of copper resonant lines in low and high voltage hollow 

cathode designs. The relative ground state atom density (sputtering 

yield) for the five lightest noble gases is measured by absorption in 

low and high voltage copper hollow cathode discharges and reported in 

chapter 9. The ratio of atomic to ionic line emission intensity with 

the same five noble gases is also given in this chapter. The results 

of chapter 10 indicate that even with a simply designed lamp it is 

possible to obtain much higher copper resonant line emission intensity 

than'givD£ by commercial hollow cathode lamps. In chapter II, a lamp 

construction is utilized which gives· high resonant line intensity 

while still maintaining relative freedom from the effects of self 



absorption broadening. Fine points involved in the construction of 

successful discharge lamps are outlined in Appendix A. 
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The rcp section begins with chapter 12, which starts with a 

short discussion of rcp operation. The chapter ends with a brief 

survey of nonmetal analysis described in the literature and utilizing 

the three most common spectrochemical plasmas. Chapter 14 describes 

oxygen and nitrogen analysis using a vacuum polychromator to observe 

VUV emissions from these elements. A comparison of experimental and 

calculated detection limits for 0, N, Cl, and Br in the near rR and 

vacuum ultraviolet is also given there, to investigate if a Boltzmann 

population model for the upper states could account for the relative 

values. Chapter 15 is concerned with the use of a VUV filter 

photometer as a simple system to perform oxygen analysis in the VUV 

and phosphorus analysis in the UV. 
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CHAPTER 2 

GAS DISCHARGE REACTIONS AND GLOW DISCHARGE OPERATION 

Because the glow discharge and the inductively coupled plasma 

operate in vastly different pressure regions and because one is a DC 

discharge and the other is RF sustained, there are significant 

differences in the processes for sustaining these discharges. The 

spatial distribution of emission, electron density, power dissipated, 

and potential gradients due to space charge separation are also 

significantly different. Yet these discharges share the common thread 

of being electrically sustained in inert gases. Similar species are 

present in both discharges and hence some similar excitation pathways 

exist. In this chapter gas discharge reactions which may be common to 

both are presented. Fundamentals of glow discharge operation are also 

outlined. Operation of the ICP is discussed in chapter 12. 

The major species present in an inert gas discharge containing 

some ana1yte element are the following: inert gas atom A, electron e-, 

inert gas ion A+, inert gas metastable Am, excited inert gas atom A*, 

excited diatomic inert gas molecule A;, ionized inert gas molecule A;, 

* *, ground state ana1yte X, excited ana1yte X and X ,ionized ana1yte 

+ # #' X , excited ionized ana1yte X and X ,and negative ion of ana1yte 

X-. The inert gas species and electrons can cause excitation of the 

ana1yte in many possible ways; a few of the major gas discharge 

processes are detailed below. 



Gas Discharge Reactions 

Collisions are vital to the transfer of energy in gas 

discharges. Collisions can be divided into two groups: elastic 

collisions which just affect the kinetic energy of the colliding 

particles, and inelastic collisions which are responsible for 

excitation by kinetic or internal energy transfer. 

Elastic Collisions 

Kinetic energy is conserved in these collisions and no 

internal energy is transferred. The amount of energy transferred 
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depends on the relative masses of the colliding particles. The 

average fraction 6 of kinetic energy transferred in a collision is18 : 

(1) 

where ml and m2 are the masses of the colliding particles. 

Thus while an impacting ion may transfer appreciable energy to 

an atom on collision, the electron, with its small mass, escapes with 

virtually all of its energy. In a DC field collisions only reduce the 

energy of the ionized species. However, in an high frequency 

discharge, these collisions are crucial for their dephasing effect 

which allows electrons, on the average, to gain random kinetic 

19 20 energy , . 

Inelastic Collisions 

Inelastic collisions involve the change of internal energy of 

a species through the transfer of internal or kinetic energy to or 

from a colliding species. 
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Electron Impact. 

A + e- ---> A+ + 2e (2) 

Process 2 sustains both the glow discharge and ICP discharges. 

The fast electrons necessary are produced in the DC field of the glow 

discharge and accumulate energy from the RF field in the rcp. 

A + e 

X + e 

* -- -> A + e 

* ---> X + e 

X + e- ---> X+ + 2e 

X+ + e- ---> X+* + e-

(3) 

(4) 

(5) 

(6) 

Process 3-6 are direct excitation or ionization by electron 

impact. The cross section for electron impact excitation depends on 

the involved transition. While the cross section for an optically 

forbidden transition peaks sharply and drops off rapidly. an optically 

allowed transition has a much slower dropoff at high electron 

21 energies 

Radiative Recombination. 

+ - * A + e ---> A + hv 

+ - * X + e ---> X + hv 

Three Body Recombination. 

+ - * A + X + e ---> A + X 

Excitation by Absorption. 

* A + hv ---> A 

(7) 

(8) 

(9) 

(10) 



* X + hv __ a> X 
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(11) 

Processes 10 and 11 become important when the concentration of 

the absorber is high because they lead to self absorption broadening 

of spectral lines and radiation trapping. 

Deexcitation 'by Emission. 

* A __ a> A + hv 

A* __ a> Am + hv 

A+* __ a> A+ + hv 

X* __ a> X + hv 

* *, X __ a> X + hv 

X+* __ a> X+ + hv 

+* +*' X __ a> X + hv 

Processes 15-18, resonant and nonresonant emission, 

important ones for atomic emission and atomic fluorescence 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

are the 

spectroscopy. Process 13 is the most probable means for production of 

22 the inert gas metastab1es . 

Penning Ionization. 

Am + X + (19) __ a> A + X + e 

* + (20) A +X __ a> A + X + e 

Am + X +* -__ a> A + X + e (21) 

A+m + X + + -__ a> A + X + e (22) 

A+m + X + +* -__ a> A + X + e (2l) 

m + (24) A2 + X __ a> 2A + X + e 



The Penning (ionization) effect name has generally been 

applied to the process of ionization of gas atoms or molecules by a 

23 metastable atom . This name has also been applied to ionization 
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caused by diatomic metastables24 and seems appropriate for the process 

25 of ionization by a metastable ion as proposed by Robin A Penning 

type ionization process caused by an excited (but not metastable) 

26 inert gas atom, equation 20, has been proposed by Boumans and may be 

a very important contributor to excitation in the argon ICP due to the 

several orders of magnitude greater than local thermal equilibrium 

(LTE) predicted population for high lying levels in argon. 

Metastables are long lived species which cannot return to the ground 

state by an optically allowed transition. Formation of the excited 

ion of nonmetallic elements is not possible in a one step process in 

the argon ICP because the combined excitation and ionization energy is 

greater than that available from the argon acomic metastables (11.55 

and 11.72 eV). An increase in the formation of helium metastable 

molecules as pressure was increased in a microwave plasma is inferred 

by the the increase in emission of its vibronic transition at 4650 

A27. 

Charge Transfer. 

A+ + X ---> A + X+ 

A+ + X ---> A + X+* 

+ +* A2 + X ---> 2A + X 

The energetics of charge transfer reactions require near 

resonance in energy. While the cross sections for charge transfer 

(25) 

(26) 

(27) 
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have· been evaluated to be maximum when the energy defect is 0.1 0.4 

24 eV exothermic, in Bauer and Skogerboe's treatment a defect of as 

much as 0.8 eV was allowed. Reactions which are endothermic by 1 - 2 

eV may be enhanced if the colliding ion has some kinetic energy. 

28 Howorka and Kuen state that ion kinetic energies of 50 - 100 eV are 

sufficient to reach the maximum of the charge transfer cross section 

for states endothermic by about 1.5 eV. This sort of ion energy is 

available in the cathode dark space of the glow discharge, but nowhere 

in the ICP. Process 26 is the means by which many metal vapor lasers 

achieve population inversion. The molecular noble gas ion A; has been 

detected in hollow cathode discharges 29 although Van Veldhuizen30 

concluded that the concentration of molecular ions in the hollow 

cathode discharge was small compared to the concentration of atomic 

ions. 

Energy Transfer Excitation. 

* * A + X ---> A + X (28) 

Am * (29) + X ---> A + A 

Am x+ +* (30) + --->A +X 

Am x+ +* (31) 2 + ---> 2A +X 

Process 28 is probably as likely to occur as equation 29 in an 

argon ICP because the metastable levels are rapidly thermalized with 

31 the resonant (emitting) levels - i.e. there is no overpopulation of 

the metastable levels . Processes 28-31 require strict (within 0.1 eV) 

24 energy resonance 
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Electron Attachment. 

x + e ---> X- (32) 

Atomic oxygen and hydrogen, °2 , the halogens and large organic 

molecules readily form negative ions, nitrogen and the inert gases do 

20 not . Probability for attachment is greatest for low energy 

electrons and should be enhanced under conditions of high electron 

density. 

Energies Available From Noble Gas Species. The noble gases 

can transfer excitation energy to analyte species by atom, atomic 

metastable, diatomic metastable, and diatomic ion metastable species 

as outlined in the processes above. The five common noble gases 

provide quite a range of available excitation energies to analyte 

species. Figure 1, constructed from Moore's tables32 and the paper by 

Bauer and Skogerboe24 , graphically illustrates some of these available 

energies. The energies of atomic metastable and ion energies are also 

given in table 1. 

The Glow Discharge 

Glow discharges are self sustaining discharges which maintain 

conduction through discharge processes, i.e. they do not require an 

external cause for charge carrier production. A variety of forms of 

the glow discharge are investigated in this research. These 

discharges are spatially inhomogeneous and in the different regions, 

different important processes occur. The investigated discharge forms 

utilize one or more of the emissive regions of the discharge in their 

operation. 
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TABLE 1. Metastable and Ionization Limit Energies of the Noble Gases 

Gas Metastable Energies (eVl Ionization Limit (eVl 

3 
2s Sl 

1 
2s So 

2 
~I Sl/2 

He 19.81 20.61 24.58 

ns[3/2]~ ni s' [1/2]~ 2 0 
II P3/2 

2 0 
II P1/ 2 

Ne 16.61 16.71 21.56 21.66 

Ar 11.55 11.72 15.76 15.93 

Kr 9.91 10.56 14.00 14.66 

Xe 8.31 9.44 12.13 13.43 



High voltage hollow anode cathode (HAC)8 discharges and the 

33 cathode glow enhancing discharge are outgrowths of conventional 

hollow cathode discharges. For this reason, it is important to 
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understand the characteristics of a standard hollow cathode discharge 

and design modifications necessary to achieve these other modes of 

operation. Furthermore, the hollow cathode discharge is a special 

case of a glow discharge, so an explanation should begin with a 

description of the simplest case of the glow discharge, the Geissler 

tube. 

Geissler Tube 

A simple glow discharge (Geissler) tube consists of a glass 

envelope filled with a gas and containing planar electrodes at 

opposite ends. A current is maintained through the discharge by a DC 

power supply and limited by a series resistor (figure 2). 

Typical discharge parameters are: fill gas 1 Torr He, Ne, or 

Ar, power supply 1000 V, resistor 100 K ohm, tube length 50 cm, tube 

diameter of several cm, and a total voltage drop across the discharge 

of several hundred volts. During the operation of such a tube, the 

following major divisions of discharge are present, beginning from the 

cathode end of the discharge tube: the cathode glow, the cathode dark 

space, the highly luminous negative glow, the Faraday dark space, and 

the luminous positive column filling the remainder of the tube to the 

anode (figure 3, top). 
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The discharge is initiated when electrons formed in the 

discharge tube by external means (e.g., cosmic rays, natural 

radioactive decay, etc.) are accelerated towards the anode by the 

potential applied across the tube. The accelerated electrons cause 

ionization of the fill gas and electron multiplication. Positive ions 

formed by this process are accelerated into the cathode where they 

release additional electrons that are subsequently accelerated toward. 

the anode, producing further ionization that maintains the discharge. 

This role of the positive ions is very important because the electrons 

formed in the initial process are rapidly collected by the anode. To 

maintain a stable discharge in the tube, electrons must be continually 

produced. Positive ions rapidly lose energy through elastic 

collisions, rarely causing additional ionization directly in the gas 

phase. Figure 4 outlines major Geissler tube processes from discharge 

initiating ionization to sputtering of metal atoms from the cathode 

surface by ion impact. Just two means of exciting the sputtered metal 

atoms are indicated in this figure; there are many other possible gas 

phase reactions as discussed previously. 

The difference in mobility of electrons and ions based on mass 

gives rise to a positive space charge buildup in front of the cathode 

such that a large potential difference (drop) for the discharge tube 

occurs across the cathode dark space. 

is sometimes termed the 'cathode fall'. 

This large potential difference 

The electric field of 5-10 

V/cm in the positive column is only that necessary to create enough 

ion1z~tion to balance ion and electron losses to the discharge tube -

walls in the region of the positive column (figure 3, bottom). 



Important Processes in Geissler Tube 
and Hollow Cathode Discharges 

/,K 
-f---t\ ~K 

M + e- -7 M· + e
M + ;: -7 y+ + A 

@ 

<D Discharge Initiation 

® Electron Multiplication 

A K 
,/ ~ .r-H~.r 

K@e- ® e-

® Ion Impact Induced Secondary Electron EmJssion 
and Metal Atom Sputtering 

@ Excitation and Ionization of Metal Atom 

Figure 4. Important Geissler Tube Processes. .po 
.po 



The cathode dark space is a region of high voltage gradient 

(several hundred vo1ts/cm) where electrons gain high velocities and 

cause the ionization necessary to maintain the discharge. Electron 

concentration is low in this region. Emission in the cathode dark 

space is small compared to the negative glow and consists of 

18 recombination radiation from ions and slow electrons ,radiation 
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28 34 35 resulting from charge transfer reactions ' , ,and atomic emission 

from electron impact excitation34 . The last two groups are given the 

more specific names of 'cathode glow' and 'cathode 1ay~r', 

respectively. 

The highly luminous negative glow marks the region where the 

concentration of electrons is highest in the discharge and where they 

have slowed considerably due to multiple collisions. Here also the 

electrons give up most of their remaining energy through inelastic 

collisions which produce atomic and ionic excitation. Light emission 

is at a maximum in this region and UV photons which are produced here 

and directed toward the cathode can cause further electron emission by 

the photoelectric effect. 

As the electrons dissipate their energy and no longer possess 

enough energy to cause excitation, the negative glow fades into the 

Faraday dark space. 

When the electrons have again gained enough energy to cause 

excitation and ionization, the positive column appears. This region 

has characteristics of a plasma (equal density of electrons and 

18 ions) and emission is generally from low energy transitions (atomic 

as opposed to ionic emission). 
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The region which is crucial to maintaining the glow discharge 

is the cathode dark space since this is the main region where the ions 

necessary to maintain secondary electron emission from the cathode are 

produced. The highly luminous regions of the discharge, which are of 

most interest to ana1ytica~ spectroscopists, are not even necessary 

for discharge operation I 

34 In Figure 5 (adapted from Francis ), current (i) values of 

interest in glow discharges, hollow cathode discharges, and hollow 

cathode lasers are plotted. The character of the plot is for a 

Geissler discharge tube of 50 cm length, several cm in diameter, 

filled with Ne at 1 Torr. and containing planar copper electrodes with 

2 total surface areas of 10 cm. In the normal mode, the voltage 

changes little with increased discharge current but increasingly 

larger areas of the cathode surface become covered with the cathode 

glow and the luminous areas of the discharge become brighter. The 

current density through each region covered by the cathode glow 

remains constant until there is no longer free cathode surface to be 

covered. At this point, however, the current density begins to 

increase at the cathode surface, the voltage required to maintain this 

current increases sharply. and the discharge enters the 'abnormal glow 

discharge' current range. At very high current density, local gas 

heating leads to gas density reduction, increased electron 

36 temperature, and more ionization . This results in increased 

cathode heating, the positive feedback of thermionic emission of 

electrons from the cathode, concentration of the discharge into a 

small area on the cathode surface, and rapid conversion of the glow 
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Figure 5. Current-Voltage Characteristics of a Geissler Tube. 
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discharge into an arc discharge. In the case of several hollow 

cathode lasers, laser power continues to increase with current in the 

abnormal glow region until the glow to arc transition occurs7 • This 

gives impetus to design of discharges with increased critical arcing 

currents. It is actually current density, rather than current, which 

determines the discharge character. Thus in Figure 5, the currents at 

the same discharge voltage might be increased by using larger. 

electrodes in a wider tube. 

The effect of decreased pressure on the no~mal/abnormal region 

of such a curve was studied by Wilson37 for a wire cathode. He found 

that the area covered by the discharge varied as the inverse of the 

pressure at fixed current. Thus the current density corresponding to 

the normal current density decreases as pressure is reduced. The 

onset of abnormal current-voltage behavior then occurs at lower 

current for lower pressure. 38 Data obtained for Grimm's glow 

discharges indicate that the positive current-voltage characteristic 

39 becomes steeper as the pressure is reduced . 

The Effect of Pressure and Electrode Spacing on Geissler Tube 

Operation 

At this point it is obvious that collisions are very important 

in maintaining the discharge. Reduction of either pressure or anode-

cathode spacing decreases the likelihoou that an electron will undergo 

a collis ion duri.ng its trip across the dark space. Conversely, 

increasing pressure or distance increases the likelihood of a 

collision or mUltiple collisions for an electron during transit across 

the dark space. Intuitively one would expect that greatly decreasing 
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the anode-cathode spacing would make it less difficult to maintain the 

discharge at a fixed current. This is only true until the cathode 

dark space is encroached upon. Reducing the anode-cathode separation 

at fixed current and pressure in an apparatus such as in figure 6 

(normal glow current densities) causes a small reduction in operating 

voltage as the positive column and Faraday dark space successively 

disappear. Remember that these regions aren't necessary to maintain 

the discharge, however, the collisions that electrons undergo through 

this path length increases the chance for recombination. This 

necessitates some additional energy to balance the losses for each 

length of discharge tube. 

As the anode is moved into the negative glow, operating 

voltage for the discharge 'goes through a minimum then increases 

rapidly as the last vestiges of the negative glow are extinguished and 

the crucial cathode dark space is encroached upon. At anode-cathode 

spacing conditions lower than the minimum, the operating voltage 

increases rapidly and the discharge is said to be 'obstructed'. High 

voltage conditions increase the energy of both electrons and ions. 

The electron impact ionization cross section increases with electron 

energy and double ionization becomes possible. The electron yield 

40 from ions bombarding the cathode may also increase . These effects 

are necessary to maintain the discharge current under conditions of 

reduced collision probability. 

Similarly, decreasing the pressure in a glow discharge at 

fixed current and electrode spacing causes the operating voltage to 

trace through a dip and increase again. However, in this case, as the 
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positive column and Faraday dark space disappear into the anode, the 

cathode dark space and negative glow lengthen toward the anode. 

Again, the increase in operating voltage coincides with the 
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disappearance of the negative glow and the necessity for higher energy 

electrons to maintain the ionization crucial to the discharge. 

41 Figure 7, from the work of Guntherschulze , illustrates the 

change in discharge operating voltage as the anode is moved closer to 

the cathode when utilizing hydrogen as the fill gas. The discharge is 

operating in normal current density mode. 

Hollow Cathode Discharge 

Discharge parameters of a standard hollow cathode lamp are 

similar to a Geissler tube except in the size and shape of the 

electrodes and glass envelope. What sets the hollow cathode lamp 

apart is the special nonplanar shape of its cathode. Remember, 

maximum emission is observed in the negative glow region. To further 

increase emission intensity, the cathode is cylindrically shaped, with 

internal diameter optimized to superimpose the negative glow regions 

of opposing cathode surfaces. 

The cathode is generally a metal cylinder of several 

centimeters length and possessing a cylindrical hollow of depth 1 cm, 

ID 3-5 mm in one end. The cathode exterior is typically shielded with 

glass or ceramic to prevent discharge outside the cathode cylinder 

and, in the case of a cathode containing volatile metals, the mouth of 

42 the cathode hollow may also be shielded by a metal aperture 

Construction and placement of the anode is generally either a rod 

alongside the cathode on a shielded pedestal or a supported ring 
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coaxially surrounding the ~egion in front of the cathode hollow. The 

apparent success of both of these designs indicates that the form of 

the anode is not critical if it is located some distance from the' 

cathode hollow. (The vastly different effect if the anode is actually 

located inside the cathode hollow is shown later.) The most common 

fill gases are Ar and Ne at pressures of 3-15 Torr. 

After initiation of the discharge in a hollow cathode lamp, 

stable operation is commonly maintained in the range of 5-30 mA with 

an applied potential of 150-300 V. The overall voltage in a hollow 

cathode lamp is very nearly equal to the cathode fall as there is 

little or no positive column present. The appearance of the 

discharge, when viewed down the cathode bore, is that the negative 

glow very nearly fills the cathode hollow. Surrounding that is a thin 

cathode dark space where a faint cathode glow may appear near the 

inner surface of the cathode hollow. If positive column emission 

occurs between the negative glow and the anode, it is generally very 

weak and diffuse because it is spread over the large internal volume 

of the lamp. 

Emission and ionization produced in the negative glow and 

cathode dark space are utilized very efficiently in a hollow cathode 

discharge. Ultraviolet photons produced in the negative glow (and 

which would be largely lost in a discharge tube with a planar cathode) 

bombard the inner surface of the cathode and can produce secondary 

electrons by the photoelectric effect. Energetic electrons which 

manage to traverse the negative glow are repelled by the cathode walls 

and oscillate back into the negative glow (i.e., the Pendel effect43 ). 



The operating voltage at a particular current for a hollow 

cathode discharge is influenced by several parameters, the most 

accessible of which are: the pressure, type of fill gas, and the 

dimensions of the cathode hollow. There are, of course, other 

considerations which concern the spectroscopist, including: spectral 

line intensity, spectral overlap (between fill gas and cathode 

emission lines) and line broadening. 
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For a particular choice of cathode dimensions, fill gas, and 

current, the dependence of voltage with pressure shows a dip whose 

minimum coincides with effective filling of the cathode hollow by the 

negative glow and maximum brightness from the cathode hollow 

(figure 8). 

At higher pressure the length of the cathode dark space and 

negative glow are small compared to the diameter of the cathode 

hollow. In this situation the negative glow appears as a bright ring 

near the cathode surface and is difficult to utilize experimentally. 

At low pressure the cathode dark space lengthens, the negative glow 

occupies a smaller region in the cathode center and moves out of the 

cathode hollow. Higher voltage operation may be obtained in this 

region, but the negative glow is not efficiently utilized and both 

lamp intensity and stability suffer. 

Hollow cathode lamps are generally run in current ranges 

corresponding to the abnormal glow discharge. Evidence for this comes 

from the necessity on the part of hollow cathode manufacturers to 

shield the exterior of the cathode with a glass or ceramic sleeve to 

prevent discharge from occurring there at operating current levels. 
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This implies that the interior surface of the cathode is fully 

covered with discharge and increased current increases the current 

density. This is the case, yet the current-voltage characteristic 

shows very little change of voltage with increased current, not the 

effect shown in figure 5. This effect arises because the hollow 

cathode is not a planar cathode. The positive current voltage 

characteristic at abnormal current density is shown by the planar 

cathode configuration of which the Grimm's glow discharge is an 

example. As hollow cathode· depth is increased, a less and less 

positive current density-voltage characteristic is observed, even 
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becoming negative with a sufficient depth. Figure 9, adapted from 

Pi110w44 , illustrates this effect. Conditions which lead to negative 

45 current-voltage behavior are discussed by Musha 

The rate of metal atom sputtering from the cathode surface 

increases with current. This increases the intensity observed for 

weak lines originating from high levels in the atom, but may cause 

self-absorption broadening of strong resonant lines. Sputtered metal 

atoms which escape the cathode hollow may also cause self-reversal and 

getter the fill gas atoms to such an extent that the pressure is no 

longer optimum for the hollow cathode dimensions. 

The choice of fill gas is dictated by the excitation processes 

it makes possible, its ability to sputter metal atoms from the cathode 

surface (increases with mass of fill gas ion), and the possibility of 

spectral overlap with analytically useful lines. Sputtering 

efficiency also increases with velocity of the bombarding particle and 

hence with the magnitude of the cathode fall in potential. This is of 

importance in insuring a high concentration of atoms to be excited in 
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the discharge. However. another important reason favoring high 

voltage is an increase in the number of high energy electrons. The 

electron energy distribution in the negative glow is of non-Maxwellian 

form with a component of electrons with energy up to the cathode fall 

34.46-48 energy 

47 Gill and Webb used a retarding field analyzer to sample 

electrons from the negative glow in a helium-filled discharge tube 

with a planar cathode and found: 1) a beam component at energies 

corresponding to the full cathode fall. 2) a gap in the distribution 

of some 20 eV corresponding to the first excitation potential of 

helium but thereafter beginning a tail of high energy electrons which 

have undergone one or more inelastic collisions. and 3) a 

distribution, at low energies, rising through a Maxwellian component 

with a most probable energy of 5-10 eVe 

Thus it appears that the upper limit to electron energy in a 

hollow cathode discharge is set by the cathode fall and that a greater 

than Maxwellian proportion of electron energies occurs in a high 

energy tail. Very high energy electrons are not effective in exciting 

transitions directly34 However, subsequent to ionization by high 

energy electron impact (increasing from the threshold ionization 

energy to a broad high energy maximum), other processes such as charge 

transfer and recombination lead to indirect excitation of atomic and 

ionic transitions. 

The Hollow Anode Cathode (HAC) Discharge 

Shifting the electron energy distribution toward higher energy 

through increased discharge voltage in a hollow cathode discharge is 
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limited by its voltage-pressure-current (VPC) characteristics. In a 

conventional hollow cathode discharge lamp at fixed pressure, a small 

increase in source voltage causes a large increase in current which 

results in increased sputtering and self-absorption. Significant 

pressure reduction to increase lamp voltage causes lengthening of the 

cathode dark space, loss of brightness from the cathode hollow, and 

discharge instability as the negative glow expands from the cathode 

hollow. An alternate way to achieve high voltage in the discharge is 

to change the other variable besides pressure in figure 6, i.e., by 

reducing the anode-cathode spacing. 

In fact, by properly placing an anode structure inside the 

cathode hollow, one can achieve high voltage operation at high 

pressure where collisional rates are high and where atom 

concentrations are significant. The higher voltages that can be 

obtained without an increase in current through the lamp, allowing 

electron energy and sputter rates to be optimized independently, hold 

considerable promise for development of improved spectroscopic 

sources. Additionally, it is possible to change the current-voltage 

relationship of an abnormal glow discharge by varying the effective 

anode-cathode distance (d ff ti ) through the use of multiple anode e ec ve 

rods. It is in these areas where the HAC discharge differs greatly 

from conventional hollow cathode discharges and why it was felt that 

these discharges should be explored further for analytical 

applications. 

As previously discussed, consider the effect of sliding anode 

and cathode slabs together at fixed pressure and at current in the 

normal glow realm (figure lOa). The voltage required to maintain this 
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current decreases as the anode-cathode spacing decreases until the 

minimum voltage is reached. At this point the last vestiges of the 

negative glow disappear into the anode and the discharge becomes 

obstructed. Further decr~ase in electrode spacing to a distance d 

reduces the electron anode-cathode path length and decreases the 

possibility of an ionizing collision. Again, higher voltage (higher 

electron and ion energy) is necessary to maintain ionization, 

continuous electron produc~ion, and current flow at the small pd 

value. As a point of reference, He becomes obstructed at 

approximately 15 Torr-mm. While this configuration does achieve high 

voltage operation, it is of little spectroscopic use, because the. 

luminous negative glow is hardly present. 

If the solid anode slab is replaced by a single rod (figure 

lOb), the discharge operates at lower voltage for the same anode-

cathode spacing. Now, unlike the parallel plate geometry, the 

electrons can utilize the volume around and behind the anode rod for 

7 ion production and maintain the current at a lower voltage 

If instead the anode slflb is replaced by a row of rods (figure 

10c) or a porous mesh, the operational voltage of the discharge is 

intermediate to the above cases and a 'function of the spacing of the 

anode rods and their distance from the cathode surface. The discharge 

in this case is not truly obstructed because the anode is not 

continuous. If the distance d is chosen small enough, the discharge 

(negative glow) will occur beyond (inside of, in the case of the HAC) 

the anode structure, with none apparent between the cathode itself and 

the anode rods. In this situation, the distance from the cathode to 

the nearest anode is too short to produce all the ions necessary for 
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selt-sustained discharge; the volume inside the anode structure must 

49 also be utilized for ion production 

In fact, the majority of the ions must be produced in the 

large volume beyond the anode rods as opposed to the small region 
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between the cathode surface and the anode rods. This is evidenced by 

figure 40 in chapter 6 of this dissertation which clearly indicates 

grooves of sputtering corresponding to the gaps between the anode 

rods. Since sputtering is a result of ion impact, this indicates that 

the large proportion of the ions must be produced in the region beyond 

the anode rod structure. 

Hollow cathodes with an internal anode structure have been 

9 50. 51 investigated by Rozsa et al. , Takasu et al. ,and I1jima for use 

in producing and exciting metal vapor laser gain media (figure 11). 

The placement of the anodes inside the cathode hollow led to 

the proposed name of 'hollow anode cathode' discharges for these 

8 devices. Rozsa's design employed internal anode rods placed close to 

the cathode surface and achieved variable voltage by changing the 

number and spacing of the rods. The design of Iijima incorporated an 

internal rotatable anode structure (2 concentric slotted anode pipes) 

and allowed variable amounts of the cathode surface to be exposed. 

9 Iijima's design and that of Rozsa demonstrated the strong current 

voltage dependence (abnormal glow behavior) of such a construction. 

It was also found that the operating voltage became increasingly 

dependent on current when pressure was reduced (figure 12)9. 

Increasing the number of anode rods inside the cathode (Rozsa) 

or decreasing the exposed area of the cathode surface (Iijima) caused 

the operating voltage to increase because the d ff ti had been e ec ve 
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decreased. It is becoming.more truly an obstructed discharge because 

the anode structure is more nearly continuous. 

Shadowing portions of the cathode from th~ negative glow by 

obstructing the cathode surface with anode rods effectively removes 

portions of the cathode from use and makes the hollow cathode 

discharge less efficient. If those portions weren't there in the 

first place, there would be no need for the shadowing device and one 

52 53 might arrive at the designs of Grozeva and Sabotinov or Iijima 

(figure 13). 

Grozeva and Sabotinov's design utilized an anode tube with an 

internal cathode in the form of a wire coil. With winding spacing 

approximately half the wire diameter, normal hollow cathode type 

current-voltage behavior was observed. The limit of the tightly 

spaced coil is the efficient hollow cathode construction. By 

increasing the spacing of the winding of the coil to several times the 

wire diameter, high voltage, strongly positive current-voltage 

characteristic behavior could be obtained. 

53 Iijima's design covered sections of the cathode interior 

with strips of insulating Macor (Corning Glass Works), rendering the 

hollow cathode less efficient and giving rise to positive current-

voltage behavior. 

The Positive Column Discharge 

The positive column region of the gas discharge is not 

generally used as an analytical light source. The reasons for this 

are that emission is primarily from ~he gas atoms (the cathode 

material density is extremely low in the positive column) and unless 
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the positive column is restricted, it isn't as bright as the negative 

glow. 

Two of the most common positive column discharges are the neon 

sign and the HeNe laser. Both of these discharges use large hollow 

electrodes to keep current density low at the cathode surface and 

sputtering to a minimum. The HeNe laser uses a capillary tube to 

maintain a high rate of deexcitation of neon metastab1es54 and a high· 

23 electron temperature Forcing the current to pass through such a 

narrow region makes the current density very high and brilliant 

emission is observed. 

Another positive column discharge lamp which seemed promising 

as a spectroscopic source but which was a short lived commercial 

55 56-59 product was the temperature gradient lamp (TGL) . This lamp 

utilized a furnace to produce the vapor of several elements which have 

appreciable vapor pressure at easily realized temperatures. This 

atomic vapor was then excited in a high current, low voltage discharge 

between an electron emitting oxide coated filament (cathode) and an 

anode. The temperature gradient name arises from the need to utilize 

a cold bulb between the furnace and and the cathode to condense the 

atomic vapor and avoid poisoning the cathode. 

Another characteristic of the positive column is the potential 

drop which occurs along its length. This is due to the necessity of 

replacing the ions lost after diffusion to the tube walls and 

subsequent recombination. This potential drop causes positive ions to 

migrate toward the cathode end of the positive column (the 

catophoretic effect). This effect has been used in He-Cd lasers as a 

means to distribute cadmium vapor along the active length of the 
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discharge tUbe23 • Since the positive column returns positive ions to 

the cathode, it would also form a good way to reduce the number of 

ions which escape from the cathode of the hollow cathode discharge. 

This would increase the lifetime of hollow cathode discharges 

incorporating a volatile metal ,and further reduce self absorption as 

the escaping ions recombined and became unexcited and absorbing. A 

lamp incorporating an element to produce such a positive column is 

utilized in chapter 11 of this dissertation. 

Cathode Glow Enhancing Discharge 

Ion excited states may be formed directly by impact of high 

energy electrons in the axial region of the negative glow. They may 

also form by charge transfer reactions. The maximum cross-section for 

+ +* a non-thermal energy charge transfer (e.g., He + Xe ---> He + Xe ) 

endoergic by about 1.5 eV, occurs at an ion energy of 50-100 eV. Ions 

rarely gain this energy in the nearly field free region of the 

negative glow, but may do so on acceleration through the cathode fall. 

Howorka and Kuen demonstrated strong excitation near the inner surface 

(cathode glow region) of a standard hollow cathode for N II28and Xe 

1160 and attributed it to this process. 

In a hollow cathode discharge, the cathode glow region occurs 

as a thin layer near the cathode surface and is difficult to utilize 

experimentally. To make efficient use of such charge transfer excited 

ion transitions, it is necessary to concentrate the cathode glow 

region into a useful urea, much as is the negative glow inside the 

hollow cathode. This can be accomplished in a suitably designed lamp 

(figure 135, Appendix A) operated at pressures which allow the 



negative glow to expand and the cathode glow to fill the cathode 

60 hollow. Rozsa et al. showed that endoergic charge transfer to 

copper might be the dominant excitation mechanism for Cu II in the 

cathode glow region in a lamp construction of this kind. 
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CHAPTER 3 

INSTRUMENTATION FOR HOLLOW CATHODE STUDIES 

Instrumentation necessary for studies of the HAC discharges 

consisted of five subsystems: a vacuum and gas delivery manifold, high 

voltage power supply, optical system, readout electronics, and the 

discharge lamp itself. Components utilized at the University of 

Arizona and at the Central Research Institute for Physics (CRIP) in 

Budapest differed considerably and are described separately below. 

Equipment at the Central Research Institute for Physics 

Copper hollow cathode discharge lamps, both low and high 

voltage versions, a commercial copper hollow cathode lamp and a water 

cooled high current slotted copper discharge lamp were investigated 

spectroscopically and for current-vo1tage-pressure characteristics at 

CRIP. A vacuum manifold and gas delivery system was used to evacuate 

the custom discharge lamps between experiments and to introduce known 

pressures of spectral quality fill gases. The discharge lamps are 

powered by a high voltage supply which was commonly operated half wave 

rectified. Spectral emissions from the lamp were collected with a 

lens and directed onto a monochromator entrance slit. The dispersed 

radiation was detected by photomultiplier and and quantitated from 

chart recorder output. Voltage and current for the discharge lamp 

were displayed and read from oscilloscope traces. An overview of the 

system is given in figure 14. 



220 V 

autoformer HV atepup 
transformer 

CUl'l'ent llmiUna 
l'ellator cha1D 
5-110K ohm 

lamp current 
aenaina l'ealator 
LOO ohm 

dJacharse 
lamp 

--------IVI-- -:-:::. 
a.._ .. 1I'...w ........ w.. ___ ...;;.tf' ------ _jJJ.---

vacuum/ 
SfUII delivery 

.,..tem 

lena 

monoohromator 

Figure 14. CRIP Hollow Cathode Research System Overview. 

71 



72 

Vacuum System and Gas Delivery Manifold 

Vacuum System. This system can deliver a vacuum on the order 

-7 of 2-3 X 10 torr for lamp evacuation. This is achieved through a VEB 

MLW Labortechnik (Ilmenau, GDR) type DS 4/1 rough pump on the foreline 

of a Tungsram (Hungary) type Bls-IOO mercury diffusion pump. These 

pumps draw on the discharge lamp through a cold trap chilled with 

liquid nitrogen or frozen ethanol. Fill gas pressure and moderate 

vacuum levels were monitored with a Datametrics, Inc. (Wilmington, MA) 

type s70D-lOOB-2Al-H7X Barocell pressure sensor, scaled with a 

Datametrics, Inc. (Wilmington, MA) model 1173 Barocell electronic 

manometer, and read out digitally with a KFKI (Budapest) TR l667-B 

digital multimeter. Evacuated system pressure was measured with a 

Bayard-Alpert ionization gauge and registered on a Tungsram type MU-8l 

ionization gauge controller. A complete overview of the vacuum 

manifold and gas delivery system is given in figure 15. 

Gas Delivery System. Helium is introduced into the manifold 

through a needle valve present on its cylinder. Xenon, krypton, 

argon, and neon are introduced a bubble at a time through four 

parallel mercury check valves present between each gas bulb and the 

vacuum manifold. Operation of these check valves is as follows: a 

glass tube immersed in a mercury pool in the main manifold normally 

has the glass frit on its top covered by mercury present in the check 

valve because a small perforated bell jar over the frit displaces 

enough mercury to raise its level. When a solenoid above the check 

valve is energized, it raises the bell jar due to the presence of a 

magnet on its top. When the bell jar raises, the mercury level drops 
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enough to expose the glass frit and allows gas to flow from the bulb, 

through the bell jar perforations, through the frit, down the glass 

tube and to bubble out into the manifold. A sketch of this check 

valve is shown in figure 16. Gases utilized in the discharge lamps 

were obtained from several sources: Sauerstoffwerk (Berlin) neon, 

Technische Gase-Werke (Berlin) argon and xenon; Hoechst AG (Griesheim) 

krypton; Linde AG (Unterschiepheim) helium. 

Optical Components and Detector Electronics 

Monochromator. The discharge lamp under study and a UV 

achromat lens were positioned on an optical rail aligned with the 

entrance slit of a Zeiss PGS-2 monochromator. The PGS-2 has a 2075 mm 

focal length and utilizes a grating of 650 grooves/mm blazed for 6200 

A first order. The discharge image was not exactly focussed on the 

entrance slit of the monochromator but rather adjusted for maximum 

intensity of the copper resonant lines from a discharge lamp. Once 

this arrangement was optimized for one lamp, all further experiments 

utilized the same lens and discharge lamp positions; discharge lamp 

bore alignment was accomplished with an external HeNe laser as the 

lamp was sealed into the vacuum system by the glassblower. 

Detector Electronics. A lP28 photomultiplier tube on the 

monochromator output is powered by a KFKI (Budapest) type NB-228 high 

voltage power supply. Current output from the photomultiplier tube 

was directed to a Sefram (Paris) Graphispot type GRVAL 

electrometer/recorder for all intensity measurements and spectral 

background scans. 
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Discharge Lamp Power Supply and Current Voltage Monitor 

Power Supply. Half wave rectified voltage was applied to the 

discharge lamp under study in the following manner: 220 Volts AC line 

voltage was applied to the input of a step up (220V/3000V) transformer 

through a Trakis (Budapest) type TD 6001 autoformer. The transformer 

output was half wave rectified through a series of diodes with 

parallel voltage equalizing resistors. Circuit current is limited by 

fixed resistors in series with the discharge lamp. During the 

1inewidth studies, two Sprague 2 microfarad 7500 V capacitors were 

placed in parallel to the discharge lamp to achieve DC current 

operation. 

Lamp Current and Voltage Monitor. A high resistance voltage 

divider in parallel with the lamp provides means to calculate voltage 

drop across the lamp. Assuming the voltage divider has much greater 

resistance than the lamp, and knowing the oscilloscope input impedance 

to be 1MO, lamp operating voltage is calculated to be 306 times the 

measured voltage on the divider test point. A one ohm wire coil 

resistor in series with the discharge lamp generates a one volt drop 

for every amp of current flow in the lamp circuit. Voltages at test 

points in the voltage divider and immediately after the current 

sensing resistor are measured with a Tektronix (Beaverton, OR) 5113 

Dual Beam Storage Oscilloscope. The common point of the divider, the 

current sensing resistor, and the discharge lamp cathode are connected 

to ground. The sensing points generate small voltages with respect to 

ground for presentation to the oscilloscope. The power supply and 

current and voltage sensing elements are diagrammed in figure 14. 



Discharge Lamps 

The commercial hollow cathode lamp was a Westinghouse 

(Horseheads, NY) WL-22603 copper hollow cathode lamp with Pyrex 

envelope and neon fill gas. 

The low and high voltage copper hollow cathode lamps and the 

slotted discharge lamp are described in their respective chapters. 

Equipment at the University of Arizona 
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The hollow cathode lamp experimental apparatus at Arizona is 

in an evolutionary state as the system continues to become more 

sophisticated. The initial system was a simple flowing gas purged 

system and did not employ high purity gases. The system in its second 

phase utilized a better pumping system and allowed static fill of 

spectral quality gases. With the flowing gas system, water cooled, 

high and low voltage aluminum HAC discharge lamps, and a demountable 

copper HAC were studied. With the static gas system, a positive 

column incorporating lamp, low and high voltage copper HAC lamps, 

standard aluminum hollow cathode and cathode glow enhancing lamps were 

studied. Spectral emission from the lamps powered by a high voltage 

DC or half wave rectified power supply were collected with a lens and 

directed into a monochromator. The emission signal was converted by 

PMT, electrometer and chart recorder into a useable signal. 

Phase 1 Vacuum / Gas Delivery System (Flowing Gas) 

Vacuum System. A single Hitachi Ltd. (Tokyo) type 3VP-C2 

rough pump draws on a vacuum system comprised of the lamp and a 

pressure gauge through a throttling valve. Utilizing Gould Inc. 

(Chicago, IL) Imperial Eastman Poly-Flo tubing or copper tubing for 
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gas line connections in th~s system allowed a vacuum system pressure 

of approximately 1 mtorr to be obtained when the purge gas inlet was 

closed off. Vacuum and fill gas pressures measurements were obtained 

from a Varian TC sender with an MDC Manufacturing Inc. (S. San 

Francisco, CA) Model TCC-200 readout or a Wallace and Tiernen 

(Belleville, NJ) Model FA160 aneroid pressure gauge. Experiments with 

the demountable lamp also incorporated a liquid nitrogen cold trap 

between the pump throttling valve and the pressure gauges. Figure 17 

diagrams the Phase 1 system. 

Flowin~ Gas Pur~e System. Argon and Helium were introduced 

through a two stage pressure regulator and a Whitey Co. (Highland 

Heights, OH) 22RS4 needle valve into one inlet of the lamp under 

study. Lamp pressure was controlled primarily through adjustment of 

the two stage regulator and needle valve because the pump throttling 

valve was a coarse adjustment. The limited quality of the vacuum and 

purge gas system was indicated by the frequent presence of molecular 

bands in observed emission spectra. 

Phase 2 Vacuumj Gas Delivery System (Static Gas) 

Vacuum System. A Welch" model 1397 rough pump draws on the 

foreline of a 5" CVC diffusion pump through a cold trap. The 

diffusion pump draws on a vacuum chamber constructed from a Dependex 

cross through a liquid nitrogen cooled cold trap and a gate valve. 

The rough pump can also provide rough vacuum to the vacuum chamber. 

The vacuum chamber provides connection to a General Electric (West 

Lynn, MA) Monopole 300 and two auxiliary pumping ports. It also makes 
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connection to a glass vacuum system used for filling the discharge 

lamps with high purity gases. This connection is made through a gate 

valve, flexible metal bellows and a glass/metal transition. System 

pressure is monitored in several locations: by an MOC Model TCC-200 

thermocouple gauge on the foreline of the diffusion pump, by a Varian 

(Lexington, MA) 524-2 cold cathode gauge and Varian 860 controller on 

the Dependex cross, and two Veeco RG75N Bayerd-Alpert gauges 

controlled by a Varian NRC 836 Vacuum Ionization Gauge controller on 

the glass portion of the gas delivery system. 

Gas Delivery System. MG Industries (Valley Forge, PA) 

scientific grade He, Ne, and Ar gases are introduced into 1 liter 

storage flasks on the glass portion of the vacuum system through an MG 

Industries Series 315 single stage regulator. This regulator is 

fitted with an optional vacuum capable output gauge allowing safe 

filling of the gas flasks on the system to atmospheric pressure. 

Break seal flasks of Airco (Murray Hill, NJ) Kr and Xe are also 

present on the system. Two high vacuum valves with teflon 0 rings are 

present on the outlet of each flask. This forms a small manifold 

which introduces about 3 torr pressure into the system when the 

storage flasks are filled to one atmosphere. 

The discharge lamps under study are sealed onto the glass 

portion of the vacuum system with standard glassblowing techniques. 

Fill gas pressure was monitored by a Datametrics (Wilmington, MA) 

570A-lOOT-2Al-H6X Barocell Pressure Sensor and read out on a 

Datametrics Model 1174 meter. An aluminum grounding tube is sealed _ 

into the vacuum system between the discharge lamps and the pressure 

sensor to provide some protection against the unruly discharge. 



Figure 18 is an overall diagram of the phase 2 vacuum / gas delivery 

system. 

Optical Components 
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Monochromator. Lamp emission was directed through a single 

glass or quartz lens onto the entrance slit of a Heath (Benton Harbor, 

MI) EU-700 monochromator. This 0.35 m focal length monochromator 

contains a grating of 1180 groove/mm blazed at 2500 A. The discharge 

lamps were mounted in component carriers and aligned via HeNe laser on 

an optical rail directed to the monochromator entrance slit. 

Detector Electronics. The photomultiplier on the 

monochromator was an RCA lP28A or Hammamatsu R2l2UH fed by a Power 

Designs Pacific Inc. (Palo Alto, CA) HV-1565 High Voltage Supply. For 

emission experiments, PMT current was converted into voltage with a 

Keithley Instruments (Cleveland, OH) model 414 Micro-microammeter and 

hard copy was obtained with a Linear Instruments Corp. (Irvine, CA) 

chart recorder. For AA measurements, the source hollow cathode was 

optically chopped by a Princeton Applied Research (Princeton, NJ) 

Model 125 Ct.opper. The output of the Keithley Micro-microammeter then 

formed the input to a Princeton Applied Research Model 5101 Lock-in 

Amplifier. The electrometer time constant is low enough not to affect 

the signal waveform at the chopping frequency of 38 Hz. 

Discharge Lamp Power Supply and Current-Voltage Monitor 

Figure 19 diagrams the DC and half wave rectified supplies, 

and the current and voltage sensing elements. The aluminum grounding· 

tube present in the vacuum system to protect the Barocell and 
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ioni~ation gauge is about 44 0 closer to ground than the cathode of 

the discharge lamp. It was thought that this could be responsible for 

the occasional inclination of the discharge to escape the confines of 

the lamp envelope and fill the glass gas delivery manifold with 

discharge (THE NEON SIGN SYNDROME). This effect, which occurs 

primarily at very low pressures, occurs even if the cathode of the 

discharge lamp is at the same potential (ground) as the grounding 

tube. 

DC Power Supply. DC voltage was applied to the discharge 

lamps with an NJE Corp (Kenilworth, NJ) HlO-lOO or a Universal 

Voltronics (White Plains, NY) Model BNC 2-900 High Voltage Power 

Supply. Circuit current was limited by a parallel pair of lOOKO 

resistors or a series of 16 2000 resistors. Lamp polarity is crucial 

for correct operation, however for the sealed in glass lamps, the 

grounded electrode is not. The demountable lamp is an exception; on 

this lamp, the metal base and electrode shield are connected to the 

anode and should be held at at ground potential for safety reasons. 

The water cooled lamps are dangerous no matter what the polarity since 

both electrodes are exposed. It is recommended to have the water 

cooled cathode at ground. 

Half Wave Rectified Supply. To make comparisons between work 

done in Arizona and in Budapest, a half wave supply was constructed. 

A Superior Electric Co. (Bristol, CT) Type 20 Powers tat autoformer 

sets input voltage to a step-up transformer. The transformer output 

is rectified by 24 diodes with voltage equalizing resistors and 

transient voltage passing capacitors across them. Circuit current is 
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limi.ted by a parallel pair of lOOK ohm resistors or a series of 

sixteen 200 ohm resistors. The 10 KG bypass resistor is necessary to 

achieve a decent measured waveform. 

Lamp Current and Voltage Monitor. During the phase 1 

experiments lamp voltage was measured with a John Fluke Mfg. (Everett, 

WA) 8020B Digital Multimeter utilizing an Heath Co (Benton Harbor, MI) 

IMA-lOO-lO High Voltage Probe and circuit current was read from the 

power supply current meter. 

During the phase 2 experiments a resistor voltage divider and 

a resistor current sensor were incorporated into the power supply 

circuitry. Calibration potentiometers exist across these elements 

such that the voltage measured on the slider corresponds to 1/100·the 

discharge voltage with the voltage sensor and 1 V is produced for each 

100 mA that flows through the current sensor. Voltages developed 

across these sensing elements were measured with a digital voltmeter 

during DC operation and with a Tektronix (Beaverton, OR) model 2235 

oscilloscope during half wave rectified operation. 

Discharge Lamps 

The commercial hollow cathode lamps utilized were Westinghouse 

(Horseheads, NY) aluminum and copper hollow cathode lamps with pyrex 

windows and neon fill gas and an Instrumentation Laboratories Visimax 

II 8308-1250 copper lamp with a quartz window and neon fill. 

The positive column incorporating lamp, demountable copper 

HAC, low and high voltage aluminum hollow cathode lamps, smallbore 

watercooled aluminum hollow cathode, and low and high voltage copper

hollow cathode lamps are described in their respective chapters. 
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CHAPTER 4 

QUALITATIVE ASPECTS OF HIGH 

AND LOW VOLTAGE ALUMINUM HOLLOW CATHODE DISCHARGES 

HAC discharge lamps constructed with an aluminum cathode have. 

been successful as lasers utilizing transitions of the aluminum ionll . 

The following experiml!nts utilized a similarly constructed lamp but 

focussed on the resonant atomic transitions of aluminum. Experimental 

apparatus limitations forced these experiments to be rather 

qualitative in nature, but provided an experimental starting point for 

examination of HAC discharges. The experimental results demonstrated 

fundamental current-voltage-pressure-intensity characteristics for 

these discharges as well as some important operation considerations 

for stability and spectral quality. 

High Voltage Hollow Cathode 

Experimental Apparatus and Procedure 

The experiments were carried out on an aluminum lamp with 

helium as the flowing fill gas and utilizing dc current operation. 

The lamp was constructed with a cathode 1.0. of approximately 18 mm 

and length of 25 mm; the anode structure consisted of sixteen evenly 

spaced tungsten rods in a circular array within the cathode bore. 

The exact dimensions and constructional detail of this lamp are given 

in figure 20. The cathode, anode ends, and window holders were 

machined from aluminum. The gas flow system, monochromator, and 
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voltage measurement apparatus utilized in these experiments are 

described in Chapter 3. 

Results and Discussion 

The operating efficiency of the discharge is affected by 

pressure as would be consistent with a device exhibiting hollow 

cathode properties. At high pressure, the cathode dark space is very 

short and the negative glow close to the cathode surface. With 

reduced pressure, the dark space lengthens, and the negative glow 

moves into the cathode hollow. These effects were observed in the HAC 

discharge as helium pressure in the system was measured with a thermal 

conductivity vacuum gauge. The thermal conductivity gauge is not 

calibrated for use with helium so an average value from the conversion 
61 . 

tables of Summers was utilized to correct the readings. In any 

case, the relative values are still valid. 

At 14 torr, the discharge was initiated by increasing the 

voltage until a discharge developed. A few hundred volts were 

necessary to sustain a current in the range of 5 mAo At this 

pressure, a violet colored discharge occurred between a few anode rods 

and the cathode surface. The discharge region is reproducible and 

represents a locally favorable region to initiate the discharge. It 

might be due to the condition of the electrode surfaces, but is more 

likely due to a small difference in the anode - cathode spacing at 

that point. It is rather difficult to maintain absolute centering of 

the anode structure within the cathode bore when these lamps are 

constructed. 
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When pressure was reduced by a few torr, the discharge was no 

longer apparent between the anode rods and the cathode surface, but 

instead began to fill the tube channel uniformly from all sides. A 

dark hole is apparent in the center of the tube indicating that the 

'hollow cathode effect' has not yet been achieved. 

When the pressure was reduced to 8.5 torr, the central region 

of the cathode bore was luminous. The brightest point was at the 

cathode center and it faded radially toward the anode rods. 

Increasing the current increased the discharge brightness. Having 

achieved a stable discharge, a series of spectra were obtained 

starting at a current of 15 mA and 8.5 torr. 

The spectral regions observed were near two resonant aluminum 

atomic transition at 3944 A and two He atomic transitions at 5016 A 
and 5876 A. The helium lines represent transitions in both the singlet 

and triplet series and the relative intensities of the two lines can 

be be utilized to infer a change in the electron energy distribution 

of the discharge. These series have electron impact excitation cross 

sections which differ in their functional dependences on electron 

energy. The cross section for triplet excitation peaks sharply near 

the threshold for excitation and drops quickly with energy; tQe cross 

section for singlet excitation continues to rise past threshold and 

21 23 drops more slowly than the triplet Figure 21, from Willet's work 

illustrates the change in cross section with energy for electron 

impact singlet and triplet excitation. Physical reasons are 

responsible for the cross section favoring singlet excitation as woulp 

be the optical transition by quantum mechanical selection rules. For 



Figure 21. 

1 OPTICALLY ALLOWED z TRANSITION 0 
i= 
u 
l&J 
en 

ELECTRON EXCHANGE • en TRANSITION en 
0 
0: 
U 

0 1!50 200 

• 

23 Electron Impact Excitation Cross Section for Helium . 

90 



91 

singlet excitation, the impacting elec.tron merely needs to excite an 

existing electron of the helium atom. In a triplet excitation, one of 

the existing electrons must be ejected and the impacting electron 

captured with the correct spin. A rise in the singlet/triplet 

intensity ratio signifies a shift to higher energies in the electron 

46 energy distribution. Fujii utilized several lines in both singlet 

and triplet series to estimate the spatial dependence of electron 

energy in glow discharges. 

Data for the simplified Grotrian diagrams of the Al and He 

transitions given in figures 22 and 23 were obtained from Bashkin and 

62 Stoner's energy level diagrams . The hyperfine structure of the 

2 2 0 A ·63 aluminum 4s Sl/2 - 3p Pl/2 transition (3944 ) has been observed 

but was not resolved in our experiments. 

It was apparent from the outset that the spectrum of the HAC 

was more complicated than that observed from a commercial hollow 

cathode lamp filled with neon. In the region from 3885 A to 3963 A an 

+ He line, two Al lines, an N2 band, an Ar II line, and small peaks 

possibly attributable to W were observed (figure 24). The regions of 

3885 - 3918 A and the regions around the 5000 A He lines were 

attenuated with filters to avoid changing electrometer settings. The 

voltage at which this first spectra was obtained was 550 V. As the 

discharge continued to operate, its 'voltage increased and its spectral 

character was also altered. 

During the period of time it took to obtain seven spectral 

scans, the operating voltage increased to 1000 V without any large 

change in the intensity or ratio of the spectral lines. After this 
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point the lamp entered runaway operation and achieved a voltage of 

2700 V at a current of 11 mA and 14 torr pressure. The change in 

spectral character was dramatic, the nitrogen molecular band had 

greatly diminished as had the low level background lines previously 
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attributed to tungsten. The intensity of the aluminum lines increased 

dramatically but the helium lines remained virtually the same as in 

the previous spectra (figure 25). Before the spectrum could be 

repeated in its entirety at this high voltage operation and at reduced 

sensitivity to bring the Al peaks back into range, the lamp developed 

a crack due to heat expansion. This brought to an end experimentation 

on that particular lamp, but the experiment nonetheless demonstrated 

several points of continued interest. 

The operational voltage and the spectral character of the 

discharge is dependent on the purity of the gases, the condition of 

the electrode surfaces, and the local gas pressure~ The initial 

presence of W lines indicates that the anode material must be getting 

sputtered into the discharge. This is not a phenomena one expects 

from electrons striking the anode rods as they have very little 

sputtering ability with their low mass. Positive ions are not 

responsible because they are not attracted to the anodes. Negative 

ions must be available for anode sputtering. This could be filled by 

the presence of oxygen in the discharge which is known to form 

64 negative ions . The source of oxygen could be the cathode surface, 

if oxidized. As the cathode surface is cleaned, one would expect the 

contribution of oxygen to decrease and the intensity of the tungsten. 

lines to decrease. The increased voltage of the discharge with time 
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might also be attributed to removal of an oxide layer from the cathode 

surface. Reduced voltage operation with an oxidized cathode surface 

34 has been noted by Francis . Positive ions buildup on the oxide 

surface and give rise to a very high field across the thin oxide 

layer. While the average field is probably too low to produce field 

emission, local surface features may allow it' to occur in specific 

locations. This sort of discharge is referred to as a spray 

34 discharge Increased voltage operation has also been noted as metal 

vapor density increases in the negative glow of hollow cathode 

discharges. This is the opposite to the effect observed in the 

positive column discharge where increased metal vapor density actually 

49 decreases the potential drop . The runaway drift was probably a 

thermal effect which affected local gas density in much the same 

manner as the positive feedback mechanism which leads to an arc 

discharge. The high voltage would greatly increase the sputtering 

rate and aluminum line intensity; the loss of intensity for the 

nitrogen peaks may have been due to breakup of the molecule or cleaner 

gas in this flowing system. It is also possible that the discharge 

entered another mode of operation than standard hollow cathode type. 

One possibility is conversion into a high voltage cathode glow type 

operation with a majority of the negative glow external to the cathode 

cavity. This effect has been obserVed in separate experiments with a 

conventionally constructed aluminum hollow cathode lamp. Helium fill 

gas underwent this conversion with much greater ease (perhaps due to 

pressure effects) than the heavier noble gases. 

This lamp was modified for more clearance between the outside 

of the electrodes and the lamp body and to allow for heat expansion. 
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The anode - cathode spacing was also increased. To maintain 

separation of the electrodes, glass spacer rings were incorporated 

into this modified design. 

Spectral data was not obtained on this modified lamp because 

of the discharge instability which resulted from the increased 

electrode - envelope spacing. The discharge would on occasion run 

outside the electrodes along the inner wall of the glass envelope. 

Nevertheless, observations were still made on the form of the 

discharge with pressure of helium fill gas. The pressure was measured 

with an aneroid pressure gauge so represents more accurately the lamp 

pressure than obtained previously with just the TC gauge. Thermal 

runaway was again a problem so 'the discharge was run only for brief 

periods during the time necessary to observe the discharge parameters 

of current, pressure, and voltage and to obtain a description and a 

picture of the discharge. Figure 26'is several sketches of the form 

of the discharge as a function of discharge parameters. The view is 

of an anode end, looking slightly off angle down the cathode bore. 

White areas are bright regions of the discharge. The anode rod ends 

are highlighted to show their position, they are not luminous. The 

luminous spokes which appear to radiate radially outward from the 

central bright area of the discharge at low pressure coincide with the 

spaces between the anode rods. The spokes arise from an essential 

'beam' of electrons originating from the cathode surface and directed 

into the center of the cathode bore. Such electron beams have been 

described for the cathode dark space region of glow discharges to 

account for the abrupt edges of luminous regions such as the cathode 

34 glow . These are no doubt also present in standard hollow cathode 
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discharges, but they must possess much lower energies than possible in 

the HAC construction. 

Low Volta&e Al Hollow Cathode 

Experimental 

With the exception of possessing only one internal anode rod 

and anode ends with just one rod hole, the low voltage hollow cathode 

lamp was constructed identically to the high voltage lamp of figure 

20. This construction results in low voltage operation as explained 

through figure 10. Flowing He fill gas and DC current operation were 

also employed in this lamp. 

Results and Discussion 

The spectral regions observed in the previous study were also 

observed here. The change in the relative spectral intensities of 

helium and aluminum lines were observed as a function of pressure at 

15 rnA discharge current. This data is presented in figure 27. 

A similar trend in the Al I 3961 A and He I 5016 A transitions 

with pressure suggests that their excitation process may be similar. 

The He 5876/5016 (triplet/singlet) intensity ratio decreased as the 

voltage of the discharge increased and is consistent with the electron 

impact cross section favoring the singlet excitation at high electron 

energies. All the spectra exhibited considerable background in the 

region of the aluminum 3944 and 3961 A lines, which was attributed 

tungsten. + A molecular band of N2 was also visible in all spectra. 

Data taking with this lamp ended when the anode and cathode 

segments shorted together; this came as a result of a small amount of 

play allowed the electrodes by a threaded connection to its electrode 
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fee~through in the envelope. This lamp was modified in the same 

manner and at the same time as its 16 anode rod counterpart and 

subsequently displayed the same problem with a discharge occasionally 

occurring external to the cathode hollow .. In retrospect, this problem 

for both the low and high voltage lamps could probably have been 

easily solved by stuffing the gap between the electrodes and the glass 

envelope with glass wool. 

Pressure, voltage, and form of the discharge within the 

cathode were also monitored and photographed for the low voltage lamp. 

The low voltage lamp discharge luminous behavior was similar to the 

high voltage form in that the cathode hollow was still dark at around 

9 torr He, and a central bright spot was apparent by 3.5 torr. The 

single rod lamp did not exhibit the spoke structure or approach the 

high voltage of the 16 rod lamp. 

Conclusions of Qualitative Study 

High voltage operation can be obtained in these discharges at 

low pressure. This can also lead to greatly increased intensities for 

the resonance lines of aluminum. Heating of the cathode and fill gas 

by the discharge can lead to intensity instability, voltage drift, and 

can cause destruction of the lamp. These problems may be addressed in 

a system with a cooled cathode or low duty cycle. Clearances to 

maintain a 'protected' electrode surface are small and require careful 

lamp construction. Gas impurities can complicate the observed lamp 

spectra. Since other work has also shown the strong effect impurites 

can have on discharge conditions, it is crucially important to 

minimize impurity levels in the vacuum/ gas delivery system. 
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CHAPTER 5 

THE SMALLBORE LOW VOLTAGE ALUMINUM HOLLOW CATHODE 

Fill gas, pressure, and discharge current affect the intensity 

of spectral emissions from hollow cathode lamps. The effect of 

cathode geometry is also important, e.g. the ion / atom emission ratio 

for an iron hollow cathode has been found to be dependent on the 

65 cathode bore diameter by Mitchell and the intensity observed from 

microcavity hollow cathode lamps is increased as cathode bore size is 

reduced66 . In this chapter an aluminum hollow cathode lamp with· 

internal diameter approximately 1/4 that of those in chapter 4 were 

investigated. 

This smallbore aluminum lamp with water cooling for the 

cathode was evaluated for line intensity, and current-voltage 

characteristics for both He and Ar fill gases. A clean cathode 

surface was obtained after discharge sputtering at reduced pressure 

and in this condition the intensity of aluminum line emission was 

compared to a commercial hollow cathode lamp. 

Experimental Apparatus 

Discharge Lamps 

Water cooling of the lamp cathode necessitated a lamp 

construction which dispensed with the external glass envelope. Since 

this envelope normally contains the fill gas, the electrodes 

themselves had to be sealed to hold the fill gas internally. Figure 
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28 gives the construction of the HAC lamp used in this study. Torr

Seal makes the seal between the electrodes and provides connection to 

the glass tubes for the gas and optical path through the lamp. The 

internal form of the lamp is the same internal anode construction as 

used throughout this dissertation; here only one internal anode rod is 

utilized and a low voltage lamp is obtained. 

A Westinghouse (Horseheads, NY) WL-22809 aluminum hollow 

cathode lamp was used in the intensity comparison. A Perkin-Elmer 

tungsten hollow cathode lamp was used to determine the contribution of 

the tungsten anodes to spectral lines which occurred within the 

observed spectral region. 

Gas Delivery System 

The Arizona Phase 1 Flowing Gas System was implemented for 

this study. Locally available He and Ar (both of 99.995% purity) were 

utilized as fill gases. 

Monochromator and Detector Electronics 

The discharge lamp was mounted on an optical rail with pin 

carriers and radiation was directed onto the entrance slit of a Heath 

EU-700 monochromator by an f/2 glass lens. Very intense spectral 

lines were attenuated with an Oriel Corp. (Stratford, CT) 5036 1 % 

transmitting neutral density filter. Emissions were detected with an 

RCA Electronic Components (Harrison, NJ) lP28A photomultiplier tube. 

Procedure 

The spectral region 3880-3970 A and the He 5016 and 5876 lines 

were observed as a function of discharge current and pressure of He or 
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Figure 28. Sma11bore Low Voltage Watercoo1ed Aluminum Hollow Cathode. 
Dimensions are in inches. . 
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argon. The spectral regions 3880-3918 A and the 5000 A He lines were 

attenuated with the 1% T neutral density filter to avoid changing 

electrometer sensitivity during the wavelength scans. 

Results and Discussion 

Helium Filled Discharge Lamp 

Time Dependence. The rapid formation of an oxide surface on 

aluminum is well known, hence even a newly fabricated discharge lamp 

requires an initial sputter cleaning in an inert atmosphere to 

stabilize its output. An experiment was carried out to determine the 

dependence of the spectra and lamp voltage over an extended period of 

time with the lamp run continuously. Helium gas was continuously 

flowed through the lamp while operating at 20 rnA in DC mode. Spectral 

data obtained over a 12 hour period showed an increase in line 

intensity for all wavelengths observed; this was accompanied by a 

continual increase in discharge operating voltage. This data is 

summarized in figure 29. The parallel increase of intensities and 

voltage indicated a change in discharge character as opposed to drift 

in detector electronics. 

Spectral Features. The spectral region from 3880 to 3970 A 

(figure 30) showed lines due to elements other than He and A1. These 

lines are believed to be attributable to nitrogen, argon and tungsten. 

The nitrogen may result from a vacuum leak in the system or poor 

quality gas. The argon is presumed to be a low level impurity in the 

helium. The tungsten lines may result from the presence of a gas 

which formed negative ions (e.g. oxygen) and caused anode sputtering. 

67 + Pearse and Gaydon describe the N2 band in this spectral region 
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2 + 2 + (B ~ - X ~ v, - O. v', -·0) to be strong in hollow cathode 
u g 

discharges when nitrogen occurs in an excess of helium. It has also 

been observed in an hollow anode discharge68 • This band is labeled on 

figure 30. The MIT Wavelength Tables69 list 40 atomic lines for 

tungsten in the region 3920 - 3957 A. A spectrum obtained from a 

commercial tungsten hollow cathode lamp with neon fill showed seven 

lines in this spectral region, some of which were broad as the ,result 

of an unresolved group of lines. Figure 30 was obtained at a 

compromise of resolution and intensity so accurate ass;gnment of each 

line in this region was not attempted. This figure illustrates the 

poor spectral quality of this discharge lamp system initially if 

compared to the spectrum from a commercial hollow cathode lamp; it 

also seems useful to demonstrate just how bad a spectrum can be. The 

uncertainty of the aluminum line intensities and background level at 

ca 3940 A for figure 29 may also be realized from the spectrum of 

figure 30. A unique feature of the aluminum lines is the short term 

noise level on them. Later results show how this disappears as the 

cathode surface is cleaned through discharge sputtering. 

The dependence of spectral intensities and operating voltage 

as a function of He pressure was also obtained while the lamp still 

possessed an unclean cathode surface (figure 31). Lamp current was 20 

rnA and the lower limit of pressure was set by lamp instability. At 

3.1 torr, the discharge began to flicker. In all cases, short term 

noise was apparent on the aluminum lines. The intensities of both He 

and Al lines increased with decreasing pressure, the voltage did also. 

The intensity increase was apparent before the voltage changed 
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Figure 30. Initial Spectrum of the Smallbore Aluminum Hollow Cathode. 

11 torr He fill, 20 mA current. Peaks: (A) He I 3889 A, (B) N; 3914-

A, (C) ?Ar II 3929 A, (D) ?W, (E) Al I 3944 A, (F) ?W, (G) Al I 3961 

A, (H) He I 5016 A, (I) He I 5875 A. 



-* VOLTAGE ----- + HE I 501.5 NM 
9.00, -I AL I 394.4 NM --'-"0 HE I 5B7.5 NM 

-y AL I 396.1 NM -X (N2) + 391.4 NM 
-$ HE I 388.8 NM - - Z BKG 394 • 0 NM I- 350 • 

7.001 '" 
.. * "'r -> 

# -
250. UJ - (!) 

~ 
~ « 5.00 I-- -I 

>- 0 
I- > 
t-f UJ en $ # t!) z a: UJ 

~ 
150. ~ I- :r z 3.00 u t-f en 

t-f 
c 

50.0 
.1. 

::::::: .... 
_-----~--- _____ 4.. --~~ Z - - - - :::~ .. ::::--------- .......... ~ 

1.00 

4.00 6.00 B.OO 10.0 12.0 14.0 

HELIUM PRESSURE (TORR) 

Figure 31. Pressure Dependence of Spectral Lines for the Low Voltage Aluminum Hollow Cathode 
Lamp with Oxidized Cathode Surface and Helium Fill Gas. t-' 

t-' 
o 



111 

sign.ificant1y, however. The decrease in pressure was accompanied by a 

decrease in background emission due to nitrogen and tungsten. 

Sputter Conditioning and Spectral Improvement. A period of 

intense sputtering at currents as high as 70 mA resulted in greatly 

improved spectral quality for this lamp. The short term noise on the 

aluminum peaks and the background contributions from Wand nitrogen 

were eliminated. Figure 32 shows 6 sequential spectral scans which 

encompass the transition from noisy to quiet operation state. This 

transition occurred over a period of a few minutes, in spite of the 

lamp having operated for a period of some 20 hours previously at lower 

current. 

Removal of the oxide from a slotted aluminum cathode with 

70 helium and neon fill has also been documented by Rozsa et a1. . That 

work showed the presence of short term arcs when the lamp possessed an 

oxide coating; as the lamp was conditioned and the oxide coating 

removed, the lamp became more arc-free. The noise initially present 

on the aluminum lines observed in the study of this chapter may 

represent short term arcs which affected discharge voltage and 

sputtering. If these results are consistent with Rozsa's, then the 

transition to a quiet mode of operation may represent a transition to 

arc-free operation also. 

Temporal Dependence of Aluminum Emission Intensity with a 

Clean Cathode Surface. Helium gas at 4 torr was allowed to flow 

through the lamp for 40 minutes with the discharge off to see if this 

alone was enough to undo the effects of the previous sputtering; it _ 

would also cool the cathode down from the temperature obtained through 

previous experiments. The 3961 A A1 line intensity was then monitored 
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for 18 minutes in 4 torr of He at currents from 40 to 60 mAo The 

current was held at a constant value until the intensity leveled off, 

then it was increased by 10 mA until the intensity again leveled off. 

The aluminum emission line was quiet, indicating that the cathode 

surface had remained clean. Figure 33 shows that the lamp requires an 

equilibration period at each new current level. The slow increase in 

line emission intensity with time and accompanying voltage increase 

has an explanation which is consistent with the lack of background 

emission and low noise level on the Al emission line: the cathode was 

heating up. This would cause a small decrease in gas density near the 

cathode surface and lead to higher energies for the ions responsible 

for sputtering. 

Comparison with a Commercial Hollow Cathode Lamp. The 

'temperature' effect complicates experiments; one designed to measure 

the intensity difference with current change may also have an 

accompanying local pressure change. If the experiment is carried out 

with the current changes made rapidly. the pressure (temperature) 

effect on aluminum emission intensity will be minimized. Figure 34 

shows the results of such an experiment with the current rapidly 

reduced from 100 to 10 mA in 10 mA increments. The pressure of He 

used is 4.5 torr which gives the highest emission intensity with 

stable lamp operation. The emission intensities obtained for a 

commercial hollow cathode lamp and utilizing the same optical 

arrangement and power supply are also plotted on this figure. The 

commercial lamp demonstrates much higher intensities than obtained 

with the HAC at the same current levels. This comparison is not 

totally fair to the HAC because it is filled with He; the commercial 
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lamp is filled with neon which is much more effective in 
. 71-73 

sputtering 

Argon Filled Discharge Lamp 

Argon was also available to be used in this discharge lamp. 

With its heavier mass, it was expected to be more efficient than He 

for sputtering and increase the aluminum emission intensity for this 

lamp. 

Intensities of the Aluminum Resonance Lines. The intensities 

of both previously monitored Al lines were monitored along with 

discharge voltage at a range of pressures (2.7 - 4.8 torr Ar) and 20 -

100 mA current. The relative intensities of the aluminum lines in 

argon were 2-3 times the intensities obtained in helium when the gases 

were compared at pressures yielding the highest signals for each. The 

ratio of intensities of Al I 3961 : Al I 3944 A lines are plotted as 

constant pressure curves with current as the variable in figure 35. 

The line intensity ratio expected was 2, based on the statistical 

weights of the involved atomic levels. The data indicates that this 

value is approached only at the lowest current levels, and that the 

ratio is smaller than 2 at the highest current levels. The ratio also 

decreases as pressure is decreased at a fixed current value. 

The deviation from the ideal intensity ratio may be explained 

as a self absorption effect; this would be expected to have the least 

importance at currents where sputtering rates were low and metal atom 

ground state populations were least. If the intensity increase which 

accompanies decreased pressure is paralleled by increased sputter 

rate, then the metal atom partial pressure could be higher at low fill 
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gas pressure, thus explaining the pressure dependence of the 3961:3944 

ratio. 

Examination of the energy levels responsible for these 

transitions (figure 22) will show that the lower states for these two 

transitions differ in energy by .013 eV, approximately 1/3 kT at 500 

K. The temperature of 500 K has been given as an estimate of the 

74 Doppler temperature for spectral lines from hollow cathode lamps , 

72 although Kirkbright and Sargent show results which differ from that 

value considerably. 

2 0 2 0 The relative populations of the P3/2 and Pl / 2 levels can be 

calculated from the Maxwell-Boltzmann Law for non-degenerate levels of 

energy Ei and E
j 

if thermal equilibrium is assumed. Let the 

2 0 2 0 subscripts i and j refer to the P3/ 2 and P1/ 2 levels respectively in 

the following expression: 

(33) 

where g refers to the level degeneracy, N the number of particles and 

2 0 k the Boltzmann constant. Based on this expression, the P3/ 2 level 

2 0 should have a population 1.65 times as great as the P1/ 2 at 500 K. 

The Einstein A coefficients are 0.98 X 108sec -1 and 

8 -1 A 75 0.493 X 10 sec for the 3961 and 3944 transitions respectively 

76 Utilizing the expression : 

(34) 

where the subscript 1 indicates the lower state and 2 the upper, g the 

level degeneracy and B12 the Einstein B coefficient for absorption, 



119 

19 B12 values of ca 1.8 X 10 cm/gm are calculated for both the 3961 and 

3944 A transitions. 

Light originating from within the discharge will be absorbed 

in a Beer's law fashion: 

1(z) (35) 

with 10 being the i~tensity prior to its passage through the absorbing 

path length z. The absorption coefficient Q is proportional to 

Since the population of N2 is negligible at these 

temperatures, the difference in attenuation of the 3961 and 3944 A 

intensities is given by the difference between the B12N1 values for 

the two transitions. B12 (3961) and B12 (3944) are nearly identical, 

but N1(3961) exceeds N1(3944) as calculated above. Under conditions 

in which sputtering gives rise to a significant metal atom 

concentration and causes self absorption of the resonant aluminum 

emission lines, the 3961 A transition will be attenuated at a higher 

rate than will the 3944 A transition. This simple calculation may 

explain the decrease in intensity ratio for the 3961/3944 transition 

as current (and cathode sputtering) are increased. The peak shape of 

the aluminum resonance lines exhibited an asymmetric dip indicating 

self reversal. 

Spectral Back&round. The discharge in argon is purple in 

color, for the previous studies in helium the color tended to pink 

except at the lowest pressures when the highly luminous regions were 

white. The background spectrum in argon was limited to three 
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extraneous peaks between the Al 3944 and 3961 A lines. All three are 

attributed to Ar glow discharge lines; 2 of which are ionic lines69 . 

Operating Voltage. The operating voltage of this lamp with Ar 

fill (figure 36) is similar to that obtained with helium after the 

cathode surface was cleaned. 

Conclusions 

The spectral quality of this discharge lamp was affected by 

impurities which resulted from use of commercial quality gases and the 

simply constructed vacuum/gas delivery system. This important problem 

can only be addressed with a more sophisticated system involving traps 

and gas scrubbing or a clean vacuum system and spectral quality gases. 

A static gas system would be preferable since it does not involve 

accurate flow control and conserves expensive fill gases. 

A discharge lamp with an aluminum cathode requires a 

conditioning period at high current to effectively clean the cathode 

surface and produce a stable output on the aluminum resonance lines. 

Higher emission intensity is obtained with use of argon 

instead of helium as the fill gas. The optimized commercial hollow 

cathode lamp with neon fill provides much higher aluminum resonance 

emission intensity when compared to the low voltage Al hollow cathode 

with He fill at the same current levels. If these same experiments 

are repeated with neon fill, the emission intensities will probably be 

improved. 

At high current levels, thermal effects may cause lamp drift; 

an equilibration period is necessary when changing current levels in 

DC mode operation. The intermittent pulsed mode operation of Cordos 
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77 and Ma1mstadt is recommended here, it provides the increased 

emission intensity of high current operation without the thermal drift 

of DC operation. 
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CHAPTER 6 

DEMOUNTABLE COPPER HAC 

The HAC lamps previously utilized demonstrated several 

operational problems which were linked with the construction of the 

lamp. Electrodes closely fitting to the glass lamp envelope could 

cause cracking of the envelope through heat expansion. With a larger 

space for the electrode-envelope gap, the discharge could run outside 

the cathode as well as inside. Additionally, to make any changes on 

the structure of the lamp or the number of internal anode rods, the 

lamp had to be broken and rearranged or an entirely new lamp had to be 

constructed. A versatile demountable HAC was designed and constructed 

to address these problems. 

Lamp Construction 

Several important considerations were necessary for design of 

the demountable lamp. The external surfaces of the cathode had to be 

protected to prevent discharge from occurring on them. This was 

accomplished with a shield held at anode potential around the cathode, 

and within the obstructed discharge distance for the gas pressures to 

be used. The electrode structure had to be very rigid to maintain 

obstructed discharge distances without shorting electrically. This 

rigidity was provided by three tubes, anode supports with internal 

electrically isolated cathode supports. The envelope was removable 

from the lamp to allow change of the cathode and addition or removal 
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of anode rods. With the presence of the cathode shield, the envelope 

could be made a convenient size to avoid the effects of electrode 

expansion. Figure 37 is an exploded view drawing of this lamp with 

the glass envelope removed. The envelope is sealed over the base by a 

large '0' ring. Figure 38 is a picture of the demountable lamp shown 

disassembled. 

Procedure 

Experiments with this lamp utilized a copper cathode with an 

18 rod internal anode structure. This number was chosen for its 

divisibility and was large to allow a high degree of discharge 

obstruction at the cathode bore size used. The discharge was operated 

DC mode with the flowing purge gases helium and argon. The spectral 

region observed was in the region of the resonant copper lines. The 

optical detection system, power supplies and gas delivery system were 

those of the Phase 1 System, Arizona, detailed in chapter 3. 

Results and Discussion 

Success of the 18 anode rod construction in discharge 

obstruction was indicated by the high operating voltage in both helium 

and argon. 3000-4000 volt potential drops were measured for helium at 

the pressures necessary to fill the cathode bore with discharge. 1500-

2000 volts were measured in argon. These high voltages were expected 

to result in a large degree of spectral excitati.on; the atomic 

resonance lines for copper were easily observable. An additional 

result was heavy sputtering of the cathode and considerable heating of 

the cathode by impact of high energy ions. 
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Figure 38. Demountable Copper HAC. 
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Metal vapor sputtering is one of the practical difficulties to 

overcome in the construction of metal vapor lasers. It causes fill 

gas cleanup (gettering) and may deposit in undesirable locations, e.g. 

on laser windows and mirrors78 . In the demountable lamp, sputtering 

manifested itself in several ways. Examination of the cathode 

interior after several days of discharge operation showed deep etching 

of the cathode in grooves corresponding to the spaces between the 

anode rods. The sputtered copper deposited itself in several places: 

on the cathode side of the anode rods to a thickness of ca .25 mm, on 

the glass envelope to form a smoky grey darkening, and unfortunately 

perhaps also on the ceramic insulator separating the anode and cathode 

electrical contacts. The last deposit eventually created an 

electrical short in the lamp, although it could be sanded off and the 

lamp returned to normal operation. Figure 39 outlines where this 

shorting deposit occurred. The appearance of the deposit was rather 

dark and there is some possibility that it was an organic carbon 

deposit. The involved region of anode support tube, alumina insulator 

and tungsten support rod is held together, vacuum tight, we hope, with 

a thin layer of Torr-Seal. At sufficiently high pressure, discharge 

may have formed in this region, causing pyrolysis of the epoxy and 

formation of a conductive carbon layer. 

Examination of the cathode also made clear the regions 

protected from the discharge through obstruction or quenching of the 

discharge by the anode structure. In addition to the regions between 

~ the anode rods and the cathode which showed no sputter etching, a 

definite rim was observable around the entire inner diameter of the 

cathode at each end where it is in very close proximity (.125 mm) to 
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Figure 39. Region of Electrical Shorting, Demountable HAC. 
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the anode ends. Sputter rims of this nature were described by Boumans 

in Grimm's glow discharges 79 . Figure 40 is a picture of the cathode 

of the aluminum high voltage HAC and which demonstrated cathode 

sputtering phenomena very similar to that of the copper demountable 

lamp. 

Drift of the dis(~harge operating voltage was severe even at 

currents of 10-20 mA while maintaining a fixed measured fill gas 

pressure; the real gas pressure at the cathode surface may have been 

less controlled. The spectral region between the copper resonant lines 

showed a small forest of lines, not all of which could be attributed 

to tungsten or the purge gas. The likely source is again molecular 

species which may be contaminants in the purge gas or a result of a 

vacuum leak into the system. The black deposit seen between sputter 

grooves on the cathode interior may also be indicative of this; 

cracking of carbon pump oil can result in polymerization and 

79 deposition on the cathode surface . The extraneous lines were not 

visible in later work carried out with a high quality vacuum system 

and spectral quality fill gases. 

Conclusions 

The combination of voltage drift and possible contamination of 

the purge gas in the system here at Arizona made the spectroscopic 

measurements of copper line intensities in this demountable lamp of 

questionable value. This lamp construction did accomplish the 

original design objectives, but the experimental results obtained 

indicate that to achieve quantitative results for this lamp a clean 



Figure 40. Sputter Grooves and the Sputter Rim on the Cathode. Clean sputtered regions on the 
cathode correspond to the spaces between the anode rods. 
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vacuum system, pure fill gases, and a means to control voltage drift 

due to lamp heating will be necessary. 

Extremely high voltage operation is possible with such a 

highly obstructed discharge lamp. This creates the possibility of 

forming an unwanted X-ray source. While the X-rays formed at 4 keV 

are soft and absorbed after a short path length in air, constructions 

and pressures which achieve even higher voltage operation should be 

approached with caution. 



CHAPTER 7 

LOW VOLTAGE COPPER HOLLOW CATHODE 

Significant differences in the current-voltage curves for 

hollow anode cathode discharges containing different numbers of 

internal rods have been observed by Rozsa9 . A change in excitation 
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efficiency for lasing transitions also results from these different 

9 constructions as evidenced by a change in lasing current threshold . 

These constructional differences were expected to create differences 

in the excitation efficiency of resonant non-lasing transitions as 

well. In this chapter results are presented for a hollow cathode 

discharge with a copper cathode and single internal anode rod which 

operates at low voltage as previously discussed. Copper was chosen 

due to its availability, ease of machining, and good sputtering 

qualities. Single rod construction was employed to obtain a base 

point near a standard hollow cathode geometry and to allow comparison 

with a more highly obstructed copper HAC for which data is presented 

in a later chapter. 

Apparatus 

Low Voltage Hollow Cathode 

A single 0.6 mm tungsten anode rod is held at a distance of 

0.5 mm from the inner surface of a 20 mm long 6.8 mm ID cylindrical 

copper cathode by two copper anode end caps. These caps are held to 

0.5 mm from the cathode by glass spacer rings. Both electrodes make 
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e1e~trica1 contacts through the' glass envelope with a tungsten/ 

uranium wetting glass seal. End windows on this glass envelope were 

measured to be 82 % transmitting at 3274 A with a Cary Instruments 

model 170 UV-VIS spectrometer. A single set screw through each anode 

end cap pins the anode rod and holds the electrode assembly snugly 

together. Exact dimensions for the electrode components are given in 

figure 41. The metal utilized for the anode is not critical if 

electronegative fill gases are avoided; electrons striking the anode 

are not generally effective for sputtering. Support lands on the 

electrodes for the glass spacer rings to not have strict dimensional 

requirements, however they are needed to prevent rapid sputter 

shorting of the lamps. This subject is discussed in Appendix A. 

Vacuum System, Gases, and Readout Electronics 

These components are described in chapter 3 under the heading 

of Equipment at the Central Research Institute for Physics. 

Procedure 

Breakdown voltage, operating voltage, and intensity of the 

copper I 3274 A transition were observed as a function of fill gas, 

pressure, and half wave rectified discharge current. The observed 

10 2 0 10 2 line is the resonant 3d 4p P1/ 2 - 3d 4s Sl/2 transition. Figure 

32 42, derived from Moore's tables ,is a simple Grotrian diagram with 

this transition indicated. The hyperfine and isotope splitting of 

this transition80 was not resolved. The fill gases He, Ne, Ar, Kr, 

~ and He/Ne mixes were employed at a variety of pressures. The pressu~e 

limits at the low end were set by lamp stability and at the upper end 

by an obvious decrease in observed spectral intensity or maximum 
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Figure 41. Construction Details of Low and High Voltage Copper Hollow 
Cathode Lamps. Dimensions are in inches. 
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available gas pressure. Since a cold trap containing LN2 is present 

on the vacuum/ gas delivery manifold, krypton was limited to its vapor 

pressure at liquid nitrogen temperature. 

Results and Discussion 

Pressure Dependence of the Direction of Lamp Intensity Drift 

Lamp intensity was found to drift upwards or downwards in 

intensity with time. The direction of drift depended on whether the 

initial lamp fill gas pressure was above or below the optimum pressure 

for intensity. This conclusion was arrived at after observing the 

direction of drift at a variety of pressures and also explains the 

initial result of the recovery of lamp intensity after pumping out and 

refilling with gas. 

Initially, several hours were spent running the discharge 

fairly continuously at currents up to 70 mA in neon. Scans across the 

eu 3274 A line showed a decrease of ca 25 % over a 90 minute period, 

however the intensity recovered after pumping out the system and 

refilling with neon at the same pressure as used previously. The 

volume of the system filled with gas was on the order of 0.25 liters, 

making the possibility of gas cleanup as the cause of reduced 

intensity extremely unlikely. 

Further data taken for both Ne and Ar was accomplished by 

adjusting the monochromator for peak line intensity and then leaving 

it fixed for subsequent observations at different pressures and 

currents. In this case again, some drift was observed (a few percent 

in 30 seconds, but the degree of drift is modified by the length of 

time observing at any fixed current level), but its direction was 
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dependent on the pressure. Pressures (3.02, 3.77, 4.50, 6.02 torr) 

which were higher than the optimum (for intensity, as found in later 

experiments) pressure of Ne (2.33 torr) gave a drift in intensity 

upwards while pressures 0.92 and 1.54 torr, which were lower than the 

optimum gave a drift of intensity in a downward direction. 

These drifts probably represent a local gas density change 

which accompanies cathode and fill gas heating through discharge 

operation. At high pressure, heating causes change in a favorable 

direction for intensity, while at low pressure any gas heating leads 

even further away from the optimum. The intensity recovery noted in 

the early work after pumping out and refilling the system probably 

results from the cooling of the cathode which occurred while the 

system was pumping out. 

Initial Intensity and Voltage Behavior with Pressure and Current 

The pure gases He, Ne, Ar, Kr and two compositions of HeiNe 

mixture were utilized as fill gases for the low voltage HAC. A range 

of pressures of each were employed with an attempt to bracket the most 

efficient pressure for each gas. Half wave rectified voltage was 

applied to the lamp for currents up to 80 mA peak. 

Each fill gas has operating characteristics in intensity and 

voltage which are set by the fill gas pressure, the current, and the 

construction of the lamp. These characteristics result from the 

sputtering ability of the fill gas ions, the secondary electron yield 

of the cathode surface on bombardment by fill gas ions, and the 

excitation processes available in the discharge. Figures 43 and 44 

give the intensity-pressure curves at fixed currents for each of these 



fill' gases in the single rQd hollow cathode. These curves are all 

representative of the lamp during its initial low intensity stage. 

The intensity-pressure curves demonstrate several points of 
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interest. Pure helium and its 10:1 and 10:3.4 mixtures with neon do 

not demonstrate a maximum in the pressure range available. Intensity 

of the CuI 3274 A line increases with decreasing pressure until the 

limit of lamp instability was reached. Instability is indicated by 

intermittent and erratic operation of the lamp. Neon and Krypton 

clearly demonstrate a pressure at which the emission intensity is a 

maximum; furthermore the pressure at which this maximum occurs 

increases with current. This behavior is consistent with decrease in 

length of the negative glow with increased pressure and increase in 

its length with increased current34 . These two effects combine for 

efficient filling of the cathode hollow at the optimum current-

pressure combination. Argon also demonstrates a pressure of maximum 

intensity, but not a clear shift with current over the range studied. 

In figure 45 intensities of CuI 3274 A emission in the various 

fill gases are compared, the pressure chosen for each gas in this plot 

was that giving the highest intensity at 80 mAo Neon produced the 

highest intensities, Ar and Kr follow at about half of neon's 

intensity. Helium gave a poor showing at one fourth of neon's 

intensity. The mixed gas composition of He and Ne were an improvement 

over pure helium; the mixture containing the highest concentration of 

neon gave the highest intensity results of the mixtures. A single 

pressure of neon/argon mix (Ne:Ar 2.94:1) at 2.90 torr showed a 

decrease of 30 % from pure Ne at 2.16 torr and was not investigated 

further. 
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The results of these experiments confirm an expected 

superiority with neon; commercial copper hollow cathode lamps use neon 

as the fill gas. The explanation invoked for the success of a gas in 

sputtering usually involves a tradeoff between mass (the heavier, the 

better) and velocity (the lighter, the better), with neon falling in a 

72 favorable compromise position . Intensity is also a product of the 

excitation energies available from species in the discharge, from 

metastable to ion energies and the energy distribution of the 

electrons in the discharge. Thus although neon was found to be the 

superior gas for this resonant transition of copper in this particular 

lamp construction, it may not be the one of choice for other 

transitions and cathode materials. It has been shown that sputtering 

yield (atoms/incident ion). is not ordered with mass at low (few 

hundred eV) energies73 , although at high (keV) energies the heavy ions 

are ordered in sputtering yield by their mass, the heavier atoms being 

most effective7l ,73. 

The operating voltage of the discharge as a function of 

current gives an idea of the energies available to ions bombarding the 

cathode surface. It also illustrates when a discharge has become 

obstructed due to pressure decrease and current increase. Notable in 

this data (figure 46-48) is that the operating voltage decreases with 

increasing ionization potential of the fill gas or increases with 

increasing mass of the fill gas atoms. The operating potential 

ordering (Kr>Ar>Ne>He) is not the same as results collected by 

34 Francis which gives normal cathode falls for He, Ne, and Ar on a 

copper cathode as 177, 220, and 130 V (also 204,200, and 196 V) . A 

simple expectation would be that gases with the lowest ionization 
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potentials would show the lowest cathode falls. The failure of this 

simple idea is evidenced in further data from Francis34 in which V 
n 

(cathode fall at normal current density) for both Kr and Xe are 

greater than the three lighter (higher IP) noble gases. Loeb64 

attributes the higher values of the cathode falls in heavy gases (in 

spite of having a low ionization potential) to a lower value of 

secondary electron emission from the cathode by the slower, more 

massive ions. 

Ne, Ar, Kr and the HejNe mixes all demonstrated positive 

current-voltage behavior at the lowest pressure attempted. In 

addition to a current density which is abnormal, at these low 

pressures, the discharge is beginning to be obstructed within the 

diameter of the hollow cathode. The decreasing pressure or increasing 

current necessitates that the negative glow extend out from the 

cathode cavity in order to have enough volume to produce the necessary 

ionization. This region is less effective for producing ionization 

and thus the voltage must increase. The highest voltage obtained in 

krypton, approximately 690 V at 0.45 torr and 80 rnA peak current, 

demonstrates that high voltage operation can be observed in a 'low 

voltage' hollow cathode if proper conditions of pressure, fill gas, 

and current are employed. In the next chapter it is shown how a 'high 

Voltage' HAC can be utilized to obtain twice this voltage in krypton 

at 0.68 torr. Helium gave unique results by exhibiting no apparent 

abnormal effect with increasing current at the lowest pressure 

utilized for it and the lowest operating voltages across the current 

range at that pressure. No explanation for the initial rise then 



grad~al decline in operating voltage with current, notably in argon 

and krypton at their highest pressures, will be advanced. 

Breakdown Voltages for Discharge Initiation 
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Thermal drift prevention will eventually entail use of a 

pulsed power supply. This may necessitate the restarting of the 

discharge from a totally off condition and require high potential for 

the initial breakdown. The half wave rectified experiments carried 

out in these studies allow some measure of the required voltage for 

discharge initiation on each half cycle and indicate what might be 

required in a power supply for such lamps. Figures 49 and 50 give 

breakdown values for He, Ne, Ar, Kr, and the two HeiNe mixtures as a 

function of pressure. Figure 49 is data for breakdown when the 

discharge operates at 20 rnA peak current. Figure 50 is for 80 rnA 

peak, and clearly the breakdown voltage is lower at the high current 

level for optimum (intensity) pressures in the lamp. An explanation 

for this may be the existence of long lived energetic species in the 

gas (e.g. metastables), produced in greater concentration at the 

higher current levels, reducing the voltage necessary to initiate the 

discharge. In other plasmas, it takes milliseconds for the 

81 de ionization to be completed after the voltage is removed . 

Intensity Increase After High Current Operation 

These experiments were followed by a study of the background 

spectrum in neon from the first order resonant Cu I line at 3947 A 

through the second order resonant Cu I line at 3974 A. The most 

intense lines in the background spectra were the copper lines and a 

prominent neon line at 5852.49 A. The hydrogen Balmer beta line at 
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4861·.3 A was observed at approximately 1/2 the intensity of the first 

order 3247 A line of copper. A study of 1inewidth as a function of 

current was carried out, with currents up to 120 mA peak being 

employed. Standard experiments of the current dependence of the 

discharge at various pressures of neon followed. It became obvious 

that the high current levels utilized in the line width study caused 

considerable improvement in the operation of the lamp; the intensities 

of the copper lines had increased approximately fourfold from the 

early experiments. Intensity as a function of neon pressure and 

current is given in figures 51 and 52. The shift in optimum pressure 

at high current levels is obvious in figure 51. The quadratic 

dependence of intensity in current is shown by figure 52; crossovers 

in this set of curves occur for the lowest and highest pressures 

depending on the current level. The quadratic dependence of intensity 

on current has to do with its two fold role in the discharge. First, 

the sputtering is proportional to the current, and second, the 

excitation rate by electron impact is proportional to the product of 

the electron density and the ground state (sputtered) atom density. 

Again a background scan was made from the 2nd to first order of the 

resonant copper lines. It was found that intensities of practically 

all lines were increased along with copper. A notable exception was 

the hydrogen Balmer beta line which was now only 1/20 of the intensity 

of the first order copper line compared previously. A vacuum of 

approximately 3X lower (2-3 X 10- 7torr) than previously obtained could 

be achieved before this study. It is possible that a high sputtering 

rate served to clean the cathode surface effectively and the higher 

resultant lamp temperatures helped bake it out as well. 



* 20 MA 

* 40 MA 
22.0 $ 60 MA 

+ 80 MA 

20.0 0 100 MA 
X 120 MA 

18.0 

16.0 

-::l 
< 14.0 -
~ z 
~ 12.0 . 
"-N 
(1") 

1-4 10.0 

::l 
c.J 

>- 8.00 
I-
1-4 
en z 

6.00 UJ 
I-
Z 
1-4 

4.00 

2.00 

2.00 3.00 4.00 5.00 

PRESSURE NEON (TORR) 

Figure 51. Final Intensity-Pressure Dependence for Copper Resonant 
Emission with Ne Fill Gas. 

151 



." 

22.0 
+ 

20.0 
-* 1.13 TORR NE 
•••••• ## 1.52 TORR NE 

18.0 -- $ 2.27 TORR NE 
...... + 3.02 TORR NE 
_ 0 3.74 TORR NE 

16.0 _X 4.50 TORR NE 

- _Z 5.25 TORR NE 
~ 
< 14.0 -
:E 
Z 

~ 12.0 . 
" N 
(Y) 

H 10.0 
~ u 
>- 8.00 
I-
H 
en z 

6.00 w 
I-
Z 
H 

4.00 

2.00 

20.0 40.0 60.0 80.0 100. 120. 

CURRENT (MA) 

Figure 52. Final Intensity-Current Behavior for Copper Resonant 
Emission with Ne Fill Gas. 

152 



153 

Breakdown voltage (Vb) as a function of current is plotted in 

figure 53 for neon in the 'clean surface' lamp. A general decrease in 

Vb is noted as current is increased at moderate to high pressures of 

neon and the lowest current (20 mA) yielded the highest breakdown 

voltages. No significant difference is noted between these breakdown 

voltages and the data obtained in the earlier low intensity results. 

Experimentation then proceeded to the 'high voltage' version 

of the copper hollow cathode lamp and the 'slotted' lamp. The results 

obtained with these lamps employing various fill gases led to 

repeating some of the earliest experiments with this lamp for several 

reasons: since the results for neon had increased so much after the 

period of intense sputtering, very likely the results from the other 

fill gases had improved as well. Also it was noticed the 

monochromator could drift off wavelength when used in static mode; 

since the early data had been obtained this way, it might have 

affected the results in spite of occasional rechecking. 

One day was spent utilizing the lamp with the various fill 

gases at currents up to 140 mA peak. The experimental procedure now 

involved scanning the monochromator across the copper 3274 A peak (to 

avoid monochromator drift which could occur in static operation mode) 

and only running the discharge as the monochromator passed over the 

line (to reduce thermal drift). Through the course of the day the 

intensity of the copper lines in neon increased twofold and to within 

25 % of the intensity obtained 10 days earlier when the lamp first 

achieved high intensity after -high current operation. The fo110wing

day, after several discharge/ pump out cycles, intensities within 10-15 

% of the previous best results were obtained. This is good agreement, 
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considering that the lamp had been totally removed from the system for 

ten days and had to be reattached to the vacuum system and realigned 

with the optical path. The experiments then continued with argon, 

krypton and helium, finding intensities of Cu 3274 A emission as a 

function of current and pressure. The ordering of the results for 

intensity totally corroborated the earliest findings (making the 

monochromator drift concern unfounded) and intensities in Ar, Kr, and 

He had increased by a similar amount as neon. Less dependence on 

pressure was noted for intensities obtained in these experiments, i.e. 

the pressure-intensity curves were flatter. In figure 54, optimum 

pressures for each gas are compared. This plot should be compared to 

figure 45 to see the intensity increase obtained after heavy 

sputtering. The increases which were obtained may be a result of a 

clean sputtered surface, finally yielding uniform sputtering over the 

entire cathode bore. Another possible explanation is the condition of 

the surface; humps, hillocks and cones on the cathode have been 

82 observed in SEM photographs of cathodes after sputtering . 

Establishment of such features may affect the sputter yield. The 

possibility that operating voltage had changed during this transition 

from low to high intensity operation is not borne out by the data of 

table 2; the maximum change in voltage was about 10 percent. 

Figure 54 also contains data for a commercial hollow cathode 

lamp operated from the same power supply as for the HAC. The 

commercial lamp demonstrates approximately 3X the intensity of the low 

voltage hollow cathode lamp with neon fill at the same current levels. 

One possible explanation is the size of the cathode bore, less in the 

commercial hollow cathode lamp than the low voltage hollow cathode 
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TABLE 2 

Voltage Comparison 
Low and High Intensity Modes of Low Voltage Cu Hollow Cathode 

Ne (low int) 2.33 torr/ Ne (high int) 2.24 torr/ 
Current Voltage Voltage 
20 mA pk 327 V 311 V 
40 337 321 
60 343 334 
80 352 350 

Ar (low int) 1.22 torr/ Ar (high int) 1.37 torr/ 
Current Voltage Voltage 
20 358 V 360 V 
40 337 367 
60 337 367 
80 346 370 

Kr (low int) 0.85 torr/ Kr (high int) 0.90 torr/ 
Current Voltage Voltage 
20 mA pk 459 V 467 V 
40 456 482 
60 462 500 
80 474 520 

He (low int) 4.47 torr/ He (high int) 4.50 torr/ 
Cur~ Voltage Voltage 
20 mA pk 306 V 275 V 
40 321 291 
60 327 298 
80 32l 314 
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with its single internal anode. The smaller diameter lamp has a 

higher current density on the cathode surface and elevated temperature 

due to the reduced mass66 . A small difference in measured intensity 

may be due to the lamp windows; both lamps have a pyrex window, but 

the HAC window thickness is approximately twice the thickness of that 

on the commercial lamp. 

Figure 55 displays intensities obtained in the low voltage 

hollow cathode lamp as a function of voltage, and is broken into 

groups by gas, pressure, and current. This is the 'clean surface' 

high intensity data obtained last. 

The operating voltage follows the order He<Ne<Ar<Kr. As 

mentioned earlier, this may be a result in the difference in the 

secondary electron emission coefficient ~i for the different 

bombarding ions. 40 Data from Chapman indicates the order of ~i to be 

He>Ne>Ar>Kr>Xe at ion kinetic energies of 200 eV or less on a tungsten 

surface, ranging from 0.28 electrons/ion for He to 0.02 for Xe. From 

200-1000 eV 1i is quite constant for each individual ion, but 1i for 

neon is nearly the same as helium at a value of 0.24 electrons/ion. 

Voltage by itself may not be the answer to high intensity 

resonance lines because the lamp conditions producing the highest 

voltages did not produce the highest intensities. However, it is 

impossible with just one lamp to evaluate the contribution of voltage 

to intensity, because it could only be varied by changing gas, 

pressure or current. On the other hand, increasing the current always 

caused an increase in lamp intensity, although the shape of the line 

profile, which couldn't be measured on the available equipment, 

becomes suspect at high current. 
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The pressure yielding the highest resonant copper emission 

intensity for each gas decreases as its mass increases. the order was 

found to be He>Ne>Ar>Kr, with the optimum pressures 4.50, 2.25, 1.05, 

and 0.60 torr respectively. This has a kinetic energy explanation; 

the heavier gas cannot undergo as many collisions as a lighter gas and 

still achieve the same KE unless its mean free path is greater. 

Conclusions 

An initial surface cleaning stage is necessary for maximum 

intensity from the low voltage internal anode copper hollow cathode. 

Identical ordering of the discharge gas effectiveness was observed for 

this lamp in both the initial (pre surface cleaning) low intensity 

results and the final results obtained with lamp intensity increased 

by approximately fourfold. With the lamp surface clean it is possible 

to obtain long term agreement of intensity between results obtained at 

similar currents and pressures. 

Operation voltage increases in the order of the mass 

He<Ne<Ar<Kr and the optimum (for resonant copper emission intensity) 

pressure of operation decreases by the same order. Breakdown voltages 

in half wave rectified mode decrease as the peak operating current is 

increased. 

Highest line intensities for the resonant copper line (3274 A) 

are obtained in neon. Argon and krypton give similar results, but at 

approximately half the intensity of neon. Pure helium gives the lowest 

line intensities of all the fill gases. The mixed gases fall 

somewhere in-between pure He and Ne (always less intense than the pure 

heavy gas). 
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The reason for choosing neon as a fill gas in the commercial 

hollow cathode lamp is clear: it gives the highest intensity at any 

given current. The low voltage copper internal anode hollow cathode 

with neon fill can surpass the intensity of the commercial lamp, but 

only by increasing the current to a higher level. This, however, may 

be a result of the difference in cathode inner diameters. 
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CHAPTER 8 

HIGH VOLTAGE COPPER HOLLOW CATHODE 

Increasing the number of internal anode rods in an HAC 

construction allows operation at an higher voltage for the same 

current and pressure. This is a result of decreased discharge 

electrical efficiency by restriction of the available cathode surface 

for secondary electron production and pipe1ining of the electron and 

ion paths into the small region between the anode rods which increases 

the likelihood of recombination. The increased voltage operation 

results in a change of electron energy distribution to higher energies 

which may effect dominant excitation processes. A further effect of 

increased voltage is an enhancement of sputtering yield for the 

83 84 heavier gases with respect to the lighter ones ' 

In this chapter, results are presented for an HAC possessing 

six internal anode rods and operated in half wave rectified mode. 

This caused a voltage level increase of approximately 150 volts, about 

40% higher than the low voltage version investigated previously. 

Apparatus 

The high voltage hollow cathode lamp was constructed with the 

same materials and utilized the same electrode dimensions as the low 

voltage hollow cathode lamp (figure 41) with the following exceptions: 

the cathode cylinder ID was 7.0 rom and contained six internal anode 

rods equally spaced in a circular array and making a closest approach 



of O~6 mm from the cathode. Three set screws in each anode end cap 

hold the electrode assembly together. 
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The optical system and vacuum system was the same as utilized 

for the low voltage hollow cathode study and is outlined in the 

Instrumentation chapter under Equipment at CRIP. 

Procedure 

Discharge voltage and intensity of the copper 3274 A line was 

measured at a variety of fill gas pressures and currents in the high 

voltage HAC. An intensity enhancement was noted for the heavy gases 

compared to the results obtained in the low voltage HAC and this 

prompted the use of the previously unused noble gas xenon. 

Re·su1ts and Discussion 

Intensity-Pressure Dependence 

Figures 56 and 57 are plots of intensity vs. pressure of fill 

gas with curves connecting points of the same current. He (figure 

56A) shows its maximum at the lowest obtainable pressure for stable 

operation. 

Neon (figure 56B) shows an intensity peak at ~ 2 torr. 

Repeatability of this data from day to day was much better than 

helium. On this figure is shown data from a series of steadily 

decreasing pressures and a repeat at close to the optimum (for 

resonant copper emission intensity) pressure at the end of the day 

after running a variety of other gases. Additionally, data at two 

~ pressures from the previous day is given and good agreement is shown: 

This confirms that the alignment procedure for these lamps .. on the 

optical rail is well refined. Between these two data sets, the lamp 



was cut from the vacuum system, its glass envelope removed and 

replaced with a more closely fitting one. 
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Argon, krypton and xenon all showed the same trend as He: 

still increasing at the lower limit of pressure (figures 56C, 56D, and 

57). Slightly higher fill gas pressures were obtainable with xenon 

than krypton since the xenon data set was collected after replacing 

the liquid nitrogen cold trap with one utilizing frozen et~anol. 

Binary gas mixtures of helium with Ne, Ar, and Xe were 

evaluated for intensity as well. In general these gas mixtures were 

not evaluated over a series of pressures and currents, but rather at a 

few points only. For this reason the intensity data may not represent 

the optimum for that particular gas mixture. Nevertheless, similar 

results to the gas mixtures in the low voltage lamp were obtained; the 

mixed gases exhibited higher intensity than pure helium, but were not 

as high as the pure heavy gas. In figure 58 intensity-current data 

for the mixed gases is given. Data obtained at the optimum pressure 

for the pure gases is also given. Intensity data for Ne, Ar, Kr, and 

Xe agree closely in the range up to 100 mA current and give about 

twice the intensity of He at the same current. 

Discharge Voltage 

Increasing the number of internal anode rods as is done in the 

high voltage HAC does several things to influence the current/voltage 

character of these discharge lamps. First, the close spacing of the 

anode rods is analogous to reducing 'deffective' for the discharge. 

Effectively then, the same pressure of fill gas is moved closer to the 

steeply sloping (in Voltage) obstructed region of figure 7. Pressure 
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changes in the high voltage HAC thus have a greater effect on 

operation voltage than in the low voltage lamp. Second, the presence 

of cathode rods within the obstructed discharge distance of the 

cathode surface protects or restricts a region of the cathode surface, 

effectively reducing its area available for discharge. This results 

in abnormal current densities at lower total current than the low 

voltage construction. 

Experimental results showed increased operating voltages with 

current for all gases at all attempted pressures (figures 59-61). 

This is in contrast to the low voltage lamp which exhibited fairly 

standard hollow cathode discharge type behavior i.e. the current can 

increase greatly without an effect on operating voltage at high 

pressures, only giving positive current voltage behavior at the lowest 

pressures. 

These operating voltages become quite high (1000-1600 V for 

Xe) and can be significantly important in several ways. The 

sputtering ratio (number of atoms released per incident ion) increases 

strongly with incident ion energy73 thus increasing the metal atom 

density in the discharge. Increased voltage shifts the distribution 

of electron energies to higher values and impacts upon excitation 

processes for the copper atoms; significant changes in electron impact 

excitation cross sections occur with electron energy and depending on 

the particular transition involved2l . High operating voltages put 

high demands on power supplies. A large portion of the discharge and . 
ion energy is expended into the cathode as kinetic energy and causes 

heating64 ; this can lead to drift in lamp intensity. 
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Comparison with Low Voltage Lamp Results 

In the high voltage lamp neon gave approximately 1/3 the 

intensity obtained in the low voltage lamp, argon ~ 2/3, and krypton 

roughly the same. Helium was unique, yielding approximately twice the 

low voltage intensity at low currents, but ~ 80 % at high (100 rnA) 

currents. For the highest intensity of the resonant Cu I 3274 A 

emission at reasonable currents, neon in the low voltage lamp was 

clearly superior to any of the gases in the high voltage lamp. 

A comparison of obtainable intensities (Cu I 3274 A) in both 

the high voltage and low voltage lamps is given in figure 62. This is 

given as the ratio of low voltage lamp intensity to the high voltage 

lamp intensity and plotted as a function of low voltage lamp intensity 

when the ratio is greater than one. When the ratio is less than one, 

the inverse is plotted on the symmetrical lower portion of this plot 

as a function of high voltage lamp intensity. This affords a measure 

of the true intensity obtainable with a gas and the enhancement 

offered by utilizing one lamp or the other at particular intensity and 

current levels. Neon is the strong leader in the low voltage lamp. 

Argon gives about 2/5 the intensity of neon and is again superior in 

the low voltage lamp. Krypton gives about 1/3 the intensity of neon 

with similar results obtained in both lamps. Intensity in helium is 

weak for both lamps. At low current levels, the high voltage lamp is 

the one of choice, but at higher levels, the low voltage lamp is more 

intense. 

The differences which occurred between the high and low 

voltage lamps are not due to optical· alignment differences since it 

was shown with several sets of data that good intensity agreement 
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could be obtained for a lamp, even after it had been removed from the 

optical and vacuum systems then remounted and realigned. 

Conclusions 

Use of an HAC with a large number of internal anode rods led 

to increased operating voltage 'compared to the same pressures and 

currents in a single rod low voltage analogue of the lamp. The 

relative intensity of the 3274 A resonant copper line in different 

fill gases made a marked change from the low voltage lamp. The 

heavier gases, Ar, Kr, and Xe, give comparable intensities to neon in 

the high voltage HAC. These changes may result from changes of the 

sputtering ratio for different fill gases with energy of its ions or 

alteration in excitation processes with increased electron and ion 

energies in the higher voltage discharge. 

A measure of the sputtering yield for the various gases in the 

low and high voltage HAC lamps could be obtained by performing atomic 

absorption spectroscopy through the cathode bore. If these 

measurements indicated no significant change in the relative copper 

ground state (sputtered) atoms densities for the two lamps, then the 

difference between the gases must arise through a difference in 

excitation process. This experiment was carried out and is described 

in chapter 9. 

Some of the processes available for excitation in inert gas 

discharges are: electron impact excitation or ionization, Penning 

ionization, and charge transfer reactions. Examination of figure I, 

which summarizes energy available from various energetic species in 

the discharge, shows that inert gas atomic or ionic species have 
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energies considerably out of coincidence with the resonant copper 

transitions at 3.8 eV (figure 42). Generally, energy match to within 

a few tenths of an eV are deemed necessary for excitation transfer to 

be an effective process; ionization alone is less stringent, providing 

24 that the exciter has sufficient energy to perform the ionization . 

This restricts population of the copper resonant transition's upper 

levels to electron impact or cascades from upper levels. Electron 

impact excitation cross sections for helium by electrons goes through 

21 46 a maximum then decreases with higher electron energies' If this 

is also the case for copper atoms then the high energy electron 

environment found in the high voltage HAC discharges may prove less 

effective in exciting resonant lines than conventional (low voltage) 

hollow cathode constructions. However, HAC constructions have been 

found useful in decreasing lasing current thresholds for hollow 

9 cathode lasers. These transitions are ion lines of much higher 

excitation energy than the resonant atomic transitions observed in our 

study. In chapter 9, the emission of ion lines in low and high 

voltage copper hollow cathode lamps is studied. 
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CHAPTER 9 

ABSORPTION AND EMISSION OF COPPER RADIATION 

IN LOW AND HIGH VOLTAGE HOLLOW CATHODE DISCHARGES 

Preliminary results for an high voltage version of copper HAC 

lamp operated in half wave rectified mode (chapter 8) indicated that 

the heavy inert gases (argon, krypton, xenon) yielded resonant copper 

line intensity results comparable to neon. A low voltage hollow 

cathode version of this lamp showed neon to be clearly superior to the 

heavy gases for producing resonant copper emissions (chapter 7). 

Since the sputtering yield for impacting ions is known to be a 

function of ion energy, the following experiments were devised to 

measure if the enhancement observed for the heavy gases in the high 

voltage lamp was manifestation of increased sputtering. Atomic 

absorption spectroscopy was performed through the operating hollow 

cathode discharge to determine the relative ground state atom 

densities in the various gases. 

Conventional hollow cathode discharges are optimized to 

provide intense atomic resonant line emission for AA and AF 

applications. On the other hand, the HAC construction was developed 

for excitation of laser transitions which are ion lines. Since the 

HAC ion line laser was successful, it seemed natural to assess the 

HAC's possible use as an incoherent ion line source. The relative 

ion/atom intensity ratios were measured and compared for a commercial 
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hollow cathode lamp, a low voltage hollow cathode and a high voltage 

hollow cathode (HAC). 

Ion Impact Sputterin& Yields 

The difference in results for the high and low voltage lamps 

obtained in the preliminary half wave rectified experiments might have 

been explained by a sputtering yield change since sputtering yield is 

a strong function of incident ion energy. At 10 kV or higher, the 

sputtering ratio S (atoms/ion) favors the heaviest gases so SXe+ > 

At lower (100-600 eV) voltages however, 

there can be a crossing of the sputtering yield curves such that the 

order may no longer follow the mass. The sputtering ratio and ion 

energy at which curve crossings occur is dependent on the target 

materia173 . The tabular sputtering yield data for copper by Wehner 

83 84 and coworkers ' is plotted as a function of ion energy in figure 

63. The sputtering yield for neon and heavier gases are within a 

factor of two difference for the range of 100-600 eV ion energy. It 

is to be noted that this yield data was obtained at low pressures (2-

80 microns) and that yield data at the 100-1000 times higher pressures 

of glow discharges is considerably less. Back-diffusion to the 

cathode returns approximately 95 % of the sputtered atoms to the 

cathode surface in the glow dischar~e at a few torr pressure. Thus, 

Bruhn85 found a sputtering yield of only 0.068 atoms/ion for argon at 

83 + 1.5 torr, compared to Laegreid's sputtering yield of 1.1 for Ar at 

200 V and 2-5 microns. 
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Apparatus 

A low and a high voltage version of the internal anode hollow 

cathode construction were utilized. These lamps were identical to the 

ones used in chapters 7 and 8 with the exception that the anode end 

caps were made from aluminum. For the AA experiments a Westinghouse 

(Horseheads, NY) copper hollow cathode lamp with Pyrex window and neon 

fill gas was used. For the ion line emission intensities an 

Instrumentation Laboratories Visimax II 8308-1250 copper lamp with 

quartz window and neon fill was employed. 

The power supplies, monochromator, and detection electronics 

are described in the hollow cathode instrumentation chapter, Arizona. 

The vacuum/gas delivery system Was the Phase 2 static gas 

configuration. 

Output from the commercial hollow cathode lamp is focussed 

through the hollow cathode lamp under study by a single quartz lens. 

Hollow cathode emission and hollow cathode source lamp emission which 

has passed through the cathode bore is focussed by a second quartz 

lens onto the entrance slit of the monochromator. The hollow cathode 

source lamp emission Was chopped at 38 Hz and detected with a lock-in 

amplifier to discriminate against the emission emanating from the 

hollow cathode lamp under study. Figure 64 is a block diagram of the 

experimental configuration. 

Procedure 

The lamp under study Was filled with a certain pressure of an 

inert gas and turned on only long enough to achieve a stable 

absorption signal. Currents uP. to 80 rnA DC were applied to the lamp 
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and the pressure was reduced. The lowest pressure investigated was 

set by the pressure which caused a large degree of lamp drift during 

the absorption period or escape of the discharge to fill the entire 

vacuum system (NEON SIGN SYNDROME). The highest pressure of operation 

was set by physical limits. The obstructed discharge distance becomes 

so small that discharge occurs between the cathode and the anode rods 

or end caps. This also means that the central region of the hollow 

cathode is dark, and very little emission is observed. To perform the 

emission experiments, the AA source lamp was blocked so only the 

internal anode hollow cathode emission fell on the monochromator 

entrance slit. 

The copper atomic line observed in emission and absorption was 

the 3247 A 3dl 04p transition. The ion lines 

observed were the (2243 A) and the 

Results 

The results reported in this chapter focus on the differences 

between the low and high voltage internal anode hollow cathode when 

operated in DC mode. The results of the previous specific low and 

high voltage internal anode hollow cathode chapters were obtained in 

half wave rectified operation. 

Intensity - Pressure Dependence 

Intensity of the copper 3247 A transition was measured as a 

function of pressure for currents from 5-80 rnA DC and with the fill 

gases He, Ne, Ar, Kr, and Xe. The results obtained at 60 rnA in the 

low voltage lamp are given in figure 65 and for the high voltage lamp 
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in figure 66. All gases except neon exhibited maximum intensity at 

the lowest pressure investigated in the high voltage HAC. Both neon 

and argon exhibit a maximum at intermediate pressures in the low 

voltage construction. 

The pressure-intensity results obtained for the low voltage 

lamp are fairly consiste!lt with the results of Bodretsova et a1. 86 for 

a copper hollow cathode discharge. One exception is that they found a 

greater relative intensity for helium compared to argon and xenon than 

was found in this work. 

By comparing figures 65 and 66 it can be seen that the low 

voltage lamp provides approximately twice the intensity for copper 

resonant 324.7 nm radiation as does the high voltage construction. 

The 'optimum' pressure, i.e. where the highest intensity can be 

reached is shifted to lower pressures in the higher voltage hollow 

cathode construction. 

Neon is clearly superior to the heavier gases (and helium) in 

the low voltage construction. However, in the high voltage 

construction, the heavy gases improved relative to neon. It was 

exactly this effect, observed in the preliminary half wave rectified 

studies, that prompted the absorption measurements through the cathode 

bore. One might expect that neon, the gas giving highest intensity, 

72 would yield the highest absorbance. Kirkbright and Sargent state 

that argon and neon are generally more effective than the heavier 

gases Kr and Xe in sputtering at normal hollow cathode potentials 

since sputtering efficiency of cathode metal atoms by inert gas ions 

depends not only on ion mass, but also on velocity. However, 

absorbance measurements through the cathode, outlined in the next 
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section, show that this apparently not true for the investigated 

hollow cathode lamps. 

Absorbance as a Function of Intensity 

185 

Interesting results are obtained from a plot of absorbance vs. 

intensity for the various fill gases. In figure 67 and 68, this 

relationship is plotted for the low and high voltage hollow cathodes 

at the optimum fill gas pressures for currents from 5-80 mAo It is 

clear that at any given level of intensity, the heavy gases produce a 

higher absorbance for copper resonant emission than the lighter gases. 

The relative absorbance for the heavy gases (Ar, Kr, Xe) 

compared to neon is higher in the low voltage lamp than the high 

voltage lamp. This fairly effectively destroys the argument that the 

heavy gas intensity enhancement compared to neon in the high voltage 

lamp is due to a sputtering yield change caused by increased operation 

voltage. 

At lower absorbance (ground state density) in the low voltage 

hollow cathode, higher intensity can be reached, showing that the 

conventional hollow cathode discharge is superior to excite these 

levels. Helium has the lowest absorbance at the same intensity and 

confirms the fine lineshape observed in later measurements (chapter 

11). The same intensity of resonan~ line emission may be obtained for 

a given gas using different pressures and currents. The absorbance at 

the same intensity increases with decreasing pressure of the fill gas. 

A complete set of absorption as a function of intensity plots 

for the low and high voltage lamps at a range of pressures of the 

noble gases is given in figures 69-72. The low voltage lamp was 
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operated at currents from 10-80 rnA DC, the high voltage lamp at 4-80 

rnA. Krypton and xenon exhibit little difference between each pressure 

investigated on these plots. This difference from the other gases may 

result from the more restricted pressure range investigated with the 

heavy gases. The investigated range is set by the physical limits 

mentioned earlier. 

Absorption Measurements External to the Cathode Bore 

Especially at low pressures, a luminous region could be 

observed extending from interior of the hollow cathode out into the 

adjacent gas space on both ends of the discharge lamp'. It wasn't 

clear if this region was an extension of the negative glow from the 

hollow cathode interior or merely scattering from metal or gas atoms 

in this region. In any case, this external region could possibly 

contribute to the absorption noted for the AA measurements performed 

through the bore. The contribution of this external region to the 

overall absorption was assessed by doing an absorption measurement 

through it. 

The low voltage lamp was setup perpendicular to its normal 

through the bore alignment. The AA source lamp focussed spot of 2.5 

rom diameter was aligned to cross the central axis of the hollow 

cathode at a distance of 1.5 rom from the anode end cap. The maximum 

absorbance noted in this external region was less than 0.01 absorbance 

units at 0.64 torr of xenon at 80 rnA, which gave the highest 

absorbance of any of the fill gas current combinations. 

If the absorption path length through this external region is 

assumed to be equal to the anode end exit hole diameter (4 rom), it is 
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appr~ximately 12 % of the 33 mm lamp anode/cathode electrode assembly 

length. Yet this path length through the external region provides 

less than 1 % of the absorbance through the cathode bore. This leads 

to the conclusion that very few atoms are escaping from the lamp, and 

that the majority of the absorbance noted in the through the bore 

measurement is occurring inside the lamp electrode assembly. 

Admittedly, this measurement doesn't probe one potential harbor for 

cold copper atoms, the path length through the anode end cap of 6 mm 

length. The dropoff in absorbance with distance from the sputtering 

region of the discharge probably goes approximately as lover the 

distance squared, so a high concentration near the sputtering region 

might not have been detected in the observation region. 

Ion - Atom Intensity Ratios 

Relative ionic and atomic emission intensities were measured 

in the low and high voltage hollow cathode lamps with the five inert 

gases previously studied. A comparative measuremeIlt was made on a 

commercial (Instrumentation Laboratories) hollow cathode lamp with 

neon fill and a quartz exit window. The results of these measurements 

are given in table 3. 

The spectrometer system employed for these measurements has 

not been calibrated for sensitivity as a function of wavelength. The 

intensity ratios listed are an estimate based on the measured 

photocurrent and a correction factor for the optical elements and 

detector employed. This correction factor includes lamp window 

transmission (the window of the IL lamp was assumed to have identical 
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TABLE 3. Ion/Atom Emission Intensity Ratio for the Discharge Lamps 
Operated at the Pressure Yielding the Highest Ion/Atom Ratio 

pressure optimimum 
lamp gas (torr) (torr) 2243/3247 2247/3247 324Z(AU) voltage 

LV Ne 1.5-6.5 1.5 .56 .39 18. 414 

LV Ar 0.69-4.5 3.0 2.7 4.2 257 

LV Kr 0.55-2.0 2.0 .0051 .13 4.3 392 

LV Xe 0.55-2.1 1.3 .41 .19 4.6 492 

HVb He 5.0-14.4 5.0 3.8 6.3 1.0 1120 

HV Ne 1.5-6.6 4.0 3.4 1.4 2.0 623 

HV Ar 0.70-4.7 1.8 7.2 1.5 481 

HV Kr 0.84-2.5 1.1 .15 .24 2.7 876 

HV Xe 0.80-2.5 0.8 .62 .35 3.3 1075 

ILc Ne .20 .16 113 

a - Low voltage hollow cathode lamp at 35 rnA 

b - High voltage hollow cathode lamp (HAC) at 25 rnA 

c - Instrumentation Laboratories hollow cathode lamp at 14.5 rnA 
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characteristics to the windows of the low and high voltage hollow 

cathode lamps), quartz lens transmission, grating efficiency (assumed 

proportional to the spectrometer transmission), and the photocathode 

radiant sensitivity. The IL lamp was of a different geometric 

construction than the internal anode hollow cathode lamps and no 

comparison of the relative resonant radiation intensity was attempted 

between it and the others. 

Table 3 indicates that the ion/atom intensity ratio is higher 

for the high voltage than the low voltage hollow cathode. The high 

voltage operation shifts the electron energy distribution to greater 

energy and increases the extent of the high energy tail. This 

increased electron 'temperature' is accompanied by increased 

excitation temperature. This is exactly the reason the HAC 

construction was built to excite laser transitions which occur on ion 

lines. 

The gases He, Ne, and Ar exhibit higher ion/atom intensity 

ratios than Kr and Xe. The significant difference between these two 

groups is the maximum energy which can be transferred in a one step 

process. Those in the first group can transfer enough energy to 

simultaneously ionize and excite the observed ion transitions of 

copper. Those in the second group have ionization limit energies 

which are less than the sum of the ionization and excitation energy of 

the observed ion transitions. Excitation of the ion lines in this 

second group must rely on a two step process or direct electron impact 

ionization and excitation. Argon provides an especially interesting 

case since only the 2247 A ion line is observed. The 15.95 eV sum of 

ionization and excitation energy for this transition is almost exactly 
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coincident with the 15.93 eV Ar II 3p5 2p~/2 ionization limit of 

argon. The ionization/excitation energy sum for the 2243 A transition 

is 16.5 eV, more than can be provided by singly ionized argon, krypton 

or xenon. The energies available from the inert gas species and a 

partial Grotrian diagram for the copper ion are shown in figure 73. 

A particular pressure of fill gas may produce optimum 

conditions for formation of species involved in selective excitation 

processes. In this work an optimum pressure was found for the 2247 A 

ion line / 3247 A atom line intensity ratio in argon where the 

excitation mechanism is believed to be charge transfer from an argon 

ion. Figures 74 and 75 give ion/atom intensity ratio plots as a 

function of pressure for argon and neon in the high voltage HAC. 

With the five inert gases three sorts of trends in the 

ion/atom intensity ratio were seen as. a function of pressure: a 

maximum at intermediate pressure, decreasing from the lowest pressure, 

and increasing from the lowest pressure. 

When both ion lines were observed in a gas, the trend in 

ion/atom ratio of both parallel each other. The ion line exhibiting 

the higher ion/atom ratio was not consistent for all gases. The gases 

for which the 2247/3247 ratio exceeded the 2243/3247 ratio were 

helium, argon, and krypton. The opposite character was shown by neon 

and xenon. The ordering for neon might be explained as enhancement of 

the the 2243 A transition by Penning ionization due to the 16.61 eV 

5 0 2p 3s[3/2]2 metastable level. 

The neon filled Instrumentation Laboratory hollow cathode lamp 

exhibited a lower ion/atom intensity ratio than either of the neon 

filled hollow cathode lamps. In addition to the benefits shown by use 
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of n~on in this paper, the low operating voltage of the IL lamp 

provides low energy electron impact excitation conditions for atomic 

line production. 

Conclusions 

Although the heavy gases improved relative to neon in the high 

voltage construction as shown in these DC experiments, it is not the 

improvement shown in the preliminary half wave rectified experiments, 

chapter 8, where the heavy gases were comparable to neon for 

intensity. This is believed to be an effect caused by the different 

duty cycle in half wave rectified operation for each gas due to its 

unique breakdown and operating voltage. The chart recorder time 

constant in the half wave experiment was long enough to give an 

average DC signal level. Thus, a gas whose breakdown and operating 

voltage favors a long duty cycle will be enhanced relative to a gas of 

shorter duty cycle. 

Atomic absorption measurements through the bore of the low and 

high voltage HAC lamps indicate that at the pressure of fill gas 

providing the highest intensity for the copper 3247 A transition, the 

apparent absorption at fixed current generally increases with the 

atomic weight of the fill gas: Xe>Kr>Ar>Ne>He. The word apparent is 

used because this experiment did not correct for scattering or 

physical blockage of the source radiation which might occur due to the 

87 possible presence of sputtered or aggregated metal atom clusters . 

The relative absorbance for the heavy gases vs. neon does not 

support the argument that the increased voltage of the high voltage 

HAC construction affects the relative sputtering yield to the 
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adva~tage of the heavy gases. It is known that resonant charge 

transfer reactions can occur between a fill gas ion en route to the 

cathode and fill gas atoms in its path. Thus the ions can arrive at 

the cathode surface with considerably less than the full cathode fall 

40 88 energy , . The voltage difference between these two lamps may more 

importantly affect productfon of exciting metastable and ion species. 

At a given level of absorbance, the intensity obtained 

generally increases with decreasing atomic weight of the fill gas: 

He>Ne>Ar>Kr>Xe. One exception to this is helium at the highest 

currents employed where its absorbance/intensity curve crosses that of 

neon. 

At a given level of absorbance, and a fixed current, neon is 

superior to all the other gases investigated for production of copper 

3247 A emission. This is no doubt the reason that neon is the fill 

gas of choice by manufacturers of copper hollow cathode lamps! Aside 

from its empirical use, this observation may say something very 

important about the process of excitation of the 3247 A transition. 

If one assumes that the electron density in each gas is the same at 

the same current level in each, and the operating voltage difference 

in each gas similar enough to not affect the electron impact 

excitation cross section, the relative intensity should go as the 

order of the absorbance and the atomic weight: Kr>Ar>Ne. This is 

clearly not the case. This then points to some other process besides 

electron impact as the dominant means of excitation for which charge 

~ transfer or Penning ionization followed by deexcitation are 

possibilities. 
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The absorbance in the high voltage lamp was for most gases, 

slightly increased over the low voltage construction while at the same 

time, the intensity of the copper resonant line was decreased. The 

resonant line must not then be as efficiently excited in the high 

voltage construction. The shift in electron energy distribution which 

accompanies the increased voltage of operation may be away from the 

maximum cross section for excitation of the resonant line by electron 

impact. The relative intensity for the ion lines relative to the 

resonant line was increased in the high voltage construction, this may 

also be indication that the discharge energy is being deposited in the 

higher lying levels or at least spread out over a broader range of 

excitation energies. 

With appropriate choice of fill gas and a suitable 

construction such as the HAC design, one can enhance ion line 

production relative to the atomic lines. There has really been no 

need for such a light source until recently. The standard hollow 

cathode construction and fill gases provided the needed atomic line 

emission for flame and graphite furnace AA. Use of the ICP as an atom 

reservoir for atomic fluorescence provides a more energetic (and less 

interference prone) environment for analysis. In fact, the ICP is so 

energetic that at an estimated 7500 K plasma temperature 40 % of the 

first 90 elements of the periodic table is estimated to be 95 % singly 

ionized13 . Clearly then, atomic (ion) fluorescence should be more 

sensitive than atomic (atom) fluorescence. Strong, stable ion line 

sources are not abundant. A second ICP has been utilized as the 

89 source of ion line emission for ICPAF • While this has proven 

feasible, it may never be commercially implemented due to the expense 



of operating two ICPs simultaneously, and the expense of continual 

aspiration of concentrated solutions of costly reagents into the 

source plasma. 
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The ICPAF arena could clearly benefit from an ion line source 

as AA has benefited from the hollow cathode lamp. These studies have 

shown that it is possible to enhance ion line emission by suitable 

choice of fill gas and lamp construction. The results of this single 

experiment don't provide much of a footing for predictions, but the 

results are encouraging for development of ion line sources for other 

elements. With the range of excitation energies from metastable to 

ionization limit for the five common noble gases, it seems likely that 

for a few elements at least, near energy coincidence will occur and a 

strong ion line source may be obtained. 
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CHAPTER 10 

THE SLOTTED HOLLOW CATHODE DISCHARGE LAMP 

Operation of metal vapor lasers requiring high currents for 

achieving a lasing threshold involves consideration of the destructive 

glow-to-arc transition which may occur during discharge operation. 

Pulsed mode operation minimizes the damage which may occur during 

7 arcing, but data obtained by Rozsa indicates that lamp construction 

also plays an important role. His data was obtained with a slotted 

discharge lamp having external water cooling and showed that division 

of the discharge into segments provided a higher glow-to-arc current 

threshold. This lamp design allows easy electrode connection, since 

they are available externally, and water cooling, which reduces 

thermal drift and Doppler linewidths for the discharge. The slotted 

hollow cathode construction without discharge division was evaluated 

for a source of resonant copper atomic emissions in our study. At 

high currents this lamp yielded higher resonant line intensities than 

a commercial hollow cathode lamp operated at its maximum current 

rating. 

Apparatus 

The slotted hollow cathode discharge lamp is a member of the 

hollow cathode family since its negative glow is enclosed by the 

cathode walls. It differs from the HAC discharges in lacking an 

internal anode rod structure. An open-ended trough shaped copper 
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cathode is inverted over a raised land on a brass anode base and held 

to an obstructed discharge distance spacing by a teflon strip between 

the two electrodes. A copper coil is looped through the slots in the 

cathode top and soldered into place. Construction of a discharge lamp 

in this manner allowed external water cooling of the cathode block for 

high current operation. A disadvantage of this method of construction 

was the necessity to make a vacuum tight seal between the two 

electrodes with Varian Torr-Seal. Thermal shock from the cooling 

water caused this seal to leak, but it was repai~ed with Edwards High 

Vacuum (Crawley, UK) Silicone Vacuum Leak Sealant. Glass tubes were 

sealed to the anode block with Torr-Seal and likewise the quartz 

windows at the tube ends. A nearly square internal discharge channel 

of approximately 1.25 cm length yielded an internal lamp volume of = 
3 0.5 cm. Lamp dimensions are given in figure 76. The photograph of 

figure 77 offers a view of the assembled lamp with copper tubing water 

cooling coil for the cathode and glass tubulations for connection to 

the vacuum system and optical exit windows. 

The commercial hollow cathode lamp, vacuum system, and optical 

arrangement is described in chapter 3 under the heading of Equipment 

at CRIP. 

Procedure 

Discharge operating voltage and intensity of the atomic copper 

3274 A resonant transition were observed as a function of half wave 

rectified discharge current and fill gas pressure in the slotted 

hollow cathode lamp. The fill gases used were helium, neon, argon, 

and krypton. 
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Figure 76. Dimensional Details of the Slotted Hollow Cathode Lamp. 



Figure 77. Assembled Slotted Hollow Cathode Lamp. N 
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Results and Discussion 

Intensity - Pressure Dependence 

208 

A series of different pressures were evaluated in the slotted 

hollow cathode discharge lamp to determine their effect on the 

intensity of copper resonant radiation. Thp. data obtained for He, Ne, 

Ar, and Kr are given in figure 78 for currents up to 200 mAo 

At a current level of 160 mA the peak intensities obtainable 

with neon, argon and krypton are within 20-25% of each other. Helium, 

at its lowest operating pressure, gives approximately 1/3 the 

intensity of the heavier gases at 160 mAo Helium and neon are the 

gases which show large apparent intensity dependence on pressure. 

Helium increases in intensity until its low pressure stability limit 

is reached. Neon peaks at around 2.5 torr, with its maximum shifting 

to higher pressure at higher current levels. Both argon and krypton 

have nearly flat response across the pressure range investigated; at 

the highest current ranges, the lamp tended to drift, leading to a 

time of measurement dependence for the intensity of the copper 

emission. 

The three heavy gases were also studied at currents up to 350 

mAo This data is plotted in the form of constant pressure curves with 

intensity as a function of current (figure 79). Neon is the most 

successful in this group at high current. The curve crossings which 

occur for neon result from the shift to higher pressure for highest 

intensity as current is increased. Also plotted with the neon group 

~ is data for the commercial hollow cathode lamp. The commercial lamp· 

gives higher intensity than the slotted lamp at currents up to the 
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Figure 79. Intensity-Current Behavior of the Commercial Hollow 
Cathode Lamp and the Slotted Lamp with Ne, Ar, and Kr Fills. Current 
is at the peak of the half wave rectified cycle. 
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commercial lamp's current limit. However, many times that intensity 

is available from the water cooled slotted lamp at its highest current 

range. 

Current - Voltage Characteristics 

The construction of the slotted discharge lamp was expected to 

to result in current-voltage characteristics which differed from the 

HAC lamps tested. At low currents and moderate pressures (before the 

lamp exhibits highly positive current··voltage character), the 

operating voltage at peak current increases with the atomic weight of 

the fill gas. This is consistent with the other work with copper 

hollow cathode lamps, chapter 7 and 8. At 20-40 mA, discharge 

operating voltage at peak current for the slotted lamp is 50-150 V 

higher than the low voltage HAC, but very close to the voltages 

obtained in the high voltage HAC (figure 80). The cross-sectional 

2 area of the square bore slotted lamp is approximately 0.45 cm , close 

to the ca 0.40 cm2 of the circular bore HAC discharge lamps. The 

increased voltage in the slotted discharge lamp is attributed to the 

presence of the anode forming one wall and two ends to the discharge 

channel. This reduces the efficiency of the discharge by providing 

more area to act as an electron sink for electrons which may continue 

43 travel by the Pendel effect in normal hollow cathode construction. 

The Pendel effect refers to the oscillatory motion of fast electrons 

in a conventional hollow cathode construction. They traverse across 

the negative glow, approach the far cathode wall, are repelled, and 

reverse direction, the process repeating until the electrons are 

thermalized. The presence of substantial anode surface area in near 



212 

2000 2000 • 1.67 TIRI HE 

• 2.01 TORR HE • ".17 rom 1£ S 2.68 TOIII HE • 15.37 TOIII 1£ + ... 0" TOIII HE • 8.20 TlRII£ 0 B.33 TOIII HE 
1600 + 10.8 TOIII 1£ 1600 

0 16.7 1'0lIl 1£ 

~ ~ e 1200 ! 1200 

! I ... 
Q Q 

BOO. BOO. 

400. "00. 

20.0 60.0 100. 140. 180. 20.0 60.0 100. 140. lBO. 

CtJRHT IMAJ CtJRHT IMAJ 

2000 2000 

• 1.00 T~ AR • 1.0" T~ KR 

• 1 ..... T~ AR • 1.48 T~ KR 
1600 • 2.00 T~ AR 1600 • 2.01 T~ KR 

+ 2.67 T~ AR + 2. <t3 TOIII KR 

~ ~ e 1200 • 1200 

! I s Q 

BOO. BOO. 

400. "00. 

-t-___ -,. ii' i i 

20.0 60.0 100. 140. llC. 20.0 60.0 100. 140. 180. 

CtJRHT IMAJ CtJRHT IMAJ 

Figure 80. Current-Voltage Behavior of the Slotted Lamp with He, Ne, 
Ar, and Kr Fills. 



213 

proximity to the negative glow may quench these fast electrons. In 

this way, the slotted lamp and the high voltage HAC may be related. 

Anomalous Current-Voltage Behavior 

Unusual current-voltage behavior was noted for He, Ar and Kr 

in the lowest pressure ranges studied when the current exceeded a 

critical level. When this level is exceeded during the course of a 

half-wave rectified cycle, the current trace becomes flat-topped at 

first, and with further increase in supply voltage, develops a central 

dip. At the same time, the voltage drop across the lamp increases 

(figure Sla). This behavior may result from a reverse in the current

voltage characteristics when the critical current is reached (figure 

SIb). Figure SIc is a sketch of the oscilloscope traces for lamp 

operating voltage, current,and intensity of the copper 3274 A line 

obtained when operating in 1.04 torr of krypton. The current level is 

close to SO mA peak and clearly shows a central dip. Intensity of the 

copper emission tracks this current behavior and lends support to the 

argument that this transition is excited by electron impact processes, 

directly or indirectly. At the still lower pressure of 0.S7 torr of 

krypton, the current trace possessed a dip at 20 mA initially. Within 

a few seconds of operation, however, the current behavior became 

normal once again. At higher currents the trace retained its dip. 

This anomalous current-voltage behavior was not observed in any other 

discharge lamps tested. This anomalous behavior probably relates to 

the current voltage behavior of the cathode glow enhancing discharge 

33 investigated by Rozsa et al. The initial slightly positive current 

voltage behavior corresponds to normal hollow cathode operation. 
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Figure 81. Anomalous Current-Voltage Behavior of the Slotted Hollow 
Cathode Lamp. 
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After a certain input power the discharge begins to become obstructed 

within the cathode hollow and moves out from the cathode interior. 

This is the region in which the current voltage curve folds back 

toward the voltage axis. In Rozsa et al.'s work33 this last region is 

again followed by a positive current voltage behavior as the negative 

glow is fully established outside the cathode slot and the cathode 

glow remains in the slot. 

Conclusions 

The slotted hollow cathode lamp can provide several times the 

intensity of commercial hollow cathode lamps operated at their maximum 

rated current. This increased intensity is attained in part through 

the water cooled construction of the slotted lamp. Still higher 

intensities may be available by making the discharge lamp longer and 

utilizing higher current levels. Glow-to-arc transitions may be 

limited by adding the internal discharge partitions implemented by 

Rozsa7 . Drawbacks to a very long lamp would be the distortion of the 

lineshape of resonant emissions due to self-absorption broadening. 

Non-resonant lines which will not be susceptible to this effect might 

be successfully utilized under the same conditions. 

The construction practice utilized for this lamp presents a 

few problems: the Torr-Seal joint between the two electrodes is 

susceptible to thermal effects which may destroy the pressure seal. 

Secondly, all the square corners in this form of construction present 

quite a job for the machinist. The advantage of the exposed 

electrodes which allow utilization of cooling water and simple 

electrical contact is still a construction to be recommended. The 



segmented discharge idea could be implemented in a tubular 

metal/ceramic construction and address the problems mentioned here. 
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CHAPTER 11 

SELF-ABSORPTION IN COPPER HOLLOW CATHODE DISCHARGES: 

EFFECTS ON SPECTRAL LINESHAPE AND ABSORPTION SENSITIVITY 

Interest in hollow cathode discharges increased greatly after 

Sir Allen Walsh proposed analytical atomic absorption spectroscopy in 

195590 . Convenience was improved through sealed-off lamps9l; lifetime 

'92 was improved through incorporation of a getter material and 

91 93 increased lamp volume ' . Other improvements have been directed 

toward increasing the intensity of these discharges, but a significant 

problem has been how to obtain the increased intensity without 

sacrificing the line quality of the source. 

It is not immediately apparent from the simple expression for 

absorption why this increased intensity is necessary, after all the 

absorbance is merely defined as: 

A - -log (1/1
0

) (36) 

where I is the measured light intensity and I is the incident light o 

intensity. Thus, the same absorbance should be obtained independent 

of the source intensity. 

However, it is necessary to have sufficient light intensity 

such that the measured intensity is greater than the spectral noise 

arising from the atomization cell or the photon noise of the source . 

This requirement is of particular importance in the short wavelength 

UV region below 200 nm where flame gas absorption may cause 



significant attenuation of the source. Increasing the source 

intensity improves the minimum detectable absorption when it is 

limited by noise due to statistical photon arrival at the 

6 94 photomultiplier tube' . 

The benefit of increased intensity of these sources is more 

apparent in the area of atomic fluorescence spectroscopy. In this 

area, when the absorption remains in the linear realm, the observed 

signal increases with the incident light intensity by the following 

expression: 
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I - (I - I) G ~ F 0 
(37) 

where IF is the observed fluorescence intensity, G is a combined 

geometric factor for irradiation and collection and ~ the fluorescence 

72 yield . If the absorbance is large, I will be small or if I is o 

large, the larger value the difference of I and I will be and the o 

greater will be the observed fluorescence signal. As long as I a I o 

then the If increases linearly with 10 

the sour~e is a hollow cathode lamp. 

This is always the case when 

With the benefits of increased intensity in mind, there have 

been a wide variety of methods employed to attempt to increase the 

intensity of the hollow cathode discharge lamp. Several of these have 

included: pulsing the lamp to high ~urrent4,77,86,9s-99, use of 

93 100-105 auxiliary high frequency excitation ' and use of a boosting 

discharge6 ,106-lls 

The simplest means to increase the intensity, just increasing. 

the discharge current, can lead to line broadening. This is 

undesirable since increased intensity from the source does not give 
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the desired effects analytically if this intensity is at wavelengths 

not absorbed by the analyte species. This non-absorbing light 

intensity is not attenuated as the central frequency and gives rise to 

rolloff in the analytical absorption curves with increased analyte 

concentration. The rolloff seen can be due to broadening of the 

analytical line by self-absorption, a particular problem for resonance 

lines. This was the problem attacked in the works mentioned above, 

how to increase the line intensity while maintaining a narrow line 

profile. 

Figure 82 indicates the effect of source linewidth and 

wavelength and absorption profile on the analytical curves obtained. 

The top curves indicate the effects observed with a source of 

monochromatic radiation of wavelength ~l or wavelength ~2' The ~l 

emission is centered at the peak of the absorption profile and gives 

rise to the sensitive and linear calibration curve ~l' The ~2 

emission is on the wing of the absorption profile. Since it is 

monochromatic, its calibration curve ~2 is also linear, but of lower 

slope (less sensitive) because the absorption coefficient is lower. 

The situation illustrated by the middle plots of figure 82 is the 

desired and common analytical situation. The source linewidth of the 

relatively cool hollow cathode source is much smaller than the 

absorption linewidth of atoms in the higher temperature analytical 

flame. Since the absorption coefficient changes little over the 

source linewidth, Beer's Law type behavior is observed and the 

calibration curve is nearly linear. The bottom plots of figure 82 

demonstrate the the effect on the analytical calibration curve when 

the source linewidth is comparable to the absorption profile. Now 



om1aalon 
promo 

absorpUon 
proftle 

).a ).1 

I \ 
I \ 

I , 
I , 
I , 
I , , , , , , , , , , , , , , , , , , , , , , 

I , 
I , 

I , 
I \ 

I \ I \ I , 
-" .... 

I \ 

I 
I 

" 

I 
.,' 

I 
I 

I , , , , , , , , , , , 
I , , 

I , 
I 

I 
I 

I 

I 
I 
I , 

I , , 
I , , , 

I 
I 
I , 

I 
I 

I 
I 

I 
I 

I 

\ , , , , , , , , , , , , , , , , , , , , 
\ 
\ 

I , , , , , , , , , , , , , , , , , , , 
\ 
\ 

\ , 

\ , 

).1 

til 

J 
0 

! 
).a 

ConcentraUon 

I 
! 

ConcentraUon 

ConoentraUon 

Figure 82. 
Curves. 

Effect of Source Linewidth on Analytical Calibration 

220 



221 

alth.ough Beers's Law is stil1 satisfied for each smal1 incriment of 

source wavelength, the absorption coefficient is different for each 

incriment. The measured transmitted intensity in an atomic absorption 

analysis represents the summation of calibration curves of each 

wavelength incriment. It is important to note that the resolution of 

most atomic absorption spectrometers is low enough that its bandpass 

completely brackets the source (and absorber) wavelength span. Since 

high absorbance indicates that only a small fraction of light is 

getting through, the rolloff reflects the fact that the less highly 

attenuated wavelengths are still being transmitted appreciably. The 

sensitive wavelengths have already been attenuated to such an extent 

that they contribute only a negligible fraction to the transmitted 

light intensity. A broad source line profile such as illustrated at 

the bottom of figure 82 may be a result of self-absorption or some 

other factor such as hyperfine splitting which swamps out the effect 

of the Doppler width. 

Self-absorption broadening occurs when radiation emitted in 

the source has a significant chance of being reabsorbed within the 

source. This can occur in a dense source or due to long path length 

through a diffuse one (the negative glow region of figure 83). Since 

light at the central frequency has greater likelihood of being 

absorbed than light on the line wings, emission from the source 

exhibits a greater FWHM (full width at half maximum) than the 

individual emitting atoms. In a uniformly excited source (everywhere 

the same ratio of number of emitters: number of absorbers, although. 

number of emitters and number of absorbers doesn't have to be 

constant) self-absorption gives rise to broadening and flattening of 
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116 the ~ine profile . The top of figure 84 illustrates this effect. 

Both absorber and emitter have the same line profile since they are in 

the same temperature environment. While any individual emitting atom 

has a fine lineshape, self-absorption within the group of atoms 

preferentially attenuates the central frequencies and the line profile 

of the source reflects this. On further increasing the level of self

absorption, the emission intensity of the central frequencies 

approaches the black body limitll7 

Spectral light sources are often not uniformly excited and 

possess a less excited region external to the main excitation region 
~ 

(the 'cold atoms' of figure 83). Furthermore, this region is usually 

colder; the two effects increase absorption at the central frequencies 

and may give rise to a special form of self absorption termed self-

116 reversal . In this case, central frequencies may be attenuated to 

such a point that they actually have a lower intensity than 

frequencies on the line wings (the bottom part of figure 84). 

For atomic absorption spectroscopy, self-reversal presents a 

very deleterious effect, because the most analytically sensitive 

frequencies have been attenuated to a greater extent than the non-

absorbing frequencies. In the case of atomic fluorescence 

spectroscopy self absorption is a less serious problem for the light 

source as long as the intensity of the central frequencies can be 

increased. Increases in the non-absorbing irltensity cause only a 

small negative contribution through increased scattered light level. 

~ This difference between AA and AF indicates that an optimum design of. 

hollow cathode lamp for each technique may be different. 
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The conventional hollow cathode lamp has the advantages of its 

simplicity and a useful lineshape. To build an improved performance 

lamp however, one must consider two weak points of the conventional 

lamp; the first is the absorbing part in front of the negative glow, 

the second is the relatively high density of ground state atoms at 

currents where the desired 'intensity can be reached. 

With increased current in the hollow cathode lamp a 

significant self-reversal can be observed, a clear sign of the 

116 inhomogeneously excited plasma The sputtered metal atoms can 

freely escape from the cathode cavity, and since the electron density 

outside the cathode hollow is low, a 'cold cloud' of weakly excited 

metal atoms is formed. This effect prevents use of the discharge at 

higher currents. The previous efforts to improve the hollow cathode 

lamp's performance have considered this point. Using an additional 

discharge the metal atoms outside the cavity can also be 

excited6 ,106-ll5. These improved lamps, though more complicated, 

yielded higher intensity at the resonant lines without self-reversal. 

Apart from the 'cold cloud', the plasma inside the hollow 

cathode cavity is also problematic. At the low current densities 

118 used, less than one atom in 10000 is excited . Thus the plasma is 

strongly absorbent. Increasing the current increases the sputtering 

and in this way the plasma absorbs even more. This effect can be 

119 clearly seen in the results of Wagenaar and de Galan . Their 

measurements showed that increasing the current always increased the 

~ integrated intensity of the resonant lines but decreased the line 

quality. 
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To overcome this problem the excited fraction of the metal 

atoms has to be increased without increasing the sputtering rate. 

This can be done by superimposing a boosted positive column discharge 

6 106-115 across the hollow cathode discharge ' .• The boosting discharge 

feeds additional electrons into the plasma without increasing the 

sputtering. In fact, due to the boosting discharge, the cathode fall 

and the sputtering decrease. This type of discharge provides the 

ability to control the metal atom and electron density independently 

from each other. High intensity, narrow lines for the resonant 

transitions of different atoms can be reached in this way. The 

disadvantage of the boosted discharge lamp is that it is complicated, 

consequently more expensive. 

In this chapter the results obtained with a construction 

utilizing a positive column to trap sputtered metal atoms within the 

cathode holloware given. The positive column segment further serves 

to pipeline electron flow and increases the level of excitation 

possible at the cathode mouth. 

The transition observed was the copper atomic resonant line 

10 2 0 10 2 
3d 4p P3/2 - 3d 4s Sl/2 at 3247.5 A. This transition is 

complicated by isotope effects for Cu63 and Cu65 and hyperfine 

80 splitting of the transition Figure 85 details this splitting which 

-1 gives rise to two line groups separated by approximately 0.4 cm . 

When a Doppler temperature of 415 K was assumed and convoluted with 

their instrument function, Wagenaar and de Galanl19 calculated a 

theoretical peak component intensity ratio of 1.87:1.0. The exampla 

of these workers in giving the component intensity ratio as a measure 

of self-absorption was followed. The ratio of these two components as 
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a function of fill gas, pressure, and discharge current for the 

positive column incorporating lamps and as a function of current for a 

commercial hollow cathode lamp was observed. The ratio of the two 

components reflects the degree of self-absorption occurring within the 

lamp since the more strongly emitting group is also more strongly 

absorbed. With increasing self absorption, the ratio of the 

93 components approaches 1.0 It was expected that the ratio would be· 

reflected in analytical curves obtained with these lamps. Plots of 

absorbed intensity are given as a measure of expected fluorescence 

signal from these lamps. 

Apparatus 

The commercial hollow cathode lamp employed was a Westinghouse 

(Horseheads, NY) WL-22603 copper lamp with Pyrex window and neon fill 

gas. 

The hollow cathode lamps with added positive column (Hungarian 

patent application # 157/87) were of two constructions and are 

schematically illustrated in figure 86. The first design possessed a 

cathode hollow of dimensions similar to the commercial lamp; the 

second had an enlarged cathode hollow-from which only the central 

region radiation is sampled. Both of these designs incorporate a 

metal disc at floating potential in front of the cathode opening. 

This serves several functions: it pipelines electron flow down the 

optical path preventing a buildup of cold unexcited atoms sputtered 

out from the cathode hollow, and it forces a positive column discharge 

to occur in this region which draws ionized species back into the 

cathode hollow by the catophoretic effect. 
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The line profile measurements were performed at CRIP, and the 

equipment utilized there is described in chapter 3. The Zeiss 

monochromator was operated in minus 8th order with 8 micron entrance 

and exit slits. An EMI 62565 photomultiplier was used on its output. 

The atomic absorption experiments were performed in Arizona 

with the Phase 2 vacuum system. Radiation from the discharge lamps 

were focussed on the analytical flame by a folding mirror and quartz 

lens. This radiation was refocussed by a second quartz lens onto the 

entrance slit of the monochromator. The discharge lamps were powered 

in DC mode and their output was chopped at 38 Hz to discriminate 

against emission emanating from the flame. The analytical flame was 

air acetylene from a circular multihole premix burner. This burner 

was chosen over a slot burner to minimize alignment problems. 

Procedure 

Lineshape Measurements 

Three lamp designs were evaluated in this study: a commercial 

hollow cathode lamp, a hollow cathode lamp with added positive column, 

and an enlarged hollow cathode cavity lamp with added positive column. 

The hollow cathode positive column lamp was operated at 3.75 torr of 

helium, and at 7.09 and 15.0 torr of neon. The enlarged cathode 

volume lamp was studied with helium.at 4.01 torr, and neon at 5.74, 

3.36, and 1.85 torr. The lamps were all operated in DC mode. 

Self-absorption can cause severe distortion of the line 

shapes. Extreme cases of self-reversal of the copper resonance lines 

119 are illustrated by Wagenaar and de Galan . Similar results were 

found at high currents in these experiments. The doublet found by 
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scanning over the 3247.5 A line of copper was analyzed as illustrated 

in figure 87. The height of the center of each peak was measured. 

The height of the longer wavelength (and most intense peak, in the 

absence of self-absorption) is given by IL and the shorter wavelength 

peak by IS. The ratio of these intensities was taken as a measure of 

the degree of self-absorption in the particular case. A measure of 

the degree of self-reversal is given by the ratios IML : IL and IMS 

IS ' IML and IMS being the peak maxima. An IML : IL or I MS : Is ratio 

of one indicates that no self-reversal was observed. The FWHM was 

also obtained from chart recorder traces during the line shape 

measurements. When the peak is self-reversed the FWHM value has less 

meaning; in this case the full width is measured at one half IML or 

I MS · 

Atomic Absorption Measurements 

Copper solutions in 10% HN03 were prepared by dilution of 1000 

ppm copper stock solution made by acid dissolution of Consolidated 

Wire and Associated Companies (Chicago, IL) copper wire. AA 

measurements were performed through an air-acetylene flame shielded by 

a slotted aluminum chimney. Performance of the commercial hollow 

cathode lamp was compared to that obtained with the enlarged cathode 

volume positive column incorporating lamp. The lamp was operated with 

gas pressures approximately the same as utilized in the lineshape 

measurements and allows comparison of the results of both studies. 
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Figure 87. Definition of Terms for the Lineshape Measurements. IL 
and IS are intensities at the peak center 0 IML and IMS are the peak 
maxima, different from IL and IS if there is self-reversal. 



233 

Results 

Directly Measured Lineshape 

Figures 88-91 summarize the data obtained from the lineshape 

measurements. The Westinghouse lamp data (figure 88, left side) is 

plotted on a different scale than the remaining figures to improve 

clarity. This figure shows the reversal of relative intensity for the 

long (IL) and short (IS) wavelength peaks which occurs as current is 

increased. Additionally, the onset of self-reversal (IML : IL or 

IMS : IS > 1.0) is pronounced at the maximum recommended current level 

for this lamp (20 mA). 

Figures 88 and 89 are for the hollow cathode lamp possessing 

the positive column segment. These also demonstrate the reversal·of 

intensity roles for the long and short wavelength peaks. Self

reversal occurs in all three of these cases. The highest intensity 

obtainable from the hollow cathode lamp with added positive column was 

shown at 15 torr neon fill (figure 89, right side). Westinghouse lamp 

data has been included on this plot for intensity comparison. If the 

point at which both lamps have an IL/IS ratio equal to one (and hence 

the same degree of self-absorption) is examined, the positive column 

incorporating lamp shows twice the intensity of the Westinghouse lamp. 

Figures 90 and 91 are for the enlarged volume cathode lamp 

with the incorporated positive column. Unusual results are obtained 

with pure helium; no switch of the most intense peak occurs (i.e. 

IL/IS remains> 1.0) and no self-reversal occurs over the current 

range studied. The peak FWHM is also smaller than obtained with neon 

fill gas in this lamp and the other two lamps studied. 
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The IL/IS ratio decreases as the fill gas pressure decreases. 

This is attributed to increased sputtering at the lower pressure, 

leading to increased self-absorption. In support of this, absorption 

120 measurements made by de Hoog et al. for a hollow cathode discharge 

indicate increased copper density as neon pressure decreases. 

It was observed that self-reversal never became apparent until 

the IL/IS ratio decreased below 1.0. This is the same result noted 

119 by Wagenaar and de Galan . 

They have also shown that although different ~urrents are 

required for the two commercial lamps (Perkin-Elmer and Varian) to 

reach the same intensity, the component intensity ratio was the same 

for both lamps at the same intensity. 

Figure 92 brings together the degree of self absorption and 

obtainable intensity for all of the lamps studied. The least degree 

of self-absorption (highest IL/Is ratio) occurs at the lowest currents 

and the lowest intensities. At any degree of self absorption 

(component intensity ratio), the hollow cathode lamp with added 

positive column can provide higher intensity than the Westinghouse 

lamp. Better still is the performance of the enlarged volume hollow 

cathode lamp with added positive column. 

Atomic ~bsorption Sensitivity 

The left side of figure 93 gives the calibration curves 

obtained with the Westinghouse hollow cathode lamp. The top curve 

represents the lowest current and consequently the lowest intensity of 

operation. Highest values of absorbance are obtained at the lowest 

current since metal atom sputtering is the least and self-absorption 
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Figure 92. Dependence of the Intensity of the Long Wavelength Peak of 
the 3248 A Doublet on the Degree of Self Absorption, IL/IS. He is the 
hollow cathode and LP is the enlarged cathode volume lamp, both with 
added positive column. 
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is reduced. With increasing current, a steady decrease in absorbance 

is noted. This effect is seen in all the data for the enlarged 

cathode volume lamp as well. 

Figures 93 (right) and 94 (left) are calibration curves for 

the enlarged cathode volume lamp with helium fill. Nearly the same 

values of absorbance as the Westinghouse lamp are obtained. 

Figures 94 (right) and 95 are curves obtained with neon fill. 

The highest absorbances were obtained at the highest pressure of fill 

gas; these were comparable with the commercial lamp as well. The 

reduced sensitivity at the lower pressures is probably due to 

. d . 120 d If b . H .. 1 1ncrease sputter1ng an se -a sorpt10n. owever, 1t 1S a so 

possible that expansion of the negative glow volume at the lower 

pressures begins to encroach upon the positive column segment and 

renders it less effective. 

Lamp Intensities 

The absorbance curves demonstrate the sensitivity of the 

discharge lamps investigated, however they fail to illustrate the 

important factor of lamp intensity. Figure 96 gives a measure of this 

factor. Absorbance is plotted as a function of lamp intensity with 

each curve representing one concentration. 

The highest intensities in the light-pumped lamp were obtained 

with neon fill, and the lowest with helium. A filling of 3.31 torr 

neon in the positive column lamp yields approximately seven times the 

intensity of the Westinghouse lamp at a tenfold increase in operating 

current. 
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Abso.rbed Intensities 

Part of the impetus for this research is to develop high 

intensity sources for atomic fluorescence spectroscopy. A measure of 

the expected fluorescence is given by the absorbed intensity (the 

difference of I and I in equation 37). Figures 97-99 give the o 

absorbed intensity as a function of concentration for the lamps 

studied. The top curve in each case represents the highest current 

and hence the highest intensity. As the current is reduced, the 

intensity available for absorption, and hence the absorbed intensity 

decrease. 

This data reflects the previous intensity data, the highest 

values were obtained in pure neon and the lowest values in pure 

helium. The pressure of neon yielding the highest absorbed intensity 

depended on the current utilized. At low currents, the 1.81 torr 

filling yielded the highest intensity (and highest absorbed 

intensity). At the highest currents employed (200-300 rnA), the 3.31 

torr filling has overtaken the lower pressure. 

In all cases, the enlarged cathode volume lamp exhibited a 

greater absorbed intensity than the Westinghouse lamp, even when the 

latter was operated in excess of its maximum current rating. 

Examination of the Westinghouse data at 25 rnA and the 3.31 torr neon 

filled positive column lamp at 300 rnA shows the absorbed intensity of 

the positive column lamp to be 7 times the Westinghouse lamp at 200 

ppm copper concentration and 6.4 times at 5 ppm. Clearly then, the 

enlarged cathode volume lamp should be more effective than the 

commercial hollow cathode lamp as an atomic fluorescence source in 

this situation. 
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Intensity - Pressure Dependence of the Enlarged Cathode Volume Lamp 

For this experiment, the analytical flame and the chopper were 

eliminated from the experimental geometry of the AA measurements. 

An observed drift in intensity can be attributed to thermal 

effects in the lamp and the local reduction in gas density due to 

heating of the cathode. For this reason, the measured pressure of the 

lamp at room temperature doesn't reflect the cathode area gas density 

when the lamp is in operation. If the thermal effects can be avoided, 

then a more accurate picture of the pressure dependence of the lamp 

emission intensity will be obtained. 

To reduce thermal drift effects, the lamp was switched on for 

15 seconds at the desired current, then switched off for 30 seconds to 

allow it to cool. This process was repeated until all the desired 

currents had been measured. 

Figure 100 presents the data obtained in this manner. In all 

cases, the lowest pressure yielded the highest intensity. Practical 

limitations actually make the lowest pressure (or still lower) less 

desirable than a moderate pressure. First, the breakdown voltage 

necessary to initiate the discharge increases rapidly as the pressure 

is reduced below the Paschen minimum. In these experiments, several 

of the pressures could only be investigated by igniting the discharge 

at a higher pressure, then rapidly reducing the pressure for the 

measurements. Second, this was only a measurement of the integrated 

line intensity and says nothing about the degree of self-absorption 

occurring. The atomic absorption measurements demonstrated the 

decrease in absorption sensitivity as the pressure was reduced, which 
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can be related to compromising of the line quality as indicated in the 

lineshape measurements. 

Conclusions 

The positive column incorporating lamps demonstrate higher 

intensity at the same degree of self-absorption as the commercial 

hollow cathode lamp. 

The positive column lamp with neon fill offers reasonable 

sensitivity for atomic absorption analysis at increased intensity and 

should prove useful for atomic fluorescence spectroscopy. It is 

further anticipated that the positive column construction and its 

catophoretic effects will prove especially useful when the cathode 

material contains a volatile metal which can escape from earlier 

design hollow cathode lamps. 

The enlarged cathode cavity lamp with positive column gave 

considerably different results than the hollow cathode lamp with 

positive column, especially for the case of helium fill gas. The 

exact mechanism at work deserves further study. Several differences 

due to the construction may be important. The current density at the 

cathode surface is lower in the enlarged volume case. The sputtered 

metal density in the region viewed is probably lower in the enlarged 

volume lamp as well, since only one ,surface (the backside of the 

cathode hollow) is adjacent to the central part of the plasma. The 

hollow cathode version not only has the back surface to contribute, 

but the immediately adjacent cylindrical bore as well. The external 

region which surrounds the viewed region in the enlarged cathode 



252 

volume lamp may enhance excitation in the viewed region of lower metal 

atom density by a radiation trapping effect. 

Further benefits may be attributed to the enlarged volume 

hollow cathode lamp. Since sputtered metal atoms go into the central 

part of the plasma mainly from the back surface of the cathode cavity, 

the metal atom density is low there. The electron density in the 

central part of the enlarged volume lamp, however, is higher than in a 

conventional hollow cathode lamp because it is operated at higher 

current and most of the total current flows through this part. On 

this point, the central region of the enlarged cathode volume lamp 

resembles a boosted discharge construction. The electron - atom 

density ratio in this region could be optimized by altering the size 

and shape of the cathode cavity. 

The use of helium fill gas in the light pumped lamp did not 

yield the increase in absorption sensitivity over neon that was 

expected from the linewidth measurements. This may be a result of 

collisional line shift in the absorption flame. The lamp utilizing 

neon exhibited slightly greater FWHM than with helium; this would lead 

to a greater degree of overlap of emission and absorption profile if 

collisional shifting had occurred. Such shifting in the air-acetylene 

flame has been studiedl19 • 

The lamps have only two electrodes and require only one simple 

power supply. However, (and especially with the enlarged volume 

hollow cathode lamp), these lamps require higher operating currents 

~ than a conventional hollow cathode lamp to achieve optimal output. 
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CHAPTER 12 

THE INDUCTIVELY COUPLED PLASMA 

AND NONMETAL EXCITATION IN SPECTROCHEMICAL PLASMAS 

The three major spectrochemical plasmas, the ICP, the 

microwave plasma, and the direct current plasma (DCP) have all been 

employed for nonmetal analysis. In this work, only the ICP was 

investigated for this application. In the following sections are 

described the mechanism of formation of the argon ICP, a brief summary 

of the major excitation models proposed for the ICP, and an overview 

of nonmetal analysis work which has been carried out in the three 

plasma types. 

The Inductively Coupled Plasma 

The inductively coupled plasma is sustained by radio frequency 

energy in a plasma torch as diagrammed in figure 101. 

Formation of the Plasma 

Plasma formation proceeds in three steps, plasma seeding, 

streamer formation, and condensation of the streamers into a teardrop 

shaped plasma. 

For the applied RF energy to be effectively transferred into 

the argon gas flowing through the plasma torch, charged particles must 

be present in the induction region. These are created with a Tesla 

coil which ionizes the gas along its discharge path. 
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When RF power is applied to the plasma torch and seed 

electrons produced by the Tes1a coil are present, a thin cylindrical 

discharge (streamer) occurs in the region of the load coil (figure 

102). This is a result of the RF oscillating magnetic and electric 

fields accelerating the electrons and producing additional ionization. 

The current flowing through the load coil generates a magnetic field 

in an axial direction through the plasma torch. The direction of this 

field changes by 180 degrees every half cycle at the RF generator 

frequency (27 MHz in this work). Electrons gain energy and multiply 

through the action of the oscillating magnetic field (and the 

dephasing effect of collisions). The axial magnetic field causes 

these electrons to flow as an eddy current in an annular path 

perpendicular to the magnetic field lines like the shorted secondary 

winding of a transformer. Lenz's law predicts that this induced 

current flows in a direction to oppose the magnetic which caused it. 

Collisions are responsible for resistance to this current flow and 

121 Joule heating results in additional ionization . 

When only streamers occur within the plasma torch, the RF 

energy is not being efficiently coupled in. A small adjustment of the 

impedance matching network corrects this and the streamers coalesce 

into a much brighter teardrop shaped plasma (figure 102). The 

establishment of a stable plasma eliminates the need for the seed 

electrons contributed by the Tes1a coil and it may be removed at this 

point. The large part of the teardrop occurs in the region of the 

~ load coil and it tapers away in the direction of the argon gas flow. -

The central hole through the teardrop is caused by the sample gas flow 

from the innermost tube of the plasma torch. It is into this channel 
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that analyte material is introduced; surrounded by the hot (6500-
122 . BOOOK) plasma it is rapidly desolvated, vaporized and excited. 

The mechanism to produce the discharge maintaining "ionization 

in these high frequency discharges is considerably different than the 

DC discharges discussed previously. The electrons accelerated in an 

high frequency field are not predicted to gain enough energy to cause 

ionization in a single half cycle, and in the next half cycle, they 

are decelerated from their original direction, reverse, and are 

accelerated in the opposite direction. Without some other factor, the 

electron energy is restricted to that which it can gain in one half 

cycle and it would never be sufficient to cause ionization of the 

plasma gas. The 'other' factor is collisions. Collisions serve to 

dephase the electron with respect to the accelerating field and on the 

19 average, the electron energy increases with every collision • In a 

3000 MHz microwave discharge with an electric field strength of 200 

V/cm Biondi19 estimated the average electron has to make more than 

10,000 elastic collisions with helium atoms to reach ionizing energy. 

The magnitude of the magnetic and electric fields present in an ICP 

are under study in the research group of Ramon Barnes at the 

University of Massachusetts. Calculations for the magnetic and 

electric fields in an atmospheric pressure argon plasma in LTE (local 

thermal equilibrium)123 give values 'for the axial magnetic field as a 

few hundred gauss and the azimuthal electric field as a few hundred 

volts/cmI24 . 



258 

Empirical Observations and Proposed Excitation Mechanisms for the Iep 

In the 20 year history of the Iep a number a very fundamental 

studies have been made on this discharge. While the absolute values 

of the results often vary from researcher to researcher because of 

plasma differences and observation region, several points have been 

clearly demonstrated by many. Some of them are the following: 

1) The electron density in the argon plasma varies from 

14 16 124-126 10 - 10 per cubic centimeter . With an ideal gas 

law predicted density of argon atoms at plasma operating 

18 3 temperature and pressure of approximately 10 /cm, this 

implies that the plasma is about 0.1% ionized. 

2) Relative freedom from ionization interferences. This is 

attributed to the high electron density of point 1. 

3) The spatial distribution of ana1yte emission depends on 

the excitation energy of the observed emission. Low 

excitation energy atomic emissions peak low in the plasma. 

Ionic transitions and high energy atomic transitions peak 

higher in the plasma, generally in the region referred to as 

127 the normal analytical zone (NAZ) . 

4) The electron densities found by a wide variety of 

techniques exceeds by several orders of magnitude that which 

is predicted from the Saha-Eggert ionization equation, based 

on measured excitation temperatures for ana1yte 

124 128 species' This condition is frequently referred to as 

supratherma1 ionization. 
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. 5) Consistent with point 4, the intensity ratio of an ion 

line to atom line for the same element is higher than 

expected from an LTE calculation using excitation 

129 temperatures . 

6) The excitation temperature measured depends on the 

excitation energy of the levels used for its determination. 

Higher excitation energy transitions, closer to the 

ionization limit yield higher excitation temperatures than 

26 129 transitions emanating from lower energy , 

Explanation of these observations has been one goal of 
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proposed excitation mechanisms. These models have been refined over 

the years and have provided a lively exchange of ideas in the plasma 

literature. 

Probably the first proposed mechanism involved the possible 

function of the metastable forms of argon, since they are predicted to 

have a long radiative lifetime. These species can,cause Penning 

ionization of analyte species and also serve as an ionizant source 

since only approximately 4 eV are required to ionize the metastable. 

An overpopulation of metastab1es due to their lifetime was 

130 argued against by Blades and Hieftje due to collisional 

equilibration with nearby emitting resonant levels. The validity of 

this was shown by absorption measurements from the the metastable and 

emitting levels which showed the populations to be comparable. The 

concentration of metastab1es estimated from absorption measurements is 

12 129 approximately 10 per cubic centimeter . 
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The role of metastables has been argued against because 

several strong emission lines resulted from levels whose sum of 

ionization and excitation energies exceeded that available from 

25 metastable argon The answer to this objection was found by 

allowing argon atoms excited above the metastable energy, and up to 

26 the ionization energy, to participate in Penning-like ionization . 

Additionally it was argued that these excited levels could be very 

important due to the overpopulation of higher lying levels. 

A high population of metastables and hence ions up into the 
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analytical region was proposed to be attributable to radiation 

130 trapping This mechanism assumes a hot annular plasma surrounding 

the analyte channel at a lower temperature. The argon atoms in the 

central channel can absorb photons from the annular region. The 

photon flux from the annular region is high due to the high 

temperature. The resonant levels of argon can be populated by 

absorption of photons characteristic of the hotter external region, in 

spite of the low ambient temperature in the analyte channel. The 

eltcited states of argon in the central channel can then reflect the 

much higher temperature of the external region. The high 

concentration of ground state argon atoms in the analyte channel traps 

resonant radiation such that an estimated lifetime for the metastables 

and the collisionally equilibrated radiating levels was on the order 

of milliseconds. This sort of lifetime would allow metastable atoms 

to be carried into the analytical zone in appreciable concentration at 

conventional gas flow rates. A second radiation trap was also 

proposed between the highly populated metastable levels and higher 

excited levels. 



261 

The validity of the original radiation trap model was 

questioned because the model assumed an infinite length hot 

cylindrical plasma surrounding the central channel. This is clearly 

not the case in an ICP, for which only the hot annular region in the 

vicinity of the load coil would contribute to the trap model. As the 

annular plasma cools further away from the load coil, the hot external 

region to provide photons no longer exists and the central region 

129 31 reverts to normal decay rates . Mills and Hieftje subsequently 

modified the radiation trapping model, found a radiation trapping 

lifetime of 1.6 microseconds and conceded that radiation trapping 

could not be responsible for sustaining the plasma in regions distant 

from the load coil. 

The possible role of non-LTE charge transfer reactions was 

also advanced as being responsible for the high sensitivity of ion 

lines22 . Consideration of the energy restraints for charge transfer 

reactions as described by Bauer and Skogerboe24 make this mechanism 

limited in the transitions and atoms which could be excited. 

129 A very thoughtful paper by de Galan explains the high 

concentration of metastables in the NAZ as a result of the high 

concentration of electrons and ions present there, and concentrations 

of those three possible through simple mechanical (gas flow and 

diffusional) transport. He basically expands the ambipo1ar diffusion 

idea of Aeschbach13l and adds in collisional equilibration between 

closely spaced levels. Ambipo1ar diffusion results first from a 

~ concentration gradient for electrons which causes them to enter a 

region of lower concentration, and secondly, the action of positive 

ions to follow the electrons as their increasing separation sets up an 
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electric field. The result is that electrons and ions diffuse at the 

same rate. In this case they diffuse out from the hot annular region 

into the central channel. During travel through the analyte channel, 

the inward diffusing hot ions and electrons partially equilibrate with 

analyte species. Energy transfer from electrons to atoms is 

inefficient, and the recombination of electrons and ions is slow. 

Thus the population of electrons and ions remains high even at regions 

remote from the load coil, namely the NAZ. The collisional energy 

transfer from hot atoms (and ions) to cold atoms is more effective the 

smaller the energy gap between the species (remember the equilibration 

between metastables and nearby emitting resonant levels). Within a 

certain energy gap the levels are all in thermal equilibrium, and high 

lying levels are in equilibrium with the ion population. Yet the ion 

population is higher than predicted by the ambient temperature of the 

analyte channel due to diffusion of ions and electrons from the 

surrounding hot plasma. Therefore levels which are differing from the 

ion energy by more than the 'certain' energy gap are underpopulated 

with respect to the higher lying levels. The suprathermal population 

of metastables with respect to the ground state then results from 

recombining ions, and not, as many earlier models proposed, the other 

way around. 

The soft (low excitation energy atomic) lines emitted low in 

the plasma are assumed to be due to electron impact, hard (ionic and 

high excitation energy atomic) lines seen higher in the plasma are due 

132 to Penning processes One possible reason why atom lines peak 

lower in the plasma than ion lines is because ionization removes 

127 neutral atoms as the analyte travels up the plasma . 
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Several workers have abandoned trying to reconcile the 

measured electron densities and the measured excitation temperature, 

123 133 because clearly the plasma is not in LTE ' • Instead, they prefer 

to use the electron density as the one parameter which characterizes 

the plasma. Utilizing the electron density, Caughlin and B1ades123 

calculated an electron temperature for the argon ICP and found that 

instead of supratherma1 populations for excited levels, as is always 

calculated when utilizing an ana1yte species for excitation 

temperature, the excited state populations were instead infratherma1, 

or underpopulated for the electron temperature. The simplicity of the 

electron density as a measure of plasma characteristics is attractive, 

and utilization of the electron temperature to compare deviations from 

LTE also appears to be a valuable new frame of reference. 

Excitation models continue to be be refined in the literature, 

and new ones are occasionally proposed. The progress and outlook for 

the future of excitation models for the Iep has been very succinctly 

25 stated by Robin "No overall satisfactory explanation has been 

given for the excitation mechanism for every element. It is possible 

that there is not only one mechanism but, according to the various 

energies of ana1ytes introduced into the plasma compared to those of 

Ar, one or another mechanism may predominate or several mechanisms may 

coexist." 

Nonmetal Analysis in Spectrochemical Plasmas 

While the most common use of spectrochemical plasmas is for 

the analysis of metals, there is significant use (and even commercial 

134 instrumentation) for the determination of nonmetal species, 
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generally in conjunction with chromatographic separation. Most 

analyses for the nonmetals have been carried out in the 

UV/visible/near IR region of the spectrum for reasons of experimental 

simplicity, although the VUV region is predicted (and shown) to be 

more sensitive. The major spectrochemical plasmas which have been 

utilized for nonmetal analysis are the ICP; microwave plasma, and DCP. 

Appendix B lists references for nonmetal analysis with the three 

plasmas in the VUV and UV/visible/near IR spectral regions, with the 

sample material in organic and inorganic forms. The aim of this 

section is to summarize the tables of Appendix B and to point out some 

excellent papers listed therein. 

The number of references for microwave and ICP analysis are 

about equal and about five times as many as for the DCP. While a 

substantial fraction of the ICP references deal with VUV emissions, 

virtually all of the microwave references deal with emissions in the 

UV/visible/near IR region. Most of the ICP references deal with argon 

as the plasma gas; the He ICP is a relative newcomer to the 

spectroscopy scene. Most of the microwave references have helium as 

the plasma gas. As a result of the high excitation energy of helium, 

many nonmetals exhibit ion lines in the microwave plasma, very few do 

in the argon ICP. The most commonly observed nonmetals as inorganic 

ions in aqueous solution are phosphorus and sulfur. There is a real 

dearth of references to the DCP for nonmetal analysis. Ellebracht and 

coworkers at Dow Chemical have contributed a lion's share to the DCP 

references. 

Several early papers demonstrated the strength of the helium 

microwave plasma as a detector for a wide variety of nonmetallic 
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elements eluted from gas chromatographs. Notable papers are those by 

135 136 137 Mclean et al. ,van Dalen et al. ,and Bache and Lisk • Dagnall 

et al. 138 demonstrated how to use the data from two emission channels 

to determine interelement ratios for compounds separated by gas 

chromatography. The interelement ratios obtained are often dependent 

on the compound analyzed and the researcher carrying out the study. 

139 In a careful work by Freeman and Hieftje ,the effect of plasma 

parameters and tandem plasma operation on observed element ratios was 

examined. 

Fry's group at Kansas State University are responsible for 

much of the data on the UV to near IR emissions of nonmetallic 

elements from the argon ICP. In a series of papers, they described 

140 140 141 140 142 143 the emissions of carbon ,oxygen ' ,nitrogen ' ,sulfur , 

fluorine144 , chlorine143 ' 145, bromine143 ,145, and iodine143 . 

Several early workers worked at the edge of the VUV region, 

observing the resonant sulfur emissions at 180 nm. The paper by Heine 

16 et al. reported on the first major foray into the vacuum ultraviolet 

region (to 120 nm) for nonmetal analysis in the argon ICP. Carr and 

Blades146 extended the VUV nonmetal emission studies down to 85 nm 

with their windowless ICP system. 

The simultaneous determination of nonmetals by their emission 

as they exit from a gas chromatograph with the intention of 

determining empirical formulas requires a multi-channel detector or an 

interferometer. The number of references to polychromator use is 

limited147 ; there are several references to use of a diode array as 

the multi-channel detector140 ,143. Two papers describe the use of a 

Fourier transform spectrophotometer to characterize nonmetal emission 
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i h IR t 1 i 148,149 n t e near- spec ra reg on . A graphic paper by Pivonka et 

al. 150 demonstrates the use of an interferometer for the time resolved 

simultaneous determination of carbon, hydrogen, nitrogen, oxygen, 

fluorine, chlorine, bromine, and sulfur in compounds separated by gas 

chromatography. 

Two papers by Chan and Montaser describe promising properties 

of the recently implemented annular helium ICP. Greater than an order 

of magnitude improvement in detection limits compared to to an argon 

151 ICP for bromine and chlorine was shown in the first paper The 

greatly reduced spectral interference problem for the helium ICP in 

the red and near-IR compared to the argon ICP is attributed to the 

152 much simpler background spectrum 

Two important papers describing the excitation of nonmetals in 

noble gas electrical plasmas are those of Beenakker153 and Bauer and 

24 Skogerboe . Beenakker's paper describes the possible role of helium 

molecules in excitation of nonmetal species in an atmospheric pressure 

helium microwave plasma. Bauer and Skogerboe's paper is a classic. 

By observation of emitted lines from nonmetal species in helium, neon 

and argon microwave plasmas they determined the relative importance of 

sequential (ionization - excitation) and simultaneous (charge 

transfer) means for excitation of the nonmetal species. 

154 The VUV DCP emission work by Carr and Blades repor.ts the 

interesting occurrence of ion emission for carbon, nitrogen, sulfur, 

and phosphorus. This is not observed in the VUV region with the argon 

~ ICP and suggests that the argon DCP may be a more energetic excitation 

source. 
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CHAPTER 13 

RF PLASMA INSTRUMENTATION 

A complete ICP generation system consists of an RF 

trans=!tter, a transmission cable, a matching network, and a plasma 

torch with flowing gas. This work involved the use of two systems, 

one for use with the filter photometer studies and one for use with 

the vacuum po1ychromator. Both systems utilized the same transmitter 

and transmission cable. Each had its own matching network, torch and 

plasma housing, optical system, and readout electronics. 

RF Transmitter 

The output of a 27.12 MHz crystal controlled oscillator from 

International Crystal Manufacturing Company (Oklahoma City, OK) is 

amplified through two transistor stages. This forms the exciter unit 

for a 10 KW Collins Radio (Cedar Rapids, Iowa) 204C-1 Linear Power 

Amplifier. 155 These two items are described in detail by Heine 

Several modifications have been made on the 204C-1 which are 

in addition to the ones he mentions. The coupling capacitor C40 was 

replaced with a parallel pair of Jennings Radio (San Francisco, CA) 

MCl-lOOO 1000 pF vacuum capacitors. The inductor Ll9 from the 

previously mentioned capacitors to the tank coil was replaced by a 3 

turn, 2 1/2" 00 inducto~ whose calculated inductance was 0.34 

microhenries. 
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A 4.7 meter piece of P1astoid Corp. (New York, NY) RG17A/U 

coaxial cable delivers power from the 204C-1 to the matching network. 

The transmission cable is enclosed in 2" a1uminu.m flex conduit from 

the transmitter 'to the plasma housing. 

The plasma housings enclose the matching network, demountable 

torch base, and Electro Technic Products (Chicago, IL) BD-10 tes1a 

coil for torch ignition. An optical safety shutoff looks in on the 

plasma through a small hole bored through the plasma housing. The 

plasma can be observed through windows of Thermacote Co. (Pasadena, 

CA) shade T5H welder's glass inset into each plasma housing . 

. Optica1 Safety Shutoff 

An optical safety shutoff was implemented to protect the 

transmitter from damage in the event that the plasma was extinguished. 

The presence (or non-presence) of a plasma discharge greatly affects 

the load impedance seen by the transmitter used to sustain it. A 

large impedance mismatch causes an excessive and undesirable amount of 

power to be dissipated in the transmitter. When light falls on a GTE 

Sylvania (Williamsport, PA) ECG 3039 optical sensor (figure 103), it 

turns on a 2N3414 transistor and closes the OPTO 22 (Huntington Beach, 

CA) solid state relay. The relay allows an AC circuit path which 

maintains high voltage application to the PA tube and normal 

transmitter function. When plasma emission no longer falls on the 

sensor, the AC circuit path breaks, relay K7 of the transmitter opens, 

and high voltage is no longer applied to the PA tube, protecting it 

from damage. When lighting the transmitter, the optical sensor can be 

temporarily bypassed with a SPST switch. Figure 103 is a diagram of 
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one of the optical sensor circuits; the other differs slightly in the 

resistor values employed. The operation of this sensor has been 

156 described in a recent publication 

An optical sensor is present on both torch systems and for 

convenience, they are connected in series. Figure 104 is a diagram of 

the 'keying' circuit which includes a key on the transmitter and a 

remote key on the plasma torch enclosure previously utilized by 

155 Heine . 

Matching Network 

The matching networks consists of two Jennings Radio UCSL-750 

vacuum variable (5-750 pF) capacitors and a two turn load coil formed 

from 3/16 " copper tubing. These are connected in a modified pi 

155 network which is diagrammed by Heine One matching network and 

torch is mounted on modified hydraulic slides to permit easy coupling 

and decoup1ing of the torch from the po1ychromator entrance optics. 

The other is mounted on stepper motor driven Ve1mex Inc. (East 

Bloomfield, NY) dovetail slides for horizontal and vertical 

positioning. 

Plasma Torch 

The torch glassware is comprised of a 0.812" (20.5 mm) 0.0. 

quartz coolant tube with a 0.974" (25 mm) 0.0. quartz sidearm, a 

0.472" (12 mm) 0.0. quartz plasma tube which bells out to 0.591" (15 

mm) and is is held concentric within the coolant tube by a teflon 

~ vortex spacer, and a 0.256" (6.5 mm) 0.0. Pyrex capillary (for GC and 

gas samples) or 0.236" (6 mm) normal wall (for aqueous aerosols) 
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samp~e tube held concentric within the plasma tube by a four flute 

nylon spacer. Figure 101 is a diagram of a complete plasma torch. 
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One demountable torch base, which holds the torch glassware 

together, was constructed in two pieces from four Cajon Co. 

(Macedonia, OH) Ultra-Torr fittings. The top section, which holds the 

coolant tube, and allows relative positioning of the plasma and sample 

tubes within it, also has an inlet for the coolant gas. It was 

constructed from a B-12-UT-A-16 and a B-8-UT-A-lO-BT fitting soldered 

together. The lower section holds the sample tube and the base of the 

plasma tube. Plasma gas is introduced through this section. It is 

constructed from a B-8-UT-A-12-BT and a B-4-UT-A-8 fitting. Both 

upper and lower fitting pairs are soldered together after boring out 

the end of the large fitting enough to allow insertion of the smaller 

fitting. The small fitting of the lower section allows positioning of 

the sample tube relative to the plasma tube. Figure 105 is an 

exploded view drawing of the torch base upper and lower sections. The 

dimensions included in this drawing are modifications made to the 

stock Ultra-Torr fittings. 

Vacuum Polychromator System 

Polychromator 

A Baird Corp. (Bedford, MA) 1.0 meter Paschen mounting vacuum 

polychromator was modified for use to 115 nm. The polychromator 

contains a Bausch and Lomb (Rochester, NY) No. 35-72-23-830 1.0 meter 

focal length concave grating which has 1440 grooves/mm and is blazed 

for 4000 A in first order Littrow mounting. The average first order 

reciprocal linear dispersion of this instrument is 6.64 A/mm. The 
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first order wavelength range is 3460-7670 A. A 25 micron entrance 

slit is positioned for incident light at 350 to the grating normal. 

The slit position is externally adjustable by a Computer Devices Corp. 

(Santa Fe Springs, CA) model 34H-509a stepper motor which is driven by 

a Denco (Tucson, AZ) SM2A stepper motor controller. The exit slits at 

the focal plane are 50 and 75 microns. An overall optical layout of 

the plasma source VUV polychromator system is given in figure 106. 

The polychromator optical chamber is evacuated by an Alcatel 

(Hingham, MA) model ZM 20l2A mechanical vacuum pump. A pressure of 5 

millitorr can be maintained in the system under normal operating 

conditions. System pressure is indicated on a Varian Associates, Inc. 

(Palo Alto, CA) model 810-2 meter with a Varian type 0531 thermal 

conductivity gauge. 

Entrance Optics 

The standard quartz entrance optics for the polychromator (two 

lenses and a window) have been replaced by a Wollensak (Rochester, NY) 

Rapax shutter and a single MgF2 lens having a focal length of 88 mm at 

160 nm. The Janos Optical Corp. (Townshend, VT) plano-convex lens is 

mounted inside a Cajon B-12-UT-A-16-BT fitting and is aligned with a 

Modern Optics (El Monte, CA) model BSM-01R lens mount. A brass 

bellows connects the lens assembly to the polychromator. This bellows 

allows a small adjustment to be made for chromatic abberations. On 

the atmospheric pressure side of the lens assembly another brass 

bellows terminated in a Cajon SS-16-UT-A-20BT fitting allows a seal to 

the plasma torch sidearm and purging of the same. The entrance optics 

are diagrammed in figure 107. 
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Temperature Control System 

Temperature fluctuations in the laboratory where this work was 

o carried out could vary by 4-5 C over a few hour period. This was 

deemed the cause of drift in the optimum location of the entrance slit 

as the optical system expanded or contracted and moved the location of 

the spectral lines on the polychromator focal plane. To counteract 

the effect of temperature, a temperature control system was devised. 

This maintains the polychromator body at a temperature)above ambient 

and constant to within 0.50 C. 

The first step in the temperature control effort was to 

insulate the spectrometer body. This consisted of cutting the normal 

sheet metal enclosure for the instrument to fit tightly around the 

plasma housing. Secondly, the interior side of the sheet metal was 

lined with 3/4" sheets of styrofoam. 

The temperature control circuitry was loosely based on the 

design of Malmstadt et al. 157 and utilizes a GTE Sylvania Inc. 

(Williamsport, PA) ECG 914 zero voltage switch (ZVS) triggering a 

General Electric (Syracuse, NY) SC40E triac (figure 108). The 

temperature sensing element is a thermistor; it is positioned on top 

of the spectrometer body and is potted in GC Electronics (Rockford, 

IL) Z9 type silicone heat sink compound. When the voltage across the 

negative temperature coefficient thermistor exceeds the ZVS reference 

voltage, the ZVS turns on the triac with a trigger pulse near the zero 

crossing point of the AC voltage source. Heating is accomplished by 

660 W Rodale cone heaters. Air circulation to equilibrate the 

temperature within the sheet metal enclosure is accomplished with a 
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muffin fan directed at the cone heater. Controls for this circuit are 

brought out to a front panel on the left bay of the spectrometer rack. 

Switches controlling the temperature regulation circuit and muffin fan 

are indicated to be on when the appropriate LED is lit. Additionally, 

heating is indicated when the 'heating' LED is flickering or on 

steadily. The system temperature can be adjusted with the trim pot, 

also on this front panel. 

An auxiliary heater circuit is also present for rapidly 

heating up the spectrometer after the sheet metal enclosure has been 

removed and replaced. The controls for this are in the central bay of 

the spectrometer rack. A Staco Inc. (Dayton, OH) type 1010 autoformer 

controls the voltage applied to a Rodale cone heater. When this is 

on, its pilot light is illuminated. This circuit is not temperature 

controlled. Therefore, caution should be exercised when utilizing it 

to avoid overheating the system; the muffin fan of the standard 

temperature control circuit should also be operating when the 

auxiliary heater is active. 

Readout and Contro11in~ Ele~tronics for the Vacuum Polychromator 

Photomultipliers 

Hammamatsu (Middlesex, NJ) R166, R166UH, R427, R1259, R777 and 

RCA (Harrison, NJ) 1P28A photomultiplier tubes behind the focal plane 

of the po1ychromator are energized a Power Designs Inc. (Palo Alto, 

CA) model 1570 High Voltage Supply. This power supply is normally 

plugged into an interlocked outlet. The interlock is a microswitch at 

the bottom of the po1ychromator vacuum chamber door. Individual PMT -

voltages can be set through the dynode control panel. Its circuitry 



280 

is given in figure 109. The voltage test point is across a very high 

impedance, therefore even a DVM will perturb the reading. A high 

voltage (high resistance) probe is recommended to make this 

measurement. 

The cabling path to the photomultiplier tubes are listed in 

table 4. This lists the high voltage, ground, and electrometer leads 

for each PMT. 

Electrometers 

PMT photocurrent is carried to Signetics (Sunnyvale, CA) LF356 

op amps for current to voltage conversion by RG58A/U coaxial cable. 

Eight electrometer channels are available. The electrometers exist on 

two printed circuit boards, since all are nearly identical, only one 

electrometer circuit is shown in figure 110. The circuit employs 

output gain to avoid the necessity for very large feedback resistors. 

The feedback resistor is selected by front panel make before break 

rotary switches. The output of any channel can be monitored through 

the front panel BNC jack after selecting it with the associated rotary 

switch. 

Multiplexer and Analog to Digital Converter 

A Burr Brown (Tucson, AZ) MPC8S 8 channel analog multiplexer 

selects which electrometer is to be monitored by a Burr Brown ADC80AG-

10 analog to digital converter. This is the same system utilized by 

Windsor15 with the exception that the STATUS pin 22 of the AID is 

~ connected directly to RB4 pin 14 as the done flag for AID 

end-of-convert. 
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TABLE 4. Polychromator Photomultiplier Tube Wiring Tracks 

High Voltage (Red High Voltage Wire) 

Channel 0 1 2 3 4 S 6 7 

Dynode Control Bulkhead Connector 0 P R STU V W 

Deutsch Polychromator Vacuum Feedthrough SOB SOC SOD SOE SOF 60A 60B 60C 

Ground (Black High Voltage Wire) 

Channel 0 1 2 3 4 S 6 7 

Deutsch Polychromator Vacuum Feedthrough S2A S2B S2C S2D S2E 82A 82B 82C 

Anode (Coax) 

Channel o I 2 3 4 S 6 7 

Deutsch Polychromator Vacuum Feedthrough 40E 40C SIC SIE 6lC 6lE 8lC 8lE 
/'\) 
co 
N 
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Hardware Clock and Digital to Analog Converter 

The hardware clock utilized by Windsor15 is used to clock out 

data from polychromator calibration runs to the D/A converter to 

create hardcopy of the spectral data. This is useful since the direct 

chart recorder output from an electrometer during a spectral scan does 

not have the slit position encoded. This circuitry is as diagrammed 

15 by Windsor with the exception that the output YB of the 74157 

multiplexer (pin 7) of his figure 26 is connected directly to the flag 

pin of RB5 (pin 7) and bypassing the 74121 monostable. The wiring of 

the D/A is given in figure Ill. 

Computer 

An IMS Associates (San Leandro, CA) IMSAI 8080 microcomputer 

controls the equipment and performs data aquisition through a 

Processor Technology (Emeryville, CA) 3P+S Input/Output Module. This 

board possesses three 8 bit parallel ports for input and three 8 bit 

parallel ports for output. It also possesses a serial port used for 

current loop communications with a video terminal and hardcopy output 

on a teletype. 

Programs written in CONVERS are stored on a North Star 

Computers, Inc. (Berkeley, CA) Micro Disc System. User I/O is 

accomplished on a TEC (Tucson, AZ) Series 400 Data-Screen video 

terminal and a Teletype Corporation (Skokie, IL) Model 35 Teletype. 

A connector board is used between the 3P+S board and the D 

connectors on the back of the computer to allow several devices to 

utilize the parallel ports of the 3P+S board. Keyboard monitoring is 

accomplished with a 7474 flip flop clocked by the U~T RDA output on 
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this board. Figure 112 diagrams the connections on the connector 

board to the 3P+S board, stepper motor controller, the A/D, the D/A, 

the clock, and the multiplexer. Separate and complete wiring tracks 

from the 3P+S to each device are given in figures 113-117. 

3P+S Input/Output Module Parallel Port Assignment. The input 

ports are named channel A, B, and C and have the addresses 2, 3, and 0 

respectively. Channel A and B are used for parallel data input, with 

channel B used for the most significant byte when 16 bit input is 

desired. Channel C is used as a flag port. 

The output ports are named and addressed the same as the input 

ports. Channel A and B are used for parallel data output, with 

channel B used for the most significant byte when 16 bit output is 

desired. Channel C output is used as a control port to latch data to 

devices. 

The assignment of the flag and control ports as well as the 

pins of the 3P+S board that they appear on are given in table 5. The 

158 Processor Technology manual should be consulted for assignment of 

other pins on the 3P+S board. 

Video Terminal and Teletype Baud Rate Selection. The video 

terminal and teletype are run current loop, howevar the video terminal 

could not be easily switched to run at a baud rate of 110 baud to be 

compatible with the teletype and 9600 baud for rapid screen display. 

For this reason a minor modification was made to the TEC Serial I/O-8B 

board. A rotary switch selects between 9600 baud when the video 

terminal is used for both input and output, and 110 baud when the 

video terminal is used for input and the teletype is used for output. 

The switch selects clock speed for the UART on the 3P+S and the baud 
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114 pin DIP 
OD ~oDDe~tO[ hoard DB25 connector header Inside 

Function 3P+S CO2 (back of IMSAI) DAC box 

Bit 0 output -- J1/1 DS1/1 1 1 1 

1 Jl/3 DS1/2 2 2 2 

2 Jl/2 DSI/3 3 3 3 

3 Jl/o4 DS1/o4 4 4 4 
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5 Jl/7 DSI/6 6 6 6 

6 Jl/6 DSI/7 7 7 7 

7 Jl/8 DSI/8 8 8 8 

8 J1/A DSI/16 9 9 9 

9 J1/C DS1/15 10 10 10 

10 J1/B DSl/14 11 - 11 11 

11 Jl/D DS1/13 12 12 12 

control bit 1 -- J1/10 DS2/7 13 13 13 
load DAC 

" DSI and DS2 C02 is a 20 pin 
are 16 pin DIP wire wrap header 
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Figure 115. 
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Function 

UART RDA 

control bit 0 

flag bit 0 

3P+S on connector board 

J2/F DS3/15 IC2/3 (CP) 

Jl/U DS2/8 IC2/1 (RD) 

J2/A DS2/9 IC2/5 (Q) 

DS2 and DS3 IC2 is a 7474 
are 16 pin DIP flip flop 
header sockets 

Figure 117. Keystroke Detect Circuitry. N 
\0 
N 
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TABLE 5. Assignment of Data, Flag and Control Bits on the 3P+S Board 

Destination- Function- 3P+S -Function -Destination 
L:.-l 

Parallel Out- -Parallel Out 
Port B (3) MSB- -Port A (2) LSB 

DS1 16- Bit 0 (8)- A - 1 -Bit 0 -DS1 1 
DS1 14- Bit 2 (10)- B - 2 -Bit 2 -DS1 3 
DS1 15- Bit 1 (9)- C - 3 -Bit 1 -DS1 2 
DS1 13- Bit 3 (11) - D - 4 -Bit 3 -DS1 4 
DS1 12- Bit 4 (12)- E - 5 -Bit 4 -DS1 5 
DS1 10- Bit 6 (14)- F - 6 -Bit 6 -DS1 7 
DS1 11- Bit 5 (13)- H - 7 -Bit 5 -DS1 6 
DS1 9- Bit 7 (15)- J - 8 -Bit 7 -DS1 8 

DS3 6- Output Strobe C- L - 10 -Control Bit 1 -DS2 7 

DS3 9- TTY current- S - 15 -TTY current -DS3 8 
loop out, sink- -loop out, + 

DS2 6- Control Bit 2- T - 16 -Control Bit 3 -DS2 5 
DS2 8- Control Bit 0- U - 17 -Control Bit 4 -DS2 4 

- 18 -Control Bit 5 -DS2 3 
- 20 -Flag Bit 3 -DS2 12 

DS2 2- Control Bit 6- Y -
DS2 1- Control Bit 7- Z -

---------------------------------------------------------------
L:...2 

DS2 9- Flag Bit 0- A - 1 -Flag Bit 4 -DS2 13 
DS2 10- Flag Bit 1- B - 2 -Flag Bit 5 -DS2 14 
DS2 11- Flag Bit 2- C -
DS3 15- UART RDA- F -

DS3 1- TTY current- J - 8 -TTY current -DS3 16 
loop receive,- -loop receive, 

source- -input 

Parallel Input- -Parallel Input 
Port B (3) MSB- -Port A (2) LSB 

DS5 16- Bit 7 (15)- S - 15 -Bit 7 -DS5 1 
DS5 15- Bit 6 (14)- T : 16 -Bit 6 -DS5 2 
DS5 14- Bit 5 (13)- U - 17 -Bit 5 -DS5 3 
DS5 13- Bit 4 (12)- V - 18 -Bit 4 -DS5 4 
DS5 12- Bit 3 (11) - W - 19 -Bit 3 -DS5 5 
DS5 11- Bit 2 (10)- X - 20 -Bit 2 -DS5 6 
DS5 10- Bit 1 (9)- Y - 21 -Bit 1 -DS5 7 

.- DS5 9- Bit 0 (8)- Z 22 -Bit 0 -DS5 8 

DSn n are DIP header sockets on the connector board 
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rate appropriate potentiometer for the timing resistor of the 555 

timer on the TEG Serial I/O-8B board. UART clock speed is set through 

the 12 bit number presented to the Programmable Baud Rate Generator on 

the 3P+S board; those bits of the 12 bit number which are different 

for the 110 and 9600 baud are brought out to the switch to be set. 

Figures 118-120 diagram the connections made in the switch to the 

Serial I/O-BB board and the 3P+S board at the 110 baud position and at 

the 9600 baud position. 
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CHAPTER 14 

OXYGEN AND NITROGEN ANALYSIS WITH A VACUUM POLYCHROMATOR 

Of the 20 elements deemed difficult to handle by 

spectrographic ana1ysis159 the nonmetals form the major part. They 

298 

are the elements difficult to excite and whose sensitive lines fall in 

the vacuum ultraviolet spectral region. The sensitive lines or 'raies 

ultimes' are resonant transitions arising from the lowest excited 

states. Visible and infrared transitions for these elements arise 

from transitions between excited states. Due to the Boltzmann 

exponential dependence of level populations these transitions between 

the higher excited states are predicted to be less sensitive than the 

resonant transitions requiring less excitation energy. 

Windsor15 proposed that the VUV lines for the nonmetallic 

elements should be stronger than visible or IR lines, based on a 

Boltzmann population of the excited levels and the additional factor 

of the relative gA values. The A values (spontaneous transition 

probabilities) for the VUV transitions of most of the nonmetals are 

approximately ten times those for the near 1R75. With this in mind, 

16 . 
Heine et a1. made a survey of spectral lines of the nonmetal 

elements 0, N. Br, C1, S. and C in the VUV. Babis did further work on 

the detection limits for several of these nonmetallic elements in the 

VUV utilizing a Seya-Namioka monochromator17 . 

The work detailed in this chapter utilized a modified vacuum 

ultraviolet po1ychromator for the detection of VUV emissions. The 
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original intention of this work was to utilize the polychromator for 

the simultaneous analysis of nonmetals in the VUV with the purpose of 

determining the empirical formulas of compounds eluting from a gas 

chromatograph. The empirical formula may be obtained by ratioing the 

emission intensity of each channel. Figure 121, from the work of 

P· k 1 150 d t h d . d f d f hi 1von a et a. ,emons rates t e eS1re type 0 ata or t s 

project, only utilizing non-resonant lines in the near-infrared region 

of the spectrum. In practice, the simultaneous analysis was not 

obtained due to slit alignment difficulties in the polychromator. 

Appendix C gives a complete discussion of the alignment procedure. 

The polychromator was used in single channel mode with the entrance 

slit position optimized for the channel in use. 

The work described is for the elements oxygen and nitrogen 

since they are important heteroatoms in organic compounds and success 

with them would be encouraging for the investigation of other 

heteroatoms in the VUV. 

Apparatus and Procedure 

The RF plasma and the vacuum polychromator are described in 

chapter 13. The plasma was operated at a power of 1 kW. A helium 

purged plasma torch with sidearm (figure 101) was used to introduce 

the VUV emissions to the polychromator entrance optics. Samples were 

introduced into a flowing sample gas stream through the rubber septum 

of a GC injection block with a gas-tight syringe. From the injection 

block, the gas stream was conducted to the plasma torch sample tube by 

1/16" stainless steel tubing. 
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A slow scan was made across the line of interest utilizing the 

Polychromator Calibration Software (Appendix D) to scan the entrance 

slit. Continuous hard copy output was obtained on a chart recorder 

while making periodic 20 microliter injections of air into the sample 

stream. The sample stream flow rate was 30 mls/min He. On completion 

of the scan, the Calibration Software returned the stepper motor 

address (entrance slit position) yielding maximum signal. The stepper 

motor was returned to this maximum address and injections of 5-40 

microliters of air were made into the sample stream to create 

calibration curve data. 

Results 

The slow scan across the analytical line with superimposed 

periodic air injections led to spikes on the line profile. These 

spikes became increasingly stronger a~ the peak maximum was approached 

(figure 122). The baseline region on either side of the peak showed 

no evidence for the injection spikes, which indicates the injection is 

not causing plasma liftoff and affecting the background level . 
. 

Calibration curve data obtained at the oxygen 1302 A and the 

nitrogen 1743 A lines are given in figure 123 and 124. The detection 

limit estimated for oxygen is 5 microliters of air or about 1.3 

micrograms oxygen. The detection limit for nitrogen is one microliter 

of air or about 0.9 microgram of nitrogen. 
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Figure 122. Slit Scan Across Oxygen 1302 A Line. 
Scanned: superimposed 20 microliter injections of air. 
Static: a) 20 b) 10 c) 5 microliter injections of air. 
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Discussion 

Possibilities to Improve the Results Obtained with the Vacuum 

Polychromator 

The detection limits obtained in these studies are comparable 

to those obtained in the near IR by Fry and coworkers145 ,160,16l, but 

almost three orders of magnitude worse than those obtained by Babis in 

the VUV17 . These detection limits could be improved by the use of 

higher purity argon for the plasma support gas. Since the detection 

limit is limited by the magnitude of the background noise and the 

"background" is actually a peak due to emission of oxygen or nitrogen 

present as an impurity in the argon support gas, reducing the impurity 

level will reduce the background noise. In the case of oxygen, 

however, the signal level is very low already (compared to the noise 

of the continuum background) and even with very high purity gas it is 

doubtful that greater than an order of magnitude improvement in 

detection limit could be obtained. 

These results were obtained before the Baird technician 

visited to help with slit alignment process. These slits were well 

aligned vertically, and even the fine tweaking of the technician did 

little to improve the sensitivity of these two channels. 

It is possible that the entrance optical system could be 

improved to increase light collection efficiency. The present simple 

system utilizes only one lens to cut down the number of optical 

elements. It does however, present a 3 fold magnified source image on 

the entrance slit, which involves some intensity loss, but increases· 

the spatial resolution of the plasma. 
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Due to the experimental. difficulties associated with 

performing analysis for the nonmetals in the VUV, it is appropriate to 

examine in more quantitative fashion the expected (and experimentally 

obtained) improvement in sensitivity to be gained by using VUV over IR 

emission lines. 

Experimental and Theoretical Detection Limits for Several Nonmetallic 

Elements Using Near IR and VUV Transitions 

Experimental results obtained in the argon ICP utilizing VUV 

and near IR lines are compared in Table 6. The VUV results are the 

work of Babis17, the near IR results are the work of researchers in 

Bob Fry's group at Kansas State University142,145,160,16l 

Calculation of the expected VUV/IR advantage is based on is 

the following: if the Boltzmann population distribution applies, then 

utilizing a reasonable plasma excitation temperature, the ratio of 

atoms excited to the VUV emitting level (i) compared to the the IR 

emitting level (j), NVUV/NIR , can be made with expression 38. 

-(E i / k T) -(E. / k T) 
/ gj e J (38) 

The 55000 K temperature utilized for this comparison is an average of 

the excitation temperature values obtained by Faires et al. 162 for 

Fe I in a 1.1 kW 27 MHz argon ICP. Utilizing expression 39, the 

162 relative intensity I for each transition can then be calculated . 

(39) 

In this expression, A is the Einstein spontaneous transition 

probability, h the Planck constant, and v the frequency of the emitted 



radiation. From this expression a theoretical intensity ratio 

IVUV/IIR for the VUV and IR lines can be calculated. Figure 125 

illustrates this analysis. 

The next step, calculating the detection limit for the IR 

transition by utilizing the VUV detection limit, involves an 

assumption which will be discussed below. The VUV detection limit 

quantity produces some intensity of emission. Multiplying the VUV 

detection limit quantity by the ration IVUV/IIR should give the IR 

detection limit quantity, assuming the same emission intensity is 
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necessary to give the same detection limit in both wavelength regions. 

This is where this comparison is somewhat improper. Detection limits 

do not relate directly to line intensities, but rather to the line 

intensity compared to the standard deviation of the background noise. 

The standard deviation of the background noise is related to the 

magnitude of the background noise. In the IR region, the background 

is continuum emission from electron bremsstrahlung and radiative 

recombination163 . The background increases with increasing 

164 wavelength For this reason, the measured IR detection limits 

should be higher than calculated. 

In table 6, the theoretical and experimental detection limits 

for the IR transitions may be found. In the case of oxygen, the two 

are in reasonable agreement. For the other three elements however, 

the experimental detection limits for the IR transition are 3-70 times 

lower than are predicted by the Boltzmann excitation/ relative gA 

value projection. 

These results do not contradict the predicted higher 

sensitivity for the VUV lines as compared to the IR. Stubley and 
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Figure 125. Comparison of Theoretical Emission Intensities in the 
Near- IR and VUV. 
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TABLE 6. * Predicted Intensity Ratios for VUV and Near IR Transitions of Several Nonmetals 

species 

o I 
o I 

N I 
N I 
N I 
N I 
N I 

C1 I 

C1 I 

Br I 

Br I 

transition 
wavelength 

A 

1304.9 
7771. 9 

1492.6 
1492.8 
1494.7 
(1493) 

. 7468.3 

1347.2 

7256.6 

1540.7 

7348.5 

upper 
level 
energy 

-1 (cm ) 

76795 
86631 

86221 
86221 
86137 

96751 

74226 

85735 

64907 

78512 

statistical 
weight 
upper 
level 

gk 

3 
7 

4 
4 
2 

4 

4 

4 

4 

6 

transition 
probability 

8 A (10 /sec) 

2.0 
.34 

5.3 
.58 

5.0 

.161 

4.19 

.15 

1.4 

.12 

NVUVINIR 

(5500 K)a 

5.63 

15.8 
15.8 

8.05 

20.4 

23.5 

IVUV/IIR 

(theor. ) 

198 

2600 
285 

1250 
(4135) 

3070 

1310 

detect. 

limit 

(ng) b 

2 
650 

(3)d 
1120e 

.80 

3S f 

.sg 

178h 

detect. 

limit IR 

(ng theor.) 

390 

12400 

2460 

650 

w 
o 
\0 
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Table 6 Cont'd 

* The contents of this table are to be taken with caution. The 

predicted intensity ratio calculation assumes a thermal 

equilibrium situation, with a Boltzmann population distribution in 

excited states. The experimental detection limits from different 

laboratories are difficult to compare due to a number of possible 

differences between the experiments: the RF plasma power, plasma 

stability, viewing region, purity of plasma gas, type of detector 

used, and efficiency of the optical system at the wavelength 

utilized. 

a. Ratio of population of state leading to VUV transition to state 

leading to IR transition, assuming a Boltzmann population 

distribution at 5500 K. 

b. VUV detection limits from Babis17 , near IR detection limits from 

145 160 161 Fry and coworkers ' , . Both data sets obtained with an 

atmospheric pressure argon Iep. 

c. Predicted detection limit for IR transition based on detection 

limit for VUV transition multiplied by theoretical intensity for 

VUV transition compared to IR transition. 

d. Babis17 only describes seeing one line in this region. 

Additionally, only one line was observed by Heine et al. 16 

Therefore, the intensity of the unresolved triplet is used for 

this analysis. 

e. No transition probability data available for the 8216.3 A 

transition used for their detection limits. Intensity data from 

Northway et al. 142 used to scale detection limit at 7468 A. 



f. 

g. 
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TABLE 6 Cont'd 

No transition probability data available for the 8375.9 A 

transition used for their detection limits. Intensity data from 

Hughes and Fry145 used to scale detection limit at 7256 A. 

Babis17 found his detection limit at 1531.7 A. His spectral data 

indicates the 1540 A transition to be as strong as the 1531 A 

transition, therefore the detection limit is estimated to be the 

same. 

h. No transition probability data available for the 8272.4 A 

transition used for their detection limits. Intensity data from 

Hughes and Fry145 used to scale detection limit at 7348 A. 
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Horlick165 state a three order of magnitude better detection limit at 

181 nm than at near IR lines for atomic sulfur emission. However, the 

better than predicted detection limits for the nonmetals in the IR 

region point to several possible limitations to the idea of Windsor. 

The first limitation is the assumption of a thermal equilibrium 

situation with excitation by electron impact and giving rise to a 

population distribution which can be described by the Boltzmann 

equation. The second limitation is that no consideration is given to 

the process forming the free nonmetal atom from whatever parent 

species it was derived. 

With regard to the first point, many other excitation processes 

are possible in the plasma besides electron impact and due to the "high 

excitation energies for any transition of the nonmetals these may 

assume greater importance. In chapter 12 it was reported that much 

experimental evidence pointed to a lack of thermal equilibrium in the 

plasma. In fact, the relative overpopulation of high lying levels 

discussed there may help explain the higher than predicted sensitivity 

in the near IR. For the second point, the mechanism of production of 

the free nonmetal atom should be considered. For example, the 

possibility of the nonmetal attaching or escaping with an extra 

electron on breakup of its parent molecule may not be neglectab1e. 

Conclusions 

For a more accurate comparison of the detection limits for the 

VUV vs. the IR, the experiments should be carried out in the same 
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laboratory utilizing the same plasma and sample introduction system. 

Some of the neglected nonmetals such as carbon and iodine could also 

be included to create a more complete picture and possibly shed some 

light on the processes(es) giving rise to nonmetal excitation in 

inductively coupled plasmas. Fluorine may not be amenable to analysis 

166 by its VUV emissions in the argon ICP, however. Blades did not 

observe the resonant transitions of fluorine in the argon ICP with his 

146 143 144 windowless system but near IR lines have been observed ' . The 

ionization potential for fluorine alone of all the halogens is greater 

than that for argon. 

A further thought to consider is that although VUV emissions 

give lower detection limits than IR emissions in the argon ICP, helium 

microwave plasmas give comparable or lower detection limits for IR and 

visible emission lines of the nonmetals (table 7). For several of 

these elements, intense ion lines are utilized for these improved 

detection limits. The results of Babis17 and Fry and 

coworkersl45 ,160,l6l in table 6 are presented as absolute quantities, 

however since these results were obtained in GC experiments, where a 

typical peak width might be 2-5 seconds, a detection limit in ng/sec 

may be estimated and compared to the results obtained in the several 

helium microwave experiments. 

It is known that helium plasmas cause greater ionization and 

169 emission of halogen atoms so perhaps again the VUV transitions will 

offer improved detection limits. No reference has been found to work 

on the VUV emissions of nonmetals excited in a helium microwave plasm~ 

at wavelengths shorter than 170 nm. The recently implemented 
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TABLE 7. Detection Limits for Select Nonmetallic Elements 
In the Helium Microwave Plasma (ng/sec) 

McLean van Dalen Quimby Tanabe 

Workerl et a1. 135 et a1. 136 et a1,167 et a1,168 

SRecies Wavelen&th 

0 I 7771.9 A 3.0 5.58 

N I 7468.8 2.9 4.93 

Cl II 4794.5 .06 .65 .0054 

Br II 4704.9 .091 .60 .01 .0063 
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atmospheric pressure helium ICp152 offers still another environment to 

investigate for VUV emission of the nonmetals. 

The VUV polychromator offers the ability to observe the 

emissions of a number of nonmetals simultaneously. There are a numb~r 

of considerations which would improve this system, however. 

The grating in the po1ychromator is not optimized for use in 

the VUV region. Its first order blaze is at 4000 A in the visible, 

many of the VUV lines must then be observed in second or third order 

where the grating efficiency is reduc~d. It was very fortunate for 

this work that the 3rd order blaze wavelength for this grating almost 

exactly coincided with the observed VUV oxygen emission at 130 nm. 

The grating should be highly reflective in the VUV, e.g. MgF2 
170 overcoated aluminum . A consideration to make before replacing the 

grating however is the spectral range allowed; fluorine, which 

exhibited no VUV emissions in the argon ICp166, may only be accessible 

by observation of its near IR emissions. If its VUV transition can be 

excited in helium support gas, however, this consideration is removed. 

rbe present system utilizes only one wavelength below the 

fused silica wavelength cutoff; the sensitive lines for many of the 

nonmetals are below this point. For maximum sensitivity these lines 

should be utilized. This necessitates the addition of other PMTs with 

MgF2 windows, utilization of tubes coated with the down converter 

sodium salicylate, or electron multipliers. 

The single entrance lens of MgF2 limits the lower wavelength 

of this system to 1100 A theoretically, for VUV grade MgF2 , but the 

lowest observed wavelengths on the SWR film was approximately 1300 A. 

This transmission limit could be improved slightly with the use of LiF 



entrance optics, or substantially, if a windowless, differentially 

pumped optical entrance was substituted. 
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Still another option for the VUV polychromator system might be 

an adaptation of the crossed grating echelle spectrometer17l , modified 

for use in the VUV, and provided available solid state detectors have 

sufficient sensitivity in this region to record transient events such 

as chromatographic peaks. Magnesium fluoride overcoated aluminum 

gratings, mirrors, and a windowless, differentially pumped, or purged 

housing for the optics and detector are recommended. 
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CHAPTER 15 

A UVjVUV FILTER PHOTOMETER FOR OXYGEN AND PHOSPHORUS ANALYSIS 

Emission spectroscopy is a detection method which has been 

found useful in chromatography. The reason for its usefulness is its 

specificity, something which cannot be said for the common flame 

ionization and thermal conductivity detectors. 

The two major ways to induce emission from species exiting a 

chromatograph are by excitation in a combustion flame (flame 

photometry) and by excitation in an electrically sustained discharge 

(microwave, radio frequency, direct current or afterglow plasma). The 

excitation conditions in a flame are not energetic and reactions with 

the flame gas molecules can occur, so analyte emission observed in a 

flame detector is generally from molecular species. Analyte emissions 

from the electrically sustained discharges are usually atomic lines 

due to efficient excitation in the energetic rare gas plasma. 

Flame photometry requires fairly simple apparatus and has 

proven sensitive for the species boron, sulfur, and phosphorus. Its 

operation in gas chromatography has been described by Brody and 

172 Chaney Nitrogen carrier gas is mixed with oxygen to form the 

composition of air at the column exit. This mixture enters the burner 

tube where hydrogen is introduced and a small shielded flame occurs. 

When sulfur or phosphorus is present, their emission occurs above the 

flame. The optics are arranged so only this region is observed, thus 

the background emission is very low. The emission is sampled through 
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narr~w bandpass filters, a 526 nm filter for phosphorus, a 394 nm 

filter for sulfur, and a 546 nm filter for boron173 . The wavelengths 

correspond to molecular bands of HPO, S2 and BO. The response of the 

phosphorus detector has a linear dependence on phosphorus 

concentration, the sulfur detector has an approximate square 

174-176 dependence on sulfur concentration . A recent paper has 

indicated increased sensitivity for phosphorus when a modulated 

magnetic field was applied to the burner flame177 The HPO emission 

is selectively modulated, flame noises are not. 

In addition to the limitation of flame photometry to these few 

elements, an interference has been noted. The S2 emission is reduced 

in the presence of hydrocarbons, possibly as a result of quenching of 

175 178 the excited species by the hydrocarbon ' 

Electrically sustained discharge detectors are applicable to 

the entire range of non-metallic elements B, C, N, 0, F, Si, P, S, Cl, 

As, Br, and I. This is partly due to the high excitation energies 

available from metastable and ionic forms of the helium and argon. It 

is also partly due to efficient breakup of the analyte species into 

atoms, followed by excitation and emission of narrow atomic lines. 

The narrow atomic line emission, when detected by a monochromator, 

gives this technique a high degree of specificity. Some of the 

initial work with low energy discharges demonstrated a response 

t 136 ,168,179,180 dependent on the particular analyte species pres en ; 

this has been largely reduced with the use of higher energy 

inductively coupled plasmas and introduction of the improved Beenakker 

181 cavity Several classic papers have demonstrated the power of the 

electrical plasma as a detector for gas 
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chromatography135,137,138,150,153,182 High performance liquid 

chromatography (HPLC) has also benefited from the electrical discharge 

detector. The detection of phosphorus in the biological materials 

183 184-186 vitamins and proteins , and nucleotides were all accomplished 

using an inductively coupled plasma as the discharge source. Amino 

acids separated by HPLCand introduced into an ICP were detected by 

187 the resulting sulfur and carbon emissions 

Aqueous anions of the halogens are a different story however. 

Detection limits for them are orders of magnitude higher than when 

188-190 they are present in an organic compound . A possible 

explanation for this has to due with the e1ectronegativity of the 

halogens and the possibility for electron attachment. As the aqueous 

phase is evaporated and a micro salt crystal is formed after 

nebulization of the sample into the plasma, the halogen anion is 

associated with a cation. When the salt crystal vaporizes the halogen 

very likely escapes with the extra electron. It is thus in no 

condition to emit atomic lines. Evidence for this occurence comes 

from ICP/MS. 
191 The commercial instrument manufactured by Sciex 

detects the aqueous halides by their negative ions; aqueous metals are 

detected by their positive ions. Alkemade192 states that the electron 

affinity of chlorine atoms (3.8 eV) is sufficiently high to produce 

Cl ions in significant amounts when a solution containing HCl is 

sprayed into a flame. 

When utilizing emission spectroscopy as the detection means, 

efficient quantitation of the halogens in aqueous solution involves 

their oxidation to release the diatomic gas193 ,194 or production of 
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the volatile acid halide by treatment with concentrated sulfuric 

id195 ,196 ac . 

A possible explanation for the greater sensitivity to halogens 

when they are present in an organic molecule is that as the covalently 

bonded molecule breaks up in the plasma the halogen is more likely to 

be released as a neutral atom. This of course doesn't preclude the 

possibility that the halogen later attaches an electron in the 

electron rich environment of the plasma; electron attachment in gas 

plasmas has received considerable study64 

The previous work had made several things clear. New high 

energy electrical discharges such as the ICP and the atmospheric 

pressure helium microwave plasma in a Beenakker cavity provided 

efficient fragmentation and excitation of nonmetallic element 

containing species. The apparatus of the flame photometer was simple, 

but was restricted in application to a few elements and suffered from 

some interference effects. It was decided to couple the simple optics 

of the flame photometer system to the excitation power of the ICP to 

see if it would be applicable to multielement analysis. Use of narrow 

bandpass filters would allow selection of a number of atomic emission 

lines, yet the huge sampling aperture of the filter would allow much 

greater light throughput than any monochromator. 

The elements investigated were phosphorus and oxygen. One 

filter avai.lable for use had maximum throughput at 2132 A and was 

suitable to pass the phosphorus line group at 2135-2154 A. The other 

filter had a transmission maximum at 1275 A and would pass the oxyge~ 

triplet series lines at 1302-1306 A. The oxygen lines are VUV, this 

necessitated building an inert gas purged photometer assembly. 
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While the filter photometer was expected to give high signal 

for the two elements of interest, several potential problems were 

anticipated. First, the filters, though narrow in bandpass, still 

have a finite transmission over 200-400 A. This is problematic if 

strong atomic emission lines from other elements fall within the 

bandpass, or if the plasma has a large continuum emission in this 

region. In this case, the selectivity of the analysis is decreased or 

a large background noise is added. Second, the welder's grade argon 

used contained oxygen at the 3-5 ppm level, this increases the 

background level seen and decreases the dynamic range of the analysis. 

Apparatus 

Filters 

Both filters utilized in this study were dielectric 

interference filters obtained from Acton Research Corp. (Acton, MA). 

The phosphorus filter was a 2139 VN. Since no manufacturer's data was 

available for this filter, its transmission spectra was obtained on a 

Perkin-Elmer model 552 UV/VIS spectrophotometer. A peak transmission 

of 16.5% was measured at 2132 A. The main peak FWHM was 85 A and slow 

tailing off of the transmission occurred to short wavelengths where a 

transmission of 1.2% was found at 1900 A, the wavelength limit of this 

instrument. A secondary transmission maximum of 1% was found in the 

region of 2500 A. The transmission spectra of this filter is given 

later in this chapter. 

The filter for oxygen was a l30-N. Its transmission curve was 

furnished by the manufacturer. After a rapid rise in transmission 

from 1100 to 1275 A, where it had a transmission of 21.5%, it slowly 
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tailed off in transmission to longer wavelengths, having a 

transmission of 0.75% at 1800 A. This filter is a dielectric coating 

on one side of a MgF2 subs~rate. For all practical purposes, the 

transmission through the filter is the same in both directions. It is 

recommended, however, to subject the coating to least harsh 

environment, i.e. put it to~ard the detector, net the source. 

Filter Photometer 

The filter had to be positioned between the plasma and the 

photomultiplier detector in a light tight and VUV transparent 

environment. This role was filled by a simple gas purgeab1e optical 

coupling device. The construction of this was a large diameter 

aluminum tube capped at at one end by a flat flange with a Cajon 

Ultra-Torr fitting in its center. The Cajon fitting was a size to fit 

the sidearm of a sidearm plasma torch. The other end of the large 

aluminum tube was capped by a flat flange which coupled to the 

photomultiplier tube housing. A series of stacked discs inside the 

tube position a Wo1lensak (Rochester, NY) Rapax shutter and a filter 

holder, which is positioned directly in front of the photomultiplier. 

To reduce stray light within the system, all of the discs and the 

inside of the tube are painted black. Additionally, black felt 

washers are present on each disc to prevent light leakage around their 

sides. The shutter can be cocked and released externally by two feed 

through rods which enter the tube through '0' ring seals on small 

Ultra-Torr fittings. To set the aperture, however, the faceplate on 

the ICP side must be removed. The tube is purged by allowing gas in . 

through a fitting on a side of the tube and allowing it to flow out 
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into .the ICP torch sidearm. The disassembled filter holder, optical 

coupling device is pictured in figure 126. 

Electronics 

Radiation was detected by an end on EMI G26E3l5 

photomultiplier during the oxygen study; a side-on Hammamatsu Corp. 

(San Jose, CA) R2l2UH photomultiplier was used during the phosphorus 

study. The ICP is described in the RF instrumentation chapter. 

Results 

Oxygen 

Selectivity Over Nitrogen. The transmission curve for the 

130-N filter showed that two groups of VUV nitrogen transitions fell 

within a region of appreciable transmission for this filter. These 

are a group of three nitrogen quartet series lines at approximately 

1200 A, and another group of three doublet series lines at 

approximately 1493 A. It was anticipated that the photometer would 

then have some sensitivity for nitrogen; the object of this experiment 

was to determine the relative sensitivity for oxygen and nitrogen. 

20 and 40 microliter injections of oxygen and nitrogen were 

made into a Swagelock tee in the sample gas line. From the ratio of 

peak heights for the two gases, a selectivity ratio of 18.5:1.0 for 

02:N2 by volume was calculated. Thus happily the system is more 

sensitive to oxygen than to nitrogen. 

The background signal measured in these experiments was high. 

While a 20 microliter injection of oxygen resulted in a 0.3 microamp 

signal peak, this peak sits on top of a background of almost 1 

microamp of photocurrent. This large background photocurent can be 



Figure 126. VUV Filter Photometer. 
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due to several things. The first is the continuum in the region of 

filter bandpass. The second is the presence of oxygen in the argon 

used to sustain the plasma. Using the estimated purity of argon as 

containing 2 ppm O2 and argon flow rate of 18 liters per minute into 

the plasma, an estimated 0.85 micrograQs of oxygen enter the plasma 

each second. The contribution due to the 20 microliter injection of 

oxygen however, if it's estimated to be delivered to the plasma in 1 

second, is approximately 28.5 micrograms per second. Since the sample 

didn't generate 30 times the background level of signal, it is 

concluded that the majority of the background signal is due to 

continuum emission within the filter bandpass. 

Composition of Air. The relative response of oxygen and 

nitrogen were found in the previous experiment. Knowing this 

information and the fact that air is 78.1% nitrogen by volume, an 

attempt was made to determine the percentage oxygen present in air by 

injecting known volumes of air into the filter photometer system. 

With 40 microliter injections of air, an experimental value for the 

oxygen content of air was found to be 20.8% by volume. With 20 

microliter injections of air, the experimental value found was 23.1% 

194 oxygen. The tabulated value for oxygen content of air is 20.9 % . 

Figure 127 is the experimentally obtained data for this study. 

Gas Flow Effects. Gas f1ow'rates were changed in an attempt 

to reduce noise in the background and increase sensitivity for oxygen. 

Lowering the coolant flow rate increased the SIN ratio for injections 

of oxygen gas. The lower limit to coolant flow of 7 liters/min at 1 

KW RF power is set by heating of the quartz plasma tube. 
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Figure 127. Response of Photometer to Injections of Oxygen, Nitrogen, and Air. 130-N Filter. 
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Injection Ports. A simple modification of the 1/4" Swage10ck 

tee used for sample injection resulted in an approximate sevenfold 

increase in sensitivity for gas injections. The first configuration 

had the sample gas entering one arm of the tee, the injected gas 

entering from the other arm, but against the incoming gas flow, and 

the resulting mixture exiting the pedestal of the tee. The improved 

configuration had the sample gas entering the pedestal of the tee with 

injections made into an arm of the the tee and in the direction of the 

mixed gas flow as it exited out the other arm of the tee. 

Since the previous improvement may have been due to trapping 

of the injected gas within the injection tee, a smaller version was 

constructed from a 1/16" Swage10ck tee. This injection port gave rise 

to a plasma liftoff apparent to even the casual observer. This 

liftoff gave rise to a small signal peak, independent of what was 

injected; the oxygen containing injections did give rise to 

significantly higher peaks however. 

GC Injections. The liftoff problem was attributed to a 

pressure spike that occurred as the injection was made; the needle may 

have interrupted the gas flow momentarily. In a higher pressure 

system this might have less effect, so injections were made through a 

Varian Associates (Walnut Creek, CA) model 1520 Gas Chromatograph 

equipped with a Carbowax 20M column. The carrier gas flow rate 

through the chromatograph (30 m1/min) was not sufficient to punch a 

hole through the plasma. A 0.04 microliter injection of EtOH showed 

carbon Swan band emission all around the periphery of the plasma, 

caused a shrinkage in the size of the plasma and then extinguished it. 

This problem was alleviated by introduction of a makeup gas 
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flow of argon into the GC column effluent. This was sufficient to 

punch a hole through the plasma and make it less susceptible to 

injected organic materials. 

To test the applicability of the oxygen filter photometer for 

practical analysis a series of alcohols were injected into the GC. 

The alcohols were methanol, ethanol, isopropanol, and isobutanol 

injected as 0.2 microliter samples. Table 8 gives the data obtained 

in this experiment. It can be seen that a decrease in peak height 

occurs with the higher molecular weight alcohols, however peak areas 

are seen to be increasing. This is not the result one would expect 

for a decreasing weight percent of oxygen if it was the only species 

causing emission. The increasing peak areas at relatively constant 

total mass oxygen and carb~n injected, but increasing mass carbon, 

implies the system is actually more sensitive to carbon than oxygen. 

Both carbon and hydrogen could cause emission within the 

bandpass of the oxygen filter. Hydrogen seemed a likely culprit with 

its 1216 A line. Injections of air, argon, nitrogen, and hydrogen 

were made and these results are given in figure 128. The small argon 

signal might be due to diffusion of air into the syringe before 

injection and it was already shown that nitrogen isn't discriminated 

against effectively. The negative peaks which were obtained with 

hydrogen might have been a result of perturbing of the plasma, 

absorption, or compound (e.g. OH) formation between 0 and H. Data for 

the H2 molecule, however, doesn't indicate absorption at wavelengths 

longer than 900 A198. The plasma perturbation idea was ruled out by 

later experiments with the VUV polychromator; no change in background 

level was noted in the region adjacent to the oxygen peak when H2 was 
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TABLE 8. Response of the Oxygen Filter Photometer to Various Alcohols 
Following Gas Chromatographic Separation and Plasma Excitation 

Alcohol 
0.2 o injected C injected peak peak 

microliter density micro~ram microgram height area 

methanol .7914 79 59 1.282 1.000 

ethanol .7893 55 82 1.212 1.028 

isopropanol .7855 42 94 1.186 1.122 

t-buty1 alcohol .7887 34 102 1.000 1.486 
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Figure 128. Response of Photometer to Injections of Air, Argon, Nitrogen and Hydrogen. l30-N 
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injected. The quenching of oxygen background emission by eluting 

oxygen-free compounds separated by gas chromatography has been shown 

150 in the helium microwave p1as~~ A possible explanation for this is 

the proposed charge transfer reaction between protons and oxygen 

139 molecules . Since the H2 caused a negative signal, the contribution 

to the alcohol peaks described above must be attributed to carbon 

emission (probably the C I lines at 1329.6 A). An approximate 

detection limit of 1 microgram of injected oxygen was calculated from 

this data. 

Phosphorus 

After the results Reen for the oxygen filter, further 

interference effects were anticipated when utilizing the phosphorus 

photometry system. In addition to 16.5 % transmission at 2132 A, the 

wavelength region of a group of phosphorus lines, the transmission 

spectrum of this filter indicated 1.2 % transmission at 1930 A and a 

secondary transmission maximum of 1 % at 2478 A (figure 129). These 

last two wavelengths correspond to strong carbon emission lines in the 

argon plasma. Sulfur also possesses atomic emission lines at 1900 and 

1914 A which might cause selectivity problems. 

Selectivity Study for the Phosphorus Photometer. To assess 

the usefulness and selectivity of the phosphorus photometer, 

injections of several gases were made through the Varian GC and their 

relative signals were compared. The gases utilized were air, H2 , SF6 , 

and CO2 . No easily obtainable safe gaseous form of phosphorus was 

available so it was injected as a headspace sample from a vial of 

dimethy1methy1phosphonate. Strong signals were obtained from SF6 and 
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CO2 .. No measurable signal was found for air, hydrogen, or the DMMP 

headspace sample. The lack of measurable signal with the DMMP sample 

may have been due to the low vapor pressure for this material at room 

temperature. The lack of a negative going peak for the hydrogen 

injections made the plasma quenching hypothesis proposed earlier for 

the results obtained with the oxygen filter unlikely. An injection of 

DMMP dissolved in acetone produced two peaks from the GC/filter 

photometer system. The first peak was due to the acetone, however, it 

wasn't clear if the second peak was due to phosphorus or the carbon 

also present in DMMP. A test for this was the introduction of 

phosphorus as aqueous phosphate. 

Aqueous Phosphate. For this experiment, the GC had to be 

replaced with an aqueous solution nebulizer. The core of this system 

was a Spectrametrics Inc. (Andover, MA) ceramic nebulizer (essentially 

a cross-flow nebulizer), Spectrametrics spray chamber, and a 

peristaltic pump. This nebulizer was designed for use with a direct 

current plasma and as such required some modifications to be 

compatible with the ICP system. The unmodified nebulizer system 

requires a very high sample gas flow rate to cause solution 

nebulization. This high rate of flow also causes the plasma to be 

extinguished. The modification implemented to allow efficient 

nebulization without drowning the plasma was a Y tube connection from 

the nebulizer spray chamber. In this way, a portion of the sample and 

aerosol gas flow is wastegated into a vented vacuum flask, the 

remai~der is introduced into the plasma. 

Solutions of 0.1, 0.01, and 0.001 M P were prepared from 

phosphoric acid. The signal due to each solution and the background 
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level present when aspirating distilled water was measured at several 

positions from the top of the load coil to approximately 8 cm above 

the load coil. The viewing height was measured with a Griffin and 

George Ltd. (London) P260 cathetometer. The data for 0.1 M solution 

obtained in this study is given in figure 130. The intensity of. both 

the signal and the background increase as the load coil is approached. 

The maximum of the SIB ratio occurs at an intermediate position. The 

detection limit is dependent on the viewing height, but at its best is 

approximately 0.001 M at 5.5 cm above the load coil. 

The effect of interferents was investigated by aspirating 0.1 

M NaHC03 and 0.1 M K2S04 following the phosphoric acid solutions. The 

interference was negligible compared to background drift except at the 

highest viewing position •. At this position, the NaHC03 solution 

caused an 80% decrease in the background level. 

The phosphorus concentration levels detectable seemed a 

minimum to be acceptable for the filter photometer to be viable as an 

analytical instrument, so the filter photometer was replaced by a 

monochromator and the sensitivity for phosphorus compared. 

With the monochromator, a detection limit of 0.0001 M P 

(~3ppm) was found utilizing the 2136 A transition. This increase in 

sensitivity when utilizing the narrow bandpass of the monochromator 

points to a large background emission contribution which swamps out 

the atomic phosphorus emission when utilizing the wide bandpass filter 

photometer. This monochromator detection limit is approximately an 

186 order of magnitude higher than estimated by Yoshida et a1. for 200 

microliter injections into an HPLC/ICP system. 



'. 

45.01 [3-

~ r35
.
O 

0 40.0 - ~ 
30.0 

::l 
<J « 

- 35.0 c 
>- Z 
f- 25.0 5 H 
en 30.0 a: 
z (,!) 

LU ~ 
f- U z 25.0 20.0 ~ H ,. 
Z -1 
0 « 
H 20.0 z 
en 15.0 ~ en 
H en 
~ 

15.0 en UJ 
::l 

en 10.0 ~ ::l a: 10.0 
x 

0 a. 
x en 
D- o 
en 5.00 it 0 5.00 x a. 

I ~ I I I I 

.000 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 

OBS HEIGHT ABOVE LOAD COIL (CM) 

Figure 130. Phosphorus Emission Intensity and Signal/Background Ratio at Various Heights Above 
the Load Coil. 2139 VN filter in photometer. 

w 
w 
U1 



336 

While involved with the monochromator, it was dec~ded to make 

a survey spectral scan of the wavelength region from 1800 - 2600 A to 

see if the 2136 A line was the most intense phosphorus line in this 

region. For this study the plasma sidearm and monochromator were 

purged with nitrogen. Below 1800 A the photomultiplier response dies 

off severely. Approximately fifteen lines of phosphorus were 

identified in this region when aspirating a 0.1 M phosphoric acid 

solution. The 2135.5 and 2136.2 A pair was approximately twice as 

strong as the 2534.0 and 2535.6 A pair. The other major emission 

lines were carbon at 1931 and 2479 A, and a group of six silicon lines 

centered at 2516 A. Figure 131 is the spectrum obtained in this 

experiment. 

The silicon line emission was identified after noting its 

power dependence compared to the 2479 A carbon emission. Figure 132 

illustrates this effect. The four spectra are of the approximate 

wavelength region 2450-2550 A for the power levels 1000, 1400, 1600, 

and 1700 W. The rightmost peak is carbon, the group on the left are 

silicon atomic lines originating from levels 4.92-4.95 eV above the 

199 ground state As the power level is increased, all line 

intensities increase. The ratio of silicon to carbon emission 

intensity also increases. The concentration of silicon in the plasma 

increases as the the higher power levels cause additional 

volatilization of the quartz coolant tube. The carbon content of the 

plasma support gas, however, remains constant with the increased 

power. 

To independently verify that the line group was due to 

silicon, SF6 was introduced into the plasma with the expectation that 
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it would increase volatilization of the quartz tube. It may have, but 

it also introduced a tremendous number of lines above 1800 A. Not all 

the lines could be attributed to sulfur atomic lines, so it is assumed 

that some were molecular emissions. This emission may also help 

explain why the filter photometer was so sensitive to SF6 . 

Conclusions 

The original flame photometer for phosphorus and sulfur was 

successful because it was operated under conditions providing very 

little background emission. The ICP does not provide this condition 

as it has considerable continuum emission and in the case of oxygen 

also background atomic emission due to the presence of oxygen in the 

argon support gas. The wide bandpass of even a high quality 

interference filter is sufficient to cause selectivity problems for 

elements exhibiting atomic emission near the transmission maximum for 

the filter. It is possible that the bandpass of these filters was 

compromised slightly by illumination by slightly divergent emissions 

originating from the plasma; no lens to render the illumination 

parallel was used. However, the filter is a considerable distance 

from the plasma and generally the shutter aperture was small (=3/8") 

so this is not deemed to be an important contributor. 

What is needed under conditions of a large background is a way 

to selectively modulate the signal of the desired species. Steele and 

Hieftje200 employed a periodic pressure pulse to a nebulizer chamber 

to modulate sample signal and allow its extraction in the presence of 

high spectral background. This was not as effective in spectral 

regions where the aerosol contributed to the background, e.g. in the 



region of OH emission. If such.a modulation technique could be 

applied to the output of a gas chromatograph, then the continuum or 

plasma gas contributed signal level could be discriminated against. 

This sort of modulation would not be effective when the sample 

material contained an emissive species against which the filter had 

poor rejection. 

201 In a related paper Steele and Hieftje used a modulated 

absorber reservoir to perform selective line modulation of emission 
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from an ICP. The modulated absorber reservoir was the same apparatus 

as utilized in their previous paper. This utilizes the narrow 

absorption profile of the modulated species to improve selectivity. 

This has the same effect as making a narrower bandpass interference 

filter or replacing it with a high resolution monochromator. It also 

discriminates to a large extent against continuum background emission. 

This last correction method is probably applicable to the 

phosphorus filter photometer limitations. It does however 

considerably increase the complexity of the system, something we set 

out to avoid in the first place with the filter photometer system. 

Their method would not be applicable to the VUV oxygen analysis as the 

flame gases would also contribute to the absorption of the VUV 

emissions. A modulated absorber scheme has been attempted in the VUV 

transparent ICP as well, but was not highly successful because of the 

modulation of the plasma characteristics (background) as the aerosol 

introduction was modulated202 . 
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CHAPTER 16 

CONCLUSIONS 

Selection of the proper noble fill gas for a hollow cathode 

discharge lamp allows increased copper ion line intensity compared to 

the atom line emission intensity. This increase may result from 

highly selective processes such as charge transfer between the fill 

gas and sputtered metal atoms. 

The relative copper ion / atom intensity ratio increases for a 

particular fill gas when the discharge operating voltage is increased 

through obstruction in the hollow anode cathode (HAC) discharge. 

Higher resonant line emission for copper at the same line 

quality (measured directly from the Hne profile or estimated from 

flame atomic absorption sensitivity) compared to a standard hollow 

cathode lamp may be obtained through incorporation of a positive 

column discharge in front of the mouth of a hollow cathode. This 

positive column discharge is believed to serve several useful 

functions: restricting the electron current to flow through a well 

defined path which is the optical path, thereby giving further chance 

for excitation of metal atoms sputtered out from the cathode, and 

returning to the cathode region by the catophoretic effect ions which 

escape the cathode hollow. This catophoretic effect is expected to be 

especially valuable for volatile elements and may increase the 

lifetime of lamps for these elements. A further improvement is found 

by increasing the cathode volume in a radially enlarged hollow cathode 
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cavity. This improvement may result from a low copper atom density 

but a high electron flux in the observation region since electrons 

from all regions of the cathode pass through it. Optical pumping by 

the surrounding region may also contribute to excitation in the 

observation region. 

The fill gas neon provides the highest intensity for copper 

resonant atomic emission in both low and high voltage hollow cathode 

discharges. 

The time averaged emission of copper resonant radiation with 

argon, krypton, and xenon fill improve relative to neon in the high 

voltage hollow cathode construction when compared to results obtained 

in a low voltage hollow cathode construction. This improvement is 

more enhanced in half wave rectified operation than DC operation. 

The absorbance of the copper hollow cathode discharge for 

resonant copper emission at the pressure providing the highest 

intensity generally increases with the atomic number of the fill gas. 

This implies that the metal atom sputtering also follows the same 

trend. 

An initial cathode surface sputter cleaning step is necessary 

to obtain the highest intensity and stable (arc free) operation of 

aluminum hollow cathode lamps. 

A high quality vacuum system and fill gases are necessary to 

obtain metal spectra not compromised by the presence of molecular 

impurity bands in a hollow cathode discharge. 

High voltage, and positive current voltage behavior can be 

obtained with the obstructed internal anode hollow anode cathode (HAC) 



lamp. The steepness of the the current voltage curve increases as 

pressure is reduced or obstruction is increased. 
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The detection limit for nonmetallic elements in the argon ICP 

by observation of the VUV resonant lines is not as improved relative 

to the near IR transitions as would be predicted from transition 

probabilities and a Boltzmann population distribution in the excited 

levels. 

A filter photometer for observation of emission from oxygen 

and phosphorus excited in the ICP has wide enough bandpass to 

compromise its selectivity and samples enough background emission to 

give rise a large steady state noise contribution which increases the 

detection limit compared to the results of using a monochromator. 
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CHAPTER 17 

FUTURE DIRECTIONS 

The glow discharge and inductively coupled plasma are both 

fairly mature fields of research. Nevertheless, there are several 

areas which deserve consideration for the future. These areas relate 

to the improvement of the glow discharge as an analytical light source 

and further investigations into the excitation of nonmetallic elements 

in spectrochemical plasmas. 

Glow Dischar~es 

Ionic Transitions in Glow Discharges 

If it is desired to excite transitions other than resonant 

atomic transitions, then more specific excitation possibilities than 

electron impact are possible. This occurs due to the more stringent 

energy matching requirements between colliding species for energy 

transfer. Such a case occurs in the 6328 A He-Ne laser transition 

where energy is transferred from singlet metastable He to neon, 

203 204 exciting an electron into the 5s level . Wagatsuma and Hirokawa 

found emissions originating from specific groups of levels to be 

different with N2 , Ne, and Ar for the metals Cu, Ag, Sn, AI, and Zn 

excited in a Grimm's glow discharge. Ionic emissions occurring in the 

Ar and Ne discharges were attributed to the presence of metastable 

species in the rare gas. The range of electron energies available was 

also linked to metastab1es and their ability to produce supere1astic 
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electrons. They also concluded that the fill gas is of primary 

importance in determining the distribution of spectral emissions, much 

more so than either pressure or voltage of the discharge. The range 

of energies available from the 5 common inert gases make for a range 

of excitation possibilities; mixed gases can produce combined 

effects205 . 

204 The data and conclusions of Wagatsuma and Hirokawa are very 

important; when coupled with the data obtai.ned with these initial 

studies of internal anode copper hollow cathode discharges 

recommendations for further work can be outlined. In the case of low 

energy resonant transitions for metals, electron impact excitation is 

the major contributor to excitation. High energy electrons present in 

high voltage discharges can exceed the optimum for maximum excitation 

cross section of the resonant lines and create (sometimes) unwanted 

ionization of the metal species. More effective in this case may be 

the use of high current discharges of low electron energy such as is 

obtained from boosted discharges. In the case of high excitation 

energy transitions, then the high voltage HACs may come into use to 

provide high energy electrons for direct excitation. Highly specific 

excitation of high excitation energy transitions may be more 

efficiently offered through proper choice of fill gas and would be 

recommended for major emphasis. When the fill gas does not provide 

efficient sputtering, then a high voltage construction may allow the 

necessary increase. 

This work has shown that the ion line emission intensity can 

be increased by utilization of fill gases with whose metastable levels 

or ionization limits are greater or equal to the excitation energy of 
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the transition of interest. With the range of available energies from 

metastable to ionization limit for the five common inert gases, it 

seems possible that for a few elements a near energy coincidence may 

be found with an ion level and a strong resonant or non-resonant ion 

line source may be created . A possible application for such an ion 

line source is atomic (ion) fluorescence in the ICP. 

Time Resolved Emission 

The work of Farnsworth and Walters 206 demonstrated the time 

resolved emission intensity for several transitions in the RF boosted, 

pulsed copper hollow cathode lamp. In addition to the decay which 

follows an excitation pulse, one could observe the growth of 

particular transitions. For example, in a pulsed mode of operation, 

the electron current follows the pulse waveform. The sputtered metal 

atom density will lag it however, due to a finite diffusion time into 

the negative glow. There may be be found a particular time in the 

pulse waveform which optimizes the lineshape and intensity of the 

resonant lines. By gating the observation window to bracket this 

optimum lineshape I intensity portion of the waveform (figure 133) one 

might obtain enhanced signal I noise for AA measurements at high 

sensitivity. Similarly, an optimum period during the pulse waveform 

may be found for ionic emission. 

Possibilities for the Reduction of Self-Absorption Broadening 

In an ideal situation the source for an atomic absorption 

experiment is an infinitely narrow monochromatic emitter which emits 

at the wavelength of the peak of the absorber absorption profile . The 

fact that it is not ideal (monochromatic) means that the source 
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wavelengths are attenuated to varying degrees depending on the 

absorber absorption coefficient at that wavelength. This gives rise 

to curvature in AA calibration curves at high analyte concentrations. 

Many hollow cathode lamps do not exhibit this behavior in flame AA at 

normal operating currents because the source linewidth is much smaller 

than the Doppler broadened absorption linewidth. Thus the absorption 

coefficient changes little over the source wavelengths, and they are 

all attenuated equally. Hollow cathode lamps made from elements such 

as copper which has several isotopes and exhibits hyperfine splitting 

have a source profile which is comparable in width to the absorption 

profile. The isotope and hyperfine broadening has in fact swamped out 

the Doppler broadening of either source or absorber. Since the 

absorption and emission profiles are comparable, the absorption 

coefficient ~ vary over the source wavelength profile. This is 

what gives rise to the commonly observed curvature in AA calibration 

curves for copper. 

Reduction in the amount of self absorption broadening will 

benefit the absorption sensitivity of any source whose emission is 

centered at the peak of the absorption profile. A consideration 

however, is how much of an effect efforts to reduce to self absorption 

broadening can actually have on the emission profile. For example, 

self absorption broadening may only contribute a small amount to a 

line which is a hyperfine splitting broadened profile. In the case of 

a monoisotopic source emission line which exhibits no hyperfine 

splitting however, self absorption broadening can contribute a 

significant fraction to the line profile. In this case reduction in 

the amount of self absorption could be of significant benefit. This 
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last case could potentially occur in source lamp of normally excellent 

spectral characteristics pushed to high currents to increase 

intensity. 

Determination of Spatially Resolved Electron Densities 

Electron impact processes are important for excitation and to 

sustain the discharge. To help understand excitation processes in the 

discharge, it may be of use to know the spatial distribution of 

electron densities. In an hollow cathode discharge the region of 

maximum brightness and electron density is a function of pressure and 

current, maximizing at the cathode center at low pressure and 

increasing with current7 ,207 The major non-invasive spectroscopical 

techniques which allow spatially resolved electron density 

determination are continuum intensities163 , ion-atom line ratios124 , 

208 209 Stark broadening ,and interferometric index of refraction . The 

last two techniques require making the fewest assumptions about the 

discharge. 

The Stark broadening technique would allow use of UV and 

visible optics equipment which will be in use for absorption and 

emission experiments with these discharges anyway. Stark broadening 

data for several fill gases of interest - He, Ne and Ar - have been 

210 tabulated by Griem Unfortunately, at common conditions in a 

13 hollow cathode discharge, electron density approximately 10 -

1014/cm3, and Doppler temperature 1000-2000 K, the Stark widths for 

intense lines of He and Ne are smaller than their Doppler widths; 

argon's Stark width only exceeds the Doppler width at the higher 

electron density. Small amounts of impurity hydrogen often exist in 
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gas discharges and it is possible that this element with its large 

211 Stark broadening effect could be used instead as the diagnostic 
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element for electron densities. If use of hydrogen is not possible, 

and the contribution to broadening by Stark and Doppler effects is 

comparable, the contribution of each to the combined Voigt profile may 

be estimated from the tables of Kuhnl17 . When the Stark broadening is 

much less than Doppler , the Stark profile may be extracted from under 

the Doppler (Voigt) profile by a Doppler-free technique such as 

208 saturated absorption spectroscopy 

Electron density and spatial resolution constraints 

necessitate that index of refraction electron density measurements be 

performed in the far IR209 ,212. This will require a source, 

dispersing optics, and detector all suitable for use in this region. 

Relative Lamp Intensities 

Comparing the relative intensities of the discharge lamps was 

an imperfect process at best. To compare the intensities of the low 

and high voltage copper hollow cathode lamps, each lamp was sealed off 

at a pressure for which the current-intensity behavior was well known 

(3 torr neon). Each lamp was mounted, aligned and intensity as a 

function of current was measured with no lens in the optical path. It 

was then replaced by the other lamp and the mounting, alignment, 

intensity measurement process repeated. This was done for each lamp 

o three times with the lamps being rotated 90 about the cathode bore 

axis for each successive measurement. The average intensities 

obtained in this way were used to ratio the intensity results obtained 

in DC mode in chapter 9 to the same intensity scale. 
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While this may give good approximation of the relative 

intensities in the above case. it isn't expected to be a reliable 

measure for a source which is spatially inhomogeneous or to compare 

sources with different aperture sizes. An integrating sphere may be 

helpful in this situation. The homogenizing influence of the 

integrating sphere averages both of the factors and presents at its 

exit port a uniformly radiant disc of light. Sampling any constant 

area at the exit port and presenting this to the monochromator will 

allow a more reliable means to compare lamp intensities. 

Accurate Determination of Lineshapes in Emission and Absorption 

For an accurate idea of how effective efforts to reduce the 

self-absorption broadening in a source hollow cathode is. a lineshape 

measurement system should be able to measure the emission line profile 

at the Doppler level. The estimated resolving power necessary to 

accurately profile a Doppler broadened emission line from a hollow 

cathode discharge is on the order of 500.000. This requires a very 

good spectrometer. The estimated resolving power in minus 8th order 

of the Zeiss monochromator utilized for the lineshape measurements in 

this work is approximately 150.000 as measured from linewidths for an 

198 Hg monoisotopic source. With a 2.5 m echelle monochromator. 

213 Larkins obtained a resolving power on the order of 500.000. Other 

means to obtain high resolution involve the use of interferometry. A 

Fabry-Perot interferometer can offer a resolving power on the order of 

one million2l4.,~ 1 d t h t t t b d wuen coup e 0 a monoc roma or 0 ac as a an pass 

filter. this device would provide the necessary resolution for line 

profiling. The disadvantage of a Fabry-Perot is that the wavelength 



range is limited by the plates which have to be optimized at a 

particular wavelength for reflectivity and transmission. The 

available coating materials make this task difficult at short UV 

wavelengths (2000 A). Horlick2l5 described a commercial Fourier 

Transform (FT) interferometer having .0056 A resolution at 3000 A. 

The FT interferometer at Kitt Peak or Los Alamos provide further 

possible means to obtain accurate emission line profiles. 
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The practical bottom line of a successful lamp design is how 

well it performs in actual chemical analysis procedures. The most 

successful efforts to reduce self-absorption broadening of the source 

lamp are for naught if the absorption profile in the analytical 

absorption cell is collisionally shifted. In fact, using an actual 

absorption measurement to make conclusions about how successful 

efforts to reduce self-absorption broadening in the source have been 

may be quite misleading. It seems that a concurrent investigation 

into the action of the absorption cell should go hand-in-hand with 

development of the analytical light source. The work of Wagenaar and 

119 de Galan is a good example of this idea; direct probing of the 

absorption profile in the absorption cell is also possible. 

Unexplained Phenomena 

When utilizing the high voltage internal anode hollow cathode 

discharge at low pressure an especially brilliant central bright spot 

is observed at the intersection of the outwardly radiating spoke 

structure. This phenomena is probably related to the sharp bright 

pencil of emission seen emanating from a conventional design hollow 

cathode lamp when the pressure has been reduced to the point that the 
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discharge has transited into a cathode glow type operation. The 

diameter of the bright spot or pencil is estimated to be 2-4 mm and 

was only observed when using helium as the fill gas. 

Spectrochemical Plasmas 

Ionic Fluorescence in the ICP 

It was mentioned in the future directions for glow discharges 

section that discharge lamps emitting strong ion line emission might 

be of use for atomic (ion) fluorescence in the ICP. However, before 

such a source is developed, the real potential of ionic ICPAF needs to 

be assessed. 89 Its potential has been shown for a few elements ,but 

no systematic experiments have set out to show which transitions would 

be most sensitive for such an analysis. It is recommended to carry 

out such a survey with a tunable dye laser and utilize a multichannel 

detector. A multichannel detector is suggested for the reason that it 

may be possible to excite sensitive nonresonant type transitions. A 

clear advantage of nonresonant fluorescence is relative freedom from 

scattered light problems. After noting a transition of high 

sensitivity, it is possible that one of the five common inert gases 

could be found to be an efficient exciter of this particular 

transition and a glow discharge lamp for that transition could be 

constructed. 

VUV Emissions With Helium as the Plasma Gas 

The work of Heine et al. 16 opened the VUV emission region to 

consideration as an analytical region for the argon ICP. Because of 

transition probabilities and the Boltzmann factor for excitation 

energy, the resonant VUV transitions of nonmetals are predicted to be 
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more sensitive than transitions from higher lying states. It is known 

that helium plasmas cause greater ionization and emission of halogen 

169 atoms than argon plasmas . However there has been no work to assess 

the spectral emissions of nonmetals (or metals) from helium microwave 

or atmospheric pressure helium inductively coupled plasmas in the VUV 

region at wavelengths shorter than 170 nm. Investigation of this very 

promising area would be an important study. Additionally, examination 

of Appendix B should indicate that very little work has been done, 

period, on the VUV emissions from microwave plasmas. 

ICPMS for Nonmetals 

The difference in sensitivity by emission from an ICP for 

nonmetallic elements when present in organic or inorganic forms is an 

interesting problem. It seems likely that the formation of negative 

ions by elements with high electron affinity is a contributing factor 

to this difference. While emission from positive ions of the 

nonmeta11ics has been seen and negative ions have been detected in 

ICPMS, the relative population of the two ion species has never been 

measured. 

Nonmetals in the DCP 

Very few references to nonmetal analysis with the direct 

current plasma are to be found (Appendix B). Its not clear. why this 

is so, but the results of Carr and Blades154 indicate that this is an 

energetic source, perhaps even more so than the ICP. These results 

warrant further investigation. 



355 

APPENDIX A 

LAMP CONSTRUCTION 

The construction of successful, long lived discharge lamps is aided by 

attention to some fine details during manufacture. Several of these 

details described in this appendix are: obstruction or "protection" of 

electrode surfaces to confine the discharge and sputtering to specific 

electrode regions, sputter grooves to prevent the rapid shorting of 

electrodes barely separated and within an enclosing envelope, and 

steps in creating a fixed pressure sealed lamp. 

Protection of Electrode Surfaces 

A major stride forward in hollow cathode lamp construction was 

92 107 made when the open cathode hollow cathode lamp design' (figure 

134) was replaced by lamps with the exterior of the cathode sheathed 

in an insulating material. This prevented discharge on the outside of 

the cathode, confined the discharge to within the cathode hollow and 

gave rise to the 'high intensity' category of lamps. The same 

practice of sheathing may be used anytime it is desired to prevent 

unwanted discharge on particular surfaces. This unwanted discharge 

may reduce the operating voltage of the discharge or give rise to 

sputtering of undesired (non-cathode) materials. If allowed to occur, 

the unwanted discharge requires extra current and serves no useful 

purpose. The sheathing material may be an insulator or conductor, as 

long as it is held within an obstructed discharge distance of the 
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cathode surface. A distance of approximately 0.5 mm is adequate at 

common hollow cathode lamp fill gas pressures of a few torr. At 

significantly higher pressures, this distance becomes very critical, 

since the pressure distance product for obstruction is a constant. 

If the sheathing material is a conductor, it can be left at a 

floating potential (in which case it assumes nearly the anode 

potential when the discharge is operating). It may also be held at 

anode potential. The first case is exemplified in Rozsa et al.'s60 

channel type, cathode glow enhancing, discharge (figure 135), the 

second case is given by the demountable copper lamp (figure 37). 

No discharge occurs on the floating potential shield for 

several reasons. First, there is no solid electrical contact between 

the shield and the cathode, therefore any communication between the 

shield and the cathode would have to be due to discharge ions. 

However, this would require a very high discharge voltage since the 

space between the shield and the cathode is very short and the 

discharge is quite obstructed. In addition, the shield would have to 

function as a cathode and would require an additional cathode fall to 

allow discharge to occur between it and an anode. The sum of 

obstructed and standard cathode voltages are then required to have 

discharge occur on the floating potential surface. The requirements 

for very high voltage to utilize this surface causes the discharge to 

seek out other surfaces (besides the floating potential shield) which 

allow the discharge to operate at lower volatges. 

Explanation for the lack of discharge on a floating potential 

40 shield is described on a more atomic level by Chapman When an 

electrically isolated metal shield is suspended in a plasma it is 
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initially struck by both electrons and ions. However, due to the much 

greater average speed of the electrons compared to ions, electrons 

strike the shield much more frequently than ions. This causes the 

shield to build up a negative charge and acquire a negative potential 

with respect to the plasma. The charge repels electrons and attracts 

ions. Eventually the electron flux is reduced enough to just balance 

the ion flux. The isolated shield aquires a net positive charge 

around it. This positive space charge is referred to as a sheath. 

Charging of the shield doesn't increase the net ion flux; that is 

limited by the rate of random arrival of ions at the sheath boundary. 

Essentially, once the shield equilibrates with the plasma by charging, 

it has no further effect other than to provide a place for 

neutralization of randomly arriving ions and electrons, the same as, 

for example, the glass walls of the discharge tube. 

Insulating cathode sheathing material is utilized in 

commercial hollow cathode lamps. In one case, it is merely the glass 

tube surrounding the cathode and its electrode connection, in another, 

it is a combination of ceramic tube and mica discs (figure 136). 

Several of the aluminum and copper hollow cathode discharge lamps 

described in this dissertation used the close-fitting glass envelope 

of the lamp to perform this same function (figure 137). 

The Grimm's glow discharge lamp is a slightly different case, 

since its planar cathode presents'on1y one surface to the fill gas 

region. The region of discharge is restricted to a circular disc 

within the confines of a restricting structure; this structure is 

basically the rest of the lamp, and allows a clear column for the 

discharge in front of the cathode surface (figure 138). The material 
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immediately adjacent to the cathode surface may be a conductor38 ,2l6 

or an insulator2l7 . The insulated version offers more uniform 

sputtering since the anode is remote from the discharge region and has 

a less perturbing effect on the electric field distribution. In the 

evacuation duct region of Grimm's38 and Alimonti et al.'s2l6 discharge 

lamps, the spacing between the cathode and anode is kept small and 

obstruction is aided by the low pressure created by pumping the gas 

out of the lamp. This obstructs the discharge in· this channel region 

and prevents discharge and arcing in the undesired areas between the 

38 217 . electrodes . In Ko's paper ,several other construct10ns besides 

that given in the bottom of figure 138 are illustrated. Some of these 

include an additional flow channel between the cooled cathode support 

and lowest ceramic insulator. 

Sputter Grooves 

A commercial version of the hollow cathode metal vapor laser 

has of yet to appear; one of the major problems to be overcome is the 

limited lamp lifetime as a result of sputtered metal on laser window 

78 or mirror surfaces . In the case of HAC discharges, sputtering may 

occur at a very high rate due to the high voltage of these discharges. 

There is not much concern with gradual deposition on the output 

windows of the investigated non-lasing lamps, however, locally high 

deposits of sputtered metal may quickly short together the anode and 

cathode in regions where they are very closely spaced, i.e. 

"protected" regions. A small modification in electrode construction 

can lengthen the time period before this shorting occurs. This 



modification involves small regions of extra clearance where these 

shorting deposits would occur. 
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The problem is diagrammed in figure 139, where a cutaway view 

of an HAC lamp inside its close-fitting glass envelope is given. 

Sputtered metal atoms which escape the discharge region can enter the 

protected region between the cathode and anode end. Since the channel 

directs the sputtered atoms more or less straight, a metal mirror of 

sputtered atoms can build up on the glass wall and cause an electrical 

short between anode and cathode. 

The problem is addressed by machining a small land onto the 

end of the anode and cathode electrodes. This allows more clearance 

(0.1 - 0.2 mm) from the glass envelope in the region where the 

electrodes are very closely spaced. The channel directed atoms can't 

make the corner around the end of the land easily, so the pileup of 

sputtered atoms does not as quickly short the two electrodes together. 

This construction was utilized in the qualitative internal anode 

aluminum hollow cathode discharge study (figure 20). When utilizing 

glass rings to maintain separation between anode and cathode, then two 

lands must be machined into each electrode: one to support the glass 

ring inside the lamp envelope and the other to allow the sputter gap 

just described. This sort of construction was utilized in the copper 

hollow cathode lamps, and can be seen in the cross-sectional view of 

figure 41. 

Construction of Fixed Pressure Sealed Discharge Lamps 

The spectral quality of sealed discharge lamps can be limited 

by the presence of impurities trapped inside the lamp envelope along 



C 

C 

glass 
r-r--r-r-1--r-r-..,..--,...-,--V envelope 

sputte 
depositedl-l---~ 

meta 

SPUTTERED 
METAL 

SHORTING 

SPUTTER GAP 
SOLUTION 

sputtered atoms 

\ 

" I 
I 

I 
I 

\~I 

\... ./ 

anode 
end 

~~I! 

~1\11 

Figure 139. Sputter Gap for Lamp Lifetime Improvement. 

365 



366 

with the fill gas. These impurities may be trapped on the metal 

electrode surfaces or the inner wall of the glass lamp envelope. 

Several steps which may reduce the amounts of impurities trapped 

within the lamp and the amounts released into the lamp when it is 

sealed off are given here. 

The apparatus necessary for construction of a sealed-off 

fixed-pressure lamp can be drawn from the experimental apparatus 

described in the CRIP instrumentation; the only major addition is an 

oven to enclose the lamp and bake it out (figure 140). The process 

described here was performed on the high voltage copper hollow cathode 

utilized in the studies of chapter 8. 

The lamp was sealed into the glass vacuum system and baked at 

o 200 C for 3 hours with continuous pumping on the system. Impurities 

trapped on the inner surface of the glass envelope are released during 

this step. If neglected, the same impurities could be be released 

during lamp operation as the envelope warms through normal discharge 

-6 heating. During this period of time a pressure of ~ 3 X 10 torr was 

be obtained as measured by ionization gauge. A pressure of 3-5 X 10- 7 

torr was obtained when the lamp cooled after baking. The lamp was 

filled with 4 torr of helium and operated as a DC discharge at 30 rnA 

for ~ 10 minutes. In the case of the 6 rod copper HAC described here 

this discharge operated at approximately 450 V. The lamp was re

evacuated, filled with the desired final fill gas and a discharge was 

operated as for helium. Again the lamp was evacuated, and the 

filling, discharge, evacuation process repeated. 

49 The next step is very important since heating the glass tube 

in preparation for the sealing process releases impurities in the 
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glass not released at the much lower baking temperatures. While. 

maintaining continuous pumping on the system, the glassblower heated 

the section of glass tube where the lamp is to be sealed off finally. 

Heating is to nearly the softening point of the glass tube, where it 

would collapse. After this section cooled, the lamp was filled with 

the final fill gas at the desired operating pressure, the glassblower 

made the seal at the previously flamed point, and the completed lamp 

was removed from the system. 

The case described here is for filling lamps with very high 

purity gases. In this case it has been found unnecessary to perform 

any gettering step for residual impurity gases. Commercial hollow 

cathode lamps are filled with less expensive lower grade gases and 

vaporization of a gettering metal inside the lamp after sealing is 

218 standard procedure 



369 

APPENDIX B 

NONMETAL ATOMIC EMISSIONS FROM ELECTRICAL PLASMAS 

This appendix contains in tabular form, a listing of 

references to nonmetal emissions in three of the most common 

spectrochemical plasmas, the ICP, microwave plasma, and the DCP. This 

is not an exhaustive bibliography, but is believed to be 

representative of the available literature. In addition to division 

of the references into the three plasma types, they are further 

divided into VUV and UV/visible/near IR groups and still fu~ther into 

the categories of aqueous and organic. This last subcategory includes 

data for the nonmetals H, C, N, 0, F, P, S, Cl, Br, I, as atoms or 

ions, and plasma support gas (He, Ne, Ar, or N2). 

Only data on monatomic emission lines are given in these 

tables although many papers report sensitive molecular emissions. 

The VUV grouping includes data from 85 to 190 nm. The 

UV/visible/near IR grouping includes data from 190 to 1100 nm. 

The organic - aqueous division is hazy sometimes; some 

arbitrary assignments to one group or the other were necessary. The 

organic group includes molecules generally considered as organic (C, H 

containing) with the atom in question a part of that molecule. It 

also includes permanent gases, H2 , 02' N2 , CO, CO2 , N20, Br2 , C12 , 

etc. as the source of the nonmetal. Organic molecules containing the 

atom of interest and analyzed by HPLC are often in an aqueous solvent. 

Nevertheless, since they are still part of an organic molecule they 
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are listed in that category. Frequently, the standard for an HPLC 

analysis is an inorganic salt. Thus it is possible to find the same 

reference listed under both organic and aqueous. The aqueous group is 

for the ana1yte species present in the sample solution as an inorganic 

ion. - 2-It includes halide anions (e.g. C1-, Br ), oxyanions (e.g. S04 

4- + NO;, P207 ), cations (e.g. NH4), and H20. This group also includes 

those samples which have their aqueous ions converted to a volatile 

gas (e.g. oxidation of halide ions to the diatomic gas) before the 

actual analysis is carried out. 

The identification of the spectral lines in some of these 

references is rather casual. A rule of caution to follow with these 

is that atomic line means emanating from a monatomic species (which 

could be an ion). In other cases, the identification of the spectral 

line as ionic (II) or atomic (I) does not agree with other literature 

for that same line. One of the worst offenders in this category is 

the paper by McLean et a1. 135 . The NBS wavelength tab1es75 were taken 

to be correct. Changes to observed species as given in the tables 

following and differing from the original paper reflect this. When no 

wavelengths are given for an element, only the atomic species is 

indicated in the table. 

The plasma gas is indicated in the column He, Ne, Ar, or N2 . 
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TABLE 9. UV/Visib1e/Near IR Emission from the ICP with Organic Sample 

Ref H C N o F P p+ S S+ C1 C1+ Br Br+ I 1+ He Ne Ar N2 HPLC 

140 x x x x x 

141 x x 

142 x x 

143 x x x x x x 

144 x x 

145 x x x 

152 x x x x x x x x 

160 x x 

161 x x 

165 x x x x x 

182 x x x x x x x x x 

183 x x x x 

184 x x x 

185 x x x 

186 x x x 

187 x x x 

190 x x x x x x x x x x 

219a 
x x x x x 

220 x x x x x x 

221 x x x x x 
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TABLE 9. Cont'd 

222 x x 

223 x x x x x 

224 x x x x x 

225 x x 

226 x x x 

a) No wavelengths given. 

TABLE 10. UV/Visib1e/Near IR Emission from the ICP with Aqueous Sample 

Ref H C N 0 F P p+ S s+ C1 Cl+ Br Br+ I I+ He Ne Ar N2 HPLC 

184 x x 

185 x x 

186 x x 

188 x x x x x 

190a x x x x x 

227 x x 

228 x x 

229b x x 

230 x x 

231 x x . _. 
a) No wavelengths given for P, Br. 
b) Plasma gas assumed to be argon. 
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TABLE 11. VUV Emission from the ICP with Organic Sample 

Ref H C N 0 F P p+ S S+ C1 C1+ Br Br+ I I+ He Ne Ar N2 HPLC 

16 x x x x x x x 

146 x x x x x 

187 x x x 

232 x x 

233 x x x 

234 x x 

TABLE 12. VUV Emission from the ICP with Aqueous Sample 

Ref H C N o F P p+ S s+ C1 C1+ Br Br+ I I+ He Ne Ar N2 HPLC 

146 x x x 

151 x x x 

179 x x x x 

182 x x x 

228 x x 

229 x x x 

231 x x 

232 x x 

234 x x 

235 x x x x x 

236 x x x x 

237 x x 



Ref H C N 0 

24 

135 x x x x 

136 x x x x 

137 

138 x 

139 x 

140 x x x x 

141 x 

148 x x x 

149 x x x x 

150a x x x 

153 x x 

167 

168 x x 

180 

238 

239b 

240 x x 

241 

242 x 

243 

TABLE 13. UV/Visib1e/Near IR Emission 
from the Microwave Plasma with Organic Sample 

F P p+ S S+ C1 C1+ Br Br+ I 1+ He Ne 

x x x x x x 

x x x x x x x 

x x x x x x 

x x x x x x 

x x x 

x x x x x 

x 

x x x x 

x x x x x x x x x 

x x x x x x x x x 

x x x x x 

x x x x x x x 

x x x x x x x 

x x x x x x 

x x 

x x 

x x x 

x x x x 

x x x 

x x x 
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Ar N2 HPLC 

x 

x 

x 

x 

x 

x 
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TABLE 13 Cont'd. 

244 x x 

245 x x 

246 x x x x 

247 x x x x x 

248 x x x x x x x 

249 x x x x 

250c x x x x x x 

251 x x x x x x x 

252 x x x x x x x x x 

253 x x x x x 

254 x x 

255 x x x x x x x x x x x x x x x x 

256 x x x x x x x x x x x 

257 x x 

a) No wavelengths given for F, C1, Br, S. 
b) He/Ar mixed gas plasma. 
c) No wavelengths given. 



Ref H C N 0 

189 

258 x 

259 x x 

TABLE 14. UVjVisib1e/Near IR Emission 
from the Microwave Plasma with Aqueous Sample 

F P p+ S S+ C1 C1+ Br Br+ I 1+ He Ne 

x x x x x x x 

x 

x 

376 

Ar N2 HPLC 

TABLE 15. VUV Emission from the Microwave Plasma with Organic Sample 

Ref H C N 0 F P p+ S S+ C1 C1+ Br Br+ I 1+ He Ne Ar N2 HPLC 

254 x x x 

TABLE 16. UVjVisib1e/Near IR Emission from the DCP with Organic Sample 

Ref H C N 0 F P p+ S S+ C1 Cl+ Br Br+ I 1+ He Ne Ar N2 HPLC 

260 x x x x 

TABLE 17. UVjVisib1e/Near IR Emissiori from the DCP with Aqueous Sample 

Ref H C N 0 F P p+ S S+ C1 C1+ Br Br+ I 1+ He Ne Ar N2 HPLC 

179 x x x 
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TABLE 18. VUV Emission from the DCP with Organic Sample 

Ref H C N 0 F P p+ S S+ Cl Cl+ Br Br+ I 1+ He Ne Ar N2 HPLC 

l54a x x x x 

173 x x 

261 x x 

262 x x 

a) C, N also exhibited ion lines. 

TABLE 19. VUV Emission from the DCP with Aqueous Sample 

Ref H C N 0 F P p+ S S+ Cl Cl+ Br Br+ I 1+ He Ne Ar N2 HPLC 

154 x x x x x x 

262 x x 

263 x x 

264 x x x x x 



378 

APPENDIX C 

CALIBRATION OF THE VUV POLYCHROMATOR 

The calibration process for the polychromator system has a 

fairly simple objective: to line up the exit slits and photomultiplier 

tubes on the polychromator focal plane such that each spectral line of 

interest falls on the combination simultaneously. This process 

involves several steps of which the first is to identify the spectral 

lines of interest and where they fallon the focal plane. At this 

point, an assessment of the available photomultiplier tubes, the 

grating blaze, the spectral orders available for usage and the 

physical constraints of PMT crowding lead to selection of the 

appropriate lines. The exit slits can be roughly positioned at this 

point. Following this, the iterative process of simultaneous slit 

alignment must be carried out. The iterative alignment process 

included several false starts, but concludes with the sort of 

procedure recommended by the manufacturer of the vacuum polychromator, 

Baird Corporation. 

Spectral Line Identification 

Registration of the spectra in the vacuum ultraviolet region 

necessitates the use of a low gelatin content film of which Kodak SWR 

(Short Wavelength Radiation) film is the one of choice. This film 

develops a reasonable spectrum from the ICP operated at 1 KW in 

approximately one minute when the Rapax shutter aperture is fully 
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open. The range of wavelengths detected on this film ranged from 

1300-4510 A with this system, although SWR film itself is sensitive to 

75 A265. The processing directions for this film are given in Table 

20 since the Kodak Plates and Films booklet from which they were 

derived is now out of print. 

The first spectrum obtained was for the unseeded argon ICP. 

After identifying one spectral line, the distance to other spectral 

lines could be measured. Armed with the linear dispersion 

characteristics of the spectrometer, the wavelengths of these other 

spectral lines could be calculated in first, second, third and fourth 

order. Examination of wavelengths tables such as Striganov and 

199 75 Sventitskii or the NBS tables generally allowed assignment of the 

line in one of these orders. Introduction of O2 , N2 , 

dif1uorodich10romethane (Freon 12), SF6 , dimethy1methy1phosphonate 

(DMMP) , and Br2 on successive spectra allowed identification of the 

lines attributable to 0, N, C, Cl , S, P and Br. Once the lines were 

identified on these simple spectra, a master spectrum was obtained on 

one film which had been subject to the emissions from all of these 

substances. Table 21 lists the lines identified from film spectra. 

Spectral Line Selection 

Of the lines found from the film spectra, a few had to be 

selected to be the ones to be monitored with the po1ychromator. The 

film spectra gave a rough idea of the relative spectral line 

itltensity. This was often different from the intensities found in 

266 Kelly ,because the plasma offers different excitation conditions 



TABLE 20. 

Processing Procedure for Kodak SWR (Shortwave-Radiation) Film 

1. Soak 2 minutes in distilled water. 

2. Develop 2 minutes in Kodak D19 developer diluted 1:1 with water. 

(continuous agitation) 

3. Stop 30 seconds with Kodak Indicator Stop Bath. 

(continuous agitation) 

4. Fix for 1.5 minutes in Kodak Rapid Fixer. 

(frequent agitation) 

5. Wash 20-30 minutes with running water. 

Notes 

-This procedure is outlined in the Kodak Publication No. P-9 'Kodak 

Plates and Films for Science and Industry' . 

o -Processing times are for solution temperatures of 68 F. 

-The emulsion on this film has a low gelatin content making it 

relatively susceptible to abrasion. 
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TABLE 21. Emission Lines of Nonmetallic Elements in an Argon ICP 

Species Wavelength (A) 

o I 

N I 

C I 

C1 I 

1306.03 

1745.25 

2478.56 

1658.12 

1657.01, 1656.93* 

1560.71, 1560.68* 

1467.40 

1329.60, 1329.58* 

* not resolved 

1389.96 

1363.45 

1335.73 

1304.86 

1742.73 

1930.91 

1657.91 

1656.27 

1560.31 

1463.34 

1389.69 

1351.66 

1302.17 

1494.68 

1751.82 

1657.38 

1561.44, 1561. 34* 

1481.76 

1459.03 

1379.53 

1347.24 

The C1 I 1396.53 A line is overlapped by an argon line. 



Species 

S I 

P I 

Br I 

382 

TABLE 21 Cont'd. 

Wavelength (A) 

1826.25 1820.34 1807.31 

1687.53 1666.69 1487.15 

1485.62 1483.23 1483.04 

1474.38 1474.00 1472.97 

1448.23 1436.97 

2554.90 2553.25 2535.61 

2533.99 2154.08 2152.94 

2149.14 2135.47 1859.43 

1858.91 1851.22 1847.19 

1787.68 1782.87 1774.99 

1694.06 1685.99 1679.71 

1674.61 1672.48 1671.68 

1671.07 

The P I 2136.18 A line is overlapped by argon emission at 

4272.17 A. 

1633.55 

1574.89 

1384.65 

1582.30 

1540.73 

1576.46 

1531.74 
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than the standard arc and spark on which these intensities are usually 

based. Furthermore, the intensities of the lines are affected by the 

efficiency of the po1ychromator system at each particular wavelength. 

The photomultipliers available for use were mostly of the solar 

blind (R1259, Rl66, R166UH, or R427) variety. This is particularly 

useful to discriminate against low order spectral overlap; most of the 

analytical lines chosen were 2nd or 3rd order. Only one tube was 

available for use below the silica cutoff, this was an R1259 with a 

magnesium fluoride window. Since oxygen exhibited only one set of 

lines in the VUV (130 nm), and its wavelength corresponded to third 

order blaze of the 4000 A blaze grating, the R1259 was dedicated to the 

oxygen channel. The other nonmetals investigated, with the exception 

of the halogens, exhibited strong lines which were accessible with the 

silica window R166 tub~s or visible wavelength tubes. It is 

recommended to monitor fluorine at its near IR 6856 A transition with a 

tube such as a lP28A. Its resonant lines are below even the LiF 

cutoff; furthermore, even with a windowless system, the resonant 

166 lines of fluorine were not observed in the argon ICP . 

After considering the above restrictions, the following 

spectral lines were chosen to be monitored: in first order, H 6562 A, F 

6856 A, in second order, N 1742 A, S 1807 A, P 2149 A, C 2478 A, and in 

third order, 0 at 1302 A. 

Initial Slit Alignment Procedures 

Initial exit slit positions were set by superimposing the exit 

slits over the spectral lines of interest on the SWR master spectrum; 

The spectral lines of interest on the master template were highlighted 
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with dots applied with a fine tipped drafting pen. The common 

alternately used procedure is to make a series of pinholes through the 

spectral line. The SWR film was backlit with light from a projector 

that was directed into the polychromator by two folding mirrors, and 

the slit was fixed in position over the dotted spectral line by two 

allen head screws on the slit holder. 

It was found by scanning over the spectral lines by entrance 

slit translation and utilizing photomultipliers as detectors behind 

the slits that the spectral lines were not simultaneously aligned with 

the exit slits. The inconsistency was believed to be partly a result 

of film shrinkage. This simple alignment method makes the assumption 

that through processing, film dimensions do not change and hence 

images of the spectral lines maintain the same relative positions. 

Measurements of three film slices before and after processing with an 

Hilger and Watts LTD (London) No. L66/W163364 vernier scale 

demonstrate that film shrinkage does occur - approximately to the 

extent of 0.02 % (50 p in 30 cm). An attempt was made to determine if 

the shrinkage was linear over short distances, but over these short 

distances, the relative error in measurement could easily exceed that 

due to shrinkage. 

Since the system possessed no real elegant means to move the 

slits in small amounts (loosening the allen head screws holding the 

slit in position results in a total loss of the previous alignment), a 

project was begun to create a focal plane mask - a single metal strip 

with exit slits cut in it instead of individual exit slits. If a 

spectrum could be recorded on a light sensitive layer on the metal 

strip, and be processed on the plate, an image less sensitive to 
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processing shrinkage might result. Expansion of the metal strip due 

to thermal effects will probably not present a problem even over the 3 

- 5 degree centigrade temperature variations which occur in the lab. 

CRC data267 on linear expansion for plain carbon steel indicates a 

length change of 1.9 ~/degree centigrade for the approximately 50 cm 

length on the focal plane which contains wavelengths of interest. 

This is considerably less than the shrinkage measured for the SWR 

film. If this could be successfully done, the spectral lines of 

interest could be sliced open with a slitting saw. 

Two materials to form spectral images on the metal strips were 

tried - KTFR Thin Film Resist (Eastman Kodak - Rochester, NY) and 

Liquid Lite (Rockland Colloid - Piermont, NY). KTFR is sensitive from 

268 2800 A to 5200 A, with peak sensitivity in the near UV . Liquid 

Lite is blue sensitive. 

There is no information on the VUV sensitivity of either of 

these materials. Even if there were no VUV sensitivity, a fluorescent 

down converter might make these lines visible in the final spectra. 

KTFR is a photoresist designed for coating on metals such as 

steel and nickel. Surface preparation of the 0.004" thickness shim 

steel strips involved scrubbing with mild abrasive (Comet and steel 

wool) or scrubbing followed by etching with 1:1 nitric acid. The 

initial problem was in obtaining a ~mooth uniform coating - KTFR is 

very viscous. The recommended application method is dipping, but this 

resulted in pools of photoresist near the edges of the metal strip. A 

paintbrush application resulted in brush strokes remaining in the 

coating. Application with a printing roller led to ripples in the 
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coating. Finally, the KTFR was thinned 1:1 with xylenes and brushed 

on for the most satisfactory coating. 

A mercury penlamp was used as the light source for several 

trial exposures; the test strips were developed and dyed to enhance 

the exposed photoresist which remained. The scrubbed and acid etched 

strips had better adhesive properties than the scrubbed only strips 

for the exposed photoresist. 

Trial strips of KTFR were loaded into the Baird vacuum 

spectrometer and exposed to emission from an ICP with introduced 

nitrogen and oxygen for 1 hour 20 minutes and 2 hours and 20 minutes. 

The coating integrity was not affected by exposure to vacuum inside 

the spectrometer. However, the coating did wash off completely during 

development with no evidence for spectral lines or continuum. 

A brief talk with a Kodak technician led to the conclusion 

that the exposure time was the most likely culprit for lack of 

results; commercial users frequently use carbon arcs as their light 

source. Since first order UV lines were not observed, the use of a 

fluorescent down converter for VUV lines would be unlikely to help 

unless a significantly greater exposure time was employed. 

Liquid Lite is an emulsion which can be coated on metal with 

proper surface preparation. It can be exposed with blue light, and 

be developed with conventional photographic paper chemicals. 

Pumice scrubbed metal strips were coated with a 1:1:1 

polyurethane varnish : ligroin : varnish thinner mixture and air 

dried. This resulted in a smoother surface than the recommended 1:1 

polyurethane varnish : ligroin coating. Liquid Lite is a gel at room 

temperature, but becomes fluid at hot water temperature (800 C). Best 

, 
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results were obtained by thinning the Liquid Lite to spraying 

consistency. This was prepared by mixing Liquid Lite 1:1 with the 

solvent 2 parts isopropanol to one part water. The whole mixture was 

warmed on a water bath before coating on metal strips with a 

paintbrush. The emulsion rapidly reverts to a gel as it cools so some 

lively action with the metal strip is necessary to ·obtain any 

semblance of a uniform coating. 

Preliminary tests with ~ercury penlamp exposures indicated 

that Liquid Lite was much more light sensitive than the photoresist 

previously dealt with. Several test strips were exposed for one hour 

in the vacuum polychromator with the Iep as a light source and with 

oxygen introduced into the sample gas. These strips showed sharply 

defined lines and continuum from 4330 A to 3175 A. Where third order 

oxygen (1302 A) lines should occur in this region, however, none were 

observed. An additional problem was that exposure to the vacuum 

environment caused the emulsion to peel off in long strips -

especially where the Liquid Lite coating was the thickest. 

Nevertheless, since some success had been achieved in the UV, use of 

fluorescent down converters for the VUV region were tried. 

Sodium salicylate is a fluorescent down converter commonly 

applied to photomultipliers tubes due to a relatively constant quantum 

efficiency from 300 - 1600 A and a fluorescence which peaks at 4200 

A170 . The downconverter was introduced into the emulsion by 

dissolving it in the 2:1 solvent. It was hoped that this would avoid 

the crystal grains which occur when sodium salicylate is surface 

deposited from a pure methanol solvent. Unfortunately, this greatly 

increased the amount of peeling of the emulsion from the metal strip 
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and in addition rendered the emulsion soluble in the developer. The 

surface coating approach for the sodium salicylate was attempted using 

methanol as a solvent, but again this rendered the emulsion soluble in 

the developer. Since this solubility is probably a result of the 

ionic sodium salicylate dissolving out of the emulsion and leaving it 

akin to Swiss cheese, the less polar down converter anthracene was 

tried. Anthracene has been shown to have response comparable to 

sodium salicylate in the VUV and a relative quantum efficiency that 

269 varies by 20 % in the region 900 - 2500 A . 

Tech grade anthracene was sublimed to purify it and deposited 

onto Liquid Lite coated metal strips from benzene. Iep spectra were 

attempted as soon as the vacuum system reached 10 millitorr to 

minimize vaporization of anthracene in the vacuum. The exposed strips 

were washed with benzene to remove anthracene prior to developing. No 

wavelength sensitivity increase was noted for these anthracene coated 

films. 

If further attempts are to be made along the emulsion coated 

metal strip idea they should probably be devoted to coating a Schumann 

type270 , low gelatin (similar to SWR film) emulsion on the metal 

strip. 

The low success rate for obtaining spectra on a metal strip 

prompted a return to manually positioned exit slits. This still 

requires positioning of each 75 micron slit to within less than a hair 

(a human hair is about 80 microns wide). Perkin Elmer manufactures 

exit slits which utilize a small cam for this adjustment in their 

polychromator. Several of these slits were obtained but weren't 

implemented because they needed mounting adapters to be usable in the 



Baird system. The need to implement these adjustable slits was 

unnecessary as Baird Corporation sent out a technician to help with 

the slit alignment procedure. The procedure recommended by this 

technician is outlined in the following section. 

Recommended Alignment Procedure 
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The procedure outlined during the visit of the technician from 

Baird Corporation starts at the same pIece that the previously 

described procedures do. A film spectrum is taken and the slits 

positioned over the appropriate spectral lines. A second film is 

inserted and backflashed through the slit. The spectrometer is closed 

and an emission spectrum recorded. The film is removed and examined 

to see how well the backfl~shed and emission lines coincide. In a 

very important change, the slits are not loosened to make the 

appropriate adjustment. Rather the slit holder is tapped over 

slightly without loosening the slit clamps. In a another important 

change, the amount of motion is monitored with a dial indicator, so 

the distance moved approximates the displacement between the 

backflashed line and the emission spectral line. Final alignment is 

done with photomultipliers in place. The following sections give more 

detail about the procedure outlined above. 

Initial Slit Alignment 

Initial alignment of the slits requires a maans to backlight 

the film and a way to identify the spectral lines of interest when 

backlit. A useful device for the backlighting and other procedures is 

the grating lamp. This is a lamp which is easily positioned in front 

of the grating and through mirrors this light is reflected to the 
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focal plane. To install the grating lamp, the 'hat' which covers the 

grating end of the spectrometer must be removed. The grating lamp 

holder is then clipped onto the front of the grating mount. The lamp 

requires a 12 volt power supply. 

The spectral lines of interest are identified by poking small 

holes through the spectral line with a needle. When positioned on the 

focal plane, and back-illuminated by the grating lamp, the tiny 

luminous holes allow an easy initial slit alignment. 

The choice of exit slit depends on the position on the focal 

plane where the slit is to be used, the order of the spectral line 

observed, and proximity to intense lines. The spectral lines do not 

emerge through the focal plane at a normal to the tangent to the curve 

of the focal plane (figure 106). At positions far from the grating 

normal this may cause the spectral lines to be cut off by the side of 

the slit holder assembly. For this reason, slit holders usually have 

a side trimmed partly away. The trimmed side should be on the side 

closest to the position of the grating normal. 

The entrance slit is 25 microns wide; generally the exit slits 

are wider. This allows a small amount of line jitter and still the 

major portion of the line intensity will fallon the detector. The 

wide slits are even more necessary when the spectral order is high. A 

very narrow slit (10 microns) is used when the line of interest falls 

on the wing of a very strong line. 

Backflashing and Exposing the Film 

It is necessary to make some preparations to the slit assembly 

to be able to discern the backflash and emission lines on the film. 
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The preparation involves taping the area between the slits with an 

opaque black tape, and placing two strips of tape across the slit 

holder opening (figure 141). These two strips serve to break up the 

backf1ash line into three segments, so the emission line isn't totally 

obliterated. It is suggested that the backf1ashing light be as 

collimated as possible and project a slit like beam. One means to 

obtein such a source is with a flashlight with a tube taped to its 

front to serve as a collimator. At the end of the tube, a tall, 

narrow, slit in a piece of foil gives ~he beam the appropriate shape. 

In figure 141, the sort of results obtained from the backf1ashing / 

exposing procedure are presented. 

Determination of Adjustment N,eeded and Adjustment of Slits 

The backf1ashed and exposed film is examined with a magnifying 

10upe equipped with a vernier scale. This scale allows estimation of 

the amount of slit movement required. Careful note is made of the 

motion required for each slit at its top and bottom, because 

frequently the slit is not aligned vertically. 

Controlled slit adjustment is made by using dial indicators to 

monitor the slit displacement. Two dial indicator bases are fixed to 

the spectrometer body with magnetic clamps. With the use of extension 

arms, the dial indicators are positioned horizontally, normal to the 

focal plane. One indicator is placed at the top of the slit opening 

and one at the bottom of the slit opening, both firmly against the 

side of the slit opening cutout on the slit holder (figure 142). With 

the dial indicators positioned as described, the displacement shown by 

the dial indicator is "a close approximation to the actual movement of 
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the slit along the focal plane •. Thus, the measurements made with the 

jeweler's loupe may be directly applied to the dial indicator reading. 

The actual slit adjustment is made with the slit firmly clamped down. 

A small chisel is tapped gently against the top or bottom of the slit 

holder with a small (like 2 oz) hammer until the dial indicator 

indicates the desired displacement. The dial indicators are then 

moved down to the next slit to be adjusted and the procedure is 

repeated. The backf'lashing/ exposure/ adjustment process is repeated 

in iterative fashion until the backf1ash line coincides with the 

emission line. 

Alignment of the Photomultipliers Behind the Exit Slits 

It is somewhat difficult to properly position the 

photomultiplier behind its appropriate exit slit when the slit 

position is some distance from the position of the grating normal. 

This is for the reason explained earlier, the spectral lines do not 

emerge normal to the focal plane at positions other than at the 

grating normal. To aid in this alignment procedure, the grating lamp 

again comes into use. 

When the lamp is positioned in front of the grating as in the 

initial slh. e~.ignment procedure, and no film is present on the focal 

plane, two rays emerge from the exit slit at a small diverging angle. 

If these two rays can be made to fallon the photocathode of the 

photomultiplier, then the tube is properly aligned. 

Final Alignment Procedure 

The final adjustment of slit positions is done with electronic 

detection of the slit alignment, i.e. the entrance slit is scanned and 
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the photomultiplier outputs are measured simultaneously. When all 

have their peaks simultaneously, the system is fully aligned. It is 

recommended to pick one channel to be the reference, never move it, 

but move the other slits relative to it. When a channel has a match 

at a stepper motor address which is lower than the reference channel, 

its slit needs to be moved toward the entrance slit. The relation of 

stepper motor address and wavelengths on the focal plane is the 

following: when SM2A address increases, the stepper motor turns 

clockwise, driving the entrance slit toward the grating normal, 

decreasing the incidence angle on the grating, and hence a shorter 

wavelength will be observed at the monitored position on the focal 

plane. The maximum allowable stepper motor address range is about 

4000, a larger range risks destroying the rotary vacuum feedthrough. 

Some protection is allowed by the clutch on the SM2A shaft. 

A finding during this alignment procedure which is still 

wanting of an explanation is that when the backflashed and spectral 

emission lines are coincident, the electronic detection system 

indicates that the entrance slit should be moved for a maximum at the 

photomultiplier. When this is done and another backflash / emission 

exposed film is created, the backflash and emission lines are 

displaced from one another. This may have to do with the fact that 

the backflashing is done with the system open at atmospheric pressure, 

whereas the emission spectrum and the electronic detection are 

operating in the vacuum environment. It is difficult however to 

rationalize why this would have an effect. 



APPENDIX D 

POLYCHROMATOR CALIBRATION SOFTWARE 

This software is designed to control data aquisition and 

wavelength selection for the Baird vacuum polychromator. A brief 

introduction to operation of the IMSAI 8080 system is given in the 
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"400A Computer System Cookbook". 

in CONVERS 2.1 for 8080 systems. 

2.1 must be loaded and running. 

The Calibration Software was written 

For this software to work, CONVERS 

The CONVERS floating point package 

must also be loaded p~ior to loading the Calibration Software. 

To begin loading and operation of this software, insert the 

disc labeled 'Baird' into the disc drive and at the terminal type: 

110 LOAD 

The software is menu-driven from this point on. If it is 

necessary to change the scan range or number of data channels, the 

previously defined data arrays must be erased and the calibration 

software reloaded. At the terminal type: 

BAIRD 

to erase the previously defined arrays, and then reload the software 

as directed above. 



000110 
( 9/2/87 ) 
( BAIRD POLYCHROMATOR CALIBRATION ROUTINES. 
DATA SET SIZE INQUIRY. SM2A DRIVERS. CHANNEL SELECTION. 
DATA AQUISITION. PEAK POSITON LOCATION. NOISE 
ESTIMATION. DATA WINDOWING. HARD COPY OUTPUT. ) 

F~EMEMBER BAIRD 
OCTAL 
111 LOAD 112 LOAD 

;S '"' 

OOO:!.11 

: FORM 14 POP POP OTCHAR; (CLEAR SCREEN ) 
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PRINT MARGIN ******************************************** / 
: STAR CRLF MARGIN CRLF ; 
PRINT IT BAIRD POLYCHROMATOR FOCAL PLANE CALIBRATION / 
o VARIABLE ICHAN (. OF PMTS SAMPLED ) 
PRINT NCHAN HOW MANY CHANNELS DO YOU WISH TO CALIBRATE ? / 
o VARIABLE STEPS 
PRINT NSTEPS HOW MANY STEPS DO YOU WISH TO TRANSLATE SLIT ? / 
: UPN UPDICT NUMBER ; 
PRI~T'SMESS TO CONTINUE EX. POLLY / 

;S ,... 

000112 
PRINT ISTEP HOW MANY STEPS (EVEN .) BETWEEN SAMPLINGS ? / 
o VARIABLE SIZESTEP 
o VARIABLE I#STEPS (SM2A STEPS, NOT i OF SAMPLINGS 
PRINT COOKIE LOAD BLOCK 115 AND RELAX FOR A WHILE / 
: POLLY CRLF NCHAN UPN ICHAN ! CRLF NSTEPS UPN 
IISTEPS ! CRLF 'STEP UPN SIZESTEP ! ilSTEPS @ FLOAT 
SIZESTEP @ FLOAT FDIV FINTEGER STEPS ! CRLF COOKIE ; 
FORM STAR IT CRLF SMESS CRLF 

;S '"' 

000113 
( 111 AND 112 PROMPT FOR SIZE OF DATA SET TO ALLOW 
LATER DEFINITION OF DATA ARRAYS ) 

;S ,... 



000114 

;S ,.. 

000115 

1.20 L.OAD 12:1. LOAD 122 L.OAD 123 LOAD 124 LOAD 
126 LOAD 127 LOAD 130 LOAD 131 LOAD 132 LOAD 
134 LOAD 135 LOAD 136 LOAD 137 LOAD 140 LOAD 
142 LOAD 143 LOAD 144 LOAD 145 LOAD 146 LOAD 
150 LOAD 1.51. LOAD 152 LOAD 153 LOAD 154 LOAD 
156 LOAD :1.57 LOAD 160 LOAD 1t')1 LOAD 162 LOAD 
1.64 LOAD 165 LOAD 1,66 LOAD 167 LOAD 170 LOAD 
172 LOAD 173 LOAD 174 LOAD 175 LOAD :1.76 LOAD 

,S '"' 

000116 
;S '"' 

000117 

;S '"' 

000120 
( STEPPER MOTOR DRIVERS ) 

ADDR DUP SWITCH ; 
: SEND 3 OUTDEVICE 2 OUTDEVICE ; 
: ASTEPENABLE 20 0 OUTDEVICE 0 0 OUTDEVICE ; 
: APOSITION ADDR SEND ASTEPENABLE ; 

125 LOAD 
133 LOAD 
141 LOAD 
147 LOAD 
155 LOAD 
163 LOAD 
171 LOAD 
177 LOAD 

( POSITION ENABLES SM2A TO DRIVE TO ADDRESS ON STACK ) 
: AFLG BEGIN-HERE 0 INDEVICE OPUSH 40 AND IF BEGIN THEN ; 

( SM2A FLAG GOES LOW UPON REACHING ADDRESS ) 
: BSTEPENABLE 40 0 OUTDEVICE 0 0 OUTDEVICE ; 
: BPOSITION ADDR SEND BSTEPENABLE ; 
: BFLG BEGIN-HERE 0 INDEVICE OPUSH 20 AND IF BEGIN THEN ; 
;S '"' 
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o VARIABLE WHERE 
o VARIABLE BWHERE (STEPPER MOTOR B ADDRESS ) 
20 VARIABLE lAG (SLOP FOR GEARlAG ) 
: SETTLE 40000 1 DO lOOP ; ( WAIT FOR SLIT TO SETTLE ) 
: RAMBLE lAG @ - DUP WHERE ! APOSITION AFlG SETTLE 
WHERE @ lAG @ + DUP WHERE ~ APOSITION AFlG SETTLE ; 

;S ~ 

000122 
PRINT lPOWER TURN OFF 28V TO STEPPER MOTORS, TURN ON / 
PRINT 2POWER SM2A POWER. TYPE CONTROL A ON COMPLETION / 
PRINT 10N TURN ON 28V TO STEPPER MOTORS. / 
PRINT 20N TYPE CONTROL A ON COMPLETION. / 

;S ~ 

000123 

( AS SM2A ADDRESS INCREASES, THE STEPPER MOTOR DRIVES 
CW AND CAUSES THE SLIT TO RETURN TOWARD THE FOCAL 
PLANE - INCIDENCE ANGLE DECREASES FROM NOMINAL 35 
DEGREES FROM GRATING NORMAL • THIS CAUSES THE ANGLE 
OF DIFFRACTION TO INCREASE FOR ANY WAVELENGTH AND 
SHORTER WAVELENGTHS TO NOW APPEAR AT THE OLD SLIT 
POSITION • ) 
2000 VARIABLE MIDDLE (INITIAL SM2A ADDRESS OFFSET ) 

;S ~ 

000124 

: ClF 1 0 OUTDEVICE 0 0 OUTDEVICE ; 
( CLEARS UART RDA FLAG FF ) 

: CTA ClF BEGIN-HERE 0 INDEVICE OPUSH 1 AND IF TTY PUSH 
OPUSH 1 = IF ELSE ClF BEGIN THEN ELSE BEGIN THEN ; 
( TEST FOR CONTROL A ) 
;S ~ 

000125 
o VARIABLE lSCANlIMIT 
o VARIABLE USCANlIMIT 
: LOWERLIMIT MIDDLE @ #iSTEPS @ 2/ - lSCANlIMIT ! ; 
( CALCULATES lOWEST SCAN lIMIT FOR ADDRESSING PUPOSES ) 
: UPPERlIMIT LSCANlIMIT @ #iSTEPS @ + USCANlIMIT ! ; 

;S ~ 
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( FIX TO PREVENT STEPPER MOTOR FROM IMMEDIATELY 
MOVING SLIT WHEN FIRST TURNED ON. ) 

: SETUP 0 0 OUTDEVICE STAR 1POWER 
CRLF 2POWER CTA MIDDLE @ DUP APOSITION BPOSITION 
AFLG STAR 10N CRLF 20N CTA ; 
( ADDRESS OFFSET SM2A TO CORRESPOND 
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TO OLD SLIT POSITION WITHOUT ACTUALLY DRIVING THE SLIT • ) 
: GEARLAG LSCANLIMIT @ RAMBLE ; 
( INITIAL BACKOFF IS HALF TOTAL SCAN RANGE ) 

;S ,.. 

000127 
;S ,.. 

000130 

;S ,.. 

000131 

;S ,.. 

000132 
( RESERVED FOR FUTURE USE. ) 

;S ,.. 

000133 

;S ,.. 

000134 
;S ,.. 
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000135 
( DATA ARRAYS ) 

;S ~ 

000136 
STEPS @ 1 DIMENSION SM2ADD ( SM2A ADDRESSES ) 
$CHAN @ 1 DIMENSION CHANS ( ARRAY OF CHANNELS TO BE SAMPLED ) 
iCHAN @ 1 DIMENSION MAKS ( SM2A POSITION @ MAX EMISSION ) 
iCHAN @ 1 DIMENSION IMAK ( INTENSITY OF MAXIMUM ) 
iCHAN @ 1 DIMENSION MYN ( SM2A POSITION @ MIN EMISSION ) 
'CHAN @ 1 DIMENSION IMYN ( INTENSITY OF MINIMUM ) 
iCHAN @ STEPS @ 2 DIMENSION LINES 
( EACH PMT GENERATES A COLUMN OF THIS MATRIX AS THE 
SLIT IS SCANNED ACROSS THE RANGE ) 
o VARIABLE COLUMN 
o VARIABLE ROW 
o CONSTANT ZERO 

;S ~ 

000137 

o VARIABLE MIX (FOR TURNING THE STACK UPSIDE DOWN ) 
10 VARIABLE SIN (I OF POINTS AVERAGED ) 
PRINT 1WITCH WHICH CHANNELS DO YOU WISH TO CALIBRATE 1 I 
PRINT 2WITCH TYPE EACH CHANNEL i & FOLLOW EACH WITH A SPACE I 
PRINT 3WITCH TYPE GO ON COMPLETION I 
: SELECT CRLF 1WITCH CRLF 2WITCH CRLF 3WITCH CRLF ; 
: STORE ~CHAN @ MIX ! ICHAN @ 1 DO MIX @ UNDER I CHANS ! 
MIX @ 1- MIX ! LOOP iCHAN @ 1 DO DROP LOOP ; 

;S ~ 

000140 
: MAKEADDRESS STEPS @ 1 DO I 1- SIZESTEP @ * 
LSCANLIMIT @ + I SM2ADD ! LOOP ; 



000141 
( DATA AQUISITION ) 

: INDEX ROW @ 1- STEPS @ * COLUMN @ + ; 
( ADDRESSES INCREASE ACROSS THE ROW ) 

: CLEAR iCHAN @ 1 DO STEPS @ 1 DO I COLUMN ! J ROW ! ZERO 
INDEX LINES ! LOOP LOOP ; ( CLEARS CALIBRATION MATRIX ) 
: MUXSELECT 200 0 OUTDEVICE 0 0 OUTDEVICE ; 
( ENABLES ANALOG MUX TO SELECT INPUT CHANNEL ) 
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: CONVRT 10 0 OUTDEVICE 0 0 OUTDEVICE ; ( AID START CONVERT ) 
: BRING 2 INDEVICE 3 INDEVICE 1777 AND ; 
( GET DIGITAL DATA FROM AID ) 
PRINT STOP CALIBRATION TERMINATED • I 

000142 

SIN @ 1 DIMENSION VDATA 
iCHAN @ STEPS @ 2 DIMENSION VNOISE 
o VARIABLE VVARIANCE 
F 0 FVARIABLE AVERAGE 
: AVDEV SIN @ 1 DO I VDATA @ FLOAT AVERAGE F@ FSUB 
FDUP FMUL SIN @ 1- FLOAT FDIV LOOP ; 
: SIGMA SIN @ 1- 1 DO FADD LOOP FINTEGER ; 
iCHAN @ 1 DIMENSION IDEV 
ICHAN @ 1 DIMENSION MDEV 
o VARIABLE MADDRESS (MATRIX ADDRESS FOR LINES & VNOISE ) 
o VARIABLE HIV@ (ADDRESS OF VARIANCE AT MAX EMISSION ) 
o VARIABLE LOV@ (ADDRESS OF VARIANCE AT MIN EMISSION ) 

;S ~ 

000143 

: GET STEPS @ 1 DO WHERE @ APOSITION AFLG SETTLE iCHAN @ 
1 DO I CHANS @ 2 OUTDEVICE 
MUXSELECT SIN @ 1 DO CONVRT BRING DUP I VDATA ! 
LOOP SIN @ 1- 1 DO + LOOP FLOAT SIN @ 
FLOAT FDIV AVERAGE F! AVDEV SIGMA I 1- STEPS @ * 
J + DUP OVER SWAP VNOISE ! AVERAGE F@ FINTEGER SWAP 
LINES ! LOOP WHERE @ SIZESTEP @ + WHERE ! LOOP ; 
o VARIABLE REALLY (SM2A POSITION BEING CHECKED FOR INT. ) 

;S ~ 



000144 
( POSITIONS OF MAX & MIN INTENSITIES ) 
o VARIABLE PMAX 
o VARIABLE PMIN 
( INTENSITIES OF MIN & MAX ) 
o VARIABLE MMAX 
o VARIABLE MMIN 
: 1MIN DUP MMIN @ > IF DROP ELSE MMIN ! REALLY @ PMIN 
MADDRESS @ LOV@ ! THEN ; 
( STORE POSITION AND INTENSITY IF MINIMUM ) 
: 1MAX DUP MMAX @ < IF 1MIN ELSE MMAX ! REALLY @ PMAX 
MAD DRESS @ HIV@ ! THEN ; 
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( IF GREATER THAN LAST MAXIMUM, STORE POSITION A~D INTENSITY 
OF NEW MAXIMUM, OTHERWISE SEE IF IT IS A MINIMUM • ) 

;S ~ 

000145 

o VARIABLE IC 
o VARIABLE IP 
o VARIABLE IQ 
F 0 FVARIABLE FM 
F 0 FVARIABLE FX 
F 0.1 FCONSTANT lCON 
F 0.0857582 FCONSTANT 2CON 
F 0.877552 FCONSTANT 4CON 
F 0.22986 FCONSTANT 5CON 
F 0.954182 FCONSTANT 7CON 

;8 ~ 

000146 
: FSORT 0 FLOAT FM F! 0 IC ! 0 IP ! 0 10 ! FDUP FX F! 
BEGIN-HERE FDUP lCON F> IF 20 FLOAT FDIV IC @ 1+ IC 
BEGIN THEN FM F! IC @ 2 / IQ ! IP ! 
IQ @ IF 2CON FM F@ 4CON FADD FDIV ELSE 5CON FM F@ 
7CON FADD FDIV THEN FM F! 
FM F@ IP @ IQ @ + 0 DO 20 FLOAT FMUL LOOP FM F! 
10 0 DO FX F@ FM F@ FDIV FM F@ FADD 2 FLOAT FDIV 
FM F! LOOP FM F@ ; 

;S ~ 
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( TO FIND POSITION YIELDING PEAK INTENSITY ) 

: EDGE iCHAN @ 1 DO LSCANLIMIT @ DUP I MAKS ! I MYN ! 
I ROW ! 1 COLUMN ! INDEX LINES @ DUP I IMAK ! I IMYN 
LOOP ; 
( EDGE PLACES THE FIRST DATA POINTS INTO MAX & MIN 
POSITION AND INTENSITY PRIOR TO CONTOURING THE 
WHOLE SCAN RANGE ) 

;S ~ 

000150 
( NOISE ESTIMATION ) 

: STDDEV VNOISE @ FLOAT FSQRT FINTEGER ; 
: TSTDDEV iCHAN @ STEPS @ * 1 DO STDDEV I VNOISE LOOP; 
: CONTOUR EDGE iCHAN @ 1 DO STEPS @ 
1 DO I SM2ADD @ REALLY O! I COLUMN ! 
J ROW ! INDEX DUP MADDRESS ! 
I 1 = IF J MAKS @ PMAX ! J MYN @ PMIN ! 
MADDRESS @ DUP DUP HIV@ ! LOV@ ! LINES @ DUP MMAX ! MMIN 
ELSE THEN LINES @ 1MAX 
LOOP PMAX @ I MAKS ! MMAX @ I IMAK ! HIV@ @ I IDEV ! 
PMIN @ I MYN ! MMIN @ I IMYN ! LOV@ @ I MDEV ! LOOP ; 

;S ~ 

000151 
( OUTPUT FORMATTING ) 

PRINT CO H 6562 / 
PRINT Cl H 4861 / 
PRINT C2 0 1302 / 
PRINT C3 N 1742 / 
PRINT C4 P 2149 / 
PRINT C5 S 1807 / 
PRINT C6 C 2478 / 
PRINT C7 ------ / 
PRINT C8 LINE / 
PRINT C9 BOGUS CHANNEL NUMBER / 

;S ~ 
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o VARIABLE UDOI 
o VARIABLE LDOI 
: ASSIGN DUP 0 = IF CO DROP ELSE DUP 1 = IF Cl DROP 
ELSE DUP 2 = IF C2 DROP ELSE DUP 3 = IF C3 DROP 
ELSE DUP 4 = IF C4 DROP ELSE DUP 5 = IF C5 DROP 
ELSE DUP 6 = IF C6 DROP ELSE DUP 7 = IF C7 DROP 
ELSE CRLF C9 • CRLF THEN THEN THEN THEN THEN 
THEN THEN THEN ; 
: ELEMENTS C8 UDOI @ LDOI @ DO I CHANS @ ASSIGN 
LOOP CRLF ; 

;S M 

000153 
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PRINT TITLE ************ CALIBRATION RESULTS *********** / 
PRINT RCHAN CHANNEL / 
PRINT RMAX MAX.INT / 
PRINT RPHI MAX.POS / 
PRINT RMIN MIN.INT / 
PRINT RPLO MIN.POS / 
PRINT RSDEV STD.DEV / 

;S M 

000154 
( FCAL.HLP MENU ) 

PRINT PRERUN * FOR SCAN REPEAT EX. RERUN / 
PRINT RREGO * FOR REPEAT ON DIFFERENT CHANNELS ENTER THE / 
PRINT PPREGO DESIRED & EX. GO / 
PRINT P1CH * ENTER CHANNEL i & EX. CHDISP TO DISPLAY DATA / 
PRINT P2CH FOR 1 CHANNEL. DATA SPACE SET BY 'INCRIMENT' / 
PRINT P1W * TO DISPLAY DATA SEGMENT FOR 1 CHANNEL / 
PRINT P2W ENTER CHANNEL i & EX. 'WINDOW' • / 
PRINT ASN * CHANNEL ASSIGNMENTS ? EX. SSTATUS / 
PRINT PVAL * VALID DATA CHANNELS? EX. VALDATA / 

;S M 
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000155 
PRINT SlI * SCAN LIMITS ? EX. LDISP / 
PRINT *HARD * HARD COPY ON RECORDER? SETUP DAC, RECORDER, / 
PRINT *lHARD ENTER CHANNEL I & EX. 'HARD' / 
PRINT PSCANLIMITS SCAN LIMITS / 
PRINT ADVICE FOR A MENU EX. FCAL.HLP / 
: SSTATUS CRLF RCHAN C8 7 6 5 4 3 2 1 0 CRLF 
10 1 DO DUP • SPACE SPACE ASSIGN CRLF LOOP ; 

;S ,.. 

000156 

;S ,.. 

00()157 

; SLIST RCHAN UDOI @ LDOI @ DO I CHANS @ • SPACE LOOP 
CRLF ELEMENTS RPHI UDOI @ LDOI @ DO I MAKS @ • SPACE 

LOOP CRLF RMAX UDOI @ LDOI @ DO I IMAK @ • SPACE LOOP 
CRLF RSDEV UDOI @ LDOI @ DO I IDEV @ STDDEV • SPACE 

LOOP CRLF RPLO UDOI @ LDOI @ DO I MYN @ • SPACE LOOP 
CRLF RMIN UDOI @ LDOI @ DO I IMYN @ • SPACE LOOP CRLF 
RSDEV UDOI @ LDOI @ DO I MDEV @ STDDEV • SPACE LOOP 
CRLF CRLF ; 

;S ,.. 

O()0:J.60 
; REALONG ICHAN @ 7 > IF 6 UDOI ! 1 LDOI ! SLIST 
CRLF CRLF tCHAN @ UDOI ! 7 LDOI ! 
SLIST ELSE ICHAN @ UDOI ! 1 LDOI ! SLIST THEN ; 
: PUTOUT CRLF TITLE CRLF CRLF REALONG ; 
: SRANGE LSCANLIMIT @ • USCANLIMIT @ • ; 

;S ,.. 



000161 
: RETURN MIDDLE @ RAMBLE ; 
: SCANPLANE CLEAR CLF GET RETURN CPNTOUR FORM PUTOUT ; 
: LDISP PSCANLIMITS SRANGE ; 
: GO STORE GEARLAG SCANPLANE LDISP CRLF CRLF ADVICE ; 
: RERUN GEARLAG SCANPLANE ; 

( SAMPLE SINGLE CHANNEL ) 
: SAMPLE CRLF 2 OUTDEVICE MUXSELECT CONVRT BRING • ; 

( SAMPLE ALL CHANNELS ) 
: BSAMPLE 7 0 DO I SAMPLE LOOP ; 

;S ... 

000162 
( TO DISPLAY AID OUTPUT FROM A PARTICULAR MUX CHANNEL 
ENTER THE CHANNEL i , NUMBER OF TIMES YOU WISH TO 
SAMPLE IT AND EXECUTE 'XSAMP' ) 
o VARIABLE NNN 
o VARIABLE THISONE 

407 

: XSAMP NNN ! THISONE ! NNN @ 1 DO THISONE @ SAMPLE LOOP ; 
;S ... 

000163 
( AID OUTPUT TO CURRENT CONVERSION, ASSUMING THE 
AID OUTPUT IS CORRECTED FOR BACKGROUND AND ELECTROMETER 
BIAS • 10 BITS RESOLUTION FROM 0-10 V AID • CURRENT 
TO VOLTAGE CONVERSION FACTOR FKF IS DETERMINED BY THE 
PARTICULAR FEEDBACK RESISTOR USED • ) 

( I NANOAMPS = E/FKF ) 

( ASSIGN VARIABLE FKF THE VALUE OF F6SCALE, F6.5SCALE 
ETC., DEPENDING ON THE ELECTROMETER SWITCH POSITION. Zw) 

;S ... 

000164 

F 1.02 E- 3 FCONSTANT F6SCALE 
F 5.05 E- 3 FCONSTANT F6.5SCALE 
F 1.01 E- 2 FCONSTANT F7SCALE 
F 5.04 E- 2 FCONSTANT F7.5SCALE 
F 1.01 E- 1 FCONSTANT F8SCALE 
F 9.775 E- 3 FCONSTANT FVOLTAGE/AD 
F 1.02 E- 3 FVARIABLE FKF 
#CHAN @ 1 FDIMENSION FEEDBACK 
: Ell CONVERT FLOAT FVOLTAGE/AD FMUL FKF F@ FDIV FINTEGER 
DECIMAL • OCTAL ; 

yS ... 



000165 

o VARIABLE SCORE 
PRINT NOSCORE NO DATA FOR THIS CHANNEL I 
10 VARIABLE INCRIMENT 
: PICK 0 SCORE ! tCHAN @ 1 DO DUP I CHANS @ = 
IF I ROW ! 1 SCORE ! THEN LOOP DROP SCORE @ 
o = IF CRLF NOSCORE CRLF EXECUTIVE THEN ; 
: DCHAN UDOI @ LDOI @ DO I SM2ADD @ • ROW @ 1-
STEPS @ * I + LINES @ Ell CONVERT CRLF INCRIMENT 
@ FLOAT SIZESTEP @ FLOAT FDIV FINTEGER DUP 0 = IF 
DROP 1 THEN +LOOP ; 
: CHDISP DUP CRLF ASSIGN CRLF PICK STEPS @ 
UDOI ! 1 LDOI ! DCHAN ; 

;S '"' 

00()166 
PRINT *ILLEGAL ILLEGAL LIMIT I 
: LLEGAL? DUP LSCANLIMIT @ > IF DUP USCANLIMIT @ > 
IF DROP *ILLEGAL EXECUTIVE THEN ELSE DROP *ILLEGAL 
EXECUTIVE THEN ; 
PRINT 1DCOM LOWER LIMIT ? I 
PRINT 2DCOM UPPER LIMIT ? I 
: ULEGAL? DUP LSCANLIMIT @ > IF DUP ELSE DROP *ILLEGAL 
EXECUTIVE THEN USCANLIMIT @ > IF DUP USCANLIMIT @ 
= IF ELSE DROP *ILLEGAL EXECUTIVE THEN THEN ; 
: VALDATA CRLF tCHAN @ 1 DO I CHANS @ • CRLF LOOP ; 
;S ,.. 

000167 
( DATA WINDOWING ) 

: WINDOW DUP CRLF ASSIGN CRLF PICK 1DCOM UPN 
LLEGAL? LSCANLIMIT @ - FLOAT SIZESTEP @ FLOAT FDIV 
FINTEGER 1+ LDOI ! CRLF 2DCOM UPN ULEGAL? LSCANLIMIT 
@ - FLOAT SIZESTEP @ FLOAT FDIV FINTEGER 1+ UDOI ! 
LDOI @ UDOI @ > IF *ILLEGAL EXECUTIVE THEN CRLF DCHAN ; 
: FCAL.HLP CRLF PRERUN CRLF RREGO CRLF 
tCHAN @ • PPREGO CRLF P1CH CRLF P2CH CRLF P1W 
CRLF P2W CRLF ASN CRLF PVAL CRLF SLI CRLF 
*HARD CRLF *1HARD CRLF ; 

;S ... 

408 
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000170 
( HARD COPY OUTPUT, PLOTTED ON CHART RECORDER ) 

1777 CONSTANT 10BIT . 
( MATCH TO 10 BIT A/D ) 
: D/AENABLE 2 0 OUTDEVICE 0 0 OUTDEVICE ; 
: D/A ADDR SEND D/AENABLE ; 
( II/A DRIVERS ) 
: TIC 0 II/A ; 
PRINT *ZERO SET REC ZERO THEN STRIKE CNTRL A TO SET MAX / 
PRINT STOUTPUT STRIKE CNTRL A TO BEGIN OUTPUT / 
: HSET PICK TIC *ZERO CTA lOBIT D/A CRLF STOUTPUT CTA 
CRLF ; 
( SETUP RECORDER ZERO AND MAX ) 

;S ,.. 

000171 
;S ,.. 

()00172 

PRINT *AZERO NO DATA ABOVE ZERO / 
o VARIABLE EXPAND 
o VARIABLE SCALER 
: XSCALE ROW @ IMAK @ DUP lOBIT = IF 1 SCALER ! DROP 
ELSE DUP 0 = IF *AZERO DROP EXECUTIVE ELSE 1 EXPAND 
BEGIN-HERE DUP EXPAND @ * 10BIT > IF 
EXPAND @ 1- SCALER ! DROP 
ELSE EXPAND @ 1+ EXPAND ! BEGIN THE~ THEN THEN ; 
( FINDS MULTIPLIER TO BRING DATA TO FULL SCALE ) 

;S ,.. 

000173 

+ USCALE STEPS @ 1 DO ROW @ 1- STEPS @ * I + DUP • 
SCALER @ * SWAP LINES ! LOOP . , 
( SCALE DATA UP ) 
+ DSCALE STEPS @ 1 DO ROW @ 1- STEPS @ * I + DUF' • 
SCALER @ I DROP SWAP LINES ! LOOF' ; 
( SCALE DATA BACK TO ORIGINAL ) 
;5 ,.. 

LINES 

LINES 

@ 

@ 

409 



000174 
( SYNCHRONIZE DATA OUTPUT ON RECORDER WITH HARDWARE CLOCK 
@ 1 HZ ) 

: PLOT CRLF • • D/A ; 
( OUTPUT SM2A ADDRESS, INTENSITY AND SEND TO RECORDER ) 

410 

: ?LOW FAST BEGIN-HERE 0 INDEVICE OPUSH 4 AND IF BEGIN THEN ; 
( CLOCK aFLAG- LOW? ) 
: ?HIGH FAST BEGIN-HERE 0 INDEVICE OPUSH 4 AND IF PLOT 
ELSE BEGIN THEN ; 
( IF CLOCK HIGH, OUTPUT DATA ) 

;S ~ 

000175 

: HDUMP STEPS @ 1 DO ROW @ 1- STEPS @ * I + LINES @ 
DUP I SM2ADD @ ?LOW ?HIGH LOOP ; 
: HARD CRLF HSET XSCALE USCALE HDUMP DSCALE CRLF ; 
( SETUP RECORDER, SCALE DATA, OUTPUT THRU D/A, DESCALE ) 

;S ~ 

000176 

000177 
( INITIAL STARTUP ROUTINES ) 

LOWERLIMIT UPPERLIMIT MAKEADDRESS SETUP 
SELECT 

;S ~ 
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