_y

~ IMPROVED HOLLOW
CATHODE LAMPS FOR
ATOMIC SPECTROSCOPY




IMPROVED HOLLOW CATHODE LAMPS
FOR ATOMIC SPECTROSCOPY



ELLIS HORWOOD SERIES IN ANALYTICAL CHEMISTRY

Series Editors: Dr. R. A. CHALMERS and Dr MARY MASSON
University of Aberdeen

APPLICATION OF ION SELECTIVE MEMBRANE ELECTRODES IN ORGANIC
ANALYSIS
G. E. BAIULESCU and V. V. COSOFRET
EDUCATION AND TEACHING IN ANALYTICAL CHEMISTRY
G. E. BAIULESCU, C. PATROESCU and R. A. CHALMERS
élANDBOOK OF PRACTICAL ORGANIC MICROANALYSIS
BANCE
ORGANIC TRACE ANALYSIS
K. BEYERMANN
FOUNDATIONS OF CHEMICAL ANALYSIS
O. BUDEVSKY
INORGANIC REACTION CHEMISTRY Volume 1: Systematic Chemical Separation
D. T. BURNS, A. TOWNSHEND and A. G. CATCHPOLE
INORGANIC REACTION CHEMISTRY Reactions of the Elements and their Compounds
Volume 2, Part A: Alkali Metals to Nitrogen and Volume 2, Part B: Osmium to Zirconium
D.T. BURNS A. TOWNSHEND and A. H. CARTER
AUTOMATIC CHEMICAL ANALYSIS
‘J, K. FOREMAN and P. B. STOCKWELL
lZ?UNDALI;dENTALS OF ELECTROCHEMICAL ANALYSIS
GALUS
LABORATORY HANDBOOK, OF PAPER AND THIN LAYER CHROMATOGRAPHY
J. GASPARIC and J. CHURACEK
HANDBOOK %F ANALYTICAL CONTROL OF IRON AND STEEL PRODUCTION
T.S. HARRISON
ORGANIC ANALYSIS USING ATOMIC ABSORPTION SPECTROMETRY
SAAD S. M. HASSAN
HANDBOOK OF ORGANIC REAGENTS HESVORGANIC CHEMISTRY
Z.HOLZBECHER, L. DIVIS, M. KRAL, CHA and F. VLACIL
GENERAL HANDBOOK OF ON-LINE PROCESS ANALYSERS
DAVID HUSKINS
QUALITY MEASURING INSTRUMENTS IN ON-LINE PROCESS ANALYSIS
DAVID HUSKINS
ANALYTICAL APPLICATIONS OF COMPLEX EQUILIBRIA
J. INCZEDY
PARTICLE SIZE ANALYSIS
Z.K. JELINEK
OPERATIONAL AMPLIFIERS IN CHEMICAL INSTRUMENTATION
R.KALVODA
METHODS OF PROTEIN ANALYSIS
Edited by 1. KERESE
HANDBOOK OF CH MlCAL EQUILIBRIA IN ANALYTICAL CHEMISTRY
S.KOTRLY and L. §
ATLAS OF METAL-LIGAND EQUILIBRIA IN AQUEOUS SOLUTION
J. KRAGTEN
GRADIENT LIQUID CHROMATOGRAPHY
C. LITEANU and S. GOCAN
STATISTICAL THEORY, AND METHODOLOGY OF TRACE ANALYSIS
C.LITEANU and I. RICA, "
SPECTROPHOTOMETRIC DETERMINATION OF ELEMENTS - .
Z. MARCZENKO f o
LABORAgTORY HANDBOOK OF CHROMATOGRAPHIC AND ALLIED METHODS
O. MIKE
STATISTICS FOR ANALYTICAL CHEMISTRY
J.N.MILLER and J. C. MILLER
SEPARATION AND PRECONCENTRATION METHODS IN INORGANIC TRACE
ANALYSIS
J. MINCZEWSKI, J. CHWASTOWSKA and R. DYBCZYNSKI
HANDBOOK OF ANALYSIS OF ORGANIC SOLVENTS
V. SEDIVEC and J. FLEK
ELECTROCHEMICAL STRIPPING ANALYSIS
F.VYDRA, K. STULEK and B. JULAKOVA
ANALYSIS WITH ION-SELECTIVE ELECTRODES
J. VESELY, D. WEISS and K. STULIK




IMPROVED HOLLOW
CATHODE LAMPS FOR
ATOMIC SPECTROSCOPY

Editor:

SERGIO CAROLI, Ph.D.

Research Director and Head of Physical Chemistry
Applied Toxicology Department

Instituto Superiore di Sanita, Rome

5

S HORWOOD LIMITED
Publishers - Chichester

Halsted Press: a division of
JOHN WILEY & SONS

New York - Chichester - Brisbane - Toronto



First published in 1985 by

ELLIS HORWOOD LIMITED
Market Cross House, Cooper Street, Chichester, West Sussex, PO19 1EB, England

The publisher’s colophon is reproduced from James Gillison’s drawing of the
ancient Market Cross, Chichester.

Distributors:

Australia, New Zealand, South-east Asia:
Jacaranda-Wiley Ltd., Jacaranda Press,

JOHN WILEY & SONS INC.,

G.P.O. Box 859, Brisbane, Queensland 4001, Australia

Canada:
JOHN WILEY & SONS CANADA LIMITED
22 Worcester Road, Rexdale, Ontario, Canada.

Europe, Africa:
JOHN WILEY & SONS LIMITED
Baffins Lane, Chichester, West Sussex, England.

North and South America and the rest of the world:
Halsted Press: a division of

JOHN WILEY & SONS

605 Third Avenue, New York, N.Y. 10158 U.S.A.

© 1985 S. Caroli/Ellis Horwood Limited

British Library Cataloguing in Publication Data

Improved hollow cathode lamps for atomic spectroscopy. —
(Ellis Horwood series in analytical chemistry)

1. Atomic spectra 2. Hollow cathode lamps

I. Title II. Caroli, Sergio

535.8'4 QC454.A8

Library of Congress Card No. 85-900

ISBN 0-85312-707-7 (Ellis Horwood Limited)
ISBN 0-470-20209-2 (Halsted Press)

Typeset by Ellis Horwood Limited
Printed in Great Britain by The Camelot Press, Southampton

COPYRIGHT NOTICE —

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording or otherwise, without the permission of Ellis Horwood Limited, Market Cross
House, Cooper Street, Chichester, West Sussex, England.



Table of Contents

Foreword. . . .. . e e e e 9

PrEfaCE . . o o vt e 11

Chapter 1 Analytical potential of the microwave-coupled hollow-cathode
discharge, S. Caroli, A. Alimonti and F. Petrucci

1.1 Microwave-induced plasmas. . .. .......... .. ... ... 13
1.1.1 Introduction. ... ......... ...t 13
1.1.2 Microwave plasma formation. . .. .................... 14

12 Method fundamentals. . . ... ... ... ... 15
1.2.1 Characteristics and drawbacks of the hollow-cathode discharge .15
1.2.2 Main physical processes in the hollow-cathode discharge . . . . . . 16
1.2.3 Interaction of the microwave and hollow-cathode discharge

mechanisms . . ........ .. .. ... .. 18

13 Modesofoperation . .. ........ . i 20
1.3.1 Instrumental facilities. . . . ... ....... ... ... . 20
1.3.2 Optimization procedures. . ... .......... ...t 23

1.4 Analytical applications. . . .. ......... ... ... .. ... 25
14.1 Analysisofmetals............ .. ... ... ... ....... 25
1.4.2 Analysis of non-conductingpowders. . . ................ 29
14.3 Analysis of solutionresidues . . ...................... 30

1.5 Further prospectsand conclusions . .. .................... 32

Chapter 2 The microcavity hollow cathode and its analytical potential,
J. Czakow
2.1 The microcavityeffect . . ... ... ... ... .. ... ... 35



6 Contents

2.2 The hot microcavity hollow cathode . . .. ... ............... 36
2.2.1 Fieldsof application ............................. 36
2.2.2 Operatingconditions . .. .......................... 38
223 Lampdesign. . ... ... 40
2.24 Analyticalexamples. . .. ............. . ... ... ... ... 43

2.3 Cold microcavity hollow cathode . . . ... .................. 45
23.1 Mainfeatures . .. ................. .. ... ... ... 45
2.3.2 Working parameters. . . ... ... ....... ... 45
2.3.3 Analytical applications. . .. .. ... ... ... . L. 49
234 Future prospects. . ... ... .....'iiimnnnnnnnn... 50

Chapter 3 The pulsed hollow-cathode discharge — New spectroanalytical
possibilities, R. B. Djulgerova

3.1 Imtroduction........... ... ... . ... ... 52
3.2 Application of the pulsed HCD in AAS and AFS analyses . . . .. ... 53
3.2.1 Pulsed hollow-cathode lamps as sources of monochromatic
EMISSION . . . .. .. e 53
3.2.2 Other applications of the pulsed HCDin AAS. ............ 59
3.3 Application of the pulsed HCD as a sourcefor AES . . ... ....... 63
3.3.1 AES with a pulsed discharge in an uncooled hollow cathode . . .63
3.3.2 AES with a pulsed discharge in a cooled hollow cathode. . . . .. 65
34 Conclusions . ...... ...ttt 70

Chapter 4  Hollow-cathode discharge within a graphite furnace: furnace
atomic non-thermal excitation spectrometry (FANES), H. Falk

4.1 Introduction.......... ...t 74
4.2 Geometrical pressure and electrical characteristicsof HCD . ... ... 74
4.2.1 Usual glow-discharges. . ... ........................ 74
4.2.2 Peculiaritiess of FANES. . .......................... 79
4.3 Plasma parameters of hollow-cathode discharges . . ............ 80
4.3.1 Mechanism of plasma formationinHCD ................ 80
432 Gastemperaturein HCD........................... 81
4.3.3 Electron number-density and energy distribution. . . ........ 83
434 Jonnumber-density..............c..iiiiiiiin. 86
4.3.5 Concentration of metastable atoms. . .................. 86
4.4 Sputtering, vaporization and number-density of cathode
material inHCD . . ... . ... . . . . i i 87
4.4.1 Cathodesputtering ............. ... 87
4.4.2 Thermal vaporizationin HCD . ...................... 88
4.4.3 Number-density of cathode materialin HCD. . .. .......... 91
4.5 Excitationmechanismin HCD.......................... 96
4.5.1 Excitation of carriergasspecies . . . ................... 96
4.5.2 Excitation of foreign speciesinthe HCD . . .. ........... 103
4.5.3 Linear range of emission fromthe HCD................ 113
454 Noisefiguresof HCD .. .. ......... ... ... ......... 113

4.6 Concludingremarks. ........ ... ... ... ... 116



Contents 7

Chapter 5 The radiofrequency-boosted, pulsed hollow-cathode lamp,
P. B. Farnsworth and J. P. Walters

5.1 Introduction............ ... ... i 119
52 Lampdesign. ... ... ... e 120
5.3 Initial lamp characterization . .. ........... .. ... .. ... .. 120
54 Lamp excitation mechanisms. . . .. ..................... 128
5.4.1 Experimental conditions. . ... ........ ... ... ... . ... 128
542 Buffergasexcitation ........... .. ... .. 131
5.4.3 Excitationof Cu(II). .. ... ..... ... ... 134
544 Excitationof Cu(l) . ......... ... ... . ... .. .. 138
5.4.5 Summary of excitation mechanisms . . ................ 144
5.5 Analytical performance .. ........ ... .. .. o oL, 144
5.5.1 Atomic absorption and fluorescence measurements . . ... ... 144
5.5.2 Prospects for further development . ... ............... 146

Chapter 6 Hollow-cathode discharge in a magnetic field, N. K. Rudnevsky and
D. E. Maksimov
6.1 General laws of magnetic field effect on electric discharge plasma. . 148
6.2 Influence of a magnetic field on physical processes in the plasma of

the hollow-cathode discharge. . . .. ........ ... ... .. ... 150

6.3 Equipment and experimental technique. . .. ............... 152

6.3.1 Modesofoperation . .. ...... ... ... .. . 152

632 Procedure ........... . ... i e 158
6.4 Magnetic field effects on the spectroscopic, electric and temperature

characteristics of the hollow-cathode discharge . . . ... ........ 158

6.4.1 Selection of the optimum pattern for the magnetic field. . . . . 158

6.4.2 Spectral line intensity distribution .. ................. 160

6.4.3 Dependence of the carrier-gas line intensity, cathode materials,
molecular bands and continuous background on the magnetic

fieldintensity . . . ... ... i e 162

6.4.4 Dependence of the line intensity of trace elements on magnetic
fieldintensity . . . .. ... ..ot 164
6.4.5 Some electric and temperature characteristics. . .. .. ... ... 166
6.4.6 Discussion of experimentalresults . .................. 167

6.5 Spectroanalytical application of the hollow-cathode discharge in

themagneticfield . . . . ... ... ... i i 168
6.5.1 Detection limitsand accuracy ... .......... .. ....... 168
6.5.2 Analysis of solutionresidues . . .. ......... ... ...... 170
6.5.3 Analysis of powdersamples. . . .. ...... ... .. L., 171

6.6 Investigation of spectral response characteristics of hollow-cathode
lamps used in atomic-absorption and atomic-fluorescence
spectroscopy with amagneticfield . . . ................... 173

Chapter 7  Principles and use of a boosted hollow-cathode discharge
source for atomic spectroscopy, Zs. Szilvdssy
7.1 Introduction. ... ........ .ttt e, 178



8 Contents

7.2 Background of hollow-cathode radiation sources. . ........... 179
7.2.1 Major hollow-cathode discharge tube designs . ........... 179
7.2.2 Hollow-cathode radiation sources and their applications in

SPECITOSCOPY « v v v vttt it e it ettt e e 179
7.2.3 Cooled hollow-cathodes .. .. ...................... 181

7.3 Energy-control possibilities . . . .. ......... ... ... ..... 182

7.4 Hollow-cathode discharge combined with secondary discharge . . . . 187
7.4.1 Modified plane-cathode discharge tubes. .. ............. 187
7.4.2 Modified hollow-cathode discharge tubes (MHCD). .. ... ... 187

7.5 Elementary processes of the improved hollow-cathode

radiationsource . ... ... .. ... .. e 190

7.5.1 Electron temperature in the plasma. . ... .............. 190
7.5.2 Potentialdecreases. . ............. .. ... ... 192
7.5.3 Motion of atoms evaporated in the secondary discharge . . . .. 193
7.6 Analytical applications. . . .. ........ ... .. ... . o ... 195

7.6.1 Spectrographic determination of micro-alloying rare-earth
metals in steel samples by using modified hollow-cathode

dischargetubes. ... ... ... ... .. i, 195

7.6.2 Spectral analysis for volatile elements with modified
hollow-cathode dischargetube . . . .. ................. 199
7.7 Conclusions . . ........ .. e 200

Chapter 8 Conical bottom modified hollow-cathode discharge, D. Zhechev
8.1 Spectroscopic peculiarities of the conical bottom hollow-cathode

discharge (CBHCD) ... ........ ... i, 203
8.1.1 Introduction. .......... ... ... ... ... . .. ... 203

8.1.2 CBHCD effects on the spectral lines of Al, Zn, Cu, Fe, Mo, Si,
Ca,BaandMg. ... ...... ... ... 204

8.1.3 The CBHCD effect on the spectral lines of He, Ar and

Neatoms. . ........0itii .. 207
8.2 Other characteristicsof the CBHCD ... .................. 208
8.2.1 Generalbehaviour............. ... .. 0iuviuon... 208
8.2.2 Typicalfeatures ............ ..., 212
8.3 The Hanle signalinthe CBHCD ... ..................... 212
83.1 General.......... ...t e 212
8.3.2 Model for complete light trapping. . . .. ............... 213
8.3.3 Hanle signal width and concentration of Cu atoms in CBHCD .216
8.4 Analytical applicationsof the CBHCD. .. ... .............. 218
AuthorIndex . .. ... ... . i e e 223

SubjectIndex........ ... ... . .. e 228



Foreword

Although the basic properties of hollow-cathode discharges have been known for
about seventy years and a number of applications have been reported in the
course of time, their use as spectroscopic radiation and excitation sources has
been rather limited. Their use as primary sources for atomic-absorption and
atomic-fluorescence spectroscopy is well known. The high efficiency of excitation,
low background intensity and the narrow line-width of the spectral lines are
promising properties for their application as excitation sources in atomic-emission
spectroscopy, but they have never gained a popularity similar to that of arc and
condensed-spark discharges, irrespective of the fact that, under favourable
circumstances they are particularly well suited for trace analysis, analysis of
small samples, determination of gases, and efficient excitation of elemental lines
of high excitation potential.

The ever increasing need for more powerful analytical methods, especially in
the field of simultaneous multielement trace determinations, has brought about
a significant revival of interest in the use of such discharges. This has been
further enhanced by the recognition that customary excitation sources, in which
local thermal equilibrium prevails, cannot be further developed to such a degree
as sources not in thermal equilibrium. If, in the latter case, means can be found
to increase the power of detection for many kinds of application in the analysis
of metals, non-metals and liquids, by an order of magnitude, much simpler
analytical procedures can be developed, in which, for example, pre-enrichment
can be avoided. If, at the same time, the precision and accuracy can be kept at a
high level, as with some of the low-pressure discharges, it will be all the better.
An answer to these requirements may be in many cases hollow-cathode discharges
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in their present, most modern form. It is indeed amazing, how much progress has
recently been made by using pulse techniques, additional excitation with the
help of electric and magnetic d.c. and RF fields, combination with thermal
vaporization etc.

Therefore, a critical and comprehensive review of the current state of
development, offered by experts in their respective fields and well chosen
and matched by the editor of this book, is most welcome and deserves urgent
attention by everybody concerned with improving old techniques and developing
new methods in any branch of optical analytical spectroscopy. The editor has
aimed at and succeeded in providing a wealth of information relevant to many
kinds of application. The literature cited in the various articles is extracted
from many sources which otherwise would be difficult to trace. It should be
particularly helpful to those who might wish (and who should be encouraged) to
enter this field by joining the research work in progress elsewhere.

I am sure that the book will serve its purpose well, and stimulate not only
further work on hollow-cathode discharges, but perhaps also on plane-cathode
discharges which in many aspects are quite similar, but in other aspects different,
regarding the field of optimum application.

I congratulate the authors and editor for the result of their combined efforts
and sincerely hope that excitation sources of such power, versatility and promise
should definitely be made available to the general analytical problic by some
enterprising instrument-making firms.

K.LAQUA
Institut fir Spektrochemie
Dortmund, FRG



Preface

Most of the popularity gained by the hollow-cathode discharge stems from its
utilization in atomic-absorption spectrometry, the discovery and exceptional
development of which was greatly influenced by the availability of this source
of sharp and stable spectral lines. On the other hand, the remarkable properties
of the hollow-cathode discharge have not yet been fully exploited. Discovered
by Paschen at the beginning of this century, it is obviously far from being the
latest novelty in the spectroscopist’s shop. It is only over the last two decades,
however, that it has really come of age, thus significantly contributing to the
renaissance of emission spectroscopy.

Besides its innovative applications in fields such as laser technology and
mass spectrometry, from a purely analytical point of view the hollow-cathode
discharge could be used as a radiation source in atomic-emission spectroscopy,
with direct profit from its characteristics, to a much wider extent than is actually
the case. Its properties in fact make the hollow cathode something unique,
equally suitable for the determination of trace, minor and major elements in
a variety of matrices such as metals and alloys, electrically non-conducting
powders, gaseous mixtures, and residues from evaporation of solutions.

Recently, renewed interest in this type of low-pressure discharge has prompted
further research, particularly in order to increase the intensity of spectra emitted
by the hollow cathode, since these are generally less intense than those obtainable
with other more conventional sources.

This multi-authored book, written by well-known specialists, attempts to
give a comprehensive account of the progress made so far in developing new
versions of the hollow-cathode lamp to promote enhancement of radiation



12 Preface

output. Such points as coupling with a magnetic field, superposition of micro-
wave irradiation, separation of atomization and excitation processes in the
so-called furnace atomic non-thermal excitation spectrometry system, boost by
means of an auxiliary discharge, modifications in the hollow-cathode geometry
(essentially by modifying its bottom or by reducing its diameter so as to operate
in a microcavity), as well as variations in the operative mode of the lamp through
a burst of radiofrequency energy or by application of a pulsed current, are
thoroughly discussed and considered for their analytical potential in both
emission and atomic-absorption spectroscopy.

The editor hopes that this book will not only outline the state-of-the-art in
this field, but also mark future trends in stimulating fashion.

Finally, the editor wishes to acknowledge the professional assistance of
Alessandro Alimonti, Oriano Falasca, Francesco Petrucci, Oreste Senofonte and
Nicola Violante, whose co-operation and efforts greatly facilitated the compila-
tion of this book. Gratitude is also expressed for Giovanni Briancesco’s skilful
technical assistance in the preparation of a large part of the drawings and
schemes.

Sergio Caroli



Analytical potential of the microwave-
coupled hollow-cathode discharge

S. Caroli, A. Alimonti and F. Petrucci

1.1 MICROWAVE-INDUCED PLASMAS

1.1.1 Introduction
There has been considerable renewed interest over the past few years in low-
pressure microwave-supported (MW) discharges as a means for generating plasmas,
which in turn are capable of exciting chemical species introduced into them.
Not only atomic-absorption and fluorescence spectrometry (AAS and AAF,
respectively), the analytical potentials of which were appreciably expanded by
the availability of electrodeless discharge lamps, but also atomic-emission spec-
troscopy (AES) have taken advantage of the many attractive features shown by
plasmas for elemental analysis. This is extensively documented in numerous
scientific papers (see for instance an excellent review by Zander and Hieftje [1]).
The gases most often used for sutaining the plasma are He and Ar, which
provide a medium energetic enough for the excitation of almost every element in
the periodic table, including the halogens and many other non-metals that are
difficult to determine. The higher ionization potential and energy of metastable
helium species result in detection limits better than those obtained with argon,
though the higher atomic weight of argon greatly simplifies the problem of
nebulization of liquids. The relatively high degree of excitation peculiar to MW
plasmas, the sharpness of the emitted spectral lines, together with reduced
background emission, as well as the relatively low installation and running costs
of MW generators (powers of 200 W are seldom exceeded and noble gas con-
sumption is as a rule less than 1 litre/min), constitute important properties, the
exploitation of which is still far from complete.
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On the other hand, sample introduction procedures are not yet entirely
satisfactory, the plasmas are not very stable to liquid aerosols or sample injec-
tion, and the atomization step also remains a critical point simply as a con-
sequence of the low power available. Matrix interferences are often severe and
further limit the wider applicability of the MW discharge radiation source in
AES. Notwithstanding, the significant advances reported in the recent past (see
e.g. [2] and [3]), show that the limitations may be circumvented, at least to
some extent, for example by combination of the MW radiation source with other
excitation devices less prone to the disadvantages listed above. In this respect the
MW-coupled hollow-cathode discharge (MW-HCD) is of promise for various
analytical purposes. This will be demonstrated in more detail after some general
considerations on the mechanism of MW plasma breakdown and stabilization.

1.1.2 Microwave plasma formation

The application of an electric field at a frequency of 10-2500 MHz to a noble
gas, ordinarily contained in a closed tube, generates a plasma with characteristics
that may vary considerably with the experimental conditions. The MW frequency
most commonly adopted is 2450 MHz, because several power generators com-
mercially available as medical diathermy units operate at this frequency, in
accordance with international regulations. The ultimate consequence of energy
transfer from the applied electric field to the electrons in the plasma is excitation
and ionization of the gas atoms through their collisions.

The breakdown and stabilization of the MW plasma are conditioned by an
appropriate choice of noble gas pressure (p), and the maximum amplitude (E,)
and frequency (w) of the electric field. At constant £, and w, the number of
collisions undergone by an electron increases with p until the gas particle density
becomes too high to allow the attainment of sufficient electron momentum for
the ionization of an atom. Ignition of the plasma, on the other hand, takes place
at too low values of p since adequate power (P) cannot be transferred from the
field. For one electron the power absorbed from the field is given by Eq.(1.1)
[4]:

P £ 1.1)
2n(f* + w?) (‘
where e is the charge and m the mass of the electron, and f the frequency of
collision.

The ionization of the gas atoms through collisions with electrons continues
until a dynamic equilibrium state is reached; this is characterized by the partition
of the energy supplied by the MW field, between electrons and ions. Balance
between the energy supplied to the plasma and that dissipated from it through,
for example, inelastic collisions and impacts on the tube walls, is essential for
obtaining a steady-state plasma.

The pressure of the supporting gas determines whether the plasma is in local
thermodynamic equilibrium (LTE) or not. It can be assumed in fact that plasmas
at atmospheric pressure are in LTE as a consequence of the high particle density.
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In this instance both the Boltzmann equation describing the population of a
given atomic level and the Saha equation accounting for the ionization equilibrium
are valid, and the thermodynamic temperature is therefore sufficient to charac-
terize the plasma. There is no need to examine in detail the processes occurring
at microscopic level, to exploit them analytically. A much more complex situation
arises when the gas pressure is decreased to some hundred Pa or even less.
Reduction of the particle density changes the overall character of the deactivation
mechanism of excited states from collisional to radiational. As a consequence of
the smaller number of collisions per unit time a significant portion of the energy
transmitted to the plasma is converted into electron motion and excitation of
electronic states. If the plasma is assumed to be optically thin, as is often the
case, energy is lost mainly by emission of photons. This means that the plasma
can no longer be described as being in LTE and the interpretation of the micro-
scopic processes resulting in excitation requires the determination of quantities
such as spectroscopic temperature, electron temperature and concentration, and
concentration of metastable noble gas species [5].

There is strong experimental evidence that, under such conditions, two
distinct groups of electrons exist [5-7] — one with low density and high energy
and the other with high density and low energy. Whereas the electron temperature
is essentially determined by the first group, the second group is considerably
more abundant, constituting the major part of the overall electron concentra-
tion. The fraction of high-velocity electrons responsible for the ionization
process is, however, large enough to counterbalance the loss of ions caused by
recombination and ambipolar diffusion to the walls. The electron temperature
required to sustain the plasma is, as a consequence, directly related to the
ionization potential of the noble gas employed to generate the plasma. For argon
and helium the electron temperatures span the ranges of 26000-53000 and
50000-130000 K, respectively, depending on the operating pressure and the
applied power [5,8,9].

1.2 METHOD FUNDAMENTALS

1.2.1 Characteristics and drawbacks of the hollow-cathode discharge

Among sputtering sources, the HCD has gained wide popularity not only because
of its fundamental role in AAS, but also as a powerful excitation device directly
applicable to AES. From this point of view it is particularly worth mentioning
the stability and reproducibility of the emitted spectra, the lines of which are
notably sharp and narrow, as well as the low effects of matrix composition, the
limited spectral interferences, and reduced background intensity [10,11]. The
versatility of the HCD for analytical purposes makes it equally suitable for the
determination of trace, minor and major elements in dry residues from solution
[12,13], metal alloys [14], electrically non-conducting powders [15] and
gaseous mixtures [16]. The pretreatment of samples that is almost always
necessary and the inadequacy of HCD in the direct analysis of liquids (injection
into the discharge zone perturbs plasma stability) to a certain extent limit a
more generalized use of this source. Furthermore, in spite of the prolonged



16 Microwave-coupled hollow-cathode discharge [Ch.1

residence time of analyte atoms (depending on the particular cathode configura-
tion) and the absence of LTE (which enhances the signal-to-background ratio by
two or three orders of magnitude with respect to sources in LTE [17]), the
absolute emission intensity as well as the detection power of the HCD cannot
be considered entirely adequate for trace analysis. In order to maintain its
advantages, this discharge must be operated at relatively low direct currents. An
excessive increase in current would lead to broadening (by self-absorption) and
even self-reversal of the atomic resonance lines.

1.2.2 Main physical processes in the hollow-cathode discharge

It can be stated that HCD and MW plasmas share some important features, thus
justifying the assumption that their superposition could lead to a sort of mutual
reinforcement. The question is whether this can occur without compromising
any of their more attractive properties. Both discharges are characterized by a
marked insensitivity of the spectroscopic temperature to working conditions
and, just as in the MW plasma, at least two groups of electrons with very different
energies and densities can be identified in the HCD. A unique feature of the
HCD, however, is the effect of the cathode geometry, in that a fraction of the
electrons released from the cavity surface and accelerated across the dark space
can undergo a limited number of collisions with plasma particles, reverse direc-
tion and repeatedly cross the glow region. This possibility of making multiple
passages greatly increases the ion- and photon-producing effectiveness of these
electrons, with energies up to a few tens of eV, which form part of the non-
Maxwellian energy distribution [11,18}. The presence of a group of very fast
electrons which make very few or no collisions is also predicted and agrees with
the high discharge currents found in an HCD.

Figure 1.1 illustrates schematically the zones formed within the cathode
cavity when the discharge is operated.

The atomization and excitation mechanism characteristic of the HCD can
be broken into the following main steps: ionization of the carrier gas under the
influence of the applied electric field; impact of the ions thus generated, as well
as of metastable and neutral species, on the sample, where they partly dissipate
their kinetic energy by extracting atoms or clusters of atoms from its surface;
and transport into the plasma with subsequent excitation. The amount of
sputtered material Q has been found [19] to obey Eq. (1.2):

CL*t
hFp

(1.2)

where L is the applied power, ¢ the sputtering time, 4 the depth of the cavity, F
the frontal surface area of the cathode, p the gas pressure, and C a constant
depending only on the carrier gas and the nature of the cathode material. The
role of the photons originating in the dark space or in the glow region in the
generation of electrons is still open to debate. The nature and extent of the
phenomena occurring in the HCD plasma depend strongly on the working
parameters and also on the type of rare gas used to sustain the discharge. It can



