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I. INTRODUCTION

A.Scope

The inductively coupled plasma (ICP) spec-

troscopic source is a new and popular tool for
spectrochemical analysis; its development since
the early 1960s, especially during the past 5
years, has established that the ICP will play a
fnajor role in elemental analysis.for the near fu-
ture of analytical spectrochemistry. A critical
gvaluation of the ICP discharge is undertaken
here only to establish a benchmark in the ana-
{ytical progress, since, in the next half decade,
applications and fundamental information are
expected to surpass the accomplishments al-
Teady achieved by a wide margin.
r Of course, the ICP is not the sole new source
presently under extensive study for emission
spectroscopy. However, packaged commer-
cially by numerous manufacturers and in the
'hands of researchers and analysts alike, the ICP
is successfully solving practical analytical prob-
'lems and providing a new tack for scrutinizing
spectrophysical phenomena in discharges. Mi-
crowave, spark, DC plasma, and low-pressure
‘emission spectroscopic sources will not be con-
ssidered here, although many of their features
demand equal attention.

The intent is to survey critically the basic in-
istrumentation and performance of the ICP dis-
charge in emission spectroscopy, to probe re-
‘cent instrumentation developments and plasma
roperation, and to examine models of the dis-
charge and processes therein occurring. Natu-
rrally, this intent will not be totally fulfilled
.since much of the current work is either pro-
prietary or insufficiently advanced to discuss in
"detail.

r

B. Historical
Until recently, the induction heating of gases
-at reduced or atmospheric pressure as a spectro-

scopic source did not play as critical a role in .

spectrochemical analysis as arc and spark dis-
‘charges or flames.! Although dedicated re-
-search continues on arc and spark discharges,?
conventional arc and spark sources serve as
workhorses of the industrial spectrochemical
laboratory, and atomic absorption with flame
‘and electrothermal atomizers have led to the
growth of global applications of spectrochemi-
“cal analysis since the mid-1960s. High-fre-
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quency (HF) electrodeless discharges, particu-
larly those operated at atmospheric pressure,
appear as the latest promising spectrochemical

source type. Most advanced among the alter-
native HF spectrochemical sources, as mea-

sured by commercial production and industrial
applications, is the ICP when applied in atomic
emission spectroscopy (ICP-AES). Numerous
authors have treated the development and spec-
trochemical application of HF electrodeless
plasmas. Notable among these are the recent re-
views by Sharp,® Fuller,?®' Greenfield et al.,?
Butler et al.,* Fassel,” Fassel and Kniseley,®
Kleinmann and Polej,” and Boumans,8-416-236.279

The development of induction plasma grew
from research on low-pressure electrodeless

. ring discharges, first observed in 1884 by Hit-

torf! and studied subsequently by Thomson be-
tween 1891 and 1927.!*-'2 Thomson made qual-,
itative and quantitative observations under
varying experimental conditions on the electri-
cal properties and spatial intensity distribution
of total discharge luminosity and spectra. He
developed an induction theory for the elec-
trodeless ring discharge and its theoretical con-
ditions for ignition, and his expression for the
magnetic and electrical field distributions as

- Bessel functions has been applied to induction

plasmas even in recent years.'” Disputing
Thomson’s model, Townsend and Donaldson**
assumed that the discharge was produced by the
electric field of the inductor rather than by the
magnetic field. MacKinnon'® showed that the
contrasting views were caused by the different
conditions under which the experiments were
conducted.

Mavrodineanu and Hughes's traced the ex-
periments using radio frequency (RF) excitation
of low-pressure gases for spectrochemical anal-
ysis from the work of Tesla in 1891 through the
early 1960s. Bochkova and Shreyder?*? and
Boumans® also examined the experimental de-
velopment of sealed, low-pressure, HF-excited
discharges. The advantages resulting from the
replacement of internal electrodes of DC glow
discharges with external HF electrodes or an in-
duction coil were recognized in the early spec-
trochemical applications of low-pressure HF
discharge, for example, by Fenner?®,
Gatterer®®®, and Gatterer and FrodI?®*. As re-
cently as 1977, Eckert'” worked to develop a
technique for trace elemental analysis with
small sample sizes sealed into RF. induction-
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heated cylindrical and spherical lamps for
which he developed a two-dimensional mathe-
matical model. This and similar alternatives,
such as those described by Agterdenbos and co-
workers,**’-2°2 to emission spectrometry with
open, flowing plasma sources provide extended
periods of emission, because no major loss of
sample exists, and the need for continuous re-
placement is minimal. As a consequence of the
lengthy emission stability, multielement spec-
troscopic measurements with a sequentially
scanhing monochromator detector are practical
for very small sample sizes.

Some other reduced pressure emission light
sources using RF heating include capacitively
coupled discharges and sealed electrodeless dis-
charge lamps (EDL). The latter are described
by Barnett et al.*®, Haarsma et al.,’ and Ke-
liher and Browner.?® Although microwave
EDLs are used primarily as light sources in
atomic absorption and atomic fluorescence
spectroscopy (AFS), Agterdenbos and co-work-
ers?%7-2°2 have explored applications of EDLs in
AES for the determination of pico- and nano-
gram levels of Cd, In, Tl, Se, Zn, Pb, and Hg
in water, acids, and blood. The capacitively
coupled RF discharge,?* like its close relative

the inductively coupled discharge, is used in- ~

dustrially for plasma chemistry, plasma ashing,
and plasma etching,?” and has only recently
been studied in detail spectroscopically and uti-
lized for spectrochemical analysis.?3-24

The major impact of RF discharges as exci-
tation sources in spectrochemistry did not result
from the applications of reduced pressure dis-
charges, although they are simply generated.
The important advance for spectrochemical
adoption of induction-heated plasmas was the
transition from low-pressure, closed systems to
atmospheric-pressure, flowing systems. This
two-step process took more than 20 years to
complete. As a consequence, the ICP has had
an analytical lifetime of slightly more than a
dozen years. )

The change from low-pressure, induction-
heated plasmas to spectroscopic sources oc-
curred during the fall and winter of 1941 to
1942 in Leningrad as the result of Babat’s dis-
covery that a ring discharge, once established,
could be maintained while the pressure was
raised to atmospheric pressure. Babat’s system-
atic work was published first in 1942 in Rus-

sian?* and after World War II in English.?¢ Ba.
bat constructed a HF (2 to 77 MHz) push-pull
vacuum tube oscillator with an output reaching

" 100 kW. This enabled him to obtain powerful

electrodeless discharges with air inside quartz
cylinders 15 cm in diameter and 150 cm long at
pressures ranging from 0.1 to 760 torr. Typical
induction coils consisted of several turns (i.e.,
five) of circular, square, or rectangular copper
tubing (I X 1 cm) with internal diameters greater
than 10 cm and height of 5 cm. At 2.7 MHz, a
coil current of 175 A was measured. Hollow re-
sonator cavities for HF circuits at power levels
exceeding 100 kW were described, and for large
volume (e.g., 40 cm in diameter) discharges
above 30 MHz, special polygonal inductors
were constructed. The power levels were excep-
tional for the time; even today, they are not
utilized for spectrochemical applications. As
Dresvin®®* has emphasized, experiments were
conducted under severe wartime conditions un-.
til the entire power system in Leningrad failed.

When the pressure in evacuated chambers
was raised to atmospheric pressure, Babat
could still maintain the induction discharge. He
did not report experimenting with flowing sys-
tems at any pressure. To initiate the discharge
at atmospheric pressure, he unsuccessfully tried
NaCl-seeded flames and DC and 50-Hz arcs.
Generally, the discharge was ignited at low
pressure and maintained as the pressure was
gradually elevated. In addition to these experi-
mental studies, he derived the mathematical re-
lations between frequency, power, and voltage
gradient for induction discharges; he predicted
that the current distribution in the discharge
was like a metal conductor, and he thought that
the discharge temperature should be highest on
the tube axis and lowest at the walls. At atmos-
pheric pressure, the induction discharge existed
only if the power input was greater than 30 to
50 kW, which required a generator with 100- to
200-kW output. Babat found that the higher
the frequency of the generator, the lower the.
current and power consumption required to
form a stable discharge became. In describing
this exceptional research, Babat had in mind
the industrial applications of RF discharges for
electrochemistry of gases, heating and fusion of
fireproof materials, and creating high-intensity,
economic light sources. )

Induction heating technology for solids also
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developed during this decade, and numerous
.texts document the extent to which this field ad-
vanced.?8-*2174 Unfortunately, the mathemati-
‘cal expressions and empirical relationships for
.the induction heating of metals are not accu-
rately transferred to the much more complex
'situation found with gas discharges, although
some concepts may be useful quali-
,tatively.""""

+ Stabilization of an inductively heated plasma
discharge operated at atmospheric pressure and
in gases flowing through an open-ended tube
tvas achieved in the early 1960s; this discovery
Jaunched two major branches of induction-
heated gas discharge technology: spectrochem-
ical analysis and induction-arc engineering.
features of engineering and- technological de-
velopments and applications of induction-
heated plasmas were reviewed critically by Eck-
=rt,3® Raizer,'® Dresvin,*® Czernichowski and
Jurewicz,*” Rykalin,*® and Reed.**

.. The requirements and considerations of ther-
mal plasma engineering differ significantly in

‘many respects from the needs of spectrochemi-

cal analysis. Plasma engineering employs enor-
mous power generators (as high as 1 MW), high
material throughput, diverse discharge pres-
sures, chemically reactive atmospheres, and
large particle sizes, whereas in emission spec-
Eroscopy, the trend is to low-power supplies
0.5 to 2 kW), small generators, and microsam-
gle sizes. Because thermal plasma engingering
and spectral analysis share common interests in
plasma generation, discharge diagnostics, sam-
ple introduction, and sample vaporization, di-
vergence between the fields comes in the differ-
2nce in emphasis when the particle vaporizes.
Thermal plasma engineering concentrates on

reactions, condensations, and ‘subsequent -

stages. Emission spectroscopy emphasizes
atomization, excitation, and emission or radia-
Yion. Up to this point, the spectroanalyst has
much to learn from the plasma engineer. As
Rykalin®*® emphasized, an urgent need exists to
‘&evelop engineering methods for calculating
'srocesses in HF plasmas, taking into account
+he dynamics of plasma gas flow, especially in
furbulent conditions. Also, there is an urgent
1eed to investigate the complex mechanisms of
shysicochemical transformations in turbulent
?onisothermal plasmas, especially in nonequi-
‘ibrium plasmas, and to collect data on ther-
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modynamic and transport properties in a dis-
sociated and partially jonized plasma state.
These same needs exist in part for theoretical
developments in spectrochemical analysis and
are discussed in Section III.

ICP discharges in flowing, atmospheric pres-
sure gases were first generated in 1961 by
Reed.?*%° In brief papers and in a later patent,
he described the essentials of configuring the in-
duction plasma and starting, stabilizing, and
confining it. He varied gas compositions, mea-
sured temperatures, and established an energy
balance. The ICP arrangement configured for
crystal growing, as Reed described and applied
it, is illustrated in Figure 1. In flowing gas ICP
discharges, Reed found that the discharge was

. stabilized against the gas flow when it exceeded

approximately 6 m/sec by introducing the gas

POWDER AND GAS
INLET e

" = QUARTZ TUBES

U RF COIL

fe——PLASMA FLAME
———POWDER STREAM

+}—— CRYSTAL

FIGURE 1. The original version of the ICP torch ar-
ranged for crystal growth. Gas flowing at high velocity
through the center tube carries powder through the high
temperature discharge to the molten cap of the crystal. A
concentrator or pancake coil is used. (From Reed, T.B., J.
Appl. Phys., 32, 2534 (1961).) With permission.
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into the quartz confinement tube tangentially,
50 as to create turbulence in the plasma region.
Reed suggested that this tangential gas flow,
called vortex stabilization, recirculated some of
the plasma by forming a low-pressure region in
the center of the tube so that the plasma could
propagate against the gas flow in the coil. Oth-
erwise, the discharge would be swept down-
stream and extinguished. Preferential flow
along the walls centered the discharge and
cooled the walls as well. Operating the ICP at
4 MHz with a 25-mm diameter quartz tube and
power transferred to the plasma ranging from
1.6 to 3.1 kW, Reed found argon the simplest
gas in which to start and operate the discharge.
In addition, the ICP was operated at higher
power levels with pure oxygen and argon mix-
tures containing as much as 20% hydrogen or
60% helium or air. The initial temperature val-
ues for the argon discharges which reached
19,000 K maximum were later found to be too
high.‘“'"’ . .

The plasma tube geometry used for crystal
growing, shown in Figure 1, was Reed’s major
application, and details of a water-cooled cop-
per injection tip which was inserted into the dis-
charge to insure powder introduction into the
plasma can be located in Reference*s. These
clear examples of powder sample introduction
into the high-temperature discharge*® appeared
to stimulate the beginning of ICP spectrochem-
ical analysis. The same properties specified for
growing crystals (electrodeless generation, con-
trolled atmosphere, high temperature, large
cross section, and low particle velocity) serve as
the basis for spectral analysis.*? In a subsequent
article, Reed** emphasized that powders in-
jected through the discharge would sometimes
vaporize completely, which suggested that the
ICP discharge could be useful as a spectro-
scopic light source. He illustrated this with col-
ored photographs of the ICP with introduction
of BaF; and Al,O,; however, he observed that
a single powder feeding device would not suf-
fice when a variety of powders needed to be
fed. Reliable injection of powders into the ICP
remains a major spectrochemical problem to-
day. )

The synthetic aspects of high-temperature
plasma chemistry, achieved particularly with
induction heating, and the apparatus, plasma
characteristics, and applications were described
by Reed,** Beguin et al.,** and Hamblyn and

Reuben.*” Plasma chemistry in induction plas-
mas represents one major alternative to spec-
trochemical analysis. However, except for
plasma geometry and some decomposition
studies, little interaction between the disciplines
of synthesis and analysis has occurred, presum-
ably since the majority of spectrochemical ap-
plications utilize solution rather than solid sam-
ples, and gas phase chemical reactions are
neither encouraged nor documented in the ICP
opefating in argon at atmospheric pressure. As
research continues into the desolvation, vapor-
ization, and atomization phenomena occurring
for analytical samples in the ICP, some solid-
gas and gas phase chemical reactions might be
discovered; however, reactions in the ICP em-,
ployed under conditions for spectral analysis
appear to be generally free of major chemical
effects.?® _ S

Part of the delay in developing a stable ICP
discharge after Babat’s publication rested upon’
designing reliable methods for heat protection:
of the discharge. Intensive work began about
1958,%%-37 and water jackets, sectioned, metal-
lic, water-cooled walls, and porous dielectric
walls were designed. Reed’s approach to gas|
stabilization has proven effective and nearly
universal for spectrochemical applications.

Two groups were stimulated by Reed’s pub-|
lication to begin work independently toward es-
tablishing the spectrochemical practicality of an!
ICP discharge. Recently, Greenfield*® and Fas-;!
sel*® recounted events leading to their initial pa-|
pers demonstrating the analytical potentials ot
the ICP appearing, respectively, in 1964%° and|
1965.%* Mainly through the efforts of Green-‘|
field and co-workers®. and Fassel and col-
leagues® in the 1960s and early 1970s, the ICP,
has become a commercially successful product
and a viable analytical tool. The comprehensive:
review prepared by Greenfield et al.? docu-
ments major activities occurring during the first
decade of the analytical utilization of the ICP.:
In the 5 years following these initial analytical
demonstrations, diverse systems and arrange-'
ments were explored to determine the full po~
tential of the ICP with solution and powder,
samples in absorption as well as emission spec-,
troscopy. Some of the ICP operating condi;
tions used for both analytical and engineering
studies undertaken between 1964 and 1974 ard
summarized in Table 1. A few recent operating
conditions have been added as well. Since thé
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TABLE 1

Some ICP Qperating Parameters 1964—1977

Gas Flow Rates (I/hr)
Aerosol*
carrier Auxiliary . Plasma Frequency Discharge
(sample) (plasma) (coolant) (MHz) shape Ref.
300 300 1020 36 Toroidal 50,52
30 24 1320 3.8 Ellipsoidal 51,55
30 180 1080 36 Ellipsoidal 58
1155 1155 468 4 Ellipsoidal 183
1080—1200 1080—1200 0 5 Ellipsoidal 65-69
25 . 40 800 36 Ellipsoidal 60,63
4—20 16—80 500—800 40 Ellipsoidal 195
12.6 45 1180 31 Ellipsoidal 70,71
102 102 1800 4.8 Ellipsoidal 61
120 36 1200 30 Ellipsoidal 118
84 125 1528 3 Toroidal 223
102 - 45 1020 30 Toroidal 62
2.4—4.8 2.4—3.0 1000—1080 8 Ellipsoidal 163
2.4—4.8 © 26.4—28.8 300—480 8 Ellipsoidal 163
30 450 450(N;)* 36 Toroidal 171
120—210 900 3840(N;)* 7 Toroidal 201
60—120 0 900 52.3 Toroidal 78
120 420 1200 - 54 Toroidal 77
180 0 900 36 Ellipsoidal 108,109
290 420 1320 54 Toroidal 131
66 0. 600 30 Toroidal 119
84 0 600 27 Toroidal 33
72 . 0 T 882 27 Toroidal 210
276—780(324) 0 1020 51.5 Toroidal 82
90—150 300—420 1200 (420)° 5.4 Toroidal 127
120—130 600—2100 1200—4200(N,)* 7 Toroidal 73
. 60 .0 570 27 Toroidal 92
60—150 0 540—600 40 Toroidal 72
48 0 300 26.5 Toroidal 173
50.4 0 540 27 Toroidal 145

* Fassel et al."** suggested a clarification in naming various gas flows according to their
function as follows: (1) coolant gas to plasma gas, (2) plasma gas to auxiliary gas, and

(3) aerosol gas to aerosol carrier gas .
5 (N,)indicates flow of nitrogen.
¢ 1200 starting flow; 420 operating flow.

1s flow rate and the discharge shape are criti-
il to achieving superior analytical results,
1ese parameters and the generator frequency
re given. In the review by Greenfield et al.,? a
milar table also identified the generator type
nd manufacturer, nominal power level, and
ebulization technique. Butler et al.* also stip-
lated ICP tube configuration and discharge
:mperature in their review. As Fassel has com-
ented,*® this period was evolutionary. One
iiterion of the progress between 1964 and 1969
the improvement made in powers of detection
ir the determination of metallic elements in

solution. Table 2 summarizes the limits of de-
tection reported in both emission and absorp-
tion spectroscopy during that time. Fassel?®* re-
cently presented a similar table with values
obtained through 1976.

Greenfield et al.*° had initially recognized the
necessity to form a discharge with an axial
pathway through its center into which sample
aerosol could pass. Figure 2, taken from a pat-
ent issued to Greenfield et al.,’?%* shows the
combined nebulizer-plasma tube arrangement
which guaranteed formation of this tunnel or
hole in the discharge. The similaritv to Reed’s
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FIGURE 2. Patented ICP torch for
spectrochemical analysis with three coax-
ial gas flows; (1) quartz confinement tube
with 25-mm outer diameter, (2) tangential
plasma (coolant) gas inlet, (3) 30-mm in-
duction coil comprised of 3.5 turns of 6-
mm diameter copper tubing, (4) quartz
tube for auxiliary (plasma) gas, (5) tan-
gential auxiliary (plasma) gas inlet, (6)
open end of auxiliary gas tube with 20.5-
mm diameter and 22-mm length located
20 to 40 mm from open end of outer con-
finement tube, (7) aerosol carrier gas tube
with (8) aerosol carrier gas inlet which ter-
minates at (9) a capillary nozzle, (10) an
optional capillary tube which acts as an
integral nebulizer — not commonly used
with external nebulizer and spray cham-
bers, (11) an inclined drum holding sam-
ple and rotating around (12) the shaft dri-
ven by (13) a motor. (From Greenfield,
S., Jones, I, L. W., and Berry, C. T.,
U.S. Patent 3, 467, 471, September 16,
1969.)
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configuration in Figure 1 is apparent, but the
sample need not be introduced solely by means
of the integral nebulizer. Generally, sample aer-
osol is generated pneumatically or ultrasoni-
cally in an external spray chamber, and solvent
is sometimes removed by means of an optional
desolvation arrangement. As indicated in Table
1, the arrangements used by Fassel et al.s*’
and Veillon and Margoshes®' during this time
did not permit formation of a center channel
under their operating conditions until 1968,
when Dickinson?'® duplicated Reed and Green-
field’s concept to force sample aerosol along
the discharge centerline. When combined with

- a-desolvation apparatus and a coupling and

tuning unit in 1969, Dickinson and Fassel®?
achieved powers of detection superior to any
ICP values published previously. This report
stands as a major landmark in ICP progress.?
Dickinson and Fassel not only defined an ex-
perimental arrangement that would work on a
practical basis, but they also demonstrated that
elements diverse in nature could be determined
both in a way superior to previous ICP efforts
and on a basis competitive with atomic absorp-
tion spectrophotometry (AAS) using flame
atom cells. Equally important in convincing
possible manufacturers and industrial users was
the clear documentation of reduced or negligi-
ble interelement interference effects, notably
solute vaporization, compared to other spectro-
scopic sources with solution samples. The re-
port by Veillon and Margoshes® completely
disregarded the importance of sample introduc-
tion into the discharge by removing the central
injection tube completely. They reported seri-
ous solute vaporization interferences resulting,
presumably, from the inefficient heating of an-
alyte as it passed around instead of through the
discharge.

The introduction of the ICP spectroscopic
source came at a time of exponential activity in
AAS and the capabilities of the ICP for single
element analysis had to match those of AAS.*
Not until 1969 could this claim be made for the
ICP. The interest in AAS channeled some of
the early ICP studies toward testing the ICP
discharge as an atom reservoir for AAS. Wendt
and Fassel,*” Greenfield et al.,** Britske et al.,*®
Bordonali et al.®s-¢° Barnett et al.,”®’* and Veil-
lon and Margoshes®' made exploratory mea-
surements with ICP-AAS. Bordonali and Bian-
cifiori®® also received a patent in 1972 covering
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the analysis of trace elements by ICP-AAS. Ap-
plication of the ICP in emission rather than ab-
sorption has proven to be more widely accepted
even in light of the recent evaluation by Abdal-
lah et al.,”® who suggested reasons for the lim-
ited capabilities in early measurements.
Although the original ICP arrangement was
patented®*** by Greenfield et al. and marketed
by Radyne,*® relatively few instruments were set
up.3-101-108.109 A fter Dickinson and Fassel’s im-
provements in 1969, another 4 years were
needed for development and engineering to
produce a marketable instrument system.
Meanwhile, early ICP systems in the hands of
Greenfield and co-workers were unobtrusively
solving analytical problems on a routine basis.”
The first modern commercial ICP emission
spectrometric instrument was introduced in
1974 by the Applied Research Laboratories,
Sunland, Calif.,’*?* and this was followed in
1975 by an instrument produced by the Jarrell
Ash Division of Fisher Corporation, Waltham,
Mass. Since that time, other manufacturers
have offered instruments and components’®-28!
(Tabel 9), but engineering developments are
still underway at a number of other companies.
Further momentum was added to the ICP
drive when the results given by Dickinson and

Fassel were verified independently, using to-

tally different ICP instruments and conditions
in 1972, by Souilliart and Robin?” and Boumans
and de Boer.”® To indicate the status of ICP de-
tection capabilities in 1974,% these values are
compared in Table 3, along with those obtained
by Fassel and colleagues, to those reported for
flame absorption;, emission, and fluorescence
techniques. As commercial instrumentation has
become available during the past 5 years, em-
phasis in ICP research has shifted from dem-
onstrating powers of detection to demonstrat-
ing other performance characteristics such as
reliability, stability, precision, and accuracy
needed for daily routine analysis. Examples of
these are given in Section 1.C. .

Since the early 1970s, ICP pioneers have been
joined by equally enthusiastic spectroscopists in
investigating the properties and applications of
the ICP source. Their combined publications
account for the majority of papers dealing with

the ICP to the present. Robin, Mermet, and

co]]eagues 72,77,79.126-135,159.160.250,252,275 Boumans
’
and de Boer’78,87.103-105,l16,121.!14.!‘9.150.237-

239.2%6,278-280 Kirkbright et al.,80.96.I08-llo,125.136.
Scott et al.,?*84-8 Kornblum and de Galan,5-#3
Ohls et al.,®' and Barnes et
l 34,88.117.161.173,180,181,190.191 have made public re_l‘
search contributions to the development of the
ICP durmg the past flve years. In the main ‘
body of this report, details of these efforts will (
be described. l
Recent advances in both research and appli- |
cations have also encouraged the publication of I
a monthly newsletter beginning in 1975. The '
ICP Information Newsletter, edited by
Barnes,*® provides reports on current ICP pub-
lications, conferences and lectures, applica-

_tions, and original research.

Evaluating the first 13 years of spectrochem-
ical analysis with the ICP source, Boumans and
de Boer,’®'1¢ Fassel,2®® Fassel and Kniseley,*
Greenfield et al.,* Sharp,® and Winefordner et
al.”' agreed that the ICP is an exceptional
source. Barnes® emphasized that the ICP has
evolved in the history of spectrochemical anal-
ysis at a time when its growth both commer-
cially and in fundamental tesearch is encour-'
aged; he predicted  that the ICP may well,
become one of the best characterized and most
effectively applied spectrochemlcal sources yet'
discovered. ;

Arguments for these points of view will sur-
face in each of the following sections, which’
treat details of instrumentation, plasma prop-l
erties and interactions with samples, and spec-
tral excitation. ]

C. ICP Characteristics

1. Introduction i
A brief survey of analytical, chemical, and,

physical properties of the ICP discharge for,

spectrochemical analysis is presented in this sec-

tion. The quality of analytical results obtained

. with the ICP in emission spectroscopy is repre-

sented by its accuracy, dynamic range, limits ofj
detection, precision, and sensitivity. Instrument’
stability and reliability and interelement inter-.
ference effects directly affect these characteris-
tics. Physical properties measured in the ICP
include spatial distributions of time-averaged
values of temperature, electron and analyte
number densities, pressure and velocity, and’
electrical and magnetic fields. These influence
the location and magnitude of the emission sig-
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TABLE 3

Comparison of Experimentally Determined Detection Limits (ug/ml)

" Tb

ICP Flame
Element AL* B and deB* S&R¢ AAS AFS AE
Ag 0.004 — 0.03 0.005 0.0001 0.008
Al 0.002 0.002 — 0.03 0.005 0.005
As 0.04 0.4 — 0.1 0.1 50
Au 0.04 — 0.04 0.02 0.05 4
B 0.005 0.08 0.03 6 — 30
Ba- 0.0001 0.00002 - 0.05 — 0.002
Be 0.0005 0.0004 — 0.002 0.0l 0.1
Bi 0.05 — — 0.05 0.05 2
Ca 0.00007  0.00002 — 0.001 0.000001 0.0001
cd 0,002 0.003 — 0.001 0.00001 0.8
Ce 0.007 0.002 0.03 — 0.5 10
Co 0.003 — — 0.005 0.005 0.03
Cr 0.001 0.0003 — 0.003 0.004 0.004
Cu 0.001 0.0001 - 0.002 0.001 0.01
Dy 0.004 — 0.009 0.2 0.3 0.05
Er 0.001 - 0.01 0.1 0.5 0.04
Eu 0.001 — 0.003 0.04 0.02 0.0005
Fe 0.005 0.0003 — 0.005 0.008 0.03
Ga 0.014 0.0006 - 0.07 0.01 0.01
Gd 0.007 — 0.01 4 0.08 2
Ge 0.15 0.004 — 1 20 0.5
Hf 0.01 - 0.04 8 100 20
Hg 0.2 0.001 - 0.5 0.02 40
Ho 0.01 - 0.01 0.1 0.1 0.02
In 0.03 — - 0.05 0.002 0.003
La 0.003 0.0004 0.006 2 - 2
Lu 0.008 - 0.01 3 3 0.2
Mg 0.0007 0.00005 0.00005 0.0001 0.001 0.005
Mn - 0.0007 0.00006 — 0.002 0.002 0.005
Mo 0.005 0.0002 - 0.03 0.06 0.1
Na 0.0002 0.0003 - 0.002 - 0.0001
Nb 0.01 - 0.002 1 1 0.06
Nd 0.05 — 0.01 2 2 0.2
Ni 0.006 0.0004 —_ 0.005 0.003 0.02
P 0.04 0.07 —_ — - -
Pb 0.008 0.002 —_ 0.01 0.01 0.1
pd 0.007 0.002 —_ 0.03 — 0.05
Pr 0.06 — 0.03 10 1 0.07
Pt 0.08 — _ 0.1 — 2
Rh 0.003 — — 0.03 0.1 0.02
Sb 0.2 — — 0.1 0.05 0.6
Sc 0.003 — — 0.1 0.01 0.01
Se 0.03 — — 0.1 0.04 100
Sm 0.02 — — 2 0.1 0.1
Si 0.01 — —_ 0.1 — 5
Sn 0.3 0.03 — 0.02 0.05 0.3
Sr 0.00002 — — 0.01 0.01 0.0002
~Ta 0.07 — 0.03 5 — 20
0.2 — 0.02 2 0.5 0.03
Te 0.08 — — 0.1 0.05 200
Th 0.003 — — — - 200
Ti 0.003 0.0002 0.001 0.09 0.1 0.2
Ti 0.2 — — 0.03 0.008 0.02
Tm 0.007 — 0.01 0.2 0.1 0.02
U 0.03 — — — — 10

215
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TABLE 3 (continued)

Comparison of Experimentally Determined Detection Limits (ug/ml)

ICP Flame

Element AL- B and deB? S&R¢ AAS AFS AE
v 0.006 0.0002 0.001 0.02 0.07 0.01
w 0.002 0.001 0.1 3 — 0.5
Y 0.0002 0.00006 0.0005 0.1 — 0.04
Yb 0.0009 0.00004 0.005 0.04 0.01 0.002
Zn 0.002 0.016 0.05 0.002 0.0002 50

— 10

Zr 0.005 0.0004 - 0.005 5

« Ames Laboratory, U.S. Department of Energy, Iowa State University, Ames. Detec-
tion limits represent concentrations required to produce a line signal twice as great as

the SD of the background scatter (noise).

¢ Reference 78. Detection limits reported on the same basis as Ames Laboratory data.

Reference 77. Dectection limits represent concentrations required to produce a line

signal six times as great as the SD of the background scatter (noise).

Reprinted with permission from Fassel., V. A. and Kniseley, R. N., Anal. Chem., 46,

1110 (1974). Copyright by the American Chemical Society.

nals and noise from analyte and discharge gas.

‘In turn, the physical properties of the discharge

are-controlled by the operating characteristics
of the equipment arrangement and depend on
the chemical and physical properties and quan-
tities of the discharge gas, analyte, and solvent.
Practical accommodation of these parameters
to reach a high quality of analytical results re-
quires appropriate calibration procedures.
Many of the physical properties of the induc-
tion plasma reported prior to 1970 were consid-
ered by Eckert,> Greenfield et al.,® and
Raizer.'* Most of these measurements describe
physical or engineering induction discharges
rather than spectroanalytical ICP discharges.
Only within the past few years have ICP dis-
charges for spectrochemical analysis come un-
der close scrutiny, so that many values obtained
recently are related to the analysis process. In
much the same way, the analytical characteris-
tics of the ICP have become best documented
as commercial instruments are applied to the
daily job of routine sample analysis. Therefore,
typical values are summarized to represent cur-
rent practices. Commercial ICP instruments in-
corporate computer programs to calculate ana-
lytical properties on a sample-to-sample basis,
so that the variations of analytical properties
are readily available to the instrument operator.
Boumans!'®¢!?* evaluated emission spectros-
copy for the routine simultaneous multielement

analysis of solutions with various excitation
sources, including the ICP, high-temperature
flames, current-free and current-carrying DC
plasmas, and microwave plasmas. He con-I
cluded that even though precise data on instru-]
ment and operating costs, ease in operation,
and overall reliability of the equipment were
lacking at the time, the analytical performance‘
of the ICP was superior to that of alternatlve‘
excitation sources.

More recently, Boumans“" made a tentative‘
comparison of the glow discharge lamp, ICPI
and DC carbon arc for universal analysis. He|
concluded that the ICP will be the preferred
source if a system for universal analysis should‘
cover both samples presented as solids and so~
lutions. However, if the system should be lim-
ited only to solid samples, then a more detailed
assessment of the three sources must be made
on the basis of the following factors: time and
cost of sample preparation, required accuracy
and detection limits, cost of expendable mate-
rials, and the general arrangement of the labo-
ratory, particularly the availability of chemical
analysts who can deal reliably with the dissolu-
tion of solids and handling of solutions.

2. Accuracy and Stability
Winge et al.”> have observed that a s:gmfl-

_cant bias in analytical results may be produced

during the first 30 min of operation, because of
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FIGURE 3. Time-intensity stabilization curves for the background of a 1.1-kW ICP source with a deionized water sample
‘measured at 3 or 31 channels of a commercial ICP spectrometer system. (From Winge, R. K., Katzenberger, J. M., Kniseley,
R. N., and Fassel, V. A., Annual Progress Report for Interagency Agreement EPA- IAG D6-0417, Iowa State University,

'Ames, 1977. With permission.)

insufficient warm-up time given the ICP instru-
ment, especially the power supply and compo-

nents in the discharge source chamber. Time-in-

tensity curves for three element channels in a
multichannel spectrometer are shown in Figure
3 during the warm-up period. Individual differ-
ences for each element begin to appear during
later periods. Once the system has stabilized,
long-term (i.e., 8 hr to 0.5 year) stability may
be only slightly poorer (2 to 5%) than short-
term (i.e., 0.5 to 8 hr) values (less than +1%).
Some.short-term stability values obtained from
a reference sample that was determined three
times at dpproximately equal time intervals dur-
ing a normal analysis sequence are listed in Ta-
vle 4.

Measurement of accuracy depends upon
analysis of reference samples and/or compari-
son with alternative methods. The values ob-
tained by Dahlquist et al.** are represented in
Figure 4 for the simultaneous determination of
trace elements in complex biological matrices.
LSimilar comparisons were reported by Scott et
al.8+8692 for rocks, soils, and plant materials.
’f he accuracy of analysis of two ICP systems
jor five elements in diverse standard reference
uteel samples with comparison to-certified val-
ties is illustrated in Table S for three different

ICP-AES 'systems.?® The changes in matrix ap- -

Year not to influence the accuracy significantly

if straightforward precautions are followed.
Elaborate precautions for matching sample and
standard solution compositions are not re-
quired with ICP-AES. For example, Dahlquist
et al.** established analytical calibration func-
tions with multielement synthetic reference so-

lutions containing a constant amount of acid

and matrix elements (Na, K, P, Ca, and Mg) as
analytes prepared by using simple gravimetric
and volumetric procedures. Similarly, Butler et
al.’s based their analysis of ferrous alloys upon
fixed acid content synthetic reference solutions
comprised of only Fe and the analyte. They
made no attempt to match the overall compo-
sition of the samiples and synthetic reference so-
lutions, since the pure Fe solution served com-
pletely as the blank for background corrections

.and  the matrix for reference solutions. As

Dahlquist et al.®* demonstrated, the precision
and accuracy of the ICP with a commercial
multichannel spectrometer system are sufficient
to distinguish subtle differences in sample prep-
aration and procedures within certified ranges
of standard reference materials. The variation
in the ratios of matrix elements and their con-
centration has, in general, little or no effect on
the accuracy with which analyses are made.

3. Calibration and Dynamic Range
‘Statistical data on analytical curves for 13
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TABLE 4

Reproducibility of Analytical Data From a Reference Sample Run at Regular
Intervals During 2 Normal Analytical Sequence

Reference
Wavelength . standard
Element (nm) (ug/1)
Al 308.22 1000
Al 396.15 1000
As 193.76 200
B 249.68 - 200
Ba 455.40 - 200
Be 313.04 2
Co 238.89 100
Cr 267.72 20
Cu 324.75 20
Fe 259.94 4000
Hg '253.65 200
Mn 257.61 200
Mn 403.08 200
Ni 231.60 100
Pb 220.35 200
Pb 405.78 200
Sb 206.84 200
Sn 303.41 200
Sr 407.77 2000
v 292.40 20
Y 371.03 20
Zn 213.86 1000

Measured
average SD Relative SD
(ug/1) (ug/l) (%)
984 17 1.7
1000 66 6.6
193 44 23
199 6.8 3.4
201 1.4 0.70
2.1 0.09 4.3
101 29 2.9
19 2.5 13
20 . 0.6 3
3950 58 1.5
197 13 6.6
196 2.5 1.3
196 6.2 3.2
105 5.4 5.1
283 31 11
232 10° 4.5
241 22 9.1
229 73 32
2030 11 0.54
23 1.2 5.2 '
21 0.4 1.9
1020 16 1.6

From Winge, R. K., Fassel, V. A_, Kniseley, R. N., DeKalb, E., and Haas, W.
J., Spectrochim. Acta, B32, 327 (1977). With permission.

elements in steel collected over a period of a
year are given in Table 6. Not only are the
curves essentially linear over a range of up to 4
orders of magnitude, but the change in slope is
generally less than 4% during the period. Re-
producibility of independent calibrations re-
veals drift which typically ranges from 0.4 to
4% for commercial instrument systems.

Kirkbright and Ward®*-?¢ predicted and dem-
onstrated that a longer linear calibration range
could be achieved with the ICP source-than
with a flame. Human and Scott®*. measured the
self-reversal of resonance lines for high analyte
concentrations in the ICP and compared exper-
imental profiles of spectral lines to theoretical
profiles. Analytical curves for three Ca II lines,
shown in Figure 5, exhibit different degrees of
self-absorption at high concentration levels.®’
Since the 315.89-nm line is some three orders
of magnitude less intense than the other two
lines, its calibration remains linear to 500 mg/
1, whereas the others bend. The upper extent of

linearity depends upon the operating parame-
ters of the ICP, the spectral line selected, and
the spectrometer readout system.?®

4. Precision

The precision, expressed as relative standard,
deviation (SD), of total measured intensities|
from the ICP is generally less than 1% when'
the analyte signal is a large part of the total sig_
nal, because of the stability of the discharge.
Generalized relations between the relative SD
and concentration multiples of the detection
limit and/or background equivalent concentra-
tion (BEC) were given by Boumans?*® anc
Ajhar et al.*® The BEC of an analyte is the cons,
centration that will give a signal equal to thel
background emission. A graphical representa-
tion is shown in Figure 6.°®* The curve was cal*
culated on the basis of 0.4% relative SD for-
both line and background intensities. Different
matrices have little effect on the basic relation-
ships. Spectral background intensities are re-
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FIGURE 4. Comparison of results obtained by ICP-AES for reference materials plotted against the

certified values. NBS standard reference material — orchard leaves and bovine liver; OJ for Ca, Mg, Sr,
Ba, Fe, Cu, Zn, Mn, and Pb; diverse plant digests from Le Comite Inter-Institutes d’Etude des Tech-
niques Analytiques de Diagnostic Foliare (CII); + for Ca, Mg, Fe, Cu, Zn, and Mn; and independently
. certified commercial control blood sera; O for Ca, Mg, Fe, Cu, and Zn. (From Dahlquist, R. L., Knoll,
'J. W., and Irons, R. D., 3rd Annual Meeting FACSS and XIX CSI and VI ICAS, Abstr., Paper No.

80, Philadelphia, 1976. With permission.)

ported to be 100 times smaller and 3 times more
stable with the ICP than with most other spec-
‘rochemical emission sources.®” . .
The relative SD of the background signal of
ihe ICP is approximately constant at less than
1% (e.g., 0.3 t0 0.6%) over a wide range of op-
erating conditions, and only at very low power
wevels does the standard deviation
lacrease.®’-190-122 Thus, the evaluation of signal-
to-background ratio with ICP operating condi-
tions is sufficient to define detection limits’®'*?
and optimize ICP conditions. Even with pho-
tographic detection, precision values on the or-
der of 2% are obtained for the analysis of
lickel alloy solutions,'® and these values are
&tremely good for a photographic method.

5. Detection Limits
The stability and precision of ICP genera-
tors, spectrometers, and readout systems are

“sufficiently reliable so that limits of detection

now depend more upon the type of nebulizer
and nebulization arrangements than upon the
remainder of the measurement.'** As Boumans
and de Boer?7-122.25¢.282 and Olson et al.'®? have
emphasized, the detection limits depend di-
rectly upon the rate of solvent-free aerosol
reaching the discharge in low power argon plas-
mas. Because ultrasonic nebulizers produce aer-
osols of greater number density and of more
uniform particle size than pneumatic nebuliz-
ers,*°? ultimate detection limits using ultrasonic
nebulizers have been reported. In contrast, rou-
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NBS

Element  sample no.

Al 19g
33c
169
Cr 19g

33¢

129

Cu 160
169
341
Mn 19g

33¢
73c
Ni 73c
111b

Matrix

Open hearth (0.2%
&)

3Ni

77 Ni-20Cr

Open hearth (0.2%
C)

3 Ni

Bessemer (0.1% C)

19 Cr-9 Ni-3 Mo

77 Ni-20 Cr

20 Ni-2 Cr .

Open hearth (0.2%
<)

3Ni

Stainless steel

Stainless steel 13 Cr

1 Mn-2 Ni

TABLE 5
Accuracy Studies
System | System II
(wt %) (wt %)

0.032+0.001  0.033 = 0.0007
0.033 = 0.001 0.037 = 0.001
0.095 0.10
0.370 = 0.016 0.375 £ 0.015
0.055 = 0.004 0.052 £0.002
0.018 0.020
0.051 0.05
0.014 0.014-
0.150 = 0.002 0.130 = 0.006
0.56 =0.007 0.59
0.73 +0.01 0.73
0.33 +0.005 0.31 =0.004
0.240 = 0.007 0.230 £ 0.006
1.80 1.78

Sys-
tem
I
(wt
%)

0.030

0.031
0.130
0.360

0.051
0.021
0.048
0.015
0.150
0.57

0.78
0.28
0.220
1.82

NBS value (wt %)
Average Range
0.031 0.027—0.033
0.032 0.030->0.034
0.095 0.095—0.105
0.374 0.369—0.380
0.052 0.049—0.056.
0.018 0.014—0.019|
0.053 0.047—0.06 !
0.015 0.013—0.02 ]
0.152 0.145—0.159
0.55 0.55 —0.559

f
0.73 0.73 —0.735
0.33 0.325—0.34
0.246 0.241—0.255
1.81

1.80 —1.83

= This sample was run on a time integration of 20 sec without the internal reference channel. Use of the internal reference
channel to control the integration caused low results, probably as a result of a spectral interference within the bandpass of
the internal reference channel. This sample has very high concentration of Niand Cr.

Reprinted with permission from Butler, C. C., Kniseley, R. N., and Fassel, V. A., Anal. Chem., 47, 825 (1975). Copyright
by the American Chemical Society.

Statistical Data on Analytical Curves Obtained by Linear Least Squares

TABLE 6

Fitto a Log-Log Plot

Conc. range
Element (wt %) in steel Slope
Al 0.002—1.0 1.03
Cr 0.002—20 1.00
Cu 0.002—2.00 0.990
Mn 0.002—2.0 1.04
Ni 0.01 —10 1.04
Nb 0.005—0.2 0.986
w 0.005—0.2 0.991
Zr 0.005—0.2 0.971
Ce 0.005—0.1 1.01
La 0.005—0.1 0.970
Pr 0.005—0.1 0.980
As 0.002—0.1 0.985
Pb 0.001—0.02 0.971

Relative SD
of slope (%)

1.60
1.31
1.22
1.07
2.03
231
2.86
3.70
3.88
0.903
1.47
2.73
1.86

 Relative SD of

intensities (%)

4.61
3.37
3.13
3.23
4.37
3.15
2.43
5.05
2.34
0.943
1.53
7.10
1.79

-

Reprinted with permission from Butler, C. C., Kniseley, R, N., and Fassel,
V. A., Anal. Chem., 47, 825 (1975). Copyright by the American Chemical

Society.
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FIGURE 5. Analytical curves for calcium

that illustrate the different degrees of

self-absorption associated with the three calcium ion lines. (From Winge, R. K.,
Katzenberger, J. M., Kniseley, R. N., and Fassel, V. A., Annual Progress Report
for Interagency Agreement EPA-IAG-D6-0417, lowa State University, Ames, 1977.

With permission.)

tine commercial ICP systems use one of a vari-
ety of pneumatic nebulizers, which restrict
practical detection limits currently reported. A
list of the best current limits of detection is
given in Table 7 for both ultrasonic and pneu-

matic nebulizers. Olson et al.’®* directly com-

pared the differences in detection limits for
pneumatic and ultrasonic nebulizers with and
without solvent removal. For the conditions in-
vestigated, desolvation was required with ultra-
sonic nebulization. However, approximately an
order of magnitude improvement was achieved
with the ultrasonic compared to the pneumatic
system. Detection limit values vary in routine
analysis from.day-to-day and even hour-to-
hour, although variation is usually within a fac-
tor of 1.5 to 2. In general, the detection limits
in ICP-AES are not appreciably affected by the
presqnce of a matrix in the solution, unless
spectral interference occurs either as a coinci-

‘dence of a spectral line or band emitted by the

matrix with the most sensitive line of the ana-
lyte or as a substantial enhancement of the

" background as a result of stray light originating

from strong emission by certain matrix ele-
ments (e.g., Ca, Mg, Al, Na).3-6-104.165.211.238

6. Multielement Capability and Choice of Op-
timum Conditions for Simultaneous Multiele-

ment Analysis

Because ICP-AES is an emission method, its
capabilities for simultaneous multielement
analysis (SMEA) are fundamentally
excellent''*!?* In an emission method, the sig-
nals of all analytes are generated simulta-
neously in the excitation source; these signals
can be detected simultaneously after dispersion
by a suitable spectroscopic instrument. How-

"ever, in an emission method, the widely differ-

ent chemical and physical properties of the
chemical elements and their compounds cannot
be circumvented; thus, the generation of signals
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(upper scale) and background equivalent concentration (BEC) in lower scale. (From Ajhar, R. M., Dal-
ager, P. D, and Davison, A. L., Am. Lab., 8 (3), 71 (1976). With permission.) -

from a given sample can never be entirely op-
timized for all constituents simultaneously.

Therefore, the task of achieving some accepta--

ble compromise arises. In addition, optimiza-
tion may be specified differently depending
upon the analytical problem. Various questions
can be raised in this context,>** for example:

1. How easy or difficult is it to find compro-

mise conditions for SMEA with ICP-AES? -

2. Which experimental parameters should be
considered to play a major role in selecting
these conditions?

3. What sacrifices have
eventually?

4. Istheresult of the compromise closer to the

to be made

ideal than that which can be reached with ,

other sources?

Various .investigators®?¢273.78.10% have docu-
mented that for a given ICP generator, cou-
pling configuration, and plasma tube arrange-
ment, the critical parameters for analysis are

power input to the discharge, flow rates of the~

gases and sample aerosol, and o_bservation re-
gion in the plasma. Dickinson and Fassel®? and

i

Boumans and de Boer”® explicitly demonstrated
that single-element optimization of detection
limits is feasible by-varying one or more of
these critical parameters. In turn, the results of
these investigations indicated that the selection
of experimental conditions to achieve a com-'
promise for SMEA would not be difficult. Ac-
tually, in defining compromise conditions,’
Boumans and de Boer' and Larson et al.'*
considered additional analytical characteristics
-as well as detection limits and the balance of‘
detection limits among various elements. It wasl
found that, in addition to detection limits, in.
terferences depend critically on the principal
parameters of the ICP for a given arrangemen
(carrier gas flow rate, power input, observatior
height).!*4-**¢ This dependence is illustrated
(Figure 7) for the interference effect of KCl on
three spectral lines and their detection limits &
functions of principal parameters in the argon’
ICP explored by Boumans and de Boer.'** As-
suming that the three spectral lines were repre-
sentative, Boumans and de Boer tentatively de-
rived from the data in Figure 7 compromis>
experimental conditions under which, on one|
hand, a good balance would be achieved in the
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TABLE7

State-of-the-art detection limits (cl) in 1977 reported for argon ICP discharges operated with either
an ultrasonic nebulizer (USN) with desolvation or a pneumatic nebulizer (PN) without desolvation .*

Wavelength cl(ng/ml) cl (ng/ml)
Element (nm) (USN) Ref. (PN) Ref,
Agl 328.07 — — 2 97
All 396.15 0.2 104, 116, 124 1 256,279, 303
All 308.22 0.4 . 102 7 102
Asl . 193.76 2 102 30 102
Asl 228.81 6 104, 116, 124 30 256, 279, 303
Aul 267.59 —_ — 0.9 256,279, 303
Bl 249.77 0.1 104, 116, 124 0.2 256, 279, 303
Ball - 455.40 0.01 104, 116, 124 0.06 256,279, 303
Bel 234.86 0.003 104, 116, 124 0.03 256,279, 303
Bil 289.80 10 106 ) 50 256, 279, 303
Cll 193.04 — — 100 111
Call 393.37 . 0.0001 104,116, 124 0.0005 256,279, 303
Cdl’ 228.80 0.2 104, 116, 124 0.3 256,279, 303
cdll 226.50 0.07 102 0.4 303
Cell 418.66 0.4 104, 116, 124 2 256,279, 303
Coll 238.89 0.1 102 0.4 256, 278, 279, 303
Crll 267.72 0.08 102 0.5 256, 278,279, 303
Crl - 357.87 0.1 © 104,116, 124 1 256, 278,279, 303
Cul 327.40 0.06 104, 116, 124 0.3 256, 279, 303
Dy Il 353.1 — — 4 6
Erl 400.8 — —_ 1 6
Eull 381.97 — — 0.06 256, 278, 279, 303
Fell 259.94 0.09 - 104, 116, 124 0.2 256,279, 303
Fell 261.19 0.5 102 7 102
Gal 417.21 0.6 104, 116, 124 3 256,279,303
GdIl 342.25 0.4 106 2 256,279, 303
Gel 265.12 " 0.5 104, 116, 124 2 256,279, 303
Hf 11 339.98 — - 10 6
Hgl 184.96, — 398 1 . 108

253.71
Ho Il 345.6 —_ - 3 334
11 206.16 — —_ 10 94
Irl 322.1 —_ — 90 107
K1 766.5 —_ —_ 30 112
Lall 408.67 0.1 104, 116, 124 0.4 256,279, 303
Lil 670,78 0.02 116, 124 - 0.3 256, 279, 303
Lul 451.9 — — 8 6
Mgll 279.55 0.003 104, 116, 124 0.01 256,279, 303
Mn 11 257.61 0.01 102 0.06 256,279, 303
Mol 286.41° 0.3 102 0.5 102
N (NH) 336.0 — —_— . 100* 110
Nal 588.99 0.2 104, 116, 124 0.1 256,279, 303
NbII 309.42 0.2 104, 116, 124 1 256,279, 303
Nd 1 401.22 0.3 106 ’ 1.5 256,279,303
Nil 352.45 0.2 104, 116, 124 2 303
Nil 341.48 —_ — 1 256,279, 303
Osl 290.9 — — 6 337
P1 - 253.56 15 104, 116, 124 30 256,279, 303
Pb Il 220.35 1 102 15 107
Pbl 283.31 2 104, 116, 124 10 256,279, 303
Pd1 360.95 - 2 104, 116, 124 6 256,279, 303
PdII 248.89 2 104,116, 124 6 256,279, 303
Prll 422.5 — — 10 334
Pt1 265.95 0.9 106 2 256,279, 303
Rh —_— — — 6 6

Rul 349.9 —_ — 90 337
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TABLE 7 (continued)

State-of-the-art detection limits (cl) in 1977 reported for argon ICP discharges operated with either
an ultrasonic nebulizer (USN) with desolvation or a pneumatic nebulizer (PN) without desolvation *

Wavelength cl (ng/ml) cl (ng/ml)

Element (nm) (USN) Ref. (PN) Ref.

SI 182.03 — — 30 94

Sbl 217.5 — —_— 15 107

Scll 361.3 —_ — 0.4 334

Sel 196.03 1 102 15 107

Sil 251.6 — — 2 303,113

Sm 1l 359.26 — — 0.5 256,278, 279, 303
Snl 284.00 — — 10 256,278,279, 303
"Snl 303.41 3 104, 116, 124 20 256,279, 303
Srll 407.77 0.003 104, 116, 124 0.02 256, 279, 303
Tall 296.51 5 72 70 6

Tb 11 350.92 0.1 106 0.5 256,279, 303

Tel 238.58 — — 15 256,279, 303
Th1l 401.91 — - 3 6

Till 334.94 0.03 104, 116, 124 0.2 256,279, 303

Tm Il 346.22 — — 0.15 256,279, 303

Ul 385.96 1.5 106 8 256,279, 303

\A I 309.31 0.06 104, 116, 124 0.2 256,279,303

\A 311.07 0.09° 102 2 102

WII 276.43 0.8 104, 116, 124 5 256,279, 303

Y1 371.03 0.04 104, 116, 124 0.08 256,278, 279, 303
YbII 369.42 0.02 104, 116, 124 0.1 256, 279, 303

Znl 213.86 0.1 102, 104, 116, 124 0.3 256,279,303
Zrll 343.82 0.06 104, 116, 124 0.3 256,279, 303

Note: The detection limits taken from 104, 106, 116, 124, 256, 278, 279, and 303 represent concen-
trations required to produce a net line signal twice as great as the SD of the background signal,
and the results are for a 15-sec integration time and a medium spectral resolution (i.e., 1-m
monochromator, 1200 rulings/mm grating, 25-um slits). Spectral lines below 360 nm were
measured in the second order and lines above 360 nm in the first order.

¢ The tablelists the lowest values reported in the literature.

* Gasevolution technique,

detection limits of various analytes, and on the
other hand, the overall powers of detection and
the interference level would be well equili-
brated. Their choice turned out to be a fortun-
ate one, because excellent detection limits for
many elements proved to be compatible with a
low overall interference level,®:1°%:15° Boumans
and de Boer used these originally selected com-
promise conditions for various years®*® and
showed recently'??-2#° that again adequate com-
promise_conditions, though with different nu-
merical values of principal parameters, could
be found even when they changed their experi-
mental facilities.

If the approach taken by Boumans and de
Boer was primarily empirically analytical, Fas-
sel et al.''*''s incorporated significant funda-
mental work into their analytical studies of the

ICP and made detailed analyses of spatial dis-
tributions of emission from the argon plasmaJ
and from analyte elements introduced into the~‘
ICP. Studies of spatial distributions provide di-
agnostic signals from which temperatures and
electron and analyte number densities can be
derived with the objective of characterization
of the analytical ICP discharge, as will be dis-,
cussed in detail in Section III. Spatial distribu-,
tions depend upon the equipment used and the
operating parameters of the ICP configuratiot!
as listed below:

i

Analytical
Gas flow rates and number
Spectral observation zone
Power level
Nebulization and desolvation
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FIGURE 7. Matrix effect of KCl and detection limits in
an argon ICP operated with an ultrasonic nebulizer as func-
tions of the power input (P), the observation height (h),
and the carrier gas flow rate (F.). (A) Matrix effect of 2
mg/ml KCI for Li I, 323.2 nm; Mn I, 403.1 nm; and Ba II,
455.4 nm. (a) F.-= 1.1 I/min; (¢) F. = 1.5 1/min; (d) F. =
1.7 I/min. (B) Detection limits attained with the three spec-
tral lines under similar conditions. The following condi-
tions were chosen as compromise conditions for simulta-
neous multielement analysis: P=0.7 kW, h= 15 mm, and
F. = 1.3 I/min. (From Boumans, P. W. J. M. and de Boer,
F. J., Spectrochim. Acta, B30, 369 (1975). With permis-
sion.)
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Spectral line selection
Equipment
Operating frequency
Generator type
Power level
Magnetic flux density
Coil geometry
Diameter
Length
Pitch
Number of turns
Tubing diameter shape
Plating
Torch geometry
Number of tubes
Diameters and shapes
Length
Flow configuration
Material
Construction quality
Sample
Form
Nebulization
Desolvation
Transfer Optics
Spectrometer
Detectors
Readout
Data analysis, presentation

As an example of changes in spatial emission,
in Figure 8 the intensity of the Ca, 422 .7-nm
line on the centerline of the ICP as a function
of observation zone for four different power in-
put values and aerosol flow rates is
illustrated.'® The simultaneous recording of
each profile utilized a unique linear photodiode
array arrangement, which will be described in
Section I1.B.3. These results and the radial ex-
citation temperatures derived from Fe I-line
emission at three observation heights and two
aerosol flow rates in the presence and absence
of sodium in the analyte (see Figure 9) demon-
strate that excitation temperature as well as the
analyte emission drops as aerosol flow rate in-
creases.'” However, excitation temperature
and electron number density distributions
(shown in Figure 10) do not change signifi-
cantly with the addition of sodium at each aer-
osol flow rate and observation height.

These results support the conclusion drawn
from empirical analytical approaches-87-115.122
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FIGURE 8. Spatial profiles of Ca I, 422.7-nm emission corrected for background
as a function of aerosol carrier flow rate ((a), 0.9 1/min; (b), 1.0 I/min; (c), 1.1 1/
min; (d), 1.2 1/min) and discharge power (curve 1, 2 kW; curve 2, 1.75 kW; curve
3, 1.5kW; curve 4, 1.25 kW) obtained with a silicon linear photodiode array system.
(From Edmonds, T. E. and Horlick, G., Appl. Spectrosc., 31, 536 (1977). With
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that appropriate selection of experimental con-
ditions (such as observation zone, power input,

and carrier gas flow rate) can provide simulta-

neously excellent limits of detection for mul-
tielement analysis and a high degree of freedom
from interelement effects. They also provide a
solid basis for using relatively low carrier gas
flow rates (on the order of 0.8 to 1.5 I/min) in
argon ICP discharges to achieve optimum ana-
Iytical performance.587-115-122 Results of recent
fundamental studies by Kornblum and de
Galan®*'® further justify the empiricists’ use of
relatively low carrier gas flow rates. They also
showed!® that not only the volume flow rate
but the linear cold gas velocity can be an impor-
tant factor. Since the linear velocity of the aer-
osol gas flow depends upon the injection-tube
orifice diameter (among other parameters),3*¢
optimum conditions found by different investi-
gators using different orifice diameters for the
aerosol injection tube (see Table 8) provide ap-
proximately the same cold gas velocity.?”® For
example, Kalnicky et al.""* recommended a 1 I/

min carrier gas flow rate for their ICP with a -

1.5-mm aerosol tube orifice diameter, whereas
Boumans and de Boer'?#?* favored 1.45 1/min
for-a 1.80-mm aerosol-tube orifice diameter.
Genna and Barnes®*® recently observed that the
actual linear velocity, as well as the entire veloc-
ity distribution of the argon gas flow, leaving

the aerosol injection tube orifice depends upon

the presence and configuration of the pneu-
matic nebulizer and aerosol spray chamber.

Experience indicates that high carrier gas
flow rates should be avoided in analytical ap-
plications.®***® Ohls et al.,’'-**” who initially
used high flow rates because their nebulizers
could not operate well at low flow rates, con-
firmed the findings of earlier workers when a
low-flow nebulizer better suited for their pur-
pose became available to them. Boumans and
de Boer'??:278.280 consider the carrier gas flow
rate as the most critical parameter as well as the
most convenient and effective variable of their
ICP when optimizing conditions for either
SMEA or single-element analysis. Along with
others,®” they use rigorous means (i.e., preci-
sion pressure gauge and mass flow meter) to'
regulate this flow when operating their ICP
with a cross-flow pneumatic nebulizer. An illus-
trative example is given in Figure 11, which
shows the dependence of the matrix effect (de-
fined as the ratio of the net line signals mea-
sured with solutions with and without matrix,
respectively, and containing the same concen-
tration of analyte) of 10 mg/ml KClI on the car-!
rier gas flow rate for various spectral lines at
fixed power (1.15 kW) and observation height
(15 mm above the top of the coil) as measured
in an argon ICP operated with a pneumatic ne-
bulizer.!?2-278-28¢ Three features are illustrated in
Figure 10:(a) the very pronounced matrix effect.
at high carrier gas flow rate, (b) justification
for choosing 1.45 1/min carrier gas flow rate as
compromise for SMEA (after power and obser-
vation height were fixed), and (c) the possibility .
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FIGURE 9. Radial Fe I excitation temperatures at 1.0 kW
for three observation heights above the induction coil and
two aerosol carrier flow rates for 150 ug of Fe per milliliter
(open circles) and 150 pg of Fe per milliliter with 6.9 mg of
Na per milliliter (closed circles). (From Kalnicky, D. J.,
Fassel, V. A., and Kniseley, R. N., Appl. Spectrosc., 31,
137 (1977). With permission.)

for using the carrier gas flow rate as a conveni-
ent and effective variable for single-element op-
timization of the matrix effect. Furthermore, as
indicated in Figure 11, the matrix effect of KCl
under compromise conditions is always be-
tween +20% -and often between =10%. Bou-
mans et al.?’®2% also demonstrated that the
compromise conditions selected on the basis of
KCl interference are applicable to other mat-
rices including phosphate.

Analyte emission and excitation follow atom-
ization and vaporization of sample aerosols.

September 1978 227

These processes depend upon the operating
properties, especially the sample flow into the
discharge. Spatial distributions of pressure as
an indicator of the particle trajectory within the
ICP at two aerosol flow rates are presented in
Figure 12, The absence of solute vaporization
interferences for phosphate and aluminum on
calcium in the ICP®% '3 indicates that formation
of refractory compounds, as observed in
flames, is negligible in the ICP under appropri-
ate operating conditions. Common pictures of
ionization interference and incomplete vapori-
zation or dissociation of solute developed for
flames and arc plasmas do not appear applica-

- ble in the argon ICP as the result of the com-

bined high temperature, high electron density,
and the possibility of specific excitation pro-
cesses. The existence of departures from local
thermal equilibrium (LTE) in argon ICP dis-
charges is becoming well
documented,a:.ud.131.139.318 and it appéars that
some of the favorable analytical properties of
argon ICP discharges, particularly the low de-
tection limits reached with ionic lines and the
relative freedom from interferences from alkali
metals, are due to the non-LTE conditions of
the plasma, which, in turn, may be connected
with the ionization-excitation mechanisms in-
volving metastable argon species.!?23?” This
topic is discussed in Section I11.B.5.

II. INSTRUMENTATION

A. The ICP-AES System
1. Introduction

The ICP discharge is generated by inducing
a magnetic field in a flowing, conducting gas,
usually argon or argon and nitrogen, by means
of a water-cooled copper coil which surrounds
quartz or boron nitride confinement tubes
through which the gas flows (Figure 13). Typi-
cally two or three separate flows are employed,
as indicated in Table 1, to sustain the high tem-
perature discharge, to prevent the confinement
tube walls from melting, to position the dis-
charge, and to form the discharge into an an-
nular shape through which a sample aerosol can
be transported by the aerosol carrier gas. Com-
monly, RF generators at frequencies in a range
between 7 and 50 MHz and, in the U.S., espe-
cially at FCC-allowed Industrial-Scientific-
Medical (ISM) frequency bands at 27.12 or
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FIGURE 10. Radial electron number density distribution calculated with the Saha-
Eggert’s equation at 15, 20, and 25 mm above the induction coil for Mg atom/ion
combinations; 10 ug of Mg per milliliter (open symbols) and 10 ug of Mg per millil-
iter with 6.9 mg of Na per milliliter (closed symbols). (From Kalnicky, D. J., Fassel,
V. A., and Kniseley, R. N., Appl. Spectrosc., 31, 137 (1977). With permission.)

40.68 MHz produce power levels transferred to
the discharge in the range of 0.4 to 3 kW with
argon and up to 10 kW with argon aerosol car-
rier and nitrogen plasma (coolant) gases. A typ-
ical ICP system for AES includes the RF gen-
erator, a transmission line, a tuning and
coupling unit, the induction coil, a plasma tube
arrangement, a sample introduction system,
imaging optics, a monochromator or multi-
channel spectrometer, and analog or digital
readout and control.33¢%117 Alternative ar-
rangements were described by Greenfield et
al.,” Boumans et al.,’®-!%3-116-122 Kgorpblum and
de Galan,®*? and Robin et al.”?-77

Although values for gas flows, power level,
and spectral observation zone in the discharge
differ for each spectrochemical arrangement,
usually one set of operating conditions is found
experimentally which provides analysis of mul-
tiple elements simultaneously with a minimum
influence from concomitant elements in the
sample.'®* A typical range of conditions for an
argon ICP is a plasma (coolant) flow of 10 to
20 I/min, auxiliary (plasma flow) of 0 to 0.5 1/

min, aerosol carrier (sample) flow of 0.8 to 1.5 -

1/min, power in the discharge of 0.4 to 1.8 kW,
and observation zone measured from the top of,
the induction coil of 15 to 20 mm. Solutions are
taken up by the nebulizer at a rate between 1.5
and 3.0 ml/min (Table 8). :

HF generators and sample introduction com-
ponents of ICP-AES instrument systems were
reviewed by Greenfield et al.® They discussed
oscillator types, power levels, and frequency as
well as the plasma cell, nebulizers, solids intro-.
duction, vaporization techniques and physical
properties of the discharge. Butler et al.* sum-’
marized operating parameters and performance
of various ICP systems for the analysis of so-
lutions and powders with illustrations of
plasma torch design for each system. Bou-
mans*!¢ discussed problems related to the de-,
sign and construction of a complete instrument:
for routine multielement analysis of solutions..
Since one ICP-AES arrangement has not been
proven best, commercial and research systemsi
differ somewhat in approach and equipment..

Dickinson and Fassel®* described an arrange-'
ment which incorporated all of the essential
components of a modern research ICP system.,

+
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FIGURE 11. Matrix effect (X) of 10 mg/ml KCI on var-
jous spectral lines as a function of the carrier gas flow rate
at constant power (1.15 kW) and observation height (15
mm) in an argon ICP operated with a pneumatic nebulizer.
Spectral lines: Ba I, 553.55 nm; Li I, 670.78 nm; Mn I,
403.08 nm; Mg I, 285.21 nm; Cu I, 327.40 nm; Mn IJ,
257.61 nm; Sr 11, 407.77 nm; V 11, 309.31 nm; Y II, 371.03
nm. Orifice diameter in carrier gas tube is 1.80 mm. (From
Boumans, P. W. J. M. and de Boer, F. J., Paper No. 19
presented at 20th C.S.I. and 7th 1.C.A.S., Prague, Septem-
ber 1977. With permission.)

A commercial induction heating, free-running
generator set to operate at 30 MHz was coupled
to a remotely located induction coil by an air
transformer, coaxial cable transmission lines,
and a commercial tuning and coupling circuit.”
These circuits and their parameters were later
calculated by Schleicher and Barnes®*” in adapt-
ing the same system approach to another gen-
erator. The remote coupling unit provided the
flexibility of conveniently and accurately posi-
tioning the entire discharge relative to the en-
trance optics-of a scanning monochromator, as
illustrated in a figure * given by Barnett et al.,”
who applied the system for ICP-AAS. Sample
aerosol was produced ultrasonically and desol-
vated in a furnace. Addition of the tuning unit

* Figure 1 in Reference 71.
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to match impedances of the discharge with the
generator freed Fassel and co-workers®*7!-11®
from the difficulty in producing and maintain-
ing the ICP discharge that restricted Wendt and
Fassel,5"** when the working coil was attached
directly to the generator without impedance
matching.

The same arrangement was applied by Kni-
seley et al.'"® with an improved pneumatic ne-
bulizer!?® for the determination of trace metals
in blood, and later by Butler et al.,** along with
a similar but higher power generator, for the
analysis of steels. In the latter study, three dif-
ferent spectrometer and readout systems were

~ employed, including two scanning spectrome-

ters and a multichannel direct reading spec-
trometer. The multichannel and scanning spec-
trometers were positioned to read
simultaneously emission from a single dis-
charge to expand the wavelength coverage and
element range of the direct reading instrument.

Scott et al.’® substituted a table-top sized,
fixed frequency generator operating at 27.12
MHz with 50-Q output impedance, transmis-
sion lines, and adjustable impedance matching
circuit in another research arrangement. Scott
et al.?% later used a similar table-top generator
along with a 0.5-m monochromator for the de-
termination of uranium in rocks,® and analysis
of so0il°? and plant materials®® on a sequential
element basis. Kirkbright et al. combined a sim-
ilar generator and a 1.0-m monochromator for
analysis of ammonia in solutions,'*® for deter-
mination of phosphorus in milk powders,'*
and for the spectrum study of sulfur.'3¢

These relatively small, crystal-controlled,
constant frequency generators with constant
output impedance and matching arrangements
are popular in commercial ICP-AES instru-
ments produced in the U.S.,”® where three of
the four leading manufacturers employ the
same HF generators in their ICP instruments
(see Table 9).

The ICP-AES instruments devised by Green-
field et al.,*5>73 Kirkbright et al.,***'°* Ward,***
Newland and Mostyn,'! Watson et al.,'?! Bou-
mans and de Boer,73-193-122.278.280 Kornblum and
de Galan,®*®* Ohls et al.,*® and Robin et
al,7277.79.126-135 differ in Some major respects
from those produced commercially in the U.S.
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Radial pressure distributions recorded in a 0.95-kW argon ICP discharge operated at 26.5 MHz for aerosol

carrier flow rates of 0.85 1 Ar per minute (A) and 1.20 | Ar per minute (B) as a function of axial position from the top of the
intermediate quartz tube. The torch terminated at 18 mm, and the induction coil extended from 0 to 15 mm. The torch inner
diameter was 18 mm centered at 0 mm, and the 1.5-mm diameter injection orifice was located 3 mm below the bottom of the
induction coil. Plasma (coolant) and auxiliary argon flows were 10.4 1/min and 0 1/min, respectively. Maximum pressures

correspond to velocities of 43 m/sec (A) and 65 m/sec (B).

Commercial European ICP-AES systems incor-
porate many of the major features and some of
the same system components (Table 9).
Greenfield et al.s®%*73 conducted their work
with systems based upon Radyne Ltd. (Wor-

kingham, England) free-running generators,
first with a flame spectrometer and a large
quartz spectrograph, and since the early 1970s,
with a 30-channel polychromator. They devel-
oped an automated sample handling device for
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multiple routine analysis. Similar arrangements

:were applied by Kirkbright et al.,*®? except with

a monochromator, by Mostyn et al.5®!°! with

‘grating and prism spectrographs, and by Wat-

son et al.'*' with a 3.4-m Ebert spectrograph
and 24-channel spectrometer. Common to these
instruments is the ability of the large RF gener-
ator to operate with sufficient output power to
sustain discharges in diatomic gases or mixed

argon-diatomic gases.* Typically, nitrogen is
circulated as plasma (coolant) gas with flow
rates of 20 to 70 1/min and nominal generator
output power of 2 to 15 kW. Greenfield et al.”?
estimated the efficiency of power transfer to the
plasma to be approximately 50%.

The research 1ICP-AES instruments used by
Boumans and de Boer?887:193.104.105 and Korn-
blum and de Galan®***1%° couple Philips pro-
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totype RF generators operating at approxi-
mately 50 MHz with monochromators using
movable plasma stands, ultrasonic or pneu-
matic nebulization, and desolvation. The RF
generator is a Colpitts oscillator consisting of a
power supply and a separate generator to which
the coil is rigidly attached. Power stabilization

“of the RF generator and a dual-channel dual-

monochromator were described by Boumans et
al.”*19 The system devised by Kornblum and
de Galan for the examination of spatial distri-
butions of temperature and other properties in
the ICP exhibited optical resolution elements in
the discharge of 140 by 140 um? to 880 by 880
um? at the edge with stepping motor control

over the position of the discharge relative to the
entrance aperture of the monochromator.?? The
entire plasma assembly and generator was
mounted so that it rolled over sliding bars uf
to 20 mm with 0.1 mm resolution.

In the most recent arrangement described by
Boumans and de Boer,'?? a new prototype free-
running RF generator with automatic power
transfer stabilization and pneumatic nebuliza-
tion was combined with the dual-channel, dual-
monochromator arrangement previously em-
ployed. Recently introduced by M.B.L.E.
(Manufacture Belge de Lampes et de Materiel
Electronique S.A.), Brussels (Belgium), subsid-
iary of Philips Analytical, Einhoven (The Neth-
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erlands),'>® a commercial ICP-AES system
based upon the experience of Boumans and de
Boer combined a free-running RF generator at
50 MHz and a 1.5-m concave grating spectrom-
eter. The spectrometer can be constructed with
a unique ‘‘roving’’ slit-detector assembly that
enables the measurement of any spectral line
within the wavelength range of the instrument
and effectively adds a variable wavelength
channel to the conventional arrangement estab-
lished by the fixed exit slits and detectors. This
moving slit arrangement provides flexibility
similar to that achieved with a separate mon-
ochromator added to the spectrometer. The
performance of the latter arrangement in ICP
applications was recently evaluated by Ward.?®*

Robin, Mermet, and co-workers operated a
number of ICP arrangements since their initial
studies in the mid 1960s (summarized by Mer-
met).”” A commercial, 5.4-MHz, 6 kW-genera-
tor and 2-m Fastie-Ebert monochromator with
holographic grating were combined with a

three-exit slit arrangement, so that one to three -

spectral lines could be observed simulta-
neously.’®' The configuration was applied in
the diagnostics of the ICP discharge, identifi-
cation of new spectral lines, and study of exci-
tation mechanisms and chemical and ionization
interferences,??6-127.130-131 a5 well as for spectro-
chemical analyses.”” A recent system employing
a commercial 40-MHz generator’? was applied
in atomic emission and absorption,'*3-'*® spec-
troscopy for analysis, study of interferences,
excitation processes and plasma
diagnostics,***1342% and determination of oscil-
lator strengths.?s

Ohls et al.?!-'37-297 gpplied prototype free-run-
ning and crystal-controlled generators, a 1-m
multichannel spectrometer with 17 elements,
and a microcomputer readout and display sys-
tem in the analysis of steel solutions and waste-
waters. Two pneumatic nebulizers produced
substantially different sample flows, which re-

sulted in major changes in the emission distri- -

bution in the ICP. .
Danielsson and Soderman'?*® measured lme—
to-background ratios and detection limits in an
ICP by means of an image dissector echelle
spectrometer,'*' whereas, others have com-
pared conventional spectrometers with com-
mercial echelle grating spectrometers for ICP
analysis.’*® Although investigations with var-

ious ICP-AES arrangements have provided ex-
cellent research and routine results, other con-
figurations are being tested as the pace of
commercial competition in the ICP-AES field
intensifies.

Although research ICP instruments are de-
signed to provide optimum performance, com-
mercial ICP-AES instruments give the best
cost-to-performance ratio. Different compro-
mises are involved in the final arrangement for
each category of instrument.'s*232%¢ For com-
mercial instruments these compromises involve
modifying existing spectrometers to accommo-
date the ICP source rather than designing an
integrated ICP-spectrometer:

1. Approximating background and interfer-
ence contributions rather than making true
background and interference measure-
ments and corrections

2. Selecting analytical wavelengths to mini-

mize most but, necessarily, not all spectral
overlaps, and to maximize sensitivity but
only when an exit slit and/or photomulti-
plier tube can be fitted along a possibly
crowded focal curve

3. Reducing stray light to satisfactory levels

but not adding expensive hardware com-
ponents

4. Using compromlse ICP operating condi-

tions and measurement times for a balance
“between sensitivity and interference effects
in simultaneous multichannel detection
rather than optimum conditions for se-
quential single element determinations.

Cost-to-performance ratio also depends upon
the time available for analysis, number of ele-
ments to be determined, required detection lim-
its, accuracy and precision, and capital, person-
nel, and operating budgets.

2. Commercial Instruments

The number of ICP-AES commercial instru
ments has increased during the 4 years follow‘
ing the first instrument introduction in 1974. It
1976, Fuller'*® listed commercially availabl
emission spectrometers with conventional an(
ICP sources. Since then, new ICP-AES instru
ments have been announced.?®* Table 9 com
piles key properties of commercial ICP dis
charges for atomic emission spectroscopy that
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have been advertised, demonstrated, or deliv-
ered. In most cases, the ICP generator and dis-
charge stand are customized to attach to stand-
ard spectrometers, which may have been
upgraded to receive the ICP source. Among
changes in spectrometers required for ICP anal-
ysis are attempts to reduce optically unwanted
light at the detectors, to introduce background
correction hardware and software, to extend
readout dynamic range to 6 decades, and to
provide selection of spectral lines best suited for
the ICP source. Current ICP-AES systems gen-
erally come equipped with dedicated minicom-
puters to perform control, data collecting, and
processing functions.

In general, spectroscopy instrument manu-
facturers have chosen not to produce their own
RF generators, although many of them specify
unique requirements for those ordered from
generator suppliers. Generator manufacturers

produce RF sources alone or equipped with

ICP apparatus so that-a customer may attach

the arrangement directly to a conventional -

spectrometer or spectrograph. Among manu-
facturers of generators which have been suc-
cessfully used for ICP spectroanalysis are the
following: Electronique Scientifique et Indus-
trielle-R.C. Durr (Albertville, - France), Henry
Radio (Los Angeles), International Plasma
Corp. (Hayward, California), Lepel High Fre-
quency Laboratory (Maspeth, N.Y.),” Linn
Electronik (Hersbruck, Germany), Plasma
Therm (Kresson, N.J.), and Radyne Ltd. (Wor-
kingham, England).’® Other custom units have’
been adapted for ICP applications.® The ICP
source presently - available from M.B.L.E.,
Brussels (Belgium)'*® uses a generator specifi-
cally designed for the ICP. This generator
evolved from a first prototype employed by
Boumans and de Boer?8-87-193-1%4 through a sec-
ond prototype,!2>-2%° the specifications of which
were derived from the ICP-AES experience of
this group into the commercial version.

The introduction and steady improvement in
verformance and capabilities of commercial
ICP-AES systems are well documented only at
trade shows, conferences, and in marketing lit-
erature. Abstracts of many of the conference
presentations have been reprintéd in the ICP
Information Newsletter and papers by Davison
et al.,” Jones et al.,”® Ward,**-23°-2%¢ Dahlquist
et al.,®® Ajhar et al.,’® and Dalager et al.®’ re-
view the progress in these developments.
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Little work has been done on comparative
evaluations of commercial ICP-AES instru-
ments, although Winge et al.®? reported results
of an extensive evaluation of one commercial
ICP-AES instrument. This study revealed the
need to reduce stray light levels reaching the
photodetectors and develop empirical methods
for correction of matrix-related background
shifts. Both of these topics are discussed in Sec-
tion B.4. Many aspects of ICP instrumentation
were discussed during informal conferences at
Noordwijk, The Netherlands in 1976%*¢* and
1978.

3. Special Instruments

The majority of ICP installations are either
composite arrangements assembled by re-
searchers using local or commercial compo-
nents or commercial ICP-AES systems com-
plete with generator, nebulizer, spectrometer,
computer, and readout. However, special in-
struments which might be constructed on de-
mand or under contract may be tailored to
solve specific problems. One such ICP-AES in-
strument designed for residual fuel analysis for
marine applications was described by Alle-
mand.'* A unique requirement for this instru-
ment design was that of an unattended, on-line,
cyclically programmed analyzer that would be
applied as a loop-monitor component in a semi-
automatic or completely automatic fuel treat-
ment system. This unique instrument featured
an improved ICP discharge tube arrangement,
a fuel atomization system with no solvent dilu-
tion requirement, an impedance matching net-
work with no change between ignition and op-
erating modes, and a dynamic background
correction device. The dynamic background
correction design has since been incorporated
into a commercial ICP-AES instrument,"** and
the discharge tube configuration has been fur-
ther studied.'** Impedance matching network
design has progressed as well.!*¢ Details of these
developments are given in Sections B.1 and B.2.

4. Performance Comparison with Other Emis-
sion Sources or Competitive Analysis Methods
Selecting an ICP source for the solution of

* specific problems or as a general spectroanal-

ytical tool is best made when potential users
have a clear idea of their individual needs and/
or can travel to user or manufacturer’s labora-
tories to test each instrument type first hand.
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Unfortunately, not many have the resources to
make extensive comparisons with all emission
sources, so that the few available detailed liter-
ature comparisons among instruments and
techniques weigh heavily in selection of new in-
struments.

An important point to stress in comparing
ICP-AES with other approaches is that a num-
ber of established methods, such as flame- and
electrothermal-AAS, spark-AES, and X-ray
fluorescence spectrometry (XRF), exist, and in
particular fields of application, these methods
are often completely adequate. Since develop-
ment of these methods proceeds continuously
and instrumentation is always improving (en-
hancing the cost-to-performance ratio), com-
parisons must be timely. An attempt to replace
these approaches with ICP-AES may be unreal-
istic. The judgment of the position of a rela-
tively new technique, such as ICP-AES, among
established analysis methods depends primarily
upon assessing the extent to which the new tech-
nique can fill existing gaps, in other words, de-
fining the areas in which the new method yields
results where the established methods fail or in
which the new method provides similar results
but at lower cost and/or greater convenience.
An entirely satisfactory assessment of ICP-AES
compared to established analysis methods is not
easy and perhaps premature presently, because
standard commercial ICP-AES instruments are
only now becoming widely available.

In contrast, an assessment of ICP-AES
among related, nonestablished techniques is far
easier, because the literature provides many re-
sults of detailed experimental comparisons and
critical reviews that show the ICP usually pro-
vides performance superior to those of nones-
tablished techniques. In fact, this superiority
led instrument manufacturers to select ICP in-
stead of alternative sources for AES analysis of
solutions. A few years ago various sources for
solution analysis, e.g., high-temperature
flames, DC plasma jets, microwave-induced
plasmas, capacitively coupled microwave plas-
mas, and ICPs, still had to be considered as
possible alternatives.*%%7% It soon became

clears3--116.149.256.279 that the ICP had many prop--

erties that would make it the preferred source.

Greenfield et al.® concluded after an exten-
sive literature review of most DC plasma jets,
microwave and capacitively coupled sources,

and ICP discharge that the ICP was superior to
both plasma jets and microwave discharges if
detection limits were the criterion. The sensitiv-
ity of the ICP, with several exceptions, wag
found to be greater than either of the other two
types of sources. Freedom from matrix effects
and electrode contamination, as well as a linear
calibration range, favored the ICP. However,
the ICP was more expensive than either of the
other source types. Pforr®* compared the spec-
trochemical results obtained with a 40-MHz
ICP, a 40-MHz quarter-wave coaxial discharge,
and a Kranz plasma jet and found that the best
sensitivity was obtained with the ICP.

Flame techniques, especially atomic absorp-
tion spectrophotometry, establish major ana-
Iytical performance criteria by which the ICP
must be judged for single element analysis. Fas-
sel and Kniseley® compiled a comparative list of
limits of detection (reproduced in Table 3) to
demonstrate the merits of the ICP. Recently,
Fassel**” compared the ICP to AAS with elec-
trothermal atomizers for the analysis of ultra
trace concentration levels in limited volume lig:
uid samples. The combination of analysis ca-
pability and an unusual degree of freedom from
interelement effects were cited as a major ICP
advantage, since for 1-ml sample volumes, the
relative levels of detection of the ICP and elec-
trothermal atomizers in AAS appeared compa-
rable. On an absolute basis, however, the elec-
trothermal atomizers were superior to the ICP.

Winefordner et al®' reviewed multielement
atomic spectroscopic methods as well. They
considered atomic absorption flame and non-
flame spectrometry, atomic fluorescence flame
and nonflame spectrometry, and atomic emis-
sion spectrometry with flame, ICP, and micro-
wave sources. Signal-to-noise ratio, experimen-
tal limits of detection, and other analytical
parameters served as criteria. The authors con-
cluded that, if a large - number of elements
needed to be determined, the present choice had
to be ICP-AES with multichannel or pro-
grammed, rapid-scan, good-resolution spec-
trometers. For a limited number of elements,
either an AES or AFS system was recom-
mended.

Kirkbright and Ward?®*®-*¢ predicted and then
verified experimentally that ICP-AES has a
longer linear .working range for analytical
curves than an inert gas shielded nitrous oxide-
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FIGURE 14. Comparative assessment of DC arc optical emission spectroscopy (DC arc OES),
flame atomic absorption spectrophotometry (flame AAS), electrothermal atomic absorption spec-
trophotometry (furnace AAS), and inductively coupled plasma optical emission spectroscopy
(ICP-OES). Positive qualities are represented by open boxes displaced to the right (From Bou-
mans, P. W. J. M. and de Boer, F. J., Proc. Anal. Div. Chem. Soc. (London), 12, 140 (1975).

With permission.)

acetylene flame. Since the absolute value of

-emitted intensity at any line was found to be
‘much higher in the ICP than in the flame, lower

concentrations and reduced sample uptake

rates were possible with the ICP. Boumans and

de Boer’® also compared a premixed nitrous ox-
ide-acetylene flame with the ICP to determine
‘the feasibility of simultaneous multielement

analysis. Although an argon-shielded premixed’

‘flame offered promise for simultaneous flame
emission analysis,” Boumans and de Boer'* dis-
continued their efforts on flame AES in favor
of ICP-AES. . :

Other evaluations of the ICP and electrical
discharges were made by Fassel,®> Boumans and
de Boer!!s-149.229.256.279 Kleinman and Polej,” and
Sharp.® Boumans and de Boer'*® considered
simplicity, cost, precision, multielement capa-
vility, interferences, detection limits, sample
size, and dynamic range in their evaluation of
flame and furnace AAS, DC arc emission spec-
‘roscopy, and ICP discharge. Each property is
represented by the position and shading of a
block in Figure 14 for each method. The farther
= block is displaced to the right from the verti-
cal line, the better the characteristics were
judged to be. A white block indicates positive
fnd a black block negative judgment. The need

to improve both the cost and precision of the
ICP was emphasized, along with the impor-
tance of developing attitudes to achieve a bal-
ance between costs and profits. The advantages
of a multielement technique must be weighed
against the implementation costs. Boumans?*®
also evaluated the ICP discharge, the glow dis-
charge, and the DC-arc source for universal
analysis. '

Definitive experimental comparisons were
conducted with commercially available micro-
wave plasma discharge sources called capaci-
tively coupled microwave plasma (CMP) or sin-
gle electrode plasma (SEP). Both Boumans ‘et
al.’s® and Larson et al.’s! examined the ICP and
the CMP under carefully controlled laboratory
conditions. In the study of Boumans et al.,!*°
detection limits, sensitivities, precision, back-
ground levels, and matrix effects were con-
trasted for 14 spectral lines of 12 elements in
pure aqueous solutions as well as three matrix
solutions. In all respects, the ICP discharge was

found superior to the CMP as an excitation
~ source for simultaneous multielement analysis

of solutions. The ICP displayed better overall
powers of detection, far smaller matrix effects
(especially ionization interference effects),
higher sensitivity, better reproducibility,
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FIGURE 15. Comparison of the effect of Na (A) and Al
(B) on Ca emission in a capacitively coupled single-elec-
trode microwave plasma (SEP) and ICP. Calcium concen-
tration of 0.5 umol/ml; lines, Ca I 422.7 nm and Ca II
393.4 nm; height of observation for SEP, 3 or 7 mm above
electrode, and ICP 20 mm above the load coil. Reprinted
with permission from Larson, G. F. and Fassel, V. A.,
Anal. Chem., 48, 1161, (1976). Copyright by the American
Chemical Society.

smaller background variations, and the possi- -

bility for defining fixed compromise operating
conditions for analyses of a large variety of an-
alytes and matrices. A

The investigation conducted by Larson et
al.”** focused on the comparison of interele-
ment effects in the two discharges. Atom and
ion emission from Ca, Cr, Mo,.and Zn in the
presence of various concentrations of Na, and

from Ca in the presence of Al and phosophate
were considered. The results obtained in the Nz
(Figure 15A) and Al (Figure 15B) addition tests
are reproduced in Figure 15. For these condi-
tions, negligible changes were observed in the
ICP discharge, whereas severe changes were
found in the microwave discharge. )

For complex biological matrices, Irons el
al.'s? evaluated energy-dispersive X-ray fluores.
cence spectroscopy (XRF) and ICP-AES foi
sensitivity, precision, and accuracy in the anal.
ysis of up to 13 elements in standard reference
materials, compound mixtures, and supplemen-
tal samples. The important criteria in this eval.
uation included tissue preparation require-
ments, sensitivity for detection and
quantification of trace elements in biological
samples, accuracy and reliability in complex
matrices, data handling requirements, and ca-
pacity for analyzing large numbers of samples.
They concluded that the ICP is slightly more
sensitive for most elements. XRF required bio-
logical samples to be in a dried form, which
could be cumbersome. Because the ICP re-
quires solution samples, the relative sensitivity
in tissue specimens was limited; however, for
blood, urine, or aqueous solutions, the ICP
held the advantage of detection limits. For both
techniques, analytical precision was limited by
the operator error in duplicating sample prepa-
rations. Accuracy and recovery tests for both
compared favorably with AAS. With an inte-
grated computer in the ICP instrument, data
handling and analysis were more easily ob-
tained. Operating -costs for ICP or XRF were
expected to be similar. The selection of the
most suitable technique rested on the type of
sample and particular element of interest.

A recent polemic between Plesch?’® and Bou-
mans?*® concerning the relative merits of XRF
and ICP-AES fixed on the question of cost and
complexity. Considering that the cost of a com-
plete ICP-AES instrument (including source
and spectrometer) may cover a wide range de-
pending on the scope of the envisaged analysis
problem, Boumans admitted that the cost of
even the cheapest commercial ICP-AES instru-
ments with adequate performance would not be
much less than the least expensive XRF instru-
ment. He concluded that for the time being in-
strument costs do not constitute the decisive
factor for choosing between the two instrument
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types. However, Boumans argued that the de- -

tection limits of ICP-AES solution analysis,
‘both with respect to the solution and the dis-
solved solid matrix, are generally three orders
of magnitude better than wavelength-dispersed
XRF; owing to the high cost and/or complexity
of the work involved in preconcentration, XRF
cannot be considered competitive with ICP-
AES for trace analysis. For concentration
ranges covered with both methods, definitive
conclusions about the preferred method can be
drawn only for concrete situations for which
the analytical performance requirements are
precisely specified and calculations of cost-to-
performance ratios can be made. The outcome
of this evaluation, according to Boumans, will
depend in part on the infrastructure of the lab-
oratory and on whether the samples are solu-
tions or solids or both.

An evaluation of the relative merits of ICP-
‘AES and XRF is still embryonic, which is un-
derstandable, since a ‘‘newcomer’ is being
compared with an established technique. A re-
cent review by Jenkins®® in which energy-dis-
persive and wavelength-dispersive XRF are jux-
taposed might not only give an insight into the
relative positions of the two X-ray techniques,
but also provide some useful starting points for
further comparisons of XRF and ICP-AES.

Scott and Kokot®? demonstrated that differ-
ences in results from ICP and AAS analysis of
soil samples resulted mainly from enrichment
effects occurring in the AAS determination. In
an evaluation of values obtained for plant ma-
terial digests using ICP, AAS, XRF, and DC
arc techniques, Scott and Strasheim®* found a
smaller SD with the ICP technique.

Boumans et al.?’® compared wet chemical
analysis techniques (including AAS) and ICP-
AES for single-element determinations in the

daily practice of a service group in the research _

laboratory of a large electronics industry. In
typical nonroutine analysis, ICP-AES could
casily cope with problems that were beyond the
normal scope of AAS and chemical analysis or
could only be treated by other methods if a
iime-consuming preconcentration or separation
were- included. On the other hand, analysis
problems that were normally managed by AAS
or chemical analysis could be conveniently and
satisfactorily solved by ICP-AES as well.

These publications and other evidence show
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that ICP-AES is a competitive analysis tech-
nique and the ICP discharge is a competitive
source within the field of AES. Many of its per-
formance characteristics make it the best source
for multielement and single-element analysis of
solutions. However, more careful, thorough
comparisons are needed. For example, a com-
mercial DC plasma arrangement designed by
Elliott and marketed with an echelle spectrom-
eter by Spectrametrics Inc., Andover, Mass.
was not included in the evaluation made by
Greenfield et al.? Until now, only preliminary
comparisons have been made between it and the
ICP,!'*? and these suggest advantages for the
ICP. Although some laboratories are equipped
with both types of instruments, no detailed
evaluation has yet been published — a situation
which will undoubtedly change soon.

Finally, as Boumans'* has emphasized, a
single ICP does not exist — only various ver-
sions which display similarities and dissimilari-
ties in their characteristics. On the whole, the
similarities predominate and allow spectroche-
mists to obtain comparable results. The differ-
ences among ICP sources originate in generator
design (related to frequency, power coupled to
the discharge, and mode of oscillator opera-
tion), plasma tube arrangement (i.e., torch or
burner), gas flow configurations and types of
gases used, nebulizers, and whether solvent re-
moval facilities are employed. The design of
low-cost and/or high-performance components
and systems is of high priority in a number of
ICP research and development efforts. Each of
these and other system components are treated
in detail in the next section.

B. System Components
1. RF Generators
a. Types

The conversion of DC to HF power in oscil-
lators or amplifiers requires large amounts of
power. When HF generators inductively pro-
duce plasmas for spectrochemical analysis,
these power levels must be produced with a
minimum detrimental influence on the analyti-
cal results. At high power levels, vacuum tubes
are the usual generating sources for all frequen-

" cies above 10kHz. While a wide variety of os-

cillator circuits exist, the fundamental require-
ment for oscillation is the presence of positive
feedback from output to input; the difference
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in circuits rests in the manner in which feedback
from plate to grid is accomplished. The Lepel
generator used by Fassel and co-
workers37-62218:277 and Truitt and Robinson,%?
the STEL generator employed by Souilliart and
Robin’? and the Forrest Electronics device ap-
plied by Barnes et al.®*''” are tuned-plate-
tuned-grid oscillators. The Radyne generators
applied by Greenfield et al.,”* Ward,''" and
Kirkbright et al.'°*-1°® are Colpitts oscillators as
are the Philips generators employed by Bou-
mans et al., 7510312227828 YKarpnblum and de
Galan,®? and Visser et al.'*® The frequency sta-
bility of the output of these generators depends
upon the generator loading unless the load is
decoupled by an intervening amplifier or
buffer. In contrast, crystal-controlled genera-
tors provide constant frequency regardless of
the load. Although rigorous stabilization of fre-
quency has not been established experimentally
as essential for the analytical performance of
ICP-AES, the stability of power transfer is crit-
ical.*s®

Tank circuits (which govern the frequency of
oscillation and from which the generated RF
energy is ultimately drawn by the load coil and
plasma) can consist of various combinations of
inductive and capacitive components. For ex-
ample, the shape of tank inductors can range
from multiturn coils to cavities. Linn'S” dis-
cussed the advantages of a 27.12-MHz cavity
used in a Huth-Kuehn oscillator supplied com-
mercially by Linn and Kontron (Table 9).
Power stability depends mainly upon the power
supply and mechanical construction. Transmis-
sion lines, either open or coaxial, can be used
as tank circuit resonators in the same way and
for the same frequency ranges as cavity circuits.
In the commercial generator built by Durr and
applied by Abdallah et al.,”? quarter-wave-
length tuned lines are used in grid-cathodes as
well as in the tank circuits in a push-pull triode
oscillator. Tuned lines are ideally suited for the
push-pull operation at very high frequencies
and can easily be made self-decoupling by feed-
ing supply lines through the line members; the
load coil can be supplied through parallel cou-
pling lines. Babat?s-2¢ also used a push-pull os-
cillator with lecher lines in the filament circuit
along with lines in the plate and grid circuits.

Frequency stability in self-excited oscillators
can be improved by replacing the frequency-de-

termining circuit of the oscillator with a piezoe-
lectric crystal, which can undergo stable.vibra-
tions with changing time and temperature. This
results in a constant resonant frequency, and
oscillator stabilities are generally better than |
part in 100,000. Thick crystals are usually made
with fundamental frequencies ranging from
about 4 kHz to 10 MHz, with higher frequen-
cies generated by overtone or harmonic vibra-
tions. of the crystal. Alternatively, the fre-
quency can be multiplied in the secondary
stages of a HF generator. A block diagram of
a commercial Plasma Therm crystal-controlled
generator popular for ICP discharges is given
in Figure 16.** The generator consists of a con-
ventional Colpitts oscillator, frequency doub-
ler, buffer and drive control, and power ampli-
fier sections. Typically, vacuum tubes operated
under class C conditions for power efficiency
are employed in power amplifiers and oscilla-
tors. Generally, the class C amplifier is oper-
ated with a resonant-circuit load, or tank cir-
cuit, in the plate circuit tuned to the frequency
of the grid input. An effective load resistance
is inductively coupled into the tank circuit to
provide means of taking power out of the tank.

The International Plasma Corp. generator
used by Fassel et al.,?*-'¢S Peterson,?’” Scott et
al.,®® and Kirkbright et al.'1°12s.136 and the
Henry Radio generator incorporated in the Ap-
plied Research Laboratories (ARL)-ICP instru-
ment (Table 9) and applied by Montaser and
Fassel'’¢ also employ Colpitts oscillators and a.
somewhat similar buffer-power amplifier ar-|
rangement. A Lepel crystal-controlled genera-
tor was employed by Allemand,*4* and Linn'¥’
described a crystal-controlled generator with a
27.12-MHz cavity-tuned power amplifier.

Recent developments in high-power, HF
transistor technology have led to the design of
solid state power amplifiers, and since all ex-
cept the power amplifier stage can be readily
designed with semiconductors, a solid state RF
generator is feasible. However, in the past,
solid state RF generators for ICP-AES have
been prohibitively expensive in comparison to
vacuum-tube arrangements. Further technolog-
ical and production developments that reduce
costs of solid state amplifiers which produce
power output sufficient to operate ICP dis-
charges may lead to smaller and more efficient
solid state RF generators.
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FIGURE 16. Schematic representation of crystal-controlled RF generator illustrating the action of the constant forward-
power feedback circuit (steps 1 to 7). The ICP is represented by the RF load in the circuit, and the oscillator, buffer, and
amplifiers comprise the basic components of the generator. (From Plasma Therm, Kresson, N.J. With permission.)

.b. Performance

l Linn'*" discussed the technical requirements
ifor RF generators used for ICP-AES, and
!Greenfield et al.>7? outlined the various opin-
ions on the merits of crystal-controlled vs. non-
crystal-controlled generators for ICP-AES. Re-

frequency, the generator output power experi-
\'enced by the discharge must be stable. High

¢

lexample, introduce undesirable modulation of
ithe RF envelope at the ripple frequency. Kal-

nicky et al.*’* demonstrated that with the for-

ward power envelope modulated at 60 Hz by
the power tube filament supply, the relative in-
tensities of analyte and Ar I emission lines ob-
served in an ICP yielded erroneous time-aver-
-ged excitation temperature values. Only when
tthe 60-Hz ripple was eliminated were actual
time-independent temperature values obtained.
iFurther filtering was needed by Kalnicky et al.
to reduce a 120-Hz ripple. Butler et al.®* sug-
ested that a 50% peak-to-valley 120-Hz ripple

gardless of the stability of the generator

voltage and filament power supply ripple, for .

on the RF power envelope was probably re-
sponsible for the loss in stability in one of two
ICP-AES systems when the discharge was ov-
erloaded with water vapor from the nebulizer.
Partial desolvation was necessary for that gen-
erator, whereas a second generator with three-
phase supply and additional filtering in the DC
power supply ran in a stable manner when aer-
osol was injected directly into the discharge.
Peterson?’’” investigated plasma modulations
- for three RF generators using high framing
" speed photography. Lepel,®® Plasma Therm,
and International Plasma Corp.''* generators
were characterized by their measured output
“voltage ripple magnitude and frequency and the
predominant frequency of oscillation of the dis-
charge. Ripple varied from less than 0.5% for
a generator with low-ripple specifications to
greater than 25%. The outer envelope and tail
flame of the discharge oscillated regularly at
frequencies between 60 and 360 Hz. As the rip-
ple voltage was reduced by circuit modifica-
tions, the dominant discharge modulation was
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decreased. Specifications on modern generators
maintain the RF envelope ripple to a 1% maxi-
mum. Greenfield et al.®*%3 patented the concept
of modulating the ICP at 100 to 360 Hz to ob-
tain time varying radiation and stroboscopic
temperature selection. Dagnall et al.'”* consid-
ered the consequence of emission modulation
on sychronized detection. Gold*¢¢ measured the
local plasma velocity which resulted from
power supply ripple modulation. A change of
20% in velocity was found for a small 300-Hz
ripple. Linn'$? discussed how ripple problems
could be corrected through proper component
selection and generator design. ‘

Ajhar et al.”® demonstrated the importance
of forward power regulation on emission lines
which changed 40 to 160% when power supply
line voltage changed by +6% without regula-
tion. With closed-loop power control, the in-
tensity variations were reduced to about 1%.
Standard power-line regulators could not
achieve the same output power stability and
regulation; Ajhar et al. suggested that applica-
tion of an internal reference technique would
also be unable to compensate for these changes
since different spectral lines responded une-
qually. Larson et al.''s added a feedback circuit
to their ICP Corporation (Hayward, Calif.,)
crystal-controlled generator to maintain con-
stant forward power by controlling the screen
grid voltage of the oscillator. Montaser and
Fassel!’¢ altered the impedance matching net-
work and described a forward power regulator
and pulsing network for a Henry Radio gener-
ator. Automatic power control is offered as a
standard option for some crystal-controlled
generators,'s® and the action is illustrated in
Figure 16. The controller accepts forward and
reflected power signals and an auxiliary input
independently or simultaneously to control the
RF generator output power by changing the
bias voltage on the buffer stage. Demers and
Priede®®? recently demonstrated a two- to three-

fold decrease in background fluctuations when

forward RF power was regulated. They and
Boumans and de Boer®” also monitored the sta-
bility of conditions in the ICP by measuring the
Ar line emission. Although monitoring and
controlling the power output to provide a con-
stant spectral emission intensity instead of
power level has been suggested, no published
results are available. The manufacturer’s liter-

ature claims that problems with power changes
during the warm-up period (Figure 3) are to.
tally eliminated with automatic power control;
however, a practical warm-up time of about 1¢
to 15 min is still needed. Frequency stabiliza.
tion as well as background noise stabilization
during the initial warm-up with a tuned-plate-
tuned-grid generator''” also requires 10 to 15
min.

Boumans et al.'®* discussed power stabiliza-
tion for their Colpitts oscillator. Power con-
sumption remained constant with small changes
in the impedance of the discharge, even though
the fundamental frequency changed. The extent
of frequency shift with sample type was mea:
sured by Greenfield et al.,”>-**® and Allemand
and Barnes'*® recently measured the change in
plasma impedance with the introduction of
sample aerosol. Unfortunately, direct power
measurements with frequency-variable genera-
tors are not convenient, and therefore, precise
verification of these concepts is not possible.
With these generators, the power stability is
judged by the stability of the anode current,
which, in turn, corresponds to the stability of
the spectral output, particularly the back-
ground intensity or the intensity of an Ar
line.3%3 _ ) :

Even with a crystal-controlled generator and
tuned circuit, Allemand and Barnes'#® demon-
strated that, with a dummy load electrically
identical to the plasma, power transfer efficien-
cies could be measured experimentally to within
+5%. However, they found that the measure-
ment of voltages and currents in the matching
network required corrections for the influence
of the measurement probe. Because the match-
ing circuit could be modeled precisely, they
found computing the voltages and currents was
more accurate than measuring them.

¢. Frequency

Today, frequency selection depends mor¢
upon meeting government restrictions than
upon fundamental considerations. During the
development of the ICP for spectrochemica!
analysis, frequency was considered to be a very
critical factor.®? As indicated in Tables 1 and 8,
operating frequencies ranged from 1 to more
than 50 MHz. As Boumans!s+25¢ embhasized,
the shielding techniques used in ICP-AES in-
struments should be sufficient to insure that the
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spectrometric equipment is free from RF inter-
ference. Measures taken to achieve this goal are
generally the same as those needed to make an
RF generator that operates beyond a permitted
ISM frequency band conform to international
regulations. In other words, ICP instruments
must be adequately shielded whether the fre-
guency is permitted or not. Therefore, the
choice of frequency for commercial ICP-AES
equipment can be based on considerations
other than government regulations. Greenfield
et al.”® illustrated their contention that little
variation in the ICP discharge exists at different
frequencies, because the injector gas flow can
be made to form a toroidal discharge at both
iow (e.g., 7 MHz) and high (e.g., 36 MHz) fre-
quenc1es 3 Operation of crystal-controlled RF
| |generators at 27.12 or 40.68 MHz has become
‘an industrial standard. Consequently, the 27-
.MHz band is now very popular for ICP-AES
iinstruments manufactured in the U.S. Central
frequencies of generators without crystal con-
trol can be changed relatively easily, and values
of 26,30,36,40, and 50 MHz (Table 8) have pro-
lvided satisfactory analytical results, while both
‘the RF shielding requirements in the laboratory
.and the government RF radiation standards can
\be ea51ly met. For example, Abdallah et al.”?
woperate their generator at 40 MHz, and Bou-
'mans et al.”®!22 gperate at S0 MHz.

.. Abdallah et al.”? compared temperatures,
!electron densities, and limits of detection for 13
‘ylements produced by RF generators working
at 5 and 40 MHz using essentially identical

jspectrometric measuring equipment. Besides

‘;fower excitation and ionization temperatures,
\lpwer electron number densities were also mea-
'sured in the 40-MHz discharge.***-*** An appre-
siable improvement in limits of detection, es-
'pecially for P and W, resulted from a reduced
continuum background, and improved back-
eround stability and signal-to-noise ratio. How-
ever, the lower temperature of the 40-MHz dis-
tharge led to weaker intensities than those
Tecorded with the 5-MHz discharge.

By applying a computer model of the ICP
nscharge, Barnes and Schleicher's! were able to
calculate possible effects of frequency on the
properties of the discharge. Temperature distri-
tutions, radial power input in the induction
',chl, energy balance, and total power levels
were computed for frequencies ranging from 15
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to 70 MHz for an 1CP configuration with prop-
erties and dimensions given by Boumans and de
Boer.”®'* Two of these results are represented
in Figure 17. The computed total power as a

" function of applied magnetic flux density at 15,

30, 50, and 70 MHz is plotted in Figure 17A,
and the energy loss terms for gas enthalpy and
radiation as a function of total input power at
the same frequencies is represented in Figure
17B. The computations predict that at other-
wise identical operating conditions, the dis-
charge is easier to sustain at 70 MHz than it is
at 15 MHz and that, as the frequency is in-
creased, the axial and radial temperature gra-

-dients decreased. In the higher frequency dis-

charge, the maximum temperature is lower than
in the low frequency discharge, although the
maximum power density is shifted toward the
outer wall with increased frequency. In Figure
17B, radiation losses corresponding to a higher
background become pronounced as the fre-
quency is lowered at all power input values, al-
though a considerably smaller portion of en-
ergy is lost as effective gas heating. Radiation
loss increases faster than gas enthalpy which
suggests that applying more power to the dis-
charge will decrease the signal-to-background
ratios. Unfortunately, these types of behavior
have not been experimentally verified as func-
tions of frequency, although fairly extensive ex-
perimental verification exists for the depen-
dence of signal-to-background ratios on the
power at constant frequency.'??

Operation of induction discharges at low fre-
quencies is attractive, as relatively inexpensive
generating éequipment can be used. Eckert?s-1¢2
explored the possibilities of generating thermal
electrodeless plasmas at frequencies below the
RF range. He achieved an induction glow dis-

“charge operating at 9.6 kHz.

d. Coupling and Impedance Matching
Transferring the generator power to the dis-
charge efficiently depends upon the configura-

" tion of the interconnection between the genera-

tor output tank, the ICP load coil, and their
relative effective impedance. As the ICP dis-
charge starts and whenever a sample is intro-

" duced into it, the effective impedance of the

discharge changes,!*® which is reflected in the
effective impedance of the induction coil appar-
ent at the output of the generator. Each type of
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FIGURE 17A. Computed total power dissipated in an ICP as a function of mag-
netic flux density for frequencies of 15, 30, 50, and 70 MHz. The dashed lines
represent regions of unstable operation. (From Barnes, R. M. and Schleicher, R,
G., Spectrochim. Acta, B30, 109 (1975). With permission.)
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generator can have a number of configurations
to transfer the RF power to the discharge to ac-
‘tommodate these impedance changes.
Typically, crystal-controlled RF generators
|operate with a constant output impedance,e.g.,
50 Q; for efficient operation, the impedance
'matching of the discharge and induction coil
must make the ICP appear to the generator as
a load equal to the generator output imped-
ance. When for convenience, the load is located
some distance from the amplifier, the power

can be fed to the load through a low-impedance .

(e.g., 50 Q) cable, and the shielded cable can be
installed without coupling to other circuits.

Oscillator circuits can be inductively coupled
‘to the ICP induction coil. Dickinson and Fas-
sel®? used a commercial impedance matching
circuit to couple the RF generator to the induc-
‘tion plasma. The generator was linked to the
circuit through low-impedance coaxial cables
which provided mobility to the matching circuit
‘housing and the induction coil. This arrange-
ment substantially increased the ease of opera-
‘tion compared to earlier arrangements.
.Schleicher and Barnes''” analyzed this conju-
gate matching circuit and demonstrated the
tuning characteristics of the arrangement with
and without the ICP discharge ignited. One ob-
jective was to design a circuit which required
minimum retuning when the plasma was ig-
nited.

Allemand'*? treated the conditions for a crys-
tal-controlled generator with 50-Q output and
he and Barnes'*® have since developed an exact
model of the entire tuning and impedance
matching circuit before, during, and after igni-
tion. A constant impedance is maintained at
both ends of the cable with a matching circuit.
Since the effective impedance of the matching
network changes when the discharge is started,
one or more of the tuning circuit elements, usu-
ally variable vacuum capacitors, must be ad-
justed to provide a 50-Q load to the generator.
Scott et al.?? described a manually tuned, three-
variable capacitor matching network, and in
another arrangement,'*® two servo motors dy-
namically retuned two vacuum capacitors.
After Allemand’s analysis, this latter circuit
was redesigned with the elimination of one of
‘the servo motors.**¢ :

When the ICP induction coil is incorporated
as part of the generator oscillator tank

September 1978 247

circuit,3273.78.103.122 the frequency of the genera-
tor changes to accommodate to the new imped-
ance values, no additional means for tuning are
necessary; the output power remains constant.

e. Power and Power Measurements

Almost every publication related to the ICP
discharge provides as part of the experimental
description an indication of the power of the
generator; however, few give the actual power
input to the discharge, because its determina-
tion is inconvenient and its accuracy is rela-
tively poor. Knowing the power in the discharge
is not important in routine spectrochemical
analysis, since other easily measured and indi-
cated parameters serve as benchmarks for re-
producible operation. Nevertheless, for experi-
mental verification of theoretical studies and
for interlaboratory comparison of spectro-
scopic measurements, accurate power input val-
ues are necessary.

Techniques for power measurement in the
discharge depend upon the type of generator
and experimental arrangement. Power mea-
surements for crystal-controlled generators, as
illustrated in Figure 16, directly provide for-
ward and reflected power values which indicate
the power transmitted to the impedance match-
ing circuit. These instrument-mounted, in-line
wattmeters are generally accurate to 5% full
scale, although standard calorimeters used for
wattmeter calibration may have measurement

" uncertainties greater than +0.5%. For self-ex-

citing oscillator generators, the power must be

- measured by alternative methods such as calor-

imetry or pyrometry,'s* and during the opera-
tion of the ICP, the instantaneous power deliv-
ered to the discharge cannot be readily
determined. Greenfield et al.”>'’ estimated by
means of calorimetric measurements on a
dummy load that the power transfer efficiency
was about 50%, although the accuracy of the
measurement was questioned. Boumans and de
Boer'**'?? glso used a dummy load to calibrate
the output of their generators. These measure-
ments were based on the assumption that the
power input to the dummy load and the ICP
discharge were the same if the diameter of the
dummy load were chosen so that the settings of
primary voltage, grid current, and anode cur-
rent were the same as those obtained with an
ICP discharge. The calorimetrically measured
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power input to the dummy load must be cor-
rected for the experimentally determined power
input to the work coil, and an accuracy of 5%
can be achieved. Kornblum and de Galan®? re-
lated the RF power emitted by the induction
coil to the anode current of the same type of
generator by a pick-up coil measurement. The
major limitation in these measurements is mak-
ing the dummy load appear to the generator
and/or tuning circuit as if it were the discharge.
Allemand and Barnes'® designed a dummy
load consisting of a resistor compound baked
on a boron nitride ring to match exactly the
impedance of a 1.2-kW discharge during an ex-
perimental verification of computed efficiency
of power transmission. Schleicher and
Barnes!'? evaluated both pyrometric and calor-
imetric power measurements and reported that
two independent plasma input power measure-
ments gave a coupling efficiency of 65% and
an overall efficiency of 35%. The power input
to a dummy graphite load was measured as a
function of impedance matching tuning values,
but the graphite load did not give identical con-
ditions as the discharge. Ohls et al.'*” have used
a special sensitive wattmeter to measure dis-
charge stability and effects of salt concentra-
tion in the analyte.

Bogdain et al.'®® reported a preliminary en-
ergy flow in an RF generator in which 43% of
the energy was input to the induction coil, 10%
was lost in the impedance matching box, 2.5%
lost in the transmission cable, and most of the
remaining energy (30%) was lost in the vacuum
tube. Careful design with modern oscillator
tubes can provide up to 80% efficiency in
power output from the generator. Reviews of
older measurements of the total energy flow in
RF generators and induction plasmas can be
found in the articles by Czernichowski and Ju-
rewicz,?” Dresvin,*® and Reed.** The 10% loss
in the impedance matching box is a typical
value, and it must be considered when the
power input for crystal-controlled generators is
given; however, depending upon the design and
construction of the impedance matching net-
work, the loss can be as high as 100%. Barnes
et al.®®¢! predicted the spatial distribution of
power input to the ICP as well as the power
input distribution for a number of different an-
alytically useful ICP configurations. The direct
measurement of spatial power distribution has
not been attempted. ’

As more fundamental and practical studies
are conducted with the ICP, accurate measure-
ments of basic operating parameters must be
made and reported to allow quantitative rather
than qualititative comparisons among labora-
tories. The approach taken by Barnes et al.%%16
indicates that magnetic flux density is the inde-
pendent variable, while power input to the dis-
charge is the dependent variable. Since spatial
distributions of magnetic flux density measure-
ments can be made, as demonstrated by Eck-
ert,'”* the magnetic flux density might well
serve as the standard for interlaboratory com-
parisons.

Setting aside the problem of" accurately
knowing the power delivered to the discharge,
the question of ICP discharge power has fo-
cused on two approaches for spectrochemical
analysis with the ICP. One approach employs
low-power discharges, generally ranging from
0.4 to 2.5 kW, operated exclusively in argon.
The majority of manufacturers sell ICP-AES
instruments with these ranges in mind because
of the documented performance and moderate
cost for a 2- or 3-kW generator (Table 9). The
other approach, promoted by Greenfield and
colleagues™ 148169170 yijlized large, moderate-
power generators (5 to 25 kW) with argon and
a diatomic gas, usually nitrogen. The spectro-
chemical effect of input power is to change the
spatial location of analyte and background
emission,*®* as illustrated in Figure 8 for analyte
emission in an argon ICP for power levels from
1.25 to 2 kW. Similar shifts were reported by
Boumans and de Boer'® for powers between
0.4and 1.0 kW in an argon ICP and by Watson
et al.’*! for powers between 5 and 12 kW in an|
argon-nitrogen ICP discharge. Edmonds and
Horlick*'? observed substantially different spa-|
tial emission responses to power changes for
ion and atom lines; the ion line emission distri--
bution was more dependent upon power than
that of the atom line, in agreement with the ob-]
servations of Boumans and de Boer.!** How-
ever, the latter investigators report'®*!?? an en-
tirely different behavior for the detection limits
achieved with either atom or ion lines (see Fig-
ure 7). Since the relative SD of the background
signal was approximately constant under the
conditions of their experiments, the behavior of
the detection limits reflects that of the signal-
to-background ratios. In Figure 7B, the signal-
to-background ratio of the ion line varies much
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" FIGURE 18. Background signal, net line signial, and sig
-nal-to-background ratio as functions of the power input tc

an argon ICP at fixed observation height (15 mm) and car.
rier gas flow rate’(1.3 I/min). Spectral lines: Cd 1I, 226.5(
nm; Cd I, 228.80 nm; Zn I, 213.86 nm; Mn I, 257.61 nm
Mn I, 403.08 nm; Ba II, 455.40 nm; Bal, 553.55 nm; Li I
670.78 nm. (A) The background was measured in the vicin-

- ity of the relevant-spectral lines and the curves were ar

ranged in order of increasing slope from bottom to top tc
reveal clearly how the- background -signal at the variou:
wavelengths increases with power. A scaling factor that in-
‘terrelates the background signal at various wavelengths can
be derived from data in the original work. (B) The curves
for the net line signals were arranged in order of shape and
slopé to reveal clearly the relationship between shape and
slope and the type of line, whose “‘hardness,”’ as indicated
by the norm temperatures (Toorm) estimated for the argon
ICP, increases approximately from bottom to top: Li I:

_ Taorm = 2850 t0'4900 K; Mn I: T, = 3700 to 6300 K; Ba
" I Taerm = 2650 to 4500 K; Ba II: T.,.. = 6600 to 8000 K;

CdlI: Taorm ="11000 K; ZNI; Taorm = 11500.K; Mn II: Toorm
= 14000 K; Cd 1I: T.sm =.156000 K. (C) The curves of
signal-to-background ratio vs. power give the true’ signal-

- to-background ratios for the following concentrations (ug/

ml) of the analytes: Li I, 3.5; Ba I, 800; Ba II, 4.0; Mn I,
150; Mn I1 0.09; Zn 1, 0.2; Cd I, 1.0; Cd 11, 0.1. The mea-
surements were actually performed at concentrations in a
range between 0.01 ana 4.0 pyg/ml'depending on the detec-
tion limits. (From Boumans, P. W. J. M. and de Boer, F.
J., Spectrochim. Acta, B32, 365 (1977). With permission.)

background ratios on power in their argon ICP
discharge produced with a new RF generator.
Results for fixed observation height and carrier
gas flow rate are shown in Figure 18, which
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demonstrates that the background signal at var-
ious wavelengths sharply increases with power,
whereas net line signals either increase at a
much slower rate or decrease. Boumans and de
Boer concluded that, with their new experimen-
tal facilities, the highest signal-to-background
ratios (and consequently, lowest detection lim-
its) are also reached at low power. Boumans
and de Boer'*? further analyzed the behavior of

the net line signals in terms of norm tempera-

tures and concluded that the picture of Figure
18B can be qualitatively explained on this basis.
They?**? distinguished for convenience between
‘“‘hard’’ lines and ‘‘soft’’ lines. Atom lines of
elements with a high first ionization potential
(e.g., Cd I, Zn I) and ion lines of elements with
a high second ionization potential (e.g., Cd II,
Mn II) were denoted ‘‘hard,’’ while atom lines
of elements with a low to medium ionization
potential (e.g., Li I, Ba I, Mn I) and ion lines
of elements with a low second ionization poten-
tial (e.g., Ba II) were classified as “‘soft’’. The
position of the Ba II line in the latter category
was substantiated by studying the dependence
on power of the net line signals of La I, La II,
and La III.**?

In developing analysis methods, the power
input, aerosol carrier gas flow rate, and obser-
vation height are optimized to obtain high line-
to-background ratios, low limits of detection,
and ‘minimum interferences®’'°*12>2’8 a5 dis-
cussed in Section I.C.6. Values for these quan-
tities in the optimization of uranium determi-
nation are illustrated in Figure 19.% This
example, among many others, indicates that for
a given set of experimental conditions, the high-
est power that can be delivered to the discharge
is not always selected for the optimum spectro-
chemical analysis.

Greenfield et al.” gave four advantages
gained by operating with power of 5 kW or
more dissipated in his argon-nitrogen ICP:
greater sensitivity, frequent improvement in
precision, elimination of band spectra, and
elimination of chemical interferences. For ulti-
mate sensitivity, high power is desirable, ac-
cording to Greenfield,” % because the sensitiv-
ity increases, maximizes, and decreases as the
temberature of the discharge increases. He cal-
culated temperatures, known as norm temper-
atures, at which signals maximize for Na, Mg 1
and II, B, and Ca II lines; measured signals for

Na, Zn, and Al as a function of power up to 7
kW; and found that only Na had reached its
norm temperature at 2.5 kW. This greater sen-
sitivity with increased power can be employed
to excite lines with high excitation energy or low
transition probability or to increase the signal
of a more easily excited line.”> Boumans and de
Boer!?? disagreed with Greenfield’s calculated
norm temperatures and derived lower values,
They felt that norm temperatures provided a
basis for qualitative understanding of the be-
havior of different spectral lines in the ICP dis-
charge. Contrasting statements concerning op-
timum power in ICPs may be due to essential
differences between excitation mechanisms oc-
curring in ICP discharges operated with nitro-
gen-argon or only argon.'?? Although no exper-
imental documentation is now available, a
number of studies are underway or planned.
Intimately related to operating ICP dis-
charges at moderate power levels is the problem’
of increased spectral continuum'®® compared to,
discharges with lower power input. This trend
is indicated by the theoretical calculation of to~
tal radiation loss in Figure 17B. As the power
is increased, a greater fraction is lost as contin-
uum radiation in both argon and nitrogen dis--
charges.®®-*¢! Greenfield'®® emphasized the im-
portance of the formation of the ICP into an
annulus and the injection of the sample into the
central channel. In this way, analyte emission
can be spatially segregated from the discharge
continuum. Furthermore, Greenfield and co-
workers substituted nitrogen for argon as the
plasma (coolant) gas whenever moderate-power
ICP discharges were operated to obtain a lower.
background emission than with argon. Hydro-
gen and oxygen were also effective.$*71%8 Op-
erating with power levels above 2 kW with ni-
trogen plasma (coolant) gas reduced the
molecular emission often arising upon intro-
duction of organic materials into an ICP. Fig-
ure 20 illustrates the spectra observed in an ar-
gon-nitrogen discharge at wavelengths between.
400 and 800 nm when 2 ml/min methanol were
nebulized; power levels ranged between 2 and 7
kW.'*% As the power level increases, the emis-
sion from CO and C, falls. Similar removal of
these molecular emissions occurred at similar
power levels with an argon ICP. Use of oxygen
as the plasma (coolant) gas readily removes the
molecular emission. With moderate power lev-
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FIGURE 19. Line-to-background ratio (left) and detection limit (right) as a function of power and argon plasma (coolant)

“gas flow rate for uranium emission at 378.28 nm. A 10-ug/ml uranium solution was used for the line-to-background deter-
.mination. O 10, I/min; O, 15 I/min; A, 20 I/mi. Top 10 mm above the induction coil; middle, 17.5 mm above the coil and
bottom, 25 mm above the coil. (From Scott, R. H., Strasheim, A., and Kokot, M. L., Anal. Chim. Acta, 82, 67 (1976).
.With permission.)

els, Greenfield!'¢® found that nitrogen was the discharge was unstable, a similar result to when

preferred plasma gas at 3 kW based upon ana- powders were injected. According to Watson et
lyte signal-to-noise ratios; however at 6 kW, ni-- al.,'?* in an ICP similar to Greenfield’s, the in-
trogen was preferred only for lines with high tolerance to high salt concentrations observed
excitation energy. Argon provided better values at nominal powers (less than 5 kW) disappeared
for those with low excitation energy. ’ above 9 kW with solid contents of greater than

Finally, the energy required to desolvate sam- 15%. The analyte concentration was limited by
vle aerosols introduced into the discharge limits nebulizer blockage rather than power input to
the total mass of analyte accepted. With a 6- the discharge. Watson et al. also.observed that
KW discharge, Greenfield et al. 170 poted that " with increasing power the intensity of both
nineral acid concentrations as high as 60% atom and ion lines increased with a correspond-
(wt/wt) were introduced without difficulty in ing increase in background. The background

lhe discharge, whereas a low-power (0.8 kW) could be lowered by high auxiliary (plasma) ar-
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gon flow without significant loss in sensitivity.
The optimum height for maximum sensitivity
increased in the discharge as the power was in-
creased.

~ The optimum operating power level in the
ICP discharge is still a topic for discussion,
since some investigators are making detailed
comparison of the alternative power condi-
tions.'®” Boumans and de Boer'*? questioned
whether a mechanism proposed for excitation
in argon leading to many of the advantages of
the argon ICP would apply to the nitrogen-

cooled ICP. The lack of experimental measure-
ments for the argon-nitrogen ICP leaves unan-
swered the question of whether metastable ar-
gon species become partially or completely
removed in the argon-nitrogen ICP.

The quest by manufacturers to produce low-
power, inexpensive, compact generators and
ICP arrangements will probably enlarge the gap
‘between the advocates of low- and high-power
levels in the ICP discharge. On the other hand,
operating an ICP at a minimum power level
‘without concern for analytical properties is of
little value. Although Allemand'#*-1%s operated
an ICP discharge with power as low as 200 W,
the introduction of sample disturbed the dis-
charge so that it could not be used analytically.
Final power requirements depend upon the coil
configuration and the geometry of the ICP dis-
charge tubes.

f. Induction Coil Configuration

The shape and size of the induction coil sur-
‘rounding the ICP may appear to be relatively
simple, especially since vast experience exists in
coil design for induction heating
applications.?**? Coil configuration was not
considered by either Greenfield et al.® or Butler
et al.* in their tables of typical generating equip-
ment, and Czernichowski and Jurewicz?’ men-
tioned coils only in passing. Babat?$?¢ deter-
mined electric field lines in induction coils and
designed several unique arrangements. Induc-
tion coil geometry used for spectrochemical
énalysis depends on the geometry of the quartz
wbe arrangenients; the configurations de-
scribed by Scott et al.** or Greenfield et al.” are
typical. However, Abdallah et al.?? employed a
‘ive-turn coil, whereas Boumans and de Boer”®
adopted a two-turn coil. Greenfield et al.” ap-
ip'lied classical concepts to approximate rela-
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tionships between the induction coil geometry,
the discharge radius, and the generator fre-
quency. Scott et al.* also attempted to calcu-
late the optimum relationship between fre-
quency and plasma radius. Unfortunately,
these approaches are based upon assumptions
about the discharge acting as a metallic cylinder
and are limited in their application.*

The essential factor in coil design is the mag-
netic flux density the coil produces in the dis-
charge. Allemand and Barnes'*® calculated the
magnetic flux density required to operate ICP
discharges of different diameters," assuming
that the coil could be positioned to produce the
necessary magnetic flux density. As indicated in
Figure 21, greater flux is needed to operate ICP
discharges as the diameter is reduced. To pro-
vide this higher flux density for the same coil
current, more turns need be made in the same
coil length. In practice, copper tubing is flat-
tened and turns are placed closer together to
achieve the higher flux. Discharges with an
outer confinement tube diameter of 9 mm have
been successfully operated. Barnes and
Schleicher'®® calculated the effect of induction
coil length on the temperature distribution in
an ICP discharge and showed that a longer coil
provided a larger volume of high temperature
gas, but required, at a constant magnetic flux
density, an increase in power dissipated in the
discharge proportional to the effective length of
the coil. Allemand'#¢ demonstrated that a large
number of coil turns and a large voltage drop
across the coil are desirable for discharge igni-
tion.

&. Discharge Ignition
To transfer energy from the magnetic field

“induced by the induction coil, a closed conduct-

ing loop must exist within the discharge tube so
that a current arises from the induced voltage.
Techniques and experimental considerations in
initiating induction discharges were reviewed by
Eckert,*® and Czernichowski and Jurewicz.?
The ICP can be started by inserting a carbon
rod until it becomes red hot, by reducing the
discharge gas pressure, or by using an electrical
starter like a Tesla coil. In practice, the electri-
cal starter is the most common.

Allemand+**s studied the initiation of the
ICP discharge to design an efficient RF power
matching network for an unmanned ICP in-
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FIGURE 21. Computer predicted values of power in ICP discharges as a function of magnetic
flux density at 27 MHz with outer confinement tube wall diameters of 15, 13, 9, and 7 mm.
Dashed lines indicate end of stable range when average input velocity of the plasma (coolant) gas
is identical for all arrangements, and dotted lines indicate flow common to torch with 13—mm
diameter. (From Allemand, C. D. and Barnes, R. M., Appl. Spectrosoc., 31, 434 (1977). With

permission.)

strument. As he explains it, the phenomena in-
volved. in the ignition of the ICP take place be-
tween the moment ions are seeded in the cold
gas flowing in the ICP tube assembly and the
onset of stable operation of the discharge. The
time elapsed ‘during the total ignition process
may be well below 0.1 sec or may be extended
during any of the three successive ignition

phases. Each phase can be maintained as a sta
ble operation and corresponds to a differen
value of the electrical resistance of the dis
charge, starting with a high value for cold g&
and ending with a minimum value for the full}
ignited discharge. ’

The existence of three phases results esser
tially because, according to Allemand,!*s th
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RF generator delivers a large portion of its out-
put power to the fully ignited plasma (a desired
condition that necessitates a good electrical

-matching between the RF generator output and

the fully ignited discharge), consequently, not
always allowing the ignition of a cold gas.
Therefore, the matching network has to be
modified during or immediately after the igni-
tion process. The three successive phases are
also specific to the arrangement geometry of
the discharge tubes. These stages include:

After ions have been seeded in the cold gas,
filamentary ion paths are formed that fol-
Iow the general direction of the gas flow.'”?
Therefore, their shape depends on the par-
ticular gas dynamic condition of the con-
sidered torch and on the presence of a rel-
atively high electric field. -
When the density of these ion filaments is
high enough to form a closed loop of con-
ducting gas, additional RF energy may be
acquired by magnetic induction. This will
initially occur in regions where ionization
is easiest, for instance, when the flow is ap-
propriately set in the low pressure of the
_plasma (cooling) flow between the inter-
mediate and outer tubes (Figure 13). This
mode could be observed and maintained in
a boron nitride torch, which would with-
stand the heat generated by the nearby dis-
charge. It can also take place in the region
between the intermediate and the central
tubes.

With increasing power, obtained by a tun-
ing of the matching network and/or by in-
creasing the RF power output from the
generator, the size of the visible plasma in-
creases. When enough conductivity has
been generated in the intermediate region
between the outer plasma (coolant) flow
and the central carrier flow, the discharge
rapidly shifts from the plasma (coolant)
flow into the intermediate region and fills
it, or if it is already in the intermediate re-
gion, it simply grows.

. Allemand suggested that the three stages re-
sult in three distinct electrical modes. In the
first mode, the power is delivered by the electric
field. Therefore, the matching network has to
ve tuned to produce a high electric field. In the
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second mode, the power is delivered by the
magnetic field; however, the matching network

' is still tuned for the first phase of ignition, and

only a small portion of the power from the gen-
erator is delivered to the discharge, the resist-
ance of which, therefore, remains relatively
high. The third mode is obtained after the
matching network has been retuned to deliver
a maximum RF power to the discharge, result-
ing in a lower plasma resistance.

Allemand and Barnes' investigated the
impedance changes during the ignition process
as well as after full ignition, when different
samples are introduced into the discharge and
increase its electrical resistance. A precise com-
puter model was derived by Allemand for a par-
ticular matching network when unloaded and
loaded with an argon discharge and an aqueous
sample. Experimental and calculated results
correspond closely.

2. Plasma Tube Arrangements
a. Configurations

The most critical component of the entire
ICP instrument is the plasma tube arrangement
(torch or burner) and its design and fabrication.
Diverse configurations exist for engineering
and spectrochemical applications,** but all
share the common features of gas stabilization
(Figure 1) first described by Reed.??-4%-42:43 The
engineering arrangements offer a number of
potential design directions for spectroanalytical
configurations; however, most of them were
designed with different power level and appli-
cation objectives. Engineering ICP torches
were illustrated in some detail in various re-
Vie‘vs‘13.35.37,44

Arrangements for spectrochemical analysis
have similar critical features in providing two
or three gas flows (Tables 1 and 8) but differ in
exact dimensions and details with investigator
and application. Plasma torches commercially
available today do not significantly differ out-
wardly from the first designs of Greenfield et
al, 505253 shown in Figure 2. Versions of ICP
torches for emission, absorption, and fluores-
cence have been fabricated from quartz, boron
nitride, or brass.

Basically, the ICP discharge tube arrange-
ment provides a container through which the
discharge gas flows and in which the discharge
is created and maintained. Analyte species are
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transients in the tube, staying only long enough
to undergo the precursory steps to absorption,
emission, or fluorescence in the postdischarge
region. The ignition of the discharge, the effi-
ciency of gas utilization, the extent of energy
transfer to the analyte, the stability of the back-
ground and analyte emission signals, the spatial
distribution of analyte species, the extent of in-
terferences, and the analysis properties of the
ICP depend critically on the arrangement and
fabrication of the ICP tubes.

The schematic diagram of the ICP arrange-
ment in Figure 11 illustrates the basic con-
straints. Appropriate gas flow must be pro-
vided for two or three gas streams; the length
of the tubes must be sufficient to prevent the
discharge from jumping to the induction coil;
accommodation must be made for viewing the
desired radiation; and means and materials
must be provided to prevent the confinement
tube near the discharge from melting, reacting,
or otherwise failing. ' ‘

Greenfield et al.® tabulated flow patterns and

type of plasma in their summary of ICP equip-

ment; Butler et al.® reproduced diagrams of a
number of the early torch arrangements; and in
Table 10, Kornblum and De Galan,*®*® give coil
dimensions, gas velocities, and spectral obser-
vation data from many of the currently used
ICP arrangements. The dimensions of popular
arrangements are given by Scott et al.,3?*? Fas-
sel et al.,®*%*" Boumans and de Boer,78.87-103.104
Greenfield et al.,”® Ohls et al.,®! and Genna and
Barnes.'’”?> Allemand described tubes con-
structed with boron nitride,***'** and Mermet
et al.7227¢ designed a torch with a brass central
portion.

As indicated in Tables 1 and 8, the gas flow
rates vary considerably, and even today with es-
sentially identical tube configurations, gas
flows tend to differ as the result of a variation
in positioning the tube relative to the induction
coil and in coupling effectiveness with the mag-
netic field. Many authors®*7® have found that
no auxiliary (plasma) flow is needed for routine
work, and lower plasma (coolant) flow rates
can be achieved by appropriately designing the
outer and intermediate quartz tube®*?7¢ and/or
modifying the plasma (coolant) gas swirl veloc-
ity.'”® The orifice diameter of the aerosol injec-
tion tube has been optimized empirically3?-170-27¢
so as to provide sufficient linear velocity from

the injector to penetrate the base of the dis:
charge but not to transport the aerosol through
the discharge too rapidly. Under some operat-
ing conditions, aerosol droplets coalesce on the
injection orifice after prolonged spraying of
high concentration solutions, so that Scott and
Kokot®? affixed a capillary as the aerosol injec-
tion tube. Greenfield et al.”™*3%17° ysed borosil:
icate glass for the aerosol injection capillary;
the tube arrangement described resulted from
empirical evaluation of various tube dimen:
sions. Careful design of the injector arrange.
ment was stressed by Greenfield et al.’”® when
organic solvents and acids were nebulized tc
keep the organic constituents contained within
the central channel of the discharge. However,
Peterson®’’ found no numerical correlation be-
tween carrier flow rate or tube geometry and
particle velocity in the discharge. '
Both fixed and removable torch configura-:
tions have been described. For example, Dick-
inson and Fassel,** Boumans and de Boer,”
Alder and Mermet,** Mermet et al.,’%2’s Ohls
and Krefta,'”” and Lichte and Koirtyohann'’*
employed holders into which the plasma tubing
could be inserted or removed at will, wherea;_
Greenfield et al.,” Scott et al.,*°? and others
worked with single or two-piece prealigned
torches. _
A number of new arrangements have beer
developed recently. For example, Apel et al.’”
fabricated a boron nitride torch with tangential
plasma (coolant) gas flow directed by a ring
with offset slots along the perimeter. Genna et
al.'”? developed a novel tube arrangement simj-
Iar to that described by Scott et al., except the
circular velocity of the plasma (coolant) gas was
increased by an order of magnitude by inject-
tion through a nozzle. This reduced the amount
of plasma gas needed to initiate and sustain the
discharge and improved the ease of ignition by
reducing the pressures in the center of the
torch. . .
Mermet et al.??129:276 devised-configuratiori's
for emission and absorption; in the emission
configuration, everything except the outermos!
tube was constructed with brass, and no plasma
(coolant) gas was used. Instead, auxiliary
(plasma) flow through an opt.imally dimen-
sioned annular injector was employed. In the
AAS configuration, a lens was fitted into thz
base of the tube holder, and the sample is in-
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lijected on-axis through a 2-mm alumina tube.
The absorption path extended axially through
‘the central channel of the discharge. Lichte and
Koirtyohann'”® viewed the ICP axially with a
conventional tube arrangement in emission,

.4nd plasma tube configurations for atomic flu- .

srescence (AF) spectroscopy were evaluated
and applied by Montaser and Fassel,*’® who ex-
tended the length and constricted the diameter
of the outer quartz tube of the usual torch de-
isign®?%-11* and found optimum AF signals at
Jistances of 45 to 65 mm above the load coil.
Other arrangements for AAS were described in
References,*7-39-61.64 through 71 Thege workers gen-
«rally measured the absorption radially in the
region beyond the induction coil.

" Probably the most unusual development in
ICP discharge configurations was the work of
iAllemand**’ in the design of an unmanned ICP-
EAES instrument and in the improvement of
routine spectrochemical analysis.'** Plasma

torch design and shapes were studied experi-

mentally and by computer simulation to facili-
tate ignition, concentrate the sample into a nar-
row central channel, raise the sample to
c4citation temperature with optimal efficiency,
nd to avoid clogging by organic samples such
s residual oil. In preliminary tests,*** 36 differ-
kat torch arrangements were tested for ease of
fgnition, minimum gas flow for stable opera-
bion, and confinement of the sample. These
s:udies indicated that ignition was facilitated by
ecirculatory flow of plasma gases, argon con-
.umption could be drastically reduced by care-
vzl design, and laminar flow would confine the
ample better than other flows. Operating con-
flitions of torches with diameters from 7 to 18
-m were calculated using a computer model
(Figure 21). Small torches required high mag-
netic flux density. The ratio of intermediate
tebe-to-outer tube diameters was also computer
simulated, and a geometry with a large ratio of
itermediate-to-outer diameter (e.g.,> 0.9) was
easier to maintain.!*" Particle decomposition
bredictions were also made (Figure 22) for 7,9-
sad 15-mm diameter torches, which indicated
hat particle residence time before decomposi-
tion was longer in larger diameter. torches. An
<iperimental arrangement was fabricated with
oron nitride to test the predictions, and spec-
“:0analytical results indicated improved limits
?f detection compared to a conventional torch
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arrangement,®® smaller spatial spread of emis-
sion from diverse elements, easier discharge ig-
nition, low power consumption, reduction of
argon flow, and increased tolerance to high so-
lution sample injection rates.

b. Gas Composition

The ICP can be operated with any gas if suf-
ficient power and correct geometry are used.
Czernichowski and Jurewicz?’ compiled a list of
working gases in electrodeless discharges, and
Dresvin®® considered the parameters of induc-
tion plasma generated in molecular gases.
Kleinmann and Polej’ included a table of gas

-atmospheres for HF discharges. Unlike micro-

wave discharges® or induction discharges oper-
ated at reduced pressures or high power
levels,?3-26-44-47 the ICP employed in spectro-
chemical analysis is restricted by the size of the
RF generator, cost, and the convenience of ar-
gon or argon-nitrogen mixtures (Table 1). Ar-
gon is the preferred operating gas for ICP-AES
because of its ease of operation, purity, rela-
tively low cost, and inertness. Greenfield et al.?
have argued for argon discharges cooled .with
nitrogen. If an appropriate generator is avail-
able, the results appear to be suitable. Direct
performance characteristics under common
conditions for argon and argon-nitrogen ICP
discharges are not available, although Aber-
crombie and Silvester*?® observed limits of de-
tection with a nitrogen plasma (coolant) gas at
2.8 kW approaching those obtained with argon
plasma flow at 1.6 kW. Boumans and de
Boer'?? compared the signal-to-background ra-
tios of some ion lines observed in their argon
ICP under compromise conditions for simulta-
neous multielement analysis (1.1 kW) with val-
ues reported by Greenfield for a 6-kW argon-
nitrogen ICP discharge and noted differences
of one to over two orders of magnitude in favor
of the argon ICP.

Barnes and Nikdel®®!% considered pure ar-
gon and pure nitrogen ICP discharges in a com-
puter simulation study. They verified the re-
quirement of high power and magnetic flux
density to maintain the nitrogen discharge and
predicted lower maximum temperature, shal-
lower thermal gradients, higher axial velocities,
and shorter residence times for the nitrogen dis-
charge compared with the argon discharge.
However, they also found more complete sam-
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FIGURE 22. Computed decomposition of a 5-um diameter aluminum oxide par-
ticle traveling along the central axis of the ICP discharge for confinement tube di-
ameters of 15 mm (A) and 7 mm (B). Vp, particle velocity; Tp, particle temperature;
Tg, gas temperature; and decomposition expressed as percentage (top). The scale
to the right indicates the time the particle spent traveling from the point of injection
below the induction coil (represented by the energy input region) to that particular
height. (From Allemand, C. D. and Barnes, R. M., Appl. Spectrosc., 31, 434 (1977).

With permission.)

ple decomposition and vaporization in nitrogen
than in argon because of the higher thermal
conductivity of nitrogen at the temperature of
injected solid particles. Energy balance, tem-
perature distributions, and radial power input
distributions were also calculated. These pre-
dictions have not been experimentally verified,
although they will be studied in the near future.

Since the computer simulation is general, any
molecular gas can be treated.!®® As a prelimr

nary step toward the computer simulation of

mixed argon-nitrogen discharges, Barnes and
Nikdel’®' measured thé concentrations of nitrc
gen and argon in and around a conventiona
ICP discharge by gas chromatography and ob:
served substantially different mixing patterns
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for gas flow with and without the discharge and
aerosol carrier gas flow. 4

A number of studies have been conducted
w~ith argon-doped gas mixtures in the ICP dis-
charge for diagnostics and analysis. Abdallah
and Mermet*'* investigated the behavior of ni-
trogen, oxygen, and air as the aerosol carrier
gas in an argon ICP discharge and found com-
parable rotational temperatures derived from
the molecular ion spectrum and excitation tem-
perature from injected elements. The relative
advantages of nitrogen as aerosol and plasma

(coolant) gases were judged by the spectra pro-

duced. Alder et al.*'® introduced nitrogen pro-
duced by the reduction of ammonium ion, into
the ICP for the determination of trace levels of

ammonium in aqueous solutions. Alder and
Mermet!*! studied gas mixtures of argon and
methane, sulfur dioxide, hydrogen sulfide, sul-
fur hexafluoride, phosphorus trichloride, hy-
drochloric acid, and bromine. They observed
atom and single-ion lines for P, Br, Cl, and S
and atom emission for F, as gases, but no emis-
sion from sulfur or halogens in solution. Tem-
perature profiles, electron number density, and
effect of additives were measured in the argon-
methane plasma. Jarosz and Mermet'*¢ contin-
ued the spectroscopic investigation of argon-
hydrogen sulfide discharges to find new S I and
S II lines and to establish the electron density
and ionization temperature that indicates a lack
of LTE in the discharge. The appearance of cer-
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tain lines, especially S II, could only be ex-
plained by a mechanism involving excitation
from metastable levels of jonized argon. Alder
et al."*¢ investigated the spectrum of atomic sul-
fur introduced as sulfur dioxide (0.1 1/min) in
the ICP, and Abdallah and Mermet'** charac-

terized the behavior of nitrogen excited in an .

argon ICP. Addition of small amounts of hy-
drogen for plasma diagnostics is common, 30-15%

* and Truitt and Robinson'®* made spectroscopic

studies of various gases and hydrocarbons in-
troduced into an argon ICP discharge.

¢. Gas Flow

Gas flow is one of the three critical parame-
ters used in adjusting the ICP for optimum op-
eration. Typically, plasma (coolant) and auxil-
iary gas flow rates are set, and the aerosol
carrier flow rate is varied; analyte and back-
ground radiation and noise are then monitored
as functions of power and observation
zone.”®'*122 These relationships are illustrated
in Figure 20. As indicated in Figure 8, a change
in the central flow rates can move the position
of maximum emission along the central axis of
the discharge;***'* this is demonstrated in Fig-
ures 9 and 10. The radial temperature and elec-

" tron number density in the discharge vary sub-

stantially with a change in the aerosol carrier
flow rates. Although Edmonds and Horlick!*?
observed the upward shift in the emission spa-
tial pattern for Ca I (Figure 8) as a result of an
increase in plasma (coolant) flow, they ob-
served a strong change in the intensity of the
emission for Ca II rather than a change in po-
sition. Because of these effects, diagnostic stud-
ies and investigations of interelement effects de-
pend upon gas flow -rate as a major
variable,'28-165.162.189 Amgong the possible varia-
bles for minimizing interferences from alkalis
in single-element determinations, the carrier gas
rate was selected by Boumans and de Boer'??.278
as the most convenient and efficient parameter
for this purpose. Figure 11 illustrates the depen-
dence of the interference effect of KC1 on the
carrier gas flow rate at constant power and ob-
servation height for their argon ICP arrange-
ment. Since Boumans and de Boer found both
net line signals and interference effects to de-
pend critically on the carrier gas flow rate, they
used a precision pressure gauge for controlling
and a mass flowmeter for monitoring the car-

rier gas flow rate with a cross-flow pneumati
nebulizer. This configuration enabled them t
control the flow rate to within 0.75% at an up
stream pressure of 2 x 10° Pa (30 psig). For ex
ample, Kirkbright and Ward? demonstrate
how a dilution of the atomic concentration i
the discharge modified the analytical curve
when the auxiliary (plasma) gas flow rate.wa
altered. A reduction of analyte particle densit
occurred when auxiliary gas flow was used, s
that Kirkbright and Ward observed an increas
in the linear range for Ca and Zn.

Discharge ignition is strongly dependen
upon gas flow,'*3:145:173 Although coaxial lami

ar®! flow arrangements have been explored,®
the tangential introduction of the plasma (cool
ant) gas (Figure 13) has proven popular and ef
fective for analysis and for its operating prop
erties including ignition.

Reed’s entire basis for obtaining a stabilized
induction plasma was the particular arrange-
ment of gas flow.**** His patent specified that
recirculatory flow produced by the turbulence
of the vortex or tangentially introduced gas
provided continual reignition and stability of
the discharge. Huska and Clump'*? not only re-
viewed the approaches for gas stabilizing induc-
tion discharges, but introduced a new approack
(jet suction) which appeared to be superior to
both coaxial laminar and tangential flows. Thé
gross recirculatory flow pattern in all three sys-
tems was the same: a recirculatory flow along
the longitudinal axis of the tube opposite in di-
rection to the bulk flow. The flow pattern pres.
vented passage of reactants directly through the
central region of the discharge if not corrected
by an appropnately designed and located car-
rier flow i injection.

Axial -gas flow characteristics in induction®
heated plasmas were measured experimentally,
by Chase,'**'** Dundas,'® and Klubnikin et
al.'®-'%8 These measuréments indicated complex
recirculatory patterns in the discharge. Until re-
cently, measurement of the gas flow patterns in
spectroanalytical ICP discharges had not been-
attempted, and the extent to which these results
could be extrapolated was not known.
Boulos'*? ¢omputed recirculatory flow patterns

of the ICP (Figure 23).

Barnes et al.!7319%19t measured velocny distri-
butions in a spectroanalytically useful ICP dis-
charge by means of photographic and pressure
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probe techniques. High pressures and velocities
are found along the central axis of the discharge
due to the aerosol carrier gas and along the con-
finement tube walls due to the plasma (coolant)
flow. In general, the aerosol carrier stream ex-
panded from the injection nozzle then remained
constant in width inside the induction coil;
however, at the end of the coil, the flow began
to expand again. The velocities and pressures
varied with dimensions and positions of the in-
jection nozzle and discharge operating condi-
tions. The introduction of plasma (coolant)
flow with a large circular (swirl) velocity com-
ponent substantially lowered pressures
throughout the discharge. Pressure and velocity
also changed with power input and auxiliary
flow. Gas flow patterns teamed with effective
temperatures provide a basis for studying the
heating of analyte in the discharge.

Since the discharge initiation depends upon
the gas flow,43-145.26.173 9 number of studies

have led to easily ignited discharge conditions."

Recirculatory flow and lower local gas pres-
sures increase ionization probability and reduce
ignition time; during discharge initiation, ioni-
zation paths should be made to conform to
ring-shaped patterns, producing closed loops of
conducting gas. Both reduced pressure and
ring-shaped ionization paths have been pro-
duced by means of controlled tangential veloc-
ity when the plasma (coolant) gas was injected
at a velocity ten times higher than normal.'”?
Allemand!'* enhanced recirculatory flow by us-
ing a flared auxiliary tube which created a
strong turbulence or by a Venturi effect ob-
tained with a small hole in the side of the aux-
iliary tube which pulled the gas in a reverse di-
rection in the auxiliary tube region. The Venturi
configuration allowed operation at very low
power with easy ignition.

Since spatial spectral characteristics are stud-
ied for gas flow rates and power levels by con-
ventional optical arrangements which limit the
observation zone to a single location, Edmonds
and Horlick'*® and Franklin et al.'®? obtained
detailed spatial spectral distributions directly
and conveniently using photodiode arrays. Pro-
files were measured for atom and ion lines of
several elements as a function of plasma power,
aerosol flow, and plasma (coolant) flow rates
(Figure 8). The ICP discharge displays complex
but characteristic emission spatial patterns
which depénd upon both flow and power.

3. Sample Introduction
a. General

Sample introduction with the ICP is in many
ways similar to that found with other spectro-
chemical plasma sources, so that very similar
problems, limitations, and advantages exist.
Many of the sample introduction techniques de-
veloped for AAS, AFS, and microwave and DC
plasma AES can be applied with suitable mod-
ification for the ICP. However, some of the
characteristics of the ICP uniquely define the
type, form, and rate of sample introduction, so
that conversion of a sample technique from an-
other spectrochemical source to the ICP re-
quires some care.

Considering the extensive work of
Kranz?°*2% on aerosol introduction in plasmas,
Boumans and de Boer!'¢!2%-14? reported the dif-
ficulty with the spectrochemical applications of
high-temperature plasmas is the introduction of
the sample effectively and reproducibly into the
discharge. This problem has been elegantly
solved for the ICP by forming the discharge
into a toroidal shape with the sample traveling
into the discharge along the centerline, sur-
rounded by an inviting, warm environment,
ideal for sample decomposition.°-52:53.73 The
formation of the toroidal discharge depends
upon the aerosol carrier gas flow, the geometry
and location of the injection orifice, and in a
minor way the frequency.!'® All of these param-
eters are readily controlled. Thus, the ICP dis-
charge offers the analyst an environment for
sample treatment unique among electrical exci-
tation sources.

During the Noordwijk ICP Conference,*
Mermet systematically reviewed the sample in-
troduction techniques used with the ICP. This
scheme is reproduced in Figure 24 for liquids,
solids, and gases. Liquids can be treated in cat-
egories according to their viscosity, their chem-
ical reactions, or their volume. Solid handling
depends upon the form of the sample-powder,
solid, or molten solid. Gases are often consid-
ered separately, because of the relative ease
with which they are handled.

A need exists for substantial research di-
rected toward sample introduction methodol-
ogy for the ICP discharge. For example, fun-
damental and practical investigations should be
done to characterize pneumatic and ultrasonic
nebulizer droplet generation, to define the lim-
itation and properties of the desolvation stages,
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FIGURE 24, Schematic diagram for sample introduction of liquids, solids, and gases into the ICP discharge. (After Mermet,

J. M., ICP Inf. Newsl., 2, 70 (1976).)

and to control the distribution of aerosol or in-
dividual droplets for optimum spectroanalysis.
Microvolume solution techniques also require
development, either independently or in con-
junction with nebulizers, and the generation of
gases or vapors needs considerable study. For
the analysis of solids, a reliable and inexpensive
device is essential, and the extent to which it
introduces solid state interferences must be doc-
umented. Powder sampling demands a consid-
erable research effort. In this field much might
ve learned from both the experience gained
with powder insufflation methods in AC and
DC plasma spectrometry?°%-2°7 and the results of
investigations concerned with solid state inter-
ferences in DC carbon arcs and the borate fu-
sion technique for overcoming these interfer-
rnces.?%2% Powder sampling in general and
more particularly for ICP-AES still demands a
considerable research effort. Since sample in-
troduction currently appears to represent the
most serious practical limitation in the applica-
tion of ICP-AES and since it provides many op-
portunities for innovative development in ana-

lytical laboratories equipped with ICP
instruments, significant progress can be ex-
pected in the near future.

Syty*®? critically reviewed methods of sampl.e
injection and atomization in atomic spectros-
copy and emphasized electrothermal atomizers
and chemical vaporization techniques. Fasse]**”
narrowed the topic to liquid samples of limited
volumes in a comparison of ICP-AES with elec-
trothermal atomizers. Greenfield et al.,® Butler
et al.,* and Dahlquist®** surveyed ICP-AES
methods for analyzing solutions and solids as
powders. Analysis by ICP-AES is most com-
monly performed using solution samples, al-
though solid and gas samples can be analyzed
with special techniques.

b. Liquids

Depending upon the physical and chemical
properties of the liquid, aerosols may be pro-
duced in a number of ways (Figure 24). Liquids
of moderate and low viscosity can be nebulized
pneumnatically or ultrasonically either by trans-
porting the liquid by the Venturi effect or by
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pump to the nebulizer. Viscous liquids require
pumping or dilution. Microvolume sample sizes
necessitate special handling, and various elec-
trothermal devices desolvate and vaporize with-
out nebulization. Spray chambers and other ar-
rangements are used to improve sample aerosol
production efficiency and stability,**-** and de-
solvation facilities may be required with high-
efficiency nebulizers; however, they may intro-
duce desolvation interferences.5”-*47

The two most commonly employed, tradi-
tional pneumatic nebulizers, the concentric'®®
and the right-angle,?®” are used with some mod-
ification for ICP-AES for aqueous and non-
aqueous liquids.'’® Pneumatic nebulizers have
been applied with the ICP for
aque0u533.59.81.120,122.137,170.177.179 as \Vell as non-
aqueous solutions,?3:143.170.194.195  Conyentional
concentric nebulizers, generally metallic, have
been adapted from flame spectrometry; how-
ever, they are often limijted because the high
flow of gas operating the nebulizer is too high
for optimum performance of the ICP, and a
portion of the aerosol and gas flow must be
vented. Kniseley et al.?>*?° fabricated a right-
angle nebulizer which operates with an argon
flow of approximately one liter per minute and
draws solution at approximately 3 ml/min. Al-
though care must be taken in fabrication and
positioning its capillaries,®?-'*® and precautions
must be taken to prevent clogging,!'*® Aber-
crombie and Silvester'*®* and Wohlers**® found
that in comparisons of metal concentric, glass
concentric, and right-angle nebulizers the right-
angle nebulizer performed better than the two
others with solutions containing high salt con-
centrations. Some of the dissolved salts precip-
itated at the tip of the concentric glass nebu-
lizer; otherwise, the stability, sensitivity,
detection limits, and memory effect of the three
nebulizers were essentially identical.

Fassel et al.'**??” used a pneumatic nebulizer
in the analysis of oils after dilution; however,
Pforr'®® pumped oil directly into a pneumatic
nebulizer, and Allemand'*® incorporated a do-
mestic oil burner nozzle in a pressure sprayer
for the analysis of residual oils heated to reduce
their viscosity. Elimination of solvent dilution
in this latter arrangement increased the absolute
sensitivity.

In a study of the nebulization effect with acid
solutions, Greenfield et al.'’® correlated the in-

fluence of the physical properties of five min:
eral acids, three organic acids, and methano
with spectral intensities of five elements emittec
in a high-power (6 kW) ICP discharge. Nebuli-
zation and emission signals of analyte in con.
centrated mineral acids depended on reductior
in sample uptake due to increased sample vis.
cosity, and variations were reduced by pumping
at a constant rate and correcting for volumg
flow rate. With the 6-kW discharge, no signifi-
cant interferences or other discharge difficulties
were encountered. Organic acids and solvents
enhanced emission signals because of changes
in the nebulization rate which was semiempiri-
cally related to the viscosity, surface tension,
and density. Injection of high concentrations ot
mineral acids into flames was impossible, and
Greenfield et al. cautioned against extrapolat.
ing the absence of plasma interferences at 6 kW
to lower power levels. Dahlquist and Knoll®!
obtained essentially identical results with a
moderate (1.6 kW) operating power in an argoi
ICP discharge, and they demonstrated that the
use of an internal reference element or normal-
ization for a measured uptake rate of minera;
acids could compensate for changes in the ne-
bulization and transport subsystems. )

Kirkbright and Ward®® demonstrated the ef
fect of sample uptake rate on the linear range
of analytical curves for Ca II and compared the
effect to results obtained with AAS. When
Ohls*37-2%7 replaced a metallic, concentric AAS
nebulizer with a concentric glass nebulizer, he
found improved efficiency of gas flow and sam-
ple uptake, relative intensities increased by 1 to
2 decades, optimum emission for all.elemenis
studied in a single location, and the ability to
replace sequential recording on single elements
with simultaneous multichannel observations
Apel et al.'” studied several different pneu-
matic nebulizer designs and observed that a frit-
ted-disk nebulizer provided an overall effi-
ciency of over 60% compared with the 5%
efficiency of a right-angle nebulizer. Chambers
into which pneumatic nebulizers spray thei-
aerosol were designed by Scott et al.? to reduce
fluctuations in the aerosol by separating for-,
ward and reverse aerosol flows, by Larson et
al.'** to reduce cleanout time, by Greenfield
and Smith?' to desolvate microvolume sam-
ples, and by Kniseley et al.!'® for clinical solu-
tion analysis.
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The production of aerosols by means of ul-

_trasonic breakdown of liquids has been applied

extensively throughout the development of ICP
discharges.sI.58.62.7l.73,77.18,32.37.102-4.149 Nonelhe'
less, ultrasonic nebulizers are not commonly
available with commercial ICP-AES instru-
ments. Ultrasonic nebulizers produce a finer
aerosol mist and provide superior limits of de-

.tection than do pneumatic

nebulizers,73.78-87.102.103.122 A pnaratus for the de-

'solvation of aerosols was described for ICP in-

struments by Veillon and Margoshes,*** Bou-
mans and de Boer,7887.103.104.149 Rytler et al.,®

Dickinson and Fassel,* Kornblum and de

Galan,®? and Souilliart and Robin.”” Desolva-

‘tion may be necessary to remove molecular sol-

vents.from the aerosol stream prior to entering
the discharge; consequently, when the dis-
charge is operated at low power, it does not'be-

.come unstable.

Characteristics of ultrasonic nebulizers were
reviewed by Olson et al.}** Greenfield et al.?

cited the difficulty in sample handling as the

single marked disadvantage of ultrasonic nebu-
lizers. In the past, this precluded automatic op-
eration. Desolvation apparatus must also be
used if the discharge is extinguished upon intro-

-duction of large quantities of solvent. Recently, _
Olson et al.'*? described a chemically resistant, .
reliable, easy-to-build, ultrasonic nebulizer

which provided rapid and convenient sample
changing capability, acceptably short cleanout
time, and long-term stability. When combined
with a conventional desolvation apparatus,
they achieved an improvement of an order of
magnitude or more in simultaneous multiele-
ment detection limits for a representative set of
14 elements when compared to the right-angle
nebulizer with or without desolvation. Many of
these values are listed in Table 7. Previous ine-
qualities in limits of detection were traced to a
dissimilarity in the rate of sample delivery to
the ICP arising from diverse nebulizing sys-
tems. The direct measurement of the overall ef-
ficiency of nebulization indicated that an ap-
proximate tenfold (11 vs. 1.1%) greater rate of

-sample delivery was responsible for the superior
.powers of detection achieved with the ultra-

sonic nebulizer compared with the pneumatic
nebulizer. However, the ultrasonic nebulizer re-
quired desolvation, and when applied without
it, either the discharge became unstable or the
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sample introduction rate was reduced and de-
tection limits were degraded. Desolvation with
pneumatic nebulization only marginally im-
proved detection limits. Cost estimates of a
commercial version of this type of nebulizer set
its price at about $2000 compared with about
$200 for a concentric glass pneumatic nebu-
lizer.

In comparing ultrasonic with pneumatic ne-
bulization, Boumans and de Boer!?* found de-
tection limits five times poorer with the right-
angle nebulizer. In practical analysis, however,
the right-angle nebulizer provided an equal or
improved detection power, because the salt
content of solutions with the right angle-nebu-
lizer could reach 1% safely without exceeding
a +10% interference level. On the other -hand,
the ultrasonic nebulizer had to be limited to
about 0.1% solids to reach the same low level
of interferences. Boumans and de Boer® also
found that the maximum permissible salt con-
tent with ultrasonic nebulization had to be kept
below 0.4% to prevent memory effects result-
ing from salt deposits on the plasma tubes.
Boumans and de Boer'™ investigated the fac-
tors which affect efficiency and injection rate
of wet aerosol with their ultrasonic nebulizer
assembly; these factors included solution up-
take rate, carrier gas flow, dimensions of the
inlet and aerosol chamber, and the desolvation
apparatus. The performance of their ultrasonic
nebulizer was dependent on the carrier gas
flow, and effects were observed during desol-
vation related to the concentration of concom-
itant.®” Adapting two ultrasonic nebulizers with
independent desolvation units, Boumans and
de Boer®” separated interferences that resulted
from processes in the plasma and in the nebu-
lizer-desolvation apparatus. The magnitude of
the desolvation effect varied between =10% at
an optimum desolvation temperature of 140°C
and was related to the difference in volatility
between matrix and analyte.

Greenfield et al.”* found that pneumatic ne-
bulizers without desolvation generally gave
poorer limits of detection than did ultrasonic
nebulization with desolvation. Desolvation im-
proved sensitivity but not precision, and occa-
sionally it led to memory effects.

Turning to microvolume samples, Greenfield
and Smith?°! injected 1- to 25-ul volumes of so-
lution from a micropipette or syringe into a
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pneumatic nebulizer in the analysis of oil, or-
ganic compounds, and blood samples with a
relative SD of about 5%. Both heated and con-
ventional spray chambers were connected di-
rectly to the aerosol injection tube of the ICP
assembly. The heated chamber provided an or-
der of magnitude improvement in sensitivity.
Later, Kniseley et al.'*® also introduced 25-ul
volume samples of diluted whole blood and
plasma from a micropipette directly into a
pneumatic nebulizer, desolvation apparatus,
and ICP discharge. Reproducibility of 5% was
improved to 3% when 100-ul volume samples
were nebulized. Greenfield and Smith inte-
grated the signals photographically, and Knise-
Iey et al. measured the transient signal photoe-
lectrically.

Dahlquist patented*®* and developed®**® a
novel device called the graphite yarn atomizer
for electrothermally vaporizing microvolume
samples into the ICP discharge. A sample was
deposited on a continuous graphite yarn, desol-
vated electrothermally, and vaporized electri-
cally into the discharge. Although this proce-
dure (using a prototype device) compares
favorably with pneumatic nebulization (com-
parable relative and superior absolute limits of
detection), no commercial product has become
available.

Nixon et al.?'*-2!* described and applied a fil-
ament vaporization arrangement employing
tantalum filaments or pyrolytic graphite sub-
strates'’ for 200-ul volume samples. A low cur-
rent through the filament vaporized the solvent
and ashed the deposit, and a high current ap-
plied to the filament caused the sample to va-
porize into an aerosol carrier gas stream. Rela-
tive SD was approximately 4%. Relative and
absolute limits of detection generally exceeded
those obtained with pneumatic nebulizers?®3-2:°
and equaled those for other electrothermal at-
omizers in AAS. However, interelement effects
arising from physical changes or refractory
compound formation and spectral interferences
presented formidable problems which were not
resolved. In contrast, Kirkbright et al.30s-3%¢
used a commercial graphite-rod electrothermal
atomizer for trace analysis of uranium metal
and other materials.

c. Solids
Unlike nebulization of liquids into the ICP,
presentation of solids as powders, particulates,

vapors, or metal aerosols has received neither
the same attention nor enthusiasm from spec-
trochemists. In their survey of solids introduc-
tion techniques, Greenfield et al.? described al-
most exclusively powder techniques; even the
technology developed for the engineering appli-
cations of induction discharges for processing
solids?4-*” has contributed essentially nothing to
recent developments.

Dahlquist?'* considered various possibilities
for direct analysis of solids, including a number
of novel devices and approaches for relatively
specific applications. For example, a device for
the direct atomization of solids was patented
and developed commercially by Dahlquist et
al.?03:212 Qrjginally marketed as a sampling de-
vice for other spectrochemical sources,?!*2'* the
direct solids nebulizer (DSN) employed an elec-
tric arc struck between an annular counter elec-
trode connected as the anode and the solid ma-
terial to be sampled as the cathode. The arc
currént caused ejection of very small droplets
of material which solidified and were removed
as a fine metal aerosol by the argon carrier gas.
In one version,?'? the DSN was ingeniously en-
gineered as a hand-held device which could be
attached to the ICP-AES instrument by an um-
bilical cord as long as 20 m for remote sam-
pling. Precision values obtained for standard
materials compared well with established meth-
ods, and linear analytical curves were pub-
lished. Approximately equivalent amounts of|
steel were injected into the ICP for both the
DSN and a conventional nebulizer using a 0.5
wt% steel solution. Because of the lower noise|
produced by liquid nebulizers, the power of de-[
tection of liquid nebulizers was marginally bet-|
ter than the DSN for most elements. Back-
ground equivalent concentrations were
comparable for both devices, with the DSN
showing slightly better analytical performance.
The commercially available arrangement has
experienced only limited sales, presumably as a
result of its cost relative to alternative sampling
excitation sources such as spark discharges.

Taking an alternative tack to the DSN for
solid sampling, Human et al.?'¢ adapted a con-
ventional high-voltage spark, operating at 50
Hz, for nebulizing materials from conducting
samples. Adequate amounts of material wer¢

~ sparked from the solid for analysis by ICP-

AES, although substantial changes in intensi-
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-ies occurred during the first few minutes of
sparking, and relatively long times were re-
juired for analysis. Alternative spark sources
ind conditions were suggested to increase the
sensitivity and decrease the analysis time.

A laser sampling device was described by

~Abercrombie et al.?'” in an application for air

particulate analysis used in airborne geochemi-
cal exploration. A pulsed carbon dioxide laser
was focused on single small spots of air parti-
culate matter impact collected on sticky tape
during aircraft flights. The laser pulse evapo-
rated the material which was then carried into
the ICP by the argon aerosol carrier flow. Be-
cause samples were collected on a continuous
roll of tape, a fully automated instrument al-
lowed the analysis of a new sample for 25 ele-
ments every 10 sec, and as many as 3400 sam-
ples have been analyzed in a single day.

Powder injection devices were described and
applied by Greenfield et al.,’®525% Hoare and
Mostyn,*® Dickinson,?'* Dagnall et al.,'”* Pforr
and Aribot,?" and Scott??® for analysis using
the ICP for vaporization and excitation. Fur-

" thermore, a variety of powder feeding devices

for induction plasmas have been developed and

"used in engineering and spectroscopic

studies,37-42.43.183-185,221-229 The major problem
with powder introduction into the ICP has been
one of obtaining a representative cloud of par-
ticles — the segregation of particles according

~to size and density, the relatively large particle

diameters available as powders compared to
dried aerosols produced from solution nebuliz-
ers, and the dependence of the success of a par-
ticular sampling device on the unique properties
of individual samples add to the complexity of
powder analysis.?*

In the.powder feeding device recently de-
scribed by Scott,??° the action of a repetitive,
energetic spark discharge (between two graphite
electrodes located in a sample vial above the
-powder sample) removed fine particles from the
sample which then were transported into the
;ICP discharge by a low-flow (0.2 I/min) argon
Stream after mixing with the aerosol carrier
flow stream. Presumably, the acoustic energy
of the spark sustained the process and may also
have caused particle breakup, producing small
particles or vapors of the material. Since the
spark action was independent of the gas flow,
a high ratio of particles-to-aerosol carrier gas
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volume was possible. Because of the initial de-
crease in intensity, common to powder feeders,
signals were measured at a fixed time, and they
varied by 15 to 30%. Successful and universal
powder introduction to ICP discharges awaits
a major technological development, although
powder introduction may be accomplished to-
day for tailored sample types.

d. Gases

The introduction of gases in mixture with ar-
gon presents minimal problems in ICP-AES,
although there has been relatively little practical
development of gas analysis using the ICP dis-

-charge. Mermet et al, 26130131135 Alder et

al.,**¢ and Truitt and Robinson'¢? introduced
various gases and vapors into the ICP mainly
for spectroscopic studies. However, Alder et
al.'"° recently generated nitrogen from ammo-
nium ions, recorded the NH emission intensity
in the ICP at 336.0 nm, and obtained a practi-
cal detection limit of 0.1 ug of nitrogen per ml
for 5-ml aqueous solution samples of exchange-
able ammonium in soil.

Dahlquist et al.?** described the ICP-AES
preliminary analysis of urine for Hg and As; it
was based upon the generation of hydrides by
reaction with sodium borohydride and the sub-
sequent transport of the hydrides and hydrogen
produced into the ICP with the aerosol carrier
gas. Air must be scrupulously excluded, and
even with an argon-5% hydrogen aerosol car-
rier gas mixture, Nixon?'° found the rapid evo-
lution of hydrogen extinguished the discharge.
With a faster aerosol gas flow, the hydrogen re-
duced analyte residence time to a degree that
the hydride method was not pursued. Ward?3°
discussed the need for instrumental background
corrections in the analysis of free mercury and
some metal hydrides (generated chemically and
transported as vapors into the ICP discharge).
None of these techniques was totally successful
until recently when Kirkbright**> and Kirk-
bright et al.?°¢ devised a simple arrangement for
the determination of As, Sb, Bi, Se, and Te in
geochemical materials using hydride genera-
tions with sodium borohydride.

Probably the most controllable and widely
exercised gas analyzer — the gas-liquid chro-
matograph (GLC) — has been adapted to the
ICP only once. Denton and Windsor?*! investi-
gated the ICP discharge as a GLC detector for
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carbon, hydrogen, sulfur, nitrogen, oxygen,
phosphorus, chlorine, and bromine. This
promising combination can be expected to find
numerous applications, although less expensive
devices such as microwave-induced plasmas op-
erated at atmospheric pressure in He as de-
scribed by Beenakker?°7-*°® might turn out to be
more economical.

4. Spectroscopic Measurement Systems
a. Introduction

Conduction, dispersion, detection, and anal-
ysis of radiation from the ICP discharge repre-
sent a well-established technological field in

emission spectroscopy, yet developments in

each step unique to ICP-AES continue to be re-
ported. At the Noordwijk ICP Conference,
Bernhard?*? discussed optics and data handling,
Kirkbright?** considered information content,
and Scott?** outlined analytical performance.

b. Optics and Image Transfer

The definition of the spatial volume of radia-
tion observed by the optical transfer system is
important in plasma diagnostics and routine
analysis'®® because of the unique spatial distri-
bution of radiation found in the ICP (e.g., Fig-
ures 8 and 9) discharge with the sample intro-
duced and transported along the central axis.
Table 8 includes a listing of observation heights
heights and windows used in a significant num-
ber of recent ICP studies. Simple lens systems
with unity magnification focused on the vertical
entrance slit of a monochromator or spectrom-

eter are common.***¢ The zone of observation

is determined by the entrance slit height and the
relative location of the discharge to the optical
path. Boumans and de Boer”®#7-*22 projected an
image of the discharge with twofold magnifi-

-cation on a rectangular diaphragm, and the in-

termediate image was focused on the grating by
crossed cylindrical lenses. A rotating beam
splitter was used for a dual-beam, dual-channel
system. According to Boumans’® this arrange-
ment was adopted because interferences ‘exhib-
ited dependence on the concentricity of the en-
tire torch and because the slightest disturbance
in the arrangement while the source image was
projected on the entrance slit made the interfer-
ence effect change significantly. The latest ver-
sion of the optical arrangement of Boumans
and de Boer'?? includes a spherical field lens in

the vicinity of the intermediate image to prevent

radiation losses due to vignetting. Franklin et
al.'®? also used crossed cylindrical lenses with g
monochromator and linzar photodiode array.

The optical arrangement used by Kornblum
and de Galan®? provided for flexible and simple
Abel transformations of lateral intensity distri-
butions into true radial distributions. It permit-
ted measurements in emission as well as in ab-
sorption, and the region of observation in the
discharge did not depend on the slit width of
the monochromator, so that the window could
be varied for each spectral line. In emission, ra-
diation was sampled over the entire depth of the
discharge (with the cross section determined by
threefold magnification on a limiting dia-
phragm), focused on the grating, and evenly
distributed over the photocathode. Kalnicky et
al.?*s discussed the criteria for the optical sys-
tem used to obtain reliable Abel inversions.
Montaser and Fassel'’® designed an optical ar-
rangement for atomic emission and fluores-
cence with the ICP discharge.

Allemand and Benzie?** described an ICP
stand adapted to a standard 3.4-m Ebert spec-
trograph optical bar. Imaging optics relayed the
emission from the ICP to a regular arc stand
and reproduced an image on the entrance slit
of the spectrograph. Cassegrain-like arrange-
ments were designed as collecting and reimag-
ing lenses.

¢. Spectroscopic Instruments ‘

A variety of monochromators, spectrome-
ters, and spectrographs have sorted emission:
radiation from the ICP discharge, and many
are described in Section II.A.1 as components
of the overall ICP-AES instrument. A number’
of fundamentally different approaches have
been taken or suggested for ICP-AES, espe-
cially in attempting to meet the flexibility that:
the ICP provides for multielement analysis.
Commercial systems almost exclusively adapt’
fixed-array multichannel spectrometers (with,
their particular requirements for unwanted ra-
diation, background correction, and line selec-
tion) to the ICP discharge. The stable output
of the ICP with unlimited sample volume en-
couraged development of alternative sequential
approaches.

i. Multichannel Spectrometers
-The performance characteristics of the mul-
tichannel spectrometers used with the ICP dis-
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.1arge were reported by Larson et al.,'®s Davi-
m et al.,”* Winge et al.,”>-*” Dalager et al. 24
1d Allemand.?*® The problem creating the
ost concern during the past few years was the
scovery of substantial unwanted radiation re-
lting from the concentration of certain sam-
¢ components.®**'® Background and matrix

“irrections as well as line selection represent

‘eas of immediate concern in utilization of
ultichannel spectrometérs.2*?

Larson et al.'*® observed and investigated
tbtle changes in background that occurred
wring ICP analysis of samples with composi-
ons that varied as a result of spectral interfer-
1ces, indirect changes of spectral background,
1d stray light. Since the bias resulting from
ray light could be mistaken for an interele-
ent matrix effect instead of a limitation or de-
ct in the spectrometer, Larson et al.'®’ consid-
~ed the extent that stray light arises from
-ating imperfections — the primary source of
ray light — and from spectrometer design de-
cts. They proposed and tested diverse tech-
ques for reducing, eliminating, or correcting
nwanted radiation, which have been adopted
t part by commercial instrument manufactur-
's,74-99.240 Spectrometer-scattered light, con-
sting of light leaks, reflection from spectrom-
er hardware, fixtures, and other internal
arts, can be reduced by masks, baffles, black-
aing of nonoptical surfaces, traps, light tun-
-els, and appropriate entrance optics. Grating-
:attered light (comprising ghosts, far scatter,
ad near scatter) was reduced by substitution
f holographically prepared gratings for ruled
ratings and the use of solar blind photomulti-
lier tubes and optical filters, especially narrow
andpass UV-interference filters'*s-24!' located

nmediately in front of the detectors.
- A’ two-step approach was taken toward the

olution of matrix-related background
hifts.®3:97-243.245 The first step was to minimize
he sources of stray light; the second was to de-
elop techniques for correcting the remaining
tray light. Calcium and magnesium in the sam-
les were identified as major sources of stray
ght, because of the very intense ion lines emit-
¢d in the discharge. Once the sources were
ientified, specific correction techniques were
plied. In addition to those general techniques
entioned previously, selective pre- and post-
lters were employed to keep the radiation
om reaching the spectrometer.%”-23?
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Empirical corrections for matrix-related
background shifts and spectral line interfer-
ences were made by relating the intensity of an-
other spectrzil line of the interferent, using
standard computer programs supplied with
commercial ICP-AES instruments,5’-139-243.244
However, this method failed when applied by
Winge et al.®” to the ICP background shifts re-
sulting from calcium and magnesium, because
mimic lines did not satisfactorily match the
combinations of stray light and other sources
of background shift associated with these ele-
ments. Calcium ion lines (Figure 5) at 393 and
397 nm almost completely accounted for the
stray light from calcium, but these lines exhib-
ited different degrees of self-absorption. Nei-
ther line could be employed to correct stray
light produced by the combination of the two,
and monitoring the linear response of the Ca
II, 315.89-nm line also failed. Winge et al.®’
recommended using the total integrated peak
area rather than peak intensity for correction.

Background corrections with multichannel
spectrometers present a classical problem which
has been dealt with for ICP-AES instruments
through the wuse of spectral scanning
devices.91.97.139.143,144,242.245 winge et al-97 affixed
a stepping motor to reposition the entrance slit
of a concave grating spectrometer, and Alle-
mand*#3-144-245 yged a digital scanning device.
Both approaches are now used commercially.
In Allemand’s device, the computer-controlled
deflection of entering radiation was produced
by moving a calcium fluoride or quartz plate in
steps. This provided wavelength profiles or
multiple offset readings at each exit slit with
sufficient wavelength coverage to make back-
ground and interference corrections. These
background correction techniques do not ac-
count for background shifts arising in the sec-
ondary optics of the spectrometer. Winge et

al.’” also emphasized that empirical corrections
introduce additional uncertainties into the ana-

Iytical results. Abercrombie and Silvester!?®
found that the narrow bandpass interference
filter gave the best overall spectral interference
correction when compared with both computed
and spectral scan techniques.

Line selection for a multichannel spectrome-
ter with an ICP discharge source poses prob-
lems not normally encountered with DC arc or
spark sources for which the line selection has
been well established through experience.?** For
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the excitation temperature assumed in the 1CP
discharge, the relative spectral intensities do not
correspond to those expected for a discharge in
LTE. For many elements, the most intense
spectral emission arises from ions rather than
from atoms.”7-104-114.118.122 This ynexpected re-
sult has become more understandable in light
of recent hypotheses concerning the excitation
processes in the discharge that are discussed in
Section III.B.5. Boumans?*® indicated six fac-
tors useful in determining the minimum nums-

ber of spectral windows (lines) needed for a uni-

versal analysis:

Number of analysis elements of interest
Concentration ranges covered .

Types of matrices to be studied

Useful dynamic range of detector
Dynamic range of source emission
Spectral resolution of spectrometer

A

Boumans?*%?* cited spectral interferences as
the most severe problem associated with analy-
sis of multiple matrices and pronounced that a
compromise must be reached between spectral
resolution and the number of spectral windows
adopted. These compromises strike a balance
between flexibility to cover many matrices and
the total number of exit slits possible. A roving
slit-detector assembly such as that incorporated
in the M.B.L.E.-Philips ICP-spectrometer!?
(Table 9) or monochromator added as a sepa-
rate channel to a spectrometer, as is found in
the Jarrell-Ash ICP-spectrometer?®* (Table 9),
substantially enhances the flexibility of fixed-
slit spectrometers, as discussed by Ward.?**

ii. Spectrographs and Multichannel Echelle Spectrometers
Considering universal analysis in the sense of
survey analysis covering a large variety of both
analytes and matrices, Boumans et al.237-23%.279
mentioned as possible alternative spectroscopic
instruments: (1) classical spectrographs with
photographic detection combined with an au-
tomatic computerized plate reader, (2) comput-
erized multichannel spectrometers using elec-
tronic imaging devices (TV-type
spectrometers), and (3) computerized multi-
channel spectrometers using image dissectors.
All of these instruments offer flexible and uni-
versal approaches to spectrochemical data tak-
ing and handling. However, both hardware and

software development are expensive, and, ac-
cording to Boumans,?”® an investment in equip-
ment and software for universal analysis can be
justified only to the extent that a universal anal-
ysis is an economic possibility in the appropri-
ate laboratory. .

Boumans et al.?** are developing systems for
quantitative survey analysis using an ICP, a
3.4-m Ebert spectrograph, and a computerized.
microphotometer.?!® They are first developing
a system (ICP K-system) for major and minor
constituents that will have to supplement and
replace the DC carbon arc K-system method of
Addink,*'* achieving better precision and accu-
racy. To reduce photographic measuring er-
rors, they limit the transmittance measurements
of lines and background to the range of 0.05 tc
0.80 T. To extend the dynamic range of the de-
tector, they employ a step filter at the entrance
slit (1:1/3:1/10), take stepped exposure times
(t and t/10), and use stepped dilution (1:1 and
1:10) of the samples. In this approach, they ex:
ploit the unique features of the ICP discharge:
steady-state sample introduction and high tem-
poral stability (permitting stepped exposuresj
and high detection power, large linear range,
and low matrix effects (allowing stepped dilu-
tion). The disadvantage of needing to take &
samples and having to measure from 8 to 12
spectra of each sample does not weigh heavily,
because spectra taking and sample changing
can be easily automated with an ICP source,
while the measurements are committed to an
automatic controller that measures and pro-
cesses rapidly (1 cm/sec of a photographically
recorded spectrum) with reliability that has
been tested during many years of experience
with the DC arc method. Boumans et al.*** are
compiling- a library of spectral interferences
based upon actual measurements in the spectra
windows of the analysis lines using aqueous so-
lutions of possible interferents. In selecting
analysis lines, they apply their previous experi-|
ence with an ICP-monochromator system, gen-
eral data on ICP spectra available in the litera:
ture, and the NBS Tables of Spectral-Line
Intensities derived from the NBS copper arc.*"

‘Their experience with their argon ICP reveals

that the intensities tabulated in the Tables are
(as to their order of magnitude) representative
for computing relative detection limits in the:
ICP within either the ionic or the atomic spec-
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tra. However, the ionic lines yield detection
limits one to two orders of magnitude better
(compared to the atomic lines) than would fol-
low from the NBS tables. They are evaluating
to what extent these findings can be generalized
and quantified.??3-303.3t6

In an alternative approach, Danielsson et
al.138141 renorted the combined application of
an ICP with an echelle spectrometer equipped
with an image dissector system. This arrange-
ment is currently being evaluated by Applied
Research Laboratories as a commercial system.

Betty and Horlick!*® developed a cross-cor-
relator as a readout system for a photodiode ar-
ray spectrometer with ICP source. With this

system, a reference spectrum is stored in a tran-

sient recorder and used as an electronic corre-
i!ation mask for the detection and measurement
‘of the same spectral signal. This procedure rep-
resents a unique approach for the measurement
‘pf atomic emission signals, since the only spec-
tral information that can contribute to the cor-
relator output is that which is identical to the
stored reference spectrum.

l ifi. Programmable Monochromators

I Boumans et al.?*7-2%° argued that high flexi-
oility in choice of analysis lines, the ability to
check for spectral interferences and correct for
oackground and the capability to cover the
l'zoncentration ranges required for ICP-AES
lcould be met by a computerized programmable
| monochromator.2¥7-313-315 I the computerized
version,??’-3'¢ the computer is used to control
the program during an analysis and, more es-
'sentially, to check and control the wavelength
| positioning. This approach would not only per-
'mit a simpler and cheaper mechanical design,
\But would also provide for automation of the

wrogramming for new analytes and/or mat-

rices. The sequential mode of measurement lim-
its the applications to analyses in which a fairly
small number of analytes are to be determined
)and for which enough sample is available. Bqu-
mans et al.?’® considered flexible single-element
!analysis of nonroutine samples as an important
area of application of computerized programm-
jable monochromators. They demonstrated that
'rather simple ‘“‘cookbook’’ rules could be fol-
'lowed in ICP-AES single-element analysis of
‘nonroutine samples, of which some essential in-
formation is already available. They envisaged
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that 90% of the operator’s task might be com-
mitted to a programmable monochromator
coupled to a mini- or microcomputer. A crucial
point was that, according to their experience,
the compromise conditions for simultaneous
multielement ICP analysis were entirely satis-
factory for single-element analysis; thus, the
operator need not be concerned with irksome
source optimizations.

Winefordner et al.”* also felt that a pro-
grammable monochromator represented a via-
ble alternative to fixed multichannel spectrom-
eters. As studies progress with the ICP and
computerized monochromators or spectrome-

ters, the dominant position of the multichannel

spectrometer in commercial ICP-AES instru-
ments may be challenged in nonroutine appli-
cations where a limited number of element de-
terminations are to be made.®* One instrument
manufacturer, Instruments SA, Inc. (Me-
tuchen, N.J.), recently introduced a sequential
spectroanalyzer consisting of a 1-m Czerny-
Turner monochromator with holographic grat-
ing, stepping motor wavelength scanning con-
trols, and a minicomputer.**’

d. Detectors and Readout Systems

The ICP source challenges the optical dy-
namic range of emission spectrometers.?** The
discharge’s high signal-to-background intensity
ratios, low detection limit, and long linear ana-
Iytical range®® demand detection capabilities
that only photomultiplier tubes can provide.
For example, solar blind photomultiplier tubes
furnish both dynamic range and rejection of
stray light when used in multichannel spectrom-
eters.?*s However, these characteristics generate
substantial dema}nds on the readout system, es-
pecially in a multichannel spectrometer. Wine-
fordner et al.?! evaluated multielement detec-
tion systems for AES.

Boumans??*® suggested that, as photodiode
systems with improved electronics approach the
signal-to-noise ratio of photomultiplier
tubes,?®® multiple photodiodes could be ar-
ranged in lieu of exit slits for simultaneous an-
alyte and background readings. Franklin et
al.,'®* Betty and Horlick,'?® and Edmonds and
Horlick'*? have applied self-scanning linear sil-
icon photodiode arrays as spatial and wave-
length spectral detectors to ICP-AES, and
Gold*® utilized 16- and 32-element photodiode



16: 26 17 January 2011

Downl oaded At:

. 272 CRC Critical Reviews in Analytical Chemistry

arrays to measure velocities in the ICP dis-
charge. Franklin et al.'®? aligned a 512-element
array parallel to the exit slit of a stigmatic mon-
ochromator to obtain a spatial profile of emis-
sion from the axis of an ICP discharge. Oper-
ating under computer control, the photodiode
array recorded vertical profiles from Ca emis-
sion which were automatically corrected for

background over a range of 10 to 35 mm above

the induction coil. The profiles indicated major
changes in intensity distribution due to aerosol
carrier flow rate and additions of potassium.
Horizontal profiles of Ca in the presence and
absence of K were also recorded automatically
at different axial locations in the discharge.
With a 256-element linear photodiode array,
Edmonds and Horlick'!? recorded profiles of
analyte emission as functions of aerosol carrier
and plasma (coolant) flow rates, input power,
and the presence of concomitant. A typical set
of results for Ca I is given in Figure 8. The spa-
tial position of peak neutral atom line emission

depended upon the analyte excitation and/or

ionization charcteristics; however, the spatial
peak position of ion line emission appeared to
be independent of the species for the elements
(Ca, Ba, Sr, Ti, Co, and Ag) studied. In Figure
8, for example, as the power was increased, the
intensity of the Ca I emission increased and the

-peak in the emission spatial profiie shifted to a

lower position in the discharge. The application

" of photodidode arrays to obtain spatial infor-

mation from the ICP provides a convenient,
rapid, and completely automated means to re-
cord analyte emission and background to cor-
rect emission for background. Betty and Hor-
lick'®* applied a 1024-element array with cross-
correlation readout system for ICP-AES.

Danielsson et al.***-*** combined the ICP dis-
charge with an image dissector-echelle spec-
trometer system,?*® which provided the dy-
namic range capabilities of the electron
multiplier with the flexibility in choice of an un-
limited number of spectral positions. The sys-
tem also provided single-photon counting and
dynamic background measurement capability.
Engineering developments are currently under-
way on this type of system which should lead
to a marketable product. '

Myers and Huchital**” applied a copper-se-
lective pulsed modulator to detect resonance
emission at 324.7 nm excited in an ICP dis-

charge. A fivefold improvement in the detec.
tion limit appeared to be unaffected when the
bandpass of the monochromator following the
modulator was increased by ten.

Studies of noise characteristics of the ICP
and detector system are rare, although the rel.
ative standard deviation of background sxgna]
was found to be approximately constant for d;
verse operating conditions.®”-'°%122-15° Metcals
et al.?*® reported recently that the signal-to-
noise ratio was directly proportional to the
emission signal or analyte concentration at and
near the detection limit, and the limiting noise
was background emission noise and not ampli.
fier or quantization noise. The background
emission noise was primarily nonfundamental
flicker noise rather than fundamental shot
noise. At higher analyte concentrations or emis.
sion signals, the signal-to-noise ratio leveled ofi
at 30 to 40 with l-sec integration time and a
about 80 to 120 with 13-sec integration time for
all elements studied. Measurements were ang-
Iyte emission flicker noise limited. The noise
was proportional to the signal and might have
resulted from fluctuations in the atomic popy
lation of the analyte in the observed volume ele-
ment of the discharge. Fundamental shot nois:
was negligible. Boumans??® derived a formu]},
for the relative SD in the net line signal for suck
a system, which was denoted as a system limited
by signal-carried and background-carried flug-
tuation noise, corresponding to the classifica'-‘
tion made by Wineforder et al.** The type &
limiting noise will probably depend on the ra-
diation flux conducted to the detector ani
therefore on the spectral radiance of the ICB
zone selected for observation, the efficiency 9.‘!
the entrance optics between the ICP source and
spectrometer, and the slit widths of the Spectro-l
scopic instrument. T

Data acqulsmon systems differ for each ex-
perimental arrangement, and commercial IC/
AES systems include dedicated computers anq

‘computer programs for routine analysis. ng;

!
5

et al.?”-2* described a data acquisition system ix

‘which signals from a multichannel spectrometeri

were processed by a digital time-sliced averag-
ing technique in which the signal was digitize)
60 to 600 times per second depending upon the.
number of detectors monitored for the preser
measurement period. An autorange mode pr¢-,
vided computer adjustment of the amplifier
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{éain for each channel prior to measurement pe-
iriod. Automatic background correction proce-
dures have been developed and integrated into
lcommercial instruments. 144230243

11I. DISCHARGE CHARACTERISTICS

IA. Plasma Diagnostics

1. Introduction

" The measurement of physical properties of
the ICP (pressure, spectral line and continuum
zmission, scattering, and magnetic and electri-
cal fields) by spectroscopic and physical means
‘brovides the basis for the computation of elec-
tron number densities, plasma and analyte ve-
locities, temperatures, and number densities
and for their correlation with experimental pa-
rameters. In turn, the experimental facts estab-
lish the foundation for descriptions of the fun-
damental processes occurring in the discharge
:;nd interaction of plasma with analyte. Only
preliminary measurements of these parameters
with ICP discharges designed for spectroana-
lysis have been reported so far, although this
activity will intensify considerably. Paralleling
experimental plasma diagnostics investigations,
theoretical models of the same plasma pro-
cesses are in embryonic stages. However, those
models which have been applied are providing
useful working hypotheses upon which further
“xperimental activities can be based.

- Plasma measurement results fall into two dis-
tinct time periods divided by the acceptance of
ine ICP in spectrochemical analysis. Until very
recently, flow, temperature, and density analy-
ses were made on a variety of induction dis-
charges operating under dissimilar conditions.
In contrast, detailed and complete measure-
ments are now being reported on a relatively
2w, but compatible, configurations of ICP dis-
tharges with the common objective of defining
processes related to spectrochemical analysis.
Comprehensive reviews of these early mea-
surements were made by Eckert,*® Dresvin,*®
Raizer,!® Czernichowski and Jurewicz,?” Green-
feld et al.,® Barnett et.al.,”* and Mermet.**°
Current papers by Kalnicky et al.,”***** Korn-
blum and de Galan, and?®*%%!® Mermet'*? up-
date these surveys with emphasis on recent ICP
measurements. Few laboratories have made
dpectroscopic  diagnostic measurements on
spectrochemical ICP discharges. Foremost
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among these efforts are the reports by Mermet
Ct al‘,IIS-IIE.IJO-IJZ.IJ4.ZSO Kalnicky Ct a]‘,ll4.235
and Kornblum and de Galan.8?8*1%° Major
spectroscopic investigations of interferences
were performed by Fassel et al.,*!$!5!-23% Korn-
blum and de Galan,!*® Mermet et al.,'*’-**®* and
Boumans and de Boer,%7:104.122.150 .

The importance of spatial distributions in
these spectroscopic measurements is para-
mount, and the methods for Abel inversion
transformations were described by Kornblum
and de Galan,%*#3-1% Kalnicky et al.,''**** and
Mermet and Robin.?s? Recently, Jarosz et al.3!®
reported results of a new study of smoothing
experimental curves for Abel transformation.
These along with other basic investigations
have led to an appraisal of the existence of LTE
in the ICP Operated in argonsl.l14.126.127.134.160.235
and the postulation of excitation mech-
anisms.lll.llﬁ.lls,lJS Barnes et al.l73.181.l90.l9l.336
measured pressure and compositional distribu-
tions in the ICP, and Human and Scott®* deter-_
mined line widths.

2. Discharge Properties
a.Temperature and Electron Number Density

The excitation parameters (temperature and
electron number density) in an ICP argon dis-
charge at atmospheric pressure depend upon
the plasma geometry and the measuring proce-
dure.®* Representative examples of excitation
temperature and ‘electron number density as
functions of aerosol carrier flow and location
of observation zone are illustrated in Figures 9
and 10. o

After surveying the literature on ICP temper-
ature measurements and reviewing techniques
for determining excitation, electron, and ki-

- netic temperatures, Kornblum and de Galan®?

concluded that the largest uncertainty in find-

_ing excitation temperatures arises from the in-

accuracy of oscillator strengths, a contention
well demonstrated by Kalnicky et al.,?*s Jarosz
et al.,*"® and Alder and Mermet.**' They de-
vised a dual emission and absorption procedure
to determine excitation temperatures in an ar-
gon ICP without using the transition probabil-
ities; the results were more reliable than with
previous methods. They also emphasized that
although temperatures may differ in an ICP
discharge one electron density exists (i.e., on
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the order of 10'* ¢m™) in the argon ICP and
that significantly deviating values were found
in the literature only when the electron number
density was derived from the Saha-Eggert equa-
tion.

Kornblum and de Galan®? reported radial dis-
tribution values for excitation temperatures de-
rived from Ar I, Ca I and II, Mg I and II, and
Fe I lines, gas kinetic temperatures for OH,
electron number density from Ar continuum in-
tensities, and atom number densities for Ar, Fe
I, and Ca I at four or five axial locations for a
0.53-W discharge with a 16-1/min plasma (cool-

-ant) flow and two (1.36 and 4.5 1/min) aerosol

carrier flow rates. They argued that the various,
temperatures measured provided ample evi-
dence that the ICP was not in LTE for ecither
flow condition. Unfortunately, these excellent
measurements were made at impracticably high
aerosol central flow rates (e.g., compared to
Figure 8), so that the two conditions investi-
gated represent the upper limit of spectroanal-
ytical applications. Furthermore, in future
measurements, greater axial resolution in dis-
charges at power levels between 0.8 and 2.0 kW
would be valuable.

Kalnicky et al.'’* enumerated the inconsist-
encies among values for excitation temperature
and electron number density leading up to their
work, including the preliminary results pub-
lished by Kornblum and de Galan.®? They re-
ported refined spatially resolved radial excita-
tion temperatures experienced by a typical
analyte, Fe I, and the support gas, Ar 1, in the
presence and absence of an easily ionizable ele-
ment (Figures 9 and 10). Comparisons were
made between electron number density distri-
butions calculated from ionization equilibrium
considerations and Stark broadening. When the
temperatures in Figure 9 at 1.3 1/min are com-
pared to those given by Kornblum and de
Galan®® for Fe 1 (Figure 8 in Reference 83) the
major discrepancies cited for preliminary
data?** were substantially reduced. Although
the excitation temperatures from Kalnicky et
al."'* who operated the discharge at 1 kW with
12 I/min plasma (coolant) flow appear slightly
higher than the data obtained by Kornblum and
de Galan at 0.5 kW and 50 MHz, the radial and
axial trends are comparable. Results compara-
ble to the electron number density distributions
calculated from the Saha equilibrium equation
in Figure 10 were not published by Kornblum

and de Galan. However, the effective electron
densities derived from Stark broadening by
Kalnicky et al. at the same location above their’
induction coil appear to be rather close to the
axial values derived from absolute continuum
measurements by Kornblum and de Galan. The
inequality between Saha- and Stark:calculated
electron number densities led Kalnicky et al. tc
support the hypothesis that LTE did not exist

" for the discharge operating condition they em-

ployed. Finally, the presence of easily ionized
sodium appeared to change the excitation tem-
perature and electron density by negligibld
amounts compared to what would be expected
in an equilibrium discharge.

Using a 1 kW, 27 MHz ICP discharge, Hu!
man and Scott® measured the profiles of spec-
tral lines of calcium, strontium, and argon by
means of a Fabry-Perot interferometer at 10
15,720, and 25 mm above the induction coil.
Gas kinetic temperatures derived from the Dop?
pler-line broadening were considerably lowe;
than those in Figure 9 for Ca I and Sr I and II
but similar or higher for Ar 1. The shapes of]
these lines conform to a model of the discharge.
at observation heights of 20 and 25 mm above
the coil, consisting of an emitting core sur:!
rounded by an absorbing layer. In contrast, 2}113
10 and 15 mm above the induction coil, the]
model corresponds to a core containing only
absorbing atoms surrounded by a region ot
emitting atoms. These models rationalize the'
absence of self-reversal occurring at these loce: {
tions even though considerable broadening due'
to self-absorption was indicated. !

Mermet, Robin and co-workers completed"a,
number of diagnostic measurements in two IC,P'
discharges. Alder and Mermet!*! found similar:
temperature values from molecular rotationzl!
line intensities and multiple Ar line intensities
in an argon-methane (10%) ICP discharge. J=
rosz et al.'*® measured the electron number den
sity distribution in an argon hydrogen-dope
ICP discharge from Stark broadening of A.
and H lines. They derived a generalized for[n)
of the Saha-Eggert equation which was used to.‘
calculate ionization temperatures. Subse-,
quently, Jarosz and Mermet!?® determined elc{‘:i
tron densities and excitation temperature distri-
butions in argon hydrogen-sulfide-doped ICT’
discharges, and they found a similar i mcongru
ity between excitation and ionization tempera+
tures.
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v Mermet**? also measured excitation tempera-
_ture distributions with Ar, Fe I, and Ti II lines
} at heights of 0, 5, and 10 mm above the induc-
“tion coil and flow rates from O to 2 I/min in a
*5-MHz argon discharge. Electron density val-
Jues derived from Ar I Stark broadening showed
the greatest change along the central axis at
‘flow rates of 1.5 I/min or less. Based on these

Jresults, calculated ionization temperatures were -

more than 2000 K higher than the measured val-
“ues, which suggested that LTE did not prevail
'in the discharge. Extending these measurements
with a new 40-MHz generator operating at sub-
stantially lower power (1.8 kW) in the dis-

charge,”® Robin and Trassy!?* observed nega-

“tive absorption in an AAS measurement of Al
I and Ti II lines. Furthermore, in studies of the
influence of sodium on the enhancement of P I
‘emission, Mermet and Robin'*’ could not ra-
tionalize the enhancement on the basis of Saha
equilibrium calculations or the absence of a
‘thange in the radial intensity of Ar I in the pres-
ence of sodium. Abdallah et al.??® later found
this enhancement to be related to the desolva-

«ion temperature and considered it an atomiza-
tion interference. Mermet and Trassy'*? again
found inequalities in ionization and excitation
+emperatures in the 40-MHz argon discharge;
however, Abdallah and Mermet'** obtained
‘sood agreement between the gas kinetic temper-
atue derived from the rotational spectrum of
nitrogen molecular ion and the excitation tem-
peratures from elements injected into a nitro-
gen-doped argon discharge.

- Based on the accumulated evidence from
‘these experiments, Mermet et al.'?%132.13% pos-
‘tulated specific excitation reactions with meta-
'stable levels of the argon atom and ion by Pen-
Ning ionization to account for the high
-intensities of Ca II, Nb II, Mn II, Ti III, S II,
-Br 11, and Cl II lines compared to atom lines.
Accordingly, Mermet and Trassy'*® measured
the metastable concentration of argon atoms
‘using AAS. Values of 6 x 10! to 3 x 10> cm™
‘n the center of the 2.1-kW discharge fall to be-
low 10! em™ at 15 mm above the induction
coil. Under equilibrium conditions, the density
would have been 6 x 10° cm™.

Apparently, other diagnostic techniques de-
“‘pendent upon light scattering®***** have not yet
been applied to the ICP discharge as they have
in arc discharges®s® to help establish electron
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temperature and number densities independ-
ently.

b. Pressure and Flow

In addition to the spectroscopic investiga-
tions discussed above, pressure and flow studies
are among a few other areas in which physical
diagnostic techniques have been applied to the
ICP discharge. The importance of flow analysis
in the ICP is seen when attempting to interpret
the interference effects resulting from transport
and vaporization phenomena and from the spa-
tial emission distributions (Figure 8), tempera-
ture (Figure 9), electron number density (Figure
10), and analyte or argon distributions'® as
functions of gas flow conditions.

Barnes et al.73181-190.191 determined spatial
pressure and concentration distributions by
means of direct Pitot tube measurements and
particle velocities using photographic tech-
niques. An example of the spatial pressure dis-
tribution at two aerosol carrier flow rates is
given in Figure 11. Gas velocities at the top of
the induction coil increase from about 18 m/sec
with little or no aerosol carrier gas flow (i.e.,
insufficient to puncture the base of the dis-
charge) to about 30 m/sec with 0.9 1/min and
90 m/sec with 1.35 1/min aerosol flow [101/min
plasma (coolant) flow at 0.75 kW]. The intro-
duction of auxiliary flow decreased pressures
and velocities as the discharge was displaced
downstream from the induction coil, whereas
increased plasma (coolant) flow decreased back
pressures in the discharge. Comparing experi-
mental with computer predicted velocities and
temperature distributions resulted in refined
models of the discharge, which were subse-
quently applied in the development of new ICP
torches. #5173 An effort is underway to-improve
spatial resolution of these measurements, espe-
cially close to the outer confinement tube,
measure three-dimensional flow velocities, and
develop two-dimensional computer models of
the discharge.

Gold'*® measured particle velocities in an
ICP using photodiode arrays by determining
the emission from NaCl introduced axially into
the induction discharge. He found values be-
tween S and 30 m/sec as well as velocity modu-
lation caused by generator power supply ripple.
Peterson?’” used a high-framing-speed camera,
similar to the one applied previously by Barnes
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and Schliecher to measure particle velocities
and total light modulations in a number of ICP
systems. Velocities obtained with three aerosol
flow rate injector tubes and flow rates did not
correspond to the calculated cold velocity at the
nozzle tip.

Earlier, Chase'®*'*s and Klubnikin et al,*%7-'88
obtained velocity values and flow distributions
for discharges, and recently, Gouesbet**! found
the velocity of injected particles to be about
half the velocity of argon in the central zone of
a nominally 5-kW, 5-MHz induction discharge
using laser Doppler anemometry. The applica-
tions of laser Doppler anemometry to ICP dis-
charges under spectrochemical operating con-
ditions have demonstrated feasibility only for
measuring velocity and particle density within
the ICP discharge.

3. Sample Processes — Interelement Interfer-
ernces :
a. Introduction

Each step in the total sample process — ne-
bulization, desolvation, transport, vaporiza-
tion, atomization, excitation, emission, and re-
cording — is subjected to close scrutiny in the
ICP discharge to establish the competitive po-
sition of the ICP relative to other excitation
sources and to explain and understand interfer-
ence effects which may be associated with each

of these steps. Greenfield et al.,'”* Boumans,?$¢

and Boumans and de Boer'®* classified and ca-
tegorized interference effects found in spectro-
chemical discharge sources. Kornblum and de
Galan,'®® Larson et al.,''*:'$* and Boumans and
de Boer®” surveyed the literature on interfer-
ences in ICP discharges. In particular, the re-
view by Kornblum and de Galan'®® is complete
and current.

Operating parameters can be selected so that
interferences typically found in flames and elec-
trical discharges can be reduced to triviality in
ICP-AES or at least minimized in compromise
with other analytical features. As Kornblum
and de Galan'®® emphasized in their critical re-
view, the observed interference effects vary
with almost all known variables in the ICP. De-
spite this behavior, no studies to investigate the
effect of the observation volume have been re-
ported, leading Kornblum and de Galan to sus-
pect that measurements with spatially inte-
grated intensities could cloud the interpretation

of the observations. Kornblum and de Galan
collected and tabulated values of parameters
employed during interference studies as well as
values for known interelement combinations in-
vestigated for possible interference effects.
These compilations are reproduced as Tables 8
and 10. Until recently, the influence of possible
deviations from LTE had not been considered
in interpreting these results.

b. Nebulization, Desolvation, and Transport
Interferences resulting from changes in the
rate at which the sample is transported and de-
livered to the discharge include physical inter-
ferences related to liquid nebulization,!?° segre-
gation and sizing in powder feeding,** and
selective vaporization in sampling solid and
molten metals?'® or dried residues on heated fil-
aments,'*” as well as secondary interferences
such as those found in the desolvation of solu-
tion aerosols.®7-12% ’ g
Greenfield et al.*”® considered in some detail
the physical interferences in nebulizing viscous
mineral acids, organic acids, and solvents into
an ICP discharge. Although physical interfer-
ences related to liquid nebulization are presum-
ably well characterized from- study in flame,
spectrochemical analysis, the analytical dynam-
ics and tolerances of ICP-AES challenge the an~
alyst to present the discharge with samples in
forms and concentrations beyond any experi-
enced in flame spectrochemistry. Particular
caution should be maintained to insure that a,
new sample will not encourage changes in the
rate of sample delivery to the discharge. *
Desolvation interferences®-'?® are. substan-
tially less well characterized, since desolvation
is practiced almost exclusively with ultrasonic
nebulization.!** The effort of Boumans and de
Boer®” to localize and identify desolvation inter-
ferences stemmed from an experimental arf
rangement consisting of two identical ultra-
sonic nebulizers and desolvation assemblies and.
an experiment designed specifically to segregate
interferences due to processes in the discharge
and the nebulizer-desolvation apparatus. The’
desolvation effect, which varied in magnitude.
between +10%), was related to the difference in
volatility between the matrix KC1 and analyte’
Zn. ;
The transport of aerosol or analyte into the
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discharge depends on the configuration of the
spray chamber and the injection orifice of the
discharge tube assembly. Greenfield et al.'’
compared injection geometries for organic aer-
osols; Scott et al.®? modified their injector ge-
ometry to reduce coalescence of aerosol drop-
lets; and Peterson?’” measured particle
velocities for a few injection geometries. Stud-
ies of the geometry of the spray chamber have
concentrated on memory effects and cleanout
time; volatilization phenomena within the spray
chamber!*® have not been reported for ICP-
AES. '

Boumans and de Boer'®* compared the extent
of interference effects obtained by pneumatic
and ultrasonic nebulizers and found that the
rate at which the aerosol was injected into the
discharge was about ten times greater for the
ultrasonic nebulizer than for the pneumatic ne-
bulizer. Since the interference levels for the ul-

"trasonic and the pneumatic nebulizer were

about equal when the matrix concentration in
the test solution with the ultrasonic nebulizer
was about one tenth of that used with the pneu-
matic nebulizer, Boumans and de Boer con-
cluded that the interference level depended pri-
marily on the rate at which the matrix was
injected into the discharge and not on the par-
ticle size and its distribution or the concentra-
tion ratio of matrix to analyte.

¢. Vaporization

Vaporization effects, especially solute vapor-
ization interferences, were recently investigated
phenomenologicauyllJ,l15.117,128.l5l.l82.189.157 gen_
erally either as a benchmark against which to
judge the relative performance of the ICP and
other spectroscopic sources or as a basis upon
which to understand the phenomena. As an ex-
ample, Figure 15B illustrates the emission in-
tensity changes for Ca I as a function of addi-
tion of Al in both ICP and microwave
discharges.

Kornblum and de Galan critically reviewed
literature reports on the interaction of phos-
phate and aluminum with calcium, and they
measured the influence of phosphate and ce-
sium on calcium emission and absorption in an
0.53-kW ICP at two aerosol flow rates. Com-
pound formation or reduced volatility was de-
termined from ground state populations de-
rived from absorption measurements. From

radial distributions of particle density for Ca
atoms and ions calculated from Abel-inverted
absorbances at high (4.5 1/min) aerosol carrier
flow rates, Kornblum and de Galan detected an
apparent volatilization interference for both
phosphate and cesium additions. In the low-
flow (1.35 1/min) condition, the addition of 10Q
mg Cs per liter to Mg appeared to change Mg 1
intensities predominately as a volatilization ef-
fect. . With an excess of matrix (Cs or phos-
phate) in the dry aerosol particles, Kornblum
and de Galan concluded that the analyte atoms
were released more slowly and were displaced
toward the region of higher kinetic tempera-
tures. Phosphate showed a stronger volatiliza-
tion interference than cesium. At low aerosol
carrier flow for the 0.5-kW discharge, the inter-
ferences were reduced significantly, but were
not completely removed at any observation
height. :

In studies by Larson et al.''s-**! and Scott,**!
the interference effect on ion and atom intensi
ties appeared to be 5 and 15% for molar rati ,
of phosphate-to-calcium up to 1000. Bouman,
and de Boer®” found less than a 1% effect at &
molar ratio of 2000. After observing an initial
enhancement in signal, Mermet and Robin'¥
observed no change in intensity for barium
added to calcium up to a molar ratio of 1000.
Larson et al.'*s found an observation height
and the operating parameters for which the in:
fluence of Al on Ca was minor with Al-to-C’?_

-ratios of 100 and negligible for additions of Na

to Ca. The substantial differences in the mag-
nitude of effects are illustrated in Figure 15 for
the ICP and microwave discharge sources.
These data led Larson et al.,'** Abdallah el
al.,'* and Boumans and de Boer®” to conclude
that solute vaporization interferences can be
eliminated or reduced to negligible proportions
in the ICP discharge.

d. Atomization and Ionization .
The influence of concomitant elements; es-
pecially those easily ionized, on the emissioh
and absorption signals in the ICP has been in-
vestigated to establish the extent of various con-
tributions to the observed interferences, partic-
ularly ionization interferences. The results from
these efforts emphasize that the action of alkali
elements is not explained simply as ionization
suppression in an equilibrium condition.
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Kornblum and de Galan'®® measured the
changes in Ca and Mg atom and ion emission
and absorption in the presence of Cs; Kalnicky
et al.'" determined excitation temperatures and
jelectron number densities in the presence of Na
(e.g., Figures 9 and 10); Larson et al.''s-'s! re-
.corded the effects of sodium on various atom
‘and ion emission signals (e.g., Figure 14) ; and
Mermet et al.'?”*® also determined the influ-
ence of sodium under various experimental
conditions. Boumans and de Boer®”-'**'*? made
detailed studies with KCI and supplementary
observations with other matrices in separating
‘plasma from nebulizer-desolvation effects and
establishing compromise operating conditions
“for simultaneous multielement analysis. Frank-
lin et al.'®? reported exploratory results with K
‘addition. '

As illustrated by Figures 9 and 10, Kalnicky
"et al.'" found, as Mermet and Robin'* had
.previously found for Ar I radial intensities, that
_tol}e addition of Na only slightly altered the elec-
“ron number density and excitation tempera-
“tures at different heights and aerosol flow rates.
 These observations cannot be consistently ex-
A‘plained by ionization suppression, which is
often found in systems in LTE when alkali ele-
-ments are added. For example, in a DC arc,
_ionization suppression upon alkali addition re-
“sults because the temperature is decreased and,
iif much alkali is introduced, also because the
electron number density is raised.*** In flame,
'on the other hand, the temperature is unaf-
fected, but the electron number is raised.??® Al-
‘though the reasons for ionization suppression
in the LTE systems are different,*®® the extent

‘of the effects in both systems sharply contrasts

‘that which is observed in the ICP discharge un-
der properly chosen conditions. Kalnicky et al.
‘did observe some analyte ionization suppres-
sion, apparent in Figure 10 as lateral shifts and
Fe I intensity changes. Larson et al.'®! found
changes of relative intensities of Ca, Cr, and
Cd in the presence of Na (for a fixed power and
‘flow) at three locations in the discharge. These
results could not be explained by ionization
suppression either, and Larson et al. suggested
that other factors should be considered. In an
analogous experiment, Scott?*” measured Ba,
Ca, Mg, and Zn in the presence of Li in differ-
ent regions of a similar discharge  without
reaching a satisfactory conclusion about the
role played by the lithium.
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~ Mermet and Robin'*” founa that the en-
hancement of P and Cr by additions of Na
could not be explained by a change in particle
equilibrium in the discharge, and Abdallah et
al.'?® recorded the influence of sodium on Ca,
Cd, P, and Cr at various heights and for var-
ious flow conditions in a second discharge. The
Na interference on Ca intensities decreased with
increased power (2 kW), and the P effect was
traced to a desolvation interference in the de-
solvation apparatus.

Boumans and de Boer!** measured the influ-
ence of KCl on the intensities of Li I, Mn I, and
Ba II over a range of operating conditions and

‘found changes in intensity to vary over a broad

range (Figure 7). Under appropriate conditions
for spectrochemical analysis, the intensity
changes could be kept to within £10%. In a
subsequent detailed study,?’ they distinguished
true plasma effects from nebulization-desolva-
tion effects, and plasma interference effects
were small.

The results obtained by Kornblum and de
Galan'®® for the influence of cesium and phos-
phate on the ground state number densities of
the calcium atom and ion indicated a clear de-
parture from thermal equilibrium. The influ-
ence of Cs on the emission intensity of Ca I re-
sulted from a reduction in the ground state
population due to a combination of volatiliza-
tion interference, a shift in the ionization equi-
librium, and an increase in the excitation tem-
perature of the first excited level of Ca.
Similarly, reduced volatilization, suppressed
ionization, and enhanced excitation processes
were suggested for Mg I observations. The ef-
fect of Cs was much less pronounced at low
aerosol carrier flow than at high flow. Under
these conditions (which more closely resemble
typical analytical operating values), interfer-
ences were greatly reduced; the volatilization
effect was predominant with a small shift in
ionization and enhancement of the excitation
temperature. Hopefully, duplicate experiments
of this type will be performed at power levels
commonly encountered in spectrochemical
analysis. With high aerosol carrier flow, the
discharge was not in thermodynamic equilib-
rium. Reduction of the flow greatly enhanced
ionization temperature and ion-line intensities;
however, the excitation conditions in the dis-
charge were no more thermal than in the high-
flow discharge.
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e. Excitation

The inability of Mermet!3? to correlate elec-
tron number densities with excitation tempera-
tures required the proposal that nonthermal
ionization processes were dominant in the ICP
discharge under appropriate experimental con-
ditions. Jarosz et al.>'® arrived at a consistent
picture by substituting ionization temperatures
of 6700 to 7300 K instead of the measured ex-
citation temperature of 4800 K into the Saha
equation. On the other hand, Mermet*?* pro-
posed a Penning ionization reaction with meta-
stable argon atoms as an ionization-excitation
mechanism. He further suggested that the ap-

pearance of spectral emission from S II and

other lines might result from a similar charge-
transfer reaction with metastable states of the
argon ion. After a complete study of the sulfur
spectrum produced in an ICP discharge, Jarosz
and Mermet'?®* reemphasized this excitation
pathway to rationalize the excitation of S lines
up to 30 eV and the absence of Ar Il lines from
35 eV. Mermet and Trassy'?3-1%° measured ar-
gon atom metastable level densities in the ICP
and discovered the densities to be more than 10%
times higher than would have been predicted
for a discharge in LTE. The direct verification
of argon ion metastable populations by absorp-
tion has not yet been possible.

Boumans and de Boer!?? established experi-
mentally that ion-to-atom line intensity ratios
exceeded calculated ratios based on LTE by 10-

to 1000-fold for ICP operating conditions used -

for spectrochemical analysis. They also found
overpopulations of high-energy levels of Mg I1I
with respect to -the resonance level of Mg II
when an LTE temperature of 5850 K derived
from Zn I line intensities was taken as a starting
point. The overpopulations of the high-energy
levels of Mg 11 corresponded to excitation tem-
peratures in the range between 7600 and 9100
K with respect to the resonance level of Mg II.

f. Spectral Interferences

Spectral interferences must also be consid-
ered as interference effects for the ICP dis-
charge,3-165-211-238 Because spectral interferences
result in analytical errors unless an accurate
correction is made for their contribution to the
total line intensity or background. Three
sources of spectral interferences are atomic
spectral line emission and molecular vibra-

tional-rotational emission produced by con-
comitants or decomposition products and stray
light resulting from intense radiation from con-
comitants at wavelengths of the analyte.

Boumans?*® presented some possibilities and
examples of correcting for spectral interfer-
ences. Generally, spectral interferences are
avoided by selecting interference-free lines.
However, Boumans argued that with modern
instrumentation corrections for spectral inter-
ferences offer a realistic alternative approach to
the laborious task of insuring that the analyte
lines are interference-free. He developed a cor-
rection formula for which a catalog of appro-
priate factors could be compiled for routine op-
erating conditions. He evaluated two examples,
and after an analysis of errors, he determined
that the limitation of the method was in the in-
ability to make unambiguous background read-
ings. :
Nixon?!" found that for the practical analysis
of biological fluids, such as urine and blood,
the amount of organic and inorganic materials
varied on a daily basis and gave rise to changes
in the.spectral background through stray light
effects. Unless corrections were made, the stray
light could be mistaken for other types of inter-
element interferences.®s

Using a double monochromator to minimize
instrumental stray light, Larson and Fassel®**

.identified line broadening and radiative recom-

bination background sources in the ICP dis-
charge. Stark-broadened wings of very strong
emission lines can produce significant contin-
uum as far removed from the central wave-
length as 10 nm or more. Several definitive ex-
amples of the interference caused by spectra
continua arising from radiative recombination-
processes involving concomitants (e.g., Al, Ca,
Mg) were also reported for the first time. .

B. Models
1. Introduction

Quantitative descriptions of phenomena re-
lated to the generation, sample processes, and
excitation in any discharge necessitate the dei
velopment and application of mathematical re-
lationships based upon either fundamental
principles or models. The ICP has been subject,
to modeling since the publications of Thom-
son'"'? and Babat,?**® and today, this sourceﬂi

-holds the potential for becoming one of the best
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I[experimentally and theoretically characterized
discharges in spectrochemical analysis.

Presently, models are being developed for
coupling of the RF generator to the induction
plasma and for describing two-dimensional
temperature and velocity fields in the discharge,
the pathways travelled by particles introduced
into the discharge, the transport of heat and
mass between the particles and plasma, and the
excitation of analyte emission in the discharge.
Some of these models naturally depend upon
semiempirical relationships or simplifying as-
sumptions for practical reasons; however, in
test situations, experimental and theoretical
values correspond to within 5 to 10%. The ef-
forts are not restricted to applied spectroscopy,
'but are also underway in plasma engineering as
well, :

In their review on temperature and othe
physical properties in the ICP source, Green-
[field et al.® surveyed much of the early, funda-
mental work on modeling induction plasmas,
'measured and calculated plasma temperatures,
and other numerical treatments. Czernichowski
and Jurewicz?®’ also included most of the early
publications giving experimental and theoreti-
cal treatment of the induction coil, ignition of
the discharge, pressure, frequency, power,
heating efficiency, plasma diameter, and tem-
Iperature. Raizer’s review'? detailed a number of
.models and calculations describing discharge
igeneration. Dresvin®¢ described the temperature
‘[-determinations, gas dynamics, deviations from
‘thermal equilibrium, electrical parameters, en-
“ergy consumption, and calculation of particle
motion in induction discharges. Eckert,*® who
has made a number of substantial experimental
and fundamental contributions in the field of
jnduction plasmas, also reported the status of
.both experimental and theoretical descriptions
of the induction plasma. His detailed section on
theoretical analysis includes discussion of heat
balance, comparison with experiments and
nonequilibrium effects, two-dimensional con-
vection effects, and magnetic pumping.

2. Discharge Ignition and Coupling
Allemand#*-!¢ has developed an exact model
of the matching network between the RF gen-
‘erator and the ICP discharge. The model is
based upon a determination of the impedance
changes during the ignition process, and after
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full ignition when samples are introduced into
the discharge, and of the electrical equivalent
circuit incorporating these impedance changes.
A precise computer model simulates a particu-
lar matching network, both unloaded and
loaded, with an argon ICP discharge, with an
aqueous sample injected. The plasma resistance
was measured experimentally by inserting var-
ious dummy loads in the induction coil until
matching conditions for the dummy load were
identical to that for the plasma. Schleicher and
Barnes''” used a less well-developed model to
determine the parameters needed in the design
of a conjugate network tuning circuit.

3. Fluid Dynamics and Energy Distributions

The first significant attempt to analyze the
energy distribution in an induction plasma was
made by Miller and Ayen,**® who obtained the
two-dimensional temperature field in an induc-
tion plasma with flowing argon by solving a
two-dimensional energy equation together with
one-dimensional electrical and magnetic field
equations. However, they made no attempt to
calculate flow field in the discharge; actually,
they assumed a two-step flat flow with the ve-
locity in the central region being much lower
than along the periphery of the tube. A number
of one-dimensional temperature field calcula-
tions that provided information on the energy
input and one-dimensional temperature, mag-
netic field, and electric field distributions were
performed prior to the work of Miller and-
Ayen, s

Barnes et al.*s*-18.181 modified Miller’s pro-
gram to accommodate the geometry of popular
spectrochemical ICP discharges by introducing
three concentric flows and assigning a velocity
field distribution to the aerosol carrier flow.
Using a number of assumed velocity distribu-
tions, they calculated the two-dimensional tem-
perature distributions, velocity profiles, energy
loss balances, and power, electrical, and mag-
netic field distributions in argon and nitrogen
discharges for a variety of conditions of interest
in spectrochemical analysis. Figures 17 and 21
illustrate the relationships obtained between the
power input to the ICP as a function of mag-
netic flux density for various frequencies and
discharge diameters. Experimental determina-
tion of velocity profiles!®®!®! permitted refine-
ments of the flow profiles employed with the
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model for torch design.'**'7* Delettrez?*® ex-
tended Miller’s model and was able to calculate
two-dimensional flow as well as temperature
fields. Delettrez clearly showed recirculatory
flow patterns for the simple geometry used by
Miller and Ayen.

Recently, Boulos?®® developed a two-dimen-
sional model of the induction discharge in
which the solution of the corresponding mo-
mentum, energy, and continuity equations, ex-
pressed in a vorticity-stream function form,
was obtained numerically and simultaneously
with the one-dimensional magnetic and electric
field equations. The existence of a magnetic
pumping effect produced two recirculatory ed-
dies in a geometry with plasma (coolant) flow
similar to that used by Miller. As the plasma
(coolant) flow rate was increased, the down-
stream eddy was swept away, leaving only one
recirculatory eddy on the upstream side of the
discharge, which produced a backflow of about
20 m/sec. Barnes and Chandra?®* added a swirl
component to Boulos’ treatment and demon-
strated that the swirl velocity of the plasma gas
was damped out by the discharge. Boulos?? re-
cently introduced carrier flow into the model
for aerosol flows of 0 to 0.6 1/min with 0.2 1/
min auxiliary and 16 I/min plasma flows. Fig-
ure 23A shows the streamlines and velocities
calculated for a central flow of 0.4 I/min, and
Figure 23B shows the corresponding tempera-
ture distribution. Higher central flow rates have
not yet been computed.

Numerical techniques have been developed
which have the capability of providing three-di-
mensional models of the induction plasma dis-
charge; however, considerably more develop-
ment and experimental verification of the two-
dimensional models need to be done. Nonethe-
less, the results obtained to date have been en-
lightening and a useful step in understanding
the flow and energy in the ICP discharge. Eck-
ert?®? recently investigated the feasibility of de-
tecting trace metals in induction-heated dis-
charges sealed in cylindrical or spherical quartz

- bulbs, ‘and he developed a two-dimensional

analysis of the temperature field of a static ther-
mal induction discharge enclosed in a cylindri-
cal container containing Ar at atmospheric
pressure.?*

4. Particle Trajectory, Heating, and Emission
Prerequisite to a theoretical description of

emission of analyte in an ICP discharge is a de-
scription of the trajectory and heating that wet’
or dried analyte aerosol experiences from the
time it leaves the injection nozzle and flows to
the discharge region until it is totally vaporized
and the atoms are distributed spatially and en-'
ergetically throughout the discharge. Limited
theoretical developments combined with exper-"
imental measurements have already provided a
revealing picture of particle interaction in spec-
troanalytical ICP discharges.

Dresvin®® reviewed the dynamics and heating’
of high-temperature melting particles in plasma
jets, and experimental studies of particle trans
port and reactions in induction discharge were
performed and reviewed.'74-184.185.223-229.263,
Chase'®*!%* made experimental and theoretical
investigations of gas flows and magnetic forces -
in an induction plasma and demonstrated the
rejection of particles introduced upstream to-
the discharge. His work served as the basis for

~ anumber of subsequent investigations.

. Borgianni et al.,?** Capitelli et al.,?* and,
J ohnston,?¢¢ through experimental and theoret-
ical considerations, investigated the behavior of -
metal oxide particles injected into an argon in-
duction plasma, and Boulos and Gauvin?®’
modeled the behavior of single particles in- |
jected into the tailflame of a DC or RF plasma i
jet. Bonet et al.?*® theoretically studied the heai-
and mass transfer during evaporation of &

spherical superrefractory particle inside a ther
mal plasma.

Barnes and Schleicher*®' adapted the treat
ment of Borgianni et al.?*! to their prediction:
of two-dimensional fields, and they assignec
velocity profiles and used the combined mode
to predict the extent and location of decompo
sition of alumina in the ICP under various op
erating conditions.!#*-!61-181 Results' of typica
calculations for a 10-uym dlameter alumina par
ticle traveling along the discharge centerline fo
two ICP discharge diameters are given in Figury
22. The particle temperature and velocity wer
computed as well as the gas temperature, s¢
that the extent of decomposition as a functiof
of location and residence time could be deter
mined. With particle densities and temperatur{.
distributions available, Barnes an(
Schleicher'®* assumed a thermal discharge and:
computed the spatial distributions of contin:
uum and analyte spectral emission (i.e., All
and II). However, without previous knowledg*
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of the flow pattern and particle trajectory, this

'model provided a means to predict trends. Its

quantitative applications required experimental
“verification.1%0-19

Since the model developed. by Boulos?**° in-
“cludes the calculation of two-dimensional flow,
Boulos?¢? recently extended it to the calculation
"of the trajectories and temperature histories of
particles injected into the induction discharge.
"Figure 25 presents the trajectories of alumina
particles ranging in diameter from 10 to 250 um
injected at two radial positions from the aerosol
injector tube for a carrier flow rate of 0.4 1/min
‘for the discharge (represented by the tempera-
tures and streamlines in Figure 23). The size of
‘the circles designates the position of the parti-
cles and also indicates their approximate diam-
‘eters; a solid is represented by an open circle
and a liquid by a closed circle. The 10-um di-
"ameter particle (Figure 25A) tended to follow
the streamlines of flow and was entrained by
'the plasma (coolant) gas until midway through
.the induction coil where the particle was drawn
into the discharge by the electromagnetic
'pumping and vaporized. The 30-um particle
-was too large to be drawn into the discharge
‘(Figure 25B), and larger diameter particles have
.penetrated because they have increased initial
momentum, so that they were no longer re-
‘pelled by the backflow from the discharge (Fig-
jure 25C). The trajectory was substantially dif-
ferent if the same  particle began slightly

'

.displaced from the central axis (Figures 25D, E, -

and F) where the initial gas velocity was lower.
‘Efforts to extend these calculations to dis-
charges treated previously by Barnes et al. and
to experimentally verify the predictions are cur-
rently underway.

In the models developed to date that apply to

‘the spectrochemical ICP discharge, numerous
assumptions were applied out of necessity;
however, the results have been encouraging and
experimental verification and refinements are
underway. As research on the ICP discharge
continues during the next few years, an ac-
counting should be made of solution aerosol
droplets in place of dry solid particles, the en-
trainment of molecular gases from the atmos-
phere and the decomposition of analyte aero-
sols in the discharge, and nonthermal
spectroscopic excitation mechanisms. Experi-
mental results for the desolvation, evaporation,
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and atomization of aerosol droplets in the ICP
that contain concomitants will provide chal-
lenging objectives for theoretical modeling in
future years.

5. Ionization — Excitation

Recently, Boumans and de Boer*?? proposed
a mechanism for the role played by argon met-
astable states in the ICP to explain qualitatively
the nonthermal excitation effects observed in
argon ICP discharges at low power levels. The
mechanism is based upon metastable argon act-
ing as both an ionizer of analyte species
through Penning ionization and as an ionizant

- (an easily ionzable constituent) to account for

the nonthermal overpopulations of ionic levels
and elimination of ionization interferences un-
der properly chosen operating conditions. They
extended the proposal made by Mermet et
al. 126132133135 for argon metastable excitation
through Penning ionization, although the pri-
mary mechanism by which a metastable argon
atom population density is created and the in-
fluence of experimental conditions on the pri-
mary mechanism is not specified. Boumans and
de Boer found the basis of their proposals in
part in the work of Cabannes et al.,**?-3?¢ who
investigated a so-called secondary DC ‘plasma-
jet. This secondary jet results from the mixing
of hot and cold argon and shows both in this
respect and in physical properties a close resem-
blance to a toroidal ICP. ‘“‘Possibly,”’ Bou-
mans*?? stated recently, ‘‘the principal feature
of this resemblance is a fairly sharp boundary
with steep gradients between the hot and cold
argon in the vicinity of the energy addition re-
gion. This might lead to a strongly enhanced
ambipolar diffusion of electrons and argon ions
from the hot to the cold region, as suggested by
Eckert.*?%3? The subsequent recombination of
argon ions and electrons to metastable argon
atoms could then result in an overpopulation of
metastables.”’ Eckert*?® also suggested that
““freezing’’ of excited states of particles diffus-
ing into the cold gas as a result of a quick de-
crease in collision frequency might be a feasible
mechanism for the creation of an overpopula-
tion -of metastables, as has been observed by
Limbaugh?®*° in DC plasma-jets expanding into
vacuum.

Boumans and de Boer'?? set up a simple
mathematical model in which an LTE system
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FIGURE 25. Particle trajectory and decomposition in the same discharge as Figure 23. (A), 10 uym; (B), 30 um; (C), 100
um; (D), 100 um; (E), 200 um; and (F), 250 um displaced from center line. (From Boulos, M. 1., 3eme Symposium Interna-
tional de Chimie des Plasmas, Communications, Paper No. S. 3.2, Limoges, France, 1977. With permission.)

was perturbed by an inflow of metastable argon
atoms. The magnitude of the rate constants of
the perturbing processes served as the principal
parameters for determining the degree of de-
parture from LTE. The metastable argon levels

were considered to be easily ionizable with an
ionization potential of only 4.21 V; thus, a high
population of metastables provided a high elec-
tron number density through ionization equilib-
"rium with the metastable levels. In a pure argon;
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discharge, a suprathermal electron density
value could be accounted for if the ratio of the
rate constants that dictate the metastable argon
inflow into the plasma volume and the loss
through recombination is large compared to the
Saha ionization constant of the metastables.
The suprathermal electron number density
‘'would then be independent of the LTE temper-
iature and Saha ionization constant. If the in-
' flow of argon metastables were to decrease to
. Zero, the LTE value of the electron number
density would be established and thermal ioni-
zation would become dominant.

" Boumans and de Boer also argued that if
Penning ionization by metastable argon atoms
“were to govern ionization of analyte atoms, this
would not only explain the observed high sen-
sitivity of ion lines, but also make this high sen-
sitivity compatible with the observed high elec-
tron number density and low ionization
interferences. The LTE conditions preclude this
compatibility. However, Boumans and de Boer
also emphasized that the rate constant for Pen-
ning ionization must exceed the rate constant
for ionization by electron impact by a factor of
10° to 10%, should Penning jonization assume
‘the role they believe it plays here.

.~ Finally, Boumans and de Boer explained the
low ionization interferences by pointing to the
suprathermal electron number density, which
would not be disturbed by the addition of an
‘easily ionizable matrix element, because the
aumber density of the atoms and ions of the
Iatter will be small compared to that of the elec-
rons. In fact, the system would not be dis-
‘turbed at all, because the matrix atoms would
‘be ionized predominately by Penning ionization
dnd the liberated electrons would recombine
.with argon ions to form metastable argon at-
oms. The net effect would be that matrix ions
replaced argon ions, whereas the number dens-
ities of electrons and metastables remained un-
2ffected. Therefore, the metastables would act
not only as an ionizant that furnishes an excess
'of electrons in a pure argon plasma, but would
:also act as a very effective buffer when an easily
iionizable matrix is introduced. The ionization
.potential of the buffer species would be as low
as4.21v,

[d In different regions of the discharge, the
!mechanisr’n of argon metastable ionization-ex-
;citation, according to Boumans and de Boer,
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can be gradually converted from nonthermal to
thermal as the overpopulation of argon meta-
stables decreases. Thus, externally controllable
factors governing the influx of metastable ar-
gon atoms into the spectroanalytical region dic-
tate the extent to which the discharge deviates
from thermal equilibrium.

Boumans and de Boer!**3* emphasized that
the model must be considered primarily as a
working hypothesis. It permits a qualitative un-
derstanding of various analytical favorable
properties of argon ICPs, such as the high sen-
sitivities of ion lines and the low ionization in-
terferences. The model must be substantiated

"by a measurement of the number density of the

metastable argon atoms, which should be on
the order of 10** cm™3, before the model can be
considered valid. Similarly, the effect of adding
molecular species such as nitrogen, which might
change the mechanism from non-LTE to LTE,
and the changes of metastable populations with
experimental conditions remain to be investi-
gated. Mermet and Trassy'*? recently found 6 x
10" to 3 X 10'? ¢~ metastable argon atom con-
centrations in.the center of their 2.1-kW dis-
charge.

In other models related to excitation, Mer-
met*” derived a semiempirical relationship be-
tween detection limits obtained in a 40-MHz
discharge and the spectral properties of ten in-
jected elements. With this relationship, he sug-
gested the evaluation of detection limits of the
same or other elements although using other
lines. Human and Scott®® employed a model
with two spatial distributions of absorbing at-
oms to explain experimentally observed spectral
line profiles.

IV. APPLICATIONS

A. Introduction

Applications of the ICP discharge for spec-
trochemical analysis are growing with the in-
creasing sale of commercial instruments.
Greenfield et al.? tabulated references to analyt-
ical applications of the ICP to metals and al-
loys, minerals, blood, oil, refractory oxides, or-
ganophosphorus compounds, soil, deposits,
effluents, mineral acids, rare earths, and pro-
teins. An expanded list of samples tested by
Greenfield et al.”® also includes various chemi-
cals, organic polymers, and commercial prod-
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ucts. Other methods for specific analyses are
finding their way into conference proceedings,
newsletters,?? and journals.

As Boumans?*® has phrased it, ‘“...the analyt-
ical capabilities of ICPs have been definitely
documented; a more widespread application in
routine analysis can be expected once it has be-
come clear to potential users that the initial in-
vestment for complete analysis equipment (ICP
plus spectrometer) will be repaid by an im-
proved analytical output and/or reduced per-
sonnel costs.”” Boumans?**-2%6-293 also considers
the ICP a likely candidate for universal analysis
to replace the DC arc and revitalize spectro-
graphic analysis, especially when automated
microphotometers or electronic readouts relieve
much of the burden of line searches and identi-
fication.

In the following section, some of the recently ,

reported applications of ICP-AES are dis-
cussed. Much of the applications development
work is currently underway, so that specific re-
sults are not yet available for comparison and
evaluation. However, a major growth in publi-
cations on the methods and applications of
ICP-AES will certainly occur during the next
decade, providing ample opportunity for more
critical reviews. A typical example is the recent
compilation of invited ICP-AES conference
lectures edited by Barnes?’ comprising a review
of applications, description of sampling ap-
proaches, discussion of factors influencing pre-
cision and accuracy, and application examples
for food, geochemistry, airborne particulates,
plant tissue digests, and metals.

B. Recent Applications

In a2 number of industries, the value of ICP-
AES was recognized immediately; already, de-
tailed methods and routine analyses have been
documented. In other fields, the tempo has
been slow, but the interest apparent. Perhaps
by virtue of the sample form, water analysis has
already proven to be a popular application area
for the ICP. Winge et al.”*7 applied ICP-AES
in the simultaneous determination of more than
20 trace elements in soft, hard, and saline
waters. The ICP-AES allows quantitative deter-
mination, without preconcentration, of most
elements at concentrations below the Environ-
mental - Protection Agency (EPA) recom-
mended criteria levels for public water supplies

and for continuous-use irrigation water. The re-
producibility is given for a reference sample
analysis in Table 4. Few problems were found
with soft waters, and hard waters required care
because of stray light arising from calcium and
magnesium. For saline waters, unlike other
spectrochemical sources, the high NaCl content
did not seriously affect the detection limit.'

‘However, detection capabilities were sufficient

only for the direct determination of pollutants
in saline waters. Elements found at normal lev-
els in seawater required further pretreatment.'

Ronan?”® determined 20 elements in fresh
water samples, including drinking waters, sur-
face waters, and domestic and industrial waste
effluents, and compared results with EPA
standard atomic absorption referee method.
ICP-AES was applied successfully in the anal-
yses of all municipal and nonmunicipal samples
types collected for the National Pollution Dis-
charge Elimination System. .

Kerfoot and Crawford?’! applied a chelating-'
ion exchange matrix for preconcentration of 14,
transition metals in seawater. Prefiltered 200-
ml volumes of seawater were drawn through a:
laminated adsorptive disc holder at a rate of
about 20 ml/min, and after a rinse, 5 ml of 1%’
ultrapure nitric acid was drawn through the disc.
to elute the concentrated metals. Half of the 14
elements were detected above the detection®
limit capabilities of the ICP-AES instrument,
and acid recoveries varied from 13 to 88%. Re-
producibility for replicate extraction for a 10-,
pg/1 solution ranged from 4 to 11%.

Geology exploration and mining are fields in*
which ICP-AES has proven popular. Scott et
al.*¢ determined uranium in rock and ore sam-’
ples with a detection limit of 0.1 ug/ml over the-
concentration range of 0.002 to 2% uranium
oxide. Apart from sample dissolution, no pre-
treatment was necessary. No interference cor-
rections were required in the range 0.02 to 2%
uranium oxide, and pure aqueous uranium,
standards could be employed for standardiza-
tion. A correction for Ca and Fe levels was
needed at concentration levels below 0.02%.,
Since the analysis by AAS is particularly insen-"
sitive to uranium, the effectiveness of this single’
element analysis more than justified the cost of
the equipment. Scott and Kokot®? also deter-
mined Cu, Pb, Zn, Ni, and Co in geochemical,
soil samples; the results compared favorably’
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with AAS. Watson et al.'?*-3*! photographically

"determined minor and trace impurities in sul-
fide concentrates after fusion with sodium per-
‘oxide in a vitreous-graphite crucible. The pre-
cision varied between 2 and 6%, and the results
‘agreed well with those of a number of other
methods. Using a similar sample preparation
‘procedure, Russell and Watson®'232 deter-
mined major, minor, and trace elements in fer-
‘rochromium slags and chromite ores, with rel-
ative SD of 0.5 to 1.0%, Fe in zircon sands,
"and noble and base elements in matte-leach res-
idues. Broekaert et al.*** simultaneously deter-
‘'mined all rare earth elements in standard min-
erals by applying an ICP-spectrographic
'procedure after complete sample decomposi-
tion in a borate fusion, and they measured se-
‘quentially some rare earth elements in monasite
and bastnaesite with a monochromator. Alder
‘et al.’’® determined nitrogen produced from
ammonium reaction in soils by evolving nitro-
.gen into the ICP after oxidation of ammonium
by sodium hypobromite. The analysis of geo-
logical materials has proven very successful; at
least one commercial analysis laboratory?!*®-2!7
operates a number of ICP-AES instruments on
‘a fulltime routine basis.

Horticultural applications of ICP-AES can
be expected to grow rapidly. Jones?’*"* de-
'scribed the determination of 16 elements in soil
extracts and plant tissue ash solutions. ICP-
AES showed a marked improvement over spark
excitation analysis. Scott and Strasheim®* deter-
mined six elements in plant materials and found
ICP-AES to be sufficiently sensitive for the di-
rect determination of Fe, Mn, Cu, Al, B, and
Zn in solutions after a dry ashing procedure.

Aluminum,?” steel,8'-25-333 ferromanganese, 34
ferrochromium,®*! and silicon?” have been ana-
lyzed as solids?°3-2!2:2!3 or as dissolved solutions
using ICP-AES. Newland and Mostyn*®* spec-
trographically determined Co, Fe, Ta, Ti, and
Zr in nickel alloys with a relative SD of 2 to 3%
with no serious matrix effects. The nickel alloys

. were dissolved in HCI-HNO;, and any insoluble
| residue was fused with KHSO,. Results agreed
| well with certified values. Newland?* also spec-
ctrographically determined traces of rare earth
_elements in plain carbon and low alloy steels us-
ting an Fe internal reference with a relative SD
;pf 4 to 6%. Butler et al.?® determined alloying

'and impurity elements in low- and high-alloy

|
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steels. The accuracy studies for five elements
and a variety of NBS standard reference mate-
rials are summarized in Table 5, and data for
the analytical curves obtained are given in Ta-
ble 6. The accuracy obtained with synthetic ref-
erence solutions containing 0.5 wt% Fe showed
that all concentrations determined fall within
the range reported by NBS even though the iron
content varied from more than 99 wt% to less
than 1 wt%. The analysis of metals, especially
for metals which give poor or marginal results
by direct spark analysis, should continue to in-
crease in popularity as more standard ICP-AES
methods are developed.

- The multielement determination of trace ele-
ments in foods and beverages is becoming a
critical part of element monitoring for nutri-
tional labeling of processed foods. Establishing
toxic levels for elements in foodstuffs is of in-
creasing importance. Gunn et al.*?® described a
rapid, direct method for the determination of
phosphorus in milk powder solutions with a de-
tection limit of 0.1 ug/ml phosphorlis and a
precision of 2%. No significant interferences
were caused by the calcium concentrations
found in the sample. Boyer et al.?”® have re-
ported the application of ICP-AES to multiele-
ment analysis of meat, canned foods, animal
wastes and sewage sludge, and seaweed prod-
ucts. Warren?™ evaluated the ICP-AES for the
analysis, of heptan-2-one-diethyl-ammonium
diethyldithiocarbamate (DDDC) metal chelate
solutions resulting from chelation and solvent
extraction of various trace metals in foodstuffs.
Charalambous and Bruchner?*® reported the
analysis of beer and brewing materials, and the
analysis of coffee and wine also have been per-
formed. ,

Another active field of methods development
is in the analysis of energy and environmentally
related materials. Although few publications
have appeared, ICP-AES has been applied in
the analysis of coal, oil shale, fly ash, naphtha,
tar sands, petroleum, and environmental waters
and air particulates associated with the mining -
or refining of these materials (e.g., References
93 and 97). Allemand**? described an ICP-AES
instrument intended for analysis of metals in re-
sidual fuel oils, and Fassel et al.’***** and Pe-
terson?’’ discussed the determination of 15 met-
als in lubricating oils. A solution of lubricating
oil in 4-methyl-2-pentanone (MIBK) allowed
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analysis of low- and high-viscosity oils. Peter-
son?’” developed methods for the simultaneous
determination of trace elements in various oil
matrices, including lubricating oils, fuel oil,
centrifuged coal liquefaction products, crude
soybean oil, and commercial edible oils. The
particles in lubricating oil and coal liquefaction
products did not appear to affect the analytical
results, although incomplete recoveries were
found for synthetic suspensions of large iron
particles in oil.

The analysis of biological samples is one of
the most lively areas of ICP-AES applications.
Although Kniseley et al.'*® and Greenfield and
Smith?*®! first reported analysis of blood sam-
ples in the early 1970s, only recently have de-
tailed investigations of analysis of biological
materials been described. Irons et al.'*? and
Dahlquist and Knoll** conducted particularly
careful evaluations. Irons et al.'*? found that
ICP-AES and XRF spectroscopy were highly
reliable methods for biological matrices, and
Dahlquist and Knoll** verified that ICP-AES is
remarkably free from matrix and interelement
effects for the determination of major and trace
elements in biological materials and soil ex-
tracts. They concluded that the accuracy, pre-
cision, and sensitivity of ICP-AES (Figure 4)
compared favorably with other instrumental
techniques. Nixon?'" investigated diverse tech-
niques for determination of rather difficult ele-
ments, and he devised a method for determina-
tion of As, Se, Sn, and Ge involving the
digestion of biomedical samples followed by
distillation of the volatile bromides. Concentra-
tions of As, Se, Sn, and Ge were reported in
samples of human urine, whole blood, plasma,
and serum. The possibility for a routine ICP-
AES clinical instrument to compete with AAS
has more than once been seriously considered
by manufacturers. As the thrust of instrument
development continues toward lower cost and
simple-to-operate "ICP-AES instruments, the
analysis of complex biological materials on a
routine basis is no more than a few years away.
In fact, one organization currently supports
three ICP-AES systems solely for the analysis
of hair, and methods for the determination of
trace metals in food chemicals, drugs, and
pharmaceuticals are also being developed.?’

Recently Boumans et al.?*? sketched the basis
for a new system of universal analysis, in the

sense of a quantitative survey analysis, with an
ICP combined with a spectrograph and com-
puterized microphotometer for automatic eval-
vation of photographically recorded spectra.?°
This ICP system will supplement and, in part,
replace the DC carbon arc methods of survey
analysis presently used in their laboratory in or-
der to achieve improved precision and accu-
racy.

Discussing flexible single-element analysis us-
ing an ICP-monochromator system, Boumans,
et al.?’® presented examples from daily practice
of an analytical service group-in the research'
group of a large electronics industry. Typically,
nonroutine analysis problems were classified
into three categories: (1) problems solved with
both ICP-AES and another method, particu-
larly chemical analysis including AAS tech-
niques; (2) problems solved with ICP-AES
which require a time-consuming separation or
preconcentration when solved by another
method, and (3) prablems solved with ICP-
AES that otherwise would have been impracti-
cal using other methods.

C. Conclusions

These few examples illustrate the range of
sample materials and analytical problems which
can be treated with ICP-AES. Each new sample
type will require a major effort to be directed
toward developing methods for sample prepa-
ration, establishing operating parameters for
the analysis, and confirming accuracy and reli-
ability relative to standard procedures. As Bou-
mans?*%-2’® pointed out, the first problems to be
solved will require accurate simultaneous mul-
tielement analysis of solutions and no objection
to the purchase and maintenance of a multi-
channel spectrometer. Another solution will be
provided for universal analysis, in which the
ICP would replace the DC arc source and give
qualitative and quantitative spectrographic re-
sults. This will be especially attractive if a reli-
able technique for introducing small quantities
of powder into the discharge can be perfected.
Also, the unique single-element determination
which cannot otherwise be made with compa-
rable analytical results (e.g., the determination
of U) will readily justify purchase of an ICP
and a relatively simple monochromator. As
Boumans?*¢ indicated, the battle to show ICP-
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\ES as a valuable spectrochemical approach ergy Sciences) through contract EE-77-S-02-
ias been won. Now, the hardest work of all is 4320.A000 and a grant from the Alcoa Foun-
head. dation, Pittsburgh, Pennsylvania. The helpful

discussions with enthusiastic ICP users and the
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