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Abstracts of the Chapters

Chapter I Introduction

After a simplified description of the operation of an in-
ductively coupled argon plasma as it is used in analytical che-
mistry, a brief outline of its historical development is given.
The next section outlines the position of the plasma as a method
for simultaneous quantitative determination of elements compared
with other competitive methods. The last section treats the dif-
ferent steps which are needed to correlate the sample concentra-
tion with the intensity of the radiation emitted. A complete ma-
thematical expression is given and is used to calculate sensiti-
vities and detection limits for a thermal and a non-thermal si-
tuation. The calculated detection limits are compared with expe-
rimental literature values and it appears that the non-thermal
assumption gives a closer approximation to the literature data.

Chapter II Arrangement for measuring spatial distributions in
an argon induction coupled RF plasma

An experimental arrangement is desoribed that permits the measurement of axial
and radial distributions of temperature, electron concentration and element' concentrations
in an induction coupled RF plasma at atmospheric pressure (2 kW, 60 MHz). Special attention
is given to the sample introduction system and plasma stability. The optical arrangement
allows measurements in emission and absorption. Preliminary results are given.

Chapter III Spatial distribution of the temperature and the number
densities of electrons and atomic and ionic species in
an inductively coupled RF argon plasma

A survey of the literature shows that the values found for the excitation parameters
(temperature and electron number density) in an inductively coupled radio-frequency argon
plasma at atmospheric pressure (ICP) depend on the plasma configuration and the measuring
procedure. The present study proposes a novel method for measuring excitation temperatures
that does not require a knowledge of transition probabilities. The experimental work concerns
measurements of the spatial distributions of the temperature, the number densities of the
electrons and various atomic and ionic species in a low-power (—0.5 kW) ICP for analytical
purposes operated at either of two extreme carrier gas flow rates. Observations were made at
three different heights above the induction coil. At high flow rate (~51/min) the familiar hollow
configuration of the plasma is demonstrated by off-axis maxima for the temperature and the
number densities of electrons and atomic species at all observation heights. At low flow rate
(~1 l./min), the radial atom number density distributions are parabolically shaped and con-
stricted to a smaller channel at all observation heights. The authors conclude from the results
that both the plasma configurations are not in a state of complete local thermal equilibrium at
observation heights used for analytical work (i.e., above the coil).



Chapter IV A study of the interference of cesium and phosphate in
the low power inductively coupled radiofrequency argon
plasma using spatially resolved emission and absorption
measurements.

The literature on interferences in the radio frequency
inductively coupled atmospheric argon plasma (ICP) is reviewed.
Even for the most extensively investigated interferences of
aluminum, phosphate and alkali elements on calcium, the studies
are mostly descriptive. Interpretation of these data is impeded
by conflicting results, the absence of thermal equilibrium and
the lack of radially resolved observations. The present study of
a low-power ICP (0.5 kW) utilizes the Abel inversion technique
for emission and absorption measurements of atom and ion lines
co clarify the mechanism of interferences on calcium and magne-
sium due to phosphate and cesium. Under conditions of large
carrier gas flow (4.5 1/min) the pronounced interferences are
the result of three combined effects: volatilization interferen-
ce, a change in excitation temperature and a shift in the ioni-
zation equilibrium. At lower carrier gas flow (1.4 1/min) the
interferences are markedly reduced but still due to the same
three effects. The relative preponderance of a particular type
of interference depends upon the height of observation and upon
the particular combination of analyte and interferent considered.



Chapter I

Introduction

1. A short description of the radiofrequency inductively coupled argon

plasma operating at atmospheric pressure.

In the field of analytical atomic spectroscopy for the last ten to
twenty years an important part of research activities has been devoted
to develop new atomic reservoirs. In general this is a space where free
atoms can exist, during a time long enough to make meaningful measure-
ments. Such a reservoir has a temperature well above roomtemperature
(2x10 - 50x10 K) or has a very low pressure. The main effort was di-
rected towards more stable sources, with a chemically inert filling gas,
i.e. in most cases noble gases. The hitherto common way of heating up
the atomic reservoir, was through an electrical current (arc or spark)
or utilization of an endothermic chemical reaction (flame). Flames are
so widely used in daily life after the discovery of fire by Prometheus,
that nobody will be surprised to find them in spectroscopy too. Far



less common today is the arc, and even almost completely out of use,

but as a light source in spectroscopy it has been known for more than

hundred years now. Another and rather novel way of heating the atomic

reservoir is through induction heating. The resulting induction coupled

plasma has not had its roots in spectroscopy, but springs from a branch

of technology, which is based on the discovery of electromagnetic in-

duction by FARADAY in 1831.

I will try to explain its operation and show that its connection

with the flame is remote, despite its close resemblance in appearance.

Consider a coil made of copper tubing with two or three windings.

When an alternating current with a frequency in the megacycle domain is

running through it, the electromagnetic waves will be concentrated in-

side the coil. A suitable conducting material such as iron placed in-

side the coil, will be heated up very quickly, but only at the surface,

because of the so called skin-effect. This inductive heating technique

is well known in industry for the welding of pipes in a continuous

process. By replacing the iron pipe by an argon stream, the condition

for creating an inductively coupled argon plasma has been fulfilled.

The plasma can be ignited e.g. by generating

sparks in the argon stream with a Tesla coil.

Through the sparks some argon ions and electrons

are formed, which take up energy from the alter-

nating field. The first charged particles multi-

ply avalanchelike, so that these particles

spread throughout the whole discharge. With well

chosen boundary conditions, such as the flow of

the argon stream, its linear velocity etc., this

process does not extend indefinitely and a sta-

ble plasma, which does not overheat the contai-

Fig. 1. Massive or n i nS walls wil1 be formed.

ellipsoidal plasma The alternating current through the coil is

with two tube ar- generated by a simple LC-resonance circuit with

rangement. a t r i°d e as amplifying element. In order to ac-



coraodate the power consumption of the plasma (0.4-10 kW), the triode

must be rather large (30-50 cm). The argon stream is fed to the plasma

through a constriction between two concentric quartz tubes.(See Fig. 1.)

The dimensions are chosen in such a way that the plasma keeps clear

from the outer tube, which can be observed visually by the dark ring

between the wall and the very intense bluish-white of the plasma,

which extends throughout the rest of the tube. Remarkable is the

fact that the centre is less bright than the outside (skin-like ef~

feet). Such a plasma is called a massive, physical or ellipsoidal

plasma. Wit a third tube, positioned in the centre of the two alrea-

dy mentioned tubes, an additional flow of argon can be introduced. If

the linear velocity is large enough, this gasstream will pierce a hole

in the plasma. Because this gasstream also transports the analytical

sample, introduced as a mist of finely divided droplets of solution,

it is often referred to as the carrier gas flow. The plasma has now

taken a hollow ringshape (see Fig. 2), as can be easily seen by the

black tunnel in the middle of the plasma

when looking head on. The advantages of this

configuration are that the sample atoms re-

main more concentrated in a narrow channel,

so that an approximation of the ideal point

source is reached. Secondly the sample atoms

experience higher temperatures, thus emit-

ting more light and becoming less sensitive

to interferences (Ch. IV), compared with

the configuration in which the sample is

blown against and around the massive dis-

charge.
The plasma in its hollow configuration is
increasingly being used in analytical che-
mistry to determine almost all metals with
a high degree of accuracy. Even elements
which form stable oxides, such as the rare
earthmetals, can be analysed without the

difficulties normally encountered in the flame, where the temperature

Fig. 2. Hollow or
toroidal plasma with
three tube arrange-
ment.



Fig. 3. Simplified diagram of an induction coupled plasma system
(ICP) for analysis. (See for a complete diagram, as used in this
investigation Ch.II.Fig. 1.). Operation: The sample solution is
sucked up and is dispersed into an aerosol of fine droplets by
the nebulizer. This aerosol is transferred by the carriergas in-
to the plasma. Here the free sample atoms emit light which is
received by the detection system and is converted into an elec-
tric current, which magnitude is a measure of the sample concen-
tration. (See for a detailed description (Ch.I, 4).

is too low to dissociate the oxides. A diagram of an induction coupled

plasma system for analysis is shown in Fig. 3.

After a short historical outline of the development of the plasma, in

the following section the question will be treated what other methods

exist to determine metals at the same level of accuracy.

2. Historical sketch of the plasma

The surprise that it was possible to converse freely through a

cable with a person at a very great distance after the discovery of the

telephon |1|, became even greater when it was demonstrated that the



same contact could be made without the use of a visible connection.

A similar development can be seen in the transport of energy (in-

stead of the transport of communication) for light sources. Where it

was first necessary to have electrodes in the source, later on these

electrodes could be abandoned using alternating current. This meant

direct electrical energy transfer through the container of the light

source, and marked the onset of the electrodeless sources. At the time

that high-frequency currents could be produced with a sufficient degree

of stability, new techniques e.g. the radio and induction heating were

possible, the former being an example of information transport, the

latter of energy transport.

During experiments on the conduction of alternating current through

rarefied gases, Hittorf |2| discovered the electrodeless ring discharge

as early as 1884. In that time spectroscopy had already experienced a

considerable development. Gas discharge tubes with electrodes had been

investigated some 25 years earlier by Pliicker |3J, who was the teacher

of Hittorf. Kirchhoff and Bunsen had delivered their famous papers on

the coloration of flames by alkaline and alkaline earth metals |4|.

Thomson |5| experimented during a long time with electrodeless ring dis-

charges and developed in 1927 a theory for the magnetic and electric

field distribution in this kind of discharge, which is still frequently

used.

Some twenty years later, through the availability of powerfull vacuum-

tubes Babat |6| made a ring discharge, which he could maintain up to

atmospheric pressure, while starting it under reduced pressure. The dis-

charge in a stagnant atmosphere filled the whole discharge tube, which

|1| TH. KARRASS, Gesohiohte der Telegraphie, Vieweg. Braunschweig (1909)

|2| W. HITTORF, Arm. Phys. 21, 90 (1884).

|3| J. PLUECKER, Fogg. Ann. 103, 88 (1858).

|4| G. KIRCHHOFF and R. BUNSEN, Fogg.' Ann. 110, 160 (1860).

|5| J.J. THOMSON, Phil. Mat. Ser. 74, 1128 (1927).

|6| G.I. BABAT-, J. Inst. Elea. Engrs. (Lond.) 94, 27 (1947).

|7| T.B. REED, J. Appl. Phys, 32, 821 (1961).



had a diameter of 30 cm and eventually touched the walls, which conse-
quently melted down. This was a severe practical limitation of the dis-
charge. Reed |7| solved the problem by using an argon stream to protect
the container, which was essentially a tube. So the device opened a
broad field of investigation, because the source was now directly ob-
servable through the open-ended tube and could be operated indefinetely.
The aerodynamic properties of hot gasses, crystal growth and analytical
spectroscopy are the branches of science where the inductively coupled
plasma has been used' successfully since then.

Two groups independently (Fassel and coworkers and Greenfield and co-
workers) recognized the analytical possibilities of the plasma and
started research on this topic. Fassel and coworkers investigated a
great number of the variables in order to develop a practical operating
system |8-11|. The main problem was the introduction of the cool sample
into the hot plasma |12, 13|. He solved this problem by giving the ar-
gon stream, with which the sample was transported such a velocity that
a hole was pierced in the centre |14|. Rather unnoticed Greenfield et
al. 115, 16| had reached the same solution already in 1964. Between
1966 to 1975 the interest of a few scattered groups of analytical spec-
trochemists was aroused. Detailed information of the further develop-
ment of the ICP can be found in the reviews in Chapter III and Chapter
IV. The turning towards a wider acceptance could be signalled at the
XVIIlth CSI in Grenoble in 1975.

I 8| R.H. WENDT and V.A. FASSEL, Anal. Chem. 37, 920 (1965).
I 9| R.H. WENDT and V.A. FASSEL, Anal. Chem. 38, 337 (1966).
110J W. BARNETT, V.A. FASSEL and R.N. KNISELEY, Speatroahim. Ada 23B,

643 (1968).
| 1 1 | V.A. FASSEL and G.W. DICKINSON, Anal. Chem. 40, 247 (1968).

|12 | R. WOODRIFF, Appl. Speatry. 22, 207 (1968).

| 1 3 | E. KRANZ, Speotrochim. Aata 27B, 327 (1972),

|14 | G.W. DICKINSON and V.A. FASSEL, Anal. Chem. 4 1 , 1021 (1969).

| 1 5 | S. GREENFIELD, I .L . JONES and C.T. BERRY, Analyst 89,713 (1964).

|16 | S. GREENFIELD, I .L . JONES and C.T. BERRY, U.S. Pat. 3 , 467, 471 ,

September 1969; Br. Pat.i, 109, 602, Apri l 1968.



3. The position of the ICP as an analytical tool

The aim of analytical chemistry can be described as the chemical
characterization of a sample in the broadest sense and to provide and
to improve methods for this characterization. This effort has produced
such a variety of methods as truly reflects the versatility of the
human mind. The only restriction imposed on this variety seems to be
the general ideas existing in the time of the invention of the method.
An attempt to classify the multitude here in the very limited space of
an introduction, is doomed to fail. The following and different ap-
proach will be used. We shall start from the demands which a good ana-
lytical technique should meet and from the existing techniques. It
appears then that by a rough selection, e.g. leaving out those techni-
ques which certainly do not come up to the requirements, only a small
number of analytical methods remain, from which the most suitable will
emerge.

The discussion will be confined to the determination of the elements.
Now we state as the requirements for a good analytical technique that
it gives unbiased results, that it is sensitive, needs no sample pre-
treatment, covers a broad range of elements (i.e. a great number of
elements can be measured), possesses a large dynamic range and allows
the simultaneous determination of several elements at a time.
It will be clear that non-instrumental methods of chemical analysis
cannot be reconciled with these demands. Classical methods which fall
in this category show the advantage of high precision and high accuracy
but this is paid often by long separations of interfering substances,
which means an extensive sample pretreatment.

Looking at the field of instrumental methods of analysis, the optical
techniques seem the most appropriate. These techniques are favoured by
their ease of operation and speed, which is predominantly gained by a
simple sample pretreatment. The possibility of handling a great variety
of samples, its high sensitivity and the great number of determinable
elements, are the other important characteristics pertaining to this
field. An important representative here is atomic absorption spectro-



metry (AAS), meeting a great number of the requirements. A choice can

be made between a very high sensitivity (according to present stan-

dards) , but with a limited accuracy (AAS with a furnace), or a much

smaller sensitivity but a considerable gain in accuracy by using a hot

flame as the atomic reservoir (C^H^/N^O flame). An important criterion

however is not yet fulfilled, namely the measurement of a number of

elements at a time (simultaneous multielement analysis).

All the techniques belonging to the region of optical atomic emission

spectrometry have the capability of simultaneous analysis. The most

common sources in this field, the spark, the arc and the plasmas share

. an important feature: their relatively high temperature. The spark, the

source with the highest temperature, has as an inherent disadvantage

that elements can be determined in conducting solid materials only (e.g.

metals). The temperature in the arc ranges from 4500-6500 K 1171 which

is considered as an ideal source temperature for multielement analysis

|18|. The low precision (̂ 20%) and the low accuracy, i.e. a great matrix

effect (factors >2), offset this advantage. The plasma jet, which is

actually a perfected arc, can be considered as an attempt to minimize

these effects. Here it is possible to introduce solutions and in this

way the precision has been enhanced, but the low accuracy remains.

Other plasma systems, such as the inductively coupled microwave plasma

(2450 Miz MIP), the microwave conductively coupled plasma '(CMP) and the

radiofrequent induction coupled plasma (ICP 25 Miz) bear no resemblance

anymore with the arc. The two first mentioned plasmas have too low a

gaskinetic temperature, so that the practical analysis is hampered by a

large interference effect.

The inductively coupled radiofrequent plasma (ICP), being an emission

source has multielement capacities, and the higher gaskinetic tempera-

tures makes it not very susceptible to interferences. In general this

effect is less than 10$ |19|. Its precision is comparable to flame

|17| L. DE GALAN, J. Quant. Speotry. Radiat. Transfer 7, 703 (1967).

|18| P.W.J.M. BOUMANS, Philips Tech. Rev. 34, 316 (1974).

|19| P.W.J.M. BOUMANS and F.J. DE BOER, Speatroohim. Aota 30B.309 (1975).



atomic absorption (about 1-5%). The reported dynamic range j20|(three
till five decades) starts to resemble the possibilities of modern elec-
tronic equipment, which is indeed needed to take advantage of this
feature and exceeds the dynamic range of flame atomic absorption (one
to two decades) considerably.

The number of elements which can be determined is larger compared with
flame techniques because the elements are decomposed by the higher gas-
kinetic temperatures.

The quantity however which is reported far most in the literature is

the detection limit, which lies in the range 0.01-10 pg/1 |21| and is

a factor 10-10 lower than in hot flames |22|.

Because of this concentrated interest in the literature the next sec-

tion is devoted to the theoretical calculation of detection limits in

the ICP. One of the reasons for the low detection limits should be

sought in the high sensitivity which therefore will be calculated also

in the next section. It seems not unlikely that the high sensitivity

is a result of non-thermal excitation conditions in the plasma (see

Chapter III). Another point may be that the sample is less diluted in

the plasma (1 1/min carriergas) than in flames (10 1/min).

|20| V.A. FASSEL and R.N. KNISELEY, Anal. Chem. 46, 1117A (1974).

1211 P.W.J.M. BOUMANS and F.J. DE BOER, Speetvoohim.Aeta 30B, 326 (1975)L

|22| N. OMENETTO, L.M. FRASER and J.D. WINEFORDNER, Appl. Speetrosc.

Rev. 7, 178 (1973).
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4. Sensitivity and limits of detection in the ICP

The fundamental characteristics of an atomic emission method of

analysis are the sensitivity, the signal to noise ratio and the line to

background ratio. In practice however the detection limit is preferred

because of its obvious analytical significance, i.e. the lowest deter-

minable concentration. In the literature on the ICP, it is the most

frequently quoted analytical figure. These are the reasons to concen-

trate the discussion upon detection limits here. An attempt will be

made to calculate estimates of the detection limit from a simplified

model of the plasma and from data in the literature. In discussing the

various parameters which determine the value of the detection limit, it

will be shown that to reach optimum conditions, it is necessary to know

the spatial distribution of these parameters.

Four representative elements have been selected for the calcula-

tion (see Table 1) which cover a wide range of values for the dissocia-

tion energy of the mono-oxides (V, = 3.9 - 8.4 eV), the ionization po-

tential (V. = 5.1 - 9.1 eV) and the excitation energy (V = 2.1 - 5.8

eV), to provide a condensed realistic imitation of a practical multi-

element analysis.

The detection limit is usually expressed as the ratio of three times

the standard deviation of the blank signal |23| and the sensitivity.

The standard deviation in the blank is a difficult quantity to estimate,

because very little investigation on this subject has been carried out

for the ICP. Neglecting the noise in the detection system, the follow-

ing sources can be imagined in the ICP: source flicker noise, variation

in the aerosol production, in the solvent evaporization, in the volati-

lization of the dry particles, instabilities of the plasma in electri-

cal or in fluid dynamic sense. It is generally felt however that the

sample introduction i.e. the nebulizer constitutes the main source of

noise in the ICP. This is supported by our own preliminary experiments,

1231 IUPAC, Pure and Appl. Chetn. 45, 105 (1976).
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comparing the stability of argon lines and background near the analysis

line of iron, with and without sample introduction. The noise increases

with a factor 10-50 when water or sample is introduced.

From published data of standard deviations 21 near the detection limit,

2-4% variation in the intensity is reported. The minimum amount of

light, which could be detected from the plasma has been estimated at

7 x 10~4 W.m~2sr~1 (see Chapter III, section 4.3). If it is assumed

that the noise in the background is wavelength independent |24| and if

4% of this value is taken as the actual variation in the blank, the nu-
-5 -2 -1merical result is 3.10 W.m sr .

The second factor which determines the detection limit is the sensiti-

vity, which is generally defined in analytical chemistry as the change

of the signal for an unit change of the analyte concentration. For a

linear calibration curve, it is thus the slope of this curve. It re-

lates in its simplest algebraic expression the measured intensity I

(W.nf sr" ) with the analyte concentration (c) in solution (particles

m ) as

I = S.c (1)

It will be clear that to convert solute concentrations to emission of
light a great number of intermediate physical processes are needed.
These processes and the important parameters will be treated below, re-
sulting finally in a complete mathematical expression for the sensiti-
vity S.

In order to carry the sample solution to the plasma a means of trans-
port is needed. To this end the solution is sucked up by a nebulizer
and is converted into a fine spray of droplets. The large droplets im-
mediately fall to the ground and the smaller ones are carried away to
the plasma with the carrier gas, which also drives the nebulizer. The
ratio of the volume of droplets which remains in the carrier gas and
those originally taken up is called the efficiency of nebulizer e
(~ 0.1).
|24| P.W.J.M. BOUMANS and F.J. DE BOER, Speotrochim. Aata 32B, (1977).
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Actually the amount of liquid (V, - ) sucked up, is diluted by the car-

rier gas (V ") with a factor viiq/
v
gas> which is about 0.005. The

small droplets are introduced into the plasma, which means that the

temperature starts to rise. The solvent, in most cases water, evapo-

rates and the carrier gas expands with a factor T /Troom> where T

is the kinetic gas temperature.

How much of the solvent in the droplets is evaporated can be indicated

by the fraction desolvated (6 1. This depends on the kinetic gas tempe-

rature gradient, which the droplets must pass before the observation

zone is reached. Also the droplet size distribution is important here,

because large droplets need more time to evaporate completely than

small ones. This transit time is determined by the linear velocity of

the carrier gas and again the temperature gradient, because the expan-

sion of the gas will slow down the velocity. No research has been

carried out to locate the height in the plasma, where all droplets are

just evaporated. However, similar experiments in flames |25| suggest

that solvent evaporation will be rapidly complete in the ICP.

After evaporation of the solvent a dry particle remains. A higher kine-

tic gas temperature is needed to desintegrate this particle, but essen-

tially the same parameters determine the values of 3 , the fraction

volatilized, as in the former case i.e. the temperature gradient, the

dry particle size distribution and the transit time. When only the ana-

lyte is nebulized, the dry particles will be very small. However, if an

excess of another salt is present as a matrix, the dry particles will be

larger and consists predominantly of this salt, in which the anaiyte is

occluded. The boiling point of this salt can deviate strongly from the

boiling point of the salt of the anaiyte. Thus the amount of anaiyte

released in the presence of a matrix may well be different from that

liberated in the absence of a matrix. Obviously, this will give rise to

a difference in final signal, which is commonly called an interference

effect. This important feature of matrix influence will be treated in

Chapter IV.

125.] N.C. CLAMPITT and G.M. HIEFTJE, Anal. Chem. 44, 1211 (1972).
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The processes discussed sofar, take place in the condensed phase. As

the solid particles travel deeper into the plasma, the temperature

rises and the particles start to boil, in this way becoming a part of

the gasphase. At this point in time a proportionality has been esta-

blished between the solution concentration c, of the analyte and the

total vapour concentration of analyte molecules. From there on the most

important processes are dissociation, ionization and excitation, which

are all temperature dependent. If thermal equilibrium prevails, all

these processes are governed by the same temperature. In Chapter III it

will be shown that in the ICP the different processes are described by

their own temperature, indicating a lack of thermal equilibrium.

Generally, all three processes are exponentially related to the ratio

of a corresponding energy and the temperature. The larger the energy,

the greater the temperature dependence of the process. Let us consider

now each process separately. When the molecules of the original salt

are in the gasphase, they will dissociate into free atoms. Because

water is introduced as a solvent, the oxygen atoms from the dissocia-

tion of water, will combine with the free analyte atoms to monoxides

according to the equilibrium:

MO t M + 0 (2)

In order to indicate how much atoms are present as free atoms, the

fraction atomized or degree of atomization 3O is introduced:
3.

K,a. (3)

[M0|

A calculation of B needs besides the oxygen number density also a
value for the equilibrium constant K^. The latter can be calculated with
the simplified formula of BOUMANS |26|:
|26| P.W.J.M. BOUMANS, Theory of Spectroehentioal Excitation, p. 327,

Adam Hilger, London (1966).
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TA "(5040 VJ/T,
= 5 x 1024 10 d d (4)

where the square brackets mean particle densities, T^ is the dissocia-

tion temperature in K and V, the dissociation energy in eV. Because

water is completely dissociated the value for |O| is the same as the

number density of water molecules introduced by the nebulizer into the

plasma, i.e. 5.10 cm" . The results for $ of the selected elements

at a dissociation temperature of 5000 K can be found in Table 1. In

order to get an idea how strongly it depends on the temperature, Fig-4a

shows 3 as a function of the temperature for two values of Vj=5 and

8 eV at the stated oxygen atom number density. It can be seen that

VJ = 5 eV at 3200 K already one half of the monoxide has been dissocia-

ted and at 4000 K no monoxide is left. In the case of 8 eV these points

are reached at 5000 K and 7000 K respectively. For VJ = 5 eV the in-

crease is steeper than for V•, = 8 eV.

1.0

05 5ev = 8eV

[O] = 0.5x1017cm~3

10

Fig. 4a. The fraction atomized (0a) as a function of the disso-

ciation temperature T, for two dissociation energies Vj=5eV and

8eV.
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The following important gasphase process is ionization, which is

almost completely comparable with the dissociation process, except that

the products are electrons and ions. The degree of ionization, ^ is

defined in the same manner as was done for the dissociation process.

Because here we are interested in the atoms only, the expression 1 - ĝ

is used:

1 - 3i JMJ = lei (5)

where |M|, |M+| and |e| are atom, ion and electron number density, res-

pectively and Ki is the Saha constant. The general expression for K^

can be found in Chapter III, equation 5, so here the numerical form

only is presented:

,r V 2 Z. -(5040/T.)V,
K. = 4.83 x 1015 T - 3 7 ^ .10 X X (6)
1 L

where Z. and Zo are the partition functions for the ion and atom, >V. isI a x
the ionization energy in eV and T. the ionization temperature in K. In-
serting in equation (6) a value of |e| = 10 an" , which is a reasona-
ble average in the ICP (see Chapter III), and using T. = 5000 K gives
1 - (3̂  values for the selected elements, which can be found in Table 1.
Obviously, with the chosen ionization temperature the values of (1 - 6.)
are rather high, which is also caused by the high electron number den-
sity. In Fig. 4b 1 - 8- as a function of the ionization temperature is
plotted for V^ = 5,7 and 9 eV with V^ = 5 eV no ions are formed up to
3000 K whereas for V^ = 9 eV this is true up to 7000 K.



=9eV

Fig. 4b. The fraction of non-ionized atoms (1-6.) as a function

of the ionization temperature T. for three ionization energies

^=5,7 and 9eV.

By combining the processes treated so far the relation between the

solute concentration of the sample and the free atom number density in

the plasma can be expressed as (assuming complete volatilization):

. c (7)

It will be clear that the presence of a matrix can charge the volatili-
zation, the atomization and the ionization if the matrix influences the
temperature, the oxygen number density |0| or the electron number den-
sity |e|. In all these cases the proportionality factor between |M| and
c will be changed.

It will appear from Chapter IV that the presence of a matrix can
also influence the excitation temperature T . Excitation is the process
which transfers particles from the ground state to the excited state. By
returning to the ground state light is emitted. The relation between
the total number density of free atoms and light emitted M is given by:

J = kex |M| exp (- V/kT ) (8)
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8 8 10
x103T..K

Fig. 4c. The ratio of excited atoms (n*) and ground state atoms

(n) as a function of the excitation energy for three excitation

energies V =2,4 and 6eV. Each curve is normalized to one at

10000 K.

where V is the excitation potential in eV, T_ the excitation tempera-

ture in K, k is the Boltzmann constant.and k . is an element dependent

constant, which value for each selected element can be found in Table 1.

J, the emittance is expressed in |W.m~ .sr~ |. The important factor in

equation (8) is the exponential Boltzmann factor. Its increase in tem-

perature is shown in Fig. 4c for V e = 2,4 and 6 eV. It should be borne

in mind however, that on a absolute scale these points are an order of
magnitude lower for each higher value of the excitation potential.
By combining eqs. (7) and (8) we obtain a very complex temperature de-
pendence for the emittance.

Generally, the curve for J versus the temperature shows a maximum, be-
cause the increase in dissociation and excitation will ultimately be
offset by a decrease through ionization. This can be seen in Fig. 4d
where for one combination of the various energies (V, = 8 eV, V. = 7 eV
and V e = 2 eV) a total curve has been drawn. At.the chosen set of poten-
tials the optimum temperature lies clearly at about 6000 K. For other
values of the energies the optimun temperature and also the shape of
the curve will become different.
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!0.5

V d = 8 eV

Ve =2eV

1 6 7 8 9 10
x1O3T , K

Fig. 4d. Relative emission intensity as a function of the

temperature, including dissociation, ionization and exci-

tation processes.

A very important aspect is that the quantity J is the light emitted pro

volume element in the plasma source. However, when the intensity is

measured, the detector receives its light from many different volume

elements as far as they fall within the observation zone of the optics,

as has been indicated by the beam in Fig. 5. In fact the light emitted

along the line of sight is collected over the entire depth of the plas-

ma. For a narrow beam of observation along the centre of the plasma the

intensity emitted by the radially symmetric plasma (in W.m .sr ) is

given by

1 = 2 J(r) dr

Fig. 5. Observation zone in the ICP,
which is viewed by the detection system.

(9)



This formula is valid under normal analytical conditions, i.e. when the

intensity is measured in the radial centre of the plasma. The complete

expression results by substituting in expression (9) the equations (7)

and (8):

Vli T ? v
I = 2en ( ^) ( room-j ̂ ^ c I $a(r) (i-3^(r)}exp| - | dr (10)

gas gas 0 e

where the radial dependence of dissociation, ionization and excitation
has been indicated. With this formula a very important difficulty can
be clearly seen, namely the problem to get spatially resolved informa-
tion from an integrated intensity.

The main theme of the present investigation is to provide spatial-
ly resolved values of the important parameters and the influence which
variations in the plasma conditions bear upon these parameters. The
basic problem to calculate the emittance J(r) from observed I-values is
solved by using the inverse of the integral given in equation (10).
This inverse Abel integral equation will be treated in detail in Chap-
ter II. The demands on the optics will appear to be different from the
demands normally asked from an analytical system. The positioning of
the optics must be done very accurately as will be shown also in Chap-
ter II.

It is now possible to calculate the sensitivity, S, with aid of
the complete expression (10) but ignoring the radial variation of the
parameters. In a first approximation thermal equilibrium will be assumed
which means that the temperatures for dissociation, ionization and ex-
citation are taken to be equal (5000 K). Together with the noise in the
background, this yields values for the detection limits, which are pre-
sented in Table 1. Only the values for Zn and La agree well with the
experimentally determined values, which are taken from the literature.
In chapter III it will be shown that the assumption of thermal equili-
brium is invalid and that in fact the various temperatures are not



Table 1. Calculated limits of detection in the ICP

data

x
k

V
ex

exp I -

S= Tabs

det.lim.

elements

(mxlO"9)

(eV)

(eV)

(eV)

Te= 5000K

Td-4000K

Td=5000K

T..=50b0K

Na

588.99

5.92x10
2.10
3.90

(NaOH)

5.14

,-14

7.6x10 -3

(W.m.sr"1)

(ng.ml ) calc.

1.00

1.00

0.65

0.01

n 6.1xlO"21

2) 1.1x10 u

^ 0.0009

calc.2)
(ng.ml"1) exp.

0.05

0.02 21

Ca

422.7
3.75x10

2.93

4.7
(CaO)

6.11

-13

1.1x10

0.99

1.00

0.82

0.01

7.2x10

-3

f21
-22

^det.lim.
1) Td=Te=T.=5000K 2) Td=4000; Te=5000K; T.=8000K

d= dissociation, e= excitation and i= ionization

1.1x10

0.001

0.1

0.2 21

La

392.8

'.25x10

3.16
8.4
(LaO)

5.61

-15

6.5x10-4

0.003

0.25

0.70
0.009

-23l.lxlO

3.3x10

3

2xlO4

3 14

"27

[e]= 1016cm'3

C0]= 5xlO16cm"3

Zn

213.8

2.52x10

5.80
4.0
(ZnO)

9.09

-12

1.4x10-6

1.00

1.00

1.00

0.44

-23
7.1x10

3.9xlO"23

0.2

0.4

0.1 21
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equal, but that their values increase in the order T d < T g < 1^. It is

thus meaningful to recalculate the detection limits, keeping this dif-

ference in mind. The results, for T d = 4000 K, T g = 5000 K and T± =

8000 K, are also collected in Table 1. In this case an agreement is

reached for three of the four elements selected. Lanthanum however,

which gave in the first approximation a good agreement, shows in the

second case a difference of four orders of magnitude. This discrepancy

may be attributed to two factors. First, the result for lanthanum is

very critically dependent upon the values of the assumed tenperatures.

Secondly the spatial inhomogeneity of the plasma, can cause in a real

situation a great difference between the actual temperatures and

the assumed homogeneous temperature distribution. Consequently, lantha-

num will emit most intensely from those positions in the plasma, where

the highest density of excited atoms is found and will contribute most-

ly from that particular position to the measured intensity. A dissocia-

tion temperature of 4000 K then seems too low. The fraction atomized is

decreased in this way to about H (see Table 1). The same applies for

the degree of ionization, which amounts to 991 at 8000 K, leaving only

11 of atoms. When combined this accounts for a loss factor of 10~ .

Under these circumstances it seems logical to use the ionic line in-

stead of the atomic line to take advantage of the high fraction ionized

In practice this has been recognized and it appears that it can be

applied to a great number of other elements (e.g. Ba, Mg, Fe, Mo, Nb,

Pd, Ti, V, W and Zr) |21|.

In view of the total expression (equation 10), which relates the

analyte concentration with the observed intensity in the plasma, it is

interesting to envisage what other theoretical possibilities exist to

enhance the sensitivity. It will certainly be worthwhile to optimize

the temperature, since Fig. 4d shows that the emission intensity of a

particular spectral line is critically dependent upon the temperature.

Although the actual temperature distribution in the plasma is difficult

to control, all temperatures show a gradual decrease with increasing
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distance from the RF-coil (Chapter III). Hence, the observation height

in the plasma is an important parameter for optimization procedures. On

the other hand it is clear that in the simultaneous determination of

many elements we must settle for a compromise observation height where

most elements emit strongly. In the literature this height is reported

as 15-25 mm from the RF-coil.

Another possibility can be found in enhancing the efficiency of the ne-

bulizer, e say with a factor of five and reducing the carrier gas

volume V with a factor of ten. The first impression is that a gain

in sensitivity of 50 can be expected. A closer look reveals, however,

that the oxygen number density increases with the same factor, which

means a direct influence upon g for those elements that are incomplete-

ly dissociated. So the gain in sensitivity becomes the product of
e •Vi-s^/V—.-.fL- The impact of this can be seen from the example of

lanthanum where for T, = 4000 K no gain at all in sensitivity is pre-

dicted. On the other hand for sodiun and zinc this calculated gain in

sensitivity indeed becomes a factor of 50. For a dissociation tempera-

ture of 5000 K, the situation for lanthanum becomes better, but is

still only a factor of ten. So in changing one parameter, the complete

expression should be reconsidered again.

As conclusion it can be stated that first the fundamental parame-

ters which determine the sensitivity in the ICP should be known, in

order to optimize the analysis in a rational way. Secondly the depen-

dence of these parameters upon a change of conditions in the plasma,

such as a change in power, in ratio of gas volumes, the observation

height etc. must be known. From a practical analytical point of view ig-

norance of these relevant data is undesirable. It is the aim of the

present investigation to improve this situation by increasing our

knowledge about the fundamental parameters that control the intensities

emitted in the induction coupled plasma.



23

Chapter II

Arrangement for measuring spatial distributions in an argon*
induction coupled RP plasma

1. INTBODTOTIOI

OVER TEE past ten years several articles have stressed the analytical significance of
the induction-coupled radiofrequency plasma in atmospheric argon [1-18]. The high
thermal energy provides for rapid and complete sample evaporation, the inert
atmosphere prevents oxide formation and the high excitation temperature gives rise
to intense spectra. Combined, these factors explain the three claims made for the
RF-plasma: low limits of detection [15,18], minimum chemical interferences [1, 4]
and possibility of multi-element analysis [18]. Understandably, such aspects as
ease of operation, stability of the plasma and speed of analysis have received less
attention although from a practical point of view, they are equally important.
Also, the physical processes in the plasma important for the selection of optimum
conditions have not been analysed thoroughly. One difficulty here is the marked
inhomogeneity of the plasma, especially when it is burning in the favoured doughnut
shape.

[1] S. GREENFIELD, I. L. JONES and C. T. BEBBY, Analyst 89, 713 (1964).
[2] S. GBEENHELD, Proc.Soc.Anal.Chem.fi, 111 (1965).
[3] B. H. WENDT and V. A. FASBEL, Anal. Chem. 37, 920 (1965).
[4] R. H. WBNDT and V. A. FASSEL, Anal. Chem. 38, 337 (1966).
[5] H. DUNEEN and G. Promt, Z. Chem. 6, 278 (1966).
[6] M. E. BRITSKB, V. M. BOBISOV and Yu. S. SUKACH, Zavod. Lab. 83, 252 (1967).
[7] H. C. HOABE and R. A. MOSTYN, Anal. Chem. 39, 1163 (1967).
[8] W. BABNETT, V. A. FASSEL, and R. N. KNISELEY, Spectrochim. Ada 28B, 643 (1968).
[9] V. A. FASSEL and G. W. DICKINSON, Anal, Chem. 40, 247 (1968).

[10] S. GBEENTHXD, P. B. SMITH, A. E. BKEEZE and N. M. D. CHILTON, Anal. Chim. Ada 41,
385 (1968).

[11] C. BOBDONALI and M. A. BIANOTBTORI, Proc. XTV, Coll. Spectr. Int. Debrecen 1967, p. 1153.
Adam Hilger, London (1968).

[12] J. M. MBBMBT and J. ROBIN. Proc XIV, Coll. Spectr. Int. Debrecen 1967, p. 715. Adam
Hflger, London (1968).
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[17] G. H. MOBBISON and Y. TALMI, Anal. Chem. 42, 809 (1970).
[18] P. W. J. M. BOUMANS and F. J. Dn BOEB, Spectrochim. Ada. 27B, 391 (1972).
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For this reason, a research project was started with the following goals: the
construction of an analytically useful plasma; a detailed investigation of the
magnitude and spatial distribution of physical parameters, such as the temperature,
the electron concentration and the sample element concentrations; a study of
possible chemical interferences.

This communication will describe the experimental arrangement and present
some preliminary results.

2. DESCRIPTION OF THE INSTRUMENT

A list of components is given in Table 1 and some important parts will be dis-
cussed in detail.
(i) Plasma generation

The radiofrequency generator is of the Colpitts type consisting of a power supply
and a generator to which a two and a half turn coil is rigidly attached; it is a Philips
prototype similar to the one used and described by BOUMANS and DE BOEB [18]. In
order to ensure optimum power transfer to the plasma, the generator compensates
automatically for small impedance changes by a slight variation of the radio-
frequency around an average value of 51-6 MHz. The power input is regulated by
varying the plate voltage of the anode tube up to a maximum of 2 kW. A calibration
graph relating the anode current to the KF power emitted in the coil was constructed
utilizing a secondary coil. Since the impedance coupling depended on the position of
the sensing coil inside the RF coil and had a strong influence on the power output, the
aoouraoy of the converted current readings is only moderate, but the reproducibility
is good.

Table 1. Specification of components
Sample introduction
Pneumatio nebulizer
PID—temperature controller
Powtr tupply and gat fate control
Oa* flow controller*
Preaiuro regulator*
BF-generator
BF-radiation tetter
Platma tube aumMy

Coolant tube
Plaunatube
Sample introduction tube
Tip of the (ample introd. tube
Tuba material
RF-work ooil

Optict
Precision oontrol mounting*
Honoohromator
Orating
Readout
Photomnltiplier
PM housing
High voltage *upply
Digital diiplay
Paper tape punch

Varian Teohtron, Pye-Unicam
Eurotherm, Worthing, Suatwx

Brook*, model 8944
Fair Child Hiller, model 10142
Philip*, prototype 131202/01. 2 kW, SO HHs
Bohde und Schwan, model WAM BN 4312

Modified veriioa of [18]
o.d. 20*8 mm i.d. 18*4 mm
o.d. 10*0 mm i.d. 13*8 mm
o.d. 0*0 mm
i.d. 0*25 mm
clear fated trilioa
i.d. 28 mm

i.d. 4mm

Phytrik Inttrumenta (PI), Hunohen
0*5-m Ebert, JarreU-Aah
1280 Iinea/m, blazed for 6000 A, order I

EMI, 0250 3
Product* for Research, PB 2200
John Fluke, model 412 A
Hewlett-Packard, model S325 B
A.B. Addo
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In the usual arrangement the plasma tube is mounted vertically, but in order to
study the axial distribution of intensities, the entire assembly must then be lifted
up and down. Therefore, in the present arrangement the plasma tube assembly is
mounted horizontally and the generator is rolled back and forth over sliding bars
permitting displacement over 200 mm with a precision of 0-1 mm.

The plasma tube assembly is a modification of the three tube system described
by BOUMANS and DE BOEE [18] and designed for easy exchange and precise relocation
of the tubes (Fig. 1). In order to achieve maximum stability and radial symmetry
in the plasma, centering of the tubes mutually and with respect to the BF coil was
found to be of utmost importance. This was done as follows: the central plasma tube
is rigidly fixed to a Plexiglas holder with an upper section of Teflon to withstand heat
radiation. The outer tube is then slid over two O-rings until it protrudes 40 mm
outside the plasma tube and is fixed in position with three screws through the Teflon
section (recently, the Teflon has been replaced by brass, as will be explained in the
discussion on the Abel inversion). The inner sample introduction tube is pushed
through O-rings until its constricted tip (6.5 mm i.d.) is a few mm below the plasma
tube after which it is also fixed in position with three screws. Centering is achieved
with a metallic guiding piece that slides exactly between the plasma tube and the
outer tube and has a drawn oenterpoint for positioning the sample tube.

The entire assembly is now attached to the BF generator thereby preserving
control of lateral and axial movement through precision screws (Fig. 1). Centering
inside the BF-coil is done with a second 'centering piece' consisting of two concentric
metallic cylinders, one of which fits exactly inside the coil, whereas the other fits
inside the plasma tube (see insert at the top of Fig. 1).

Positioning now being completed,, the plasma tube assembly is only permitted to
move back and forth through the BF-coil. Prior to ignition, the entire Bet up in-
cluding the sample introduction system (with freshly reassembled tubes also the
plasma argon inlet, indicated by broken lines in Fig. 1) is flushed with argon for
10 min while the generator is allowed to warm up. The outer tube is pushed 8 mm
past the BF-coil and the plasma is then easily ignited with a Tesla coil at a flow of
17 l./min of argon introduced through a dual tangential inlet into the outer tube.

This provides for vortex stabilization of the plasma [19]. If assembling has been
done carefully, ignition is immediate, no capacitive streaks are observed and visually
radial symmetry is good. The tube assembly is now withdrawn until the outer tube
extends just over the BF-coil.

Next, the argon carrying the sample is slowly introduced through the central
tube. First, the plasma is seen to be lifted from the sample tube, but at a sample
argon Bow rate of 4-6 l./min (corresponding to a linear velocity of 2-5 m/seo) a hole is
pierced and the plasma becomes ring-shaped. This doughnut shape is preserved up
to at least a flow rate of 13 l./min (linear velocity of 7 m/sec). During build-up of the
sample flow, no air is allowed to enter the plasma, but after it has reached its selected
value of 5-4 l./min short periods of air intake between sample interchange are
harmless.

The plasma now has the shape of a hollow cylinder beginning near the outlet of

[19] T. B. REED, J. Appl. Phya. 33, 821 (1961).
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Ctnltrinq piece (nn«t«l)

) RF work coil

Punctwr
I — |W«bul)2tf|»AV<

m
Sample

Fig. 1. Block diagram of the complete apparatus. Insert at the top right shows the
work ooil with the oentering piece to position the coolant and plasma tubes in the

centre of the coil.
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the plasma tube and extending all the way through and up to 2 cm passed the
RF-coil. In order to promote sample evaporation a long path length through the
cylinder is desirable, but if the plasma tube is withdrawn more than 26 mm from the
RF-coil, it proved impossible to pierce a hole through-the plasma and the sample is
carried sideways. Therefore the distance between the sample tube and the beginning
of the RF-coil was fixed at 20 mm.

It should be noted that the diameter of the plasma depends only upon the
internal diameter of the outer tube, although a lower limit is set by the frequency
[18] and not upon the diameters of the RF-coil or the plasma tube.

(ii) Sam/pie introduction {Fig. 2)

Most workers in the field of RF plasmas have preferred ultrasonic nebulization
of the sample solution, mainly because the small argon flow rates used precluded
pneumatic aspiration. After many frustrating attempts to duplicate these results
(using the arrangement of KIRSTEN and BEETHSSON [20]), the authors have dis-
carded this approach for two reasons. First, the stability of the analytical signal in
terms of low frequency noise and drift remained poor, despite many alterations in the
position of the oscillating crystal and the geometry of the spray chamber. Second
and more important, sample introduction through motor-driven syringes or peristaltic
pumps was considered impractical in view of the long time needed for the sample to
reach the plasma or for sample interchange.

The present system is shown in Fig. 2. A conventional pneumatic aspirator
operates on 5*4 l./min of argon and introduces 2-5 ml/min of sample solution into
the spray chamber, which is heated to 170°C to increase its efficiency to 15 per cent
[13]. The time lag between sample uptake and appearance of the signal on the
recorder is 3 sec. In turn, 10 sec are needed to restore background level, because an
additional 7 sec are needed to remove remaining sample components.

Because the 2 kW plasma cannot be sustained on a high input of molecular
compounds, desolvation of the aerosol is mandatory and this is accomplished by
successive heating and cooling [15]. Both processes should be complete. Therefore,
the heated tube is rectangular in form and is twisted to ensure equal contact times of
all particles with the warm walls. The temperature inside the heating tube is 170°C.
Cooling of the water vapour in the Friedrich condenser [15] is also complete. This
could be concluded from the observed decrease in OH-band intensity upon replacing
the tapwater in the condenser with iced water, which lowers the saturated vapour
pressure of water four times. Attention is drawn to the outlet of the condenser,
which is constructed in such a way that the water droplets running down the tube
walls cannot be carried into the plasma with the dry aerosol.

(iii) Optical arrangement

The optical arrangement shown in Fig. 3 fulfils three requirements. I t provides
for flexible and simple Abel transformation of lateral intensity distributions into
true radial distributions. Because the existence of thermal equilibrium throughout
the plasma cannot be presumed a priori, it permits measurements in emission as well

[20] W. J. KTBSTEN and G. O. B. BEBTILSSON, Anal. Chem. 88, 648 (1966).
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Thermocouple

Sampl*

Fig. 2. Sample introduction system, -with the heated spray chamber, the heating
section, the Friedrioh condensor and the oooled vessel to collect the condensed

water.

as in absorption. And, finally, the region of observation in the plasma does not
depend on the Blit width of the monoohromator, so that this can be made to vary
from one spectral line to another.

In the absorption mode radiation from a pulsed hollow-cathode lamp is focussed
in the center of the plasma, whereafter it follows the same path as the radiation
emitted by the plasma.

I
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Monochmwlor

Ml

Fig. 3. Optical arrangement and light path for emission and absorption measure-
ments. LI, L2, L3, L4 are lenses, Ml, M2 are mirrors. For lateral scan in emission
mirror M2 and lens L2 are moved simultaneously; in the absorption mode. III

and LI are also moved together with M2 and L2.

In the emission mode radiation is sampled over the entire depth of the plasma,
which is burning horizontally. The cross-section of the sampled area is 1 X 1 mm1

and determined by three-fold magnification upon a limiting diaphragm (Dia).
Radiation is then fooussed on to the grating of the monochromator equipped with
fixed entrance and exit slits, which act as aperture stops only. A final lens behind the
exit slit spreads the radiation evenly over the surface of the photomultiplier.

Lateral intensity distributions are obtained by simultaneous movement of lens
L2 and mirror M2 (Fig. 3). For a fixed position of L2 and M2 the measurement cycle
consists of twenty readings of the peak intensity of a spectral line and twenty
background readings. Each reading is an integration over 1 sec with a 2 sec interval.
After completion of the cycle L2 and M2 are displaced over the step width, i.e. the
size of the region, which is selected from the plasma. At present, the entire width of
the plasma is sampled in nineteen discrete 1 mm steps, although the number of
adjacent steps can be increased by decreasing the size of the diaphragm to 0-25 mm.

In the present arrangement the mirror M2 is displaced manually by a precision
screw (accuracy <0-01 mm) and its position is monitored from the voltage drop over
a ten turn turn helipot oonnected to the screw drive, and fed into an x-y recorder.
In the future, a step motor will be installed so that digital data handling will be
facilitated.

(iv) Read out and data handling

The signal from the pulsed hollow-cathode source or the chopped plasma radiation
is amplified with a lock-in amplifier and displayed on either a strip chart recorder
or an st-y recorder or digitized and integrated for one second and punched every
3 sec in paper tape for computer handling. Stray radiation, both from the RF-field
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and optical, is minimized by magnetic shielding of the photomultiplier housing and
by enclosing the RF-coil in a water cooled 3 mm brass box painted black inside.
Despite the small holes necessary for the observation of plasma radiation no RF-
radiation could be detected outside the brass box.

Computer handling of data includes the following steps:
(a) read in of twenty data points for the spectral line and twenty data points for

the background, averaging and calculation of standard deviation;
(b) conversion to absolute intensities using sensitivity calibration with a standard

tungsten lamp and correction factors allowing for small changes in optical path
during lateral scanning;

(c) calculation of radial intensity distribution through Abel transform;
(d) calculation of temperatures using a two-line method or many-line method

(least squares procedure);
(e) calculation of electron concentrations from ion/atom line pairs (assuming Saha's

equation to hold) or from continuum intensity;
(f) conversion of absolute intensities to particle concentrations, assuming Boltzmann

distribution and utilizing absolute transition probabilities [21]; and
(g) in the future, conversion of absorbance values to particle concentrations utilizing

known hollow-cathode line profiles [22].

3. MEASUREMENTS

(i) Selection of spectral lines
For the measurement of the plasma temperature and an analysis of the extent of

thermal equilibrium four sets of spectral lines were selected (compare Table 2).
(a) Argon lines around 4000 A, allowing measurements in the absence and presence

of aspirated sample. I t was noted that several argon lines are extremely broad
[23,24], so that a correct measurement of the total emission intensity requires a
large spectral bandwidth [23,25].

(b) Two zinc lines at 3076 and 3282 A [26], because the high ionization potential of
zinc (9 eV) permits the measurement of high temperatures.

(c) Rotational lines in thx OH band around 3100 A for the measurement of rotational
and vibrational excitation temperatures [27].

The electron concentration can be derived from the Stark broadening of the H^-line
[28], but this yields only values averaged over the depth of the plasma, because the
line width is not a linearly additive quantity and, therefore, not accessible to Abel
transform procedures. Consequently, the electron concentration was derived from

[21] L. DB QJLLAN,J. Quant. Spectry. Radiat. Transfer 5, 735 (1965).
[22] H. C. WAGENAAB and L. DE GALAS', Spectrochim. Ada 28B, 157 (1973).
[23] h. N. MEDQYESI-MITSCHANQ and R. A. HEFTEBLIN, J. Quant. Spectry. Sadiat. Transfer 12,

1631 (1972).
[24] V. M. GOLD'FABB and S. V. BRESVUT, High Temperature 3, 303 (1965), Engl. transl.
[25] P. D. SOHOLZ and T. P. ANDERSON, J. Quant. Spectry. fiaetiat. Transfer 8, 1411 (1968).
[26] P. W. J . M. BOUMANS, Theory of Spectrochemical Excitation p. 109. Adam Hilger, London

(1966).
[27] L. DB GALAN and J. D. WINETORDNBB, J. Quant. Spectry. Radiat. Transfer 7, 703 (1967).
[28] H. R. GBIEM, Plasma Spcctroscopy p. 448. McGraw-Hill, New York (1964).
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Table 2. Spectral lines and transition probabilities used for measure-
ment of temperature and electron concentration

Speoies and
line
(A)

3406
3836
4251
4300
4345
4510
fifiS8'7
6572

3076
3282

(1)2852
(11)2796

3084-0
3077-0
3074-4
3071-1
3073-0
3089-0

Argon

Zino

Hagtiosrain

OH

B,l
E,3
B,4
R,14
B,15
R,20

Excitation
energy
(mu-'l

124749
121470
116660
116999
118407
117563
122087
123657

32344
62510

34925
35570

32542
32778
32947
36393
36903
39847

Transition
probability
(gA, »«.->)

0-410 X 10»
0-800 ^ 10«
0-339 X 10»
0-197 X 10'
0-839 X 10«
0-123 X 10'
0-740 X 10'
0-483 X 10'

0-315 X 10«
0-S76 X 10«

0-312 X 10*
0-104 X 10">

gAv<rel.)

2-7
9-0

130
54-1
580
69-9

Referenoe

[43, 44]

[21,26]

[21, 26]

[27]

(a) The continuum intensity around 4500 A, using the Kramers-Unsold equation
[23]

n, = (1-241 X 10'° . ex. VT^)1'* (1)

where e* is the emission intensity of the continuum in and T, the
electron temperature in K; the constant originates from RICHTEE [29]. This
continuum can only be observed for distances up to 20 mm from the RF-coil.

(b) The ion/atom line pair of magnesium or another alkaline earth element [26,30] at
increasing distances from the RF-coil,

(ii) Abel inversion
The inversion of a measured lateral intensity distribution, I(x), into a radial

distribution of the emittance, J(r), is commonly called an Abel inversion, since it
involves the solution of an inverted Abel integral equation, i.e.

IT - r»)
(4

The practical realization of this inversion imposes rather strict conditions upon the
measurement system.

A first requirement is a precise measurement of the lateral intensity distribution.

[29] J. RICHTEE, Radiation of Hot Oases, Plasma Diagnostics (Edited by W. LOCHTB-HOLT-
GBEVEN), Chapt. 1. North Holland, Amsterdam (1968).

[30] G. B. KOENBLUM and L. DB GALAN, Spectrockim. Acta 28B, 139 (1973).

* - I - I -1 - 3
e r g . s . s r .pm .cm
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Whether this is sampled by a number of successive, discrete steps, or continuously
scanned over the entire width of the plasma, in both cases the true distribution is
smoothed by the size of the observation region determined by the diaphragm in Fig.
3. I t is, therefore, essential that the step width is smaller than the distance over
which the lateral intensity changes appreciably. This is the more important, since
the above expression contains the first derivative of the lateral distribution. This
also implies that for any practical type of plasma ten to twenty steps are minimally
required to describe the intensity distribution accurately.'

For example, without an argon sample flow the lateral distribution of argon
line intensities is smooth enough to permit sampling with a lateral observation width
of 2 mm. With sample now, however, the doughnut-shape of the plasma is reflected
in a sharp increase of the intensity towards the boundaries of the discharge (Fig. 4).
The step size must now be reduced to 1 mm for argon lines and even less for some
sample element line intensities. The present equipment allows a reduction of the
step size to 0-25 mm.

Lateral co-ordinati.mm

Fig. 4. Lateral intensity distribution at 6 mm from the BF-coil. Shaded areas
indicate the position of the coolant tube. - O - 4078 A SrU, 10 mg/1. - 0 - 4607 A
Sri, 10 mg/1. . . A • • 3720 A Fe, 150 mg/1. - + - 45S6 A Cs, 2000 mg/1. (x 2-5).
- A - 3283 A Zn, 2000mg/1. (x 7). - Q - 3836 A Ar. -x -2470 A C, 800 mg/1.

- O - 3080-7 A OH-band.
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A second requirement is the exact location of the central point of the intensity
distribution, where x = r = 0. An incorrect assignment of this position introduces
large errors in the radial emittance near the center of the discharge, sometimes
leading to negative emittances at r = 0. This is already true for a parabolically
shaped lateral distribution (maximum intensity at x = 0) and even more so for the
distributions shown in Fig. 4 with a centrally located minimum intensity. I t was,
therefore, found unsatisfactory to determine the central point of the plasma from the
geometry of the plasma tube assembly. Bather, the true central point had to be
determined from the observed lateral intensity distribution itself as the midpoint
between the two maxima.

A further requirement is an exact symmetry of the distribution. The example in
Fig. 4 shows that this has not been completely realised yet. Asymmetric distributions
have also been reported by GOLD'PABB and DEESVTN [24] and been commented upon
by ALDEE and MEBMET [31].

Recent observations showed that Teflon is an unsatisfactory material to maintain
a rigid position of the three centering screws. Replacement by brass and very
careful centering has enabled us to obtain and maintain a symmetric intensity
distribution.

A final problem is the solution of Abels integral equation. Various approaches
are used in the literature. CBEMEBS and BIBKEBAK [32] discuss no less than 14
different methods to solve this equation in terms of accuracy obtained, sensitivity
to noise and number of data points required. In a first and very simple approach
the circular cross-section of the source is divided into rings of width equal to the
lateral step size. The radial emittance in each ring is assumed constant [33, 25, 21],
so that the resultant series of Abel integrals may be integrated. This approach is
utilized in Figs. 5 and 6. A second approach assumes I{x) to be a linear function of
x* in each lateral step. NESTOR and OLSEN [34] proposed this method which in
comparison with other numerical techniques [35, 36] gave quite satisfactory results.

Another approach attempts to fit the entire lateral intensity distribution with a
polynomial (or any other suitable function) which is then used to solve equation (2)
analytically. An example is given by FBEEMAN and KATZ [37]. A refinement of this
technique is the proposal of Cremers and Birkebak to divide the entire lateral
distribution into five segments, each of which is fitted with a polynomial to compute
the necessary first derivative. Integration is carried out analytically. This method
was used with good results by MEKMET and ROBIN [38] for an induction coupled
plasma similar to the one described here. I t would appear that a further refinement
could be obtained by successive polynomial fitting as described by SAVITSKY and
GOLAY [39] where - ~«fc of, say, nine points is allowed to move over the entire array

[31] J. F. ALDEB anu >.. .. MEBKET, Spectrochim. Ada 28B, 428 (1973).
[32] C. J. CBSMBBS and B. C. BIBKEBAK, Appl. Optics 5, 1067 (1966).
[33] H. MAECMB, Z. Phya. 186,119 (1963).
[34] O. H. NBSTOB and H. N. OLSEN, SIAM Rev. 8, 200 (1960).
[35] P. W. J. M. BOUMANS and F. J. DB BOER, Spectrochim. Ada 29B, (1974).
[36] I. D. KULAOIN, L. M. SOBOKTN and E. A. DDBBOVSKAYA, Opt. Spectry. (USSR) 32, 469

(1972).
[37] M. P. FBEEMAN and S. KATZ, J. Opt.Soe. Am. 58,1172 (1963).
[38] J. M. MEBJCET and J. P. ROBIN, See. Int. Htes Temp. Bijract. 10,133 (1973).
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- 8 - 6 - 4 - 2 0 2 4 6 8
Radial co-ordinate, mm

Fig. 5. Radial distribution of temperature. • Argon excitation temperature
without sample introduction stream, 2 mm from RF-coil, power 1-3 kW. D Argon
excitation temperature with sample introduction stream, 6 mm from RF-coil,
power 1 -4 kW. A Zinc excitation temperature, 6 mm from RF-coil, power 1 -4 kW.

of input data points. This is presently under investigation. I t should be pointed out,
that in all types of polynomial fitting some smoothing of noise is accomplished.

4. RESULTS

In view of the foregoing remarks the distributions presented in Figs. 4-6 should
be considered as preliminary, from which only the overall shapes of the distributions
and the order of magnitude of the quantities can be concluded.

Figure 4 presents lateral intensity distributions for a number of species in the
plasma while sample is being introduced. All distributions reflect the ring-shape of

- 8 - 6 - 4 - 2 0 2 4 6 8
Radial co-ordinate, mm

2
10*
5

2
101!

10K

I

Fig. 6. Radial distribution of electron concentration. • Derived from continuum
intensity at 4600 A, no sample introduction stream, 2 mm from RF-coil, power
1 -3 kW. D Derived from continuum intensity at 4600 A, with sample introduction,
6 mm from RF-coil. power 1-4 kW. A Derived from Mg atom/ion line pair and

Zn temperature, 6 mm from RF-coil, power 1-4 kW.

[30] A. SAVTESKY and M. J. E. GOLAY, Anal. Chem. 38, 1627 (1964).
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the plasma, but it is striking that the positions of maximum intensity move outward
with increasing ionization potential of the species, which ranges from 384V for
Cs to 11-3 V for C. The intensity distribution of the OH-band shows two smaller
peaks near the plasma boundaries in addition to the 'normal' off-axis peaks. These
additional enhancements are attributed to diffusion of atmospheric water vapour
into the plasma.

The temperature and electron concentration measured without the sample flow
exhibit a smooth shape. In these experiments the power level was two third of its
maximum level (i.e. 1-3 kW), which accounts for the relatively low temperature of
5400 K. Higher values of 8000-10,000 K reported in the literature [24, 41-43] refer
to higher RF powers or to measurements inside or very close to the RF-coil. The
values of the electron concentrations lie in the same range as the values quoted in
literature.

The introduction of the sample stream causes a considerable temperature drop
in the middle of the plasma, which connects the visually observed doughnut shape
with an actually measured temperature distribution. It causes also a constriction
of the plasma between the sample stream and the walls. The power is then concen-
trated in a smaller volume, which results in higher temperatures. Figure 5 shows this
behaviour in the radial temperature distribution, which now reaches values between
4500 and 12000 K, measured with a power level of 1-4 kW.

The zinc temperature and the argon excitation temperature have about the same
order of magnitude in some parts of the plasma, whereas the OH-rotational tempera-
ture remains appreciably below the excitation temperatures throughout the plasma.
However, these preliminary observations do not yet permit conclusions about possible
deviations from thermal equilibrium. Further observations are obviously necessary.

The two results obtained for the distribution of the electron concentration when
sample is being introduced are quite different. When the electron concentration is
derived from the continuum intensity at 4500 A [equation (1)] the central dip is much
less pronounced than in the extreme distribution derived from the Mg ion/atom line
pair. This is probably due to the fact that the electron concentration derived from
the continuum intensity is much less sensitive to errors in the temperature distribu-
tion than the ion/atom line intensity ratio.

Therefore, at this moment the electron concentrations derived from the con-
tinuum intensity are considered to be more reliable, also because they agree well with
the value of 1018 cm"3 reported by MERMET et al. [46].

[40] P. D. JOHNSTON, Phys. Lett. 20, 499 (1966).
[41] D. W. HUGHES and E. R. WOODING, Phys. Lett. 2iA, 70 (1967).
[42] V. M. GOLD'PABB, V. CH. HEUCHMAN and S. V. DBESVIN, Proc. XIV, Coll. Spectry. Int.

Debrecen 1967, p. 751. Adam Hilger, London (1968).
[43] S. V. DESAI and W. H. COBCOBAN, J. Quant. Spectry. Badiat. Transfer 9, 1371 (1969).
[44] W. L. WIESE, M. W. SMITH and B. M. MILES, Atomic Transition Probabilities, Vol. II.

N.B.S.-N.S.R.D.S. Washington (1969).
[45] C. H. CORLISS and J. TECH, Transition Probabilities for 3288 Lines of Fe I, N.B.S. Mono-

graph 108 (1968).
[46] J. M. MERMET, J. JABOSZ and J. ROBIN, Preprints 11th Coll. Spectry. Int. Florence 1973,

p. 101.
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C h a p t e r I I I

Spatial distribution of the temperature and the number densities*
of electrons and atomic and ionic species in an inductively

coupled RF argon plasma

1. INTRODUCTION

MOST STUDIES of the inductively coupled radiofrequency argon plasma (ICP) at
atmospheric pressure used for analytical purposes, have been descriptive [1-3].
Such impressive.claims as high power of detection [4-6] and relative freedom
from interferences [5,7,8] by choosing the optimum values of the critical
parameters have not yet found a theoretical basis. One important reason for
this is the paucity of spatially resolved data, although there is no doubt, that far
more data are required for an adequate interpretation of the properties of the
TCP [9]. It is the object of this investigation to provide spatially resolved data
and to try to explain them. To this order, the radial resolution of the optical
system described in a previous publication [10] was improved. To favour a
study of the ICP, it was considered helpful to choose such conditions that

[1] J. S. GREENFIELD.and P. B. SMITH, Anal Chim. Acta 59, 341 (1972).
[2] J. C. SOUILLART and J. ROBIN, Analysis 1, 427 (1972).
[3] S. GREENFIELD, I. H. JONES. MCD. MCGEACHIN and P. B. SMITH. Anal Chim. Acta 74,

225 (1975).
P. W. J. M. BOUMANS and F. J. DE BOER. Spectrochim. Acta 27B, 391 (1972).
P. W. J. M. BOUMANS and F. J. DE BOER, Spectrochim. Acta 30B, 309 (1975).
R. H. SCOTT, V. A. FASSEL, R. N. KNISELEY and D. E. NIXON, Anal Chem. 46,75 (1974).
G. F. LARSON, V. A. FASSEL, R. H. SCOTT and R. N. KNISBLEY, Anal. Chetn. 47, 238
(1975).

[8] R. H. SCOTT and A. STRASHBIM, Anal. Chim. Acta 76, 71 (1975).
[9] P. W. J. M. BOUMANS and F. J. DE BOER, Spectrochim. Acta 31B, 355 (1976).

[10] G. R. KORNBLUM and L. DE GALAN, Spectrochim. Acta 29B, 249 (1974).

*A reprint of G.R. KORNBLUM and L. DE GALAN, Spectrochim. Acta
32B ,71 (1977)
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certain interelement effects were exaggerated and thus the above mentioned
favourable features were suppressed to a certain extent. This was effectuated by
increasing the volume flow rate of the carrier gas to threefold its analytically
optimum value. Similar effects, though on much smaller scale, are believed
according to the authors to be present when the plasma is operated under
analytically optimum conditions.

2. EXCITATION CONDITIONS IN INDUCTIVELY COUPLED
ARGON PLASMAS AT ATMOSPHERIC PRESSURE

There is no doubt that the temperature and the electron number density are
the main physical parameters that govern the excitation mechanism in the ICP.
A study of the literature reveals a striking variety of operating conditions. Not
only with respect to primary variables, such as frequency (0.3-50 MHz) [11],
power (0.3-100 kW) and power stabilization, but also with respect to secondary
parameters, such as RF-coil configuration (perpendicular to the plasma tube,
cylindrical or polygonal in form [12]), number of turns, plasma tube and coil
diameter (15-460 mm), gas flow rates (0-180 l./min) and water [13,14] or air
[15] cooling of the tube wall. We can broadly differentiate between physical
plasmas, which have only one tube inside the RF-coil, and analytical plasmas,
that utilize a concentric arrangement of two or three tubes, the sample being
introduced through the central tube; under these conditions the plasma may be
given a typically toroidal shape. Toroidal plasmas have additional parameters
such as the tip diameter of the carrier gas tube (1-6 mm), the tube spacings and
the flow rates of the coolant gas (5-30 l./min), plasma gas (0-15 l./min) and the
carrier gas (0.07-5.4 l./min). In between these two extremes, we find plasmas
where the sample is blown around the massive discharge [16] or is carried by
the cooling gas [17], sometimes after volatilization from a crucible [18-20].

Obviously, it will be difficult to compare the values found for the excitation
parameters in such widely differing plasmas. Another obstacle to such a
comparison is the variation in observation techniques used in extracting the
relevant information. The following review of literature data will make this
clear.

2.1 Temperature measurements
2.1.1 Excitation temperatures. With the basic assumption that the excitation

[11] B. M. DYMSHITS and YA. P. KORETCKII, Zh. Tekh. Fiz. 34, 1677 (1964).
[12] G. BABAT, J. Inst. Elec. Engrs. Lond. 94, 27 (1947).
[13] R. E. ROVENSKII, L. E. BELOUSOVA and V. A. GRUZDEV, Teplofiz. Vys. Temp. 4, 328

(1966).
14] A. D. STOKES, Br. J. Phys^ D. Appl Phys. 1, 916 (1971).
15] T. B. REED, J. Appl. Phys. 32, 821 (1961).
16] R. H. WENDT and V. A. FASSEL, Anal. Chem. 37, 920 (1965).
17] H. TRICHE, A. SAADATE, B. TALAYRACH and J. BESOMBES-VAILHE, Analysis 1, 413

(1972).
[18] I. KLEINMANN and V. SVOBODA, Anal Chem. 41, 1029 (1969).
[19] I. KLEINMANN and J. CAJKO, Spectrochim. Ada 25B, 657 (1970).
[20] B. TALAYRACH, J. BESOMBES-VAILHE and H. TRICHE, Analysis 1,135 (1972).
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is thermal, the emission intensity of a spectral line can be expressed as

Jp = «o2 irlfP £• ^-3 exp (-Ep/kT) (1)
go mAp

where n0 is the number density of atoms or ions (cm"3) in the ground state, I
the source depth (cm), fp the oscillator strength, & the statistical weight of the
lower levelp of the transition, g0 the statistical weight of the ground state, h the
Planck constant (erg s), e the charge of the electron (esu), m the mass of the
electron (g), Ap the wavelength of the spectral transition (cm), Ep the excitation
energy (erg), k the Boltzmann constant (erg K~*) and T the excitation tempera-
ture in K. When this expression is applied to a spectral line of the coolant gas
(argon), the excitation temperature can be derived from the absolute intensity
Jp(ergs~1cm~2sr~1) if the total argon concentration is calculated from the ideal
gas law: n0Tkin = 7.340 x 1021 cm"3 K. Strictly speaking, in this latter expression
Tkin is the gas kinetic temperature, which may or may not be equal to Teic. The
largest uncertainty arises from the necessary absolute oscillator strengths fp,
which are only known to within 25%. Up to now, excitation temperatures have
been derived from absolute argon intensities for physical plasmas only [4,
21-25], with observed maximum values between 8000 and 12,000 K. From
Equation 1 the ratio of two line intensities, labeled p and q is found as:

In (W=ln(gpfPvp
3/gqfqVq

3)+(Eq-Ep)/(kTcxc) (2)

where v is the frequency of the observed spectral transition. From Equation 2
the common excitation temperature is readily found, if the transition prob-
abilities are known relative to each other. The method is easily extended to
more than two lines, whereby the linearity of the plot of In (Iplgrfpvp

3) vs E
verifies the assumption of a common excitation temperature. For a completely
thermal plasma such a common excitation temperature will be observed for all
levels. However, for a non-thermal plasma the semi-logarithmic curve is the
more linear if the energy levels of excited particles lie closer together, demon-
strating that their population can be described by a single excitation tempera-
ture. However it is then doubtful whether this temperature is applicable to
other energy levels outside this range.

Also, a small difference in upper energy levels diminishes the precision of
the temperature determination. Because Ep in Equation 1 is generally much
larger than Eq - Ep in Equation 2, this argument would favour the first method.
On the other hand, because relative transition probabilities are more accurately
known than absolute values, the accuracy of the temperature derived from
Equation 2, is expected to be better in the latter case. Nevertheless the poor

[21] V. M. GOLD'FARB and S. V. DRESVIN, Teplofiz. Vys. Temp. 3, 333 (1965).
[22] F. MOLINET, C.r. Acad. ScL, Paris. 262B, 1377 (1966).
[23] R. E. ROVENSKII, V. A. GROZDEV, T. M. GUTENMAKHET and A. P. SOBOLEV, Teplofiz.

Vys. Temp. 5, 557 (1967).
[24] P. D. SCHOLZ and T. P. ANDERSON, J. Quant. Spectrosc. Radial Transfer 8,1411 (1968).
[25] S. L. LEONARD, J. Quant. Spectrosc. Radial. Transfer 12, 619 (1972).
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agreement between different sets of relative transition probabilities may lead to
variations in the measured temperatures up to 1100 K for argon lines [26,35].

This many-line method has been applied using hydrogen lines [27], and
argon lines in the blue region (420 nm) [24,28-33] for physical plasmas as well
as analytical plasmas [10,20,34,35]; and in the red region of the spectrum
(650-850 nm) for physical plasmas only [28, 36]. For the latter region
GOLD'FARB et al. have warned against errors due to self-absorption [21]. It
appears from the above mentioned measurements that the argon excitation
temperatures thus found range from 3000 to 11,000 K.

Equation 2 can also be applied to spectral lines from elements introduced
with the carrier gas stream into an analytical ICP. This not only broadens the
range of upper excitation energies (from 25,000 to 60,000 cm"1 as opposed to
110,000 cm'1 for argon lines), but also allows a choice of spectral lines with
well-known transition probabilities. Thus, results obtained with iron
[35,37,38], titanium [17,20,35] and zinc [10,39] show that the measured
excitation temperatures increase from 5500 to 6500 K for relatively low
excitation energies (43,000 cm'1, Fe, Ti) to 6000-8000 K for relatively high
excitation energies (62,000 cm"1, Zn).

2.1.2 Electron temperatures. The kinetic temperature of the electrons in the
plasma may be derived from the absolute continuum intensity around 430 nm
[10,14,21,23,40-42]

eA = 8.058 x 10 - 3 V77 1 / 2 (3)

where eA is the absolute continuum intensity (erg s"1 cm~3 sr"1 iiia'1), nt the
electron number density in cm"3 and Te the electron temperature in K. It is
obvious therefore that this temperature is very critically dependent upon the
value assumed for the free electron number density n,. If this value is derived
from Saha's equation applied to the carrier gas, argon, the basic assumption is

26
27
28
29]
30
31
32
33;

34'
35]
36
37
38
39

J. M. MERMET, Ph.D. Thesis, p. 72. Lyon (1974).
K. VISSER, F. M. HAMM and P. B. ZEEMAN, Appl Spectry. 30, 34 (1976).
P. D. JOHNSTON, Phys. Letts 20, 499 (1966).
J. BESOMBBS-VAILHE, /. Chim. Phys. 64, 370 (1967).
S. V. DESAI and W. H. CORCORAN, J. Quant Spectrosc. Radial Transfer. 8,1721 (1968).
S. V. DESAI and W. H. CORCORAN, J. Quant Spectrosc. Radial Transfer 9,1371 (1969).
A. SHAMIN and E. R. WOODING Phys. Letts 34A, 219 (1971).
L. N. MBDGYESI-MITSCHANG and R. A. HEFFERLIN, J. Quant. Spectrosc. Radial Transfer
12, 1631 (1972).
J. F. Alder and J. M. MERMET, Spectrochim. Acta 28B, 421 (1973).
J. M. MERMET, Spectrochim. Acta 30B, 383 (1975).
D. W. HUGHES and E. R. WOODING, Phys. Letts 24A, 70 (1967).
W. B. BARNBTT, V. A. FASSBL and R. N. KNISELEY, Spectrochim. Acta 25B, 139 (1970).
D. J. KALNICKY, R. N. KNISELEY and V. A. FASSEL, Spectrochim. Acta 30B, 511 (1975).
P. W. J. M. BOUMANS, H. C. WAGENAAR and F. J. DE BOER, Preprints 17th Coll Spectrosc.
Int., Florence 1973, Vol. 1, p. 114 (1973).

[40] V. M. GOLD'FARB, A. V. DONSKOI, S. V. DRESVIN and V. S. KLUBNIKIN, Teplofiz. Vys.
Temp. 5, 549 (1967).

[41] B. M. DYMSHTTS and YA. P. KORETSKH, Zn. Tekh. Ftz. 34, 1677 (1964).
[42] V. N. SOSHNKOV, E. S. TREKHOV, A. F. FOMENKO and Yv. M. KOSHEV, Teplofiz. Vys.

Temp. 9, 488 (1971).
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that Te = Tion. This assumption has been confirmed by STOKES [14], GOLD'FARB
et al. [21] and ROVENSKII et al. [23] for physical plasmas, with temperatures
from 8780-9500 K, but negated by LEONARD [25], who found temperatures of

f 7400-8200 K. Later GOLD'FARB et al. [40] found a difference of 2000 K
between this temperature and one obtained calorimetrically. Other authors use
Equation 3 without any justification [41,42]. Below the wavelength limit Ag,
Equation 3 is replaced by Equation 4, and can be used for the determination of
the electron temperature in a relative way:

where ev is the relative continuum intensity at wavelength A and Ag is the
wavelength limit. The. proportionality factor £ is weakly temperature and
wavelength dependent. KLEINMANN et al. [18] report a value of 11,400 K for Tt
measured in this way.

2.1.3. Gas kinetic temperature. When Equation 2 is applied to molecular
rotation lines in one vibration band, the resulting temperature is generally
accepted to be the gas kinetic temperature due to the rapid exchange between
rotational and kinetic energy of the molecules. An alternative, more direct
estimate of the kinetic temperature can be derived from the Doppler-
broadening of spectral lines provided that allowance is made for pressure
broadening.

The results reported by various authors show a wide divergence. KLEIN-
MANN et al. [18] found values around 2100 K in a low power 1CP (50 MHz,
0.27 kW) from GN-lines and argon line-widths. However, KORNBLUM and DE
GALAN [10] (50 MHz, 0.4 kW) measured 3800 K using OH-rotation lines in a
similar plasma and HUMAN and SCOTT [43] (27 MHz, 1 kW) report Doppler
temperatures ranging from 5000 K for Ca and Sr lines to 6700 K for argon
lines. Correspondingly high gas kinetic temperatures are reported for high
power plasmas: ALDER and MERMET [34] find 6100 K from C2-lines in a
5.4 MHz, 6 kW argon-methane plasma and TALAYRACH [20] reports 5000 K
from BO-lines in a 6.3 MHz, 12 kW argon ICP.

2.1.4. Conclusions. The temperatures reported for induction coupled
radiofrequency argon plasmas at atmospheric pressure vary from a low 2000 K
to a high 12,000 K. This wide variation can be traced back to differences in
plasma conditions, configuration, observation height (i.e., located in or above
the work coil) and to differences in the actual temperature measurement. The
data presently available do not allow a definite preponderate conclusion. The
influence of plasma design can only be tested if exactly the same temperature
measurement (same species, same spectral lines, same transition probabilities)
is used under widely varying conditions (compare Fig. 10). For example,
MERMET et al. [44] using the same lines of Ti(II) and Fe(I) in two different

[43] R. H. SCOTT and H. G. C. HUMAN, Spectrochin. Ada 31B, (1976).
[44] M. H. ABDAIXAH, J. JAROSZ, J. M. MERMET, C. TRASSV and J. ROBIN, Preprints 18th Coll

Spectrosc. Int., Grenoble, Vol. Ill, p. 758. Groupement pour l'Avancement des M6thodes
Spectrographiques, Paris (1975).
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plasmas, obtained 5300 K for the 5-MHz (1.3 kVV) and 4300 K for the 40-MHz
(6kW) configuration. It is not clear whether the change in power or in
frequency is responsible for this difference. However the effect of applied
power depends on the frequency. Empirically a reverse relationship exists
between power needed and frequency used. Alternatively any real difference
between the observed temperatures can only be derived from measurements in
one and the same ICP. The review presented above would seem to indicate that

(') *fM kinetic*-• -Texdtttinn"^ •'election kinetic

(ii) rexc increases with the excitation energy of the spectral line used.
If true, this tentative conclusion would indicate that the ICP is not in a state of
local thermal equilibrium (LTE). This question is discussed in the final section
of this paper. It is clear, however, that uncertainties in the relative transition
probabilities used have a decisive influence upon this conclusion. For this
reason a measurement of Texc independent of the transition probability will be
presented in section 4.2.

2.2 Measurement of the electron concentration
2.2.1 From Sana's equation. Again assuming thermal excitation conditions,

Saha's expression for the ionization equilibrium is

n,ne (2irmkT)3/22Zi
na h3 Za

exp(-WfcT) (5)

where tu, ne and na are, respectively, the number densities of ions, electrons,
and atoms. Zt and Za are the partition functions of ion and atom, VI is the
ionization potential and the other symbols have the same meaning as in
Equation 1. Equation 5 can be used to derive the electron density if for the
ionization temperature, T^, some value is known or chosen. When Equation 5
is applied to the coolant gas (i.e., tii — ne = w^ui—«<.), and Tum is taken to be
equal to Texc derived from argon line(s), the results are [21,31] l x l O 1 5 to
4 x 10" cm"3. Equation 5 may be applied also to elements introduced with the
carrier gas, if n, and na are derived from corresponding ionic and atomic line
intensities. Results obtained in this way cover a wide range (MERMET [35]
2 x 1 0 " , BOUMANS et al. [39] 2 x 1 0 " , KORNBLUM et al. [10] 1 x 1 0 " cm"3 as
maximum values), undoubtedly due to differences in the assumed T ^ and the
uncertainty that the ratio of the atom-ion line intensities reflects correctly the
real atom-ion number density ratio.

2.2.2 From Stark-broadening. The stark broadening of spectral lines emit-
ted by argon or hydrogen (notably Hp) [45,46] yields electron densities that
are largely independent of the temperature and of any i sumptions about the
existence of LTE. JOHNSTON [28] derived a value of 4.4xl01 5cm~3 from an
argon line, whereas JAROSZ [47] found the values derived from argon

[45] H. R. GRIEM, Plasma Spectroscopy p. 92, McGraw-Hill, New York (1964).
[46] W. L. WIESE, Line broadening, Plasma Diagnostic Techniques. (Edited by R. H. HUDDLES-

TONE and S. L. LEONARD). Academic Press, New York (196S).
[47] J. JAROSZ, J. M. MERMET and J. ROBIN, C.r. Acad. Sci., Paris 278B, 885 (1974).
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549.95 nm to be 10-25% lower than the maximum value of 1.2xl01 6cm 3

derived from Hp. Using the same technique for argon lines MERMET [35] found
the axial values to decrease from 1.1 xlO16 to 3x l0 l s cm~ 3 with increasing
observation height (10-20 mm) and increasing carrier gas flow rate (0-
2.51./min). Other values [12,48,49] derived from H3 range from 3 x l O l s to
2.7xl01 6cnT3 .

2.2.3 From continuum intensity. Equation 3 shows that the electron density
can be readily derived from the continuum intensity with only a weak depen-
dence upon the assumed electron temperature (ne ~ Tl'4). MEDGYESI-
MITSCHANG et al. [33] found that the electron number density measured in this
way varies from 7xlO1 5 to 1.5xl016cm"3 with varying pressure (0-650 torr)
and power (42-60 kW); KORNBLUM et al. [10] report lower values between
5 x 1014 and 2x 1015 cm"3 for an atmospheric ICP.

2.2.4 Conclusion. Although the temperatures may differ, because of lack of
LTE, there is only one electron density. The above review of the literature
shows that with a few exceptions the reported data in atmospheric argon
ICP's are centered about a value of 1016cm~3. This agrees also with the
empirical relation proposed by ECKERT et al. [48] for physical plasmas, that
ntR —1016 cm"2, where R is the radius of the plasma tube. Significantly
deviating values are reported only when the electron number density is derived
from Saha's equation. The critical dependence of these values upon the
ionizaticn temperature and also upon the excitation mechanism raises doubt
about the existence of LTE in the ICP.

3. EXPERIMENTAL

Details of the equipment have been described previously [10], so that only
some minor changes will be mentioned here.

Sample desolvation is effectuated with a heated nebulization chamber kept
at the outside at 200°C and a heating tube held at 130°C with a PID controller
(Eurotherm) and a condenser cooled to 4°C. The holder of the tubes is made of
aluminium and contains four O-rings for each plasma tube. The end pieces in
which teflon tipped screws for positioning the tubes are placed, have been made
of brass. The end facing the RF coil is covered with a teflon shield of 3-mm
thickness for heat insulation.

The lateral resolution of the optical system was improved by reducing the
primary diaphragm to 0.4x0.4 mm2 and the aperture to //8. The observation
cone through the plasma is now 0.14x0.14mm2 in the centre and 0.88x
0.88 mm2 at the edges (R-8 mm). A scan over the full width of the plasma
thus includes 80 steps of a corresponding step motor. The electronic control
unit of the step motor permits adjustable observation times, lateral displace-
ments and, (through a magnetic valve) an alternating introduction of either
sample or blank solution into the plasma. An example of a lateral absorption
measurement is shown in Fig. 1.

[48] H. U. ECKERT, F. L. KELLY and H. N. OLSEN, J. Appl. Phys. 39, 1846 (1968).
[49] V. M. GOLD'FARB and V. KH. GOIKHMANN, Zh. Prikl. Spektrosk. S, 193 (1968).
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Fig. 1. Recorder tracing of a lateral absorption measurement of Mg(I) 285.2 nm,
with the electronic control unit of the step motor, which measures alternatively
blank and sample, and then displaces the optical system over a predetermined
distance. The apparent asymmetry of the transmission curves is due to the optical
arrangement and does not represent an asymmetry in the plasma; in fact, the

calculated absorbance curve is highly symmetrical.

The optical and electronic system allows the observation of both emission
and absorption signals. To facilitate the measurements in absorption, the
spectral lines must meet the following conditions: The hollow cathode lamp
lines should be sufficiently intense to enable discrimination against the lines
emitted by the plasma. Indeed, the lock-in amplification system used processes
the modulated signals from the hollow cathode lamp and discards the d.c. signal
originating from the plasma, but with high plasma intensities the latter will
produce a high noise level in the signal. As long as the intensity from the
hollow cathode lamp exceeds or equals the intensity from the plasma, which is
generally true for the high-flow plasma, our ordinary lock-in amplifier (PAR-
128) suffices to make absorption measurements with a noise level of 1-3%. In
the low-flow plasma however, the plasma intensity is usually much larger
(2-20x) than the hollow cathode lamp intensity. Reliable absorption measure-
ments were now only possible for the atomic calcium tine using a lock-in
amplifier with a large quality factor (PAR-186). Preliminary measurements
showed that a system with a pulsed hollow cathode lamp [50] (lamp current
between 50 and 500 mA) and a box-car integrator solved a good deal of the
problems.

Sample solution concentrations were always adjusted such that all measure-
ments fell in the linear part of the calibration curve. In some cases this required
different solution concentrations for absorption and emission measurements,
respectively.

As will be demonstrated below, the carrier gas flow rate exerts a large
influence on the excitation conditions in the plasma. In order to vary this flow

[SO] E. PIEPMEIER and L. DB GALAN, Spectrochim. AM 30B, 211 (1975).



rate without altering the sample uptake rate from the pneumatic nubulizer, the
initial flow rate of the carrier gas was kept at 4.5 l./min. A bypass heated to
prevent clogging by condensed water and positioned before the condenser
made it possible to introduce a variable fraction of this flow into the plasma. In
order to maintain a constant linear cold gas velocity of about 15 m/s, the exit
tip of the injector tube was varied. This gas velocity has about the same value
as was used by BOUMANS et al. [5] in their compromise conditions for simul-
taneous multielement analysis. Two plasmas will be compared: (i) A plasma
with a high carrier gas flow of 4.5 l./min and a tube diameter of 2.6 mm and (ii)
a plasma with a low carrier gas flow of 1.36 l./min and a tube diameter of
1.31 mm.

4. THEORY

4.1 Abel inversion
The accurate Abel inversion of the measured lateral intensity distributions

is a prerequisite for the present investigation. A survey of existing methods for
solving the Abel integral equation has been given earlier [10]. The present
approach utilizes a least square polynomial fitting, so that the entire set of
numerical values describing the lateral distribution is transformed into a set of
overlapping polynomials. This not only smoothes the noise superimposed on
the data, but also allows an analytical solution of the Abel equation. Extensive
testing showed that the best results were obtained with first or second degree
polynomials fitted through three or five consecutive data points respectively
(the program takes the degree providing the smaller least square deviation).
The total number of data points over one plasma radius is usually about 35.

4.2 Excitation temperatures derived from combined emission!absorption
measurements

In section 2.1 existing methods for measuring (excitation) temperatures
have been discussed. If we reconsider the absolute intensity method based on
Equation 1 we conclude that this method requires a knowledge of the ground
state particle density, no, and the absolute oscillator strength, fp. This problem
is partially overcome by the two or more line emission method based on
Equation 2, where in the intensity ratio the particle density disappears and
oscillator strengths need only be known on a relative scale. Still the inaccurate
knowledge of even relative oscillator strengths accounts for the serious disag-
reement between temperatures derived from different sets of spectral lines. The
wide variation in available oscillator strengths for one and the same set of iron
lines has been demonstrated by MERMET [26] and KALNICKY et al. [38].

Now the product nofp also appears in the expression for the absorbance of a
ground state transition, viz.

2 In 2) , , .
(6)

where H(a,0) is the peak absorption correction, (values can be read from
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Table 1. Used constants for the emission-

Species
(run)

Excitation
energy
(cm-1)

Ion
energy
(eV)

Statical weight
upper level, gp

(no unit)

Oscillator
strength,

/[54]
(no unit)

Transition
probability,

A. x 108

(S-)

Ca 422.7
Ca* 393.3
Mg 285.2
Mg+ 279.6

23652
25414
34925
35761

6.11
11.9
7.61

15.0

3
4
3
4

1.75
0.69
1.81
0.63

2.18
1.49
4.95
2.69

Table 1), 8AD is the Doppler width, (see for detailed information Equation 10),
and the other symbols have the same meaning as in Equation 1.

It is clear that by combining Equations 1 and 6 the particle density, n0,
again cancels in the ratio I/A. If we combine two arbitrary transitions in this
way the ratio of oscillator strengths is still retained and, in fact, this method is
then no different from the two-line emission method. However, if we measure
simultaneously the emission intensity and the absorbance for one and the same
spectral transition, the same oscillator strength appears in both Equations 1 and
6, so that the ratio of I/A becomes equal to

I ^ 8\D V(7r/ln 2) he2 exp (-E/kT)
A AsH(a,0)

(7)

Actually this method derives the number density of excited particles from the
absolute emission intensity and the number density of ground state particles
from the absorbance. Substituting these values in Boltzmann's law gives the
excitation temperature, provided of course that this law is valid. Rearranging
Equation 7 and substituting numerical values we obtain the following practical
expression for the temperature

T =
log(y)+log(

8Ar
H(a,0)J (4.535 + 5 log A)

A and SKD in cm, I in ergs 'cm 3sr ' and A inwhere E is expressed in cm"1

absorbance units/cm.
Apart from the experimental error in the measured intensity and absor-

bance, the main uncertainty arises from the factor H(a, 0) that accounts for the
influence of the relative line profiles in the absorption measurement [51]. In the
present study, the atomic and ionic resonance lines of calcium are used, for
which the hollow-cathode source lines have been accurately measured [52]. The
corresponding lines for magnesium are not exactly known, but can be estimated
from the Doppler temperature in hollow-cathode lamps and the known absence
of hyperfine structure.

[51] L. DE GALAN and H. C. WAGENAAR, Meth. Phys. Anal. (GAMS) 8, 17 (1971).
[52] H. C. WAGENAAR and L. DE GALAN, Spectrochim. Ada KB, 157 (1973).



47

absorption temperature method.

Lorentz-Doppler Peak absorption Doppler width, Partition function,
width, a correction, H(a,O) 8ADxl0' Z[53]
(no unit) (no unit) (cm) (no unit)

T=3800K T=5000K T=3800K T=5000K T=380OK T=5000K T=4000K

0.46 0.30 0.63 0.73 0.28 0.34 1.0S
0.62 0.36 0.S6 0.69 0.26 0.31 2.07
0.17 0.83 0.25 0.29 1.00
0.21 0.80 0.24 0.29 2.00

The absorption profiles in the plasma are much more uncertain. The
important parameter is the a-value describing the ratio of collisional to
Doppler broadening. The data of calcium, shown in Table 1 along with other
relevant data, have been derived from interferometric measurement of the
plasma emission lines using the equipment described in [52]. The accuracy of
the a-values of about 0.5, fairly low for an atmospheric pressure source, was
checked as follows. The a-value for the atomic and ionic calcium lines in an
acetylene-nitrous oxide flame are 0.73 [55] and 0.48 [52], respectively. These
can be converted into plasma values by correcting for a difference in tempera-
ture (a ~ T~6IS [56]) and for a change in atmosphere from nitrogen to argon
(-10%). This yields 0.48 and 0.32, respectively. Whereas the value for the
atomic line agrees very well with the experimental results [61] in Table 1 the
ionic line values differ by a factor of 2. The a-values reported by SCOTT and
HUMAN [43] in a similar ICP are also fairly low.

The available interferometer plates did not permit a measurement of the
magnesium lines. The a-value for this atomic resonance line was derived from
published flame values [57-59] as 0.17. The a-value for the ionic magnesium
line was derived from this value either by applying a wavelength correction
(a~A, hence a[Mg(II)] = 0.19) or by assuming a ratio similar to the calcium
values (a[Mg(II)]=0.23).

The above argumentation clearly shows that the a-values presented in
Table 1 cannot claim a high accuracy. In fact they may be in error by as much
as a factor of 2, so that it is important to analyse the influence of this possible
error on the measured temperature.

[S3] L. DE GALAN, R. SMITH and J. D. WINEFORDNER, Spectrochim. Ada 23B, 521, (1968).
[54] W. L. WIESE, M. W. SMITH and B. M. MILES, Atomic Transition Probabilities. Vol. II.

NSRDS-NBS22, Washington (1969).
[55] H. C. WAOENAAR and L. DE GALAN, Spectrochim. Acta 29B, 211 (1974).
[56] H. C. G. HUMAN, Ph.D. Thesis, Pretoria (1970).
[57] A. LURIO, Phys. Rev. 126, 1768 (1970).
[58] W. W. MCGEE and J. D. WINEFORDNER, J. Quant. Spectrosc. Radial Transfer 7, 261

(1967).
[59] B. V. LVov, Meth. Phys. Anal (GAMS) 8, 3 (1972).
[60] D. W. POSENER, Austr. J. Phys. 12, 184 (1959).
[61] G. R. KORNBLUM and H. C. WAOENAAR, Preliminary measurements, see section 4.2.
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4.3 Reliability and applicability of the proposed temperature measurement
It follows easily from Equation 8 that the relative error in the measured

temperature is equal to
Te>c dX

jffB~x\ • (9)

where dX/X represents the relative error in I, A, SAD or H(a,Q). The
calibration of the detection system to convert scale readings to absolute
intensities occurs with a calibrated tungsten strip lamp. The intensity of the
light emitted by the lamp depends on the temperature, and the current through
the lamp fixes the temperature. So the accuracy of the absolute intensity is
determined by the accuracy with which the current can be measured and
stabilized, the exactness of the primary temperature determination and the
correction for the emissivity of tungsten. The combined percentual error in the
calibration-conversion amounts to 1.2% [75]. The precision with which inten-
sities from the plasma can be measured is 3-5%. Thus the precision of an
absolute intensity determination appears to be mainly dependent on the
precision with which intensities from the plasma can be measured.

From Fig. 1 an estimate of the error in the absorbance can be made, such as
occurred with a typical absorption measurement. The uncertainty varies from
1% in the centre of the plasma to 8% at the edges. The formula for the
calculation of the Doppler width is:

8AD = 7.16 X1O~7 A V(T/M) (10)

where A is the wavelength, T is the temperature and M the atomic weight. The
inaccuracy in the temperature is the only factor which causes an error in the
Doppler width. The relative error in the Doppler temperature, which is taken
from the measured OH-rotation temperature (cf. section 5.1), is less than 3%,
the resulting percentual inaccuracy in the Doppler width amounts to 1.5%.
Taking into account all the above mentioned error sources the total error in the
temperature measurement amounts to about 2% at 5000 K. To generalize the
discussion let us assume that the percentual error in all the above mentioned
factors is 10%. The percentual inaccuracy in the excitation temperature caused
by the simultaneous action of all these sources of error is indicated in Fig. 2 for
an excitation energy of 25,000 cm"1 as a function of the excitation temperature.
This error remains below 4%.

A possible error in the assumed a-value cannot be treated in this way,
because the profile function H(a, 0) is not linearly related to the a-value [60].
However, the two other curves in Fig. 2 show that a very large error in the
a-values for two values of the excitation energy can be tolerated without
serious repercussions upon the precision of the temperature measurement. This
is fortunate, because the profile factor will also depend upon a possible
wavelength shift between the absorption profile and the primary source line.
Because the collisional broadening in the ICP is small, as shown by the small
a-values [61], this shift will also be small [51] and exert only a minor influence.
In the present study, the shift was assumed to reduce the a-value by 10%.
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Fig. 2. Relative error in the emission-absorption temperature determination as a
function of the temperature. Curves are drawn for a 10% uncertainty in the
intensity, absorbancc and Doppler width and for a two-fold error in the assumed
a-value of 0.35. Results for excitation energies of 25,000 cm"1 and 35,000 cm'1 are

given.

Summarizing, we estimate the total error in the excitation temperature to be
less than 5%, which makes the proposed method already more reliable than the
existing methods discussed earlier. This is demonstrated for example by the
data in Fig. 7, wtiere the absorption-emission temperatures lie much closer to
the drawn curves than the two-line emission temperatures in Fig. 8. Of course,
a well fitting curve (Figs. 7 and 8) only proves a good precision, but tells
nothing about the accuracy of the data. In this method the accuracy is mainly
determined by the uncertainty in the profile factor H(a, 0). Consequently this
can be improved by a better knowledge of the absorption profiles in the ICP.

A second important condition for acceptance of the proposed measurement
technique is the temperature range that can be covered. From Equation 8 it is
clear that this depends upon the excitation energy of the resonance line and
upon the limiting values that can be measured for I and A. Although these
values obviously depend upon the equipment used and the spectral line in
concern, a rough estimate can be obtained through the following argument.

The maximum values, which can be allowed in this method, for absorbance
as well as for the emission intensity, depend on the upper limit of linearity of
the calibration curve, because beyond this limit the linear relationship between
number density and signal will be lost. In actual practice of atomic absorption
the most important source for bending of the calibration curve is stray light
[51].° A safe upper limit of the absorbance, where stray light can be neglected,
appears to be 1.0 (Amu). With emission measurements the curvature of the
calibration graph is caused mainly by self-absorption [69]. To calculate this
effect let us take the radial distribution of calcium atoms at IS mm observation
height (Fig. 9) as a starting point. The emission intensity can be written as [51]:

B> -PH(a,v)y]d\ (11)



so

where BA is the spectral radiance of a black body radiator, and P is a
wavelength depended proportionality factor:

P = 1.16x 10"6 • no//pAV(M7T) (12)

where A is the wavelength, ri0 is the atom number density, fp is the oscillator
strength, I is the absorption path length, M is the atomic weight and T is the
temperature. If PH(a, v)^0.1 then Equation 11 reduces to Equation 1,
whereas at higher values of PH(a, v) the emission line intensity is not propor-
tional to the atom number density and marks the onset of self-absorption. Let
us derive the maximum allowable atom number density (nmix) as the value for
which PH(a, v) = 0.1. After substitution of the numerical values from Table 1
into Equation 12, and with the assumption that the absorption path length,
through which the emitted light must pass is 0.02 cm, this maximum atom
number density is calculated to be 7 x 10" cm"3. At 3000 K this corresponds to
a maximum emission intensity of !„,« = 1.3x10* (erg s~l cm"3 sr"1). The range
of three till five decades, over which the calibration curves in the ICP are
straight [73,74], will give us a fair estimate of the minimum emission intensity,
i.e., Imln=0.4(ergs~1sr~1cm~3). The smallest absorbance value (Amu,), which
was observable with the present equipment, is 0.01. Now substituting IaudA^
and lmJAmia into Equation 8, we obtain limiting values for the temperature in
dependence of the excitation energy for the spectral transition considered.
These curves are plotted in Fig. 3 from which it is clear that for an excitation
energy of 25,000 cm"1 (A = 400 nm) excitation temperatures between 2000 and
8000 K can be measured. This is adequate for the present study. Thus it
appears, that the proposed temperature measurement is flexible enough to
accommodate a wide variation in excitation temperatures.

Excitation (iMrgy.cn>"

(000 500 333 250 200

Fig. 3. Temperature range of the emission-absorption temperature method as &
function of the excitation energy. Ionization losses are neglected. For the maximum

values two possibilities for Ima/AnlM are considered: 2 x 10s and 10*.
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5. RESULTS

Preliminary measurements showed that the values and the distribution of
the excitation parameters depend critically upon the ratio of the volume flow
rates of the coolant and the carrier gas. For this reason, measurements have
been made at two distinct values of this ratio:

(i) coolant gas 16 l./min, carrier gas 4.5 l./min, ratio 3.6, this will be called
the high-flow plasma;

(ii) coolant gas 16 l./min, carrier gas 1.36 l./min, ratio 12, this will be called
the low-flow plasma.

As has been remarked in the experimental section, the linear velocity of the
cold carrier gas has been kept constant at 15 m/s. This is well above the
minimum exit velocity of the cold gas of 2.5 m/s required to pierce a hole
through the hot plasma cloud. This minimum velocity need not be higher than
the linear velocity of the coolant gas, which in the present equipment is 5.8 m/s
at the point of leaving the plasma tubes. Of course, it is debatable how long this
linear velocity is maintained as the tube dimension widens and also the gas is
heated. The ratio of the linear velocity of carrier gas to coolant is 5.8/15 = 0.39
close to the value of 0.52 used by BOUMANS et al. [5].

In all following measurements the power input into the plasma is 0.53 kW,
using the calibration given in ref. [5].

5.1 Measurements in the high-flow plasma
Argon excitation temperatures have been derived from argon lines at 340.6,

383.4, 427.2, 430.0 and 451.0 nm using Equation 2. These argon lines have a
half-width of about 0.0074 nm [61] and the bandpass of the monochromator
should be an order of magnitude wider, according to GRIEM [62] to keep the
error in the integrated intensity, caused by wings in the line profile below 10%.
Therefore the bandpass was set at 0.17 nm. (This precluded the measurement
of the 434.5 nm line, which is not sufficiently resolved from the Hr line at
434.1 nm.) Transition probabilities were the same as used in [10].

Without the carrier gas stream, the radial temperature distribution is fairly
flat (Fig. 4) up to r = 4 mm and around 8000 K. Within the experimental error
of about 5%, there is no obvious off-axis maximum arising from a skin-like effect
[15, 17]. By contrast, with the central gas flow the temperature distribution is
much more inhomogeneous, with a central minimum of 4000 K and an off-axis
maximum of 7500 K at r = 3 mm.

The gas kinetic temperature, derived from OH rotational lines is signific-
antly lower: only 1600 K in the centre, with a maximum of 4000 K shifted to
r == 4 mm, in good agreement with previous, but less precise results [10]. In
comparison with the argon or analyte element lines, the OH-lines can be
observed to a larger distance from the axis. It is not clear whether this must be
attributed to more rapid diffusion of OH-radicals or to entrainment of traces of
water from the environment.

The electron densities derived from the continuum intensity (Equation 3)

[62] H. R. GRIEM, Plasma Spectroscopy, p. 308, McGraw-Hill, New York (1964).
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Fig. 4. Radial distribution of argon excitation temperatures. Left: for the low-flow
plasma (1.361./min; carrier gas) at two distances from the RF-coil and for the
physical plasma (no carrier gas upper curve). Right: For the high-flow plasma
(4.5 l./min carrier gas, upper curve); compared with OH-rotational temperature

(lower curve). Power input to the plasma 0.S3 kW.

[10] display a similar behaviour (Fig. 5). A flat radial distribution without
carrier gas, marked inhomogeneity with carrier gas. Again, the maximum
values closely agree to 1.2xl016cm~3. It should be noted, however, that the
off-axis maximum for the electron density is further from the axis than that for
the argon excitation temperature.

Assuming the Boltzmann temperature describing the relative population of
the excited argon energy levels (Fig. 4) to be valid also for the relative
population with respect to the ground state, we can calculate the atomic argon
concentration with Equation 1. The radial intensity distribution used in this
calculation is represented in Fig. 6a, together with the directly measured lateral
intensity distribution. The results presented in Fig. 6b turn out to be impossibly
high. In fact, they are one to five orders of magnitude larger than calculated
from the ideal gas law using the same excitation temperature and ignoring
ionization losses (0.1%), which is represented in the lower curve of Fig. 6b.
This discrepancy will be taken up in the next section. Here it is clear, that the
radial distributions shown in Fig. 6b actually represent the excitation tempera-
ture on an inverse, exponential scale, because as can be seen in Fig. 6a, the
radial variation in I is only one order of magnitude up to 6 mm from the axis.
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Fig. 5. Radial distribution of electron number densities, derived from absolute

continuum intensities at 450 nm.

Finally, Fig. 7 presents excitation temperatures at three observation heights
for the lower excited energy levels of the calcium and magnesium atom and ion
lines. These temperatures are obtained using the emission-absorption technique
described in section 4.2. There is hardly any difference between the results for
calcium and magnesium, but there is signficant difference between the ionic and
atomic transition in both cases. The temperatures derived from the atomic lines
do not vary much with observation height or radial distance (2800-3800 K). By
contrast, the ionic excitation temperatures display much larger variations at a
small distance from the RF-coil (3000-5000 K) but are lower and equally flat at
30 mm from the RF-coil (2800 K). Measurements at the A1(I) 396.1 nm line
gave the same results as obtained with the Ca(I) 422.7 nm line. (The values of
their excitation and ionization potentials are very close.)

Evidently, all temperatures shown in Fig. 7 are much lower than the argon
excitation temperatures, but also higher than die gas kinetic temperatures
derived from OH-lines (Fig. 4).



54

» S r

• Lateral intensity. Argon 451 nm
o Radial intensity . .

ao

0 1 2 3 4 5 6
• Lateral
° Radial

coordinate, mm
(a)

0 1 2 3 4 5 0 7 *
Radial coordinate, mm

(b)

Fig. 6(a). Relative intensity distributions of the Ar(I) 451.0 nm line. Lateral
intensity distribution ( • ) and the resulting radial intensity distribution (D) after
Abel inversion, (b) Radial distribution of atomic argon number density, derived
from the absolute intensity of the 451.0 nm Ar(I) line with Boltzmann's law using
the corresponding temperature curves from Fig. 4. ( • ) In the high-flow plasma
using the radial intensity distribution of Fig. 6b;. ( • ) in the physical plasma, no
carrier gas; (O) in the low flow plasma. The lower curve ( x ) represents the
equilibrium Ar(I) number density calculated with the ideal gas law, from the Ar

excitation temperature in the high-flow plasma.

5.2 Measurements in the low-flow plasma
The argon excitation temperatures (Fig. 4) were measured at 3.75 and

7.50 mm distance from the RF coil. The diminution of the central gas stream
has shifted the temperature maximum towards the centre, which is now situated
at r = 1.5 mm and reaches a value of 8600 K. Apparently the channel which is
formed by the carrier gas has become considerably narrower than in the high-flow
plasma. Its influence on the concentration and distribution of sample atoms will be
discussed later (Fig. 9). Another important difference with the high-flow plasma is
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Fig. 7. Radial distribution of excitation temperatures in the high-flow plasma
(4.5.1./min carrier gas) obtained by the emission-absorption method for Ca (top

drawing) and for Mg (bottom frames).

the rise id the central temperature of 2300 K (at 7.5 mm distance). Apparently, the
necessary exchange of heat from the argon surroundings to the central gas stream
takes some time because at 3.75 mm from the coil the central temperature is still
2500 K below its value at 7.5 mm. Thus when the flow rate of the carrier gas is
reduced, we have seen that the central channel of the discharge contracts and it was
also observed that the emission intensity of analyte species increased two to three
orders of magnitude. Apart from the analytical significance, the much larger
emission (intensity) obstructs the absorption measurements; in fact, with the
present equipment, reliable absorbances could only be measured for the atomic
calcium line up to 2 mm from the axis.

The emission-absorption temperatures measured for calcium over this range
are shown in Fig. 8. In agreement with Fig. 7, but much more pronounced, the
temperature is seen first to increase with the height, to a maximum of 3700 K
at 15 mm (r = 0) from the RF-coil and then to decrease again to 3200 K at
30 mm height. This probably reflects a slow heating of the analyte species in the
cool plasma channel. In comparison with the high-flow plasma, the temperature
in the low-flow plasma is significantly higher by 500-1000 K.

The iron excitation temperatures, derived from iron lines at 381.6 and
382.4 nm using Equation 2 can be observed to much larger radial distances.
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Fig. 8. Radial distribution of excitation temperatures in the low-flow plasma. Left:
for Ca(I) emission-absorption method; Right: Fe(I) two-line emission method;
dashed curves (-.-, —) are taken from KALNICKY et at. [38], solid squares measured
by MERMET [35] at heights indicated. All values are recalculated for the same

transition probabilities of [63].

Whereas at low observation heights the ring shape of the plasma is still
reflected in the radial temperature distribution, this is no longer true over
15 mm above the RF-coil. The observed extensive flat distribution and the
slight decrease with height agree very well with the results of KALNICKY, et aL
[38] which are included for comparison in Fig. 8.

The difference in the actual temperatures between the present data and that'
of Kalnicky cannot be due to different transition probabilities, because all data
have been recalculated using the transition probabilities of CORUSS and TECH
[63]. We prefer these over other values, because they are based on an extensive
and critical evaluation of literature data. Most likely, the higher temperatures
reported by Kalnicky must be attributed to the higher power, (1 kW, opposed
to 0.53 kW in our plasma). The .axial temperatures reported by MERMET [35]
refer to an even higher power of 6 kW, and are also included in Fig. 8.

Figure 9 presents radial distributions of atomic number densities derived
from measured absorbances in the case of calcium or emission intensities in the
case of iron. The larger scatter of data points for iron as opposed to calcium is
due to the uncertainty in the temperature, which is needed to convert the iron

[63] C. H. CORUSS and J. L. TECH, Transition Probabilities for 3288 Lines of Fel. NBS
Monograph 108, Washington (1968).



57

Low-flow
t.38l/mln lamp** atraam

Hign-flow
<5l/min aampie atrean

to 8 7 8 S 4 3 2 I 0 0 1 2 3
Radial coordinate, mm

Fig. 9. Radial distribution of atom number densities at different distances from the
RF coil. From left to right, Fe(I) derived from the absolute intensity of the
382.4 nm line, Ca(I) from absorbance values at 422.7 nm, both in the low-flow
plasma and Ca(I) from absorption measurements in the high-flow plasma. All solute •

concentrations in the sample solution were 0.45 mmol/1.

emission intensities into number densities (Equation 1) using the temperature
profiles from Fig. 8. The figures for calcium are actually the directly measured •
absorbances provided with an appropriate scale factor (Equation 6). The larger
dynamic range of the emission measurements is also evident. All figures refer
to the same concentration nebulized.

The comparison between the high-flow plasma and the low-flow plasma
offered by calcium is particularly enlightening. Whereas the distribution in the
high-flow plasma is noticeably inhomogeneous and reflects a clear toroidal
shape, the distribution in the low-flow plasma is clearly parabolical. The atoms
are apparently constricted to a smaller central volume and attain a much higher
maximum concentration than in the high-flow plasma. However, the steep
radial decline and the strong decrease of the atomic calcium concentration with
increasing height need not indicate a similar tendency for the total calcium
concentration, because of the uncertain extent of ionization. Preliminary meas-
urements of ionic and atomic calcium lines demonstrate an appreciable ioniza-
tion. The data for iron show, that the axial concentration of a less ionized
element is practically independent of the distance from the RF-coil. The much
broader distribution observed at 30 mm height agrees with the smooth temper-
ature distribution in Fig. 7 and demonstrates that the low-flow plasma has lost
its ring shape there.
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6. THE NON-THERMAL EXCITATION IN THE PLASMA

6.1 Introduction
Nearly all temperature measurements reviewed in section 2 and including

those used in the present study assume that the excitation conditions in the ICP
at ttmospheric pressure are at least approximately thermal. Indeed, the ex-
tremely high electronic temperatures reported for low-pressure microwave
discharges (50,000-150,000 K [64]) have never been observed in the atmos-
pheric radiofrequency plasma. Nevertheless, the degree of thermal equilibrium
reached in the ICP has received much attention, if only to explain some
unexpected interferences observed [5,7,65]. The wide variation in plasma
conditions between different authors precludes a general conclusion, but some
insight can be gained from previous publications.

STOKES [14] concluded from the equality of temperatures derived from
absolute argon line and continuum intensities that his static plasma (8.6 MHz,
2kW) in a watercooled Vycortube was thermal. SCHOLZ et al. [24] found
equality within 3% of excitation temperatures and electron temperatures in
their slowly flowing plasma (9cm/s, 4.2 MHz, 2kW). ECKERT et al [66]
observed their measured temperature to be equal to the calculated value
(3.8 MHz, 20 kW, 200 mm tube). And finally, TRICHE et al [17] found agree-
ment between temperatures derived from atomic and ionic titanium lines and
argon lines in a 5.4 MHz, 12 kW plasma designed for synthetic purposes. All
these results indicate the presence of LTE in the atmospheric ICP.

However, DRESVIN and KLUBNIKIN [67] noted a transition from thermal to
non-thermal conditions when the linear flow velocity was increased from 10 to
40 cm/s. At a flow velocity of 50 cm/s Kleinmann [19] observed large differences
between the electron temperature (11,500 K), argon excitation temperature
(4200 K) and gas kinetic temperature (2100 K) in a 50 MHz, 0.27 kW ICP.
LEONARD [25] already concluded the absence of collisional equilibrium at a
flow velocity of only 11.3 cm/s.

This survey of results from physical plasmas proves the importance of the
linear cold flow velocity cf the coolant gas. Up to 10 cm/s the excitation
appears to be thermal, but at higher velocity the measured temperatures begin
to deviate. Now, in analytical plasmas the linear flow velocity is usually an
order of magnitude larger, so that the existence of complete thermal equilib-
rium seems unlikely. Indeed MERMET [35] observed a difference of 2000 K
between the argon excitation temperature and the ionization temperature for a
flow velocity of 206 cm/s in a 5.4 MHz, 6 kW plasma. Previous data from our
laboratory [10] showed a two-fold difference between the argon excitation
temperature and the gas kinetic temperature for a cold flow velocity of
147 cm/s.

[64] P. BRASSEM and F. J. M. J. MABSSEN, Spectrochim. Acta 30B, 547 (1975).
[651 P. W. J. M. BOUMANS, F. J. DE BOER, F. J. DAHMEN, H. HOELZEL and A. MEIER,

Spectrochim. Acta 30B, 449 (1975).
[66] H. U. ECKERT and D. C. PRTOMORE-BROWN, J. AppL Phys. All, 5051 (1971).
[67] S. V. DRESVIN and V. S. KLUBNIKIN, Teplofiz. Vys. Temp. 9, 475 (1971).
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6.2 Theoretical criteria
In an attempt to classify the excitation mechanisms in various plasmas,

criteria have been proposed to delineate the validity range of different plasma
models. A first criteria for the presence of thermal equilibrium has been
developed for electrical arc discharges [68,69], assuming that energy transfer
occurs mainly through collisions between accelerated electrons (mass m,) and
heavy partides (mass M)

In this expression the uncertain parameters are the electron free path length A,
and the electric field strength F. An average value from STOKES [14] is
F = 1.6 V/cm, in agreement with REED [15], but much lower than Gold'farb's
values between 8.5 and 16.4 V/cm [40]. For the electron free path length
Stokes uses A = 1.4 x 10"3 cm in agreement with Boumans et al. [1.1 x 10~3 cm
[4]], but much larger than Reed's value of 6 x 10"s cm. Substitution of Stokes'
values into Equation 13 yields Te - Tkin = 850 K for T, = 6500 K. This differ-
ence does not preclude the presence of thermal equilibrium. However, the
experimentally observed differences (Fig. 4) are much larger and vary from
2500 K at the axis to 4000 K at 2 mm off-axis. It would appear, therefore, that
the criterion developed for arcs is not directly applicable to the ICP.

A second criterion proposed by GRIEM [45], and MCWHIRTER [70] is

nt 3= 3.0 x T«1/2(AE)3 cm"3 (14)

where AE is the excitation energy difference in cm"1. This inequality holds, if
collisional deactivation exceeds radiative deactivation by an order of mag-
nitude. Obviously, the energy difference A£ is decisive here. For example, the
excitation energy of any of the argon lines used in the present study with
respect to the ground state is 124,000 cm"1, which would require an ne3=
5 x 10" cm"3 in Equation 14. This is much higher than the electron number
density actually found in our ICP (Fig. 5). On the other hand, the energy
difference between the upper argon levels mutually is only 8000 cm"1, so that
the required ne is now only 1.3 x 1014cm"3, which is rather lower than actually
observed. Therefore the transitions of the argon upper levels are likely to be in
LTE, which is confirmed by the linear Boltzmann plot observed in the
temperature measurement (section 5.1). Furthermore, the measured maximum
electron number density of 1016 cm"3 would predict thermal excitation of levels
up to 30,000 cm"1 above the ground state. This includes the resonance levels of
the calcium lines used in this study.

It should be clear that neither of the two criteria permits an unequivocal

[68] W. FINKELNBURG and H. MAECKER, Elektrische Bogen und thermisches Plasma, Handbuch
Physik. Vol. 22, p. 2S4. Springer, Berlin, (1956).

[69] P. W. J. M. BOUMANS, Theory of Spectrochemical Excitation. Hilger, London, p.81. (1965).
[70] R. W. P. MCWMRTER, Spectra] intensities, Plasma Diagnostic Techniques. (Edited by R. H.

HUDDLESTONE and S. L. LEONARD). Academic Press, New York (1965).
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conclusion about the extent of thermal equilibrium to be expected in an
atmospheric ICP.

6.3 Evidence from the present study
The various temperatures measured in the present investigation provide

ample evidence that neither the high-flow nor the low-flow ICP is in a state of
LTE. We recall that the argon number density calculated from absolute line
intensities exceeds the values calculated from the ideal gas law by several
orders of magnitude throughout the plasma (Fig. 6) except for the values at
r = 1.5 mm in the low-flow plasma. We recall further that the excitation tempera-
tures appear to increase with the excitation energy of the upper level of the
transition considered (Figs. 4 and 7):
Ca(I)(23,000cm-1) and Mg(I)(35,000 cm"1)

< Ca(H)(75,000 cm'1) and Mg(II)(97,500 cm"1)
< Ar(l 16,900 to 124,750 cm"1).

Such variation is generally considered as a strong indication against thermal
equilibrium.

Some of these excitation temperatures in either plasma have been recol-
lected in Fig. 10. In addition two more temperature distributions have been

Low-flow 7.5mm High-flow
t.36l/min sample stream O.53kW 4.51/min sample stream

HO,

'Trot.OH

4 2 0 0 2 4 6 8
Radial coordinate. m m .

Fig. 10. Summary of radial distributions of measured temperatures (solid lines) and
calculated temperatures (broken lines) in the low-flow configuration (left) and the
high-flow plasma configuration (right), showing the absence of complete local

thermal equilibrium. Explanation in the text.
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added. An equilibrium temperature, T«,, is calculated that would be required to
obtain the observed argon line intensities if the argon atoms were thermally
excited. (This requires a knowledge of the atomic argon number density, but it
does not make much difference which temperature is used in the ideal gas law.)
In analogy to Fig. 4 this equilibrium temperature is much higher than the
observed argon excitation temperature. An even higher temperature, T^, is
required to derive the observed electron number densities in the plasma (Fig. 5)
from Saha's equation applied to argon (Equation 5). Conversely, the electron
number density expected from Saha's equation using the argon excitation
temperature varies between 1O1Z and 1015 cm"3, which is much lower than the
measured value of 3.0xl01 5-1.2xl01 6cm~3 . On the other hand, if these
densities are combined with the absorbance ratio of the magnesium ion and
atom line the equivalent ionization temperature of magnesium turns out to be
lower than for argon (Tic,, Mg in Fig. 10).

So far, all observations are equally valid for the high-flow plasma and for
the low-flow plasma. A notable difference between the two plasmas is the
diameter of the central channel. In the high-flow plasma all distributions in Fig.
10 show a transition at about 3 mm from the axis, which is the contact region
with intensive mixing of the carrier gas stream and the coolant argon. In the
low-flow plasma this transition is shifted to 1.5 mm from the axis. Here Tex<: is
observed to be equal to Tioa, which would indicate a state of partial LTE. A
satisfactory explanation is not yet found. The (possible) turbulency connected
with the mixing of the cold carrier gas stream and the hot coolant gas stream
provides insufficient kinetic energy to explain the increase in collisions neces-
sary to reach LTE. There are some indications that point to the influence of
water and its dissociation products [9]. The curves in Fig. 10 all refer to
measurements with a carrier gas stream containing water vapour. A few
measurements with dry carrier gas show a reduction of the off-axis maximum in
the argon excitation temperature, so that this no longer coincides with the
ionization temperature curve. The evidence so far is inconclusive.

The results can be summarized in the statements that in the high and
low-flow plasma:

T ^ < T ĉ < Tic, Texc = /(Ee*c) and T^ = /(Eion).
This is considered sufficient evidence that the excitation mechanism is not
completely thermal. The two-temperature model [33] or the concept of a
thermal limit [71] might be introduced to describe the excitation mechanism in
the plasma more adequately. In this model the mutual population of levels
close to the ionization limit is described by a low temperature (Te«), whereas
the population of these high energy levels with respect to the ground state (T«,
in Fig. 10) is described by a significantly higher temperature.

This overpopulation of very high energy levels is believed to be due to the
direct excitation either by energetic electrons or by metastable argon atoms
[72]. For example, the temperature required to describe the ionization of

[71] G. V. MARK, Plasma Spectroscopy. Elsevier, Amsterdam (1968).
[72] J. M. MERMET, C.r. Acad. Sci., Paris 279B, (1975).
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calcium in the high-flow plasma (based on ground state absorbances) turns out
to be equal to the emission-absorption temperature for the calcium ion, but
higher than the corresponding temperature for the calcium atom. This would
indicate a similar excitation of the ground state and the excited level of the
calcium ion, presumably by direct excitation from the atomic ground state. This
outcome has an important bearing on analytical practice, because the observed
intensities are much higher than one can expect from a source where thermal
equilibrium prevails. This can be offered as an explanation for one aspect of the
high power of detection in the ICP.

The observation of unexpected interferences [5,7,65] in low-flow plasmas
is another indication of the absence of thermal equilibrium. In fact, these
interferences are very similar, although much less pronounced, to those ob-
served in the high-flow plasma. This subject will be discussed -i..ore fully in a
following paper.

[73] C. C. BUTIER, R. N. KNISELEY and V. A. FASSEL, Anal Chan. 47, 825 (1975).
[74] V. A. FASSEL, C. A. PETERSON, F. N. ABERCROMBIE and R. N. KNISELEY, Anal chem. 48,

518 (1976).
[75] K. SCHURER, Ph.D. Thesis, p. 55, University of Utrecht (1969).
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Chapter IV

A study of the interference of cesium and phosphate in
the low power inductively coupled radiofrequency
argon plasma using spatially resolved emission and
absorption measurements

1. Introduction

The literature on interferences in the inductively coupled radio-

frequency argon plasma (TCP), reveals a resemblance with the litera-

ture on interferences in flame atomic absorption spectrometry. In both

cases the early publications ]48, 35, 1| formulate an ideal source

with a nearly complete freedom from interferences. With the ICP this

expectation was based on the extrapolation of high temperatures values

reported in the physical literature and on the possibility of suppress-

ing ionizatioa through appropriate spectroscopic buffers 11|. In both

cases further study has tempered these optimistic views | e.g. 49, 2-4| .

|i| V.A. F»SSEL, Plenary Leetures and Reports 16th CoVL.Speotvoso.Int.
Heidelberg 1971, p. 63, Hilger (London), 1972.

| 2| P.W.J.M. BOUMANS and F.J. DE BOER, F.J. IWMEN, H. HOELZEL and
A. MEIER, Spectrochim. Aota 303, 449 (1975).

| 3| J.M. MEEMET, and J.P. ROBIN, Anal. Chim. Aota 70, 271 (1975).
| 4| P.W.J.M. BOUMANS and F.J. DE BOER, Speatroohim.Aata 31B, 355 (1976),
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For the ICP interferences have been demonstrated to exist in real sour-

ces and especially the addition of elements with a low ionization po-

tential gives rise to complex interference phenomena 124, 47|. Practi-

cal results of analyses with the ICP are obtained from emission inten-

sities, which are integrated over the depth of the source. The observed

interference effects also generally refer to such integrated intensi-

ties. It should be realized that the integrated line intensity is the

result of the spatial distribution of the excitation temperature and

the particle density, which in turn is influenced by dissociation and

ionization effects. To gain an insight into the fundamental processes

that control the interferences, a separation of these parameters is ab-

solutely necessary. The literature review presented below will show

that such a distinction has hardly ever been made: spatial resolution

has been employed in only a few studies 13, 51 and a separate study of

excited state and ground state interferences |6, 7| is even more

lacking.

The present investigation provides detailed information for the inter-

fering effects of cesium and phosphate on calcium. By measuring spa-

tially resolved absorbances and emission intensities of atomic and

ionic spectral lines, various parameters should be distinguished. Now

the problem is that under normal analytical conditions the interferen-

ces are so small that they are lost in the imprecision that is inherent

in the Abel inversion necessary for radial resolution. Therefore, the

present study utilizes the same approach as the former paper on excita-

tion parameters in the ICP |8|, namely that by using an extremely high

flow rate of the carrier gas (4.5 1/min), the interference effects will

be magnified and more amenable to the proposed investigation.

|5| G.F. LARSON, V.A. FASSEL, R.H. SCOTT and R.N. KNISELEY, Anal. Chem.
47, 238 (1975).

|6| C. VEILLON and M. MARGOSHES, Spectvochim. Aota 23B, 503 (1968).
|7| M.H. ABDALLAH, J.M. MERMET and C. TRASSY, Anal. Chim. Aota 87, 329

(1976).
|8| G.R. KORNBLUM and L. DE GALAN, Speatroohim. Aota 32B, 71 (1977).
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The basic assumption is of course, that in doing so the fundamental

causes for the observed interferences will become more manifest, but

remain basically the same as under the usual analytical condition of

limited carrier gas flow rate (1.4 1/min). The few observations made

for this more common configuration appear to confirm this assumption.

2. A literature review of interferences in the ICP

2.1. Introduction

If we look for the underlying mechanisms of non-spectral interfe-

rences in the ICP, it seems obvious to make a distinction on the ana-

logy of interferences in the flame, because the ICP and the flame have

two important features in common: both are free from electrodes and

the sample solution is introduced as a mist of aspirated droplets in

either source. Consequently, it appears meaningful to maintain for the

plasma the broad distinction between chemical, element-specific inter-

ferences that occur in the plasma, and physical, nonspecific interfe-

rences connencted with the rate of introduction of the analyte into the

plasma |4, 9, 10, 271. Somewhat in between these two categories fall

those interferences that are due to volatilization phenomena in the as-

piration chamber (e.g. Sn(II) on Hg(II) or I on Cu and Fe |11|) or to

changes in the stock solution (sulphate on bariun |2|). Desolvation, as

is required with some nebulizers may also give rise to interferences

that may be mistaken for effects in the plasma. A case in point is the

| 9 | V.A. FASSEL, C.A. PETERSON, F.N. ABERCRQMBIE and R.N. KNISELEY,

Anal. Chem. 48, 516 (1976).

|f 0 | S. GREENFIELD, H.Mc. D. McGEACHIN and P.B. SMITH, Anal. Chim. Aata

84, 67 (1976).

|11 | G.F. KIRKBRIGHT, A.F. WARD and T.S. WEST, Anal. Chim. Aota 64, 353

(1973).



enhancement of the phosphate emission due to sodium |3|, which appears

to be due to the desolvation apparatus |7|.

Another example is the signal enhancement for Ga under the influence of

Cs, Cd or phosphate, because the lower volatility of the matrix reduces

the analyte losses in the desolvation step |2, 4|. In the flame the

chemical interferences are further subdivided in condensed phase and

gas phase interferences |12|. And in the condensed phase a differentia-

tion is made between volatilization effects and compound formation |1|.

The condensed phase effects appear to depend upon the diameter of the

particles in the dry aerosol i.e. after evaporation of the solvent from

the droplets |14|. A direct correlation of the matrix effect and par-

ticle size appeared to exist in the flame for Al on Mg. In the ICP

similar interferences can occur. Thus BARNES et al. |15, 16| calculated

that with a carrier gas flow of 1.5 1/min a spherical AJ^O., particle

with a diameter of 1 ym at 60 mm observation height (OBH) is decomposed

in the ICP for 70% with a power of 1.5 kW; using a power of 4.2 kW the

same particle is decomposed completely at 16 mm OBH. Their calculation

is based on an assumed gas temperature of 8000 - 10000 K, whereas the

actual gastemperatures in the ICP are only 4000 - 6000 K 18, 17|. This

example demonstrates that particles of this size and with comparable

physical qualities may volatilize incompletely under practical condi-

tions and hence give rise to condensed phase interferences.

At present, the authors are aware of only one publication, where an

112| C.Th.J. ALKEMADE, From Sample to Signal, Analytical Flame Spee-

trosaopy (Ed. by R. Mavrodineanu), Ch.1, p.1, MacMillan, London

(1970).

|13| C.Th.J. ALKEMADE, Anal. Chem 38 , 1252 (1966).

|14| J. STUPAR and J.B. DAWSON, Appl. Opt. 7, 1351 (1968).

|15| R.M. BARNES and S. NIKDEL, Appl. Speatroso. 30, 310 (1976).

|16| R.M. BARNES and R.G. SCHLEICHER, Speotroohim. Ada 30B , 109 (1975).

|17| J.F. ALDER and J.M. MERMET, Spectroakim. Aota 28B, 421 (1973).
|18| Tj. HOLLANDER, Ph.D. Thesis , Rijksuniversiteit Utrecht (1964).
|19| I. RUBESKA, Meth. Phys. Anal. (GAMS), 67 (1971).



Table 1. ICP operating parameters

Freq.

MHz

3.4
4.8
5.4
5.4
7

27
27
27
27
27
27
27
27

30

36
36
36

40

50
50
50
50
50

Power

kW

5*
5*
6.6*
6.6*
6

I2)
I2)
12>
4*
1.7-2
1.03-1.25
1.03
1.2

5)

2.5*
2.5*
2.5*

1.32>

0.42>
O.4-12>
0.72>
0.72>
0.532)

Work
number

of
turns

51)

2D
3
3
3

2
2
2

U
2
2
2
2

5)

3
2.5
3.5

5

2.5
2
2
2
2.5

Coil
i.d.

mm

24
•"28

30
30
40

22
22
22
22
27
22
22
22

5)

44.5
32
44.5

32

28
30
30
30
28

Cold linear
coolant

m/s

2.92
4.5
1.73
6.4

8.5-30

3.1
4
4
4.2
3.1
3.7
3.7

5.1 6

5)

^2.4
3.2

M.34>

4

5.7
6.7
6.7
6.7
5.7

gas velocity
carrier

m/s

0.42
0.16

10.6
8.25

13.3

9.4
10.8
10.8
10.8
10.8

9.4 12.2
9.4

13.1 15.3

5)

16.6
2.7
5)

7.9-12

2.9
6.6-47

12.3
8.5
15

Vol. flow
carrier

gas
1/min

0.5
1.7
2
1.5
2-3

1
1
1

1

1.1
1-1.3
1
1

5)

0.5
0.5
5)

0.75-1.15

5.4
0.7-5
1.3
1.3
1.36-4.5

h , + - . COO
Ratio —

vol. fl

44
18
10
13

35-6

10
9.5
9.5

10
9.1

12-9.2
9.2

15-12.5

5)

36
15

16-10

3.15
27-3.8

14.6
14.6
12.5-3.8

Observation
height

Observation window
axial lateral

Ref.

1) pancake type 2)effective 3) this oaoer 4} estimated from a drawing
5) not given *maximum

90
100
20
20

5)

15-20
20
20
20
18

15-25
20
15

B)

5)

17.5
>205>

5-25

2-6
15-25
15
15

7.5-30

21
5

10
10
2

-5 5 >
5
5
5
4
4
4

4-6

5)

2-45>
2
3

45)

2
5
5
5

0.25

50
60
50
50

•vflO

50
25
25
25
25

15
15
15

5)

50
•*eo

10

2 5 5 )

2000
2000

25
2000

250

134 |
I 6 |
126 |
1 3 |

110 1

1241
l« |
137 |

I25J

1211
1 5 |
|23 |
|39l

1 1|

136 |
111,43

|35|

1 7 |

1201
|27|

1 21
| 4 J3)
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attempt has been made to interpret the observed interferences according

to the above scheme. Comparisons between interferences observed with a

single nebulizer and with a dual nebulizer system |18-20| enabled

BOUMANS and DE BOER |4| to distinguish between condensed phase inter-

ferences and gas phase interferences, where the former were found to be

due to the desolvation procedure used by these authors. In general,

however, it is not well possible to classify the literature data in

this way. Therefore in the following literature review, obvious physi-

cal interferences are omitted and chemical interferences are subdivided

phenomenologically according to the kind of matrix or interferent: the

influence of phosphate on calcium and of aluminium on calcium, the in-

fluence of easily ionizable elements, the influence of other elements,

which have been investigated and enhancement of the background. In

this review all interference effects are related to the molar concen-

tration ratio of the interferent and the analyte. This appears to be a

valid parameter for low and moderate ratios (up to 200), but at higher

molar ratios an indication exists that the absolute interferent concen-

tration in the plasma may be the more relevant |4|. Because this has

not demonstrated generally however, we have preferred the molar concen-

tration ratio approach for all interference effects.

The observed interference effects vary with almost all known

variables, which can be changed in the ICP, such as power, plasma shape

(ellipsoidal vs. toroidal), ratio of coolant and carrier gas, observa-

tion height, and type of nebulizer. The values of these parameters used

in interference studies to be discussed in the next sections, are col-

lected in Table 1 to facilitate comparison and also to avoid repetition

of long lists of variables throughout the text. A change in any of

these variables will influence the conductivity of the plasma and thus

the magnitude of the magnetic flux density, which is position-dependent.

The way in which the generator compensates such an effect depends on

the particular system, i.e. a free running or a crystal controlled

oscillator.

|20| G.R. KORNBLUM and L. DE GALAN, Speotvochim. Acta 28B, 139 (1973).
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The magnetic flux density determines the gas temperature, which is

the fundamental quantity for condensed phase interferences. Because the

gas temperature changes from point to point in the plasma, so will

these interferences. Thus, close lying points can suffer from matrix

effects, which may differ in magnitude and even in sign. A detailed

spatial investigation of matrix effect was carried out by MERMET et al.

|3| and LARSON et al. |5|.

No studies have been carried out yet to investigate the influence of

the part from the plasma that is selected by the optics (observation

window), which can differ in shape and size. Most prominent is a rec-

tangular window parallel to the plasma axis, with dimensions origina-

ting from the slit of the monochromator: a width of 15-25 \m and a

height of 2 to 10 mm |1~3, 5, 21-26|. In addition a larger width of

2 mm and a height of 5 mm have been reported |4, 27|, or a square

window of 0.25 x 0.25 mm has been used for Abel inversion |8, 28|. It

does not appear improbable that with a correctly chosen observation

zone different counteracting effects can be combined in such way, that

they compensate mutually, in the same way as was observed by SCOTT |24|

for variable observation height.

|21| C.C. BUTLER, R.N. KNISELEY and V.A. FASSEL, Anal. Chem. 47, 825

(1975). •

122 t G.F. KIRKBRIGHT, A.F. WARD and T.S. WEST, Anal. Chim. Aata 62, 241

(1972).

|23| G.F. LARSON and V.A. FASSEL, Anal. Chem. 48, 1161 (1976).

|24| R.H. SCOTT, Rept. FIS 51, National Physical Laboratory, C.S.I.R.,

Pretoria, South Africa (1974).

|25| R.H. SCOTT,. A. STRASHEIM and M.L. KOKOT, Anal. Chim. Acta, 82, 67

(1976).

|26 | J.C. SOUILLIART and J.P. ROBIN, Analysis l, 427 (1v972).

127 | P.W.J.M. BOUMANS and F.J. DE BOER, Spectrochim. Aata 30B, 309

(1975).

J281 G.R. KORNBLUM and L. DE GALAN, Speotroohim. Aota 29B, 249 (1974).
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2.2. The interaction of phosphate with calcium

The influence of phosphate on the signal from calcium is a classi-

cal example of compound formation in the condensed phase in the flame

113, 29, 301. Although the effect disappears with use of a C2H2-N2O

flame or after addition of a releaser |32-341, the extent of this in-

terference in the ICP has been used often in the literature to demon-

strate the superiority of the ICP over the flame for analytical appli-

cations.

In ellipsoidal plasmas 111 enhancement of the atomic absorbance of cal-

cium has been reported at a PO^/Ca molar ratio of 8 |34( and a factor

two at a molar ratio of two |6|, while a knee appears in the interfe-

rence curve at a molar ratio of 0.4. With the same apparatus an en-

hancement of 7.5 and 6.4 at molar ratio of 0.5 was observed for the

emission of the two Ca-ion lines at 397 and 393 nm, respectively. These

ion lines were not measurable in absorption, because of the high-emis-

sion intensity of these lines in the plasma.

In toroidal plasmas the situation is different, whereby the inter-

ferences reduce as the literature becomes more recent, apparently

because conditions have been successfully optimized. GREENFIELD et al.

1351 found an effect of + 2% (PO4/Ca = 4); EASSEL 111 gives for a molar

ratio of 20 a suppression of 10-30$. For a molar ratio as high as 1000

still more recent studies report an equal suppression of atom and ion

lines of 5% \S, 23| or 15% |24|. In the latter study by SCOTT the in-

|29| R. HERFMANN and C.Th.J. ALKEMADE, Chemical Analysis by Flame Pho-

tometry, Interscience, New York (1963).

|30| S. FUKISHIMA, Microchim. Acta 596 (1959).

1311 S.R. KOIRTYOHANN and E.E. PICKETT, Speetrochim. Aota 23B,679 (1968)

1321 I. YOFE, R. AVNI and M. STILLER, Anal. Chim. Acta 28, 331 (1963).

|33| P.B. ADAMS and W.O. PASSMORE, Anal. Chem. 3t, 630 (1966).

|34| R.H. WENDT and V.A. FASSEL, Anal. Chem. 38, 337 (1966).

j351 S. GREENFIELD, I.L. JONES and C.T. BERRY, Analyst 89, 713 (1964).
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terference appears to be independent of the observation height in the

range 15-25 mm and a 10,50 and 200 molar ratio.Instead of H,P0,,as was

used in the above mentioned studies, BOUMANS et al. |4| used (NH4)2HPO4.

At a molar ratio of 2000 they found an effect smaller than 11. As the

influence of phosphate upon other alkaline earth elements is completely

comparable, the system PO,/Ba is mentioned here too. In one study |6|

an enhancement of the barium atom line by 101 has been reported for a

molar ratio (PO./Ba) of 1.5, whereas no further increase was observed

up to a molar ratio of 100.

On the other hand, depressions by 111 and 4% have also been reported

for molar ratios as high as 1150 |2| and 3500 |27|, respectively.

2.3. The interaction of aluminium with calcium

In a now outdated ellipsoidal plasma VEILLON and MARGOSHES |6|

measured a fivefold enhancement of the atomic emission intensity for a

Al/Ca molar ratio of 7.5. For a molar ratio of only 1.5 the emission

intensity was still enhanced by a factor of 2.3, whereas the absorbance

was only increased by 30%, in agreement with 371 enhancement of the

absorbance reported for a molar ratio of Al/Ca = 17 in a similar plasma

111.
In a toroidal plasma GREENFIELD et al. |35| found an influence of + 2%
(Al/Ca molar ratio: 50). LARSON et al. |5| mentioned no effect on the
atomline up to a molar ratio of 100, but for the ionline a suppression
of 51 was found. The influence of the observation height on the extent
of the interference effect has been demonstrated clearly by SCOTT |24|
for the Al/Ca system. At an observation height of 15 mm he found a sup-
pression of 201, at 20 mm no influence and at 25 mm an enhancement of
50% for the atom line at a molar ratio of 200. After addition of lithi-
um (Li/Ca = 570) to a mixture of Al and Ca (ratio 50), the interference
disappeared. For the ionline the outcome was slowly decreasing from 201
suppression at 15 mm to 12% suppression at 25 mm observation height.
Addition of lithium in the same concentration ratio as was done for the
atom line, gave as result a suppression of 5% at 15 mm, 0% at 20 mm and
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an enhancement of S% at 25 ran. It is clear that lithium suppresses the

interference of aluminium in both cases but that its influence on the

ion line is less pronounced. LARSON et al. |5| also investigated the

variation of the aluminium interference with the observation height

with and without addition of an easily ionizable element, which was in

this case sodium. Although somewhat different molar ratios were used,

similar results were found: in the absence of sodium the suppression of

8% at 15 mm gradually changes into an enhancement of 30°s at 25 mm.

However, in contrast with SCOTT's investigation the atom and ion line

were found to behave identically. If sodium is added (Na/Ca = 400) to a

solution with a Al/Ca molar ratio of 300 |5|, the interference effect .

at 15 mm increases to -11%, but at 25 mm the enhancement effect de-

creases from 30% to 41. In contrast to SCOTT's results for lithium,

sodium deteriorates the interference at 15 mm, although this could not

be attributed to ionization phenomena. On the other hand, the favour-

able effect of sodium at 25 mm could be explained on the basis of ioni-

zation equilibria.

By changing important plasma parameters, BOUMANS et al. U l , have

sought to minimize interference effects. Under so called compromise

conditions they find an enhancement of only 2% for a molar concentra-

tion ratio of 600 (Al/Ca).

2.4. The interference effects of alkali-metals

In the above studies of the Al/Ca system the rationale for the ad-
dition of either lithium or sodium would seem to be the expectation
that the addition of an excess of an easily ionized element negates the
influence of aluminium upon the ionization equilibrium of calcium. The
limited success of this approach already casts doubt upon the validity
of this simple explanation of the complex interference phenomena in the
plasma.

The ample data on the influence of easily ionized elements (usual-
ly alkalis) upon a variety of analytes may offer a more direct answer
to the question of the mechanism of ionization suppression in the ICP.
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Such a mechanism might be inferred from similar observation's in flames

and arc discharges, but it should be realized that the action of alkali-

elements is substantially different in either source. In flames the

temperature is fixed and insensitive to any added matrix, so that the

addition of cesium or potassium suppresses the ionization of other

easily ionized species only through a marked increase of the electron

density in the flame. The reverse situation occurs in the arc discharge

where a small excess of sodium or lithium leaves the electron density

unaffected, but lowers the temperature which in turn, depresses the

ionization of many elements.

A survey of the literature in ICP's reveals that several authors

have, not been aware of this distinction and have concluded too easily

that ih this respect too the ICP is similar to a flame. However, this

is disproved by the very high electron densities reported for the ICP:

10 cm" 13, 81, which is only one order of magnitude higher than in an

arc, but five to six orders of magnitude larger than in a flame |20|.

This would suggest that ionization suppression in the ICP results

mainly from a decrease in temperature, but this seems to be contra-

dicted by the occasional evidence in the literature that the introduc-

tion of alkali metals does not change the excitation temperatures in

the ICP |47, 7|. However, the situation is further complicated by the

conclusion of several authors that the ICP, in contrast to flames an

arcs, is not in complete thermal equilibrium |47, 8|. Thus, the ob-

served invariance of the excitation temperatures does not rule out a

possible change of the ionizaticn temperature of the analyte in conse-

quence of the added alkali elements. In any case, if the interference

of alkali elements is predominantly due to ionization phenomena in a

LTE situation, we must expect that added alkali increases the intensity

of analyte atom lines and decreases the intensity of the ion lines.

Also, the effect should be correlated with the ionization potential of

the analyte and of the interfering element. The evidence gained from

the literature is conflicting.

SCOTT |24| studied the influence of lithium at different observa-

tion height (15, 20, 25 mm) and varying molar ratios (10 to 2000). The
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atom lines of Ca and Ba were increasingly enhanced in this order, the

effect being larger at greater height. When plotted against the ioniza-

tion potential of the analytes, the enhancement at 20 mm due to a 500

molar excess of lithium for Zn, Mg, Ca and Ba showed the decreasing S-

shaped curve typical of ionization-phenomena. Also,the ion line intensi-

ties of these analytes were suppressed by lithium, but here the effect

was found to be nearly equal at all heights and independent of the ana-

lyte ionization potential. It did increase with the amount of lithium

added, reaching a maximum suppression of 40% at a molar concentration

ratio of 2000.

HOARE et al. |36| observed a similar influence of lithium (1.6 mol/1)

on elements with a low ionization potential*. BOUMANS and DE BOER |4|

also observed that the enhancement of the atom line intensities of Mn,

V, Sr and Ba due to excess potassium (50 nmol/1) increased in this order

(i.e. with decreasing ionization potential), but the atom lines of Fe,

Pd, Cd, Zn and As did not concur with this tendency.

The enhancement shows a maximum for Cd (ionization potential (I.P.)

8.99 eV.molar ratio 13250), whereas for Fe with a lower I.P. and for As

having a higher I.P. no effect is observed at all. Zn, which has an

I.P. value lying between Cd and As, is enhanced (+ 20%) upon addition

of potassium (molar ratio 9000). A suppression of 20% for the same atom

line however, is reported when Li (molar ratio 500) is added at 20 mm

height |24|, thus showing a most unexpected divergence in behaviour.

In an earlier publication by BOUMANS and DE BOER |2|, similar devia-

tions were observed i.e. the atom lines of Li, Al, V, Ti and Pb were

enhanced continuously in this order of increasing I.P. upon addition of

15 mmol/1 of cesium, while Ni, Mg and Fe were enhanced to a lesser

extent, although their I.P. fall in the same range. LARSON et al. | 5|

observed that the atom lines of molybdenum are enhanced and its ion

*The author's reference to excitation potential is illogical and pro-
bably a printing error.

1361 H.C. HOARE and R.C. MOSTYN, Anal. Chem. 39, 1153 (1967).
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lines suppressed by added potassium and sodium. For a molar concentra-

tion ratio of 440 (Na/Mo) the molybdenum atom line was enhanced by 19%

and its ion line suppressed by 4% at 25 mm observation height. Lateral

scans for calcium showed that these effects are observed over the en-

tire width of the plasma. On the other hand, an even larger excess of

sodium (molar ratio 1150) enhanced the molybdenum atom line by only 12%,

whereas the ion line is suppressed by 9% |23|; here, however, the ob-

servation height is only 20 mm.

These conflicting statements in the literature, often by the same

authors, demonstrate that it is probably not allowed to compare the

data from differently operated ICP's. Indeed, several studies show that

the observed interferences depend critically upon such plasma parame-

ters as observation height, RF-power and carrier gas flow rate |5, 24,

27|. BOUMANS and DE BOER |27| found that the interference from potas-

sium on Li(I), Mn(I) and Ba(II) lines decreased sharply with an in-

crease in power from 0.4 to 1.0 kW and with decrease of the carrier gas

flow rate from 1.7 to 1.1 1/min.

A maximum enhancement of no less than a factor of five was reduced

to a slight suppression by only 201 under optimum conditions. Examples

of Li, Sr, Al, Mn and Cd show that most interferences are reduced to

less than 101 even at molar ratios of 44000 for Li or 26500 for Cs. At

this low level an interpretation of the interference becomes hazardous

in view of the poor reproducibility of the effects. For example, at a

molar ratio of 4200 cesium was found to suppress the lanthanum ion line

by 6% in one experiment, but to enhance it by 71 in another experiment

127|. The reproducibility of the interference effect was later improved

to about 3% relative standard deviation |4|.

Similar optimized conditions were reached by LARSON et al. |5|. An in-

crease of RF-power from 1.0 to 1.2 kW and a decrease of the carrier gas

flow rate from 1.5 to 1.0 1/min, substantially reduced the interferen-

ces of sodium on the atom and ion lines of Ca, Cd and Cr. Whereas a

slight enhancement of the atom lines (increasing with higher sodium

content) was observed at 25 and 20 mm, the effect was practically ab-

sent at an observation height of 15 mm. The ion lines are suppressed at
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all heights by 10-30% at a molar concentration ratio of 600.

ABDALLAH, MERMET and TRASSY |7| observed that sodium exerted the same

influence upon the emission and absorbance |46| of the calcium atom and

ion. Its effect was largely suppressed if the RF-power was increased

from 1.2 to 2 kW. They concluded with supporting evidence from the con-

stancy of the electron number density and excitation temperature (see

also section 2.6) that the interfering effect of sodium at low RF-power

was largely due to volatilization interference.

Although these reports permit the analytically important and satisfac-

tory conclusion that optimum conditions can be created for the ICP in

such a way that at least one type of interference is removed, they do

not provide an understanding of the mechanisms of this interference

except for the last mentioned. The question of the mechanism triggered

by the addition of alkalimetals still remains unanswered.

There is simply not enough evidence to assign the influence of al-

kalimetals in the ICP to mere ionization phenomena.

2.5. The influence of other elements as matrix

A substantial number of interelement combinations have been inves-

tigated in the literature for possible interference effects. References

have been collected in Table 2.

Of all possibilities which originate by combining 15 matrix ele-

ments and 25 analytes less than 30% have been examined. It appears

further that iron as matrix has received most attention from different

authors. The admission of an entree does not mean that a significant

1371 R.H. SCOTT and M.L. KOKOT, Anal. Chim. Aota 75, 257 (1975).

|38| A.G.J.M. BORMS, G.R. KORNBLUM and L. DE GALAN, 3rd International

Congress of Atomic Absorption and Atomic Fluorescence Spectrometry3
Paris, 1971, p. 53, Hilger, London (1973).

1391 G.F. LARSON, V.A. FASSEL, R.K. WINGE and R.N. KNISELEY, Appl.
Spectry.30, 384 (1976).



Table 2 . I n t e r element combinations investigated in the 1CP (see section 2 .5 ) * I 2 I - C d S0 4 | 4 | -CdCl2

Ba Ca Cd* Co Cr Cu Fe Hf Mg NH4 Ni P04 Zn

[ | | |
| 4 3 | |36 | | 3 6 | |36 | | 3 6 |

I 2 ' 4 I l«| |"l ' |4| |2,3|
|43|

|4| |4| |4| |4| |44|

|2,4| • |4| |4| • |2|

Concomitant

Element

Ag

A1(I)

B(I)
Ba(I)

Be(I)
Ca(I)
Cd(I)*

Cu(I)

Fe(I)
Ga(I)

Li(I)

Hg(l)
Hn(II)

Mod)
Modi)

Nid)

P

S

Ti ( I )

T i ( I I )

U(I)

V(I)

v(in

Wavelength
(nm)

328.1

396.2
249.7

553.6
234.9

422.7
228.8

327.4

372.0
417,2

T610.4
1.670.7

285.2
257.6

390.3
281.6

T352.4
U62.4

213.62

182.04

498.2

334.9

378.28
437.9

309.3

AS

•

|6 |

Al

14|
|4.44|

|4 |

|4|

|4 |

|4 |

15,23]
|5.23[

|22|

|25|

141

1*1

|b,23| |5,23|

15,23) |5,23|

|22| |22| |22| 122| |22|

|22| |22| |22|

I21
|25| |25|

Zn(I) 213.8 |4 | | 4 | |4|

349.64 |36| |36| |36|
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interference effect has been observed, but only that the pertinent com-

bination has been examined. Iron for example does not cause an inter-

ference effect at all or at most +_ 8% |4| . Generally the interference

effect in this group of matrices is small, especially compared with

flames or arcs.

2.6. Change of the background intensity

An elevation of the background may arise from an increase of the

electron number density by addition of a matrix, although this is re-

futed by the calculations of MERMET et al. |47| under supposition of

LTE. His measurements indicated that the addition of sodium exerts no

influence on the intensity ratio of Mg(I)/Mg(II) (up to a molar concen-

tration ratio of 960 Na/Mg) nor on the ratio of two Ti(II) lines with

different excitation levels up to a molar ratio of 220 (Na/Ti) ! 7|.

This means that under these circumstances neither the election, amber

density nor the excitation temperature is changed by the added sodium.

Changes in the background of the ICP spectrum have nevertheless been

observed in practice. Addition of Zr (55 mmol/1) gave an enhancement

on the Hf 264.14 ran line |26|. With the determination of lead at the

405.8 nm line an increase in the background was observed by 25 mmol/1

calcium |37|, the same effect was found for the lines of Al, Be, Mg and

Sc i 381- In a well-documented paper LARSON et al. I 39| attribute the

above mentioned enhancements to line broadening, to nearby scatter, and

to straylight.

A 6% reduction of the background, however, at the Zn(I) 213.8 nm

line by K, Ca or Mg, as well as a decrease of NO-bands (213.3 nm and

247.1 nm) and NH-bands (336.0 nm) under influence of 0.17 mol/1 Li

cannot be explained in this way J40!.

|40J R.H. SCOTT and A. STRASHEIM, Anal. Chim. Aata 76, 71 (1975).
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2.7. Conclusion

An ICP operated under random conditions may be prone to substan-

tial interferences, which in an unfavourable case may produce a five-

fold change in the emission intensities |27|. Optimization of the RF-

power, the carrier gas flow and the observation height may reduce the

interelement effects to a level of about 10%, with a comparatively

large effect remaining for alkali-interferences. However, even for ap-

parently similar conditions the observed interferences can be signifi-

cantly different, even for the same laboratory and the same species

studied.

The majority of the reported interference studies have been descriptive

and the explanation of the observations is still in a preliminary stage.

Among the hypotheses formulated in the literature we mention the inclu-

sion of the analyte in an excess matrix |5, 241 compound formation |6|

and the influence of excess water vapour, carried by the matrix |4|.

The fact that nearly all investigations refer to space integrated in-

tensities and do not account for possible deviations from thermal equi-

librium forms the major obstacle towards a better understanding of the

phenomena.
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3. Experimental

The equipment has been described in a previous paper 1201, so that

only a few modifications will be discussed here. The plasma tube (the

second tube from outside) was ground at the outside to obtain a

straight and perfectly cylindrical surface. In this way irregularities

in the flow pattern of the cooling gas were reduced and the plasma be-

came more stable and more symmetric.

'Hie measured lateral intensities of each half of the plasma were super-

imposed and averaged, according to a method applied by SHUMAKER |41|.

Only hereafter the inverse Abel integral was solved in the same way as

was described previously |28|. Even with these precautions points close

to the axis of symmetry of the source are affected with appreciable

random error, an inherent property of the Abel inversion. To diminish

this error, the two central data points of the radial distribution

curve were calculated by extrapolation of a symmetrical quadratic func-

tion fitted through the next three data points, each provided with a

suitable weighing factor.

It was not possible to execute absorption measurements in the low flow

plasma, because the available lock-in amplifier could not discriminate

the radiation of the hollow cathode lamp from the high intensity of the

plasma.

The distinction between high-flow and low-flow plasma was made on the

basis as was done in |20|, i.e. 4.5 1/min carrier gasflow in the high-

flow configuration (coolant/carrier gas volume ratio is 3.6) and 1.36

1/min carrier gas in the low-flow configuration (coolant/carrier gas

volume ratio is 12.3). Power input to the plasma was 0.53 kW.

Solutions with cesiun were prepared from CsCl (Merck, Suprapur) and

phosphate was added after dilution of H,PO4 (Merck, p.a.). All emission

and absorption measurements were corrected for possible contributions

of the analyte originating from the above mentioned substances. It was

|41| J.B. SHUMAKER in M.P. FREEMAN and S. KATZ, J. Opt. Soo. Am. 53,
1172 (1963).
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verified that the added concomitants did not alter the uptake rate and
the efficiency of the pneumatic nebulizer or the amount of analyte
transferred to the plasma. The uptake rate is 1.7 ml/min and the effi-
ciency of the nebulizer and heated spray chamber is 30% _+ 2%. The de-
solvation apparatus transfers 96% _+ 0.5% of the analyte (0.5 ml/min)
delivered by the nebulizer into the plasma.

4. Results and Discussion

In order to distinguish between different interference effects,

two different concomitants were used: phosphate and cesium. If the ICP

is jimilar to the flame, phosphate will predominantly influence the

volatilization and dissociation of the analyte, whereas cesium tnrough

its low ionization potential might influence the electron density in

the ICP and hence the ionization equilibrium of the analyte. Of course

both matrices may change the excitation temperature for the analyte.

This will primarily affect the population of the excited state, which

is indicated by the observed emission intensities. Compound formation

or reduced volatility is read from ground state populations derived

from absorption measurements. Simultaneous observation of atom and ion

spectral lines provides an insight into the degree of ionization both

in the ground state and in the excited state.

4.1. The influence of cesium and phosphate upon the calaium atom and

ion in the excited state

The spatially resolved emission intensities of the calciun atom
are plotted in Fig. 1a. For the matrix-free solution the intensity is
seen to decrease with increasing distance from the RF-coil. Now if
cesium is added the intensity remains about the same at 7.5 mm from the
RF-coil, it is sharply increased at 15 mm,, but at 30 mm it is decreased
in comparison with the pure calcium signal. The intensity at this lat-
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ATOM LINE 422.7nm

7.50 mm 15 mm

• Ca
o Ca + Cs

* Ca + PCv,

30mm

0 1 2 3 4 0 1 2 3 4 5 1
Radial coordinate , m m

2 3 4 5 6

Fig. 1a. Radial intensity distribution of the calcium atom line

(0.4 mmol/1) under influence of Cs (300 mmol/1) and H3P04 (65

mmol/1) at different distances from the RF-coil in the high-flow

plasma.

ler distance has as peculiarity that cesium enhances the signal up to 2
mm radial distance but suppresses the signal at larger radial distances.
The ratios of the maximum intensities of the calcium atom line with
cesium and without cesium can be read in the first column of the top
half of Table 3 as a function of the distance from the RF-coil. The
important conclusion from the data is that the enhancement due to
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• TABLE 3

The ra t io of maximum radial intensity with and without added matrix X.

Distance from

RF-coil (mm)

7.5

15

30

Emission

' atom

X=Cs

1.08

1.79

0.39

jnax /Tmax
JCa+X/JCa

line

X=PO4

0.76

0.38

0.18

ion

X=Cs

0.71

1.92

<0.02

line

X=PO4

0.09

0.15

0.61

The ratio of maximum particle density with and without added matrix X.

Distance from

RF-coil (mm)

7.5

15

30

Absorption

atom

X=Cs

0.21

0.28

0.33

.max / .max

line

X=PO4

0.08

0.14

0.24

ion

X=Cs

<0.02

<0.02

<0.02

line

X=PO4

<0.02

0.07

0.16

Degrees of ionization 6- from ground s ta te par t ic le densi t ies , with

(X=Cs and X=POJ and without (X=0) added matrix.

Distance from 3-

RF-coil (mm) X=0 X=Cs X=PO4

15 0.36 <0.01 0.23

30 0.43 <0.01 0.34
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cesium first increases up to about 15 mm, but changes into a suppress-

ive effect at 30 mm. Rough interpolation of these figures indicates

that at 25 mm the ratio of the intensities with and without cesium is

unity. At this observation height two conteracting'effects cancel each

other and virtually no cesium interference is observed.

By contrast, phosphate acts suppressive at all heights. The amount of

suppression expressed as intensity ratio of the maxima of the radial

distributions, in the same way as was done for cesium, has been en-

tered in the second column of Table 3. The suppressive influence con-

tinuously increases with growing distance from the coil.

The discrepancy between the influence of cesium at 7.5 and 15 mm com-

pared with its influence at 30 mm reaises doubt about the role of

cesium as a pure ionization suppressor. It is therefore meaningful to

investigate the influence of cesium on the calcium ion line as has been

plotted in Fig. 1b.

This figure shows that the intensity of the calcium ion line reaches

its largest value at 7.5 mm, decreases with a factor 4.4 at 15 mm and

with a factor seventy at 30 mm compared with the intensity at 7.5 mm.

Addition of cesium has an influence upon the Ca(II) emission signal,

which is strongly height dependent. At 7.5 mm mainly a suppression is

found, at 15 mm an enhancement and at 30 mm no signal is measurable any

more. The ratios of the maximum intensities such as was calculated for

the atom line are collected in the third column of Table 3. In a crude

approximation, this ratio follows a quadratic function of the observa-

tion height with a peak value between 15 mm and 20 mm distance from the

coil.

The ion line has as interesting feature that at two distances this

ratio is unity, namely at 10 mm and 25 mm. The same behaviour was also

found by SCOTT et al. |24, 42j. The complete radial distribution at 7.5

mm shows that the situation is more complicated than can be read from

14-21 R.H. SCOTT, A. STRASHEIM and A.R. OAKES, Preprints 18th Coll.Spee-
tvoso. Int. Grenoble 1975, Vol. I, p. 176, Groupement pour l'Avan-
cement des MSthodes Spectrographiques, Paris (1975).
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1-
0)

7.50 mm

ION LINE 393.3 nm

15 mm

• Ca
o Ca + Cs
* Ca + PO4

30 mm1

0.2

0.1

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0

Radial coordinate, mm
1 2 4 5 6

Fig. 1b. Radial intensity distribution of the calcium ion line

(0.4 mmol/1) under influence of Cs (300 mmol/1) and H3PO4 (65mmol/

1) at different distances from the RF-coil in the high-flow plas-

ma.

the peak ratios in Table 3. The suppression of the ion line intensity
occurs for radial distances over 1.75 mm, but in the centre of the
plasma the intensity is slightly increased by cesium addition.

If we compare the signals integrated over the radial distance,
i.e. the areas under the curves, the result is almost identical with
the data derived from the maxima. Integration over the plasma radius is
equivalent to the usual observation of the plasma, except for a smaller
axial zone of 0.25 mm, which is taken in the present equipment. Conse-



quently the peak ratios in Table 3 closely reflect the interferences

that would be observed under usual observation of this high-flow plasma.

At all distances from the RF-coil the addition of phosphate causes

a suppression of the ion line emission (Fig. 1b). If we consider the

maxima of the intensity in Table 3, it appears that the effect de-

creases with increasing distance, which is in contradiction with the

influence upon the atom line. A tentative extrapolation of these data

yields a unit ratio at 33 mm from the RF-coil for the ion line and at

5 mm for the atom line.

Although at high observation height (30 mm) cesium is much more

effective in suppressing the ion line of calcium than phosphate, the

reverse appears to be true at smaller observation heights. If we were

to calculate the degree of ionization from the ion/atom emission ratio,

we might conclude that up to 15 mm distance from the RF-coil cesium

hardly effects the degree of ionization, whereas phosphate strongly

decreases the degree of ionization at 7.5 mm, still significantly at

15 mm, but enhances ionization at 30 mm. In order to explore these un-

expected results further, it will be instructive to analyse the influ-

ence of cesiuin and phosphate on the ground state population of calcium

atoms and ions.

4.2. The influence of aesivm and phosphate on the ground state number

densities of the aaloium atom and ion.

The radial distributions of the particle density in Figs. 2a en 2b

are calculated from the Abel inverted absorbances. As was done for the

emission intensities, the ratios of the number densities with and with-

out added matrix are collected in the bottom half of Table 3. For the

matrix-free solutions the absorbance of the calcium atom line decreases

regularly with the observation height.

Both cesium and phosphate suppress the maximum number densities at all

heights, but the effect is more pronounced closer to the RF-coil. Also,

the influence of phosphate is stronger than that of cesium. These ob-

servations clearly suggest a volatilization interference with both

matrices.
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ATOM LINE 422.7 nm

7.50 m m 15mm

2 3 4 5 0 1 2 3 4 5 0
Radial coordinate, mm

Fig. 2a. Radial distribution of the calcium atom number density
under influence of added Cs and H^PO^ in the high-flow plasma.

The absorbances measured for the calcium ion are more interesting.
First it is seen that in the plasma operated with a high carrier gas
flow the ionization of pure calcium is moderate: 0.36 at 15 mm and 0.43
at 30 mm. The possible formation of molecular ions and twofold ioniza-
tion have been neglected.

In the presence of cesium the absorbance of the ion line is no longer
measurable, which suggests that the ionization of ground state
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calcium is completely suppressed. This is in sharp contrast to the ob-

servations for the excited state calcium ions at 15 mm from the coil

(i.e. the emission intensity of the calcium ion line in Fig. 1b). For

phosphate the difference is less outspoken, but still significant. Io-

nization is reduced to 0.23 at 15 mm and to 0.34 at 30 mm height, (see

Table 3) whereas the calcium emission intensities indicate at 30 mm an

excited state ionization that is enhanced by phosphate (Jrf^po tn/

j v p = 0.61 Table 3), as compared with the situation at 15 mm

'•̂ Ca+PO ' " ^ C a * = 0#15)' All these observations indicate a clear de-

parture from thermal equilibrium.

ION LINE 393.3 nm

10'

e>

!

i

f io10

I
8

15mm 10.12

10,11

10.10

• Ca
* Ca+PO.

30mm

0 1 2 3 4 5 0 1 2 3 4 5
Radial coordinate,mm

Fig. 2b. Radial distribution of the calcium ion number density
under influence of added H^PO^ in the high-flow plasma.
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4.3. The influence of cesium and phosphate upon the emission/'absorption
temperature of calcium atoms .

The opposite influence of cesium (and to a lesser extent of phos-

phate) upon the emission intensity as compared with the absorbance of

the calcium atom can only be attributed to a change in the excitation

temperature of calcium in addition to a volatilization interference.

The ratio of the emission intensity and the absorbance of a single

transition is equivalent to the emission/absorption temperature, the

principle of which was discussed in a previous paper 181.

ATOM LINE 422.7 nm
• Ca
o Ca + Cs
• Ca + POU

g 4

2 3
CD J

a
n
O
X 1

7.50 m m

0 1 2 3 4 5

15 m m

a

30 m m

0 1 2 3 4 5 "0 1
Radial coordinate, m m

2 3 4 5

Fig. 3. Radial distribution of the emission/absorption tempe-

rature of the calcium

the high-flow plasma.
rature of the calcium atom under influence of Cs and H,PO« in
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Figure 3 presents the radial distributions of this temperature at three

observation heights with and without added matrix. At all distances

from the RF-coil the emission/absorption temperature of the calcium

atom is seen to increase by the addition of cesium and phosphate. The

effect is not particularly large, but still significant. Let us focus

our attention on the position of the maxima in the radial intensity

distributions. There the increase in temperature amounts to 450-500 K.

Curiously the temperature enhancements originating from either cesium

or phosphate are nearly equal. As a function of the observation height

the temperature measured with calcium alone i.e. without interfering

elements, shows little variation. Addition of cesium or phosphate ef-

fectuates an increase at smaller distances which levels off at greater

distance from the RF-coil. The enhancement of the emission intensity at

15 mm distance (Fig. 1a) by addition of cesium can now be attributed to

the simultaneous influence of two opposite effects. The suppression due

to volatilization interference is more than compensated by the tempera-

ture increase of about 500 K (Fig. 3). At 7.5 mm the volatilization in-

terference is just compensated by a slightly smaller temperature in-

crease, whereas the decrease of the maximum intensity at 30 mm observa-

tion height and about 3 mm radial coordinate is almost entirely due to

volatilization effects and not compensated by an increase in tempera-

ture (Fig. 3). At the same height the enhancement of the calcium atom

intensity by cesium in the centre of the plasma up to about 2.3 mm

radial distance can now be explained from the increase in temperature

of about 800 K, which ivas observed there. It remains curious that this

temperature enhancement decreases from the axis and from 2.3 mm on dis-

appears completely. The decrease of the calcium atom line intensities

under the influence of phosphate is explained in the same way. In this

case the volatilization interference is much larger, so that the in-

crease in temperature at low observation heights is not sufficient to

restore the intensity to its original value.

In conclusion it can b? stated that the influence of cesium upon the

emission intensity of the calcium atom cannot be attributed to one

single effect. Indeed, it is the result of three simultaneous pro-
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Mg(I)
MgCB)

emission
absorption

sample stream 4.51/mln

/.Omm
observation height

C s / M g MoL. ratio
18 WO

Cs,mg/l

15 mm
observation height

30 mm
observation height

Cs/Mg Mol.ratld~"«o

Fig. 4. Influence of a variable concentration of cssium upon the maximum
lateral signal in emission and in absorption of tho magnesium atom
(285.2 ran) and ionline (279.6 nm) in the high-flow plasma.
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cesses: a reduction of the ground state population of calcium atoms due
to a volatilization interference, which is only partly compensated by a
shift in the ionization equilibrium, and added to this an increase in
the excitation temperature of the first excited level of calcium.

4.4. Addition of a variable concentration of cesium to magnesium in the

high-flow plasma

For a further elucidation of the role of cesium in the earlier
discussed shift of ionization equilibria, a varying cesium concentra-
tion was added to a fixed concentration of magnesium. At each concen-
tration added, the intensity and absorbance were measured. The results
at three different distances from the work coil are depicted in Figs.
4a, 4b and 4c. These measurements were carried out on the maximum of
the lateral intensity distributions. If we take as a starting point the
simple model of ionization suppression, we note that in all cases the
emission intensities of the atom rise with increasing cesium concentra-
tion and thus agree with this model. Other curves which lead to the
same conclusion are: (i) the absorption and emission curves of the ion
line at 30 mm distance (Fig. 4c), (ii) the absorption curves of the ion
line at 7.5 mm (Fig. 4a) and at 15 mm distance (Fig. 4b).
If we look now at the emission intensity of the ion line at 7.5 mm and
15 mm, we then observe an increase under influence of cesium addition,
which contradicts the ionization suppression model. This increase to-
gether with the decreased absorbance indicates that the added cesium
has increased the emission/absorption temperature of the ion by 1150 K
at 7.5 mm distance and by 900 K at 15 mm (see Fig. 7). This agrees with
a similar increase in emission/absorption temperature observed for
calcium.

The absorption of the atom line first increases with added cesium, but
at all three distances it reaches a maximum around 100 mg/1 cesium (1.8
molar ratio Cs/Mg). This suggests that up to this concentration of
cesium the suppression of ionization would play a role but that at
higher matrix concentrations the volatilization effect gets the upper
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hand. The fact that the emission intensity of the atom still keeps

rising, indicates the domination of the increase in emission/absorption

temperature over the decrease of the number density of particles in the

ground state. These observations suggest a strong analogy between the

behaviour of the magnesium atom line intensity and the calcium atom

line intensity. Again at large excess of cesium the magnesium atom line

is subject to three mutually competing processes: reduced volatiliza-

tion, suppressed ionization and enhanced excitation.

The literature review has demonstrated that the observation height

is an important parameter, which can easily be optimized. The depen-

dence of the measured quantities on this parameter is difficult to read

from Fig. 4. Therefore Fig. 5 presents in the bottom frames these data

as a function of the distance for three added cesium concentrations.

In each case the emission intensity ultimately diminishes with in-

creasing distance from the coil, but it is noteworthy that some curves

exhibit a maximum. In this high-flow configuration the atom- and ion

line intensities are enhanced by cesium and the maxima are shifted to-

wards the RF-coil. In all cases the interference effect is strong close

to the RF-coil and generally diminishes with increasing distance from

the coil. In so far as this reduced interference corresponds with a

generally lower analytical sensitivity this observation reflects the

same conflict of interests as has been noted by other authors |27, 7|.

Conditions for optimum sensitivity or limits of detection do not cor-

respond to conditions for optimum accuracy (i.e. freedom from inter-

ferences) and vice versa.

4.5. Addition of a variable concentration of cesium to magnesium in the
low-flow plasma

The preceeding measurements were carried out in the IPC with a

greatly increased carrier gas flow. The important question is therefore

whether the conclusions are also valid for the analytically more common

condition of low carrier gas flow. To this end the observations for

magnesium were repeated for a carrier gas flow of 1.36 1/min and the
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Fig. 5. Upper frames: low-flow plasma. Height dependence of the emis-
sion signal with three different cesium concentrations.
Bottom frames: high-flow plasma. Height dependence of the emission and
absorption signal with three different cesium concentrations.
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results are collected in Fig. 6.

sample stream 1.36 l/min

C s / M g mol. ratio
18 180

103 104

Cs, mg/l

Fig. 6. Influence of a variable concentration of cesium upon the

maximum lateral emission intensity of the magnesium atom and ion

line in the low-flow plasma.

First of all it is clear that the effect of cesium addition is much
less outspoken than in the high-flow plasma. All intensities are also
much larger and the intensity of the ion line (right-hand scale) is now
about ten times higher than the intensity of the atom line, which indi-
cates a much larger ionization. The significant decrease of the ion
line intensities at all observation heights for molar ratios Cs/Mg over
10 might be explained in terms of ionization suppression. The initial
increase of the ion line intensity at 7.5 mm is possibly due to an in-
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crease in temperature, since a similar increase is also observed for

the atom line at 7.5 mm. However, in view of the large degrees of ioni-

zation, the decrease of the ion line intensity at large excess of ce-

sium should correspond to an even sharper increase of the atom line in-

tensities if ionization suppressions were responsible |27|. this is not

observed. On the contrary, the atom lines are also suppressed by excess

cesium, albeit to a lesser extent. Hence in the low-flow plasme the

cesium interference is also predominantly a volatilization effect in

addition to a small shift in ionization equilibrium and an enhancement

of the excitation temperature.

The top frames of Fig. 5 show the distance dependence of-the emis-

sion signals. Here the atom and ion line intensities develop a maximum

under the influence of added cesium, which is displaced towards the

work coil with increasing cesium concentration. This behaviour has also

been observed in the high-flow configuration.

4.6. Excitation and ionization terrperatures in the high-flow and in the

low-flow plasma

From the data in Fig. 4 it is possible to derive space-averaged

values for the emission/absorption temperature of the magnesium atom

and ion line in the high-flow plasma. The results presented in Fig. 7

(the six curves at the bottom) show that the temperature decreases

with increasing distance from the RF-coil, but that at all heights the

excitation temperature for the ion is substantially higher than for

the atom. With increasing cesium concentrations the temperatures re-

main unaffected up to a molar concentration ratio of 1.8, but increase

at still higher cesium content; the difference between the a*om and

ion excitation temperature is also seen^to increase. The cesium influ-

ence is most manifest close to the RF-coil.

In order to calculate the ionization temperature from the ion/

atom absorbance ratio or the intensity ratio using Saha's equation the

electron number density is needed. This value is Known from previous

measurements for a distance of 7.5 mm as 4 x 10 cm |s|. Calcula-
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Fig. 7. Comparison of ionization temperatures (T^on) and excita-
tion temperatures (T ) . The six lower curves represent measured
space averaged excitation temperatures in the high-flow plasma:
solid lines refer to atomic excitation temperatures ( T * ) , broken
lines to ionic excitation temperatures (T ) . The three upper

CAW-

curves represent calculated ionization temperatures (Tjon) in the
high-flow and in the low-flow plasma. Further discussion in sec-
tion 4.6.
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tions have confirmed the finding of other authors that the electron

number density at this height is not or hardly influenced by addition

of alkali metals (see also section 2.6) [7, 47|, so that the ionization

temperature at 7.5 mm in the high-flow plasma is readily calculated.

The resulting curve in Fig. 7 shows that this ionization temperature is

higher than either excitation temperature, but the difference decreases

with increasing amount of cesium. Considered as a whole the curves in

Fig. 7 demonstrate once more that the high-flow plasma is not in ther-

modynamic equilibrium. It is interesting whether similar conclusions

apply to the low-flow plasma.

In section 4.5 it has been already stated that the much largei

ion/atom line intensity ratio in the low-flow plasma points to a larger

ionization. In order to supply a more numerical basis to this statement

we tried to give an estimation of the ionization temperature of magne-

sium in this configuration too.

As absorption measurements were not possible here (see section 3) the

emission-absorption temperature of the magnesium atom in the absence of

cesium has been derived from previous measurements of the calcium atom

excitation temperatures |8|. This temperature is some 1100 K higher

than in the high-flow plasma. Except for the known |8| electron number

density (4 x 10 cm ) and for atom/ion line intensity ratio (Fig. 6),

the other data, which are needed, are reached by the following assump-

tions. Two cases are considered in Fig. 7.

If it is assumed that the atom and ion excitation temperatures are

equal (i.e. both 4200 K) and independent of the added cesium, the ioni-

[431 R.M. DAGNALL, D.J. SMITH, T.S. WEST and S. GREENFIELD, Anal. Chim.

Aata 54, 397 (1971).

|44| H.G.C. HUMAN, R.H. SCOTT, A.R. OAKES and CD. WEST, Analyst 101,

265, (1976).

|45| A.C. WEST, V.A. FASSEL and R.N. KINESELY^MaZ.Cftem 45 y 2420 (T973)

l46l M.H. ABDALLAH, R. DIEMIASZONEK, J. JAROSZ, J.M. MEFMET, J. ROBIN

and C. TRASSY, Anal. Chim. Aata 84, 271 (1976).

147 | J.M. MERMET, Speatroehim. Aata 3OB, 383 (1975).
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zation temperature turns out to be as high as 8000 K upper curve. If in

analogy with the high-flow plasma the excitation temperature of the ion

is taken to be 300 K higher than for the atom and both temperatures

vary with the added cesium in the same way as observed for the high-

flow plasma, then the ionization temperature is lowered to about 7500 K

second curve from the top. In either case the ionization temperature is

much higher than the atom excitation temperature. This result confirms

our earlier observation |8|, that reduction of the plasma carrier gas

flow greatly enhances the ionization temperature and hence the ion line

intensities, but it does not make the excitation conditions in the RF-

plasma any more thermal than in the high-flow plasma.

4.7. Volatilization effects

In the preceeding sections evidence has been presented to describe

the interferences in the low-flow plasma at least partly to volatiliza-

tion effects. Such an effect may be expected to produce a displacement

of the absorption maxima in the radial distributions under the influ-

ence of an interfering element. This information can be derived from

the distributions in Fig. 2 and is presented in Fig. 8 together with

the shift of the emission maxima taken from Fig. 1. Evidently, both

cesium and phosphate produce an outward shift of the calciun atom ab-

sorption maximum at all observation heights. This demonstrates that

with an excess of matrix in the dry aerosol particles the analyte atoms

are released more slowly and are displaced towards the region of higher

kinetic temperatures |211. This could be considered equivalent to the

lateral diffusion effect observed in flames |45|.

The opposite shift of the emission maxima is less easily under-

stood. If the temperature distribution were homogeneous in the ICP the

emission maxima should coincide with the absorption maxima and hence

shift by the same amount. It is well-known, however, that the excita-

|48| A. WALSH, Speetrochim. AcU- 7, 115 (1955).
|49| J.B. WILLIS, Speotpoohim. Aota 16, 551 (1960).
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Fig. 8. Displacement of the maximum in the radial distribution
of the calcium atom line in absorption (left) and emission
(right) under influence of added cesium or phosphate.

tion temperature in the ICP is inhomogeneous: it is lower in the cen-
tral channel, reaches a maximum at about 2-4 mm radial distance and
then falls off again [8|. In view of this temperature distribution and
the observed position of the absorption maxima, we would expect the
emission maxima to shift in the same direction and probably even more
than the absorption maxima under the influence of an added volatiliza-
tion interferent. Actually, this is not observed and the reason is that
the added matrix not only retards the volatilization of the analyte,
but also changes the distribution of the excitation temperature (Fig.3).
Indeed, both cesium and phosphate produce an increase of the excitation
temperature in the channel of the ICP and this effect dominates over
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the shift of the absorption maxima. This is responsible for the inward
shift of the emission intensities.

5. Conclusion

The detailed study of the interferences experienced by calcium and

magnesium in a low-power ICP operated at high carrier gas velocities

has shown that under these conditions the overall effect is due to the

combined action of three processes: volatilization interference, enhan-

cement of the excitation temperature and shift of the ionization equi-

librium. Which process dominates depends upon the position in the plas-

ma, but also upon the energy level of the particle considered. Diffe-

rent behaviour has been observed for ground state and excited state

particle densities and this was found to be partly due to the absence

of complete thermal equilibrium in this ICP. The interfering effects of

cesium and phosphate differ in detail, but not in principle. Phosphate

does show a stronger volatilization interference than cesium, but it

also produces changes in excitation temperature and in ionization equi-

librium.

By reducing the carrier gas flow rate the plasma is converted into

an analytically more useful source: intensities are raised, expecially

for ion lines, and interferences are reduced significantly. At the pre-

sently utilized power level (0.5 kW) they are not completely removed,

however, certainly not al all observation heights. Although absorbances

were no longer measurable under these conditions, the emission intensi-

ties reflect the same behaviour as in the high-flow configuration.

Therefore the authors believe that also in the 'analytical ICP1 inter-

ferences are of a complex nature involving volatilization effects, tem-

perature change and ionization suppression.
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Summary

The inductively coupled radiofrequent argon plasma (ICP) is a recent

development which can be used to determine a great number of elements.

It belongs to a branch of analytical chemistry which is known as about

emission spectroscopy. This thesis presents a study of two important

fundamental aspects of the plasma, the excitation conditions in the j

discharge and the interferences encountered in analytical determina-

tions . |

The introductory Chapter I presents the principle of operation of the

plasma, a historical sketch of its development, its position compared

with other techniques for determination of elements and a theoretical

calculation of sensitivities and detection limits.

Chapter II describes in detail the optical set up used to derive

radially resolved absorption and emission data from this spatially

inhomogeneous source of excitation. Preliminary results of spatially

resolved distributions of excitation temperatures and of electron den-

sities are given.

Chapter III starts with a literature review of temperature and elec-

tron number density measurements in inductively coupled radiofrequent

argon plasmas. A new method of excitation temperature measurement,

which does not require transition probabilities, is presented. The

result of this method compared with excitation temperatures using a

Boltzmann plot for Ar, Fe and OH provide a strong indication of the

absence of local thermodynamic equilibrium. All results are given as

radial distributions. Electron number densities under different ope-

ration conditions are also reported.

A literature review of non-thermal excitation in inductively coupled

plasmas points to the fact that above a linear cold flow velocity

of the coolant gas of 10 cm/s the excitation becomes non thermal. The

conclusion is that for the plasma used in this investigation, with a

linear velocity of 150 cm/s the temperatures increase in the order
Tgas < Texc < Tion> i^icating a suprathermal population of higher
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energy levels.

Chapter IV is concerned with interference phenomena. A detailed lite-

rature review reveals conflicting statements about the extent and the

origin of the observed interferences. When different groups of inter-

fering matrices are considered the alkali metals appear to produce the

most serious interferences. The conclusion seems obvious that a shift

of the ionization equilibrium is responsible for this. On the other

hand interferences encountered with phosphate point to the influence

of volatilization effects. Detailed spatial investigation of the in-

tensity, the absorption and the excitation temperatures demonstrates

that in either case the overall interference effect cannot be ascribed

to a single phenomenon, but is the result of a combination of volati-

lization, ionization and excitation effects. The non thermal character

of the excitation found in the previous chapters is confirmed.



104

Samenvatting

In de tak der analytische chemie, welke zich bezig houdt met de bepa-

ling van elementen, bedient men zich reeds 100 jaar van instrumentele

methoden. Indien daartoe spectrometrische technieken toegepast worden

dan spreekt men van atomaire spectrometrie. Het inductief gekoppelde

hoog-frequent plasma (ICP) behoort tot de atomaire emissie spectrome-

trie en vertegenwoordigt daarin een recente ontwikkeling, met zeer

gunstige analytische perspectieven. De detectie grenzen voor de ver-

schillende elementen variëren van 0,01 - 1 ng/ml om een voorbeeld te

noemen.

Het onderzoek in dit proefschrift nu houdt zich bezig met de meting in

het plasma van fundamentele parameters en de mogelijke verklaring van

de gevonden meetwaarden.

Een vereenvoudigde beschrijving van de werking-van het plasma, een

kort historisch overzicht en een plaatsaanduiding ten opzichte van

andere atomaire analyfemethoden, zijn te vinden in het inleidende

Hoofdstuk I. Uitgaande van een vereenvoudigd plasma model' besluit dit

Hoofdstuk met een theoretische berekening van de analytische gevoelig-

heid en de daarmede nauw samenhangende laagste te bepalen concentratie

voor vier representatieve elementen. Bij de vergelijking van de bere-

kende uitkomsten met de in de literatuur experemehteel bepaalde waar-

den blijkt een thermisch model minder bevredigende uitkomsten te geven

dan een niet-thermisch model. Het verwaarlozen van de complexe ruimte-

lijke structuur van het plasma lijkt een andere reden te zijn voor de

gevonden afwijkingen. Voor een goed begrip van het plasma is kennis

omtrent de ruimtelijke structuur onontbeerlijk. Qn dit te ontrafelen

is een optische opstelling ontwikkeld, die in Hoofdstuk II beschreven

staat. Een literatuur overzicht van de hiervoor benodigde mathematische

technieken en de randvoorwaarden voor het gebruik in de praktijk wordt

gegeven. De met deze opstelling gemeten radiale verdelingen van Ar en

Zn temperaturen weerspiegelen de toroïdale of holle vorm van het plas-
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ma, welke ontstaat door monster introductie via het draaggas en welke

duidelijk visueel waar te nemen valt. Een dergelijke radiale verdeling

werd ook gevonden voor de electronen dichtheid. De OH-rotatie tempera-

tuur verdeling lag als geheel beduidend lager(met een gemiddelde waar-

de van ca. 4000 K)dan de Argon of Zink temperaturen (gemiddeld ca.

6500 K). Dit significante verschil rechtvaardigt een meer gedetail-

leerde studie van de excitatiecondities in het plasma. Hoofdstuk III

begint met een literatuuroverzicht van technieken om spectroscopische

temperaturen te meten. De conclusie luidt dat de omstandigheden waar-

onder plasmas opgewekt worden dermate uiteenlopen, dat vergelijkingen

van de uitkomsten niet zinvol is. Bovendien bemoeilijkt de onzeker-

heid in de waarde van de overgangswaarschijnlijkheden het aantonen

van temperatuurongelijkneden. Daarom wordt een nieuwe methode beschre-

ven om excitatietemperaturen te meten met behulp van de emissie en ab-

sorptie van dezelfde spectrale overgang, welke onafhankelijk is van de

overgangswaarschijnlijkheid. De betrouwbaarheid en het temperatuurge-

bied waarin deze methode toepasbaar is, worden besproken.

De aanwijzingen gevonden in Hoofdstuk II betreffende de ongelijkheid

van rotatie temperatuur (OH) en excitatie temperatuur, worden vervol-

gens in Hoofdstuk III uitgebreid experimenteel bevestigd. Het blijkt

dat de hoogte van de excitatie temperatuur en de ionizatie temperatuur

afhankelijk is van de excitatie resp. ionizatie energie van het onder-

zochte element. Twee plasma configuraties - laag volume debiet en hoog

volume debiet van het draaggas - worden vergeleken. Er wordt aange-

toond, dat de hogere temperatuur en de meer parabolische verdeling

in het plasma met een laag-volume debiet belangrijke redenen zijn voor

de hogere analytische gevoeligheid van deze configuratie. De gemeten

radiale verdelingen van de electronen dichtheden blijken tamelijk on-

gevoelig voor veranderingen van het volume debiet of de afstand tot de

hoog-frequent spoel.

Een literatuur overzicht van al dan niet thermische excitatie in in-

ductief gekoppelde plasmas toont aan, dat de lineaire snelheid van het

koude gas van doorslaggevend belang is. Voor snelheden boven 10 cm/s
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kan niet-thermische excitatie optreden. In het onderzochte plasma

draagt deze snelheid 147 on/s, zodat de waargenomen temperatuuronge«

lijkheden T < T < T. hiermee in overeenstenming is.
gcl5 6XC 1UJ1

Het laatste hoofdstuk is gewijd aan interferentieverschijnselen. In

het eerste gedeelte van dit hoofstuk zijn de in de literatuur behan-

delde matrices geclassificeerd, welke storingen in bepalingen kunnen

opleveren. Een matrix is een stof welke naast het te bepalen element

in grote overmaat voorkomt. Relatief grote, storingen blijken veroor-

zaakt te worden door elementen met een lage ionizatie potentiaal,

zoals de alkali elementen. Zodat de conclusie voor de hand lijkt te

liggen, dat verschuivingen van het ionizatie evenwicht van het analyse-

element hiervoor verantwoordelijk zijn. Anderzijds demonstreren de

interferenties waargenomen voor fosfaat dat ook andere effecten - met

name verdampingseffecten - een rol kunnen spelen in het plasma.

Om het mechanisme van deze storingen op te helderen zijn emissie en

absorptie metingen uitgevoerd, waarbij aan het analyse element res-

pectievelijk fosfaat - en cesium verbindingen als matrices toegevoegd

worden. Uit het radiale verloop van de intensiteit, de deeltjesdicht-

heid en de excitatietemperatuur kan geconcludeerd worden, dat in bei-

de gevallen de optredende storing veroorzaakt wordt door het gezamen-

lijk optreden van verdampingsinterferentie, ionizatie interferentie en

verhoging van de excitatietemperatuur voor beide matrices. Metingen

aan de verandering van het signaal met variatie van de cesium concen-

tratie, bevestigen dit beeld.


