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CHAPTER I

GENERAL INTRODUCTION

The determination of metallic elements in a variety of samples is important for many purposes, which can be found in a field, ranging from
mining and heavy metal industry via environmental and toxicological laboratories (heavy metals) to micro-electronical industry (semi-conductors).
The samples can be in the solid (ores,steel), liquid (waste water, body
fluids) or even in the gaseous state (air,exhaust) and sometimes the
sample state is not clearly defined (soil,food). Apart from the widely
different sample matrix, the concentration level can vary from major to
ultratrace and analytical demands can change from one problem to another.
For metal manufacturers, for instance, it is essential to know accurately
and precisely the bulk concentration of components in ores, in order to
agree on a fair price with the deliverer. By contrast, in environmental
and toxicological problems often ultra trace levels of heavy metals must
be determined, but accuracy and precision are usually not so important.
For properties like corrosion resistance and conductivity accurate knowledge of surface, rather than bulk concentrations is necessary.
Obviously, all these problem fields cannot be covered with one technique or procedure and several instrumental methods have been developed,
all with their own field of application: neutron activation analysis,
X-ray fluorescence, X-ray diffraction, electron scattering, inorganic
mass spectrometry and atomic spectroscopy. In the latter technique the
classical emission form with arc and spark discharges has to a large extent been replaced by atomic absorption with either flame [1] or furnace
[2] and by atomic emission with an inductively coupled plasma [3-5]. These
techniques are usually applied to liquid samples.
Flame atomic absorption (FAAS) provides rapid single element analysis
at moderate detection power (typically 10 yg/1), but some precautions
against matrix interferences can be necessary. FAAS is especially suitable

for the determination on a routine basis of a few elements in large numbers of samples. Graphite furnace atomic absorption (GFAAS) posesses excellent detection power (0.01-0.10 yg/1), again for single element analysis, but with significant matrix interferences and at a lower speed. It
is useful when high detection power is needed. Inductively coupled plasma
atomic emission spectrometry (ICP-AES) combines good detection power
(1 Mg/1) with small matrix effects and multi-element capabilities. This
is not only facilitated by practical reasons of equipment (emission vs.
absorption), but also because of the large dynamic range of calibration
curves, which covers some five decades.
The favourable properties of ICP's are to a large extent caused by the
high temperatures which can be obtained in plasmas. Whereas flames have
an upper limit of some 3500 K and arcs and sparks of 5000 K, temperatures
up to 10,000 K have been reported in plasmas [6,7]. An appropriate power
transfer system is essential in order to achieve these high temperatures.
The most promising system so far was developed in the 1960's by Reed
[3] and is based on the principle of inductive coupling: an alternating
current in a primary coil causes a corresponding current in a secondary
coil. This principle is extensively applied in all kinds of electrical
circuits, as transformers. In our case the secondary coil is created in
a gas flowing through a quartz tube, which, in turn, is situated inside
the primary coil, i.e. the work coil (See fig. 1 ) . In the flowing plasma

RF-generator

plasma argon |
intermediate argon |
«ample Introduction argon

Fig. 1. Sehematical drawing of an inductively coupled plasma3 as used for
atomic emission speatrometry

gas, F ,
, a ring-shaped hot plasma is generated by means of the induplasma
ced current. The work coil is connected to a radiofrequency generator
(25-30 MHz) and when carefully dimensionated, the system is quite efficient: 70 to 80 % of the generated power is transferred to the plasma.
Although nitrogen has been used as a plasma gas [8-10], argon is analytically more useful and some 15 to 20 1/min is necessary to sustain an ICP.
The sample is usually introduced as an aerosol in a 1 1/min argon flow
into the centre of the plasma. Occasionally, if organic solvents are aspirated, an intermediate argon flow of 0.5 1/min is applied, merely to
lift the plasma slightly [11].
In any case the total consumption of an ICP is in the order of 20 1/min,
contributing to the running cost by Hfl. 30,000/year. Furthermore, to heat
this amount of argon, incident power levels between 1.0 and 1.5 kW are
necessary, corresponding to generator powers up to 2 kW. These high power
levels are only achievable with expensive and bulky RF-generators using
vacuum tubes. The aim of the present study is to reduce running costs by
a substantial reduction in argon consumption without sacrificing analytical capabilities. If, for the so-developed plasma generator power levels
below 0.5 kW appear to be appropriate, simple solid state RF-generators
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can be used.
Since the large plasma gas flow rate is not only necessary to build
the plasma but also to protect the outer quartz tube, a decrease in the
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flow rate will eventually lead to torch deformation, if a high plasma
temperature in the centre is to be maintained. There are essentially two
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different methods to achieve a reduction in the argon consumption, while
avoiding overheating problems. Some investigators have tried to influence
the internal cooling action of the plasma argon by changes in torch dimensions [12-20]. As shown in fig. 2a and 2b the approach of Barnes and
co-workers [12-14] and of Hieftje and co-workers [15-19] is similar. They
both make argcn cooling more efficient by applying a tulip-shaped intermediate tube in their torch design and by miniaturization of the torch.
Torches with diameters down to 9 mm (vs. 18 mm conventionally) have been
operated. The lower practical limit of argon consumption with this approach
appears to be some 5-8 1/min. The same result is reported by Zowe [20],
who influences the argon cooling with an opposite approach, namely by
creating a relatively large distance between intermediate and outer tube

:

Fig. 2. Some approaahes to achieve low argon consumption
a) ref. 14 b) ref. 15 a) vef. 20 d) ref. SI e) ref. 22 f) ref. 23

(fig. 2 c ) . Here also an adaption of work coil and oscillator circuit is
necessary.
A more drastic reduction of the argon consumption is only possible by
replacing at least part of the internal cooling action of argon by external cooling of the torch. This method was applied for the first time by
Britske et al. [21] , who reported an argon consumption of 4 1/min in a
relatively large torch (40 mm) by using water as a coolant medium (fig. 2 d ) .
A water-cooled torch with a conventional diameter (18 mm) was constructed
by Kornblum et al. [22], resulting in an argon consumption as low as
2 1/min (fig. 2 e ) . Unfortunately, analytical results with this torch were
unsatisfactory, for reasons which will be discussed below. The system described by Kornblum et al. can be seen as the starting point of the present
investigation. During this investigation Kauaguahi et al. [23] presented
a water-cooled torch with promising analytical properties, but for their
results argon flows of 4 to 5 1/min were necessary (fig. 2 f ) .
The first reason for the unsatisfactory analytical results of

Kornblum's

torch design lies in the fact, that the low plasma argon flow rate also
entails a low sample introduction gas flow rate. Conventional nebulizers
do not function on flow rates of typically 0.1 1/min and Kornblum et al.
used a splitting system between nebulizer and plasma. In chapter 2 a nebulizer based on the Babington principle [24] will be described, which
has been especially developed for a flow rate of 0.1 1/min. Aerosol transport efficiency measurements reveal that the described system should be
appropriate for low consumption ICF's. From a discussion on the measurement
technique (silica adsorption) with Smith and Browner

[25,26] it became

clear that the efficiency data are sufficiently accurate for evaluation
of the 0.1 1/min nebulizer.
The second, and most important reason for the poor analytical characteristics of the water-cooled torch was the fact, that the water-jacket
took so much space (See fig. 2 e ) , that the coupling efficiency deteriorated and the plasma was not powerful enough for adequate excitation performance. It is indeed essential that,if external cooling is applied, the
distance between plasma and work coil does not become too large. In chapter 3 an air-cooled plasma will be presented, where virtually any distance
between plasma and work coil can be selected. The (pressurized) air is
blown perpendicularly against the outside of the torch , which has a two-
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tube rather than the conventional three tube arrangement. The total argon
consumption of this plasma is typically 1 1/min and preliminary analytical
measurements indicate promising performance. In the next chapters this
air-cooled plasma will be compared with a water-cooled plasma using the
cooling jacket after Kawaguahi et at. (fig. 21, ret. [23]), which is also
constructed to occupy a minimum of space.
In chapter 4 power balances reveal, that water is a more efficient coolant medium than air, but air-cooled plasmas can be sustained on considerably less incident power: typically 300 vs. 800 W. Therefore air-cooling
is to be favoured from the viewpoint of operational cost and instrumentation, although some improvements in the air-cooling system are still
necessary to enhance the ease of operation.
The overall analytical performance of the two externally cooled ICP's
will be presented in chapter 5, from which also the influence of the most
important parameters (plasma argon, incident power, observation height)
can be judged. The properties of the air-cooled plasma are comparable to
those of conventional ICP's and the water-cooled plasma performs slightly
less, again favouring air-cooling.
In conclusion, it will be demonstrated that:
(i) an analytically useful ICP can be made operating on only 1 1/min
of argon by means of external cooling with pressurized air.
(ii) such an ICP can be sustained

and operated under analytical condi-

tions with incident power levels between 250 and 400 W, corresponding to generator powers of at maximum 500 W.
(iii) some practical problems connected to air-cooling capacity and
sample introduction system need still to be solved.
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CHAPTER II

A sample introduction system for an inductively coupled plasma
operating on an argon carrier gas flow of 0.1 l/min

1. INTRODUCTION

AN IMPORTANT drawback of present commercial inductively coupled plasmas (ICP) is
the need for a high coolant gas flow (co. 20 1/min). Although a reduction to about
101/min may be achieved by redesigning the three concentric torch tubes [1,2], a
substantial decrease to 21/min has only been realized by KORNBLUM et al. [3], who
proposed a water-cooled ICP torch. However, the tenfold reduction in total argon
consumption required an equally strong reduction of the sample carrier gas flow to
about 0.11/min. Currently available pneumatic nebulizers do not permit such low flow
rates and KORNBLUM et al. had to resort to a 9:1 splitter behind their nebulizer, thereby
wasting 90% of the sample.
Recently MEDDINGS et al. have described a high precision crossflow pneumatic
nebulizer operating at high pressure and 0.51/min argon [4]. This is achieved by careful
positioning and further narrowing of the gas and liquid capillaries. Possibly, this design
could be extended to even lower gas flows, but the problem of capillary blockage may
become prohibitive. An alternative solution is the use of ultrasonic nebulization,
because here the gas and liquid flows are independent. Unfortunately, our experiences
with ultrasonic nebulization without desolvation have not been very favourable.
Another, more profitable nebulizer with independent gas and liquid flows is the
Babington nebulizer [5]. Although this device has been advocated for ICP mainly
because it allows the nebulization of viscous samples [6,7], it should also be adaptable
to minute gas flows.
Both the ultrasonic and the Babington nebulizer require the sample to be force-fed,
for example with a peristaltic pump. We share the opinion of others that force-feeding
is also beneficial with pneumatic nebulizers used for ICP [8-10]. A disadvantage of
systems proposed in the literature [6-10] is the long time required for the sample to
pass from the sample reservoir through the pump to the nebulizer, especially at low
liquid flow rates. The time needed for changing samples may be shortened by
introducing the sample into the feed line after the pump and by making the nebulizer
chamber smaller. This note describes a complete sample introduction system for ICP
incorporating these facilities.
[1] R. SAVAGE and G. HIEFTJE, Anal Chem. 51, 408 (1979).
[2] C. D. ALLEMAND and R. M. BARNES, Anal. Chem. 51,2392 (1979).
[3] G. R. KORNBLUM, W. VAN DER WAA, and L. DE GALAN, Anal. Chem. 51, 2378 (1979).
[4] B. MEDDBJOS, H. KAISER, and H. ANDERSON, Proc. ha. Winter Conf. 1980: Developments in Atomic
Plasma Spectrochemical Analyses, San Juan, Puerto Rico (1980).
[5] Popular Science, May 1973, p. 102; and R. S. BABINGTON, U.S. Patents 3,421,692; 3,421,699;
3,425,058; 3,425,059; 3,504,859.
[6] R. F. SUDDENDORF and K. W. BOYER, Anal. Chem. 50,1769 (1978).
[7] R. C. FRY and M. B. DENTON, Appi. Spectry 33, 393 (1979).
[8] S. GREENFIELD, H. M. MCGEACHIN and P. B. SMITH, Anal. Clum. Acla 84, 67 (1976).
[9] R. L. DAHLQUIST and J. W. KNOLL Appl. Spectry 33, 1 (1978).
[10] J. A. C. BROEKAERT and F. Lms, Anal. CJiim. Acta 109, 73 (1979).
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2 . EXPERIMEOTAI-

2.1 Babington nebulizer
Of the different designs reported in the literature [b, 7, 11], we preferred the one
described by WOLCOTT and BUTLER f 11]. The presence of a rectangular channel in the
V-groove provides a uniform liquid film flowing over the exit opening of the gas
capillary. For conventional ICPs using a carrier gas flow of 11/min the inner diameter
of the gas capillary funnel is about "'.00 (*m [11]. Holes of that size can be drilled in test
tubes after cutting the V-gropve. However, if the gas flow is to be reduced to 0.11/min,
the bore of the Babington nebulizer must be reduced to 100 /xm. We have not been
able to drill such a small hole in glass. As an alternative we cemented a 2 mm long glass
capillary (i.d. 70 fim, o.d. 4 mm) inside a wider glass tube. Cutting the V-groove in the
assembly spoiled many specimens and the few that retained a clear, unobstructed gas
exit appeared to be very vulnerable when gas pressure was applied.

Detail A

BBS?
Fig. 1. Schematic drawing of the proposed sample introduction system consisting of an argon
solvent drive system, a sample introduction loop, a Babington nebulizer and a nebulizer
chamber. Detail A shows the stainless steel nebulizer head constructed after [11].

The final design shown in Fig. 1 is made from stainless steel. Although it takes about
half a day, it is possible to drill a hole of 100 |xm over a length of 1 mm at exactly the
right position. It is thus possible to machine the V-groove in the stainless steel rod and
drill the hole afterwards. Two types were made. One with a bore of 200 fim for use
with a conventional ICP-torch and the other with a bore of 100 jxm for use with the
water-cooled torch running on 0.11/min of argon carrier gas.
2.2 Sample introduction
The desired liquid feed rates of 1-2 ml/min can be provided by a peristaltic pump.
However, the time needed to transport the liquid over 50 cm of tubing easily runs to a
minute. In addition peristaltic pumps necessarily provide a pulsating liquid Row, which
can lead to pulsating emission intensities. The latter problem could be overcome by
utilizing a pulse damper or a pulse-free pump as used in high-pressure liquid
chromatography. However, that is an expensive and, therefore, unattractive solution to
a simple problem.
[II] J. F. WOLCOTT and C. BUTLER-SOBEL, Appl. Specoy 32, 591 (1978).
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Our approach is presented in Fig. 1. Argon pressure is used to force pun* solvent
(water or any organic solvent) through a stainless steel sintered disc (filter) and a
capillary tube to a syringe needle, that points to the V-gioove of the Babington
nebulizer. Air or nitrogen should be avoided, because dissolved molecular gases will
produce molecular bands in the ICP spectrum. Note, however, that little or no argon is
actually consumed in the liquid drive system. The sample is introduced by means of a
sample loop positioned close to the Babington nebulker. Such sample loops are in
common use for liquid chromatography and accept volumes of a few >il up to several
ml. They can be filled automatically with a syringe, successive samples being taken from
a sample changer.
The proposed system is cheap and versatile. Its dead volume from sample introduction to the nebulizer is about 0.1 ml. Because the liquid flow is determined by the
capillary tubing before the sample loop, the flow rate is independent of the sample
viscosity. If, for optimization studies an elongated period of sample introduction is
desired, the solvent reservoir can be filled with sample solution permitting continuous
introduction of the sample. With appropriate three-way valves it is possible to empty
and refill the solvent vessel under argon atmosphere. It should be noted that the two
aspects of the present system (gas pressure feeding and sample loop introduction) are
independent. If an expensive pump is used or if pulsed feeding is no problem, the gas
pressure can be replaced by a pump and the sample loop retained for rapid sample
interchange.
2.3 Nebulizer chamber
If the nebulizer chamber acts as an ideal mixing chamber, the time needed to transfer
the aerosol to the plasma is some three times the volume of the chamber divided by the
gas flow rate. For conventional ICP operating on 11/min and equipped with a 200 ml
chamber it may already take half a minute for the signal to reach its final value.
Reduction of the carrier gas flow to 0.11/min would lengthen the time to 5 min, unless
the volume of the nebulizer chamber is simultaneously reduced. A miniature Scott
chamber [12] of 30 ml proved unsuccessful: no aerosol was admitted into the plasma.
Similar to NOVAK et al. [13] we therefore deleted the inner housing typical of the Scott
chamber and further reduced the size of the chamber to 10 ml (Fig. 1). It is shaped in
such a way, that the aerosol finds as little barriers as possible on its way to the plasma.
An important feature of such a small chamber is a smooth and continuous drain flow in
order to avoid pressure fluctuations in the chamber, that become manifest as spikes in
the analytical signal. This was realized by the shape and position of the wide drain
(i.d.= 10mm).
2.4 Measurements
Three sample introduction systems have been mutually compared.'
—the system as shown in Fig. 1 with a r.mall nebulizer chamber and a 100 turn
Babington nebulizer;
—a conventional ICP system using a concentric (Meinhard) nebulizer and a Scott
chamber;
—a 200 jim Babington nebulizer connected to the Scott chamber.
Nebulization efficiencies were measured by connecting two adsorption columns in
series to the plasma exit of the nebulizer chamber. Silica was used as adsorbent for
water and active coal was used for organic solvents. In all cases the second adsorption
column only slightly increased in weight, demonstrating the efficiency of the aerosol
collection.
Spectroscopie data were taken with a conventional optical system consisting of a 1-m
monochromator, photomultiplier, lock-in amplifier and recorder.
[12] R. H. SCOTT. V. A. FASSEL, R. N. KNISELEY and D. E. NIXON, Anal. Chan. 4 6 , 75 (1974).
[13] J. NOVAK, D. E. LILLE. A. W. BOORN, and R. F. BROWNER, AnaL Chan. 52, 576 (1980).
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Fig. 2. Nebulizer performance for aqueous solutions as a function of the carrier gas flow for
three types of nebulizers. x=Meinhard nebulizer with variable solvent uptake (1.62.6 ml/min). O = Wide bore Babington with 3.4ml/min solvent supply. • = Narrow bore
Babington with l.Oml/tnin solvent supply. & = Nairow bore Babington with 1.4ml/min solvent
supply. • = Narrow bore Babington with 1.7ml/min solvent supply. Further discussion in the
text.

For the high consumption (221/min Ar) measurements a previously described torch
assembly was used [14] while the low consumption (21/min Ar) data were obtained
with the water-cooled torch designed by KORNBLUM et al. [3].
3. RESULTS AND DISCUSSION

The results of the aerosol adsorption measurements for water are collected in Fig. 2.
In addition to the conventional efficiency (100 xmg aerosol per mg liquid supply), the
nebulization rate (mg aerosol per min) and the aerosol density (mg aerosol per 1 argon) are
also reported. When the amount of sample available is critical, the efficiency is an
important quantity. In agreement with others [15,16] we also observe low efficiencies
for ICP nebulization systems used with water. With organic solvents efficiencies
[14] G. R. KORNBLUM and L. DE GALAN, Spearochim. Ada 32B, 71 (1977).
[15] P. SCHUTUSER and E. JANSSENS, Spectrochim. Acta 34B, 443 (1979).
[16] K. W. OLSEN, W. J. HAAS and V. A. FASSEL, Anal. Chem. 49, 632 (1977).
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measured for the Babington nebulizer are appreciably higher: MIBK 3.5%; ethanol
5%; hexane 15%. The efficiency shown in Fig. 2(a) is a little lower for the narrow bore
Babington, operating over 0.1-0.21/min of argon, thun for the Meinhard and the wide
bore Babington, operating over 0.7-1.31/min. For the Babington nebulizers operating at
constant liquid supply rate the efficiency increases linearly with the carrier gas flow rate,
whereas the Meinhard nebulizer shows an efficiency independent of the gas flow rate.
Hcwever, the liquid flow to the Meinhard nebulizer, not being force fed, increases
nearly linearly with the gas flow rate.
As a result the nebulization rate of all three nebulizers considered in this study
increases approximately linearly with the carrier gas flow rate [Fig. 2(b)]. If sample
consumption is not critical this quantity is much more important than the efficiency,
because in combination with the gas flow it determines the aerosol density, which is
directly proportional to the emission intensity. There are two extreme possibilities for
the magnitude of the gas flow rate to be used in calculating the aerosol density.
If, upon introduction into the plasma, the aerosol is distributed over the entire
plasma gases the total gas flow rate must be used. The contribution of the carrier gas is
then relatively small, so that the dependence of the aerosol density on the carrier gas
flow rate is similar to that of the nebulization rate [Fig. 2(c)]. In this case the narrow
bore Babington provides clearly higher aerosol densities in the low consumption plasma
than either the Meinhard or the wide bore Babington in the high consumption plasma.
If, on the other hand, no mixing of carrier gas with the other plasma gases occurs, the
aerosol density, being now the ratio of nebulization rate and carrier gas flow rate, will
vary only little with the carrier gas flow rate. Figure 2(d) shows that the aerosol
densities of the narrow bore Babington are again higher than of the other two
nebulizers, though the effect is not as pronounced as in the former case. According to
BOULOS et al. [17,18] the true situation is somewhere between and their calculations and
experiments show, that appreciable changes in the plasma flow pattern can occur with
changing gas flows and power input. It is therefore very difficult to make an exact
comparison of the aerosol densities in the low consumption and the high consumption
plasmas. Hov/ever, our experiments show, that the aerosol density in a low consumption plasma in combination with a narrow bore Babington lies somewhere between 5
and 50mg/IAr, while that in a high consumption plasma with one of the other
nebulizers must be between 1 and 30mg/lAr. This means that the narrow bore
Babington provides an appropriate sample introduction for a low consumption plasma.
Obviously the narrow bore Babington is better than one of the high consumption
nebulizers in combination with a splitter (9:1). In this situation the systems are used
with the same plasma, which provides an unknown, but constant mixing factor. Hence,
the nebulization rate is a good measure for the aerosol density. For the high consumption nebulizers the nebulization rates as shown in Fig. 2(b) must be divided by ten
because of the splitting. This means a nebulization rate of about 3 mg/min for the high
consumption nebulizers with splitter compared to one of about 10 mg/min for the
narrow bore Babington. Furthermore the latter has a smaller sample uptake (1.5 vs
3 ml/min).
Table 1 shows some data concerning the detection power obtainable with the
described nebulizer systems in combination with a high and a low consumption plasma.
As expected the Meinhard and wide bore Babington nebulizers give comparable
detection limits in the conventional plasma, whereas in the low consumption plasma the
narrow bore Babington offers better detection power than the Meinhard nebuüzer with
splitting system.
However, there is a difference of two orders of magnitude in the detection power
between the low consumption systems and the high consumption systems. The observations in Fig. 2 have shown clearly that the sample introduction with the narrow bore
[17] M. I. BOULOS, IEEE Transactions on Plasma Science. PS-4, 7.8 (1976).
[18] G. D U B E and M. I. BOULOS, Can. J. Speclry 22, 68 (1977).
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Table 1. Detection limits of Ca, Ba and Mg for a low consumption and a conventional,
high consumption ICP using a Babington or a Meinbard nebulizer
Detection limits (ng/ml)

Species

Call
Ball
MgH

Wavelength
(nm)

393.3
455.5
279.6

Low consumption plasma

High consumption plasma

Babington
(100 |im)

Meinhard
with
Splitter

Meinhard

Babington
(200 urn)

4
7
12

9
30
15

0.07
0.07
0.06

0.09
0.08
0.07

Babington is comparable with the high consumption systems, so that obviously the
excitation characteristics of both plasmas are not the same. Consequently, further
modification of the water-cooled torch itself is required to raise its detection power.
Such a study is now in progress.
4. SUMMARY

A sample introduction system is described for use with a water-cooled ICP torch
described previously [Anal. Chem. 51, 2378 (1979)]. It consists of a narrow bore
(100 (im) stainless steel Babington nebulizer operating on 0.05 to 0.21/min argon
inserted into a small (10 ml) nebulizer chamber. The solvent is force-fed continuously
by gas pressure or with a peristaltic pump. Liquid samples can be supplied continuously
or in discrete quantities using a sample loop between the pump and the nebulizer. In
the latter case only 25 s are required for sample change. The nebulization efficiency for
water and organic solvents is comparable to that of conventional pneumatic nebulizers
operating on 1 l/min argon.
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CHAPTER III

An inductively coupled plasma using 1 l/min of argon

1. INTRODUCTION

DURING THE past few years several attempts have been made to reduce the argon
consumption of an inductively coupled argon plasma (ICAP), without sacrificing its
analytical capabilities [1-91. Although the approaches to this problem differ substantially, they agree on one point: additional cooling facilities are necessary to
prevent melting of the torch.
ALLEMAND et al. [1], SAVAGE and HIEFTJE [2-4], and WEISS et al. [5] combine torch

miniaturization with the use of a tulip-shaped intermediate tube to make cooling by
argon more efficient. With this arrangement the total argon consumption is reduced
from its typical value of 15 l/min for a conventional torch to 71/min, which seems to
be the lower limit for the proposed design.
A very different type of torch is described by LOWE [6], who uses a thick outer tube
at a fairly large distance from the (cylindrical) intermediate tube. Whereas the total
argon consumption is only 5 l/min, the carrier gas takes 31/min, which is substantially
more than in a conventional ICAP (1 l/min). This might cause severe chemical
interferences.
Still another approach is to add a water jacket to the ICAP torch. KORNBLUM et al.
[7] described such a torch, for which the total argon consumption was 21/min, the
carrier gas flow being limited as low as 0.11/min. Unfortunately, the detection power
achieved with this design was not very good, even with the improved sample
introduction system we reported previously [10].
Possibly, the poor detection power can be attributed to an inefficient coupling of r.f.
power into the plasma when the r.f. coil and the plasma torch are separated by the
water jacket. Indeed, a somewhat smaller separation and decidedly better analytical
results were realized by KAWAGUCHI et al. [8], who describe a water-cooled torch
operating on 5 l/min of total argon, of which 0.81/min is used for sample introduction.
Finally, BRITSKE et al. [9] constructed a big, water-cooled torch. The inner diameter
of its outer tube is as large as 40 mm. The argon consumption of this design is 41/min,
but to get good analytical results "end-on" registration of the spectra is necessary
[11].
From this review it is clear that ICP torches that rely on the (inner) cooling action
of argon require a minimum flow of 51/min. A further reduction is possible only with
the help of external cooling. Water is an efficient cooling agent, but the space
[I]
12]
[3]
[41

C. D. ALLEMAND. R. M. BARNES and C. C. WOHLERS, Anal. Chem. 51, 2392 (1979).
R. N. SAVAGE and G. M. HIEFTJE, Anal. Chem. 51,408 (1979).
R. N. SAVAGE and G. M. HIERTJE, Anal. Chem. 52,1267 (1980).
R. N. SAVAGE and G. M. HIEFTJE, Anal. Chim. Ada 123, 319 (1981).

[S] A. D. WEISS, R. N. SAVAGE and G. M. HIEFTJE, Anal. Chim. Ada

124, 24S (1981).

(6J M. D. LOWE, Appl. Spectmsc. 35, 126 (1981).
[7] G. R. KORNBLUM, W. VAN DER WAA and L. DE GALAN, Anal. Chem. 51, 2378 (1979).
[8] H. KAWAGUCHI, T. ITO, S. RUBI and A. MIZUIKE, Anal. Chem. 52,2440 (1980).
[91 M. E. BRITSKE, J. S. SUKACH and L. N. FILIMONOV, Zh. Prikl. Spectmsc.
[10] P. A. M. RIPSON and L. DE GALAN, Spedrochim. Ada 3«B, 71 (1981).

2 5 , 5 (1976).

[II] K. I. ZIL'BERSHTEIN. ICP Information Newslelt. 5.508 (1980).
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occupied by the cooling jacket reduces the ratio of the torch diameter to the r.f. coil
diameter and this, in turn, deteriorates the coupling efficiency of r.f. power into the
plasma. The effect would be more apparent with smaller torches. Indeed, our attempts
to design miniaturized water-cooled torches resulted in very weak and cool plasmas
(typically 3000 K). At the smallest diameter tried (5.5 mm) the plasma becomes too
small with respect to the skin depth of 3 mm [12].
Further attempts to construct water-cooled ICP torches were therefore discontinued in favour of the design described in this Note which uses external cooling
by pressurized air.
2. EXPERIMENTAL
2.1. The work coil
Figure I shows a schematical drawing of the work coil. It consists of two copper plates (d, = 4 mm), each
with a cylindrical bore (<t> = 23 mm) and a saw cut (d, = 2 mm). The two saw cuts are displaced over a
distance of 4 mm from each other. With the aid of a little block of copper the plates are brazed together
with a separation of S mm. Four pieces of copper tubing (O.D. = 4 mm) are brazed to the sides of the plates
to enable water cooling of the coil. The top right side and the bottom left side of the coil are connected to
the two poles of the r.f. generator, thus forcing the current to pass two complete circles around the torch.
Air is blown against the torch through five inlets between the two copper plates (only two are shown in
Fig. I), in such a way, (hat the air is forced upwards to pass the gap between the coil and the torch.
The coil described above offers the advantage that external cooling with pressurized air is possible, while
retaining a good coupling efficiency. In fact, because only some tenths of a millimeter are needed for the
escaping air, the essential diameter ratio of plasma tube to r.f. coil can be very close to unity.
Some electrical parameters were measured to compare the proposed coil with the conventional standard
two turn copper coil provided with the ICAP source unit used (Philips PV 8490).
From the results shown in Table 1 it is seen that the properties of both coils are similar. Perhaps slight
changes of plate thickness and separation can improve this similarity even further, but the agreement is
considered to be sufficient to warrant analytical experiments.
2.2. The torch
Torch dimensions greatly influence the shape and the stability of the plasma generated. Starting with the
conventional three-tube arrangement, several configurations of the torch have been evaluated, using the
detection limit for the Mg II line at 279.6 nm as the criterion. Because of the high sensitivity of this line,
even poor plasmas can give information about the influence of certain parameters.
In all cases, except one, the relative position of the tubes was optimized and the carrier gas tube was held
constant (diameter of orifice = 0.S mm). The exception was the torch provided with the ICAP source unit

Fig. 1. Schematic drawing of the proposed work coil incorporating water-cooling of the coil
and air-cooling of the torch. Points A and B are connected to the r.f. generator.

Table 1. Comparison of the characteristics of (he novet and a conventional coil
Type of c o l l

••

f
f'

Induct»nc«

C«p«cit«tc«

mm

(p£>

Prcient •tuily (Flt.l)

0.19

105

Convantlontl

0.17

BO

Quality

t*ctor,

o

l>n

200

130

49.7

250

180

47.4

'Anode current at a fixed voltage of 200 V.
'Oscillator frequency of the (free running) generator circuit.

w'
I

[12] P. W. J. M. BOUMANS and F. J. DEBOEH, Speclrockim. Ada » B , 391 (1972).
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used (Philips PV 8490), which had a fixed tube arrangement, with a 1.5 mm orifice in the carrier gas tube. In
this case, the position of the whole torch with respec: to the coil was optimized.
From the results presented in Table 2 (data necessary to understand this table can be obtained from Fig.
2), the following conclusions can be drawn:
(i) There seems to be a trade off between coupling efficiency and plasma stability: a larger inner
diameter of the outer tube does not necessarily provide the best plasma. Furthermore, wide diameter
plasmas exhibit a fairly large and cool central channel.
(ii) The plasma yielding the lowest detection limit also operates with the lowest argon consumption,
(iii) Apparently, a two-tube torch provides a more stable plasma than the conventional three-tube
arrangement.
(iv) Of the different configurations evaluated so far, optimum results were obtained with a two-tube torch
with a fairly large separation between the outer tube and the r.f. coil. This configuration was used in
further analytical studies.
3.

A N A L Y T I C A L PERFORMANCE

Table 3 presents the instrumentation and operating conditions used to evaluate the
proposed system. The resulting plasma emits a strong white light and, when viewed
from the side, it has a bullet-like shape with a length of about 15 mm (Fig. 3). The
luminous white zone starts only 1 to 2 mm below the top of the coil. At relatively low
power a central dark spot can be observed, when the plasma is viewed axially, even

Table 2. The influence of torch dimensions on the argon consumption, detection limit of Mg and plasma
stability (see Fig. 2 for meaning of a and b and additional data)

Tube diameter
Argon flow
Outer (a) Intermediate (b)
(mm)
(mm)
(1/min)

Det. Lim.

Remarks

18.4b

15 (tulip)

5

300

17.8

16.5

4

-

too unstable for
sample introduction

17.8

15.7

2.5

60

unstable, noisy

2

20

cool central channel

17.8
—

13.5

0.7

0.6

plasma tube position
critical

stable

'In Fig. 2 this argon flow is written as "argon F".
This torch has a fixed tube arragnement. Its position with respect
to the coil is optimized.

Fig. 2. Schematic drawing of the torch coil assembly used for optimizalion of the torch
configuration. The values of the tube diameters ' V and "b" and of (he coolant flow
"Argon F" can be found from Table 2.
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Table 3. Instrumentation and operating conditions for the low consumption ICAP system

RF generator
- frequency (MHz)
- output power to ICP (kW)
Coil
Torch
Gas flows (1/min)
Sample introduction
Monochromator
Photomultiplier
Lock-in amplifier

Philips PV 8490 (free running)
A/50

controllable between 0.7 and 1.9a
as described in paragraph 2.1
as described in paragraph 2.2 (iv)
outer Ar: 0.75
carrier Ar: 0.15
air: 50
narrow bore (0.1 nun) Babington nebulizer
(ref. 10), solvent delivery rate: 1.5 ml/min
Jarrell-Ash 0.5 m Ebert
grating: 1180 grooves/mm
slit widths: 25»m
EMI 6256 S
high tension: 800 V
PAR model 120
chopping frequency: 400 Hz
time constant: 0.3 s (optimization)
15 s (detection limit)

"This range applies to a conventional torch and ICP. The actual power
output under the conditions of our experiments was not measured.

Fig. 3. Photograph of the plasma operating on 0.71/min of argon (no sample introduction;.
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without sample introduction. This indicates a clear toroidal shape, which is even more
pronounced than in conventional plasmas.
When a short plasma tube is used the tail flame can be observed 'unobstructed, but
the background spectrum is raised due to entrained air. Also, ignition is difficult and
the tail flame wavers. Consequently, it is advantageous to extend the plasma tube
20 mm above the coil. Ignition is now easy, the tail flame is stable and the background
spectrum intensity is reduced. The obvious disadvantage is, that the plasma must be
observed through the quartz tube.
The plasma can be ignited with both coolant gas and carrier gas flowing, thus saving
an elaborate and often tricky introduction p.-ocedure of carrier gas into a burning
plasma. At moderate power input levels (i.e. < 1 kW, if the power calibration for the
conventional ICP is applied) the plasma can run for several hours, but above 1 kW the
cooling by pressurized air is insufficient and the plasma tubes deform rapidly.
After optimization of the power setting, the observation height (5-15 mm above the
coil with a 15 mm high observation window) and the position of the sample introduction tube with magnesium as test element, detection limits were measured for
eleven elements (Table 4). Separate optimization for each element did not yield
significant improvement.
The detection limits compare reasonably with the results reported for a conventional ICP [13], although there is an indication that the present plasma is somewhat cooler than a conventional ICP. First the detection limit for the sodium atom
line is rather low and second, the detection limits appear to worsen with increasing
excitation energy of the analysis lines. However, a measurement of the two-line
excitation temperature [14] using the intensity ratio of the two Ti II lines at 322.28 and
322.42 nm, resulted in a value of 5500 K. This value differs little from the range of
5550 to 5710 K reported for a conventional plasma by MERMET [15] with the same
spectral lines and gf-values.
This is confirmed by interference studies that show promising results (Fig. 4). The
signal of 1 mg/l Ca was studied with increasing amounts of three concomitants. At the
1000 mg/1 level, Al yields a 15% enhancement, Na an about 5% enhancement and
PO43' a 12% depression. Again these results are slightly inferior to those for a
conventional ICAP [16], but so far no major interferences have been found for
interferent concentrations at the 1000 mg/1 level.
Table 4. Detection power of the proposed system

Element

Wavelength

(nm)
Co II
BI
Fe II
Mg II
V II
Cu I
Co I
Ca II
Al I
La II
Na I

238.8
249.7
259.9
279.6
309.3
324.7
345.3
393.3
396.1
408.6
588.9

Jji

Det. Lira. <>«g/l)

excitation
present study
(eV>
5.60
4.96
4.78
4.43
4.40
3.82
4.02
3.15
3.14
3.03
2.10

70

90
60
0.6
11
10
18
0.5
40
5
2

ref. 13

6
5

6
0.15

5
5
-

0.2
28
10
29

Detection limits were calculated using the 3<r-criterion.
[13] R. K. WINOE, V. J. PETERSON and V. A. FASSEL, Appl. Spearosc. » , 205 (1»79).

[14] G. R. KORNBLUM and L. DE GALAN, Speclrochim. Ada 321,71 (1977).
[15) J. M. MEKMET, Thesis. Université Claude Bernard, Lyon (1974).
[16] G. E. LARSON and V. A. FASSEL, Anal. Chem. 41,1161 (1976).
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[Relative intensity

Inturferent concentration.mg/L-

Fig. 4. Influence of Al, Na and PO4J" on the signal of 1 mg/l Ca. The measurements with AT
are corrected for spectral interference.
4. CONCLUSIONS

An inductively coupled plasma with a total argon consumption of 0.8S 1/min has
been realized using a novel coil construction and a two tube plasma torch. External
cooling is provided by pressurized air, v/hich is blown against the exterior of the
torch, thus realizing adequate cooling without losing high coupling efficiency.
The proposed system shows good detection power and no major interferences up to
1000 mg/l of interferent. Although the results are still somewhat inferior to those of a
conventional plasma, they are sufficiently encouraging to warrant further study.
First, the torch configuration deserves closer consideration. The inner diameter of
the plasma tube may be varied and a side arm to the extended plasma tube can be
included for observation purposes.
Also, air-cooling may be replaced by water-cooling after KAWAGUCHI et al. [8]. With
the present torch configuration there is just enough place for such a water jacket
inside the coil.
The next step is a more elaborate optimization of the operating conditions including
the observation window and the orifice diameter of the carrier gas tube.
The final step is the measurement of physical characteristics (temperafure, electron
concentration) and analytical properties (detection limits, interferences, precision,
accuracy etc.). These studies are currently in progress.
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CHAPTER IV

Empirical power balances for conventional and externally cooled
inductively-coupled argon plasmas

1. INTRODUCTION

I N AN effort to improve the cost-benefit relation of the inductively-coupled plasma (ICP) some
attempts have been described to develop an ICP with a largely reduced argon consumption
but the same analytical performance as current, commercially available ICPs [1-10]. From
the experience gained so far three practical problems emerge: sample introduction, torch and
coil construction and cooling facilities.
To maintain analytical performance the carrier gas flow must be reduced in proportion to
the total argon consumption. Consequently, sample introduction facilities must be designed
that operate on argon flows as low as 0.1 i min "' [ 11 ] . The rf-coil and the plasma torch must
be optimized for an efficient transfer of power from the rf-generator to the plasma. This puts
demands on the inductance of the rf-coil and on the relative dimensions of the coil and the
plasma torch [10].
The need for additional cooling facilities is recognized in all reports, since it is not possible
in a conventional ICP to reduce the input power proportionally to the decrease in argon
consumption. Even with a modification of the velocity profile of the argon through
miniaturization and tulip-shaped torch tubes the lower limit of the total argon flow is about
51 min ''. Values lower than that can only be realized when the internal cooling with argon is
replaced by external cooling with water [7-9] or with air [10].
From our previous experiments with an air-cooled ICP we obtained indications that such a
plasma not only uses less argon, but also requires less power. This would contribute
significantly to the cost-benefit performance of the ICP. In order to get more insight into the
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

C. D. ALLEMAND, R. M. BARNES and C. C. WOHLERS, Anal. Chem. 51.2392 (1979).
R. N. SAVAOE and G. M. HIEFTJE. Anal. Chem. SI. 408 (1979).
R. N. SAVAOE and G. M. HIEETJE, Anal. Chem. 52. 1267 (1980).
R. N. SAVAGE and G. M. HIEFTJE. Anal. Chim. Aaa 123, 319 (1981).
A. D. WEISS. R. N. SAVAGE and G. M. HlEKTJt. Anal. Chim. Ada 124. 245 (981).
M. D. LOWE. Appl. Spevlrmc. 35. 126 (1981).
G. R. KORNBLUM. W. VAN OER WAA and L DE GALAN. Anal. Chem. 51, 2378 (1979).
H. KAWAGUCHI, T. ITO. S. Rum and A. MIZUIKE. Anal. Chem. 5Ï, 2440 (1980).
M. E. BRITSKE. J. S. SUBACH and L. N. FILIMONOV. Zh. Prikl. Spectrosk. 25, 5 (1976).
P. A. M. RIPSON, L. DE GALAN and J. W. DE RUITER, Spectrochim. Acta 37B. 733 (1982).
P. A. M. RIPSON and L. DE GALAN. Spixlrixhim. Alia 36B, 71 (1981).
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way in which power is transferred from different types of plasma to the environment, power
balances are an essential tool. An analysis of the various terms in the power balance will reveal
the influence of the cooling applied and show the direction for further improvement.
Power balances reported for the ICP fall into two categories. The first category is
exemplified by the work of MILLER and AYEN [12], BARNES and NIKDEL [13] and BOULOS

[14]. From a theoretical analysis of the plasma processes these authors derive radial
temperature and gas velocity profiles. Apart from uncertain estimates of plasma properties
(e.g. skin depth and conductivity) their results are not suitable for our purposes, because they
refer to plasmas very different from the ones we studied (6kW, 3 MHz, N 2 ) and assume
thermal equilibrium. As a result, no less than 20-30% of the input power is dissipated as
(optical) radiation [12,14] or the power transferred through the wall amounts to 4 kW [13].
Both figures cannot be expected for the plasmas we consider.
In the second category REED[1 5] and ARMSTRONG and RANZ [16] report experimental data
for the power dissipated from single tube plasmas by convection, conduction and radiation,
while GREENFiELDand MCGEACHIN [17] report similar measurements for analytical plasmas.
Some measurement techniques may be criticized for interference with the power balance
studied. For example, if a cooling jacket is applied to measure the conduction losses, or if
temperature sensitive paint is used to estimate the tube wall temperature, the relative
contribution of the power dissipation terms is certainly altered. Again, the plasmas
considered here differ too much from our ICPs to permit direct utilization of their results.
Nevertheless, we also prefer an empirical approach to the study of power balances in
analytical ICPs. The various terms on either side of the power balance will be measured
directly or derived from experimental data collected for this purpose or taken from the
literature. This approach avoids the need for a detailed analysis of the basic processes inside
the plasma and allows us to use well-known physical and technological relationships.
Special attention will be given to the measurement of the incident power, because many
publications simply state a value read from a meter on the rf-generator without consideration
of its accuracy or relevance.
Power balances will be derived for three different plasmas: a conventional ICP cooled
internally with 221 min" * of argon, an air-cooled ICP described previously [10] and a watercooled ICP using the same coil-torch assembly but provided with a cooling jacket after
KAWAGUCHI el al. [8]. To avoid lengthy repetitions in the text and to facilitate cross
referencing, Appendix 1 lists all parameters used in the various expressions together with
their units and values.
2. THEORY
2.1. Plasma model

Throughout this paper the ICP will be considered as a black box to which power is
supplied by the rf-coil and from which power is dissipated to the environment. The
boundaries of the black box are first the physical boundary and the exit opening of the outer
quartz tube and second the bottom of the plasma. What happens with the power inside the
plasma is of no or at least minor importance. It will be assumed, that the power input leads to
ionization and excitation, but that will only be visible in the amount of radiation and in the
energy carried away by argon ions. With this simplification the power balance in the
stationary state can be written as:
Pin = Pconv + Pcond + Prad
(1)
where the incident power, p m , is that part of the power delivered by the rf generator that is
[12]
[13]
[14]
[IS]
[16]
[17]
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actually dissipated in the plasma. The three terms on the right-hand side of Eqn (1) designate
the processes through which the plasma transfers energy to the environment.
The convention term, p conv , describes the power carried away at the top of the exit tube by
heated and ionized argon, by dissociated and heated solvent and by the evaporated sample.
Energy is also conducted (pcond) through the outer quartz tube and from there transferred to
the environment surrounding the torch. Since the primary conduction through the quartz
wall cannot be measured accurately, we shall consider the secondary process of energy
transfer to the environment. This transfer will involve not only conduction, but also free and
forced convection and heat radiation from the quartz wall. Finally, pud designates the power
lost as electromagnetic radiation in the optical region.
In the following sections the four terms in Eqn (1) will be considered successively.

2.2. Incident power
The primary source of power is the rf-generator. The power delivered by the generator,
p gen , is distributed over the rf-coil, the plasma and partly reflected back. It is assumed that the
power lost as rf-radiation is negligible in a well constructed ICP. Consequently:
Pgen = Pin + Pcoil + Prefl-

(2)

Of these four terms the power lost in the coil, pcolh is easily measured from the increase in
heat content of the water circulating through it. If the rf-generator contains a tunable
oscillator circuit and power is transferred through a coaxial cable, both p gcn and prefl can be
measured with a reflectometer placed in the vicinity of the cable. Appropriate meters are
usually provided and calibrated by the manufacturer; pM can now be derived indirectly from
Eqn (2).
For generators with automatic impedance matching of the oscillator circuit, p„ n is virtually
zero, but p gen cannot be measured directly, so that pin cannot be derived from Eqn (2).
Theoretically, p in could be related to p coll by considering the coil-plasma system as a
transformer. However, the electrical properties of the plasma are too unreliable for this
procedure to be practical. Therefore, the incident power must be measured in another way.
One indirect way is to substitute an iron tube circulated with water for the plasma [18,19].
For this calorimetric technique to be applicable, it is desirable that the voltage-current
relationship of the iron tube matches that of the ICP as closely as possible. As will be seen
later, this is not always feasible and interpolation or extrapolation may be required.
The generated power can be related to the high tension and the current delivered by the
power supply to the oscillator circuit, assuming an efficiency of energy transfer within the
circuit:
P^ =

eV

,ip»^pim-

(3)

The anode current, ian, is only slightly smaller than the current ip and, hence, also the second
part of Eqn (3) can be used for calculation purposes. Theoretically the efficiency of power
transfer, e, amounts to n/4 for a class C oscillator, but a practical value is not accurately
known [20].
However, Eqn (3) may provide a possibility to measure the generator power, if we assume
that the efficiency, e, remains constant when the plasma is turned off and on at a constant high
tension Vp. Now the product e Vp is a constant and we can apply Eqn (3) to Eqn (2) with
negligible reflected power.
Pgcn.off = £ Cp'in.oir = Pcoil.olT
e

PfBton = •Vwoit = Pin + Pwil.on

(4a)
(4b)

[18] P. W. J. M. BOUMANS and F. J. DE BOER, Spearochim. Ada 30B, 309 (1975).
[19] S. GREENFIELD, I. LL. /ONES, H. M C D . MCGEACHIN and P. B. SMITH, Anal. Chim. Aaa 74, 225 (1975).

[20] H. A. THOMAS, Theory and Design of Valve Oscillators. Chapman & Hall, London (1951).
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from which we find the incident power supplied to a burning ICP as
'an.on
Pin = 7
Pcoii.off-Pcoil.on'an.off

/e\
PJ

For generators with significant reflected power Eqn (5) is not applicable.
2.3. Convection
Any species released from the ICP transfers an amount of power to the environment equal
to the product of its mass flow rate and heat content. The summation of these terms over all
species is the power dissipated by convection. This total convection term can, in principle, be
determined by connecting the torch exit to a heat exchanger, followed by calorimetric
measurement of the cooling water [15-17]. However, for the conventional torch, where the
convection term is bound to be very important, a substantial part of the plasma is present
above the torch exit and another method must be used.
An evaluation of the contributions of all species is cumbersome, but, obviously, we can
restrict our considerations to the major terms that apply to argon atoms, argon ions and
solvent particles. It can easily be shown that the mass flow rates of the latter two species is at
most 1 % of the mass flow rate of the argon atoms, but their comparatively larger heat content
makes their contributions significant. On the other hand, even with highly salted solutions
the sample species contribute no more than 1 % of the solvent term and the very light
electrons can also be neglected. Consequently, the convection term in the power balance can
be written as
Pcom = FArCp,Ar(T'-293) + i;'Ar(I,1AHiOn+FsolvAHdi!S

(6)

where F denotes the respective mass flow rates, AHjonis the ionization energy of argon and
AHdiss the dissociation energy of the solvent. Of all parameters the average temperature, 7T
poses the greatest problem. Since we have ignored the contribution of excited argon atoms, F
is the kinetic temperature, which may be measured spectroscopically through Doppler
broadening of argon lines [21-23] or through the excitation of rotation lines [24-27]. More
important, Tm Eqn (6) denotes the temperature averaged over the cross section expressed by

Jo
where v, and p, are the linear velocity and the density of argon at the radial position r,
respectively. Now, obviously, the product of p r and T, is constant, but we would still require
the radial velocity profile to evaluate Eqn (7). The few profiles reported in the literature
[28,29] refer to quite different plasma geometries and cannot be trusted for our plasmas,
certainly not for the externally cooled plasmas with low argon consumption.
Alternatively, we can use the total mass flow rate of argon, which is equal to the integral of
p,vr over the tube cross-section and derive an average temperature from the radial
temperature profile [26,28,29]. Unfortunately, averaging must be weighted by radial mass
flow rates which again requires the velocity profile.
A very convenient but also very crude approximation is to use a spectroscopically weighted
average temperature supplied by direct observation of the ICP.
The other two terms on the right-hand side of Eqn (6) are relatively simple. The mass flow

[21]
[22]
[23]
[24]

B. TALAYRACH, J. BESOMBES-VAILHE and H. TRICHE, Analusis 1, 135 (1972).
J. F. ALDER and J. H. MERMET, Spectrochim. Ada 28B, 421 (1973).
R. H. SCOTT and H. G. HUMAN, Spearochim. Ada 31B, 49 (1976).
G. R. KORNBLUM and L. OEGALAN, Speclrocftim. Ada 29B, 459 (1974).

[25] I. KLEINMANN and V. SVOBODA, Anal. Chem. 41, 1029 (1969).
[26] G. R. KORNBLUM and L. DE GALAN, Spedrochim. Ada 32B, 71 (1977).
[27] H. KAWACUCHI, T. ITO and A. MIZUIKE, Spedrochim. Ada 36B, 615 (1981).

[28] R. M. BARNES and R. G. SCHLEICHER, Spedrochim. Acia 36B, 81 (1981).
[29] R. M. BARNES and J. L. GENNA, Spedrochim. Acta 36B, 299 (19S1J.
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rate of the argon ions can be derived from the electron density in the plasma [26,30-32]. The
mass flow rate of the solvent can be estimated reliably from the nebulizer performance [11]2.4. Conduction
The primary process of heat conduction through the outer quartz tube can be described by
a simple expression, if we assume cylindrical symmetry and a uniform temperature of the
quartz wall over the height of interest.
P«,„d = - V « ( d r / d r ) = >-B2nRH {T^-T^J/d

(8)

where *lcis the constant thermal conductivity of quartz, /I „the heated quartz surface area and
dT/dr the temperature gradient over the quartz wall, which is equal to the ratio of the
temperature difference and the wall thickness, d. Whereas most of the parameters in Eqn (8)
can be readily measured, this is unfortunately not true for the inside temperature of the
quartz tube, 7jn. Therefore Eqn (8) cannot be used to evaluate the conduction term in our
power balance, although it will be of interest in a later discussion of the use of quartz for
various plasmas.
All energy conducted through the quartz wall must also be transferred to the environment
surrounding the plasma torch. This may be static air with a conventional ICP or moving air
or liquid with an externally cooled ICP. The simplest situation occurs for the water-cooled
torch, where the power dissipated to the water jacket is easily found from the product of flow
rate, heat capacity and temperature increase of the cooling water, so that
Pcoad = -F^oCpAT^o.

(9)

For the conventional and the air-cooled ICP the situation is more complex. Fortunately the
transfer of energy from a hot wall to a surrounding fluid is well known in technological
literature [33-36] and proceeds through four mechanisms: conduction, free and forced
convection and heat radiation. The conduction losses from the ICP can, therefore, be
described by
Pcond = PcoiKUir+Pfree + Plbrced + Phtatrad-

(10)

Pure conduction through air is described by an equation similar to Eqn (8), but the thermal
conductivity of a gas is temperature dependent. For air between 250 K and 1200 K
3i

(II)

where A, B and D are constants [35]. Substitution of this expression into Eqn (S) yields
\nr = 6 x 1 0 3 r " 2 - 14r 3 ' 2 -11 x io-*T"> -7.2 x 10* arctan l(—) + C
(12)
from which pCOtnUir « n be evaluated when the radial temperature profile outside the torch is
measured and agrees with Eqn (12). Free or forced convection is usually described in terms of
the heat transfer coefficient, a.
Pfrce/forcal = «fret/forced (^out ~ 293) A R

(13)

where 7"ou, is again the outside temperature of the quartz tube. The value of the transfer
coefficient depends upon the geometry of the arrangement and is expressed in terms of the

[30] D. J. KALNICM, R. N. KNISELEV and V. A. FASSEL, Appl. Spectrosc. 31, 137 (1977).

)

[31] J. JABOSZ,). M. MERMET and P. J. ROBIN, SpeclrochimAcia 33B. 55 (1978).

/

[32] A. BATAL, J. JAKOSZ and J. M. MERMET, Spearochim. Acia 3«B, 983 (1981).

)

[33]
[34]
[35]
[36]

R. B. B|«D, W. E. STEWART and E. N. LIOHTFOOT, Transport Phenomena. Wiley, New Vork, London (1960).
W. H. MCAMMS, Heal Transmission. McGraw-Hill, New York (1954).
M. JAKO», Heal Transfer, Vol. 1. Wiley, New York (1949).
E. R. O. ECKERST and R. M DRAKE. Jr., Heal and Mass Transfer. McGraw-Hill. New York (1959).
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ditnensionless Nusselt number. We now have for the free convection and the forced
convection terms in Eqn (10).
Nu[m

=

^iS£i£

=

0.55 (GrxPr)"1

= 0.42Pr0-2 + 0.57 Reoi Pr°-3

(14a)
(14b)

where Gr, Pr and Re are the dimensionless GrashoiT, Prandl and Reynolds numbers that can
be calculated from the physical properties of air (Appendix 1). The GrashofTnumber contains
the difference in density(Ap) between the wall surface and the environment and, consequently, quantifies free convection, whereas the Reynolds number, which includes the air
velocity (vr) is a measure for forced convection. Prandl converts these two mass transfer
processes to the corresponding heat transfer.
Finally, the heat radiated by the hot quartz can be derived from Stefan-Bollzmann's law
which depends very critically on the outer temperature of the quartz wall.
With Eqns. (9)-(15) we are in a position to calculate the power lost by conduction for all
three plasmas presently considered.
2.5. Plasma radiation
The final term in the power balance, Eqn (1), is the optical radiation emitted by the plasma
inside the torch. If the plasma would be a black body, this term would be described by an
expression similar to Eqn (15), but the possibility of observing spectral lines demonstrates
that the plasma is not a black body. Also, any radiation with wavelengths over 3 /ïm will be
absorbed by the quartz tube and this contribution is already included in the conduction term.
Fortunately, it is relatively easy to measure the emitted radiative power. Firstly, we can
ignore the emission from spectral lines. Even in a heavily doped plasma there will not be more
than 1000 lines with a signal-to-background ratio of 10. With a spectral line width of 1 pm,
the contribution of these lines would be equivalent to only 10 nm of the continuum
background, which typically extends from 0.2 to 1.4 fim, i.e. over 1200nm.
Secondly, the power contained in the continuum background is readily measured by
comparison with a standard tungsten lamp of known radiance. Once the spectral distribution
of the plasma radiance is known, we can derive the power emitted as optical radiation by the
plasma from

JasmadA

(16)

where 4n is the total solid angle and Apl is the vertical cross-section of the plasma. For the
determination of the cross-section, A?i, the model proposed by GREENFIELD and MCGEACHIN
[17], describing the plasma as a cylinder with a cone on top, can be used. Since, in our case,
only the part of the plasma confined in the quartz tube is of interest, this cross-section will
usually be a rectangle.
The implicit assumption that the plasma is a uniformly emitting surface is allowed in view
of the relatively minor contribution of the radiation term to the power balance.
3. EXPERIMENTAL

Table 1 lists the instrumentation and operating conditions for the three plasmas under consideration,
i.e.
(a) a conventional ICP with a torch consisting of three concentric quartz tubes surrounded by a
copper-tube coil;
(b) an air-cooled ICP with a torch consisting of two concentric quartz tubes contained in a coil made
from two flat copper plates;
(c) a water-cooled ICP with a similar flat-plated coil positioned around a torch consisting of an
introduction tube and a quartz tube provided with a water jacket.
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Table 1. Instrumentation and operating conditions

Instrumentation
RF-generator
frequency (MHz)
Work coil
Torch
radius outer tube R (mm)
distance plasma botlom-torch exit H
(mm)
conducting area ,4^ (mm2)
outer tube thickness d (mm)
Sample introduction (nebulizer)
carrier gas flow rate (Imin"')
solvent flow rate (mgmin"1)*
solvent uptake rate (gmin~')
Total argon consumption (Imin" 1 )
Cooling water flow rate (Imin"')
Cooling air flow rate (lmin~ ')

Description or value
Air-cooled

Conventional
LINN FS 4
27
2.5 turn copper tubing
3 tube concentric
11.5
15

Philips PV 8490
-50
2 turn copper plates
2 tube concentric
8.5

1080
2.5
concentric glass (Kontron
T22O A3) + Scott chamber
1
30
3
23
_
—

1330
2.0
narrow bore Babington +
one tube chamber [11]
0.15
10
1
0.70

25

62

"The solvenl flow uie denotes the amount of solvent delivered to the plasma.

Water-cooled
Philips PV 8490
~50
2 turn copper plates
I tube + 1 cooling jacket
7.5
20
940
1.0
narrow bore Babington +
one tube chamber [11]
0.15
10
1
1.15
1.3
—

In describing the measurements performed to evaluate the power balance we shall also state the
measurement precision so that we can estimate the overall precision of the various terms in the power
balance. A possible bias of the measurements will be discussed in tui next section where the results are
presented.
With the LINN FS4 generator the generator power and the reflected power can be measured with a
precision of 10 W. The power dissipated in the rf coil can be measured calorimetrically to 4% with
mercury thermometers precise to 0.1 K and timing the liquid flow into a 21 volumetricflask.As a result,
the incident power delivered to the plasma by the LINN generator is found from Eqn (2) to within 2 %.
With the Philips PV 8490 generator the incident power is measured indirectly by three alternative
techniques. The calorimetric measurement with iron tubes is again precise to 4%. The anode current
was read from a meter on the generator and the high tension was measured with a digital multimeter
connected io a high tension probe (Fluke 80K-40) to yield the generator power by Eqn (3) with a
precision of 3 % or the incident power from Eqn (5) with a precision of 8 %.
Gas flow rates required for the corrective power in Eqn (6) and the Reynolds number in Eqn (14b)
were measured with a wet gas meter for high flow rate: and with a soap buble meter for low flow rates,
both with a precision of 1 %. The flow rate of argon ions was calculated from electron densities quoted
for ICPs to be between 0.03 and 0.3 % of the total argon flow rate. The solvent flow rate was measured
by the silica adsorption technique [11] within 5%. Rotational temperatures were derived from
transitions in the OH-band according to KORNBLUM and DE GALAN [26J with a precision of 5 %. The
precision of the convective term in the power balance is thus about 6%.
The critical quantity in the conductive power is the outside temperature of the outer torch tube. For
the conventional plasma it is found to within 5 % by extrapolation from the radiai temperature
distribution outside the torch measured with a mercury thermometer (Labortherm up to 420°C)
shielded from radiation with silver foil. For the air-cooled torch, the outside quartz temperature is
measured directly with a rhodium sensor (Digitron model 9000-K). Since the sensor picks up
radiofrequency energy, the temperature cannot be measured while the ICP is running, but is
extrapolated from a time-decay plot after the plasma has been turned off. The wall temperature is then
found to 2%. The overall precision of the conductive term is better than 5% for all three plasmas.
The radiative power emitted by the plasma is found by comparing the background intensity to the
intensity of a standard tungsten lamp. Since measurements can only be carried out between 0.2 and
0.7 ftm the large extrapolation to higher wavelength decreases the precision to about 25%.
In conclusion, with the exception of the comparatively minor contribution of the radiative term, the
various terms in the power balance (Eqn (1)) can be measured with a precision between 5 % and 10%.
Consequently, deviations larger than 10 % are a strong indication of systematic measurement errors. As
remarked above, potential sources of systematic bias will be discussed in the next section.

4. RESULTS AND DISCUSSION

4.1. Incident power
The results for the incident power delivered to the three different plasmas are presented in
the last four columns of Table 2. The preceding columns state the experimental data required
to derive the incident power according to the techniques outlined in the theory section.
The generator power and the reflected power can only be read from the LINN generator,
used in connection with the conventional plasma. The incident power is then obtained from
Eqn (2) when the power dissipated in the rf-coil is measured. The accuracy of this method was
checked with a dummy load, i.e. an iron tube through which water is circulated. For this
dummy load the incident powers calculated after Eqn (2) agreed with the calorimetric data to
within 10 ° v This is slightly worse than the precision estimated for the two measurements, so
that a systematic deviation of the reflectometer data cannot be completely excluded.
The incident power delivered to the conventional plasma can also be derived from a
comparison of the ICP with an iron tube dummy load. Such a comparison is presented in
Fig. 1, where voltage-current characteristics are given for all three plasmas and iron tubes of
various diameter. The data for the conventional plasma fall very close to the straight line
characteristic for the tube with a diameter of 22 mm. This strengthens our confidence in the
results. Indeed, incident powers obtained for the conventional plasma from reflectometer
readings and calorimetric data agree very closely. Either technique can be used in this case,
but the refleclometer technique is obviously more convenient.
By contrast, incident powers derived from high tension and anode current after Eqns (3)
and (2) are significantly larger and even exceed the total generator power. The theoretical
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Table 2. Incident power
Pin< W )

Plasma
Conventional

Air-cooled

Water-cooled

(W)
1000
1400
1800
_
_
_
—
_
_
_
—

Pat.
(W)

107
167
227
_
_
_
_
—
—
—

Pco'L

Pcoii.ofr

(W)

(W)

127
160
193
130
159
170
193
335
450
610
720

_
—
_
132
163
220
260
410
475
585
700

V
(kV)
3.2
3.7
4.2
2.7
3.2
3.8
4.1
4.3
4.6

5.0
5.2

'an. on

(A)
0.56
0.62
0.68
0.20
0.23
0.26
0.275
0.28
0.32
0.39
0.42

'»n.oir
(A)
_
_
0.095
0.11
0.13
0.14
0.15
0.155
0.17
0.18

Eqn (2)

calorimetric

Eqn (3)

Eqn (5)

765

785
1010
1400
150
215
295
325
350
470
700
800

1180
1470
1820
300
420
610
690
610
700
910
1000

_
—
145
180
270
315
440
530
725
905

1070
1380

—
_
_
_
—
_
—

08
1ACA)

Fig. 1. CaJorimetric measurement of the incident power by comparison with iron dummy loads. The
straight lines correspond to measurements with iron tubes of variable diameter, indicated in mm. The
dashed lines connect points of equal incident power denoted in W. Four plasmas have been evaluated:
•, conventional plasma; o, air-cooted plasma; A, water-cooled plasma; ic. water-cooled plasma
without sample introduction.

efficiency of n/4 is evidently not realized in practice. The same conclusion applies to the other
two plasmas. Because the data do not indicate a constant, though lower, value for the
efficiency, this technique does not appear to provide reliable data (e varies between 0.4S and
0.75).
It is to be noted, that with the conventional plasma using a customary coil design no more
than 75 % of the generator power is actually delivered to the plasma. The remainder is split
evenly over fractions reflected back and dissipated in the work coil.
With the Philips generator used for the two externally cooled plasmas the reflected power
is negligible, but the generator power cannot be measured directly, so that Eqn (2) cannot be
used. Data from Eqn (3) presented in the next to last column have already been discarded, so
that we—again—have only two techniques at our disposal: the calorimetric technique and
the anode current technique after Eqn (5). For the air-cooled plasma these data agree quite
well, but for the water-cooled plasma the calorimetric data are consistently lower.
Figure 1 shows that the voltage-current relations for the externally cooled plasmas do not
coincide with one of the iron tube lines. The data points for the air-cooled plasma seem to
cross the iron tube lines. The data for the water-cooled plasma exceed those for even the
widest iron tube used. Still wider tubes cannot be applied when sparking to the work coil is to
be avoided. Asa result, incident powers for the water-cooled plasma can only be derived from
Fig. 1 by extrapolation, which reduces their reliability. As will be seen in section 4.3 the
calorimetric estimate for the incident power in the water-cooled plasma agrees very closely
with the values for the power dissipated by conduction to the cooling water surrounding the
plasma torch. This equality leaves no room for the power dissipation by convection or
radiation, which, however, will both be shown to be significant. Consequently, the somewhat
higher estimates of the incident power derived from Eqn (5) are considered to be more
reliable for the externally cooled plasmas. It is to be noted, that the use of dummy loads,
which are partly made from iron and partly from copper [17], or made from graphite [37]
might improve the similarity of both methods for the water-cooled plasma.
Although the reflected power is negligible for the Philips generator, this is certainly not
the case for the power dissipated in the applied coil consisting of two flat copper plates [10].
[37] R. G. SCHLEICHEH and R. M. BARNES, Anal. Chem. 47, 724 11975).
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For low incident powers, the coil consumes nearly as much as the plasma. For high incident
powers the load coil still takes 60 % (for the air-cooled plasma) to 90 "/„ (for the water-cooled
plasma) of that quantity. By contrast, this figure is only some 15 % for the conventional
system (but another 10 % is reflected back!). This indicates a rather low coupling efficiency for
the flat-plated coil, so that the generator must supply nearly twice as much power as is
actually released in the plasma. At present, no satisfactory explanation can be offered for the
poor coupling efficiency. In a previous publication [10] the inductance of the flat-plated coil
was shown to be equal to that of the conventional copper-tube coil. Possibly, the different
properties of externally cooled plasmas influence the overall inductance of the coil-plasma
system. Changes in coil construction or coil-plasma distance may enhance the coupling
efficiency for externally cooled pl?smas.
The data presented in Table 2 refer to conditions commonly used in operating the three
plasmas considered. As a result, the conventional plasma requires generator powers about
30% higher than the incident power and, hence, ranging from ] to 1.8 kW. Similarly high
generator powers are required for the water-cooled torch, although only half of that is used in
the plasma. By contrast, the air-cooled plasma requires only 0.3 to 0.6 kW of total generator
power, as a result of the low incident power needed to operate this type of plasma.
4.2. Convection
Power is dissipated from the plasma by convection through heating of the flowing and
partly ionizing argon and dissociation of the solvent. The data in Table 3 show, that for
aqueous solutions and a degree of argon ionization less than 1 % the heating of the argon
predominates by far. Unfortunately, the estimate of this contribution to the convective power
dissipation is also the least reliable owing to the uncertain temperature data. For the
conventional plasma the rotational temperature measured by observing the centre of the
plasma decreases from 3500 to 3200 K. when the incident power level increases from 840 to
1300 W. This is obviously contrary to what we expect and, indeed, for incident powers above
840 W a lateral scan reveals a lower temperature for on-axis observation than for off-axis
observation on either side. If we take the maximum temperature observed 2 mm off-axis,
approximately 3500 K is measured at all power levels. According to the third column of
Table 3 the same value is found for the air-cooled plasma, although at different power levels.
Only for the water-cooled plasma is a significant increase of the temperature with incident
power found.
Since, for the conventional plasma the convection contribution forms the major term in the
power balance, here the measurement procedure is not accurate enough. Some improvement
may be obtained by laterally averaging the temperature, but again a constant temperature
(3050 K.) is found at different powe: levels, corresponding to a convective transfer, PAr, of
950 W. Now, more accurate data can only be obtained from radially resolved intensities using
the Abel conversion, but the most important region close to the quartz tube, where the bulk of
the argon is transported, is too cool to be observed. Therefore, further refinement of the
temperature measurement does not seem possible in this way.
Most certainly the conclusion is justified that, as stated above, for conventional plasmas
Table 3. Convective power transfer

Plasma
Conventional

Air-cooled
Water-cooled

Pin

FA,

r kln

f

H,O

PAr

PA,<")

Psol»

Pconv

Pconv

(W)

(g/s)

(K)

(rag/i)

(rog/s)

(W)

(W)

(W)

(W)

Pin

840
1000
1150
1300
200
275
500
720
950

0.67
0.67
0.67
0.67
0.020
0.020
0.034
0.034
0.034

3500
3500
3500
3500
3500
3550
3200
3550
3900

0.2
0.8
1.4
2.0
0.006
0.060
0.006
0.033
0.060

0.5
0.5
0.5
0.5
0.16
0.16
0.16
0.16
0.16

1100
1100
1100
1100
S3
34
52

8

25
25
25

80
<1
3
<1

58
65

3
5

1135
1160
1180
1205
41
45
60
69
78

1.35
1.12
1.03
0.93
0.21
0.17
0.12
0.10
0.08

Ar(H>

f

32
56

25
8
8
8
8
8
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the major part of the incident power is used to heat the argon. Indeed, if we assume that all
incident power is dissipated this way, we would require average kinetic temperatures ranging
from 2730 K at 840 W incident power to 4060 K at 1300 W incident power. These values are
lower than Doppler temperatures reported for high power (up to 12 kW) plasmas:
5000-7000 K. [21-23], However, they agree well with rotational temperatures measured, also
when radially resolved: 2000-4000 K [24-27]. It thus appears that with quite realistic kinetic
temperatures the incident power in a conventional medium power ICP can be released
completely by convective transport of the heated high argon flow.
Owing to the much lower flow rate of the argon convective power dissipation is much less
for the externally cooled plasmas. It is only 20% of the incident power for the air-cooled
plasma and about 10% of the incident power for the water-cooled plasma. Obviously,
however, in all three plasmas the argon is heated to a similar high temperature on average.
In comparison to the heating of the argon the other two contributions to convective power
dissipation are of minor importance. Power dissipation by ionized argon depends upon the
degree to which the argon atoms are ionized. For all three plasmas we have assumed that the
degree of ionization increases from 0.03 % at low incident power to 0.3 % at high incident
power. These data are based on electron densities ranging from 5 x l 0 1 4 c m " 3 to 5
x 10 15 cm" 3 reported in the literature [26,30-32].
The contribution of solvent dissociation is insignificant in conventional plasmas (less than
0.3% of the incident power), and still small for externally cooled plasmas (1-4% of the
incident puwer). This is a result of the low introduction rate and the moderate enthalpy of
dissociation of water (50 kj/g). For organic solvents more power is consumed in solvent
dissociation. For example, for MIBK the enthalpy of dissociation is 7 5 k j g " 1 and its
introduction rate into a conventional plasma is as high as 2 mg s "' [11], so that 150 W would
be necessary for complete dissociation. This may partly explain the general observation that
organic solvents require higher incident powers than water [38-40].
4.3. Conduction
In an ideal ICP the plasma would be surrounded by an adiabatic wall, so that all incident
power could be used to heat the sample together with the carrier gas. In practice, the outer
quartz tube of the torch is by no means adiabatic, but a fair conductor of heat. For a quartz
tube of given dimensions, Eqn (8) shows that conductive heat losses can be minimized by
reducing the temperature drop across the wall, but on the other hand measures must be taken
to prevent the tube from melting. The temperature drop is, in turn, determined by the heat
flow towards the quartz tube, controlled by the rate and the pattern of the internal argon flow,
and by the transfer of heat from the quartz tube to the environment. Indeed, in a steady state
the energy conducted through the quartz tube must also be carried away by the fluid
surrounding the tube. As was explained in section 2.4 this latter process is much more
amenable to experimental verification. It is also in this respect, that the three plasmas
presently under consideration differ significantly.
Heat transfer and hence conductive heat loss, is most readily measured calorimetrically for
the water-cooled ICP. The results in Table 4 show that the power released in the cooling
Table 4. Conductive power transfer Trom the water-cooled plasma
Ar„,o(K)

Pcood

Pond

Eqn (5)

F-21.7gs-'

(W)

Pil,

440
530
725
900

4.0
5.2
7.6
9.3

365
475
695
850

0.83
0.90
0.96
0.93

Pii»(W)

Calorimetric
350
470
700
800

[38] A. W. BOORN and R. F. BROWNER, Anil. Chem. 54, 1402 (1982).
[39] P. W. J. M. BOUM*NS arad M. CH. LUX-STEINER, Spectrochim. Ada 37B, 97 (1982).
[40] J. J. BROCAS, Analusis S, 387 (1982).
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water is virtually equal to the estimate of the incident power denved from iron-tube
calorimetry (compare Table 2), However, we have seen in Table 3 that 60-80 W are lost from
the water-cooled torch by convection. This agrees with the difference between the incident
power data derived from Eqn (S) and the conductive power dissipation in Table 4. For this
reason the higher estimates of the incident power are preferred.
The data in Table 4 also show that a power transfer as high as S50 W heats the water
circulating around the torch at a rate of 1.31 min~' by less than 10°C. Apparently, water is a
very efficient cooling fluid. However, this is not necessarily an advantage, because it means
that a large proportion (85-95%) of the incident power is carried away with the cooling
water. If the remaining 5-15 % are needed to heat the plasma argon to the desired kinetic
temperature of 3500 K, a large excess of incident power must be supplied.
The situation cannot be remedied by a mere reduction of the water flow rate. In the present
design of the cooling jacket flow rates below 11 m i n ' ' give rise to bubbles of boiling water at
the quartz surface that lead to local overheating and rapid destruction of the torch. More
fundamentally, the outside temperature of the quartz tube will always be at most 370 K if
water is used as a cooling fluid. For plasmas operating at reduced argon flow the inside wall
temperature will always be fairly high, so that the temperature drop and, hence, the
conduction loss through the quartz tube will be large (cf. Eqn (8)). Water thus acts as a heat
sink that drains away the power supplied to the plasma.
Equation (8) indicates four possible ways to reduce the conductive heat losses. First, the
heated area of the tube might be decreased, but for a useful ICP a minimum cross-section of
the plasma discharge is dictated [41]. Second, quartz may be replaced by a material with a
lower thermal conductivity, but this material must be thermally stable, transmittant to rfpower and transmittant to optical radiation if extended tubes are used. Third, the wall
thickness may be increased, but the lower ratio of plasma radius to rf-coil radius reduces the
coupling efficiency for rf-power [10] which is already rather poor (section 4.1). Finally, water
may be replaced by a cooling liquid with a higher boiling point, which would certainly mean a
closed cooling circuit.
A much smaller temperature drop across the quartz wall is realized in the other two
plasmas, where power is transferred to the surrounding air by conduction, by free and forced
convection and by heat radiation. The contribution of conduction can be derived from Eqn
(12), if that equation applies. Figure 2 shows radial temperature profiles measured outsidea
conventionally operated ICP torch. Clearly, the experimental data cannot be described by
Eqn (12) as is evident from the curve calculated through two limiting data points referring to
an incident power of 1300 W. Consequently, other mechanisms prevail. If the theoretical

500
T(K>

Fig. 2. Radial temperature profiles outside the torch for the conventional plasma taken 5 mm above
the work coil at incident powers of 840 W (o),1075 W (#) and 1300 W ( * ) . The dashed line describes
the theoretical curve calculated with Eqn (12) through the two extreme data points for 1300 W.
[41] P. W. I. M. BOUMANS and F. J. DE BOER, Spemochim. Aaa 27B, 391 (1972).
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Table 5. Conductive power transfer from

Plasma
Conventional

Air-cooled

Pin
(W)

7ou,
(K)

840
1075
1300

400
430
480

150

805
820
875
940

190
240
300

*>
(gcm" 3 x 103)

p

0.88
0.81
0.73

0.32
0.39
0.47

1.04
1.01
0.97

0.20
0.22
0.25

0.44
0.43
0.40
0.37

0.76
0.77
0.80
0.83

0.82
0.82
0.80
0.79

0.46
0.47
0.51
0.55

V

Pr

Gr10"J

0.29
0.30
0.33

0.70
0.70
070

30
34
35

0.43
0.43
0.45
0.47

0.85
0.85
0.90
0.95

28
27
25
25

(cm 2 s" 'MWcmK-'xlO 3 )

The heat capacity (C,) of air has a constant value of 0.97 J g - ' K ~'.

curve would apply, however, it would only account for a conductive power loss of 0.2 W.
Obviously then, conduction from the hot quartz tube to the air is negligible.
The free and forced convection can be calculated from Eqns (13) and (14). In both cases the
outside wall temperature must be known. For the conventional ICP, 7"oul can be read from
Fig. 2 to range from 400 to 480 K. For the air-cooled ICP the correspondingly higher values
(800-900 K) can be derived from temperature decay curves as shown in Fig. 3. The various
contributions to conductive power losses can now be calculated from Eqns (13) to (IS) with
appropriate values for the properties of air. The results are presented in Table S.
For the conventional ICP the contributions of free convection and heat radiation are
mutually equal and extremely small. Less than 1 % of the incident power is dissipated by
conduction through the wall. According to Eqn (8) such a small conduction term corresponds
to a temperature drop across the quartz wall of only 10 K, which means that the inside wall
temperature is also very low. It would thus seem that the conventional ICP is nearly adiabatic
with very low conduction losses. However, this is deceptive because the performance is
realized at the expense (literally as well) of a large argon flow that keeps the quartz tube well
protected. In the centre of the plasma the temperature can be high, because the outer sheath
of argon remains cool, since axial convective heat transfer is large compared to radial

tcs>
Fig. 3. Temperature of the outside of the quartz tube, measured 5 mm above the work coil for an aircooled plasma, asa function of the time passed after the rf-generator is turned off at incident powers of
150W (o), 190W <•&), 240W (•! and 300W |A).
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the conventional and the ait-cooled plasma
Ptond-

Rex 10"'

NUftB

forced

Pfree
(W)

—
—

6.6
6.8
6.9

—
—

1.5
2
3

5.5
5.5
5.5
5.5

6.8
6.8
6.7
6.8

40.5
40.5
41.5
42.0

8
8
9
11

Pforad

Phcalrad-

Pcond.

(W)

(W)

(W)

—
—
70
72
85
100

2
2
3.5
32
34
44
59

3.5
4
6.5
110
114
138
170

Pin

<0.01
<0.01
<0.01
0.73
0.60
0.58
0.57

conductive heat transfer. Nevertheless, heating is certainly not confined to the sample and
carrier gas only, but includes a major portion of the cooling argon. The conventional ICP
used in this study uses as much as 22 1 min "' of argon to keep the quartz tube below 500 K. If
we allow the temperature of the tube to rise, the argon flow can be reduced, indeed. ICP
torches have been designed to run on 51 min" 1 of cooling argon [5], which is still
substantially more than the amount required for sample introduction.
At still lower flow rates of argon the quartz tube may be destroyed by overheating if a
sufficiently high plasma temperature is maintained. This means that free convection is
insufficient to carry off the heat conducted through the quartz. Forced convection is much
more effective. This is illustrated by the data for the air-cooled ICP presented in the bottom
half of the Table 5. The Prandl and Grashoff numbers are practically equal for both ICPs
operated in air and, hence, the contributions of free convection (described by Nu free ) are
virtually the same. The effect of blowing air at a rate of 621 min"' perpendicular to the torch
tube is manifest through a Reynolds number of 5500, which leads to a sevenfold increase in
Nusselt number (cf. Eqn (14b)). Still, the combined convection terms transfer only about
100 W, but there is also a substantial contribution of heat radiation (some 50 W), which is
increased by a factor of sixteen owing to the fact that the wall temperature is doubled (cf. Eqn
(15)). Obviously, by contrast to water-cooling, here a high wall temperature (up to 1000 K) is
essential to dissipate sufficient power in the surrounding air and, hence, air-cooling does not
act as a heat sink. However, air-cooling is powerful enough to make the conduction loss more
than half of the incident power.
It is interesting at this point to compare the maximum amounts of power that can be
transferred by conduction in the three plasmas considered. Such estimates can be derived from
Eqn (8) by assuming a safe upper limit for the inside temperature of the quartz tube. In a next
step the outside temperature is adjusted in such a way that conduction through the quartz
tube is equal to the transfer from the tube to the surrounding medium. Now the strain point
of clear fused quartz is 1340K, but if we allow for local imperfections, we should keep a safe
margin and put the maximum inside wall temperature at U50K. This agrees with our
experience that an ICP torch breaks down soon after it starts to glow visibily which is at a
temperature of about HOOK.
For the water-cooled ICP an inside tube temperature of 1150K and an outside
temperature of 370 K correspond to a maximum conductive power transfer through the
quartz tube of 1050 W. This is not much more than the highest value stated in Table 4.
For the conventional ICP the inside tube temperature of 1150K leads to an outside
temperature of 1000 K and a maximum conductive power transfer of 90 W. This power is
then transferred to air mainly by heat radiation (75 W) and to a lesser extent by free
convection (15 W). All these values are much higher than the data presented in Table 5
indicating that the coolant argon flow can indeed be lower than the 221 min" 1 used in this
study [1-6].
Finally, for the air-cooled torch an inside wall temperature of 1150 K leads to an outside
wall temperature of 960 K and a conductive power transfer of 190 W. This is close to the
highest value quoted in Table 4, indicating that with 300 W incident power the air-cooled
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Table 6. Radiative power transfer

Plasma
Conventional

Air-cooled
Water-cooled

Pin
(W)
760
1000
1300
175
275

550
800

JBA
( W m - 2 x l 0 " 2 ')

"pi
(m! x 10°)

Prad
(Wj

Prad
Pin

180
200
230
140
240

2
8
15
10
30

150
200

15
20

<0.01
<0.01
0.01
0.06
0.11
0.03
0.03

1
3
5
6
10
7
9

torch in its present design is operating close to its practical limit. Obviously, the cooling
capacity of forced convection can be enhanced by increasing the air flow rate (i.e. the
Reynolds number). A more attractive alternative is to change the flow pattern of the cooling
air to enhance the cooling efficiency. In terms of the present analysis this would correspond to
a change in Eqn (14b).
In summary, the maximum conductive cooling capacities of the three ICPs considered in
this study are roughly 100 W for the conventional torch, 200 W for the air-cooled torch and
1000 W for the water-cooled torch.
4.4. Plasma radiation
Figure 4 presents data for the radiance of the background observed at the position of
maximum background intensity n all three plasmas. Observations were made through the
outer tube, but correction for the transmittance of quartz is not needed, because we are not
interested in the radiance of the plasma, but only in the radiative power lost from the torch.
Unfortunately, the observation system allows measurements only up to 0.7 pm and,
therefore, a crude extrapolation is required to obtain the spectrally integrated radiance used
in Eqn (16). Together with the cross-sections of the plasmas the radiative power losses are
now readily calculated. The results are shown in Table 6.
With increasing incident power both the background intensity and the cross-section of the
plasma increase, so that the radiative power loss rises sharply. However, in all cases the total
power dissipated from the plasma through optical radiation is small and is at most some 10 %
of the incident power in the case of the air-cooled plasma. The small contribution of radiative
transfer, which can be expected from the generator frequencies applied [12], makes the rather
large uncertainty in the data acceptable.
It is to be noted, that for the conventional and the water-cooled plasmas at high incident
powers the cross-section is limited by the torch exit, because there, in our model, the plasma
changes over to environment. By contrast, the radiating part of the air-cooled plasma is
always confined in the plasma tube, because of the larger tube extension (Table 1). If,
however, cross sections over the entire plasma are used for the calculations, there is a
remarkable resemblance between the radiation terms of all three plasmas at high power
levels: 25 W for the conventional and the water-cooled plasma at 1300 and 800 W
respectively, and 30 W for the air-cooled plasma at 275 W. In fact, the externally cooled
plasmas compensate a smaller size by a largef integrated radiance (Fig. 4). This observation
confirms the equality of the three plasmas in optical, and, hence, analytical properties.

5. CONCLUSIONS

The results of this study are summarized in Table 7, which presents power balances for the
three plasmas at a high and a low incident power. The data refer to normal conditions of the
plasmas operating on argon and aqueous sample solutions (cf. Table 1). Powers are first
stated in watts and then normalized to the incident power to facilitate comparison. The final
column presents the sum of the preceding three columns and thus denotes the total power
dissipated from the plasmas. These data should be equal to the incident power. Because all
values (except for the generator power of the externally cooled plasmas) have been
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Fig. 4. Plasma background radiance as a function of wave length for three plasma systems: A, watercooled, ph = 800 W; •, air-cooled, pin = 175 W; o, conventional, pin = 1000. The dashed parts of the
curves were estimated by extrapolation.

independently measured, the imprecisions of individual data accumulate in this comparison.
In the experimental section this imprecision was estimated to be about 10 %.
Agreement within this precision is observed for the water-cooled plasma at both power
levels. Because nearly all of the incident power is released to the cooling water and the latter
term, p cond , can be accurately measured, the agreement confirms the reliability of the
measurement of the incident power by the method based on Eqn (5). This same technique has
been applied for the air-cooled plasma, where the power balance is excellent at low power, but
less satisfactory at high power. A possible explanation is an increase of the height of the
conducting area, H, with increasing power. This height runs from the torch exit to the plasma
bottom, which is difficult to observe in the flat-plated copper coil. An elongation of this height
from 25 mm (Table I) to 30mm would raise the conductive heat loss by 20 %, whereupon the
power balance wo"ld agree within 5 %.
The most serious bias is observed for the low power balance in the conventional ICP. This
is clearly due to the inaccuracy in determining the mean kinetic temperature of the emerging
argon gas.
As has been discussed in section 4.2, the mean kinetic temperature must be decreased from
3500 K (Table 3) to 2700 K to accommodate the balance at 840 W. We conclude, therefore,
Table 7. Overall power balances. Absolute values are given in watts and relative values are
related to the incident power. Ep = Pmnv+Pcond + Prad
Plasma
Conventional

Air-cooled

Water-cooled

Pin

abs.
rel.
abs.
rel.
abs.
rel.
abs.
rel.
abs.
rel.
abs.
rel.

1100
1.31
1700
1.31
280
1.87
480
1.60
800
1.78
1625
1.81

840
1.00
1300
1.00
150
1.00
300
1.00
450
1.00
900
1.00

Pconv

1135
1.35
1205
0.93
38
0.25
47
0.16
57
0.13
75
0.08

Pcond

Prad

4
<0.01
7
<0.01
110
0.73
170
0.57
375
0.83

4
<0.01
15
0.01
5
0.03
35
0.12

850

20

0.94

10
0.02
0.02

Zp
1145
1.36
1230
0.94
153
1.02
252
0.84
440
0.98
945
1.05

43

that with the exception of the determination of the mean kinetic temperature for the
conventional plasma, the techniques described in this paper to measure the contributions to
the power balance in different inductively-coupled plasmas are valid and can produce reliable
data.
When the data are considered column by column we first recall the significant difference
between the power delivered by the rf-generator, p gen , and the power actually dissipated in the
plasma, p in . The difference is manifest for the flat-plated coil used for the externally cooled
plasmas, where 40 % of the generator power is lost in the cooling water of the work coil.
However, also with the widely used copper tubing coil around a conventional ICP at least
25 % of the generator power is lost in the cooling water or reflected back. If ICP performance
is to be compared between different instruments or laboratories, we cannot rely on generator
power, but should quote the true incident power. The procedures outlined in this paper
provide simple techniques to determine the incident power by a few measurements.
The next to final column of Table 7 shows that in all three plasmas considered the power
lost by radiation is of insignificant or minor importance. This is in marked contrast to the
conclusion of BOULOS [14], who reports that 45 % of the power directed to a 3 MHz 3.8 kW
ICP is lost by radiation. Obviously, such a conclusion does not apply to ICPs developed for
analytical purposes.
The major mechanism of power transfer from the plasma differs significantly between the
three plasmas. For the conventional ICP virtually all of the incident power is carried away
with the argon flow. To a certain extent this is due to the large flow rate (23 1 min "') used in
this study. We have seen, however, that conductive power transfer from a conventional ICP
cannot be raised over about 100 W, so that convection must always be the major mechanism
of power transfer. As a result conventional ICPs cannot operate on very low argon flow rates.
In the water-cooled plasma the argon flow can be reduced to virtually zero [7], because up
to 1000 W of incident power can be released in the water circulating through the cooling
jacket. For non-zero but low argon flow rates convective power transfer plays a secondary
role. On the other hand, this makes the water-cooled torch not very efficient. Because the
cooling water acts as a heat sink, a high incident power is needed to heat a relatively small
argon flow to an analytically desirable kinetic temperature. Perhaps, replacement of water by
a cooling liquid of higher boiling point reduces the conductive power loss and, hence,
improves the efficiency of power distribution.
In this respect the air-cooled torch performs much better. Although, again, conduction is
the major mechanism of power release, it outweighs convection by only a factor of three.
Consequently, incident powers of 300 W are sufficient to heat a small argon flow to the same
high temperature as is reached in the other two plasmas with incident powers of some
1000 W. As we have seen, the present design of the air-cooled torch does not permit higher
incident powers, without a further inctease of the already high flow rate of the cooling air (62
lmin" 1 )- This makes the operation of the air-cooled torch somewhat critical. Further
improvements of the air-cooling design are presently under consideration.
The analytical significance of the data presented in this paper will be reported in a future
publication.
ADDITIONAL NOTE

After completion of this manuscript REZAAIYAAN et al. [42] published a paper on the design of a lowRow, low-power ICP with internal cooling. The plasma they applied for analytical measurements used a
total argon consumption of 6 1 min"' at a power level of 4S0 W. According to our calculations in
section 4.2 it takes 300 W to heat an argon flow of 6 I min"1 to a temperature of 3500 K and an
additional 25 W is necessary for both argon ionization and solvent dissociation (a conventional
nebulizer is used). The total convective power transfer thus amounts to 350 W and with a radiative term
of some 25 W about 75 W must be lost by conduction through the quartz wall. This is somewhat below
the maximum cooling capacity for free convection in air (90 W) and it thus seems, that those authors'
data agree quite well with our measurements.
In addition to the conditions used for analytical measurements two extreme operating conditions are
also mentioned. The first situation combines a total argon flow of 6.51 min "' with a power level of only
[42] R. REZAMYAAN,G. M. HIEFTJE, H. ANDERSON. H. KAISERand B. MEDDINOS, Appl. Spectrosc. 36,627 (1)982).
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125 W. Even if all the power applied is used to heat the argon the mean temperature achieved would
only be some 1500 K. The radial temperature profile would have to be very steep in this case in order to
obtain a sufficiently high plasma temperature in the centre. More probably this plasma is not powerful
enough and no analytical data are presented for this situation.
The second extreme situation is a result of the unexpected effect, that, according to so-called stability
curves the minimum power needed to sustain the plasma increases with decreasing argon consumption.
Values up to 1000 W are reported for 61 min"' total argon. If these were incident powers it would mean
that at least 600 W must be dissipated by conduction through the quartz tube. Our analysis has shown
that this is not feasible and, hence, the data reported by REZAAIYAAN et al. probably refer to generator
powers. If true, it only stresses the need to report actual incident powers. It would also mean that in
those authors' system a substantial part of the generator power is lost in the work coil, indicating a poor
efficiency of energy transfer.

APPENDIX. List of variables and constant
Symbol
A
A

»

B
^plasma

c
c p . air

C„Ar
^•p. water

d
D
FA,

FH

0

FJU

9

Description
constant in conductivity
equation
plasma cross section
area of conducting quartz
constant in conductivity
equation
plasma radiance
integration constant
heat capacity of air
heat capacity of argon
heat capacity of water
thickness of quartz wall
constant in conductivity
equation
argon mass flow
argon ion mass flow
water mass flow
solvent mass flow
gravitational acceleration

Gr
H
AHim
AH l o n
'an

Nu,aai

PAF
PAICIII

Expression
Eqn (11)

Value

Unit
3 2

//Wcm-'K" ' 21.5

Eqn (16), ref. [17]
mm2
2nRH; Eqn (8), (13), (15) mm2
Eqn (11)
K-'

Table 6
Table 1
1.3x10-"

Eqn (16)
Eqn (12)
Prandl
Eqns (6), (7)
Eqn (9)
Eqn (8)
Eqn (11)

Wm" 3 sr-'
f»Wcm~'
Jg-'K-'
Jg-'K"'
Jg-'K"'

Eqns (6), (7)
Eqn (6)
Eqn (9)
Eqn (6)
Grashoff
Hg&p

gs"'
mgs '
gs" 1
BS"1

Table 3
Table 3
21.7
Table 1,3
10

Eqns (8), (12)

mm

Table 1

Eqn (6)

kJg"'

50

Eqn (6)

kJg"'

38

Eqns (3), (4), (5)
Eqn (3)

A
A

Table 2
—

mm
K

mgs"'

Fig. 4, Table 6
—
0.97
0.52
4.2
Table 1
143

I

iaDIC J

distance plasma bottomtorch exit
enthalpy of dissociation
(water)
enthalpy of ionization
(argon)
anode current
power supply current
Nusselt number (forced
convection)

~ l

Nusselt number (free
convection)

^-•; Eqn (14a)

power dissipated in argon
(atoms)
power dissipated in argon
(ions)

Eqn (14b)

Table 5

A.

—

Table 5
W

Table 3

W

Table 3
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Symbol

Expression

Unit

Value

Eqns (2), (4), (5)

W

Table 2

Eqns (1), (8), (9), (10)
Eqns (10), (12)

W
W

Table 4, 5, 7
—

Eqns (1), (6)
Eqns (10), (13)

w
w

Table 3, 7
Table 5

Eqns (10), (13)

w

Table 5

Eqns (2), (3), (4)

w
w

Table 2,7

w

Table 2-7
Table 6, 7
Table 2
Table 3

Pulv

power dissipated in work
coil
power lost by conduction
contribution of conduction
(air)
power lost by convection
contribution of forced
convection (air)
contribution of free
convection (air)
power delivered by
generator
contribution of heat
radiation (air)
incident power
power lost by radiation
reflected power
power dissipated in solvent

Pr

Prandl number

^ * ; Eqn (14)

w
w
w
—

r

radius (zero at plasma
centre)
outer radius of plasma
torch

Eqns (7), (12)

mm

Fig. 2

Nusseltforad;
Reynolds; Eqns (7), (8)

mm

Table 1

Re

Reynolds number

—-:

—

Table 5

T

average (kinetic)
temperature
quartz wall temperature
(inside)
kinetic temperature
quartz wall temperature
(outside)
temperature at position r
temperature difference
cooling water
radial velocity of cooling

Eqn (6)

K

Eqn (8)

K

—

—
Eqns (8). (13), (15)

K
K

Eqns (7), (12)
Eqn (9)

K
K

Table 3
Table 5,
Fig. 2,3
Fig. 2
Table 4

Reynolds

IDS" 1

—

Eqns (3), (4)
Eqns (13), (14)

V
Wm" J K"'

Table 2
Table 5

Pco,i
Pcond
Pcond.air
Peon»
Plotted

Pf.«
Ppn
Phtinad

Pin
Pud

Prf

R

Tm

n,„
T,
ATH
V,

V,
at
Ë

X
K:t
XQ
V

p
p.
Pw
Ap
a
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Description

0

air
power supply voltage
coefficient of heat
transfer
efficiency oscillator
circuit
wavelength
thermal conductivity (air)
thermal conductivity
(quartz)
kinematic viscosity (air)

Eqns (10), (IS)
Eqns (1), (2), (5)
Eqns (1), (16)
Eqn (2)
—

Eqn (14)

Eqns (3), (4)

Table 5

Table 5

—

1/4

Eqn (16)
Eqn (11); Prandl
Eqn (8)

pm
Wm-'K" 1
Wm"'K"'

Fig. 4
Table 5
1.5

Prandl, Reynolds,
Grashoff
Prandl
Eqn (7)

mV

Table 5

density (air)
density at position r
(argon)
density at wall surface
Grashoff
(air)
Grashoff
density difference wallenvironment
Stefan Boltzmann's constant Eqn (15)

3

Table 5

gem" 3

Table 5

3

Table S

gem"
gm" 3

gem"

5.67 x 10"'

CHAPTER V

ANALYTICAL PERFORMANCE OF INDUCTIVELY COUPLED ARGON PLASMAS WITH
EXTERNAL COOLING

1.INTRODUCTION

In a previous publication we have described a torch for inductively
coupled plasma (ICP) atomic emission spectrometry that uses a total argon consumption of only 1 1/min by virtue of external cooling with pressurized air [1]. The analytical data provided were promising, but did
not allow a complete assessment of the analytical performance of the
torch. In the mean time we have also succeeded in designing a similar
torch utilizing external cooling with water. Because a liquid is a much

v

more efficient coolant medium than a gas, the use of water would enlarge

J

the range of practical operating conditions [2].In a later publication

•

we analysed the power requirements of both externally cooled torches [3]

j\

and demonstrated that the air-cooled torch runs on less than 400 W inci-

',,

dent power, whereas the water-cooled torch requires about 800 W. In order
to compare the two designs mutually and with existing ICP-torches an evaluation of their analytical performance is necessary.
Nearly all investigaters, who have constructed a low consumption ICP
either by modified internal or by external cooling, give some indication

[

of detection power [4-9]. Although there are differences in measurement
and calculation techniques, in all cases detection characteristics are

' -

roughly comparable to those of a conventional ICP. Matrix interferences
are not always reported, but, if so, they occasionally show less promising results [5-7,10]. Interferences of some 50% have been measured for

\

molar interferent-analyte ratios as low as 100. Other analytical proper-

,1

ties are only rarely specified. In two cases the linear range of calibra-

.'*"

tion curves has been studied and shown to be comparable with that for

••':

conventional plasmas[4,6]. Finally, fair accuracy has been reported twice
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[6,11] and - somewhat surprisingly - for the. 5 1/min torch reported recently by Rezaaiyaan

et al. [11] this

is the only analytical property mentioned.

Little, if any, quantitative information is available on precision, stability, maximum permissible salt uptake and the application of organic
solvents.
In this study we evaluate the analytical performance of an air-cooled
and a water-cooled ICP with respect to the properties mentioned above. Attention will also be given to practical aspects such as ignition and ease
of operation. The two plasma systems will be compared mutually and with a
conventional ICP, that forms our frame of reference. The evaluation will
include the influence of all operating conditions on the signal-to-background ratio (SBR~, and the possibility to formulate compromise conditions
for simultaneous multi-element analysis. For such compromise conditions
the analytical performance will be judged in terms of detection limits,
dynamic range, precision, stability and matrix effects.

2. EXPERIMENTAL.

Table 1 lists the instrumentation used for the analytical measurements.
Two different systems have been evaluated:
a. An air-cooled ICP with a torch consisting of two concentric quartz
tubes contained in a coil made from two copper plates [1]. Outer quartz
tubes with inner diameters of 13.5 and 16 mm have been applied.
b. A water-cooled torch, contained in the same flat-plated coil, but with
a cooling jacket after Kauaguahi

et at. [7] to replace the outer quartz

tube. Because of the space taken up by the jacket only one inner diameter of 13.5 mm has been evaluated.
The incident power was determined by a method described previously [3],
which relies on data for the anode current and for the power dissipated

'

in the work coil, both with and without the plasma burning. Argon flow
rates were measured with a soap bubble meter, the air flow rate with a wet

:

gas meter and the cooling water flow rate by timing with a 2 1 volumetric

\

flask. The latter procedure, but with a 10 ml flask, was also used to determine the rate of sample delivery to the nebulizer. The observation
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Table 1. Instrumentation
RF generator

Philips PV 8490, 1.5 kW, 50 MHz

(Vork coil

2 turn copper plates [1], inner diameter 23 mm

Torch dimensions

see fig. 1 and table 2

Sample Introduction

narrow bore (100 urn ) Babington nebulizer fitted
to a 20 ml single-wall chamber [14], force feeding of the sample solution by argon pressure or
a peristaltic pump

Monochromator

McPherson Model 2051, 1 m Czerny-Turner with a
10 cm grating, 1200 grooves/mm, blazed for
250 ran and adjustable slits, set to 25 ym

Photoraultiplier

EMI 6256S

Amplifier

PAR Model 120, lock-in amplifier operated at
400 Hz with a time constant of 0,3 s

height (OBH) was varied using a periscope arrangement of one fixed and
one rotatable plane mirror in the optical path. It is defined as the distance from the centre of the observation window (2 mm wide) to the upper
plate of the work coil. Torch dimensions were measured using a vernier
caliper, except for the diameter of the sample introduction orifice, d ,
c
which was determined with the aid of a microscope.
Detection limits were derived from the sensitivity and the peak to
peak noise, N, in the blank signal, recorded for two minutes with a time
constant of 0.3 s as:
C

L= 175Ö

The results correspond to a 3(7 criterion and a time constant of IS s as
usual in ICP literature [12].
Matrix effects were quantified by relating the net signal of 5 mg/1
of analyte with varying amounts of concomittant, S, to that of a 5 mg/1
pure analyte solution, S , using the following equation:
(S - 8 )
M (%) =

z~~

• 100
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The short term precision was determined by making 6 repetitive wavelength scans over the analyte line of interest within a period of five
minutes and calculating the standard deviation in the net signal. This
was repeated 10 times at concentration levels of at least hundred times
the detection limit with a time constant of 0.3 s. The mean standard deviation and the 95% confidence interval were determined using standard statistical methods [13].
The long term stability was determined at the same concentration levels
by repetitive wavelength scans at selected time intervals, e.g. every half
hour over 6 hours, and again calculating the standard deviation. The ICP
systems were allowed to warm up half an hour before starting the measurements.
The linearity of the calibration curves was checked by measuring net
signals over a concentration range of 4 decades starting with a concentration of at ieast ten times the detection limit. The slope of the least
squares fit of the log-log calibration curve was then determined.
The accuracy was evaluated by analyzing a standard reference material.
The permissible salt uptake is defined as the highest salt concentration (up to a maximum of 5% w/v) which can be aspirated without visably
affecting the plasma. The possibility of using organic solvents was
checked by aspirating MIBE, xylene, methanol and ethanol.

3.THE INFLUENCE OF THE OPERATING CONDITIONS UPON THE SIGNAL TO BACKGROUND
RATIO
3.1. General remarks
The usual optimization criterion in ICP-analysis is the signal-tobackground ratio, SBR. Two approaches can be followed to optimize a multiparameter system such as the present designs. A computer controlled multivariate technique, e.g. the Simplex routine, has the advantage that it
accounts for the mutual interdependence of the parameters, However, it has
the disadvantage that it does not reveal the variation of the criterion
around the optimum and, hence, obscures the relative importance of the parameters. Also, Simplex optimization of as many as fifteen parameters,
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some of which are only discontinuously variable, is a tedious process.
Therefore, we preferred the alternative approach where each parameter
is considered consecutively in a univariate optimization. Possible interdependences are accounted for by iteration.
The parameters considered in this study are shown in fig. 1 and can be
distinguished in two categories. Continuously variable parameters are:
- the flow rates of the coolant medium (F

,F

) , of the plasma ar-

gon (F ) and sample carrier argon (F ) and of the sample solution (F ) .
- the distance from the BF-coil to the top of the outer torch tube (H ) ,
to the sample introduction tip (H ) and to the centre of the observation window (OBH).
- the incident power (p. ).
in
Discontinuously variable are the tip diameter of the sample introduction
tube (d ) , the inner diameter (d

) and the width (w) of the torch tube.

The following parameters were kept at fixed values:
- the dimensions of the nebulizer-chamber assembly discussed previously
- the observation window, chosen as 2 mm to follow the influence of the
OBH accurately at acceptable signal levels.
- the diameter of the RF-coil, kept at 23 mm.
The influence of the various parameters will now be discussed in the order of increasing importance , as expected from experience with conventional ICP-systems.

3.2. Coolant flow rates
In the next section we shall discuss and compare the operational characteristics and analytical performance of the two plasma systems using
external cooling by gas and liquid, respectively. It is obviously impractical to utilize a gas other than air, the more so as no significant difference in cooling efficiency can be expected from another gas. The flow
rate of the air, taken from the laboratoty's pressurized air system, poses an upper limit to the incident power that can be sustained, and was,
therefore, set at 62 1/min, which is the maximum value attainable with
the present design. Reconsideration of the design to improve the cooling
efficiency will be a subject of future study.
Cooling by liquids with a higher boiling point than water is possible
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when a closed cooling circuit is constructed and might offer advantages
for reducing power consumption as discussed previously [3]'. In the present
study only water has been used at a flow rate of 1.3 1/min. This value is
not critical as long as it exceeds

a value of 1.0 1/min needed to pre-

vent the formation of bubbles from boiling water.

3.3. The outer torch tube
The dimensions of the outer quartz torch tube are largely decided by
the space provided by the RF-coil (23 mm) and obvious limitations of fragility. Ti.aoretically, the transfer of RF-power from the coil to the plasma proceeds more efficiently when the plasma torch is wider. These considerations virtually dictate the dimensions of the water-cooled torch. The
cooling jacket is made of two quartz tubes with thicknesses of 1.5 mm
(outside) and 1 mm (inside), seperated by 2 mm for the water flow. It thus
takes up 9 mm from the available 23 mm, so that the maximum inner diameter of the plasma torch, d. , is 13.5 mm. The air-cooled torch can obviin
ously be made wider. Heat transfer through the quartz is facilitated by
thin walls, but to obtain acceptable rigidity the wall thickness was set
at 1.5 to 2 mm. This leaves room for a maximum inner diameter of 18.5 mm.
However, a previous report has shown that such a wide tube yields an unstable plasma [1]. We, therefore, selected tubes with an inner diameter
of 13.5 mm and 16 mm. Their performance will be evaluated in the next
sections.
The extension of the outer tube above the RF-coil cannot be taken to
small to prevent air entrainment with negative consequences for plasma
stability and background levels. For this reason a minimum extension of
20 mm for the air-cooled torch and 15 mm for the water-cooled torch was
found to be necessary. As will be seen below , this means that all observations must be made through the outer tube and the water jacket.
3.4. Sample introduction
Neither the solvent delivery flow rate, F , nor the distance from the
sample introduction tip to the HP-coil, H , proved to be very critical.
In agreement with the virtually constant nebulization rate reported previously for sample delivery rates between 1 and 1.7 ml/min [14], we found
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that the SBR varies less than 10% as long as the delivery rate exceeds
1.2 ml/min. Optimum SBR values are obtained when the sample introduction
tube is raised close to the RF-coil. Between 0 and 3 mm the distance is
not critical, although it influences the optimum observation height somewhat. Over 4 mm the SBR rapidly decreases and the plasma becomes unstable
when the inner torch tube is more than 10 mm below the RF-coil. All data
were collected with a separation of 1 to 2 mm.
The remaining two parameters of interest for the sample introduction,
i.e. the carrier gas flow rate, F , and the tip diameter of the sample
introduction tube, d , are more critical and interdependent. Therefore,
for each different tip diameter the argon carrier gas flow rate was optimized for SBR. In addition, the incident power was optimized for SBR
and the observation height for maximum intensity. The change in criterion
may seem illogical, but it will be seen later that the observation height
has only a slight influence upon the SBR.
In fig. 2 a distinct influence of the tip diameter is observed. From
this figure we derived tip diameters of 0.48 mm and 0.57 mm for the aircooled and the water-cooled torch, respectively. For these tip diameters

S/B

10-

A
—»•

dc,

mm

Fig. 2. Influence of the diameter of the aarrier argon introduction
orifice upon the signal to background ratio.
% air-cooled torch (d.%>n= 13.5 mm); 2 mg/l Zn
^water-cooled torch; 1 mg/l Mg
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Fig. S. Influence of the carrier gas flow rate upon the signal to
background
%

ratio

air-cooled

O air-cooled
^water-cooled

torch (d. = 13.5 mm; d - 0.48 mm); 2 mg/l Zn

.Jv

torch (d. = 16 mm; d = 0.48 mm); 1 mg/l Mg
torch (d = 0.57 mm); 1 mg/l Mg

the influence of the argon carrier gas flow rate is shown in fig. 3. Its

•1

influence is not very critical for the water-cooled torch and a value of
170 ml/min was chosen. Clearly defined optima are found for the air-cooled
torch and the wider torch appears to require a smaller carrier gas flow
rate: 120 ml/min for the 16 mm tube and 145 ml/min for the 13.5 mm tube.
It is to be noted that the combination of these tip diameters and flow
rates leads to a linear velocity for the carrier gas ranging from 11 to
13.5 m/s, which is very close to the value of 14 m/s derived for our conventional plasma that uses 1.15 1/min of argon through a 1.3 mm tip.
Finally, it is to be noted, that the similar influence of all parameters connected with sample introduction in both externally cooled plasmas
could indicate that the analytical performance is determined to a substantial extent by the nebulizer system.
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3.5. Plasma argon flow rate
The influence of the final three parameters to be considered, the observation height, ths incident power and the plasma argon flow rate, is
again mutually interdependent. A systematic variation of the plasma argon
flow rate therefore required subsequent adjustment of the other two parameters. Every data point in fig. 4 was measured at the incident power
level of maximum SBR, which, in turn was selected while adjusting the
OBH to maximum signal for each power level.
In the air-cooled plasma F

appears to be a very critical parameter

and the SBR increases sharply with decreasing F -values. No optimum is
reached, since the plasma cannot be operated below either 0.40 or 0.65
1/min for the 13.5 and 16 mm torch, respectively. Below these values the
outer tube starts glowing visibly and plasma flickering occurs, stressing
again the need for further improvement of the air-cooling system. For the
present system a safety margin was built in and plasma argon flow rates
of 0.50 and 0.80 1/min were selected.
The behaviour of the water-cooled plasma is different. An optimum is
found at a value of 1 1/min, but the influence of F

upon the SBR is not

very large.

Fig. 4. Influence of the plasma argon flow rate upon the signal to
background
%air-oooled

ratio.
torch (d. = 13.S mm); 2 mg/l In

Oair-oooled torch (d. = 16 mm); 1 mg/l Mg
•jf water-cooled
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toroh; 1 mg/l Mg
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Fig. 5. Influence of the inoident power upon the signal to bqckground
ratio.
%aiv-oooled torch (d. = 13.5 mm); 2 mg/l Zn
"irYl

O air-oooled torch (d. = 16 rmij; 1 mg/l Mg
IrYl

ifiwater-aooled torch; 1 mg/l Mg
3.6. Incident power
The influence of the incident power on the SBR is shown in fig. 5.
The measurements were carried out at the plasma argon'flow rates selected
above and for every data point the OBH was adjusted to yield maximum intensity. Again there is a significant difference in behaviour between
air-cooled and water-cooled plasmas. For the air-cooled plasma, the SBR
first rises sharply with the incident power, then reaches an optimum
after which it slowly decreases again. For the water-cooled plasma, on
the other hand, the SBR tends to increase slowly but continuously with
decreasing incident power, and no optimum is reached, because the plasma
extinguishes below 500 W. As mentioned in section 3.2, the application
of a high-boiling liquid can provide a smaller cooling capacity and, hence
extend the working range to lower incident power levels. In view of the
curve for the water-cooled plasma in fig. 5 it cannot be expected, however, that this would lead to a major improvement in analytical performance .
Air-cooled plasmas can be sustained at incident power levels as low as
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150 W, although they are not analytically useful then. The upper power
level, above which torch glowing occurs, is about 325 W for the 13.5 mm
torch and 425 W for the 16 mm torch. The difference in upper limit can
be explained in terms of power balances previously described [3]. The
larger area of the heat conducting surface in the wider torch accounts
for some 75 W additional conductive heat transfer. The remaining 25 W can
be explained by the increase of convective heat transfer by the 40%
higher argon flow rate (paragraph 3.5). Thus, the incident power level
is typically 100 W higher for the 16 mm air-cooled torch, when compared
with its 13.5 mm equivalent, but the power delivered by the RF-generator
is virtually the same for both systems, because of a gain in coupling
efficiency at larger plasma diameters. At the selected optimum incident
power levels of 270 and 400 W, the generator has to deliver 450 and 500 W,
respectively. By comparison, the selected incident power level of 600 W
for the water-cooled torch (a safety margin of 100 W was built in) corresponds to 1100 W generator power. Hence, the application of smaller,
and cheaper (solid state) RF-generators seems entirely possible for aircooled plasmas at optimum incident power levels.

3.7. Observation height
Up to this point the OBH has always been set to the point of maximum
intensity, which lies between 8 and 9 mm above the work coil for both
externally cooled plasmas. It is interesting at this stage to investigate the possibility of gaining in SBR by selecting another OBH-value.
The results in fig. 6 indicate that a significant gain is only achieved
for the 16 mm air-cooled plasma, where a shift in OBH from 8 to 11 mm
increases the SBR with 40%. For the 13.5 mm air-cooled torch and for the
water-cooled torch shifts from 9 to 12 mm and S.5 to 10 mm respectively,
enhance the SBR by only 10 to 15%. In general, the variation of the OBH
around its optimum value is, consequently, not critical. Moreover, even
for the 16 mm air-cooled torch the optimum observation height varies
little among different elements. For Al (396.2 nm) and Na (588.9 nm) no
optimum can be found and any OBH-value between 7 and 14 mm can be selected.
For B (249.8 n m ) , Co (238.9 nm) and Mn (403.0 nm) the optimum values are
9.5, 10.5 and 11.5 mm respectively. A possible explanation of this behaviour of externally cooled plasmas lies in the fact that they are consi-
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Fig. 6. Influence of the observation height upon the signal to background ratio.
%air-aooled torch (d. - IS. 5 mm); 2 mg/l Zn
O air-cooled torch (d. = 16 mm); 1 mg/l Mg
if-water-cooled torch; 1 mg/l Mg
derably smaller than conventional ICP's: the visible plasma height is
15 mm and 35 mm, respectively. Thus, with a 2 torn observation window some
15% of the plasma height is observed in externally cooled plasmas vs. 6%
in a conventional ICP. Nevertheless, an area of approximately four times
the observation window has been investigated, covering half of the plasma
height and major effects should have been noticed.
If, for the 16 mm air-cooled torch the optimum value for Mg is selected the largest loss in SBR found so far is some 25% for B. From fig. 6 a
similar behaviour is expected for the 13.5 mm air-cooled torch and the
water-cooled torch. Furthermore, at the selected optimum observation heights
there is little loss in net signals when compared with maximum attainable
signal levels: losses are typically 20%. From the above it can be expected
that, if an optimum observation height for one element is selected, this
OBH can be used for other elements without a substantial loss in detection
power.
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3.8.

Conclusion

When we consider the influence of the various parameters upon the signal to background ratio, we observe only little differences between the
air-cooled plasma and the water-cooled plasma. For example, the diameter
of the sample introduction tube, d , has a profound influence on the SBR
in either design. On the other hand, the other parameters connected with
sample introduction (F , H , F ) are of minor importance in both plasmas.
C

C

S

Somewhat surprisingly, the same conclusion applies to the observation
height.
A difference in behaviour is observed for the plasma argon flow rate,
F , and the incident power, p. . These two parameters exert only a minor
influence in the water-cooled plasma, but a strong influence in the aircooled plasma. Within the working range of stable plasma operation no
optimum has been found for the plasma argon flow rate in the air-cooled
plasma. Obviously, it would be desirable to extend the range to lower
flow rates by improving the cooling facilities.
Whereas only one design has been optimized for the water-cooled torch,
the air-cooled torch has been optimized for inner torch diameters of 13.5

Table 2. Operating conditions
Parameter

Coolant Medium
d. (mm)

Air

Air

Water

13.5

16

13.5

d

(mm)

0.48

0.48

0.57

F

(ml/min)

145

120

170

F

(l/min)

0.50

0.80

1.00

F
, „ (l/min)
coolant
F (ml/min)

62

62

1.3

2

2

Hc (mm)
H (mm)

1-2

1-2

2
1-2

20
2
12

270

20
2
11
400

1.5-2 .0

1.5-2.0

Observation Window (mm)

OBH (mm)
p. (W)
r
win(mm)

60

Selected Value

15
2
10

600
1.0

and 16 mm. From the preceeding discussion on parameter optimization for
signal to background ratio no clear preference emerges, but from the analysis of operational and analytical characteristics in the following sections some differences will become apparent. Complete sets of operating
conditions of the three torch designs are presented in table 2. For these
conditions the analytical performance will be evaluated in section 5.

4.OPERATIONAL

CHARACTERISTICS

4.1. Ignition
Ignition of the air-cooled plasma is straightforward, provided that
the sample introduction tube is carefully placed in the centre of the
torch and the torch itself is well centered in the work coil. The plasma
argon, carrier argon and solvent delivery rates can be set to their operational values (table 2) prior to ignition, but the incident power must
be within the range of 350 to 400 W. A single, brief burst with a Tesla
coil is usually sufficient to ignite the plasma. After ignition no readjustment of operating conditions is necessary for the 16 mm air-cooled
torch, but for the 13.5 mm torch the incident power level must be quickly
reduced to its operational value to prevent torch deformation.
Ignition of the water-cooled plasma is somewhat more elaborate. Again,
the torch assembly must be well centered, but, furthermore the plasma
argon and the carrier argon flow rates must be set to 1.5 1/min and 75
ml/man respectively, and no sample should be delivered to the nebulizer
prior to ignition. As for the air-cooled plasma, a single burst with a
Tesla coil is usually sufficient to ignite the water-cooled plasma at an
incident power level of some 800 W. After ignition all flow rates and the
incident power level should be readjusted to their operational values
(table 2 ) , but, in view of the large cooling capacity of water, this is

/

not time-critical.

,
\

4.2. Working range of operating conditions
In this paragraph practical working ranges will be given for the most
critical operating conditions. Beyond the limits reported either the
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plasma vanishes (low incident power, high flow rates for plasma argon and
carrier argon) or the torch starts to glow, eventually leading to defor•

mation (high incident power, low flow rates for plasma argon and occasio-

1

nally even for carrier argon and solvent delivery). For each parameter
the limits were determined at a constant value of the other parameters,
as stated in table 2. The results in table 3 indicate small working ranges

Table 3. Working range of operating conditions

Operating Condition

Working Range
Air-cooled
Water-cooled
= 13.5 mm d. = 16 mm
n
in

„
Conventional

Pin <W>
F p (1/rain)

150-325

175-425

500-1000

400-1750

0.4-3.0

0.6-3.3

0.5-2.5

7-40

Fc (ml/rain)

50-500

F

(ml/min)

>0.5

0-500
arbitrary

0-500
arbitrary

0-5000
arbitrary

*Measured with a conventional three tube concentric torch combined with
a 2.5 turn copper tubing coil connected to a LINN FS 4 generator

for the incident power in the air-cooled plasma, especially when compared
to the conventional plasma. This observation can be explained by the limited cooling capacity of air, as described previously [3].
Although the absolute working range of the plasma argon flow rate is
also substantially smaller, it is to be noted, that for all plasma systems the upper limit is about six times higher than the lower limit. In
the 13.5 mm air-cooled plasma there is even a lower limit to both sample
introduction flow rates (Fc, F g ) , indicating how critical the cooling
system is. The situation is more favourable for the 16 mm air-cooled
plasma, where the sample introduction flow rates can be turned down to
zero and where, in general, the working ranges are somewhat wider. Nevertheless, an improvement of the air-cooling system seems desirable.
As expected, the working range for the incident power is much larger
in the water-cooled plasma than in the air-cooled plasma. The ranges of
the other three operating conditions are comparable to those for the aircooled plasma with an inner diameter of 16 mm. At the lower limit of the
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plasma argon flow the water-cooled plasma behaves differently from either
the air-cooled or the conventional plasma: here the plasma vanishes before the torch starts to glow. In general, water-cooling ensures safe
working ranges
4.3. Continuous operation
With the parameters adjusted to within their working range, air-cooled
torches have been operated for several weeks without noticeable damage.
Occasionally, however, cracks in the quartz tube were noticed that eventually lead to torch rupture. Possibly, the cracks arise from tensions
in the applied quartz. It is also possible that they arise from local
inadequacies of the air-cooling. In the present design the pressurized
air is blown perpendicularly onto the torch through five tubes positioned around the outer quartz tube [1]. Cooling is thus not radially
homogeneous. Perhaps a tangential flow of the cooling air, as described
by Robin et at. [15] or the use of more rigid quartz tubes might prove
useful.
From the discussion on working ranges it is clear that in the 13.5 mm
air-cooled plasma solvent should be supplied continuously to the plasma
during operation. The time of sample interchange is not critical, but if
no solvent is aspirated for a period longer than 30 s torch deformation
can occur. If, for some reason solvent delivery must be stopped for an
elongated period, the incident power level must be decreased to a value
below some 250 W. These problems do not occur in the 16 mm air-cooled
plasma.
The water-cooled plasma has been operated for over a year and no
damage to the torch was observed. Obviously, sample aspiration is not essential for the water-cooled plasma. In general, operation of this plasma
is as easy as operation of a conventional ICP and in this respect watercooling should be favoured above air-cooling in the present design.

4.4. Maximum permissible salt uptake, organic solvents
Concentrations up to 5% (w/v) of sodium chloride and sodium tetraborate have been aspirated in the air-cooled and the water-cooled plasma,
without any visable change in the plasma, apart from a clear yellow tail
flame caused by sodium emission. The incident power need not be adjusted.
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Surprisingly, the stainless steel nebulizer applied in this study does not
endure noticeable corrosion while highly salted solutions are being aspirated. In the air-cooled plasma no salt deposits on torch and tip were observed at the operational incident power level (table 2 ) . At power levels,
which were some 50 W lower, deposits on the torch tube could be seen. In
the water-cooled plasma some salt deposit was found on the torch tube at
the suggested operational power level of 600 W and it is, therefore, desirable to analyze highly salted solutions at higher incident power (800900 W ) . Although the externally cooled plasmas can thus endure highly salted solutions, the discussion in paragraph 5.4 will show that matrix effects do occur.
Under the standard operating conditions of table 2 neither the aircooled nor the water-cooled plasma can survive the aspiration of organic
solvents. In either case the carrier gas flow rate must be reduced to
75 ral/min and the incident power increased to 330 W for the air-cooled
plasma (d. = 13.5 mm) and to 900 W for the water-cooled plasma. When next
in
the distance from the sample introduction tip to the work coil, H , is set
to a value of 3 nun, methanol, ethanol, xylene and MIBK can be aspirated
continuously into both the air-cooled and the water-cooled plasma. The
plasmas show a green tail flame. No carbon deposits onto the tip, but after aspiration times of half an hour or more some carbon deposit on the
torch tube was found in the case of MIBK, which is a relatively carbonrich solvent.
Only a few preliminary analytical measurements have been made with
organic solvents. As in the conventional ICP [16] the background increases strongly. Also, net signals tend to decrease, as expected from the
change in operating conditions. As a result SBR values are much smaller
than for aqueous samples and for both externally cooled plasmas the detection limit of calcium in methanol is two orders of magnitude higher than
in water. Therefore, in order to obtain acceptable SBR values modification
of nebulizer design (e.g. spray chamber cooling), torch design and operating conditions (e.g. oxygen doping) appears necessary. This a subject of
further study.
4.S. Conclusion
On the basis of a year long intensive testing we conclude that both de-
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signs of externally cooled torches are convenient to ignite and tc operate. The 16 BIB wide air-cooled torch can be ignited under standard operating conditions, whereas the 13.5 naa air-cooled and the water-cooled torch
require slightly different ignition conditions. The larger cooling capacity of water provides a wider safety margin for power variations with
the water-cooled torch and continuous operation of the water-cooled plasma is straightforward. In these respects some improvement of the aircooling system will be profitable. The working ranges of operating parameters other than the incident power are satisfactory in either torch.
The aspiration of highly salted solutions poses no problems, but it is
desirable to raise the incident power slightly for the water-cooled torch.
The introduction of organic solvents requires adaptation of the operating
conditions, notably the incident power and the carrier gas flow rate.
However, the detection power is considerably reduced in comparison to
aqueous solutions.

5.ANALYTICAL PERFORMANCE

5.1. Detection limits
Detection limits for the air-cooled and the water-cooled plasma are presented in table 4, together with those reported by Winge et al. [17] for
a conventional ICP. The values for the air-cooled plasma are independent
of the torch diameter, but significantly better than those for the watercooled plasma. Compared with the conventional ICP the 13.5 mm air-cooled
torch yields detection limits that are higher by an average factor of 2.3.
This figure is 2.5 for the 16 mm air-cooled torch and 5.8 for the watercooled version. It should be realized that all data refer to a single set
of operating conditions optimized for a single element. The results clearly indicate, that compromise conditions can be formulated for externally
cooled plasmas just as for a conventional ICP. Under such conditions the
detection power of the air-cooled plasma is very close to that of a conventional ICP.
It is interesting to note that the detection limits tend to become
somewhat poorer with decreasing wavelengths and, hence, with increasing
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Table 4. Detection

Species

Wavelength
(nm)

limits in externally cooled plasmas

Detection Limit, C L <tJg/l)
Air-cooled
Water-cooled
d. = 13.5 mm d. = 16 nun

Conventional
ref. [17]

AI r

396.1

40

40

70

28

B I

249.7

10

393.3

0.13

35
--

5

Ca II

0.19

Cd II

226.5

16
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24
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8

12
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excitation energies. However, the difference is not only due to poorer
excitation in externally cooled plasmas. Since detection limits are derived from signal to noise ratios the bettor detection power of the conventional ICP might result from higher signals or from lower noise levels.
An analysis of the observations used to derive the data in table 4 reveals
that both effects occur at low wavelengths. For the water-cooled plasma
(where the effect is the most pronounced) the net signals are 1.5 to 3
times lower than observed in a conventional ICP with the same optical arrangement. At the same time, despite the torch extension applied, the
background intensity is typically 5 times higher and the noise level is
some 3 times higher than in a conventional ICP. As a result the detection limits become increasingly poorer at lower wavelengths. For the aircooled plasma these observations are similar but less pronounced. Indeed,
we have previously reported an excitation temperature of 5500 K, which
agrees closely with literature data for conventional ICP's [1].
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An interesting phenomenon appears when atomic and ionic lines in table
4 are considered separately. A difference is observed between the air-cooled and the water-cooled plasma. In the air-cooled plasma atomic as well
as ionic lines yield detection limits which are similar to values in a
conventional ICP in the high wavelength region (low excitation energy)
and poorer by a factor of 5 in the low wavelength region (high excitation
energy). In the water-cooled plasma, however, ionic lines yield relatively poorer detection limits (by a factor of 2) than atomic lines over the
whole wavelength region investigated. This could mean that the degree of
ionizatlon in the water-cooled plasma is lower than in the air-cooled and
the conventional ICP. The latter two seem to be comparable. Obviously a
better understanding of detection limits in externally cooled plasmas requires a thorough investigation of physical parameters like excitation
and ionization temperatures, electron number densities and background
structures.

5.2. Precision and stability
The short term precision, defined as the standard deviation over 5 min
of a signal well over the detection limit, was measured several times.
For the 13.5 mm air-cooled torch the precision amounts to 3.4% (2.8-4.2%)
whereas this value is 1.3% (1.1-1.6%) for the 16 mm version and 1.4%
(1.1-1.8%) for the water-cooled torch. The latter figures are fully comparable to results with a conventional ICP without special precautions
such as power stabilization (presently available in most commercial generators), mass flow controlers, high pressure nebulization, and internal
standards [18].
The long term stability, defined as the variation in 5' averages over
6 hours is shown in fig. 7 and is similar for all three plasma systems.
Values of 5% (3.5-8%) for the 13.5 mm air-cooled plasma, 7.5% (5.5-12%)
for the 16 mm air-cooled plasma, and 6% (4.5-10%) for the water-cooled
plasma have been measured, after half an hour stabilization time before
the first measurement. Again these values are comparable to conventional
ICP values without special precautions [19]. Fig. 7 indicates that the
instability is not due to unidirectional drift, but to long term fluctuations.
There is a distinct correlation between the incident power and the
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Pin.W

•t,hr

Fig. 7. Long term stability and power variations in externally oooled
plasmas
% air-cooled torch (d. = 13.5 mm)
O air-cooled torch (d- = 16 mm)
•ft water-cooled torch
• incident power

measured net signal. Thus, It better long term stability is required power stabilization Is essential. Indeed, for the 16 mm air-cooled torch we
found a stability o£ 1.4% (1.1-1.7%) over a particular three hour period,
where the incident power remained constant to within 0.3%. In order to
achieve 1% long term stability the power should be stabilized to 1 W
(0.25%) for the air-cooled plasma and to 3 W (0.5%) for the water-cooled
plasma. Apparently, the net signal is less dependent on the incident power
in the water-cooled plasma than in the air-cooled plasma. A similar conclusion can be drawn for the SBR from fig. 5.
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Fig. 8. Calibration aurvee for externally cooled plasmas
0 air-cooled torch ("cT. = 13.5 mm)
Mg, slope= 1.02 (covr.coeff.= 0.999); Zn, slope= 0.98 (0.999)
O air-cooled torch (d. = 16 mm)
Mn, slope= 0.93 (0.999); Zr, slope= 0.94 (0.999)
•^f. water-cooled torch
Mn, slope= 0.96 (0.999); Cr, slope= 0.95 (0.999)
5.3. Dynamic range of calibration curves
Fig. 8 shows some calibration curves on a double logarithmic scale.
The slopes of the least square fit are between 0.93 and 1.02, indicating
good linearity over at least five decades. Only for Mg, measured in the
13.5 mm air-cooled plasma, the highest data point (corresponding to 500
mg/1) deviates significantly from the straight line, indicating the onset
of self absorption at a magnesium concentration of 100 mg/1. In view of
the low detection limit for Mg (0.3 )Jg/l)this still means a linear dynamic
range of more than five decades. Consequently, with respect to dynamic
range the externally cooled plasmas are fully comparable to a conventional ICP with similar significance for multi-element analysis capability.
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5.4. Matrix effects and accuracy
In order to get an impression of the overall matrix-sensitivity of the
plasmas considered it is important to choose an appropriate combination
of analysis lines and concomittants. Many investigators have reported for
a conventional ICP a difference in behaviour between so-called "hard" and
"soft" lines [20-21]. Since Boumans and Lux-Steiner [22] have found that
especially the soft lines are matrix sensitive, we have taken two soft
lines (Cu I 324.7 nm and Mn I 403.0 nm) and one hard line (Mn II 257.6 nm)
for the evaluation of matrix effects. Four concomittants have been selected, representing classical volatilization and ionization interferences:
phosphate, nitrate, sodium and calcium. The measurements have been carried
out at a constant analyte concentration of 5 mg/1 and concomittant concentrations ranging from 10 mg/1 up to a maximum of 10000 mg/1. As discussed
in the preceeding section such concentrations can be easily sustained by
the externally cooled plasma. It should be realized that a weight ratio
of 10000 to 5 corresponds to molar ratios ranging from 1200 for phosphate on manganese to 5500 for sodium on copper.
The results for the Cu I and the Mn II line are shown in fig. 9, reflecting normal ICP behaviour. Matrix effects tend to increase continuously with increasing concentration of concomittant. Up to 1000 mg/1 all
matrix effects are small and, in general volatilization interferences
3(N0„, P0 ) are of minor importance. Also, especially for the air-cooled
ó

4

plasma, the hard line is less matrix-sensitive than the soft line. However, the interferences by calcium and sodium at the 10000 mg/1 level are
substantial, and in this respect the water-cooled plasma seems to perform
somewhat better than the air-cooled plasma. To some extent this impression
Is misleading, because in the water-cooled plasma depressions prevail,
while the most important effects in the air-cooled plasma are enhancements.
It is to be noted, that in our definition of the matrix effect

a 50%

depression has the same relative influence as a 100% enhancement. Nevertheless, in both cases matrix effects at the 10000 mg/1 level are high.
A possible explanation is the low incident power level applied for
the measurements. It is well-known that the incident power has a substantial influence on matrix effects in the ICP [23]. In the water-cooled
plasma the incident power can be readily increased with consequent enhancement of the generator power. In the air-cooled plasma the incident po-
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plasma (d* ~ 16 mm)j C

wer can be increased without significantly altering the generator power by
simply changing

the 13.5 mm torch diameter to 16 mm. The effect of the

incident power enhancement from 270 W to 400 W becomes manifest in fig. 10,
where matrix effects in the 13.S mm air-cooled, the water-cooled and the
16 mm air-cooled plasma are shown for the most matrix-sensitive line, Mn I
403.0 nm.
For the 13.5 mm air-cooled and the water-cooled plasma the conclusions
drawn in connection to fig. 9 are confirmed. However, in the 16 mm aircooled plasma matrix effects are much smaller. Up to 1000 mg/1 all effects
are negligible and at the 10000 mg/1 level only sodium causes a significant enhancement. The excellent matrix behaviour of the 16 mm air-cooled
plasma is confirmed in table 5, where the influence of 10000 mg/1 Na is
presented for four transitions.

Table 5. Matrix effeot, M(%), caused by 10000 mg/l of sodium

Analysis Line

Zn 213.9 nm

Mn 257.6 nm
Cu 324.7 ran
Mn 403.0 nm

Air-cooled
13.5 mm
+100
+17

Plasma
Water-cooled

Air-cooled
16 mm

-30

-5

-55

+20

+90

-65

-10

+150

-55

+50

I.

Obviously, the 16 mm air-cooled torch shows the best results and performs
similar to a conventional ICP [22-25]. Indeed, in our laboratory depressions of typically 20 to 25% are observed at the 10000 mg/1 Na level in

;

a conventional ICP system operated under compromise detection conditions.
It is interesting at, this point to note that if the incident power

f,
j.

level in the 16 mm air-cooled plasma is decreased from its compromise
value of 400 W to some 320 W, matrix effects increase as expected and
become about as large as in the 13.5 mm air-cooled plasma.
A second parameter which has been shown to have a substantial influen-

i

ce on matrix effects in conventional ICP's is the observation height [26].
Variation of the OBH in our plasmas is the more attractive, since no sig-

,
!,;J

nificant loss in detection power is expected from a change in OBH (para-

f

graph 3.7). Fig. 11 shows the influence of the OBH upon the matrix effect

,
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caused by 10000 mg/l Na. A substantial influence is observed only for the
Mn I line, which itself is analytically uninteresting, but may be indicative for other soft lines. The two hard transitions (Zn I and Mn II) show
very little variation with the OBH. The behaviour of the Cu I line is intermediary .
As a further check on accuracy we determined manganese in a standard
steel sample (BCS nr. 230) using the Mn II line. One gram of sample was
dissolved in a concentrated HC1/HNO- mixture and diluted to a concentration of 250 mg steel/1. The determination was based on calibration curves
in distilled water. The results found of 0.51 +_ 0.02% Mn (w/w) for the
16 mm air-cooled torch and 0.46 +_ 0.02% for the water-cooled plasma, agree
well

with the certified value of 0.50% Mn (w/w). More elaborate tests

could not be pursued, because of the corrosive effect of acids on the
stainless steel nebulizer applied. Obviously, the nebulizer must be constructed from a more corrosion-resistant material. The results reported
in this paragraph indicate that externally cooled plasmas can provide

OBH.mm

-50

Fig. 11. Influence of the observation height on the matrix effect of
10000 mg/l of sodium in the air-cooled plasma (d. = 16 mm)
XMn 403.0 nm; ACu 324.7 nm; O Mn 257.6 nm; • Zn 213.9 nm
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the same accuracy as conventional ICP's.
Of the three torch designs tested the 16 mm air-cooled plasma yields
the best performance under compromise conditions. Obviously, further optimization for minimal matrix effects without serious loss in detection power
will be as valuable in externally cooled plasmas as in conventional ICP's.

5.5. Conclusion
The most important conclusion is that the good analytical performance
of the ICP can be maintained with externally cooled torches. Indeed, the
short-term precision, the long-term stability, and the dynamic range of the
calibration curves

observed for air-cooled and water-cooled plasmas are

just as good as in conventional ICP's. With respect to detection power and
matrix effects there are minor differences between the torch designs studied and it seems that the 16 mm air-cooled torch yields the best overall
performance, fully comparable to that of a conventional ICP.

With, the aid of external cooling the total argon consumption in ICP
analysis can be drastically reduced from 10 to 20 1/min for a conventional

''

torch to typically 1 1/min, without sacrificing the favourable analytical

'

properties of the ICP. This primary aim of our investigation has been achieved by applying either air or water as a coolant medium, and in both
cases a two tube torch is utilized instead of the conventional three tube
arrangement. To op' rate an air-cooled plasma the RF-generator need supply
only 0.5 kW, while this figure is 1 kW for the water-cooled plasma [3], so

' •

that in this respect air-cooling is definitely favoured.
Externally cooled torches have been operated reliably for over a year.

f

i
They are easily ignited and run smoothly during full day use. Nevertheless,
air-cooled torches have a somewhat restricted working range for the inci-

4.
•' 'V
:

dent power and the plasma argon flow rate and further improvement of the

,f-|

air-cooling system appears to be worthwile. The higher cooling capacity

j ••*

of water provides broader working ranges and excellent operational charac-

."

teristics, except for a slightly more elaborate ignition procedure.

j
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The influence of various parameters on the signal to background ratio
is comparable in air-cooled and water-cooled plasmas, with the exception
of the incident power and the plasma argon flow rate. The latter two parameters have a major influence in the air-cooled plasma, but they are
much less important in the water-cooled plasma. For the plasma argon flow
rate no optimum is found in the air-cooled plasma, and a still further
decrease may improve the SBR-values. Of the other parameters the diameter
of the sample introduction tip is important in both plasma systems. Surprisingly, the observation height has only minor influence on SBR-values.
The analytical properties of externally cooled plasmas have been shown
to be very promising and fully comparable to those of the conventional
ICP. The air-cooled plasma has been operated with torches of three different diameters (13.5, 16 and 18.5 mm) and the 16 ami torch shows the best
results. The presence of the water-cooling jacket limits the torch diameter of the water-cooled torch to a maximum of 13.5 mm. When the watercooled torch is compared to the 16 mm air-cooled torch, we observe that
short-term precision, long-term stability, dynamic range of calibration
curves, maximum permissible salt uptake and acceptability of organic solvents are virtually the same in both systems. However, there is evidence
that matrix interferences and accuracy are somewhat better in the aircooled plasma and, more important, that detection power is better by a
factor of 2 to 3. Therefore, on the whole, analytical performance favours
air-cooling over water-cooling.
In view of the above discussion, the air-cooled plasma should be selected for further investigations. To develop the air-cooled torch into a
practical and fully operational tool for spectroscopie analysis the following improvements should be made:
- enlargement of the cooling capacity by a change in the air-cooling design
- construction of a corrosion resistant nebulizer
- application of power stabilization to within 1 W
Furthermore a more elaborate optimization procedure, including nebulizer
and work coil dimensions, might prove useful and physical data, like temperatures, electron number densities and background structure might reveal the mechanisms behind detection behaviour.
The present study has shown that a fully developed system incorpora-
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ting an externally cooled torch offers the same benifits as current ICP's,
but it does so at substantially lower running costs for argon consumption
and with the possibility to use smaller and cheaper table-top RF-generators. No doubt, such a low-cost ICP would be an even stronger competitor
to flame atomic absorption spectrometry than the existing ICP already is.
Alternatively, the externally cooled ICP-torch could replace the flame as
the atomizer in the atomic absorption spectrometer to facilitate the AAdetermination of such difficult elements as titanium, boron, silicon and
zirconium.
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Summary

During the past two decades the inductively coupled plasma has readily
gained acceptance as a powerful excitation source for atomic emission spectrometry. Mainly because of the high temperaturen, which can be achieved
in such plasmas (up to 10,000 K ) , the analytical properties in terms of
detection power, freedom from interferences, and linear dynamic ringe are
excellent. Also the high ratio of plasma argon flow rate (20 1/min) to
sample carrier argon flow rate (1 1/min) is probably important, because it
ensures that the sample composition hardly influences the plasma properties.
An important drawback, however, are the high running costs of typically
Hfl 30,000.=/year caused by the high argon consumption. Furthermore, it
takes 1 to 2 H ' to heat this amount of argon, which makes the use of bulky

;

and expensive RF-generators, applying vacuum tubes, necessary. The aim of
the investigation presented in this thesis is to drastically reduce run-

;

ning costs by a reduction in the argon consumption from typically 20 1/min

.

to about 1 1/min. In doing so, the analytical performance of the 1CP needs
to be maintained. If, for such a low argon consumption ICP, the power delivered by the RF-'generator can be reduced to 300 W or less, cheaper and

,

smaller "solid state" generators can be applied.

'

In chapter 2 a sample introduction system operating on 0.1 1/min of
carrier argon is described. This system ensures a high ratio of plasma
argon and carrier argon even at the low total argon consumptions intended.

j

It makes, consequently, sample introduction easy and is probably favourable

J

for analytical properties. The main part of the system is a Babington type

j

nebulizer and it is shown that its nebulization efficiency is comparable
to those of conventional ICP (1 1/min) nebulizers. It works, therefore,

'

better than a conventional nebulizer with a (1:10) splitting system.
In chapter 3 the developed low consumption plasma is presented. Since,
in conventional ICP's the major part of the plasma argon is necessary to

>

protect the outer torch tube from melting, the best way of reducing the
argon consumption is to change from the internal coolant action of argon

• -

to an external coolant medium. In the proposed design air is blown perpen-

/<.'

dicularly against the outside of the torch. A different work coil has been

'

•Ï
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developed to make air-cooling efficient and to enable the selection of virtually any distance between plasma and work coil. This allows optimization
of the torch diameter for coupling efficiency and stability. Preliminary
data presented for the air-cooled plasma with a total argon consumption
below 1 1/min show promising analytical potential.
A similarly low argon consumption can be achieved when water is applied
as external coolant medium. Because of the space taken up by the water jacket it is now not possible to

select any internal torch diameter, un the

other hand, water provides such a large cooling capacity that a wider working range can be expected for such operating conditions as the incident
power and the plasma argon flow rate.
In chapter 4 power balances in externally cooled plasmas and a conventional ICP reveal, that both in the water-cooled and in the air-cooled
plasma mean temperatures comparable to those in a conventional plasma can
be achieved with argon consumptions of typically 1 1/min. In the conventional ICP the plasma predominantly transfers heat to the environment by convection (by the argon), while in the water-cooled plasma conduction (through
the quartz wall) prevails. In the air-cooled plasma the situation is somewhere in between. Radiation losses are small in all plasmas. The most important conclusion is that the generator has to deliver typically 1 kW to sustain a water-cooled plasma, while this figure is smaller than 500 W for the
air-cooled plasma.
In chapter 5 optimization and analytical evaluation of both the aircooled and the water-cooled plasma is presented. The incident power, the
plasma argon flow rate and the diameter of the sample introduction tip have
a critical influence upon the signal-to-background ratio in the air-cooled
plasma. In the water-cooled plasma only the latter parameter is critical.
Analytical evaluation of air-cooled plasmas with diameters of 13.5, 16 and
18 mm has been carried out. Because of the cooling jacket only a 13.5 mm
water-cooled plasma could be evaluated. As expected, the plasma diameter
is an important parameter. Of the systems studied the 16 mm air-cooled
plasma performs best. Indeed, this ICF performs fully comparable to a conventional plasma in terms of detection power, matrix sensitivity, linear
dynamic range, precision and stability. It does so, while running on
1 1/min of argon and at a maximum generator power of 500 W.
The overall conclusion is, that a cheaper alternative to the current ICP
with similar analytical significance has become available.
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Samenvatting

Al in de klassieke analytische chemie werd gebruik gemaakt van het feit,
dat een element, mits geëxalteerd, een karakteristiek spectrum uitzendt.
Met name bij kwalitatieve zout-analyses volgens het zgn. H S-systeem kan
aanvullende informatie verkregen worden door het betreffende zout eenvoudigweg in een vlam te brengen. Elementen als Na, K, Ca en Sr zijn dan aan
de vlamkleur herkenbaar. Voor ingewikkelder systemen (mengsels, kleinere
hoeveelheden, UV-emitterend) en als kwantitatieve analyse gewenst wordt,
schiet het menselijk oog tekort en moet het principe in een instrumentele
techniek verwerkt worden: de atomaire emissie spectrometrie (AES). Samen
met zijn complement, de atomaire absorptie spectrometrie, heeft AES een
belangrijke plaats verworven in de kwantitatieve element-analyse van uiteenlopende monsters.
Als excitatiebron voor AES worden diverse systemen gebruikt, zoals:
vlammen, boog- en vonkontladingen en plasmas. Met name het zgn. inductief
gekoppelde plasma (ICP) bezit uitstekende eigenschappen. Dit plasma wordt
opgewekt in een gas (meestal argon; ca. 20 l/min), dat door een kwartsbuis
stroomt, die geplaatst is in een koperen spoel (2 a 4 windingen). De spoel
is op zijn beurt verbonden met een radiofrequent generator die een stroom
levert van 0,2 a 0,6 A bij een frequentie van 25-50 MHz. Door nu m.b.v.
een vonkje wat ionen en electronen in het plasmagas te creëren wordt een
gt-abiel plasma opgewekt. Dit plasma kan gezien worden als een spoel met
één winding en de benodigde energie wordt dus inductief overgedragen van
de koperen (werk)-spoel aan het plasma. Het monster wordt met een kleine
hoeveelheid argon (ca. 1 l/min) meestal in de vorm van een nevel in het
midden van het plasma toegevoerd.
In ICP's zijn zeer hoge temperaturen gemeten (tot 10.000 K) en dit is
de belangrijkste reden voor de uitstekende analytische eigenschappen: goed
detectievermogen (typisch 1 yg/1), geringe matrix-effecten, groot lineair
dynamisch bereik en mogelijkheden tot multi-element analyse. Voor deze
prestaties moet echter letterlijk een (hoge) prijs worden betaald van typisch f 30.000,- per jaar tengevolge van het grote argonverbruik. Daarnaast
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is een vermogen van 1 a 2 kW noodzakelijk om deze hoeveelheid argon te
verhitten, waardoor omvangrijke en dure buizengeneratoren gebruikt moeten
worden. De doelstelling van het in dit proefschrift beschreven onderzoek
is om een ICP te ontwikkelen met een argonverbruik van typisch 1 l/min
zonder een verlies in analytische eigenschappen. Als het hiervoor benodigde vermogen tot 500 W of minder kan worden teruggebracht, kunnen eenvoudigere, goedkopere en betere "solid-state" generatoren toegepast worden.
Hiertoe werd begonnen met de ontwikkeling van een nieuw monsterintroductiesysteem, zoals beschreven in Hoofdstuk 2. Met dit systeem, gebaseerd
op het zgn. Babington-principe, kunnen oplossingen verneveld worden m.b.v.
zeer lage gasdebieten: 0,1 l/min. Zo kan bereikt worden, dat ondanks de
gewenste lage argonconsumptie het plasmagasdebiet veel hoger is dan het
monstergasdebiet. Dit vergemakkelijkt de monsterintroductie en is waarschijnlijk ook analytisch beter. De ontwikkelde verstuiver bezit een efficiëntie, die vergelijkbaar is met die van conventionele (1 l/min) verstuivers en werkt dan ook beter dan een conventionele verstuiver in combinatie
met een (1:10) splitter.
In hoofdstuk 3 wordt een ICP met een laag argonverbruik beschreven. Om
dit te bereiken wordt de kwartsbuis, waarin het plasma zich bevindt, dwars
aangeblazen met perslucht. Met deze luchtkoeling kan het grootste gedeelte
van het plasma argon, namelijk het gedeelte dat nodig is om in het conventionele geval de buiswand te beschermen, weggelaten worden. Om de luchtkoeling voldoende efficiënt te doen zijn is ook een speciale op het koelsysteem passende werkspoel ontwikkeld. Met de beschreven instrumentatie kan
de afstand tussen werkspoel en plasma binnen ruime grenzen gevarieerd
worden om een optimale energieoverdracht en stabiliteit te bereiken. Zo
is een plasma ontwikkeld met een argonverbruik dat kleiner is dan 1 l/min.
Inleidende analytische metingen geven veelbelovende resultaten.
Naast luchtkoeling is ook externe koeling van de toorts met water mogelijk. Een nadeel hiervan is, dat de ruimte die de koelmantel inneemt, de
afstand tussen plasma en werkspoel vrij groot (groter dan ö mm) houdt. Water is echter zeer efficiënt als koelmedium, hetgeen de werkgebieden van
een aantal parameters zoals vermogen en plasmagas zou kunnen vergroten.
In hoofdstuk 4 wordt de energiehuishouding van een conventioneel, een
luchtgekoeld en een watergekoeld plasma vergeleken aan de hand van warmtebalanzen. Zowel in een luchtgekoeld als in een watergekoeld ICP kunnen
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gemiddelde temperaturen bereikt worden, die vergelijkbaar zijn met die in
conventionele plasmas, maar met in beide gevallen een argonverbruik ven ca.
1 l/min. Van het door het plasma opgenomen vermogen wordt in een conventioneel plasma vrijwel alles door het argon afgevoerd (convectie). In het watergekoelde plasma neemt juist het water (conductie door de kwartswand)
het leeuwendeel voor zijn rekening. De situatie in het luchtgekoelde plasma ligt hier tussen in. Stralingsverliezen zijn in alle drie de gevallen
erg klein. De belangrijkste conclusie is echter dat de generator veel meer
vermogen moet leveren in het geval van een watergekoeld plasma (1 kW) dan
voor een luchtgekoeld plasma (< 500 W ) .
In hoofdstuk S wordt beschreven hoe het luchtgekoelde en het watergekoelde plasma zijn geoptimaliseerd en worden de analytische eigenschappen
vergeleken met die van een conventioneel ICP. In het luchtgekoelde plasma
hebben vermogen, plasmagasdebiet en de diameter van de monsterintroductiebuis een zeer belangrijke invloed op de signaal-achtergrond-verhouding. In
het watergekoelde plasma is alleen de laatstgenoemde parameter kritisch.
De diameter van de kwartsbu.ls blijkt, zoals verwacht, de analytische eigenschappen te beïnvloeden. Dit is aangetoond met het luchtgekoelde plasma
waar diameters van 13,5 , 16 en 18 mm zijn geprobeerd. De 16 mis toorts
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heeft de beste eigenschappen. Het 18 mm luchtgekoelde ICP is instabiel en
de 13,5 mm versie vertoont grotere matrix-effeoten en een slechtere precisie. Ook het wateigekoelde plasma, waar vanwege de koelmantel alleen
een diameter van 13,5 mm geëvalueerd kon worden, is meer matrix-gevoelig
en heeft bovendien beduidend minder detectievermogen. Daarom moet de
16 mm luchtgekoelde toorts geprefereerd worden voor verder onderzoek. Uit
hoofdstuk 5 blijkt dat dit ICP analytische eigenschappen bezit, zoals detect ievermogen, matrixgevoeligheid, lineair dynamisch bereik, precisie en
stabiliteit, die volledig vergelijkbaar zijn met een conventioneel ICP.
Uit dit proefschrift kan worden geconcludeerd, dat een plasma is ontwikkeld m.b.v. externe koeling met perslucht, dat
- werkt op 1 liter argon per minuut en maximaal 500 W
- uitstekende analytische eigenschappen bezit, vergelijkbaar met die van
een conventioneel ICP.
Een goedkoper en evenwaardig instrument voor ICP-analyse ligt dus binnen
handbereik.
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STELLINGEN

1) De bewering van Horstmann, dat als gevolg van nucleatiemoeilijkheden
boven 495°C geen gesloten C-FeZn,„-laag in Fe-Zn diffusiekoppels aanwezig is, is in tegenspraak met de experimenten van Allen en Maakowiak.
D. Horstmann, Proc. Seminar on Galvanizing Silicon-containing Steels,
Liege, Belgium (1975), pg. 86
C. Allen and J. Mackowiak, J. of Corrosion Science 3_, 87 (1963)

2) De gegeneraliseerde standaard-additie methode (GSAM) is alleen toepasbaar als de kwalitatieve samenstelling van het monster bekend is.
J.H. Kalivas and B.R. Kowalski, Anal. Chem. 53_, 2207 (1981)

3) Het door Maaoo et al. voorgestelde mechanisme van de cis-BC-ringsluiting via (E)-polyeencyclisatie is aanvechtbaar.
A.A. Macco, J.M.G. Driessen-Engels, L.M.M. Pennings, J.W. de Haan,
and H.M. Buck, J.C.S. Chem. Comm., 1103 (1978)

4) De definitie van de atoraisatie-efficiëntie als de verhouding van het
nettosignaal van een slurry en het nettosignaal van een waterige oplossing met dezelfde concentratie is misleidend.
C.W. Fuller, B. Preston and R.C. Hutton, Analyst 106_, 913 (1981)

5) In de hoge druk vloeistofchromatografie is, bij optimaal gebruik,
de drukval over de kolom omgekeerd evenredig met de derde macht van
de deeltjesdiameter.
K.K. Vuger, J. Chrora. 149_, 1 (1972)

6) Als gebleken is, dat matrix-effecten een verwaarloosbare .nvloed
hebben op het analyseresultaat, dan is het principieel onjuist en
zelfs foutverhogend om de samenstelling van referenties aan die van
te analyseren monsters aan te passen.
K.L. Wong, Anal. Chem. 54, 638 (1982)

7) In tegenstelling tot wat in de praktijk gebruikelijk is, moet de achter-'
grondcorrectie in atomaire emissie-spectrometrie met een inductief gekoppeld plasma "on-peak" plaatsvinden, teneinde juist te zijn.
8) De economische crisis is in belangrijke mate te wijten aan het eerste
westerse land, dat met bezuinigen begonnen is.
9) De uitspraak "mensen zijn ook maar ministers" is een belediging voor
de mensheidSjef van Oekel, V.P.R.O.-televisie (1980)

