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ABSTRACT: Microwave plasmas have been used as sources for atomic spectroscopy since 
the 1970s. Several common forms of this plasma source exist, including the microwave- 
induced plasma, the capacitively coupled microwave plasma, the surface-wave or surfatron 
plasma, the microwave plasma torch, and some other unique designs. Although not as 
popular as the inductively coupled plasma, microwave plasmas offer the advantage of lower 
initial and operational costs. This review covers the literature on the various forms of the 
microwave plasma since 1985, including basic principles of microwave plasmas and design 
descriptions of a variety of systems. 

KEY WORDS: microwave plasma, surfatron, MIP, CMP, MPT. 

1. INTRODUCTION 

There are many excellent reviews on 
different aspects of microwave plasmas 
used as sources for atomic emission spec- 
trometry. Reviews which include micro- 
wave and other plasmas can be found in 
the Atomic Spectroscopy Update in the 
Journal of Analytical Atomic Spectros- 
copy, l4  Analytical Cherni~try ,~-~  the yearly 
review series on microwave plasmas by 
Dahmen,”’-16 and  other^.'^-^' However, we 
found a need for a review which encom- 
passed a wide variety of microwave plas- 

mas and simultaneously provided a com- 
prehensive overview of the many applica- 
tions to which these plasmas have been 
employed. This review attempts to cover 
both of these areas. A search of the litera- 
ture on microwave plasmas revealed that a 
great deal of work had been accomplished 
in recent years and that there existed a 
myriad of applications to which micro- 
wave plasmas had been applied. 

This review will cover microwave plas- 
mas used in atomic emission spectrometry 
from 1985 to present. This is an attempt to 
cover as much of the literature as possible, 
but is not an exhaustive literature review. 
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In addition, we have omitted the literature 
dealing with microwave plasmas used in 
the areas of fluorescence or diamond depo- 
sition. The main focus of this review is the 
microwave-induced plasma due to the 
overwhelming number of articles on this 
plasma compared to the other microwave 
plasmas. Other microwave plasmas cov- 
ered are the capacitively coupled micro- 
wave plasma, the surface-wave or surfatron 
microwave plasma, the microwave plasma 
torch, and several other unique designs 
such as the kilowatt plus, stabilized ca- 
pacitive plasma, and others. 

II. BASIC PRINCIPLES OF 
MICROWAVE PLASMAS 

Microwaves are simply electromag- 
netic waves in the frequency range from 
300 MHz to 300 GHz. The microwave 
region is unique in the electromagnetic 
spectrum because at these high frequen- 
cies conventional wiring and electronics 
will not work due to high lead reactances 
and long transit times. This can also be 
described as the skin effect, which is a 
phenomenon in which high frequency 
(microwave) current travels on the outer 
surface, or skin, of a metal rather than 
penetrating it.25 Therefore, microwave sys- 
tems transfer energy by means such as 
antennas, waveguides, and coaxial cables. 
Microwave systems are used in a wide 
variety of fields including space telem- 
etry, radar communications, and micro- 
wave heating.26 

Microwaves have both an electric field 
component and a magnetic field compo- 
nent. The electric field is the force created 
when two electrons repel one another (Fig- 
ure 1) and the magnetic field is the force 
on a moving charge due to other moving 
charges (Figure 2). When these two forces 

act simultaneously in the form of waves, 
the resulting waveform in Figure 3 is cre- 
ated. Characteristics which make one elec- 
tromagnetic wave different from another 
include frequency, wavelength, impedance, 
power density, and phase.26 

Microwaves are transmitted primarily 
through four forms. One way is transmis- 
sion through space using antennas. The 
other three forms, which find their use in 
systems used in microwave plasma forma- 
tion, are waveguides, coaxial cables, and 
microstrips (Figure 4). A waveguide is 
simply a hollow metal pipe or box through 
which the microwaves travel from the 
source, or magnetron, to the electrode at 
the receiving end of the waveguide. A 
coaxial cable consists of inner and outer 
conductors containing an insulating mate- 
rial through which microwaves can travel. 
Finally, a microstrip works similarly to a 
coaxial cable, with top and bottom planar 
conductors sandwiching an insulator.26 

A microwave plasma is formed when 
microwave energy is transmitted from the 
source (or magnetron) through one of the 
transmission lines previously described to 
a discharge tube containing the plasma gas. 
A plasma consists of a partially ionized 
gas which is, on average, electrically neu- 
tral.*’ Maximum power is transmitted to 
the plasma by positioning the discharge 
tube where the plasma is to form at a point 
where the electric field component is at a 
maximum. The discharge is then ignited 
by “seeding” the plasma gas with elec- 
trons using a Tesla coil; in some cases, 
microwave heating of the containment 
vessel will release electrons from the ves- 
sel walls and allow autoignition of the 
plasma. The plasma is then sustained by 
collision of the electrons with gas atoms. 
The free electrons are initially moving in. 
an oscillatory motion in phase with the 
microwave field. However, when the field 
changes phase quickly the electrons move 
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out of their oscillatory motion (or out of 
phase) and begin to collide with the sur- 
rounding plasma gas atoms. The plasma is 
then self-sustaining if a given electron cre- 
ates at least one new electron by collision 
before it eventually is recombined.28 

Microwave plasmas are categorized ac- 
cording to the way in which the micro- 
wave energy is transferred from the source 
to the plasma. For example, the MIP trans- 
fers microwave energy through coaxial 
cables while the CMP uses a waveguide. 
The specific system designs of the MIP, 
CMP, MPT, etc. will be described in their 
respective sections. 

Several helpful books containing in- 
formation on microwave theory are refer- 
enced.22.2526 

I I I. MICROWAVE- IN D U C E D 
PLASMAS (MIP) 

A. Introduction 

The microwave-induced plasma (MIP) 
is the mostly widely used microwave 
plasma. Beenakker24 first reported use of 
this plasma operated in helium and argon 
at atmospheric pressure in 1976 and as an 
element-selective detector for gas chro- 
matography in 1977.29 The MIP is formed 
by transmitting the microwaves from the 
generator through a coaxial cable to a reso- 
nant cavity. Figure 5 shows a typical 
Beenakker cavity design. The cavity is 
constructed from copper due to its high 
conductivity. Twelve screws hold the re- 
movable lid tightly to the fixed bottom for 
good electrical contact. The silica dis- 
charge tube through which the plasma 
gases flow extends through the center of 
the cavity where the electric field strength 

is at a maximum. A 1 mm copper wire 
loop extending inwardly from the cylin- 
drical wall serves to inductively transfer 
the power to the cavity. It is fixed to the 
cavity by a connector and vacuum sealing 
kit which prevents arcing between the loop 
and the bottom of the cavity. Tuning is 
accomplished by two finely threaded 
screws located in the cylindrical wall op- 
posite the coupling loop and in the bottom 
wall parallel with the discharge tube.24 

The microwave generator is equipped 
with both a power output meter and a re- 
flected power meter. The cavity is tuned 
to minimum reflected power and the 
plasma gas passed through the discharge 
tube. The plasma then autoignites or is 
ignited with a Tesla 

Several excellent reviews on the mi- 
crowave-induced plasma as a source for 
atomic emission spectroscopy have been 

Overall, MIPs are found to be 
most often used as detectors for gas chro- 
matography. Their high power densities 
make them excellent atomization sources 
for metals and nonmetals alike.33 They also 
operate easily at low power. However, 
MIPs do not accommodate liquid sample 
introduction well, and sometimes are even 
extinguished. In addition, optimization of 
the plasma with frequency is not easy since 
the resonant cavity frequency is determined 
by the width of the cavity.31 

B. Diagnostics 

Spectroscopic temperature investiga- 
tions have been performed by a variety of 
methods, involving translational, rota- 
tional, and surface temperature deter- 
minations with various plasma gases;34 
excitation and rotational temperature com- 
parisons for axial and lateral viewing of 
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the plasma;35 comparison of rotational 
temperatures using the OH radical versus 
N2+;3'j and excitation and rotational 
temperatures in a laminar flow torch.37 
Electron number density determinations 
have been performed for both helium and 
argon plasmas, with values on the order 
of 1015 ~ m - ~  for both  plasma^.^^.^^ The 
influence of pressure on several proper- 
ties of the MIP has been investigated by 
Goode et al.40 The argon excitation tem- 
perature, OH rotational temperature, elec- 
tron number density, and relative line ir- 
radiances have been measured with 
pressures varying from 10 to 760 torr. 
The variation in pressure was found to 
have little effect on the spectroscopic tem- 
perature (although measurement precision 
was 10 to 50%). Electron number density 
was directly proportional to plasma pres- 
sure for the range investigated and the 
relationship between relative line radi- 
ance and pressure appeared complex, 
possibly due to pressure dependent exci- 
tation and deexcitation mechanisms. Table 
1 summarizes diagnostic determinations 
for several microwave-induced, surfatron, 
and capacitively coupled microwave plas- 
mas. 

Spatial distribution maps of emission, 
electronic excitation temperature, rota- 
tional temperature, and electron number 
density were constructed for a helium MIP 
with varying analyte (helium, argon, car- 
bon dioxide, and methane), analyte flow 
rate, and applied microwave power by 
Goode and Emily.4' Pseudo three-dimen- 
sional and contour plots were prepared and 
used to find associations between emis- 
sion and temperature or electron number 
density and atomization. A study by Pak 
and Koirtyohann of spatial profiles for the 
helium MIP indicated the possibility of 
different excitation mechanisms for met- 
als versus nonmetals.42 Three dimensional 
maps revealed that metals were excited 

lower in the plasma with a dip in emission 
intensity at the center of the plasma; non- 
metals did not exhibit the same dip and 
were excited higher in the plasma. Appli- 
cation of MIPs to nonmetal determinations 
has also been discussed in terms of funda- 
mental aspects of the plasma by Carnahan 
and  coworker^.^^ Clay and Niemczyk stud- 
ied iron emission in a nitrogenhare gas 
MIP and demonstrated differences in ex- 
citation mechanisms with nitrogen con- 
centrations above 3% due to the presence 
of nitrogen metastables.44 Matousek et al. 
mapped the spatial distribution of emis- 
sion in an argon plasma and found that 
metal deposition on the discharge tube 
walls at high microwave powers was a 
major source of analyte Hieftje et 
al. compared spatial profiles for MIP and 
surfatron systems when easily ionized el- 
ements (EIE) were introduced into the plas- 
mas.46 EIEs enhanced analyte emission in 
the MIP to a higher degree in the MIP than 
in the surfatron system. The difference 
between the two systems was attributed to 
the improved sample injection in the 
surfatron system. 

Excitation mechanisms and deviations 
from local thermodynamic equilibrium 
were compared for the MIP versus the ICP 
by H ~ a n g . ~ '  The most interesting findings 
of this study showed that the electron tem- 
perature in the MIP was much higher than 
in the ICP, but the electron number den- 
sity was lower in the MIP; also, the ICP 
has an overpopulation of free electrons 
and a gas temperature only slightly lower 
than the electron temperature, while the 
MIP exhibited an underpopulation of free 
electrons and a gas temperature up to 
an order of magnitude lower than the 
electron temperature. Deviations from lo- 
cal thermal equilibrium in argon and he- 
lium MIPs were also investigated using 
Thomson scattering and Rayleigh scatter- 
ing by Hieftje and coworkers.48 
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Several studies on the analytical fig- 
ures of merit of microwave-induced plas- 
mas have been performed. Figures of merit 
and interelement effects for both air and 
nitrogen MIPS have been investigated by 
Urh and C a r ~ ~ a h a n . ~ ~  Hieftje and Deutsch 
have also reported analytical characteris- 
t i c ~ ~ ~ . ~ ~  and limiting noise sources52 of the 
microwave-induced nitrogen discharge at 
atmospheric pressure (MINDAP). 

Sanz-Medel et al. conducted a com- 
parison study of a Beenakker cavity, 
surfatron, and microwave plasma torch to 
evaluate atomization and excitation capa- 
bilities for chlorinated  hydrocarbon^.^^ 
Detection limits for the same element dif- 
fered by no more than 2 to 3 times and the 
most sensitive source was determined to 
be the Beenakker cavity. A study by Hieftje 
and others was performed to test the feasi- 
bility of replacing the inductively coupled 
plasma with the MIP with mass spectro- 
metric detection. This fundamental study 
indicated that the two major obstacles in 
this replacement would be to minimize air 
entrainment into the plasma and to main- 
tain a high ion flux through the interface.s4 

Finally, a review by Hubert, Moisan, 
and Zakrzewski has provided discussion 
on the specific problems and common 
mistakes associated with the supply and 
measurement of power in the MIP and 
offers possible  solution^.'^ Hieftje et al. 
have also proposed a method for feedback 
stabilization of the microwave power sup- 
ply.56 Recently, Carnahan and coworkers 
proposed use of a pulsed 120-Hz, 3 kW, 
2.45-GHz generator which could be con- 
verted to a continuous-wave output to sus- 
tain an MIP.S7 

C. Matrix Effects and 
Interferences 

In addition to the study mentioned in 
the previous section on the effects of eas- 

ily ionized elements (EIEs) on spatial 
emission proper tie^,^^ several other stud- 
ies concerning EIEs have been performed. 
EIE effects were studied when aqueous 
samples (copper, silver, magnesium, lead) 
were desolvated and nebulized into an MIP 
by Jin et al.58 This study concluded that 
EIE effects within the plasma were more 
significant than EIE effects during 
desolvation and nebulization steps. Also, 
the EIE effect was not correlated with the 
ionization potential of the EIE, but rather 
was more dependent on the discharge tube 
dimensions, species and concentrations of 
EIEs, the analytical lines used, the method 
of sample introduction, and other operat- 
ing procedures. In a study by Matousek, 
Orr and Selby, the presence of EIEs in an 
MIP with graphite furnace sample intro- 
duction was found to cause either analyte 
signal suppression or enhancement, de- 
pending on the element and type of line 
(atomic or ionic) monitored.59 In particu- 
lar, this study found rubidium and cesium 
addition (10 mM) produced enhancement 
of copper emission. 

Interelement effects were overcome in 
a MINDAP system by using releasing 
agents such as those used in flame spec- 
t r~met ry .~ '  Hieftje et al. found the de- 
pression of calcium signals by sodium, 
aluminum, and phosphate was remedied 
by the addition of cesium (in the case of 
sodium) or EDTA (for aluminum or phos- 
phate). Ducatte and Long found nonmetal 
emission in a helium MIP can be effected 
by the presence of carbon dioxide or hy- 
drogen.60 Decreased signal intensity with 
carbon dioxide or hydrogen addition for 
sulfur, phosphorus, chlorine, bromine, and 
iodine was related to the diminishing ex- 
citation properties of the plasma dis- 
charge. 

Finally, the effects of complex matri- 
ces were studied in aqueous samples by 
Caruso and coworkers.6' In a comparison 
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of metal emissions for a 2% HN03 versus 
synthetic ocean water matrix, the ocean 
water matrix solutions had enhanced lin- 
ear dynamic ranges by 2 to 4 orders of 
magnitude for many metals. 

D. Torch Design 

The dimensions of a torch can have a 
dramatic effect on the properties of a 
plasma. A demountable tangential flow 
torch with a unique toroidal shape was 
investigated with different plasma gases 
by Michlewicz, Urh, and Carnahan.62 This 
torch, could be used with a nebulizer for 
analysis of aqueous solutions, but was not 
useful in the formation of argon plasmas. 
Goode et al.63 observed that a tangential 
flow torch used with MIP-GC provided 
self-centering capabilities, increased emis- 
sion, and improved stability when com- 
pared with a capillary torch. Long and 
coworkers* have also demonstrated the 
use of a tangential flow torch with 
supercritical CO, in an MIP-SFC system. 
In addition, a simple torch design has been 
constructed with hand tools and a drill 
press and investigated by Farrer et al.65 
This simple torch was easily modified from 
a concentric to tangential flow torch with 
the insertion of a flow modifier into one 
end of the torch. 

Laminar flow torches have also been 
used with the microwave-induced plasma. 
Fielden studied a laminar flow torch for a 
helium MIP which was used as a detector 
for gas chromatography.66 Signal-to-noise 
ratios for this torch design were studied 
with varying sheathing gas flow rate, in- 
sertion depth, and forward power. Detec- 
tion limits for carbon, chlorine, and hy- 
drogen were in the low pg/s range (20) 
over a tangential flow design. Similar im- 

provements in detection limits over the 
tangential flow torch were found by Caruso 
and coworkers in a study involving a low- 
flow laminar flow 

Torches can be cooled by liquid as 
well as gaseous outer sheaths. The analyti- 
cal performance of a water-cooled capil- 
lary plasma torch for an MIP-GC was 
evaluated by Boss and coworkers.68 This 
torch system demonstrated lower detec- 
tion limits and enhanced sensitivity over 
the tangential flow torch. Matusiewicz and 
Sturgeon investigated a concentric quartz 
torch operated with synthetic or hydrocar- 
bon based fluids as coolants which essen- 
tially eliminated erosion of the tube by the 
plasma.69 Finally, Mierzwa et al. devel- 
oped a torch cooled with thermostated sili- 
con oil; this torch exhibited a decrease in 
spectral background intensity for nebulized 
solutions.70 

A novel torch design, the axial injec- 
tion torch, has been recently developed 
and characterized by Quintero and cowork- 
e r ~ . ~ '  Fundamental properties for this 
waveguide-fed torch were investigated and 
high volatilization and atomization capa- 
bilities were found. 

E. Gas Introduction 

Gaseous sample introduction is achieved 
by a variety of methods, including hydride 
generation, chemical oxidation, electro- 
thermal atomization and graphite furnace. 
Table 2 provides analytical figures of merit 
for these sample introduction methods with 
the MIP. Hydride generation of chlorine 
and bromine for analysis by MIP-AES was 
performed by Barnett with nanogram and 
subnanogram detection limits.72 Ng et al. 
determined selenium with a 40 ppb detec- 
tion limit, and were also able to detect 
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Table 2: Analyical Figures of Merit for the MIP with Gaseous Introduction 
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Table 2: Analyical Figures of Merit for the MIP with Gaseous Introduction 

Sn (317.5 I D (He I 100)290 I I 1-500 pg/d I 74 

A: Chemical generation; B: Chemical vaporization; C: Electrothermal vaporization; D: Hydride generation; E: Graphite 
f u m e ;  F: Amalgamation trap; G: Gold trap; H Cold vapor, I: Reductive pyrolysis 

TI 1377.5 I E IAr I 90 I I 0.028 13u I I I 96 

selenium in soils.73 A miniature hydride 
generation device was developed by 
Barnett for the determination of Sb, As, 
Pb, and Sn.74 Arsenic has also been stud- 
ied by Matusiewicz et al.75 using in situ 
preconcentration hydride generation. 

Vaporization of the halides by chemi- 
cal oxidation has been used in conjunction 
with helium MIPS. Camuiia and others 
discussed at length the optimum condi- 
tions for chemical generation and argon 
MIP determination of chloride, bromide, 
and iodide for both continuous flow and 
flow injection sample i n t r o d ~ c t i o n . ~ ~  
Michlewicz and Carnahan quantitatively 
determined chloride and bromide concen- 
trations in aqueous solutions by adding 
sulfuric acid to form the hydrogen halide 
in a continuously flowing cell.77 Nakahara 
and coworkers78 determined trace iodine 
by oxidation of aqueous iodine using of 
1.0 mM sodium nitrite in 5.0 A4 sulfuric 
acid as the oxidizing agent. They also dis- 
cussed in a later paper the determination 
of total iodine in brines and seawaters using 
several oxidizing agents.79 Determination 

of bromide using a variety of oxidizing 
agents has been investigated. Nakahara et 
a1.80 found that 100 mmol dm-3 potassium 
persulfate in 5.0 mol dm-3 sulfuric acid 
was the most favorable oxidant for el- 
emental bromide generation, while 
Abdillahi, Tchanen, and Snooksl found 
potassium dichromate in concentrated 
sulfuric acid as the most appropriate oxi- 
dizing agent for an argon MIP. Abdillahi 
and Snook compared oxidation-vaporiza- 
tion with electrothermal vaporization in 
the determination of bromide.82 Both 
methods resulted in the same detection 
limit of 1 ng ( S / N  = 2), with an increase in 
linear dynamic range for the chemical gen- 
eration. 

Electrothermal vaporization (ETV) for 
sample introduction into an MIP has been 
reviewed by Matusiewicz in 1990.83 This 
extensive review covers thermal vaporiza- 
tion sample introduction systems, in situ 
pre-concentration, speciation, instrumen- 
tation, including commercial MIP systems, 
and detection limits. Other reviews by 
Carey and C a r ~ s . 0 , ~ ~  Ng and C a r u ~ o , ~ ~  and 
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Matusiewicz86 cover ETV sample intro- 
duction for a variety of plasmas, including 
the ICP. A unique miniature unit with a 
heated wire filament was developed by 
Brooks and Timmons which allowed a liq- 
uid sample to be injected, volatilized and 
analyzed, and subsequent samples injected 
immediately following without extinguish- 
ing the plasma.87 A tantalum-tip ETV 
sample introduction device developed by 
Caruso and coworkers resulted in no 
analyte recondensation during transport to 
the plasma and yielded picogram detec- 
tion limits for Ag, Pb, and I.88 Graphite 
rod vaporization was investigated by 
Abdillahi for nonmetals; nanogram detec- 
tion limits of 10 pl aqueous samples were 
obtained for the halides, nitrogen, and sul- 
fide.89 In addition, an aerosol transport in- 
terface with a novel two-position valve 
has been developed by Matusiewicz et al. 
which yielded an overall sample introduc- 
tion efficiency of 24% into the plasma.90 
Barnett and Kirkbright used ETV vapor- 
ization in the determination of iodide in 
hydrochloric acid; nanogram detection lim- 
its were achieved for aqueous  solution^.^^ 
Trace determinations of Cd, Cu, Br, and 
C1 were investigated by Wu and Carnahan 
using ETV-He-MIP;92 detection limits 
found for bromine and chlorine were in  
the low pg (ppb) levels when lead nitrate 
was used as the matrix modifier. Trace 
determination of sulfur by electrothermal 
evaporation was investigated by Broekaert 
et al.93 Detection limits were 90 ng for 
ETE-MIP (evaporation from tungsten coil) 
using the 469.413 nm sulfur atom line. In 
the same study, lower detection limits were 
obtained for tungsten tube FANES/ 
MONES (Furnace Nonthermal Excitation 
Spectrometry/ Molecular Nonthermal Ex- 
citation Spectrometry) monitoring the 
383.73 nm S2 band (17 ng) and carbon 
tube FANESMONES monitoring the CS 
molecular bands (2 ng). 

A graphite furnace (GF) has also been 
used to vaporize sample into an MIP. A 
review by Matusiewicz and Sturgeon cov- 
ers AAS, MIP-AES, ICP-MS, and FANES 
atomic spectrometric detection of hydride 
forming elements following trapping in a 
graphite furnace.94 A graphite furnace has 
been used by Matousek and coworkers in 
the study of nonmetals with low nanogram 
detection limits.95 Metal analysis using this 
method was performed by Broekaert et al., 
with detection limits in the low picogram 
range.96 Broekaert et al. also published two 
companion papers concerned with the 
study of toroidal argon and cylindrical 
helium MIPS. The first paper outlined op- 
timum operating conditions and spectro- 
scopic properties of these plasmas using 
both graphite furnace and pneumatic nebu- 
lization sample i n t r o d ~ c t i o n . ~ ~  The second 
paper focused on the use of the graphite 
furnace for use with biological sample 
analysis.98 Finally, graphite furnace, pneu- 
matic nebulization, and hydride genera- 
tion techniques were compared as MIP 
sample introduction systems for the simul- 
taneous determination of As, Sb, and Se 
by Tschopel et al., who achieved sub ng 
ml-l detection limits with hydride genera- 
tion followed by hot-trapping in a graphite 
furnace prior to injection into the MIP.99 

Mercury analysis has been given con- 
siderable attention by MIP-AES research- 
ers. Nakahara and coworkers determined 
mercury by cold vapor generation with a 
detection limit of 16 pg and a calibration 
curve linear from 50 pg to 500 ng.lo0 De- 
termination of mercury in natural gas con- 
densate was improved by Snell et al. by 
removing carbon emission interference 
which gives artificially elevated mercury 
levels.101 This was accomplished by capil- 
lary gas chromatography followed by an 
on-line amalgamation trap with subsequent 
injection into the MIP. With the mercury- 
selective amalgamation trap, detection lim- 

213 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



its were 0.24 pg 1-l for dimethylmercury 
and 0.56 pg 1-l for derivatized monomethyl 
and inorganic mercury. Natarajan deter- 
mined parts per trillion Ievels of mercury 
in aqueous solution using a reduction, aera- 
tion, amalgamation, and release procedure 
into an MIP with Ag wool contained in the 
amalgamation tube.lo2 Mercury determi- 
nations in lake water were performed by 
Nojiri et al. by reducing the mercury in 
aqueous solution with 10% tin (11) chlo- 
ride in 1 N sulfuric acid, purging with 
helium, and collecting in a gold amalgam- 
ation trap.lo3 Heating the trap while purg- 
ing with helium swept the mercury vapor 
into the MIP. The detection limit was 0.01 
ng L-l. In addition, atomic fluorescence, 
absorption, and emission were compared 
in the determination of mercury by Stur- 
geon and coworkers.104 Identical vapor 
generation and amargamation procedures 
were used so that the techniques could be 
directly compared; instrumental noise-lim- 
ited detection limits were 0.94, 2.4, and 
2.8 pg for AAS, AES, and AFS, respec- 
tively. Finally, cold-vapor mercury deter- 
mination was used for the indirect analy- 
sis of iodine in seawater and brine by 
Nakahara and Wasa.105 A decrease was 
detected in mercury emission due to the 
interference of iodine with linear calibration 
curves for iodine from 2 to 100 ng ml-1 
and a detection limit of 0.74 ng ml-l. 

Sulfur has been determined by con- 
verting sulfur-containing compounds in 
aqueous solution to H2S using noncatalytic 
reductive pyrolysis by Alvarado and 
Carnahan.Io6 Detection limits for this tech- 
nique were 30 ppb when monitoring the 
921.3 nm line and 400 ppt for the 180.73 
nm line. Sulfur was also determined with 
detection limits in the low ng ml-l range 
by Nakahara et al. using continuous-flow 
generation of H2S by acidification of aque- 
ous sulfide, and sulfur dioxide generation 
by acidification of aqueous sulfite. lo7 Mo- 

lecular nitrogen in natural gases has been 
determined with a low pressure MIP 108 
as well as gaseous and particulate lead in 
exhaust gas by MIP-AES and Zeeman fur- 
nace AAS.lo9 

F. Liquid Introduction 

Liquid introduction into an MIP is ac- 
complished through nebulization of an 
aqueous solution. Table 3 summarizes 
analytical figures of merit for a variety of 
nebulizers used with MIP systems. 
Matusiewicz used a Hildebrand grid nebu- 
lizer for introduction of urine into an 
MIP.I1O No desolvation apparatus was 
needed, although a large volume of solu- 
tion was needed to prevent carryover be- 
tween samples. Long and Perkins used a 
concentric glass nebulizer and Scott type 
spray chamber for direct introduction into 
a low powered MIP."' A MAK (named 
for Meddings, Anderson, and Kaiser) nebu- 
lizer was employed in a study of synthetic 
seawater resulting in ppb detection limits 
by Ng and Shen.*12 A MAK nebulizer was 
also used by Michlewicz and Carnahan in 
the determination of chloride with a 7 ppm 
detection limit and a linear range of 70 to 
210,000 pprn.lI3 

Pneumatic nebulization is probably the 
most popular nebulization technique. Urh 
and Carnahan used pneumatic nebuliza- 
tion in the study of metals in aqueous so- 
lution; detection limits were 0.1 to 0.5 
ppm for Na, Cu, Cr, Pb, Mo, and Ca with 
a linear dynamic range covering three or- 
ders of magnitude.'14 Alkali metals in aque- 
ous solution were also determined using 
pneumatic nebulization by Haas and 
Jamerson.lIs In their study, the Ar-MIP 
was compared to a commercial Ar-ICP 
with identical spectrometer, optics, and 
data acquisition. The Ar-MIP was found 
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Table 3: Analytical Figures of Merit for the MIP with Aqueous Sample Introduction 

* A: Glass nebulizer, Scott-type spray chamber, B: MAK nebulizer. C: Pneumatic nebulizer; D: Ultrasonic 
nebulizer 
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to have better detection limits and sensi- 
tivities improved by ten to several hun- 
dred times. Pneumatic nebulization into 
an Ar-MIP has also been investigated by 
Zyrnicki, who measured rotational and vi- 
brational spectra of NO, N2, and OH.116 
Pneumatic and ultrasonic nebulization 
methods were compared for the halides in 
a study by Michlewicz and Carnahan;117 
for the MAK pneumatic system without 
desolvation, detection limits were 2 mg 1- 

for C1, 60 mg 1-1 for Br, and 7 mg 1-1 for 
I compared with ultrasonic nebulization 
with desolvation of 0.4 mg 1-' for C1,3 mg 
1-I for Br, and 0.8 mg 1-I for I. This study 
also found moderate interference effects 
for selected metals for the pneumatic sys- 
tem and significant effects for the ultra- 
sonic system. Ultrasonic nebulization for 
halide determination-was also used by Jin 
and coworkers with resulting detection lim- 
its of 0.0045,0.12, 0.23, and 0.06 pg ml- 

for P, Cl, Br, and I, respective1y.ll8 In the 
determination of fluoride, Gehlhausen and 
Carnahan found a significant improvement 
in the limit of detection for ultrasonic ver- 
sus pneumatic nebulization.' l9 However, 
memory effects from the fluoride were sig- 
nificant and so flow injection analysis was 
employed, allowing discrete sample 
amounts to be ultrasonically nebulized into 
the plasma in order to minimize memory 
effects. 

G. Solid and Slurry Analysis 

Measuring atomic concentrations in 
solid samples has been among the greatest 
challenges posed to the analytical chemist. 
Analytical figures of merit for the analysis 
of solids with the MIP are provided in Table 
4. One of the most common methods for 
analysis of solid samples is laser-ablation 
(LA) followed by plasma AES. 

Uebbing, Ciocan, and Niemax investi- 
gated LA-MIP-OES using a pulsed 
Nd:YAG for the analysis solid samples.120 
Several optimization studies were per- 
formed for parameters such as delay time, 
argon pressure and flow rate, and micro- 
wave power. This same group also deter- 
mined detection limits for various elements 
and investigated matrix effects in steel, 
copper, aluminum, and borax glass.121 They 
found single shot detection limits on the 
order of those obtained with laser-induced 
fluorescence and were able to perform 
matrix-independent analysis through use 
of internal standards. In later papers, 
Niemax and others performed simultaneous 
multielement analysis of solid samples 
through use of an echelle polychromator 
and gateable optical multichannel detec- 
tor.122J23 In microbulk steel and aluminum 
samples, RSDs for silicon, nickel, and iron 
were approximately 10 to 31%. For quartz 
samples, concentrations as low as 0.6 ppm 
Na and 0.4 ppm Li were detected, but the 
RSDs were considerably worse at 60% and 
75%, respectively. A novel spark ablation 
cell has also been developed by Uchida 
and coworkers in  which aerosol from a 
solid sample was swept from the spark 
ablation cell into a pulsed MIP.*24 Detec- 
tion limits based on the signal to back- 
ground ratio and relative standard devia- 
tion of the background signal (the method 
used by Boumans and Vrakki r~g '~~)  were 
in the ppm range with precisions of only a 
few percent for Ni, Cr, and Mn. A more 
energetic spark source was proposed as a 
possible improvement. 

Broekaert and Leis analyzed mg 
amounts of biological matrices by heating 
the solids directly in a graphite furnace 
and sweeping the vapor into an MIP;126 
detection limits were in the sub ppm range 
for Cu, Fe, and Mn, and the analysis of 
several biological NBS reference materi- 
als for manganese were within the range 
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of the certified values. Similarly, nonmetal 
analyte studies conducted by Webster and 
Carnahan utilized the solid sample's in- 
herent vapor pressure at room temperature 
and a sweeping stream of helium into the 
MIP.127 Milligram amounts of solid par- 
ticulate coal have been analyzed by direct 
injection into a 500 W helium MIP by 
Gehlhausen and Carnahan.128 Accurate C/ 
H mass ratios were obtained using simul- 
taneous spectroscopic determinations with 
a polychromator and photomultiplier tubes. 
However, it was not possible to accurately 
determine S and C1 in the coal samples. 
Solid particulate samples have also been 
analyzed both for particle size distribution 
and elemental content in a novel approach 
by Frame, Takamatsu, and S U Z U ~ ~ . ~ ~ ~  Par- 
ticles from 1 to 20 pm were captured on a 
polycarbonate filter and then aspirated into 
the plasma with a nozzle which scanned 
the filter. The emission spectra provided 
information about the particle size, par- 
ticle counts, and speciation. Finally, 
Matusiewicz and Sturgeon introduced pow- 
dered slurry samples into an MIP via a V- 
groove Babington nebulizer. 130 

H. Gas Chromatography 

Gas chromatography (GC) coupled 
with MIP-AES is the most common hy- 
phenated microwave plasma technique. By 
employing a separation technique prior to 
atomic emission, valuable speciation in- 
formation can be gained. Analytical fig- 
ures of merit for the separation and analy- 
sis of compounds with GC-MIP are given 
in Table 5. A review on directly coupled 
gas chromatography - atomic spectroscopy 
is given by Ebdon, Hill, and Ward,131 as 
well as a review by Uden on element- 
specific chromatographic detection by 
AAS, plasma AES, and plasma MS.33 A 

review of the MIP for element-specific 
gas, liquid, and supercritical fluid chro- 
matographies is provided by Long et al.132 
Several parameter studies for GC-MIP- 
AES systems have been performed. Goode 
and Kimbrough investigated the influence 
of the optical viewing axis and found axial 
(end-on) viewing provided greater sensi- 
tivity while lateral (side-on) viewing pro- 
vided enhanced se1e~tivity.l~~ In another 
paper the same authors investigated sig- 
nal-to-noise ratios.134 Andersson and 
Schmid studied the performance of their 
system with respect to the chemical form 
of the analyte, limit of detection, selectiv- 
ity, and variation of the flow rate of the 
make-up gas.135 The elemental response 
and the effect of compound structure was 
examined by Yieru et al.136 and also by 
Jelink and Venema.137 Solvent venting 
techniques and interfaces have also been 
d i s c u s ~ e d . ~ ~ ~ J ~ ~  

GC-MIP-AES has been used as an el- 
ement-selective detector for a variety of 
elements,14e142 including some simulta- 
neous multielement a p p l i c a t i o n ~ . ~ ~ ~ - ~ ~ S  
Separation and identification of oxygen- 
containing compounds has been investi- 

Organic compounds such as 
organof luor ine~,~~~ 0rganosilicates,l5~ or- 
g a n o r n e t a l l i ~ s , ~ ~ ~ - ~ ~ ~  and hydrogen contain- 
ing organic compounds158 have been sepa- 
rated and analyzed. Chelate159J60 and 
s p e ~ i a t i o n l ~ ~ - l ~ ~  studies have also been 
performed. In addition to the volatile or- 
ganics mentioned here, gas mixtures have 
also been examined.16k167 

GC-MIP-AES has become particularly 
popular for the analysis of environmental 
samples. Environmental waters have been 
examined for organolead and organ- 
otin.168-173 Wines have also been analyzed 
for organotin ~ 0 n t e n t . l ~ ~  Mercury specia- 
tion has been investigated. 170~175~176 Sele- 
n i ~ m , ' ~ ~  fluorine, 178 and trace beryllium179 
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have also been determined in environmen- 
tal waters. 

Sediments, soils, and oils have been 
analyzed by GC-MIP-AES. Clean-up 
(such as enzymatic hydrolysis for the de- 
composition of organic matter) and ex- 
traction (such as supercritical fluid or 
Soxhlet extraction) steps are usually re- 
quired before a sample can be injected 
into a gas chromatograph. Soils and 
sediments have been analyzed for organ- 
~ t i n , ~ ~ ~ J ~ ~  butylin compounds,181 mer- 
cury,lE2 and a variety of elements.lE3 Oils 
and gasolines have also been analyzed 
for metals184 and such compounds as 
thiophenes, 185 metalloporphyrins.lE6 

Other environmental samples have 
been analyzed with GC-MIP-AES. Pesti- 
cide residues on foods have been deter- 
mined.187J88 Dioxins and related com- 
pounds have also been studied by this 
m e t h ~ d . l ~ ~ - l ~ ~  Biotic matrices have been 
analyzed for mercury192 and other metals,193 
as well as polychlorinated b i~heny1s . l~~  

GC-MIP-AES has also been used as a 
tool in the determination of empirical and 
molecular formulae. The validity of em- 
pirical formulae obtained by this tech- 
nique and also methods for formula cal- 
culations are given by Valente and 
Uden.195 H/C molar ratios and multi- 
element information on hydrocarbon 
mixtures were studied by Buteyn and 
K o ~ m a n l ~ ~  using capillary column simu- 
lated distillation. Uden and coworkers 
have determined formulae for polymer py- 
rolyzates with ~ 2 %  relative error197 and 
also for hydrocarbons and chlorinated or- 
ganic compounds.198 Empirical formulae 
for a wide variety of organic compounds 
were also determined by Y u . ' ~ ~  Finally, 
Hooker and DeZwaan combined MIP- 
AES and mass spectral data in molecular 
formula determinations of large molecules 
(GMW 200-400).200 

1. Liquid Chromatography 
Techniques 

Liquid chromatography (LC) tech- 
niques, though generally not as popular as 
GC, have been investigated for separation 
of sample components prior to excitation 
in an MIP. Supercritical fluid (SFC), high 
performance (HPLC), replacement ion 
(RIC) chromatographies, as well as capil- 
lary zone electrophoresis (CZE) have been 
investigated as separation techniques 
coupled to the MIP. 

In supercritical fluid chromatography, 
the microwave-induced plasma has been 
used as an element-selective detector. The 
effects of CO, on excitation temperature, 
electron number density, and analyte emis- 
sion signals in a packed column SFC- Ar 
MIP system were investigated by Motley 
et a1.201 Plasma excitation temperature and 
organometallic analyte emission were 
found to decrease with increased amount 
of CO, introduced into the plasma, while 
electron density initially decreased and 
then leveled off. Motley and Long also 
investigated central versus sidearm sample 
introduction into a helium highly efficient 
microwave-induced plasma (He HEMIP) 
from the packed column SFC.,02 Sidearm 
sample introduction of several organome- 
tallic compounds was found to be superior 
to central introduction in terms of repeat- 
ability, linear dynamic range, and mini- 
mum detectable quantity. In addition, 
Motley and Long found minimum detect- 
able quantities for C1, s, and P in the sub- 
nanogram level for the SFC-HEMIP sys- 

They also reported that the helium 
plasma, unlike the argon plasma, was un- 
affected by the introduction of C02. 
Webster and Carnahan reported on a He 
MIP which could be coupled with packed 
column SFC for the determination of 
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nonmetals without detectable changes in 
plasma cavity tuning, peak area response, 
or electron number density.204 They found 
low nanogram detection limits for sulfur, 
chlorine, and hydrogen.205 Capillary SFC- 
He MIP was investigated by Webster and 
Carnahan, who reported plasma spectral 
characteristics for nonmetals under simu- 
lated SFC conditions.206 Carnahan and 
coworkers used capillary SFC- He MIP 
for chlorine-selective detection with three 
orders of magnitude calibration range and 
a detection limit of 40 pg S-~.~O’ 

HPLC coupled with MIP detection has 
been investigated, but has not found much 
promise due to incompatibilities between 
HPLC flow requirements and the extin- 
guishing of the MIP.208 Limentani and 
Uden analyzed organoarsenic compounds 
using HPLC-MIP.209 Carnahan and co- 
workers explored use of a moving band 
interface to separate HPLC solvent from 
the analyte before injection into the 
MIP.210 With this method, they found 
detection limits for chlorinated organic 
compounds in the low ng range (CI), 
which approached the detection limits 
found with GC-MIP systems. Heltai et al. 
used hydraulic high pressure nebuliza- 
tion of the HPLC effluent into an MIP; 
nanogram amounts of metals and non- 
metals could be detected.211 Traditional 
liquid chromatography has also been in- 
vestigated for separation prior to the MIP. 
Michlewicz and Carnahan characterized 
several halides and oxohalogen salts 
which were separated on an ion exchange 
column and then ultrasonically nebulized 
into a large volume MIP.212 Detection lim- 
its were 1.5 to 6 mg, which were limited 
by background noise. Replacement ion 
chromatography effluent was introduced 
into the MIP using pneumatic nebuliza- 
tion by Hieftje et al.213 Detection limits 
were 30 to 300 ng for anions and 100 to 

500 ng for cations; the system was lim- 
ited both in detectability of the ions and 
precision by multiplicative noise sources. 
Finally, a unique interface between a liq- 
uid chromatograph and an MIP was de- 
veloped by Zhang and Carnahan.214 Ha- 
lides and oxohalogens separated by LC 
were nebulized and directed to a moving 
wheel interface, which evaporated the sol- 
vent and directed the dry vapor to the 
plasma. Detection limits were 0.4 to 20 
pg for the halogens. 

A unique system which coupled thin 
layer chromatography (TLC) and the MIP 
was developed by Jansen and cowork- 
e r ~ . ~ ~ ~  This system created the plasma 
directly on the TLC plate by connecting 
the inner conductor of the coaxial cable 
to a stainless steel capillary tube through 
which the helium support gas flowed. The 
impedance of this plasma electrode was 
matched simply by controlling the dis- 
tance between the capillary tubing and 
the grounded metal plate below the TLC 
silica support. 660 pg of mercury in a 1 
1 1  spot on the TLC plate could be de- 
tected; irregularities in the sorbent sur- 
face and irregular positioning of the plate 
relative to the source led to irre- 
producibilities in the signal and back- 
ground. Finally, capillary zone electro- 
phoresis coupled with a helium MIP was 
investigated by Liu and Lopez-Avila.216 
The electrophoresis separation capillary 
was interfaced to the MIP through an ion 
exchange interfacing capillary, which was 
also used as the electrical junction con- 
nector to complete the electrophoresis cir- 
cuit outside the detector. The detection 
limit for trimethyltin chloride using this 
system was 1 mg ml-I; this poor detection 
limit was attributed to operation of the 
plasma while not under optimal condi- 
tions and inadequate cavity and plasma 
temperatures. 
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J. Near Infrared Detection 

Freeman and Hieftje describe the ana- 
lytical characteristics of near-infrared 
(NIR) nonmetal emission from a helium 
MIP.217 Sulfur showed the greatest advan- 
tage in the NIR in terms of signal-to-back- 
ground, while the carbon signal-to-back- 
ground was considerably worse. In 
addition, they found that most of the best 
nonmetal emission lines fell within a nar- 
row window which could be scanned us- 
ing a photodiode array. Freeman and 
Hieftje also investigated nonmetal element 
ratio determinations in organic compounds 
with their system, but found that intensity 
ratios varied significantly with changes in 
plasma conditions and needed frequent 
calibration with reference compounds.218 
Finally, they used interferometric detec- 
tion in the NIR for detection of C, N, and 
0 and found the background to be simple 
and unstructured.219 Fry et al. also investi- 
gated interferometric NIR detection of 
eleven nonmetals excited in an MIP, and 
published an extensive table of all observed 
lines and relative intensities for the MIP- 
excited elements.220 Lastly, Hubert et al. 
detected NIR nonmetal emission with a 
Fourier transform spectrometer, which 
provided adequate resolution (1 cm-l) and 
high wavelength accuracy.221 

IV. CAPACITIVELY COUPLED 
MICROWAVE PLASMAS (CMP) 

A. Introduction 

The capacitively coupled microwave 
plasma was developed by Murayama, 
Matsuno, and Yamamoto at the Hitachi 
Central Research Center in 1968.23 A com- 

mon CMP design is shown in Figure 6 .  
The CMP is generated by transmitting 
microwaves from the magnetron through a 
rectangular waveguide to an electrode. The 
waveguide supports a standing wave. 
Maximum coupling of the power from the 
magnetron to the electrode is accomplished 
by positioning the magnetron probe at hB/ 
4 (where h, is the wavelength in the 
waveguide) or an odd multiple of h$4 from 
the rear end of the waveguide and the elec- 
trode at h,/4 from the opposite end of the 
waveguide.222 The microwaves are guided 
to the tip of the electrode using a coaxial 
waveguide which is positioned perpendicu- 
larly to the rectangular waveguide. The 
electrode is contained within a discharge 
tube and the plasma forms at the tip of the 
electrode around which the plasma gas 
flows. 

The CMP offers several advantages, 
including robustness (easily accommodat- 
ing both gaseous and liquid sample intro- 
duction) and operation at high powers. In 
addition, the CMP has demonstrated prom- 
ising results in the direct analysis of solid 
samples. However, the CMP tends to be 
slightly less precise and suffers from a 
higher background than the MIP.32 Ana- 
lytical figures of merit for analysis of liq- 
uids by the CMP are given in Table 6. 

B. Diagnostics and 
Characteristics 

Temperature and electron number den- 
sity measurements for the CMP have been 
investigated; several values are summa- 
rized in Table 1. Winefordner et al. exam- 
ined spectroscopic plasma temperatures in 
a high flow rate (> 6 L min-I) helium CMP 
and found little difference in temperatures 
for aqueous versus organic solutions.223 
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Temperatures and electron number den- 
sity as a function of power, observation 
position, and solution uptake and carrier 
gas flow rates were investigated for a he- 
liumhydrogen CMP by Winefordner et 
al.224 Hydrogen in the plasma gas provided 
slight increases in the rotational and exci- 
tation temperature, but reduced emission 
signals for elements introduced into the 
plasma by solution nebulization.225 Bings 
and Broekaert found that the N2 CMP pro- 
vided lower detection limits for several 
metals compared to Ar and air CMPs; 
however, these detection limits were still 
one order of magnitude worse than those 
obtained with ICP-OES.226 Finally, ana- 
lytical performances were compared for a 
Pt-clad W-rod electrode and a tubular 
tantalum electrode plasma torch by 
Winefordner and coworkers.227 The tubu- 
lar tantalum electrode was found to have 
improved signal-to-background, signal-to- 
noise and precision, as well as improved 
detection limits over the tungsten rod elec- 
trode. 

C. Gas Introduction 

The CMP has been used in conjunc- 
tion with GC separation for detection of 
organic and inorganic compounds. Wine- 
fordner and coworkers used GC-CMP-AES 
for the determination of butyltin com- 
pounds with nanogram detection limits.228 
In the same study, organic and inorganic 
tin were determined using hydride genera- 
tion and collection in a cold trap prior to 
introduction into the CMP. Nanogram de- 
tection limits were also found for nonmet- 
als in organic compoumJs by Winefordner 
et al.229 Huang and Blades found detection 
limits in the sub ng s-l range for a variety 
of organotin compounds separated by 

GC.230 Finally, the detection of trace lev- 
els of water in solid samples by evolved 
gas analysis was studied by Winefordner 
et Absorbed water and chemically 
bound water in a variety of solid samples 
could be distinguished and quantified; 
however, the method proved less accurate 
than conventional methods and calibration 
curves needed to be prepared on a daily 
basis. 

D. Liquid Introduction 

Solution nebulization sample introduc- 
tion was investigated by Winefordner and 
coworkers for the tubular electrode torch 
mentioned above.232 Detection limits for a 
variety of elements were in the low and 
sub-gg ml-l range with precisions of gen- 
erally 1 to 2%. Parts per billion detection 
limits were also found by Winefordner et 
al. for a high power (up to 1600 W) helium 
CMP.233 This system contained a graphite 
tube or rod as the electrode, which exhib- 
ited lower emission background and no 
significant contamination as compared to 
the metal rod electrode previously used. 
Aqueous and organic fluorine and chlo- 
rine were also determined by the He- 
CMP.234 LODs for organic fluorine and 
chlorine were 1 and 0.4 pg ml-l, respec- 
tively, while fluorine was undetected and 
chlorine was only weakly observed for the 
aqueous solutions. A highly efficient 
desolvation system was developed with 
pneumatic nebulization into a CMP by 
Winefordner and coworkers.235 Sensitivity 
and detection limits for manganese were 
improved over CMP and ICP with con- 
ventional pneumatic nebulization. 

Microsampling in a graphite cup con- 
tained at the top of the electrode was in- 
vestigated by Ali, Ng, and W i n e f ~ r d n e r . ~ ~ ~  
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Plasma heating of the electrode vaporized 
the sample with detection limits from 10 
to 210 pg for a variety of elements and 
precision better than 12%. Microsampling 
was also achieved using a tungsten fila- 
ment electrode, onto which samples could 
be injected before rapid vaporization and 
excitation in the plasma.237 Detection lim- 
its for 12 elements were below 100 pg, 
with a linear dynamic range of 3 to 4 or- 
ders of magnitude and precision better than 
10%. A tungsten cup electrode was also 
studied for the analysis of metals in 
micros ample^.^^^ Detection limits for Cd, 
Zn, and Pb were in the low pg range for 10 
pl samples with less than 10% RSD. 

Finally, whole blood samples have 
been analyzed by the Winefordner group 
using CMP-AES.239-241 The detection limit 
for lead in a 2 p1 blood sample was 30 ng 
ml-* with precision better than 10%. 

E. Solid Introduction 

Hanamura, Wang, and Winefordner 
analyzed hydrogen and oxygen in metals 
by heating 1 to 2 g samples in a furnace 
under pressure and extracting the vapor in 
helium gas, which was carried to the 
CMP.242 Steel samples were analyzed di- 
rectly by Winefordner et al. by placing the 
sample in a cup cut into the top of the 
graphite electrode.243 Limits of detection 
indicated a usefulness of this technique in 
the range of sub-pg g-' to the percent range 
for solid steels. Tomato Leaves (SRM 
1573a) and Coal Fly Ash (SRM 1633a) 
Standard Reference Materials were ana- 
lyzed directly by Ali, Ng, and Wine- 
f ~ r d n e r ~ ~ ~  using CMP-AES with 20% N2/ 
80% He as the plasma gas. Detection lim- 
its were reported in the nanogram and sub- 
nanogram range for a variety of elements. 
The precision was 12 to 18% for 5 to 10 mg 

samples. Finally, Winefordner et al. deter- 
mined Cd in solid samples with picogram 
detection limits and relative standard de- 
viations of less than 20%.245 Montana Soil 
(SRM 2711), Tomato Leaves (SRM 
1573a), and Bovine Liver (SRM 1577b) 
were all analyzed and the measured Cd 
concentrations compared well with certi- 
fied values. Analytical figures of merit for 
the analysis of solids by the CMP are pro- 
vided in Table 7. 

V. SU RFACE-WAVUSU R FATRON 
PLASMAS 

A. Introduction 

A microwave plasma obtained through 
surface wave propagation was reported by 
Hubert, Moisan, and Ricard in 1975246 and 
developed as a source for optical spectros- 
copy.247 Surface-wave, surfatron, or 
surfaguide microwave plasmas rely on 
propagation of microwaves along the 
boundary of a medium. If the surface- 
waves in a gaseous medium are adequately 
energetic, a plasma can form and the sur- 
face-waves then propagate and sustain the 
plasma simultaneously. An illustration of 
a surfatron is given in Figure 7. The 
surfatron, which is responsible for launch- 
ing the surface waves which create plasma 
columns many times longer than the exci- 
tation structure (tens of centimeters), is 
composed of two main parts. The first part 
is the coupler which transfers the micro- 
wave energy from the coaxial cable to the 
plasma. The coupler can be moved verti- 
cally, which in turn moves the end plate 
that controls the coupling of the energy to 
the plasma. The second part is the excita- 
tion structure, which acts as an extension 
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of the coaxial transmission line and ex- 
tends into a Faraday cage. The length of 
the excitation structure, L1, is varied us- 
ing a toothed rack and a pinion. A certain 
frequency bandwidth (in terms of a maxi- 
mum admissible reflected power) is asso- 
ciated with any length L1. For a desired 
frequency, the length L1 is set to an ap- 
proximate value before igniting the plasma 
with a Tesla coil. The depth of the coupler 
is then adjusted for minimum reflected 
power (which is also the maximum plasma 
length). The length L1 can then be ad- 
justed so that the impedance is matched to 
the characteristic impedance of the trans- 
mission line, for a resulting reflected power 
of zero. Thus, no tuning stubs are needed 
and the resulting plasma is azimuthally 
symmetrical. 

Because the coaxial cable of this de- 
sign is limited to about 1 kW at 915 MHz 
for safe operation, the surfaguide was de- 
veloped to permit use of higher micro- 
wave powers.248 For a surfaguide launcher, 
the power which can be applied is only 
limited by how efficiently the plasma tube 
can be cooled. The surfaguide design is 
illustrated in Figure 8. Power is transmit- 
ted from the microwave generator to the 
plasma through a tapered waveguide. A 
moveable plunger located at the opposite 
end of the input power acts as a short 
circuit; tuning is accomplished by posi- 
tioning the plunger so that there is a mini- 
mum reflected power on the reflectometer. 
A Tesla coil is used to ignite the plasma. 
A 1991 review of the design and physical 
principles of surface-wave plasma sources 
was given by Moisan and Zakrzew~ki.~~g 

Surface-wave microwave plasmas have 
the advantage of operation over a wide 
range of parameters, including frequency, 
power, and flow rates.247 However, like 
the MIP, this plasma cannot accommodate 
liquid introduction at low power. Table 8 
summarizes analytical figures of merit for 

232 

analysis of liquids 
wave plasmas. 

with surfatron micro- 

B. Diagnostics 

Diagnostic values for several surfatron 
microwave plasmas are included in Table 
1. Wave propagation and diagnostics of 
argon surface-wave microwave plasmas is 
given by Granier and  coworker^.^^^^^^^ Their 
studies include finding the axial density 
profile ne and collisional frequency within 
the plasma, as well as characteristics such 
as electron number density, maintaining 
electric field, and collision frequency. A 
collisional-radiative model for helium sur- 
face-wave plasmas at low and intermedi- 
ate pressures has been given by Ferreira et 
al.252 Noise characterization in the surfatron 
MIP with Fourier transform detection was 
examined by Sing and Hubert.253 Flicker 
noise (l/f) was found to dominate below 1 
Hz, with white noise dominating at higher 
frequencies and interferences at 60 and 
120 Hz from the microwave power sup- 
ply. These noise characteristics were simi- 
lar to those found in resonant cavity mi- 
crowave plasmas. Microwave and RF 
surface-wave discharges were also inves- 
tigated by Moisan et al. as sources for 
plasma chemistry and plasma process- 
ing.254 They found that surface wave plas- 
mas possessed several inherent advantages 
over other plasmas, including that they 
require no internal electrodes and can be 
applied over a wide range of pressures and 
frequencies. In another study, Moisan and 
coworkers determined fundamental prop- 
erties such as spectroscopic temperatures 
and electron number densities for argon 
versus helium plasmas produced in a sur- 
face-wave plasma.255 Helium was found to 
have a higher excitation temperature than 
argon (3000 K versus 2400 K), with rota- 
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tional temperatures for the plasmas being 
lower (2000 K). Electron densities were 3 
to 4 x1014 cm4 for argon and about three 
times lower for helium. In addition, fre- 
quency was found to have little or no ef- 
fect on the fundamental properties of the 
two plasmas. Spectroscopic determinations 
of fundamental properties were also re- 
ported by Cotrino et al., who character- 
ized the departure from local thermal equi- 
librium in the plasma,z56 and by Mermet et 
al., who investigated CO, and He-CO, plas- 
mas.,5’ An a.c. modulated surfatron plasma 
was also studied by Mermet and cowork- 

Analytical performance of the 
plasma at intermediate and high (>lo0 
Torr) pressure was found to be sensitive to 
the composition of the discharge and in- 
ter-element effects were found to be con- 
centration and pressure dependent. This 
plasma was used with %C separation for 
the determination of sulfur, with detection 
limits in the picogram range. Spatial emis- 
sion properties of the surfatron microwave 
plasma sustained in  argon have been in- 
vestigated by Moussounda, Ranson, and 
Mermet.259 Spectroscopic temperatures, 
electron and metastable number densities, 
and absolute values of the continuum emis- 
sion constant were determined for the in- 
ner diameter of the discharge. Unlike ICPs 
and DCPs, the continuum in the visible 
region of the spectrum could not be ex- 
plained simply be radiative recombination. 
Spatial resolution of emission properties 
were also determined in a helium surfatron 
microwave plasma by Hieftje and cowork- 

The helium plasma was found to be 
shaped similarly to the “doughnut” argon 
ICP, with maximum metallic analyte emis- 
sion localized along the central axis and 
helium atom line, molecular band, back- 
ground continuum, and difficult-to-excite 
nonmetallic transmissions restricted to the 
annulus of the plasma. In addition, 
Moussounda and Ranson found that broad- 

ening of argon lines in a surfatron micro- 
wave plasma could be attributed to colli- 
sions between neutral atoms.261 Finally, a 
spatial investigation of a large diameter 
microwave plasma sustained with surface 
waves was reported by Marec and cowork- 

C. Gas Introduction 

Surface-wave plasmas can be operated 
at very low power. When low power is 
employed, these plasmas are less useful 
for the analysis of liquid samples. Gas 
samples can be easily analyzed at low 
power and a variety of pressures using the 
surface-wave plasma. Granier et al. stud- 
ied the effect of pressure on CH emission 
from methane introduced into the argon 
plasma: the emission maximum was found 
to be at 100 Torr rather than atmospheric 
pressure.263 Nitrogen determination in ar- 
gon was investigated by Hubert and co- 
w o r k e r ~ . ~ ~ ~  The detection limit was 0.4 
ppm using a CCD detector and 0.05 ppm 
using a photodiode array. 

The halogens have also been investi- 
gated using a surface-wave microwave 
plasma. Bromide was determined after 
continuous generation into an argon plasma 
by Sanz-Medel et al. with a detection limit 
of 2 pg L-I and 0.7% RSD.265 They also 
determined iodine using continuous gen- 
eration with a detection limit of 20 pg L-1 
and 0.75% RSD.z66 Chlorine, bromine, and 
iodine were determined by Calzada and 
coworkers with detection limits of 50, 50, 
and 200 ng ml-l, respectively.z67 

Hydride generation has been used for 
the determination of arsenic in a surfa- 
tron microwave plasma by Luge and 
Broekaert.268 Arsenic was generated by two 
methods. The first involved solid NaBH4 
onto which 10 p1 of acidified arsenic solu- 
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tion was injected, and the second method 
involved hydride generation using a 5% 
(w/w) NaBH4 solution with a continuous 
liquid removal flow cell. Detection limits 
for As were 1.0 pg ml-I (10 ng) for the 
former and 50 ng ml-1 for the latter method. 
Continuous hydride generation was also 
used for arsenic, antimony, and selenium 
determination for both helium and argon 
surface-wave plasmas by Broekaert et al.z69 
Detection limits were 1, 0.4, and 1 ng ml- 

in the argon plasma and 2, 0.3, and 6 ng 
ml-1 in the helium plasma for As, Sb, and 
Se, respectively. Similar improvements in 
the argon plasma for these elements were 
also observed by Sanz-Medel et al.z70 Ar- 
senic has also been analyzed in biological 
tissue samples by Broekaert et al.z71 

The effect of plasma pressure upon on- 
line continuous cold mercury generation 
was investigated by -Sam-Medel and co- 
w o r k e r ~ . ~ ~ ~  Low pressure argon plasmas 
provided lower detection limits than he- 
lium plasmas. The detection limits were 
0.7 pg ml-1 at 40 Torr and 8 pg ml-I at 
atmospheric pressure for argon, and 3 pg 
ml-I at 40 Torr and 4 pg ml-* at atmo- 
spheric pressure for helium. MONES- 
surfatron MIP and FANES were used in 
the determination of nitrogen and oxygen 
through monitoring of NH and OH radical 
emission by Mermet et al.273 Absolute de- 
tection limits were found in the sub-nano- 
gram range, with MONES-surfatron MIP 
being more amenable to gaseous samples 
and FANES to liquids. Finally, a compari- 
son study of ETV from a tungsten coil 
with the Beenakker cavity versus the 
surfatron was conducted by Broekaert and 
coworkers.274 Detection limits for Cu and 
Cd were lower for the surfatron (10 to 20 
ng ml-I) than the Beenakker cavity, and 
the linear dynamic range was greater (over 
three decades). Interferences from EIEs 
such as Na were also reduced in the 
surfatron system. 

D. Gas Chromatography 

Gas chromatography has been used in 
conjunction with the surface-wave micro- 
wave plasma. The effect of discharge-tube 
cooling on the performance of a GC-sur- 
face-wave MIP-AES system was investi- 
gated by Hubert and coworkers.275 Water 
cooling of the discharge tube allowed di- 
mensions of 2 mm i.d. and a 0.1 mm wall 
thickness to sustain a 500 W plasma for 
extended periods without severe harm to 
the cavity. A factorial analysis and re- 
sponse surface technique was used for the 
system optimization of a GC-surface-wave 
plasma by Caetano, Golding, and Ke~.~76 
Forward power and flow rate were deter- 
mined to be the most influential param- 
eters for the performance of the system. 
Detection limits for chlorine and bromine 
were monitored as the system was opti- 
mized and then compared to work done by 
others using the “one variable at a time” 
method. Although the final detection lim- 
its were similar for both optimization 
methods, the factorial analysis and re- 
sponse surface method proved to be a faster 
and more reliable method. A photodiode 
array was used as a detection device for 
capillary GC-surfatron MIP by Hubert et 
al.277 A variety of organic compounds were 
separated and detected by carbon, chlo- 
rine, and bromine emission in the near 
infrared, which reduced interferences by 
helium and air. Multi-wavelength detec- 
tion using a Fourier transform spectrom- 
eter with GC-surfatron MIP was also in- 
vestigated by Hubert et al.278 Good linearity 
and correlation coefficients were obtained 
for both single line and multi-wavelength 
emission calibration curves of C1, Br, I, 
and S. However, limits of detection were 
poorer than those obtained with a disper- 
sive single channel detector. Investigation 
into the use of dopants to reduce refrac- 
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tory oxides in tin analysis was performed 
by Besner and Hubert.279 Sulfur hexafluo- 
ride reduced tin oxide formation most sig- 
nificantly, allowing for organotin detec- 
tion limits in the low pg s-l range. Finally, 
pesticides were separated and analyzed 
with GC-surfatron MIP by Mermet and 
coworkers.2s0 Detection limits for P, S ,  C1, 
Br, and C in pesticides were in the low pg 
s-I range. 

E. Liquid Introduction, HPLC, and 
SFC 

A low-power, low He flow rate 
surfatron with a gas-frit nebulizer and 
desolvation system was used for the analy- 
sis of nonmetals in aqueous solution by 
Hieftje and coworkers.281 Detection limits 
for P, I, S ,  C1, Br, and C were in the low 
and sub-ppm range with 4% RSD. Addi- 
tion of EIEs improved nonmetal emission 
by as much as 30%. 

Sanz-Medel et al. investigated HPLC 
coupled with cold vapor or hydride gen- 
eration with a surfatron at reduced pres- 
sure in the analysis of mercury and arsenic 
species.282 Detection limits were 1 to 6 ng 
ml-I for the toxic arsenic species, 0.15 ng 
ml-l Hg in inorganic mercury, and 0.35 ng 
ml-1 Hg for methylmercury. In addition, 
arsenic and mercury speciation was suc- 
cessfully performed in natural waters and 
human urine. 

Supercritical fluid chromatography has 
also been coupled with the surfatron MIP. 
Hieftje et al. characterized the h X u m  
surfatron-MIP as a detector for SFC.283 
Optimization of viewing position, helium 
flow rate, microwave power, and the ef- 
fects of CO, and N20 SFC mobile phases 
were discussed. A helpful table of major 
sources of interfering band emission was 
also included. Hieftje et al. also examined 

a capillary SFC- surfatron MIP system for 
the analysis of sulfur-containing poly- 

The detection limit for sulfur 
was 25 pg s-l for thiophene and the Cali- 
bration curve was linear for three orders 
of magnitude. Luffer and Novotny inves- 
tigated near infrared detection of sulfur and 
the sensitivities of several elements with 
CO, versus N20 SFC mobile phases.28s NIR 
detection with the SFC-surfatron MIP did 
not perform as well as expected, based on 
results for sulfur. In addition, detection 
limits were high, particularly for carbon 
with the N20 mobile phase. Luffer and 
Novotny later studied capillary SFC- 
surfatron MIP for the detection of cyclic 
boronate esters of hydroxy compounds.286 
Sensitivity for boron in catechol boronate 
was 25 pg s-l with the molar selectivity 
ratio > 5000 for CO, and N20 SFC mobile 
phases. 

VI. MICROWAVE PLASMA TORCH 
(MPT) 

A. Introduction 

The microwave plasma torch was de- 
veloped at Jilin University in 1985 and 
improved by joint cooperation at Jilin Uni- 
versity and Indiana University by Jin, 
Hieftje and others in 199 1 .287-288 The MPT 
works differently from other microwave 
plasmas in that an argon plasma can be 
sustained at very low flow rate (10 ml 
m i d )  and forward power (40 to 500 W). 
Under slightly different conditions a He or 
N2 plasma can be formed. Unlike the 
Beenakker and surface-wave microwave 
plasmas, the MPT can more easily with- 
stand liquid sample introduction. Sample 
aerosol can be introduced into this plasma 
with or without desolvation. Figure 9 il- 
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f-- Plasma 

Carrier gas sample 

FIGURE 9. Microwave plasma torch. (Adapted from Reference 286.) 

lustrates a microwave plasma torch. The 
torch is similar to the ICP torch, with three 
concentric metal tubes. The intermediate 
tube contains the plasma gas. The sample 
and carrier gas are introduced through the 
central channel of the torch and the sample 
is then vaporized and atomized in the 
plasma. The plasma does not come in con- 
tact with the tip of the electrode and there- 
fore does not suffer from contamination 
from the electrode material. Microwave 

energy from the generator is coupled to 
the torch through a cylindrical antenna 
which surrounds the intermediate tube and 
is tuned by changing the distance from the 
top of the torch to the antenna (Ll) and/or 
the short circuit (L2). Hieftje and cowork- 
ers have characterized the noise in an MPT, 
which was found to be dominated by white 
noise below 100 Hz with discrete noise 
peaks (presumably from argon flow fluc- 
tuations) in the region above 300 H Z . * ~ ~  
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The MPT offers several advantages 
over other microwave plasma techniques 
such as operation at atmospheric pressure, 
low flow rates and forward power, ease of 
tunability, no contamination from electrode 
material, and most important of all reduced 
sensitivity to introduction of liquid aero- 
sols. These attributes make the MPT a 
promising source in microwave plasma 
spectrochemical analysis?88 Analytical fig- 
ures of merit for the MPT are given in 
Table 9. 

8. Gas and Liquid Introduction 

Although most of the work performed 
with the MPT to date has been with aque- 
ous samples, gas sample introduction is 
also possible with this plasma. Hydride 
generation directly coupled to the MPT 
for the analysis of arsenic, antimony, and 
tin was performed by Hieftje et al.290 Sev- 
eral characteristics were studied including 
plasma stability, continuum background 
and noise and emission signal with addi- 
tion of hydrogen to the plasma gas. Detec- 
tion limits were 3.2, 5.9, and 2.5 ng ml-1 
for arsenic, antimony, and tin, respectively. 
The MPT was also evaluated as an ele- 
ment-specific detector for both gas and 
capillary supercritical fluid chromatogra- 
phies by Hieftje et al.291 The MPT was 
found to have higher stability and sensi- 
tivity to SFC effluent than a surface-wave 
microwave plasma. Detection limits for 
chlorine in organic compounds were lower 
than the GC-MPT system; the detection 
limit for Fe in ferrocene was better than 
that achieved by Ar-ICP. The GC-MPT 
system had detection limits, selectivity, 
and dynamic range similar to other sys- 
tems found in the literature. 

A comparison study of the surfatron 
versus MPT in the determination of mer- 

cury was carried out by Duan, Du, and 
Jin.292 In both systems, argon was used as 
the carrier gas and solutions were ultra- 
sonically nebulized into the plasmas. De- 
tection limits were 0.9 and 1.3 ng ml-1 for 
the surfatron and MPT, respectively. An 
inexpensive batch-type ultrasonic nebulizer 
based on a common room humidifier was 
developed by Hieftje and coworkers for 
the analysis of aqueous solutions.293 Aero- 
sol generation rate and hence detection 
capabilities were improved over pneumatic 
nebulization. 

Flow injection (FI) sample introduc- 
tion has been used with MPT-AES. Jin et 
al. used flow injection with pneumatic 
nebulization and desolvation for the analy- 
sis of several elements, with detection lim- 
its in the low ng ml-1 range and precisions 
of less than 5%.294 Several standard refer- 
ence materials of alloyed steel were dis- 
solved in acid and analyzed; measured 
values compared well with certified val- 
ues. Flow-injection with on-line column 
preconcentration has also been investigated 
by Jin and coworkers.295 Analytes (Cd, Cu, 
Mn, and Zn) were preconcentrated in a 
thiol resin prior to pneumatic nebulization 
and desolvation into the MPT. Detection 
limits were improved over FI-MPT-AES 
without the preconcentration and preci- 
sions of 1.2% or better were achieved. Jin 
et al. also measured Fe, Zn, Cd, and Mo 
using on-line anion-exchange pre-separa- 
tion and preconcentration prior to nebuli- 
zation and desolvation into the MPT.58 
Detection limits were 6.5, 0.23, 2.9, and 
7.2 ng ml-I for Fe, Zn, Cd, and Mo, re- 
spectively. In addition, Jin et al. analyzed 
trace amounts of boron using on-line sepa- 
ration and preconcentration with detection 
limits of 0.0055 mg L-I at 45 samples h-1 
and 0.0018 mg L-I at 20 samples h-l with 
a precision of 4.2% at the 0.020 mg L-I 
level of boron.296 A new spray chamber 
for use with FI-MPT-AES was developed 
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by Hieftje and coworkers.297 This vertical 
rotary spray chamber significantly de- 
creased memory effects (sample washout 
time) and increased transport efficiency 
(3.1% over the 1.9 % obtained with the 
conventional Scott-type spray chamber). 
Noise above 40 Hz was also lower for the 
new vertical rotary spray chamber than for 
the Scott-type. 

VII. UNIQUE DESIGNS 

A. Introduction 

Other microwave plasma systems ex- 
ist which are variations on the systems 
discussed above. This section will review 
several of these variant systems which have 
appeared in the literature. 

B. Kilowatt-Plus Microwave- 
Induced Plasma (KIP-MIP) 

The kilowatt-plus microwave-induced 
plasma differs from a conventional MIP in 
that higher powers (up to 3 kW) are trans- 
ferred to the plasma. This higher power 
allows for a more energetic plasma, thus 
enhancing the emission of nonmetals over 
the traditional MIP. The Kip-MIP system 
also differs from the traditional MIP in 
energy coupling. The energy from the 
microwave generator is transferred to the 
plasma through a waveguide and then 
adapted to a coaxial cable, which is in turn 
connected to the coupling loop in a modi- 
fied Beenakker cavity. 

Cull and Carnahan describe the design 
and characterization of a pulsed Kip-MIP 
composed of nitrogen or helium.298 The 

microwave energy of this system was ca- 
pable of provided up to 3 kW of 120 pulse- 
per-second power to the plasma without 
damage to the resonator cavity. Bromine 
and chlorine were easily excited in this 
high-powered plasma. Wu and Carnahan 
later evaluated the Kip-MIP system using 
a redesigned plasma torch with the origi- 
nal 2 and 3 cm depth TMO10 resonator 
cavities.299 This design modification pro- 
vided enhanced plasma energy coupling 
and excitation characteristics, and im- 
proved the detection limit of aqueous chlo- 
ride by two orders of magnitude. Carnahan 
et al. also compared ETV and ultrasonic 
nebulization as sample introduction meth- 
ods for the Kip-MIP in the determination 
of inorganic and organic Limits 
of detection were 3 to 5 ppm using ETV 
introduction, which was a tenfold im- 
provement over ultrasonic nebulization. 
Carnahan and coworkers also used the 
Kip-MIP in the determination of aqueous 
carbon, phosphorus, and sulfur with ultra- 
sonic nebu l i~a t ion ,~~ '  and in the deter- 
mination of metals, nonmetals, and metal- 
loids in the vacuum ultraviolet region of 
the spectrum.302 

C. Stabilized Capacitive Plasma 
(SCP) 

The stabilized capacitive plasma trans- 
fers energy from the microwave generator 
directly to the annular electrodes which 
power the plasma. However, rather than 
being in contact with electrodes, the plasma 
is contained in a liquid-cooled fused silica 
tube surrounded by two annular electrodes. 
The SCP was used by Knapp and cowork- 
ers as an atomic emission source for gas 
chromatographic detection.303 The effects 
of introducing small quantities of various 
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gases into the helium plasma gas was in- 
vestigated. Knapp et al. also investigated 
the graphite furnace as a sample introduc- 
tion technique for the SCP in the determi- 
nation of chlorine in aqueous solution and 
in organic compounds in methan01.~~ The 
detection limit of chlorine using this 
method was 5 ng, with 3.2% RSD at the 25 
pg ml-l level. In addition, Broekaert et al. 
investigated hydride generation, ETV, and 
pneumatic nebulization with desolvation 
as sample introduction techniques with the 
SCP.305 Detection limits were 5 ng for ar- 
senic using hydride generation, in the ng 
ml-l range (-100 pg) for Cu, Cd, Ca, and 
Mg using ETV, and 10 to 100 ng ml-l for 
Cu, Cd, Fe, Mn, Ca, Mg, and Sr using 
ultrasonic nebulization. 

D. Other Designs 

Variations of the microwave plasma 
systems described previously can differ in 
microwave power input, cavity, and torch 
designs. For a variation on power input, a 
pulse-operated MIP which required no 
cooling system was developed to over- 
come difficulties due to Joule heating.306 

Most modifications to microwave 
plasma designs occur in the cavity design. 
The stripline source used a central strip as 
a waveguide to distribute the microwave 
energy; the strip was coupled by an an- 
tenna plate and a capacitive tuning 
screw.307.308 The high-efficiency helium 
microwave-induced plasma (He-HEMIP) 
used a capacitor antenna probe for cou- 
pling resulting in a power transfer effi- 
ciency of greater than In addition, 
an electrodeless plasma could be formed 
at high pressures using a cylindrical dis- 
charge cavity.310 A reentrant resonator cav- 
ity with a reflecting structure produced a 

plasma at low power with high electric 
field  strength^.^^ Finally, an integrated mi- 
crowave generatorlcavity combination by 
Matusiewicz allowed for the direct intro- 
duction of wet aerosols without extinguish- 
ing of the plasma.312 

Torch modifications can also make a 
microwave plasma system unique. An MIP 
with a special torch design was developed 
by Michlewicz, Urh, and Carnahan which 
contained six plasma gas flow streams 
which were directed tangentially within 
the quartz tube.306 A “torche d injection 
axiale” was developed by van der Mullen 
and coworkers which exhibited much 
higher electron temperatures (25,000 K in 
a helium plasma) than those found in the 
MPT. Lastly, a dual microwave plasma 
system was developed by Ng and Chen 
which used one plasma to desolvate and 
vaporize liquid samples and a second for 
atomization and excitation.313 

VIII. SUMMARY 

Microwave plasmas provide a less ex- 
pensive alternative to the ICP in terms of 
both initial and operational costs. Although 
still approaching the precision and detec- 
tion limits of the ICP, microwave plasma 
systems are continually being improved in 
terms of power handling capabilities, effi- 
ciency of coupling, and in the analysis of 
solid, liquid, and gas samples. The MIP 
offers the best analytical capabilities in 
terms of detection limits and precision in 
the analysis of gas samples, where it has 
served particularly well as an element-se- 
lective detector for gas chromatography. 
The surfatron has also performed well 
under a wide variety of operating condi- 
tions. The CMP has proven to be a robust 
atomization source which can handle all 
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forms of sample introduction. The MPT, 
while a relatively new source, is making 
great progress in the area of liquid sample 
analysis. As these systems continue to be- 
come more refined, the microwave plasma 
will play a more prominent role in com- 
mercial atomic emission spectroscopy. 
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