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I. Introduction

Analytical atomic spectrometry embraces a multitude of techni-
ques of elemental analysis that are based on the decomposition of
samples into the state of free atoms followed by spectroscopic
determination of their concentrations. One can distinguish five
major branches of atomic spectrometry, viz., absorption, emis-
sion, mass, fluorescence and ionisation spectrometry. The first
three are most popular and versatile; atomic mass spectrometry is
the most sensitive. Other methods used in elemental analysis
(X-ray fluorescence, nuclear magnetic resonance, Auger electron
spectrometry, neutron activation analysis, etc.), which are not
based on the analyte atomisation and unrelated to the spectro-
scopy of atomic vapour, are not considered in this review.

Themain goals of analytical atomic spectrometry are to attain
the lowest limits of detection (down to single atoms) and the
broadest dynamic range (ideally, from single atoms to 100%
content), suppress the matrix effect, eliminate spectral inter-
ferences, minimise the time and cost required for sample prepara-
tion, and pass from multistage to direct methods. Fundamental
studies on the development of methods for absolute and stand-
ardless analyses, aimed at avoiding calibration by standards, are
in progress. Ever increasing is the role of the software develop-
ment, which in certain cases facilitates substantially the deconvo-
lution of complex background components, allows digital

processing (averaging) of noise and enhances the analysis accu-
racy due to the use of correlation models and neural network
algorithms.

The development of analytical spectrometry and detection
techniques is stimulated by the diverse and increasing demands in
industry, medicine, science, environmental control, forensic ana-
lysis, etc. The development of portable analysers for the determi-
nation of elements in different media at the immediate point of
sampling, which eliminates the stages of collecting, transportation
and storage of samples, is one of the most important directions.

It should be noted that the development of atomic spectro-
metry slowed down in recent years; particularly, a trend towards a
decreasing number of scientific publications occurred. Such a
deceleration could be due to the fact that the overwhelming
majority of issues in elemental analysis can successfully be solved
using the available techniques and instrumentation.

The above statements may be supplemented by several general
remarks.

1. According to the amount of scientific publications and
conference presentations, the inductively coupled plasma emis-
sion andmass spectrometers (ICP-AES and ICP-MS) are themost
popular. This is because of the fact that the inductively coupled
plasma in argon heated to 600079000 K at the electron density of
*1015 cm73 represents a virtually ideally linear atomiser and
ioniser (i.e., virtually independent of the sample matrix and
providing the linear relationship between the analyte concentra-
tion and the analytical signal).

2. In practice, any sensitivity required for the majority of
applications can be provided using commercial instruments, in
particular, ICP-MS (high resolution double-focusing ICP-mass
spectrometers are used in especially difficult cases).

3. Atomic absorption, arc and spark emission spectrometers
remain a less expensive alternative to IPC-MS and IPC-AES
instruments. Moreover, in practical applications, atomic absorp-
tion spectrometers have held the leading position for many
decades. Current proliferation of ICP-AES spectrometers
approaches that of the former.

4. The throughput of analysers has reached a sufficiently high
level, which allows thousands of routine analyses to be performed
daily. The main current tendency is to provide faster and more
efficient performance using modern analytical instruments, thus
spending less time and efforts.

5. Further development is aimed at improving sample intro-
duction and simplifying the sample preparation, reducing the total
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cost, using new software for the automation of the analysis and
data processing, making faster analysis and reducing the size of
the instruments (while the earlier ICP-AES analysers could have
the size of a wardrobe, the modern ICP-MS instruments measur-
ing 110660658 cm can be installed on a desk). An active progress
is observed in the development of specialised equipment for the
analysis of specific samples and determination of particular
elements.

Annual reviews 1 ± 6 on the analytical atomic spectrometry
published by the Journal of Analytical Atomic Spectrometry
(London) represent the most convenient literature source to
follow the trends in this field. They summarise new information
on the progress along several directions, including optical and
mass spectral methods, as well as use of spectrometric analysis in
environmental monitoring, industry, biology and medicine. The
total number of citations in these reviews and their distribution
over different analytical methods reflect the trends of modern
studies in atomic spectrometry. The publications cited in these
reviews may be classified (on the average, over the last 5 years) as
follows: modernisation of optical methods Ð 83%, improvement
in ICP-MSÐ 17%, laser-based methods (including laser ablation
in ICP-MS) Ð 16%. The latter figure illustrates an increased
interest in the development of laser-based methods of analysis
(publications on routine applications were not considered here).

The American journal Analytical Chemistry also publishes
summarising overviews 7, 8 on the atomic spectrometry every two
years. A particularly interesting comparison of different spectro-
metric methods was carried out on a five-grade scale.9 Several
techniques at a glance were also compared.10, 11Moreover, several
books were recently published and analytical series were supple-
mented with new volumes.12 ± 21 The information contained in
these sources allows us to consider the state-of-the-art in the field
of analytical atomic spectrometry.

In this paper, we present the best detection limits achieved to
date in the analytical techniques under discussion. However, these
lowest detection limits can hardly be realised for each element; and
thus, in many real analytical situations the detection limits may
exceed those cited by several orders of magnitude. Most often we
cite only the latest publications, in which the reader can find
references to earlier articles. The list of references by no means
reflects the chronological priorities. Table 1 lists the abbreviations
used for individual spectrometric techniques; however, it does not
exhaust all methods discussed in this review.

II. Atomic absorption spectrometry

While the pace of the development in modern atomic spectro-
metry continues to slow down (a reducing number of scientific
publications, reports and presentations at exhibitions), the atomic
absorption analysis continues to hold its position among the most
dynamic themes, even though the history of commercial instru-
mentation in this field can be traced back to more than 40 years
ago. Several new modifications of this method were discussed in
reviews;22, 23 first of all, it is atomic absorption spectrometry based
on diode lasers (with the aim of size and cost reduction) and use of
continuum spectrum sources that allow simultaneous multi-

element analysis. Studies on the improvement of graphite furna-
ces, automated introduction of powder and solid samples, flow-
injection method and the use of echelle polychromators and
charge-coupled detectors (CCD) for the rapid determination are
in progress.

The advantages of continuum spectrum sources (e.g., a power-
ful xenon short-arc lamp), starting with the possibility of combin-
ing simultaneous multielement analysis with simultaneous
background correction, were described.24 ± 26 It was shown 27

that the use of the linear photodiode arrays or two-dimensional
CCD arrays as detectors facilitated reduction of the inaccuracies
caused by spatial absorption inhomogeneities in electrothermal
atomisers (ETA). Some of the latest developments, in particular,
use of continuum spectrum sources and cross-dispersed echelle
spectrometers, as well as devices for automatic introduction of
powder samples, have already found their application in commer-
cial analysers.

Several summarising papers 28, 29 were devoted to the possibil-
ities of the use of diode lasers in AAS. The advantages of broadly
tuneable vertical-cavity surface-emitting laser diodes were illus-
trated in Ref. 30 that also cites the original publications on
different experimental applications of diode lasers as the sources
of tuneable radiation for determination of absorption by Al, Ba,
Ca, Cr, Cs, Cu,Gd,Hg, I, In,K, La, Li,Mn, Pb,Rb, Sm,U,Y and
Zr atoms. However, a much greater number of studies on the use
of diode lasers were devoted to the determination of simple
molecules such as H2O, CO2, CO, NH3, HF, HCl and etc. (see
reviews 31 ± 33).{ Simultaneous determination of several elements
has been realised in multiplexing schemes with several diode
lasers. It is also possible to use light emitting diodes in absorption
spectroscopy.34, 35

The very narrow spectral width of the output emission of
diode lasers (usually,*1075 nm in a single-mode operation) is of
primary importance for spectrometric purposes. The laser output
radiation can be scanned over the wavelength throughout the
absorption line from one wing to another. This allows one to
assess the non-selective background absorption at both wings of
the absorption line, thus eliminating the need for calibration with
a reference beam. The signal can be detected by a photodiode
without using dispersion optical devices (monochromators, spec-
trometers); in this case, high resolution achieved is due to the
spectral narrowness of the laser output. Diode lasers can be
modulated at frequencies up to 100 MHz; in combination with
lock-in detection (on the fundamental or higher harmonics) of the
absorption signal, this facilitates cutting off the low-frequency
noise and drift effects. Moreover, the spectral resolution of diode
lasers is sufficient for direct discrimination of isotopes of light (Li)
and heavy (U) elements. The discrimination of intermediate
isotopes is possible with the sub-Doppler saturation absorption
spectroscopy.

Recently, an interest in cavity-based absorption techniques
used for the many-fold increase in an effective optical path

Table 1. Main abbreviations used for particular techniques of analytical atomic spectrometry.

Atomic Absorption Atomic Emission Atomic Mass Atomic Fluorescence Atomic Ionisation

Spectrometry (AAS) Spectrometry (AES) Spectrometry (MS) Spectrometry (AFS) Spectrometry (AIS)

Electrothermal Atomisation Inductively Coupled Inductively Coupled Inductively Coupled Laser-Enhanced Ionisa-

AAS (ETA-AAS) Plasma AES (ICP-AES) Plasma MS (ICP-MS) Plasma AFS (ICP-AFS) tion Spectrometry

Cavity Ring-Down Laser Ablation ICP-AES Laser Ablation ICP-MS Laser-Excited Atomic Fluo- (LEIS)

Spectroscopy (CRDS) (LA-ICP-AES) (LA-ICP-MS) rescence Spectrometry Laser Optogalvanic

Intracavity Laser Laser-Induced Breakdown Laser Ablation Mass (LEAFS) Spectrometry (LOGS)

Spectroscopy (ICLS) Spectrometry (LIBS) Spectrometry (LA-MS)

Resonance Ionisation Mass

Spectrometry (RIMS)

{This subject was also thoroughly surveyed by T Imasaka Talanta 48 305

(1999).
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through the absorbingmediumwas renewed. It is known 21, 36 that
in the family of such techniques the method of intracavity laser
spectroscopy (ICLS) in which the sample is placed inside an active
laser cavity is characterised by the lowest detection limits. How-
ever, numerous non-nlinear effects that arise in an active cavity
complicate severely the practical application of this method. Both
a linear response and relative simplicity are achieved with laser-
pumped passive cavities. Moreover, here the diode lasers can be
used for pumping. These reasons alongwith the need for compact-
ness and affordability of analytical instruments have defined the
rapid development of the absorption methods based on passive
optical cavities.

Here, in contrast to the ICLS technique, the sample is placed
in an external (with respect to the laser) cavity with high-
reflectivity mirrors. The higher the mirror quality the longer the
photon lifetime in the cavity, i.e., the longer is its path through the
sample. Thus one can achieve pathlengths of several tens kilo-
metres for a cavity 30 ± 50 cm long, which makes it possible to
obtain very low detection limits. One can use, as an analytical
signal, either the intensity of the radiation leaking out of the cavity
or the rate of signal decay upon the abrupt interruption of laser
pumping, while a laser wavelength can be scanned through the
absorption line. The first version corresponds to traditional extra-
cavity absorption spectroscopy and is now often called the cavity-
enhanced absorption spectroscopy (CEAS). In the second version
called cavity ring-down spectroscopy (CRDS), the characteristic
time of the energy loss in a passive cavity is measured.

In both versions utilising passive cavities, the analytical
responses are directly related to the absolute concentration of
absorbing impurities in the cavity. Both techniques exhibit
approximately equal high sensitivities. The use of the CRDS
method requires more complicated equipment, however it facili-
tates the absolute calibration. The output insusceptibility to
fluctuations of the excitation laser radiation is one of the major
merits of CRDS. Note that in both versions one has to match the
cavity spectral modes to the pumping laser mode (or modes), the
piesoelectric modulation of the cavity length being often used for
this purpose. This technique, although being relatively new, has
been the topic of a monograph 21 and several reviews.37 ± 40

The use of cavities allows one to measure absorption signals
that are several orders of magnitude weaker than those in conven-
tional absorption spectroscopy. To date, only preliminary experi-
ments have been carried out on the combination of the plasma
atomisers with the CRDS detection.41 ± 46 The optimum condi-
tions for igniting the plasma used as the AAS atomiser substan-
tially differ from those conventionally employed in the emission
analysis (in the same way as the requirements imposed on plasma
in ICP-AES and ICP-fluorescence spectrometry differ). At the
same time, insofar as CRDS is a pulsed technique, it is reasonable
to couple it with the synchronised pulsed plasma, which allows
substantial reduction of the plasma background emission (this is
implemented, for instance, in the plasma/laser-excited fluores-
cence spectrometry of gases 47).

So far, we are aware of only one paper devoted to the
electrothermal atomisation combined with CRDS detection.48

Despite experimental difficulties associated with thermal stabili-
sation of the cavity while an electrothermal furnace is placed
inside, it was concluded that this method holds a great promise,
especially related to the possibility of using diode lasers. Detection
of trace amounts of mercury vapour was an example 49, 50 showing
that the sensitivity of the CRDS technique can far exceed that of
the conventional atomic absorption.{A relatively narrow spectral
range in which the dielectric mirrors retain their high efficiency is a
disadvantage of cavity-basedmethods. This limits the possibilities
of these techniques regarding the number of elements that can be
determined simultaneously.

Diode laser-based atomic absorption spectrometry has not yet
left the walls of research laboratories. However, progress in the
development of absorption enhancement techniques in passive
cavities and the gradual increase in the number of elements
detectable with diode lasers give us the grounds to hope that
such commercial analysers will be available in the future. In
principle, diode lasers allow determination of up to 54 elements.29

The scope of this method can be further extended to include the
elements, resonance lines of which are beyond the wavelength
range accessible with diode lasers, while their lower excited states
may be highly populated in the high-temperature or plasma
atomisers.

Studies on the use of the hollow-cathode glow discharge
plasma as a `cold' atomiser in absorption spectrometry are in
progress.51, 52 Direct sputtering of the cathode material or the
material of films coated on the cathodemakes it possible in certain
cases to simplify substantially the atomisation procedure and
reduce the matrix effects on the results of determination of
impurities owing to efficient dissociation of all sample compo-
nents in the plasma. In principle, by using plasma atomisers, it is
possible to simultaneously acquire the absorption and emission
spectra. A miniature low-frequency (5 ± 20 kHz) discharge in
combination with a semiconductor laser source was proposed 53

as a prototype of absorption sensors.
Modernisation of conventional atomic absorption instrumen-

tation leads to both the realisation of multielement analysis (by
using continuum sources or sets of multielement lamps) and the
increase in data acquisition rates, i.e., rapid sequential determi-
nation of several elements in one sample. The latest improvements
can boost the characteristics of the atomic absorption analysers
with electrothermal atomisers (ETA-AAS) to approach those of
the ICP-AES instruments, without compromising their simplicity
and low cost. Although the dynamic range of AAS spectrometers
usually does not exceed three orders of magnitude, their detection
limits are low, viz., down to *10710% for electrothermal atom-
isation and *1077% in flames. Using ETA-AAS, one can
perform sequential determination of about 50 elements with high
sensitivity.

Physico-chemical processes that occur in a graphite furnace
with coatings and chemical modifiers used for the sample stabili-
sation, reduction of the graphite corrosion and decrease in the
effect of thermochemical reactions on the graphite tube were
considered.54 ± 56 A kinetic model of the absorption signal was
developed.57 Studies on further corrections for the non-selective
background absorption 58, 59 and use of the principal component
analysis 60 are in progress.

The application of AAS with gaseous sample introduction (in
the case of volatile hydrides, halides, organometallic and other
compounds) is being gradually expanded. The atomisation is
provided by decomposition of the molecular vapours, e.g., in a
heated quartz tube. The merits of this method include nearly
100% efficiency of the gas-phase transport and low detection
limits (*1078%). Determination of quite a number of elements
(Ag, As, Au, Bi, Cd, Co, Cu, Ge, Ni, Pb, Sb, Se, Sn, Te, Zn, etc.) is
possible by this method, however most often volatile hydrides are
used for the determination of arsenic and selenium.61 ± 64 Some of
commercial instruments for atomic absorption are equipped with
exchangeable atomiser modules, which include flame, ETA, and
also a quartz tube for the introduction of volatile compounds and
mercury vapour.

The concept of absolute absorption analysis is subject to
continuous development. Thus, L'vov believes 65, 66 that the
possibility of the analysis without using standards for calibration
might be realised in the future. For this purpose, one would need
spectrally narrow and bright radiation sources, thermally stabi-
lised atomisers that can provide complete atomisation in a defined
volume, and matrix array detectors that would take into account
all spatial inhomogeneities in the analysed vapour distribution. In
our viewpoint, the former and latter conditions can be best met
with diode lasers and two-dimensional CCD detectors.

{This is also evident from the results of determination of gallium in flame.

See M Emig, R I Billmers, K G Owens, N P Cernansky, D L Miller,

F A Narducci Appl. Spectrosc. 56 863 (2002).
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III. Atomic emission spectrometry

In the field of atomic emission spectrometry, the leading role is
played by ICP-AES. Such instruments have been commercially
available for more than 30 years. Besides using conventional
inductively coupled argon plasma in atmospheric-pressure
torches, the emission spectra are also excited in other kinds of
plasma, including direct-current plasma, glow discharge, radio-
frequency discharge, microwave-induced plasma, as well as
inductively coupled discharges at reduced pressure and other
plasma sources. Several fresh reviews on this subject can be
found in the literature 67 ± 71 (see also the monograph 17). Such
conventional sources as sparks and arcs are still used in prac-
tice.72, 73 The plasma of laser-induced breakdown at the focus of
the laser beam in the bulk of gas (air) or on the sample surface
represents a special case.

Further progress is observed in advanced light-collection
schemes in ICP-AES. An increase in the optical throughput of
the instruments is achieved by using both aspherical optics and
high-efficiency holographic gratings. Echelle gratings incorpo-
rated into the cross-dispersed schemes are utilised 74 ± 76 with the
aim of collecting the whole spectrum on a single CCD array
detector, thus providing virtually simultaneous recording of the
whole data envelope, including information required for the
automatic background correction. However, due to the high
density of information per pixel, the spectral resolution is com-
promised in such schemes; hence, in the latest versions of ICP-
AES instruments the plasma emission spectrum is dispersed along
theRowland sphere segment, with 10 to 20CCD cameras installed
along the spectrum span. This results in excellent resolution and
very rapid recording. Most of the ICP-AES instruments allow
simultaneous determination of 75 elements with a linear dynamic
range of 5 ± 6 orders of magnitude.

Simultaneous recording of a whole cluster of spectral lines
opens up the possibility of more advanced processing of analytical
information, particularly, when several lines for each element are
considered.77 Thus, one can reduce or correct thematrix effects on
the results of analysis, avoid systematic errors due to self-
absorption of strong lines, take into account the temporal
instability of the electronic gain factor and the baseline drift,
utilise multicomponent calibration and the regression relation-
ships. Sometimes spectrometers filled or purged with inert gases
are used, which enables recording of the vacuum UV spectrum
where the most sensitive lines of many elements are located and
fewer spectral interferences are found.

Microwave plasma with a relatively low gas temperature and
high energy of free electrons is often used for the elemental
analysis of compounds separated by chromatography or capillary
electrophoresis. The advantages of this kind of plasma include the
high excitation capability combined with the low power and
compact equipment. However, due to the low temperature of
plasma, its parameters strongly depend on the amount and
composition of the introduced sample eluents. The analytical
applications of the microwave plasma were surveyed.78, 79

Interesting publications 80 ± 82 were devoted to the combina-
tion of the graphite furnace atomisation with microwave plasma
excitation of emission from the analysed vapour, wich provided
high atomisation temperature within a compact instrument and
made it possible to determine all elements at once in micro-
samples. Such plasma in a graphite furnace can also be used for
the elemental analysis of compounds separated by gas chroma-
tography.81 The dependence of the plasma parameters on the
sample matrix composition (especially those rich in easily ionised
elements) cannot be totally avoided; however, this dependence is
weaker than that in conventional schemes where both atomisation
and excitation take place in a microwave plasma.

Aimed at miniaturisation of spectrochemical analysers, keen
attention is paid currently to the development of microplasma
sources and analytical techniques based on their application.
Echelle 75 and other microspectrometers (with a satisfactory

spectral resolution and the cigarette-pack dimensions) can be
used to detect the emission. The evident advantages of such
miniature analysers are the possibility of using them in field and
constraint environments, the very small consumption of samples
and reagents, the low cost and the possibility of forming wide
sensor networks with a large number of remote detectors. Several
reviews 83 ± 85 were devoted to the recent advances in the develop-
ment and application of microplasma (sources of plasma volume
ranging from 1076 to 1072 cm3 were discussed).

Rapid progress is observed in the development of methods
and instrumentation in the field of laser-induced breakdown
plasma (laser spark) used for the analysis of solids, liquids, gases,
suspended dust and aerosols. The interest arises due to the
possibility of developing universal emission analysers suitable
for any kind of samples, including microscopic samples, for all
elements simultaneously, with excellent spatial resolution along
the surface and in depth, with no contact to the samples (remotely)
and no sample preparation, that are designed for the real-time
operation in a compact portable fashion. In practice, the greatest
difficulties are associated with calibration ambiguities andmodest
detection limits (*1073%with a relative error of 5%7 10%). In
many cases, only approximate calibration could be achieved. In
the last 5 years, more than 1500 publications were devoted to the
development of this method. The theory and diverse analytical
applications of laser-induced breakdown spectrometry (LIBS),
including laser-induced breakdown in gases and on ablated
surfaces, were the subject of a book 18 and several re-
views.9, 40, 86 ± 91

To date, the major mechanisms of the formation and develop-
ment of laser-induced plasma are well understood and can be
predicted based on models. For the purposes of the analysis, it is
desirable that the extracted mass is independent of possible
heterogeneities in the sample; hence, very short pulses should be
used (to eliminate the effect of thermalisation and heat transfer
across the sample). For pulses of*1 ps and shorter, the duration
of the laser field is sufficient to heat up only the electrons in the
vicinity of the laser-illuminated spot on the sample surface. An
explosion-type ejection of these electrons causes simultaneous
destruction and ejection of the `cold' lattice material due to the
Coulomb forces. Thus, in the femtosecond mode (4 1 ps), the
process of instantaneous vaporisation and ionisation of the
sample can be greatly simplified, without inducing any transfer
of heat across the sample and any shielding of the laser irradiation
by the plasma plume that forms only after the end of the laser
pulse. These factors improve significantly the reproducibility of
the analysis.

The use of short-wavelength (ultraviolet) lasers provides more
efficient and reproducible ablation and hence higher accuracy of
the analysis as compared to that attainable with less intricate
infrared lasers. Advantages of the ultraviolet irradiation are
associated with more efficient absorption in the sample bulk (i.e.,
smaller losses due to reflection from the surface and less absorp-
tion in the plume above the sample surface), as well as due to the
lower degree of the multiphoton ionisation as compared to the
laser-induced breakdown in the infrared range. Because of the
higher photon energy, the ultraviolet radiation can break lattice
bonds even in a single-quantum absorption event.

Thus, the ablation by short-pulse UV lasers is a direct and the
most efficient method of microextraction with the lowest proba-
bility of fractionation effects, which may cause the ratios of
elements in a plume to differ from the stoichiometry of the sample.
This occurs if the radiation power density is sufficient for a robust
laser-induced breakdown; and this condition explicitly distin-
guishes the laser spark from the laser desorption mode. Although
the fractionation cannot be entirely avoided in any case, it is the
ablation with short-pulse UV lasers that allows one to reduce the
difficulties associated with calibration, reproducibility and accu-
racy of the analysis.

The elimination of heat transfer and meltdown effects in the
femtosecond mode becomes of particular significance for local
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lateral and layer-by-layer analyses where one must avoid thermal
`mixing' of neighbouring areas in the sample. Moreover, the UV
focus spot can be reduced to a smaller size compared to the
infrared. At the same time, use of short-wavelength lasers results
in deterioration of resolution in layer-by-layer analysis (due to
deeper penetration of the UV laser field into the sample).

In a laser spark, very hot plasma is formed (up to 40 000 K at
the electron density up to *1018 cm73). Moreover, plasma in
plumes extracted from entirely different samples often exhibit
similar characteristics. However, despite the efforts to minimise
any differences, the amount of vaporised material and the plasma
parameters depend on numerous factors. Therefore, laser-induced
plasma as an atomiser is inferior to analytical ICP in linearity,
completeness of atomisation and versatility (i.e., the degree of
insusceptibility to the matrix effects). As in a conventional ICP,
argon is the ideal atmosphere for the formation of a plasma plume
during laser spark. However, ambient air mixed with the vapor-
ised sample material appears to be the most common medium.

The LIBS enables analysis of substances in any state, while
recording the spectra on CCD arrays makes it possible to
determine all emitting elements in each pulse. Numerous examples
of using laser-induced plasma in emission spectrometers range
from the detection of gases and aerosols in air 92 ± 94 to the analysis
of melted minerals and steels in industry 95, 96 and even rocks on
other planets.97, 98 The recent development of miniature emitter
modules of the laser-amplifier type 99 brings a hope that in future
the LIBS analysers will fit into a flashlight-size module connected
to the control-panel notebook by a fibreoptic cable. The examples
of compact laser-induced plasma spectrometers are docu-
mented.88, 89, 95, 100 ± 103

Sometimes double-pulse lasers are used for reducing the
detection limits in LIBS. Ideally, the first short-duration UV
laser pulse induces extraction (generates a plume), while the
second longer pulse in the infrared provides additional heating
of the plasma in a plume, because the IR radiation is more
efficiently absorbed by the plasma (i.e., heats up the free electrons
to a greater extent) as compared to the UV radiation. Due to
this heating, more complete atomisation in a plume is
achieved.92, 96, 104, 105 In the other similar scheme, the second
heating pulse uses the laser wavelength tuned in resonance with
the absorption line of the main component of the sample.106 Thus,
one can reduce the detection limits by more than an order of
magnitude.

The most direct way of achieving complete atomisation of the
laser extraction products is their transport with a flow of argon
into a conventional ICP torch. In this fashion, laser ablation is
merely used for converting the sample into the aerosol state, i.e., as
a sampling method, followed by the analysis using ICP-AES or
ICP-MS (see reviews 40, 87, 90, 91). This reduces the detection limits
down to *1077% at the expense of merits of compactness and
viable remoteness of the analysis. The main application area of
laser-ablation ICP-AES (LA-ICP-AES) is the analysis of hetero-
geneous samples with a micron resolution.107

Note that the unique nature of laser ablation with direct
recording of emission spectra, i.e., LIBS, is fully revealed only if
a remote or localmicroanalysis is required, since a classical electric
spark (as opposite to a laser spark) can be easily made more
powerful with a multi-fold superiority in the analytical volume
and, correspondingly, in sensitivity. The cost of equipment for the
electric spark is also much less than that for laser ablation.
Moreover, the analysis of electrically non-conducting samples
with no pretreatment, as well as the analysis of aerosols, dust and
ash in gases can well be performed using compact electric spark
sources.108, 109 Nonetheless, the laser sparks provide more flexible
control over the discharge parameters relative to the electric
sparks. The laser-induced breakdown is free of a drawback typical
for the electric sparks, viz., the fast uncontrollable movement
(twisting) of the contracted discharge body. The higher temper-
ature in the laser-induced plasma determines both the higher

degree of atomisation and the linearity of calibration, and reduces
spectral interferences.

Yet another relatively simple, rapid and inexpensive method
for the analysis of surfaces and near-surface layers employs `cool'
glow discharges (usually at reduced pressure and room temper-
ature) used for simultaneous atomisation, excitation and ionisa-
tion of samples. Both direct-current and capacitively coupled
radiofrequency (RF) discharges using both hollow and planar
cathodes are utilised (see reviews 69, 70). The detection limits of
hollow cathode-based analysers are usually somewhat better as
compared to the planar-cathode instruments (order of*1074%).
The advantage of radiofrequency discharges is the possibility of
direct sputtering (i.e., plasma-induced atomisation) of electrically
non-conducting samples and coatings.

Gradual sputtering of the sample surface in a `mild' discharge
and the continuous recording of the emission spectra allow one to
carry out the layer-by-layer analysis with unprecedented high
resolution (* 1 nm of depth). A sputtering rate can be further
decreased using a pulsed discharge. It is also advantageous to use
pulsed discharges for the analysis of samples especially sensitive to
high temperature (e.g., films and polymers). Moreover, with the
use of pulsed discharges, one can sometimes obtain two-dimen-
sional spectral images of the surface, i.e., perform an instanta-
neous analysis of heterogeneous surfaces. Using glow discharges,
it is possible to analyse both very wide surface areas and very small
samples. Application of different gas mixtures in glow discharges
was reviewed;110 while analytical applications in the layer-by-layer
analysis of thin films and for environmental purposes were also
surveyed.111 ± 113

Standardless emission analysis is possible if one has an
adequate theoretical model that relates the intensities of spectral
lines to the concentrations of elements in a plasma.114 Dense
plasmas such as an arc, ICP and a laser-induced breakdown can
sometimes be considered within the framework of the local
thermodynamic equilibrium (LTE). In the LTE model, the
populations of all emitting states of atoms and ions are unambig-
uously related to the plasma temperature and the concentrations
of elements, according to the Saha ±Boltzmann law. By means of
deriving the temperature from relative line intensities, one can
then determine the concentrations of elements with normalisation
at the sum of all concentrations set equal to unity. Such a
procedure of the standardless analysis (including the effect of
self-absorption of lines) was developed for the case of the laser-
induced breakdown spectroscopy (see Ref. 115).} A similar idea
was used for indirect calibration of ICP-AES in the analysis of
gases.116 Generally, the models more complicated than LTE are
often used for simulating plasmas (such as microwave, glow
discharge, and etc.).

IV. Atomic mass spectrometry

In the mass spectrometric analysis, there is a number of different
methods for ionisation of the analyte atoms. They include ionisa-
tion in plasma sources (electron impact, collisional charge
exchange, plasma-chemical reactions or sputtering of secondary
ions from the surface), electrothermal ionisation (heated filaments
and graphite cups), ionisation of vapour in the resonance laser
field, radioactive source ionisation, etc. The most comprehensive
reviews on analytical atomic mass spectrometry can be found in
books 17, 19, 20 and papers.3, 117 ± 120 Each issue of the Journal of
Mass Spectrometry (UK) contains a list of recent publications in
the field of mass spectrometry.

Analytical mass spectrometry based on ionisation in plasma
plays the leading role in the elemental analysis due to its capability
of highly sensitive, multicomponent, versatile and rapid analysis.

}For recent publications on this topic, see I B Gornushkin, A I Kazakov,

N Omenetto, B W Smith, J D Winefordner Spectrochim. Acta, Part B 60

215 (2005).
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To date, the potential of contemporary ICP-mass spectrometers
(the first commercial instruments appeared more than 20 years
ago) represents virtually the reference point for all other methods
and instruments. Indeed, ICP-MS enables the simultaneous
determination of several dozens of elements at trace concentra-
tions down to *1079% in solid samples and *10713% in ideal
aqueous solutions, within a dynamic range of up to 9 orders of
magnitude.

This technique is applied most often to the analysis of
environmental and geological samples, and high-purity substan-
ces. However, not only the ICP but also other kinds of plasma are
widely used for ionising atoms, particularly, in glow and corona
discharges, and also in laser-induced plasma (laser ablation and
laser desorption from the surface). Inductively coupled and
corona discharges are usually ignited at atmospheric pressure,
whereas glow discharge is ignited at low and reduced pressures.
Corona discharge is utilised in the mass-spectrometric analysis of
gases.121, 122 Electric spark in vacuum is also successfully used as
the atomiser/ioniser of conducting and non-conducting samples
(the latter are pre-ground and pressed into graphite electrodes).123

In the majority of cases, the IPC-MS instruments incorporate
quadrupole mass spectrometers (they are usually more expensive
than the AAS and ICP-AES analysers, but less expensive than
other kinds of mass spectrometers). One of the main problems
related to quadrupole-based ICP-mass spectrometers concerns
the isobaric interferences, i.e., overlaps of isotopes of different
elements with equal charge-to-mass ratios.Moreover, in the argon
plasma, in addition to the proper atomic ions, some parasitic
molecular ions are also formed such as Ar�2 , ArO+, ArH+,
ArOH+, ArN+ and other, as well as multicharge ions, which
introduce additional interferences. This can be alleviated if the
high-resolution magnetic sector mass spectrometers in a double-
focusing mode (with crossed electrostatic and magnetic fields) are
used.124 ± 127 High-resolution instruments are very expensive but
highly sensitive and facilitate recording of extremely small differ-
ences in the isobaric masses of elements.

An attractive innovation for minimising the isobaric interfer-
ences is related to the development of the RF multipole reaction
cells that can be installed in conventional quadrupole mass
spectrometers.128 ± 131 The cell is filled with a reactive gas (e.g.,
ammonia, oxygen, or methane) under reduced pressure, and the
field-driven analyte ions drift towards the main mass analyser
(quadrupole) and the detector. In the simplest case, the buffer gas
molecules collide with the parasitic molecular ions produced in an
ICP and break them apart into the atomic form. However,
transforming particular parasitic ions into the molecular ions
with a different mass in ion ±molecule charge exchange reactions
is a much more efficient way of eliminating specific interferences.
Quadrupole, hexapole and octopole systems are used as RF
multipole cells.131 Sometimes RF ion traps are used for this
purpose. The best performance was observed for quadrupole
dynamic reaction cells, which can be tuned synchronously with
the main mass analyser (i.e., in resonance with the analyte mass),
thus cutting off possible secondary interferences in the upper and
lower mass ranges. As a result, the common quadrupole mass
spectrometers equipped with RF multipole reaction cells are
presently a sound alternative to the very expensive high-resolution
magnetic sector mass spectrometers.

Since the quadrupole mass spectrometers are the scanning
devices in their principle of operation, the speed (throughput) of
detection is low in the multielement analysis, because the acquis-
ition time required for determining each element in the vicinity of
its detection limit is about*10 s. As a result, further efforts take
place in the development of magnetic sector mass spectrometers
with multichannel/multicollector detectors for simultaneous
detection of all ions arriving to the focal surface.125, 132 ± 134 For
the similar purposes, the time-of-flight mass spectrometers that
can simultaneously record the whole spectrum of elements in each
ion extraction pulse, are being used.135 ± 138 There are commercial
models of the ICP-time-of-flight mass spectrometers.

In contrast to magnetic sector multichannel (multicollector)
mass spectrometers, the time-of-flight mass spectrometers have
long been used in analytical studies and are available in various
models. However, potential advantages of magnetic sector mass
spectrometers are related to the fact that they are continuous, and
consequently, superior in the integration time, accuracy, stability
and noise averaging possibilities. Time-of-flight mass spectro-
meters can determine ions in a broad range of masses simulta-
neously; moreover, they are less bulky and less expensive. A
certain method of simultaneous recording is specifically required
in those cases where fast or transient processes are studied, e.g., in
chromatographic or electrophoretic separation, in flow-injection
analysis, electrothermal vaporisation, laser ablation or laser
desorption.

A combination of ICP-MS with the direct sampling based on
laser ablation (LA-ICP-MS) facilitates circumventing the com-
plex and lengthy sample preparation and atomisation procedures.
The reviews on this subject have beenmentioned above.87, 90, 91, 120

For the accurate trace determination by ICP-MS at very low
detection limits, the sterile direct laser sampling plays an impor-
tant role because omitting the sample preparation stage reduces
sharply the probability of accidental contamination during sam-
ple preparation to the analysis. At the same time, undesirable
fractionation of elements during the aerosol transport along the
analyser ducts does sometimes occur in LA-ICP-MS.139 The
calibration reproducibility and accuracy may also become diffi-
cult to assure. In those cases where the acquisition of spectra from
each laser pulse is essential, the ICP-sector mass spectrometers
with detector arrays 140 or ICP-time-of-flight mass spectro-
meters 141 are used.

The overall dimensions of the instrument can be substantially
reduced by using the laser-induced plasma directly as an atomiser/
ioniser in mass spectrometry.142 Usually, the time-of-flight mass
spectrometers are employed in laser ablation mass spectrometry
(LA-MS). In this case, the pulsed nature of the laser ablation
almost perfectly matches the pulsed extraction of ions.143 ± 146

Such instruments surpass the laser-induced breakdown emission
analysers in sensitivity and could have been quite competitive in
regard of compactness 147 if continuous evacuation was not
necessary. Using ablation at the resonance wavelength, one can
further reduce the detection limits.148, 149 Laser irradiation at
lower power does not cause any crater-like destruction of the
analysed surface, thus atomic and molecular ions can be detached
from it in a desorption mode. Measurement of these ions with
time-of-flight mass spectrometers enables very careful analysis of
the art, jewelry and documents for forensic examination.150

Thin films, coatings and other surfaces can be sputtered layer-
by-layer in glow discharges with excellent depth-profiling reso-
lution (but measurements are in emission most often). Using a
mass spectrometer as the detector,69, 117 one can reduce the
detection limits by several orders of magnitude (down to
*1077% for single element detection). The uncertainties of
quantitative calibration are lower 151, 152 in this case than in LA-
ICP-MS. This method was successfully used for analysing the
environmental samples and nuclear waste.113 In the ICP-MS
spectrometers manufactured by Finnigan MAT, the ICP module
was exchangeable with a direct-current glow discharge module.
Recently, high-resolution mass spectrometers with ionisation in
the direct-current glow discharge and the radiofrequency dis-
charge have been introduced by VG Elemental. Despite their
high cost, they have already found various applications ranging
from analysis of high-purity metals to analysis of powders and
dielectrics. The analysers that include both a pulsed glow dis-
charge and a time-of-flight mass spectrometer have recently
started to be produced in Russia.153

Mass spectrometry can also be integrated with other plasma
sources, such as microwave plasma 154, 155 and capacitively
coupled RF plasma in a graphite furnace.156 However, these
sources are used much more often in emission spectrometry.
Their advantage is the possibility of small sample volume intro-
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duction, including a continuous (flow-injection) mode. Micro-
wave plasma enables the analysis at the temperature near ambient,
whereas the discharge in a graphite furnace makes it possible to
maintain high atomisation temperature with the independently
regulated efficiency of ionisation in plasma. Amass-spectrometric
detector facilitates the reduction of the detection limits relative to
the corresponding emission detection; however, some setbacks in
the design still remain unsolved. Application of such instruments
is justified in those infrequent cases where the analytical problem
cannot be solved using common ICP-MS analysers (e.g., due to
the specific spectral interferences).

The capability of determining different isotopes and their
ratios is also among the advantages of mass spectrometry. To
date, the thermal ionisationmass spectrometry continues to be the
most precise technique for measuring isotope ratios (for a com-
parison with other techniques, see Refs 157 and 158). However,
this technique requires complicated sample preparation and is
almost inapplicable to both refractory substances and elements
with high ionisation potentials. The precise data on the isotopic
composition are necessary for studying the synthesis, evolution or
the absolute age of samples (geological, organic, biological, etc.).
Conventional methods of determination of stable isotopes in
gaseous samples (and any other samples that can be converted
into the gaseous phase) using magnetic sector mass spectrometers
were surveyed159 with a focus in climatology.

A unique possibility ofminimising the isobaric interferences in
mass spectrometry is offered by selective ionisation in the resonant
laser radiation (resonance ionisation mass spectrometry, RIMS).
A laser (or several lasers) is used for the optical excitation and
selective stepwise transfer of the analyte atoms into the ionised or
auto-ionised states. Sometimes the atomiser is placed in the
electric field to reduce the effective ionisation potential of the
atom. Examples of the atomisers include a graphite furnace,160 or
low-power laser ablation 149, 161 or laser desorption 162 at low
power to minimise the non-selective ionisation. Use of tuneable
solid-state lasers and particularly diode lasers holds a promise for
this technique.163 The main application field is the determination
of stable and long-lived isotopes as well as radioactive contami-
nation. The detection limits can be below a femtogram at a
*10711% relative content of the rare compared to the abundant
isotopes. This method has already been used for determination of
more than 40 elements; in some cases multielemental isotope
analysis was performed.164 Laser ionisation schemes for many
elements were described.165 Recent information on RIMS has
been reported.166, 167

High-energy accelerator mass spectrometry, which utilises
tandem linear particle accelerators, is aimed at the determination
of cosmogenic and other very rare isotopes (3H, 10Be, 14C, 26Al,
32Si, 36Cl, 39Ar, 41Ca, 55Fe, 59Ni, 81Kr, 99Tc, 129I, 182Hf,
244Pu).168, 169 This method can be used for the determination of
very low amounts of particular isotopes (at isotope ratios down to
*10714%). Such a high sensitivity is determined by both several
selection stages discriminating the ion mass and charge and
selection in the kinetic energy loss per track unit in the gaseous
or semiconductor detector. The specific energy loss depends on
the nucleus charge (not the ion charge) that facilitates effictive
elimination of the isobaric interferences, however such detectors
can determine only particles with high velocities. Sputtering of
samples is usually performed using a beam of Cs+ ions in vacuum.
This method is applied in archaeology, dendro- and geochrono-
logy, climatology, medicine and forensic examination.168 ± 172

The equipment usually occupies an area of several tens square
metres; however new instruments with dimensions of only
2.2561.25 m2 are already under development.

The theory, instrumentation, and applications of ion mobility
spectrometry are being actively developed (see a review 173). This
technique differs from the classical mass spectrometry in a way
that the ions are separated by their charge-to-mass ratio while
drifting in the gas medium driven by the electric field, rather than
in vacuum. The main advantage is that there is no need for

evacuation and, correspondingly, the cost is lower and miniatur-
isation of such high-sensitivity instruments is possible. The ion
mobility analysers have been applied so far only for the gas
analysis (detection of contaminations and toxic compounds in
air or trace impurities in technological gases).174 ± 177 They will
possibly find broader applications with the progress in this field
because of the obvious advantages of combining such detectors
with non-vacuum ionisation sources (e.g., laser ablation and
desorption, discharges at atmospheric and slightly reduced pres-
sures, including microplasma discharges). An increasing body of
information on applications of RFmultipole reaction cells (based
on drift and ion reactions in the gasmedium) inmass spectrometry
will also favour development in ion mobility spectrometry.

For quantitative calibration, especially in ultra-trace mass
spectrometric analysis where the standards cannot be prepared,
the method of isotope dilution is often used, e.g., in ICP-
MS.178, 179 An increase in accuracy of the semiquantitative ana-
lysis in ICP-MS can be achieved by simulation of the plasma-
chemical processes.180Worth to note are the studies devoted to the
calculation of the relative sensitivity 181 and the standardless
analysis 182 in ICP-MS and LA-MS.183 The possibility of simulta-
neous acquisition of spectra from atoms, molecules and fragments
represents another advantage of mass-spectrometry. Moreover,
this technique can be hyphenated to chromatography or other
methods of preliminary separation of chemical compounds (see a
review 184).

V. Atomic fluorescence spectrometry

At present, the atomic fluorescence spectrometry (AFS) plays a
relatively minor role in elemental analysis. An attractive feature of
the fluorescence techniques is the fundamental possibility of
combining the advantages of absorption and emission spectrom-
etry. Theoretically, the analytical signal is proportional to the
concentration of atoms in the (most populated) ground state as in
the case of absorption; but it is beingmeasured on a `zero' or weak
background as in emission spectrometry. The selectivity of atomic
fluorescence is very high because both mechanisms of absorbing
and emitting of photons are discrete quantum processes. Excita-
tion of the selected atoms only on their characteristic spectral lines
and shielding the detector from direct rays of the light source
enable measurement of fluorescence without recourse to any
optical dispersion devices. Moreover, one can modulate the
excitation source for better subtraction of the stray light back-
ground.

These advantages determine the application area of AFS. The
development occurs in two major directions. Where high selectiv-
ity and high sensitivity are required that cannot be reached by
other methods, one can use the laser-excited fluorescence (pulsed
most often) with detection by means of optical and electronic
schemes that are optimised for subtracting the non-selective
background, reducing the spectral interferences and minimising
the noises. In the other cases where moderate sensitivity is
sufficient, while a simple and rapid analysis procedure and
inexpensive equipment are desirable, then simple optical filters
(in place of dispersion spectrometers) and traditional light sour-
ces, e.g., hollow cathode lamps or RF electrodeless lamps, are
used. Naturally, weak sources and thus unsaturated fluorescence
bring about a number of drawbacks including the non-selective
absorption of radiation in the atomiser.

In line with the development in chemistry of stable and
unstable volatile compounds, there is an increasing interest in
the simplest version of AFS that involves continuous sample
introduction in the form of vapour (e.g., mercury 185 ± 187) or
volatile hydrides 188 ± 193 with their low-temperature atomisation.
High selectivity of this technique facilitates analysis of samples of
a very complex chemical composition with high sensitivity.
Modern commercial atomic fluorescence analysers 194 employ
hollow-cathode lamps, graphite atomisers, and continuous flow-
injection introduction of samples in the form of volatile hydride
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compounds. The detection limits are often below 1077%. Note
that it is the detection by fluorescence or absorption techniques
rather than by emission that is more suitable for these compounds,
because introduction of large amounts of volatile compounds into
a plasma almost always causes instabilities in the discharge.

Commercial ICP-AFS instruments made earlier in USA were
equipped with hollow cathode lamps and conventional nebulisers
for sample introduction. These instruments were used for the
determination of certain metals with weak emission spectra but
easily excitable fluorescence spectra. The plasma was ignited in a
relatively `cool' regime in order to merely atomise the sample
without generating too high emission background. Further devel-
opment of this method is associated 195 with the use of new light
sources of high spectral brightness, namely, diode lasers or
narrow-band light-emitting diodes. These sources can also
improve the characteristics of the simplest fluorescence analysers
that involve introduction of samples in the form of vapour or
volatile compounds.

One of themain advantages of the laser-excited fluorescence is
that it makes possible the saturation (bleaching) of optical
transitions. Thus, it is possible to obtain maximum analytical
signals and simultaneously reduce both the effects of fluorescence
quenching and its dependence on fluctuations of the excitation
radiation. Unfortunately, during the past 25 years, laser-excited
atomic fluorescence was developing very slowly (see a review 196)
owing to the slow progress in the development of tuneable laser
technologies. The real-time switching of dye lasers from one
element to another is virtually impossible. It is the single-element
nature of this technique that presents the main obstacle for its
analytical application, although more than 40 elements were
determined one by one using AFS with dye lasers.

The dynamic range of laser-excited atomic fluorescence spec-
trometry (LEAFS) can reach 7 orders of magnitude (much
broader than in AAS). Moreover, LEAFS is characterised by
better linearity compared to AAS. The lowest detection limits in
LEAFS are of the order of*10711% (*0.1 fg) in the analysis of
ideal aqueous solutions using an electrothermal atomiser.196 The
best results for low-volatility elements (Eu, Y, Tl) were obtained
using atomisation in a glow discharge. Use of flame, ICP, laser
spark and other plasma atomisers has been studied. In the analysis
of gases, the plasma was used for the pre-population of the
metastable states, from which further excitation of laser-induced
fluorescence was performed.47

About ten years ago, new solid-state laser sources
appeared;197 ± 200 they are the optical parametric oscillators
(OPO) with tuneable output radiation, which can be scanned
over the whole spectrum from 220 to 2000 nm in * 20 min
(previously, such sources were called parametric light generators).
Using the modern software, it is possible to scan discretely the
OPO output radiation, viz., by jumping from one characteristic
line to another, thus facilitating reduction in the scanning time
(similarly to the newest analytical mass spectrometers). Obvi-
ously, OPO open up the prospects for the development of multi-
element LEAFS. However, so far only few studies devoted to
simultaneous detection of several elements using the OPO-excited
fluorescence technique have been accomplished.201, 202

In our viewpoint, the commercial LEAFS instruments based
on OPO can be developed in the future, despite their high cost at
present. An ICP-AFS spectrometer based on OPO would be
comparable in cost with a high-resolution ICP-mass spectrometer.
However, despite the virtually equally high sensitivity of mass
spectrometry and laser-excited AFS, the selectivity of the latter
technique is higher relative to high-resolution mass spectrometry
and much higher relative to either quadrupole or time-of-flight
mass spectrometry. Furthermore, theoretically, the sensitivity of
AFS should be higher than that of mass spectrometry, because
each atom can produce only one ion but can emit up to * 108

photons per second. The throughput of mass spectrometers is
usually *1076 of the ion flux, whereas the typical efficiency of
collection and registration of photons is of the order of *1074.

Perhaps, the commercialisation of LEAFS analysers will be aided
by the development of multifunctional laser spectrometers with
modular architecture aimed at enabling application of several
analytical techniques within a single instrument.

New potentials in LEAFS are opening up with the develop-
ment of magneto-optical traps (laser traps) for neutral atoms.203

Single atoms including their particular isotopes can be captured in
a laser trap, and the resonance fluorescence of each individual
atom can be reliably detected. Using this method, rare isotopes
81Kr and 85Kr with the natural abundance of the order of 10711%
and 1079%, respectively, were determined.204 The detection limit
of the 41Ca isotope in biological samples atomised in a furnace was
below 1077%with respect to the abundant 40Ca isotope.205 So far,
such low amounts of rare isotopes could only be detected using
high-energy acceleratormass spectrometry. Certainly, the LEAFS
instrumentation based on magneto-optical traps is less expensive
and less massive. Laser traps have already been successfully used
for confinement of alkali and alkali-earth atoms, as well as noble
gas atoms (pre-excited in plasma into the metastable states for
laser manipulation).

It is hoped that further development of atomic absorption
techniques based on diode lasers will also be beneficial for their
application in AFS. The high spectral brightness of the diode
lasers (due to the very spectrally narrow output emission) at their
typical optical power of*1 mWwith a beam focused into a zone
of a diameter of *1 mm allows one to achieve complete satu-
ration of fluorescence on strong transitions, if the quenching is not
considerable. Multielement analysis can be achieved (as in AAS)
by using diode laser arrays incorporated into multiplexing
schemes. However, so far AFS with excitation by diode lasers
has been used only in a single-element fashion.206 ± 212

Similar to the absorption spectrometry, the saturated (laser-
excited) AFS provides a theoretical possibility of the absolute
analysis. This possibility arises from both the simple theoretical
dependence of the saturated fluorescence intensity on the analyte
atom concentration and the reliable knowledge of the photon
detection efficiency achievable in practice. In the case of AFS, the
conditions originally formulated by L'vov 65, 66 as necessary for
the absolute absorption analysis, are supplemented here by an
additional requirement for the sufficient power of the output
radiation of the excitation laser. The measurement of the non-
selective background is made by detuning the laser from the
absorption line. If the power of the excitation source is far from
saturating, the fluorescence intensity usually depends on many
unaccountable factors, which necessitatees the use of standards to
implement the calibration for the quantitative analysis.

Note that at this stage the practical applications of LEAFS are
largely limited by the tasks that require the highly sensitive and
selective analysis. The preparation, storage and use of standard
solutions for calibrating the instruments in the range of extremely
low concentrations of elements pose serious problems and require
certain measures to be undertaken due to the high probability of
accidental contamination at any step of calibration. Hence, the
development of methods for the absolute (even if semi-quantita-
tive) analysis has gained crucial importance. The idea of the
absolute AFS analysis appears even more attractive, since this
method usually demonstrates a precisely linear dependence of the
analytical signal on the analyte concentration.

VI. Atomic ionisation spectrometry

The atomic ionisation analysis is based on selective stepwise
ionisation (laser-induced in most cases) of atoms. It resembles in
essence the RIMS technique. However, the intensity of the current
formed by the electron ± ion pairs upon ionisation is measured in
this method rather than the ion masses. One such technique called
resonance ionisation spectrometry implies usually two- or three-
step laser-induced photoionisation of atoms, most often in vac-
uum as in RIMS. The other more popular version of the method
is the laser-enhanced ionisation (LEI) spectrometry in flames at
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atmospheric pressure, where the analyte atoms are selectively
excited by the laser irradiation into the highly excited states, thus
enhancing (by up to 8 orders of magnitude) the collisional thermal
ionisation. Optogalvanic spectrometry is also based on a similar
scheme, which employs the plasma discharge at reduced pressures
for cathodic sputtering of the samples followed by laser-induced
excitation of atoms and registration of the change in the current
owing to the change in the ionisation rate, that is largely of the
non-thermal origin in this case.

The main advantage of all forms of the atomic ionisation
spectrometry is the high sensitivity achievable with relatively
simple instrumentation, especially if the diode lasers are used.
The efficiency of collection and registration of single electrons in
both vacuum and weakly ionised flames (the electron density in
flames is usually<109 cm73) can, in principle, be brought close to
100%. High-stability hollow-cathode lamps characterised by
fluctuations of plasma current only at the shot-noise level,
facilitate reliable measurements of the very weak optogalvanic
signals (*1 nA). The selectivity in this method with simple
recording of current is lower than in more sophisticated mass
spectrometric or laser-excited fluorescence detection. The main
disadvantage of the method is a strong matrix dependence
(especially in the presence of easily ionised elements that not
only increase the background noise but can also change the
electric field between the electrodes owing to the space charge
formation). The interferences due to the parasitic multiphoton
ionisation of the flame-generated molecules and radicals such as
NO, CO, O2, etc. are also encountered in laser-enhanced ionisa-
tion in flames.

Laser-enhanced ionisation spectrometry (LEIS) is the leading
technique among other techniques of the atomic ionisation
analysis, although its development is also impeded because the
suitable tuneable lasers are still unavailable. LEIS provides low
detection limits of *10710% (*1 fg) at very small sample
amounts (less than 1 pg) and with a fairly simple design. Further
increase in sensitivity can be achieved with avalanche ionisation,
i.e., with the 103 ± 105-fold multiplied current of the primary
electron ± ion pairs.213, 214 Application of nanosecond lasers and
nanosecond-resolution registration electronics in some cases
enables separating the fast response due to the parasitic molecular
ionisation from the slower collisional ionisation response in LEIS
at reduced pressures.215 The parasitic ionisation can also be
minimised by shielding the flame from air with an outer concentric
argon flow.216, 217

For the purpose of sample introduction into the flame and
more complete atomisation in LEIS, one can use either electro-
thermal vaporisation 218 or transformation of samples into vola-
tile compounds,217 or flow-injection introduction with a
possibility of sorption pre-concentration.219 The advantage of
the microsample analysis in LEIS is most evident when it follows
either chromatographic separation 220 or laser ablation sampling
into the flame.216, 221 ± 223 As the laser-induced plasma creates high
temperature and high densities of charged particles, one may opt
to separate the sampling from the signal registration either
temporally 221, 222 or spatially.216, 223 In the latter case, the product
of laser ablation (aerosol) is carried by the argon flow into the
miniature flame where the LEIS signal is generated. This concept
is similar to LA-ICP-MS and LA-ICP-AES. Use of a miniburner
reduces the effect of aerosol dilution during the analysis. Such
schemes open up the possibilities of detecting trace impurities in
each laser ablation pulse (15 atoms per pulse 214). Moreover, it is
possible to simultaneously determine several elements (Pb, In) in
samples.223

Electrothermal atomisation in an inert atmosphere of a
graphite furnace can become an alternative to the use of flames
in LEIS. This method provides very low detection limits for noble
metals.224 A direct comparison of the detection limits in LEIS and
LEAFS under the same conditions indicates the latter to be more
sensitive,217, 225 if the optical pumping power of the laser is
sufficient for the fluorescence saturation. However, under the

conditions most favourable for LEIS (collision frequency
>109 s71), the fluorescence quantum yield is small due to the
quenching processes. In the case of unsaturated transitions,
LEAFS is inferior to LEIS.220 It is fundamentally difficult to
achieve complete saturation of all optical steps in LEIS, because
transition probabilities to reach highly excited states are usually
low.

It is interesting to compare the detection limits of LEIS and
purely optical laser-induced resonance photoionisation in metal
vapour at atmospheric pressure.224 Thus for silver atoms, the two-
step resonance photoionisation through the auto-ionising state
provides a better detection limit (2610711%) compared to the
two-laser LEIS (2610710%). Generally, a success of any of these
schemes depends on the relationship between the efficiency of
collisional ionisation and the rate of optical pumping into auto-
ionising states. However, an increase in the ionisation rate
provided by two- and three-step schemes, is usually several orders
of magnitude greater than in a single laser excitation step.
A complex laser spectrometer for the laser-enhanced ionisation
in both vacuum and flame was developed for the analytical
research purposes.226, 227 Recent developments associated with
the LEIS technique were discussed in a review;228 the earlier
records were systematised in monographs 36, 229 and a review.40

Laser optogalvanic spectrometry (LOGS) may be appealing
due to its simple electric gas-discharge assembly used simulta-
neously for both sample atomisation and photoelectron detection.
The literature records on optogalvanic detection of overall 40
elements were summarised 230, 231 (data on indium are also docu-
mented 232). Uncomplicated design can apparently be achieved
only with diode lasers,233 ± 235 the advantage of which is not only
their miniature size but also their capability to resolve the isotopic
spectra. A narrow single-mode spectrum generated by a diode
laser enhances the selectivity of analysis. To our knowledge, the
methods for determination of mercury 236 and uranium iso-
topes 233, 234 are the only real analytical applications that have
been developed so far.

A prototype of the portable analyser for uranium isotopes
(most important element in the nuclear power industry) based on
LOGS with a modulated diode laser and lock-in detection was
described.233 This device enabled determination of isotopes 235U,
236U and 238U in the enriched and depleted samples of uranium
oxides and fluorides. Such a method under laboratory condi-
tions 234 enables measurements of the isotope ratio 235U/238U
down to 0.02% with the detection limit in atomic number density
*107 cm73 in the analytical zone. This sensitivity is comparable
to that provided by AAS with the same modulation of the diode
laser wavelength.234 A similar technique may be used for the
determination of many other isotopes of actinides and lantha-
nides.

The LOGS technique propped with the RF electrodeless
discharges 231 may eliminate introduction of the impurities by
electrodes and, in principle, makes it possible to analyse non-
conducting samples directly. In this case, the laser-induced
changes in the plasma impedance are measured using a separate
resonant induction coil. The optogalvanic spectrometry usually
utilises `cold' plasmas with the temperature of about 300 K. This
is convenient, e.g., for the analysis of gases,231, 235 but problematic
for atomising aerosols. A comparison of the analytical merits of
LOGS and LEIS for the detection of metals in smoke particles 237

revealed the undeniable advantages of LEIS regarding the com-
pleteness of atomisation at the flame temperature of*2500 K.

At the same time, the characteristic noise in LEIS is deter-
mined by fluctuations of thermal (and turbulent) velocities of
charged particles in flame. Thus, in principle, the noise can be
reduced by decreasing the temperature. On the contrary, in
LOGS, a number of atoms in the analytical zone can be increased
by increasing the pressure. For this purpose, it was proposed 235 to
use a non-sustained discharge at atmospheric pressure and room
temperature with the electron density *1012 cm73 below a
threshold of the self-sustained gas discharge. The electric current
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noise in this arrangement is reduced to *0.1 pA (DI/I& 1078).
The detection limit for the excited hydrogen atomsH* in neonwas
estimated from an optogalvanic response to the modulated
irradiation by a diode laser to be *10712% (at the 656-nm line).
For other elements, the sensitivity may be even higher if the laser
excitation scheme provides a chance to climb closer to the
ionisation potential.

A problem of the space charge formation is also largely
curbed, because only a weak electric field (*100 V cm71) pre-
serving the plasma parameters unperturbed, is used for the proper
electron collection, whereas in LEIS the fields of*1000 V cm71

are commonly used. Note that the conditions necessary for this
concept may be realised in a late afterglow of the laser-induced
plasma.

Generally, the atomic ionisation spectrometry is yet of little
use in practice but continues to be developed and has its
potentials. As with other laser-based techniques, a hindering
factor relates to a slow progress in the development of tuneable
lasers that cannot yet support in practice the multielement
analysis. High susceptibility of the ionisation degree to the matrix
composition presents another serious drawback of this technique.
A fundamental possibility of the absolute analysis is one of the
potentially important merits of the atomic ionisation technique.
An absolute number of the collected electrons (charge) is equal to
the absolute number of the analyte atoms, the 100% ionisation of
which can be easily achieved in the analytical volume limited by
the intersection area of the laser beams, while a correction for the
non-selective background is obtained by tuning the laser over the
full profile of the analytical absorption line. It is necessary to know
either the atomised mass or the degree of sample vaporisation, as
well as the dynamics of vapour transport. These parameters can be
estimated using mathematical models.

VII. Sample preparation and introduction,
atomisation and data processing

Here we cite only a small part of the latest reviews among the vast
number of publications on the modernisation, automation and
miniaturisation of the instrumentation for sample prepara-
tion,238 ± 241 including those dealing with the programmed micro-
wave reaction systems,240, 241 as well as with further integration of
the sample preparation and introduction stages. In particular,
there are many different methods of the physicochemical separa-
tion, pre-concentration and extraction (e.g., see a review 242 on the
pre-concentration of microcomponents). Many studies were
devoted to coupling of the chromatographic separation with
continuous atomic spectrometric analysis of the eluates.184, 243 ± 247

Recently, the method of continuous flow-injection sample intro-
duction became very popular.248 ± 251 The methods of sample
introduction in the form of vapour of volatile compounds find
an increasing number of application.252 ± 256

The methods of electrothermal vaporisation 257 ± 259 and their
combinations with chemical transformations of the samples into
volatile compounds for flow-injection introduction 260, 261 are also
subject to further development. The possibilities 261 of complete
automation of thewhole process of pre-concentration, separation,
vaporisation, introduction and atomisation of samples including
microwave-assisted decomposition of samples, and a possibility of
the direct introduction of large amounts of undiluted organic
solvents, viscous liquids as emulsions and solid insoluble samples
as slurries are considered. The reviews 262, 263 devoted to the simple
tungsten and molybdenum electrothermal atomisers were also
published. Great attention is being paid to further research on
improvement of nebulisers for introduction of the analysed
solutions into inductively coupled and microwave-induced plas-
mas.264, 265 Many studies in elemental analysis were devoted to
introduction and vaporisation of the dissolved samples using
high-voltage electrohydrodynamic micronebulisers 266 ± 269 (origi-
nally this method was named the `Extraction of Dissolved Ions at

Atmospheric Pressure' but now it is most often called electro-
spay).

Many studies ponder about the software issues on automation
of analytical instrumentation and about new mathematical
methods for data processing. The journal Analytical Chemistry
publishes detailed reviews on this subject every two years (for the
latest review, see Ref. 270). Most popular approaches used in the
modern spectroscopy were systematised.271, 272 A substantial
improvement in both reproducibility and correctness of the
analytical results could be achieved using the multidimensional
matrix and cluster methods of statistical data treatment. Such
methods allow one to recognise and take into account unknown
active factors (e.g., the presence of hidden impurities, drift, etc.)
without carrying out frequent calibrations of the equipment or to
restrict oneself to only one `permanent' calibration. In some cases,
it is possible to transfer the calibration from one spectrometer to
the whole family of this kind of spectrometers.273 As mentioned
above, the mathematical simulation also opens up possibilities for
the absolute (standardless) analysis.

A progress in the computer-assisted methods of operation,
self-diagnosis and self-control in analytical instrumentation, as
well as the comprehensive processing of analytical data, is largely
due to the impressive development in the neighbouring fields. In
future, one can expect application of the methods of digital image
recognition, machine self-learning, digital filtration of noises and
processing of the hyperspectral spatial images. The computational
methods using genetic algorithms and artificial neural networks
will certainly find their application for spectrometric purposes.274

There is a wealth of prospects for further development in these
directions but even today the software and continuous automatic
self-diagnosis enable the analytical instruments to `advise' the
operator the ways for resolving problems or identifying the
possible errors.

VIII. Conclusion

At present, AAS, ICP-AES and ICP-MS are the undeniable
leaders among a multitude of the techniques in the analytical
atomic spectrometry. During several past decades, the inductively
coupled plasma displaced other sources of excitation and ionisa-
tion of atoms in the emission analysis and mass-spectrometry.
Among these universal multielement techniques, the ICP-MS
exhibits the best overall sensitivity. Electrothermal atomisers
continue to play the key role in the absorption analysis. Currently,
the laser-induced plasma is becoming the leading technique for the
direct analysis of solids, while the further development evolves in
the three main directions: direct laser-induced breakdown emis-
sion spectrometry, direct laser ablation mass spectrometry, and
laser ablation with aerosol transport into ICP-MS.

In the atomic absorption spectrometry, one should expect the
increasing use of both diode lasers and light-emitting diodes as the
sources of radiation, as well as the use of optical cavities to expand
the effective path of absorption. Application of the atomic
fluorescence and ionisation will still be limited to unique special
tasks, while further progress will depend primary on the develop-
ment of the tuneable solid-state lasers. Nonetheless, in those cases
where the extreme sensitivity is required for detecting single atoms
and their individual isotopes, the laser-excited fluorescence and
resonance ionisation techniques have already begun to compete
with the accelerator mass spectrometry.

In the development of analytical instrumentation, the follow-
ing most general trends may be outlined:

7 combine all stages of the analysis in a single device
including sample preparation (the latter remains being intricate
and the least reproducible procedure);

7 provide high sensitivity and low detection limits, while
decreasing the sample amount and increasing the throughput of
the analysis;

7 develop more advanced software, maximum degree of
automation, on-line capabilities of the instrument diagnostics,
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switching on and off, and remote acquisition of the results
through the Internet;

7 design miniature (using diode lasers, microplasma, etc.),
compact or portable analysers;

7 make steps towards a modular architecture of the multi-
functional spectrometers combining the capabilities of several
analytical techniques in a single instrument.

The importance of the issues discussed in this paper is further
supported in the most recent reviews on the subject.275 ± 279 There
is no doubt that the analytical atomic spectrometry will continue
to play an indispensable role in science, research, laboratory
practice, industry and other diverse fields of human activity.
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