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Preface

Almost 120 years ago, Heinrich Kayser postulated in his handbook of spectroscopy:
“So, I come to the conclusion that quantitative spectroscopic analysis has proven to
be unfeasible.” Twenty years later, evidence to the contrary had already been at-
tained, but atomic spectrometry with spark and arc excitation was first established
in the laboratories of the metal producing and processing industries in the 1950s.
With its high speed of analysis, this new analytical technique made possible
a boost in innovation in metallurgical production that continues to the present.
Today, thousands of spectrometers are in operation worldwide especially for the
production and processing of metallic materials. While numerous publications and
books were published during the initial stages of the development of this new ana-
lytical technique, it has been somewhat neglected in the specialist literature of the
last decade despite its economic importance. This is regrettable since rapid techni-
cal developments in the areas of electronics, information technology and optics
have steadily improved the performance of spectrometers in recent years.

And so, the authors’ idea arose to provide users of atomic emission spectrometry
using arc, spark or laser excitation with a current, comprehensive presentation of the
technology. Practical application of this method was to be in focus in addition to the
theoretical background.

On one hand, the concept for this book is to provide beginners and students
with an introduction to the theory of the method. On the other hand, it is intended
to support the practical user in understanding the design and function of the in-
strument in order to ensure trouble-free operation. The chapter on the history of
atomic emission spectrometry is intended to give the reader an impression as to
how much time was required to advance the method until it has become today’s
high-performance technology. This was significantly influenced by the theories
with which the origin of the spectra could be explained. The theoretical funda-
mentals of spectral formation are only explained to the extent that the principles
of the processes can be understood and the parameters whose variation have an
influence on the formation of the spectra, and thus on the quality of the analytical
results can be evaluated. The main focus of this book is formed by Chapters 3 and
7, which are devoted to the design and operating principle of spectrometers. The
detailed description of stationary and mobile spectrometers and their operation
reflects the current state of technology. Exact knowledge of the hardware assists
in optimizing testing methods, thus improving the precision and accuracy of the
measurement results. Therefore, for application of the method, the most impor-
tant techniques for the sample taking and sample preparation of metallic samples
are described. By explaining the analytical indicators, an attempt has been made
to provide the user with criteria to assess applications possible for the methods
and instruments.

https://doi.org/10.1515/9783110529692-201
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1 Introduction

1.1 Definitions

Observation of the interaction of electromagnetic radiation and matter is summa-
rized under the term spectroscopy. In this context, matter consists of atoms, ions,
molecules or combinations of such particles, such as metals or liquids. Many of the
interactions involve transitions between defined energy states, which are associated
with the emission of radiation. Such interactions occur only in the gas phase in free
atoms or ions, which led to the terminology atomic emission spectroscopy (AES).
The emitted line spectra deliver information about the chemical elements whose
atoms or ions are present in the gas phase. Spectroscopy is thus suitable as an ana-
lyst’s tool. Spectrometry is a narrowing of the term spectroscopy; it is used when
electromagnetic radiation is quantitatively measured.

In addition to the observable spectroscopic effects, there are interactions be-
tween radiation and matter, which are not associated with energy transitions.
These interactions include refraction, diffraction, reflection and scattering, which
change the direction, phase or polarization of radiation [1] (Figure 1.1).

Radiation
Matter
(gas phase) AN ( Detector
Photons
Energy with energy hv
Emission of radiation
b Iln>10ut
hv
hv
I Matter |
" (gas phase) |'0u"/ A ( Detector
Radiation
Radiation

Absorption of radiation
Figure 1.1: Interaction between radiation and matter.

The energy of emitted electromagnetic radiation can be distributed over a large
range of frequencies (see Table 1.1). The choice of spectroscopic method determines
the frequencies to be used.

The line spectra ranging from 115 nm (vacuum UV) over the visible range
(390-770 nm) to approximately 1,000 nm (near infrared) are evaluated in AES,
which is the subject of this book.

https://doi.org/10.1515/9783110529692-001
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Table 1.1: The electromagnetic spectrum.

Wavelength range A Transition

Gamma radiation <0.005 nm Nucleus

X-rays 0.005-100 nm Inner electrons
Vacuum UV 100-180 nm Valence electrons
Near UV 180-390 nm Valence electrons
Visible region 390-770 nm Valence electrons
Near infrared 770-2,500 nm Valence electrons and

molecular vibration

Medium infrared 2.5-50 ym Molecular vibration
Far infrared 50-1.000 pm Molecular rotation
Microwave range 1-1,000 mm Molecular rotation,

electron and nuclear spin

Radio wave range >1,000 mm Nuclear spin

The atoms and ions present in the gas phase can be excited in a variety of
ways. Within the scope of this book, only excitation with electric spark and arc is to
be discussed in detail. Excitation by laser sources is only to be marginally
addressed.

1.1.1 Spectrometry for material analysis for research and production

The importance of AES is frequently underestimated as a modern method for instru-
mental analysis. This is difficult to understand when one realizes that 3,000-4,000
mobile and stationary spectrometers are bought and delivered every year. It is esti-
mated that about 50,000 instruments are currently (as of 2017) in use around the
world. These figures demonstrate the economic importance of arc/spark AES as an
analytical tool.

The manufacture and processing of modern materials depends on competent an-
alytics. The production process for metallic raw materials cannot be controlled with-
out quick monitoring of the melt’s material composition. The precise production of
high-quality alloys with defined proportions of alloying elements requires rapid and
accurate analysis.

The processing of materials into products leads to good results when continu-
ous quality control is ensured with the help of AES. Efficient machines and
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components for the aerospace and automotive industries can only be manufactured
under these conditions.

Other important application areas for arc/spark AES include the following:

— Metal identification can be performed with a 100% testing of the composition
of the material components.

— Recycled material can be examined to determine which materials are present.
The sorted materials can be reused separately.

— Basic research on new metallic materials involves a great deal of analytical ef-
fort. Experiments for alloy composition can be supported by fast and highly
sensitive arc/spark spectrometry.

AES with arc and spark offers many advantages, above all, for material analysis
and especially for quality and process control, making it the method of choice [2]:
— A direct analysis of solid samples is possible without needing to dissolve them.
— Practically all relevant elements can be simultaneously determined.
— The measurement proceeds automatically and delivers the result in just a few
seconds.
— Detection sensitivity and reproducibility are good.
— A wide concentration range, from traces to 100%, can be covered.

1.2 About the history of atomic emission spectrometry
1.2.1 First observations of atomic emission spectra

The first steps of AES, also frequently referred to as “spectral analysis,” began
a long time ago [3].

Newton’s observation of the solar spectrum in 1672 was groundbreaking.
Representation of this spectrum was performed by blocking a portion of the sun-
light using a round hole and then splitting the light with a prism. The spectrum be-
came visible on a white surface behind the prism. However, the spectrum obtained
in this way offered only insufficient resolution. Important details became visible
only through the use of a narrow entrance slit by Wollaston in 1802. Thin black
lines could be seen within the continuous color gradient. The sunlight delivered
light throughout the visible range of light, whereby the radiation is missing for vari-
ous narrowly limited spectral regions. At first, there was no explanation for this
phenomenon. Even Fraunhofer [4], who later examined these mysterious black
lines, could only measure their positions.

It was only in 1859 after the discoveries from Bunsen and Kirchhoff that it was
recognized that the lines could be assigned to chemical elements. Previously, begin-
ning in 1820, the formation of emission spectra in flames was investigated by several
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researchers, who placed different chemical compounds into the flames [5-8]. At that
time, it was already established that this method could be used to detect the smallest
of sample quantities.

At that point, electrical sparks were already being used, in addition to flames, to
produce spectra [9-12]. The spectra from metals as well as compounds were analyzed.

1.2.2 Fundamental work by Bunsen and Kirchhoff dealing with atomic emission
spectrometry

In 1859, after a large amount of preliminary work as to the formation of spectra,
Bunsen and Kirchhoff explained the basics of spectral analysis in a publication [13].
They discovered that the bright lines in the spectrum of a glowing gas are caused
exclusively by its chemical components. They also determined that the chemical
binding has no influence on the spectrum. Bunsen and Kirchhoff described the
spectra of the alkaline and alkaline earth elements and demonstrated the detection
sensitivity of spectral analysis. Using spectral analysis, they discovered the new ele-
ments cesium and rubidium. The ultraviolet and infrared ranges of the spectra were
found through intense occupation with spectral analysis, and methods for photo-
graphing spectra in these ranges [14-17] were developed. Bunsen and Kirchhoff’s
results explained the formation of the Fraunhofer lines and could be used to deter-
mine the composition of the sun and its atmosphere. The number of investigations
dealing with absorption spectral analysis also increased greatly. At the turn of the
century, chemical spectral analysis with flames, electric arcs and sparks had be-
come established methods for chemical analysis. There had been preparatory work
dealing with the quantitative determination of elements by Hartley, among others.
A breakthrough to an accepted method could not, however, be achieved. For about
30 years, a procedure whose potential was unquestionable was available, but it was
not possible to take advantage of it because the theoretical foundation was missing.
This unsatisfactory state lasted until the release of a revolutionary publication from
Gerlach and Schweitzer [18].

1.2.3 Development of atomic emission spectrometry for quantitative analysis

As previously indicated, this time period was influenced by Gerlach and
Schweitzer’s experiments, which were compiled in a book about the fundamentals
of chemical spectral analysis [18]. The terms “analytical sensitivity” and “detect-
ability” of a spectral line were covered in detail in Chapter 4 of the book. Building
on the findings of this dialogue, Chapter 5 discusses the possibility of absolute in-
tensity analysis and several important methods for quantitative analysis, such as
the method of the comparison of spectra and methods using homologous line pairs.
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These studies were supplemented by the experiments of other researchers, who
investigated perfecting quantitative analysis using photometric intensity measure-
ments. Recording spectra, according to Scheibe [19], proved to be a significant im-
provement in photometric detection.

Developments in the then fledgling spark technology also supported spectrom-
etry in the 1930s. Feussner’s spark generator [33-35], based on the spark gap trans-
mitter used to transmit news, was applied. The users of spectroscopy could resort to
proven, reliable technology and no longer had to worry about electrotechnical
details.

After Gerlach and Schweitzer’s results and publications led to useful methods
for the quantitative evaluation of emission spectra, it is necessary to follow the de-
velopment of AES from different points of view. From that time on, the potential of
AES was utilized much better.

Because the method had become more widespread, it was improved in many ways:

— Measurement of the spectral lines and procedures for quantitative evaluation

— Division of AES into several technical categories based on the different excita-
tion sources

— Technical developments on the instruments within these categories

Recording of the spectra, development of the photographic plates and density
measurements using densitometer was a time-consuming process that made
quick analyses impossible. Photoelectric radiation recording led to a decisive im-
provement in the measurement of line intensity. The vacuum photocell had al-
ready been invented and researched in 1890 by Julius Elster and Hans Geitel
[20-23]. In 1905, Albert Einstein presented a theory that explained the photoelec-
tric effect, for which he was awarded the Nobel Prize in 1921. In 1929, Koller and
Campbell developed the S-1 photocathode material that is still being used today;
significantly increasing the radiation sensitivity of vacuum photocells [25].
According to Ohls [24], Lundegardh had already used photocells to record spec-
tra in 1930.

Investigations by Thanheiser and Heyes, who were also occupied with inclu-
sion analysis, reported on attempts to directly measure line intensities in 1939 [26].

In the beginning, the technology of this evaluation method was still in need
of improvement. Decisive progress was achieved using photomultiplier tubes
(PMTs) instead of simple photocells. In the 1930s, intense research on the princi-
ple of secondary electron multiplication was already being conducted [27]. Tube
technology was a major focus for technical development in this decade, in which
radio was made accessible to an extensive range of the population in general.
Advanced tube technology led to serial production of PMTs suitable for routine
work [28, 29].
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Utilization of photomultiplier tubes led to the development of the first “direct
reading instruments.” Commercially successful multiple element spectrometers
(quantometer), which enabled automatic analysis, arose from these humble be-
ginnings. Starting in the 1970s, attempts were made to supplement or replace the
large and expensive phototubes, which allowed the measurement of only a few
spectral lines per optical system, with semiconductor chips. These sensors also
became available for spectrometry only after development for the mass market.
The low-noise transmission free-of-loss of the measured signal to the output am-
plifiers became possible with so-called CCD (charge coupled devices) chips. The
technique was perfected to make image capture systems, scanners and barcode
readers based on semiconductors possible. In addition to a reduction in produc-
tion costs, the use of CCDs in spectrometry enabled capturing of a continuous
spectral range. The main advantage of the PMT technology, namely rapid signal
detection, could be combined with that of photographic capture, the recording of
complete spectra.

Beginning in the mid-1960s, development of semiconductor technology made
integrated semiconductor-based operational amplifiers available. Introduction of
the pA 709 operational amplifier by the Fairchild Semiconductor company in 1965
was a major milestone in this field. It was now possible to automate the mathe-
matical steps from line intensities to concentrations using analog computing cir-
cuits, further accelerating the evaluation and eliminating the risk of calculation
errors by the user. Easier instrument operation was an additional advantage. For
the first time, operation of the systems no longer required highly specialized
experts.

However, the possibilities of analog computing are limited. Every function re-
quires a hardware circuit that can only be changed by rewiring. For this reason, mini-
computers that provided greater flexibility were soon used. While such systems were
powerful and could be quickly modified with changes to the software, they were also
extremely expensive with prices in the five-digit US dollar range.

A further development on the mass markets provided a remedy. In 1971, Intel
introduced the 4004 chip, which is considered to be the first fully integrated micro-
processor. It became possible to equip spectrometer systems with microprocessor-
based computers, and that at a cost that was less than a tenth of the price of
a minicomputer.

Spectrometers equipped with microcomputers were small and efficient, could
be adjusted to customer needs with software changes and had acceptable produc-
tion costs. All these factors, together with the increased quality requirements for
metallic materials, led to expansion of the market from the quantities discussed
above to several thousand instruments per year.

Through optimization of the existing excitation units and development of new
systems, various methods of AES emerged.
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Excitation sources are as follows:

— Flames

— Electrical arc

— Electrical spark

- Glow discharge

— Inductively coupled and microwave plasmas
— Laser

As this book deals mainly with AES with spark and arc excitation, the development
of these methods is more fully described in the following.

1.2.4 Development of atomic emission spectrometry with excitation using
electrical arc

The first use of arc excitation goes back to the nineteenth century. In the period
after 1970, the arc discharge was advanced in various forms as an excitation source,
becoming more commercialized [2]. Electric arcs were used especially for trace anal-
ysis because highly sensitive analytical procedures could be realized with them.
However, if they burn freely, they are not a stable excitation source because the
conditions on the electrodes and in the plasma can vary greatly, as explained in
more detail in Section 3.2.1.1.

In addition to free-burning direct current arcs, stabilized direct current and alternat-

ing current arcs were developed:

— Free-burning direct current arcs are preferred for the analysis of electrically
non-conducting samples. During routine operation, the arc burns between two
carbon electrodes. One electrode is used as a carrier electrode, i.e., the non-
conducting analyte is filled into the electrode and vaporized during operation
of the arc, thus landing in the plasma, and is excited to the transmission of
a spectrum. The free-burning direct current arc is also used to sort metals and
for the screening analyses of some low-alloy materials.

— Stabilized direct current arcs are more suited to the analysis of liquids. The lig-
uid can be introduced as an aerosol or as drops on a carrier.

— Alternating current arcs have the advantage that the electrodes become less
heated due to the interruptions in the arc.

Although the various types of electric arc provided solutions to many analytical
problems, today no laboratory spectrometers with arc excitation are being manufac-
tured in large numbers. One reason for this is the competition from systems with
inductively coupled plasma (ICP) as the excitation source, which came onto the
market in the 1980s.
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However, the free-burning direct current arc is still used in mobile spectrome-
ters for sorting, analysis and material identification. Such systems are discussed in
Chapter 7.

A comprehensive compilation dealing with arc excitation can be found by
Ohls [24].

1.2.5 Atomic emission spectrometry with spark excitation

The potential use of the electric spark as an excitation source for spectral analysis
was recognized very early after application of the flame. It has already been men-
tioned that the electric spark was used as a source of excitation at a very early
stage. According to Gorlich, spark spectra were observed by Emil Du Bois-
Reymond in 1859 [30]. In 1901, Charles C. Schenk published a paper that described
the electric spark and also depicted spectra [31]. In 1969, Walters presented and
commented on the most important facts known at that time for the understanding
of the physics and chemistry of spark discharges under normal pressure in
a comprehensive article [32].

He covered the following phenomena:
— Spark channeling

— Sample vaporization

— Processes on the electrodes

— Formation of excited states

The impact that technical developments for the mass markets had on the construc-

tion of spectrometers has already been explained above. In recent decades, further

improvements have been incorporated into the systems:

— Optimization of the spark generators

— Flushing of the spark stand with argon

— Evacuation of the optic or flushing with an inert gas

— Development of complex algorithms for measurement value recording and
processing

A wide range of instruments is available today as the result of technical develop-
ments to the spark spectrometer. The flagship precision instruments used for pro-
cess control especially in modern steelworks are the most powerful spark
instruments. They must not only deliver precise results but also be robust and reli-
able. Compact instruments used in foundries and metal processing plants make up
the middle segment of the market. So-called handheld instruments are small and
mobile. This type of arc/spark spectrometer is frequently used for material identifi-
cation and sorting.
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2 Atomic emission spectrometry: fundamentals

The following facts are fundamental to atomic emission spectrometry (AES):

— Material can be vaporized, atomized and ionized when sufficient energy is ap-
plied using, for example, an electrical arc or spark.

— The energy input causes the atoms and ions to emit radiation.

— The radiation is not regularly distributed over the entire spectral range but oc-
curs only in a finite number of narrow wavelength ranges. If a spectral appara-
tus breaks the spectrum down into a band of radiation in a way that the
shortest wavelengths appear on the left edge and the longest wavelengths on
the right edge, then the previously mentioned wavelength intervals appear
within this spectrum as vertical lines with different positions and intensities.

— Atoms and ions from every element generate spectra that are characteristic in
respect to position for the given element.

— The elemental content can be determined from the radiation intensity.

This chapter roughly outlines how these line spectra, which are so fundamental for
the method of AES, occur. The theoretical foundations outlined in Chapter 2 serve
the general understanding of the key relationships. Spectral lines for arc/spark
spectrometry are empirically examined for their suitability. The purely practice-ori-
ented reader can omit this chapter.

2.1 Researching the hydrogen spectrum
in the nineteenth century

The emission spectra for hydrogen were measured in the nineteenth century in
the course of the development of AES. The discovery of series of lines in the
spectrum led to equation-like relationships between the wavelengths of these
signals.

In 1885, Balmer described a series that followed the equation:

2

A=A
n?-4

(2.1)

Here, A is at first an empirically determined constant length of 364.56 nm, n is an
integer > 3 and A is the wavelength in nanometers.

In molecular spectroscopy, the notation of wave numbers as oscillations
per centimeter is more common. However, wave numbers v are expressed exclu-
sively in m™" in this chapter to avoid confusion. The wave number v is then the re-
ciprocal value of the wavelength A noted in m. The wavelength (mostly noted in
nm) is commonly used to refer to spectral lines in spark spectrometry.

https://doi.org/10.1515/9783110529692-002
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Therefore, v=} [m~!].

The Swedish physicist Johannes Rydberg revised Balmer’s equation by using
the constant R in place of the constant A, whereby R = % . The value of the constant
R is 10973731.5685 m . Because of its discoverer, R is called the Rydberg constant.

The following wave numbers (in m™) are obtained for the Balmer series:

sz(% - %) 2.2)

This revision itself was no advance, but Rydberg’s generalization as shown in
eq. (2.3) was:

V=R (% - %) (23)

Here, m represents a natural number that must always be smaller than n. In eq. (2.3),
n may have the value of 2. When Rydberg introduced eq. (2.3) in 1888, only lines in
the visible spectral range could be observed. Equation (2.3) makes it possible to pre-
dict where in the spectrum additional hydrogen lines should appear. The hydrogen
lines discovered in the ultraviolet spectral range by Theodore Lyman in 1906 and the
near infrared lines recorded by Friedrich Paschen in 1908 were found at the positions
where hydrogen lines should be found according to eq. (2.3). The same was true for
the series of infrared lines later discovered by Brackett and Pfund.

2.2 Hydrogen spectrum and Bohr’s atomic model

Equation (2.3) correctly predicts where hydrogen lines should be within the spec-
trum. However, it does not in the least answer the question as to why spectral lines
are found at exactly these positions. An answer to this question cannot be found
within the framework of classical physics.

Bohr’s atomic model was the first to provide an explanation. Bohr based his
model on older atomic models, such as that of Rutherford. In this model, electrons
orbit the nucleus like planets the sun. The weak point with such models is the fact
that according to classical electrodynamics, energy is continually released when
a charge is in circular motion. According to the classical interpretation, electrons
should spiral toward the nucleus and finally land on it. This is not the case.

Bohr recognized that other laws must be in force at the atomic level and proposed

three fundamental assumptions (postulates):

— Electrons circle the nucleus in fixed orbits. Only orbits for which the magnitude
of the angular momentum of the electrons is a multiple of % are allowed,
whereby h is Planck’s constant (6.626 x 10>* Js) discovered by Max Planck in
1899. Thus, allowed angular momentums have the form n% with integers n > 1.
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It is important to remember that, other than in classical mechanics, not every
orbit diameter is allowed.

— If an electron is located in such an orbit, no energy is emitted.

— Energy is only emitted when an electron in an allowed orbit with a higher en-
ergy E jumps to another allowed orbit with a lower energy E’. In this case, elec-
tromagnetic radiation with a frequency E-E =hv is released. The reverse
applies for the absorption of radiation: To jump from a low energy level E’ to
a higher level E, exactly the energy E — E' = hv must be absorbed.

The emitted “radiation packets” are called photons. Their frequency v can con-
verted to wavelengths with the unit meter using the relationship A = £, whereby c is
the speed of light (299,792,458 m s™"). The described Bohr model provides exactly
the same wavelengths that are calculated using Equation 2.3. A preliminary expla-
nation for the hydrogen atom’s line spectrum was established.

2.3 Schrodinger equation and quantum numbers

Bohr’s atomic model is able to predict the structure of the spectra from hydrogen
and other elements for which a single electron is located in the outer shell. This is
the case for elements in the first group of the periodic table of elements. The model
fails for elements that have more than one electron in the outer shell. In addition,
the fine structure of spectra that, for example, exhibit closely spaced doublets and
triplets instead of single spectral lines cannot be explained using the Bohr model.
However, quantum mechanics provides an explanation for this. The
Schrodinger equation, derived by Erwin Schrédinger in 1926, which describes the
quantum mechanical state of a system, forms its core. Shortly thereafter, Paul
Dirac’s modifications made it possible to take the electron spin into consideration.
The time-independent version of the Schrédinger equation is as follows:

H(r) = Eyp(r) (2.4)

This equation looks very simple, but this is deceptive; everything that constitutes
quantum mechanics is in it.

The terms have the following meanings:

— ris a point in space.

— The wave function 1 of a particle, in this case an electron, describes the quan-
tum mechanical state of the particle when it is a solution for eq. (2.4). 1) enables
calculation of the probability that the electron can be found in a given spatial
volume.

— H is the so-called Hamilton operator. Here, an operator is understood to be
a function that has functions as arguments and whose function values are
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again functions. The Hamilton operator has wavefunctions as arguments and
results in the same wave function multiplied by a scalar quantity E, the energy
of the state described by the wave function. The left-hand side of eq. (2.4),
Hi(r), designates the total energy of the quantum mechanical system, in this
case, the electrons.

— Not all values possible on the left-hand side are allowed. This is typical for the
quantum world. The restriction to discrete orbits around the atomic nucleus
was already described during the discussion of Bohr’s atomic model. The right-
hand side of the Schrodinger equation, EY(r), determines which energies are
allowed. Mathematically speaking, E is an eigenenergy of the operator H with
respect to the function E(r). It is important to note that, unlike in the macro-
scopic world, only certain discrete states are possible.

In the 1920s, a set of four quantum numbers was introduced to completely describe
the allowed energetic states of an electron and, thus, the solutions to the
Schrédinger equation:

— The main quantum number n is a natural number >0. The larger n becomes, the
further the electron probably is away from the nucleus and therefore, the lower
the binding energy to the nucleus.

— The orbital angular momentum quantum number [ indicates the angular mo-
mentum state of the electron. States between 0 and n -1 are allowed.

— The magnetic quantum number m is an integer between -1 and +l.

— The spin quantum number s always has an amount of 1/2, its projection s, on
a reference axis z can have the values of +1/2 or —-1/2. This will be shown in
Section 2.5. It simplifies the explanations when s, is also considered to be
a quantum number.

In 1925, Pauli discovered that no two electrons in an atom ever have the same set of
quantum numbers. The value ranges for the quantum numbers and the Pauli exclu-
sion principle limit the possible energy values for the electron, thus, fulfilling the
same function as the left side of eq. (2.4).

2.4 Quantum mechanically explained rough spectrum
for hydrogen

There are two deciding factors for the energetic state of an electron:
1. The forces of attraction between electrons and the atomic nucleus

2. The interactions between the electrons

Because hydrogen has only one electron, the second factor does not apply. As
a result, the quantum number m has no and the quantum number [ only a very
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small influence on the energetic state of the electron. However, its energy varies
greatly for differing main quantum numbers n.

Equation (2.5) describes the allowed energy values (in units of J) for different
n according to the Schrédinger equation.

4

En:_i
*h2% o2 %102
8*h?*eg*n

(2.5)

Here, gy designates the strength of the electrical field, m the mass of the electrons,
e the elemental charge, c the speed of light and h Planck’s constant. Equation (2.6)
converts these energies into wave numbers:

m*e*

W=———— 2.6
n 8*h3*c*£%,*n2 ( )

This assumes the following relationships:
— The photon energy Epnoton iS the product of Planck’s quantum of action and the
oscillation frequency of the photon; that is, Eppoton = hv.
— The wave number is the quotient of oscillation frequency of the photon and the
speed of light; that is, V= %.

The physical constants from eq. (2.6) can be combined into the Rydberg constant
discussed in Section 2.1. This results in:

R

-2 2.7)

Vp=
If eq. (2.5) is applied to two energy states n’ and n, in which an electron is located

before and after excitation (n’ < n, meaning that energy is absorbed) and the differ-
ence in energies AE between the two states is determined, then the following is

true:
e (52 (52
n
AE< <R czh) ~ (R c2h>
n’ n

AE - R*C*h* ( 1 i)

n 2
n n

When this is converted to a wave number (by dividing by h and inserting ¢ =A*v),
the following is obtained:
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- 1 1

This is exactly the Rydberg formula (eq. (2.3)), which was introduced in Section 2.1.

It was substantiated by a theoretical foundation with the principles of quantum
mechanics.

A photon with the wavenumber v is absorbed to raise the electron from the
state n’ to the state n. Conversely, when changing from n to n’, a photon with the
wavenumber Vv is emitted.

The first five wavenumbers of the Lyman series are calculated by inserting the
number 1 for n' and the numbers from 2 to 6 for n.

3 8 15 24 35
Vivman = R, SR, =2 RZ% p22 2.
Viyman = 3 8 58 76K o5- R 3g 29)

If the value of 2 is used for n’ in the formula, one obtains the Balmer series. Other

values for n’ lead to other series of spectral lines for hydrogen. Table 2.1 gives an
overview.

Table 2.1: Spectral line series of hydrogen.

Name of series n’

=

Spectral range

121 nm-91 nm

656 nm-365 nm
1,875 nm-820 nm
4,050 nm-1,460 nm
7,457 nm-2,280 nm

Lyman series
Balmer series
Paschen series
Brackett-series
Pfund series

v~ W N
oA s WwWN
No v AW
© N o v oA

A part of the Balmer series of lines is shown in Figure 2.1 as it would be seen on the
focal curve of a spectrometer optic. Figure 2.2 sketches a part of the transitions of
the Lyman, Balmer, Brackett and Pfund series.

The other series named in Table 2.1 are the result of transitions between states
of different n and an n' that is specific for the series (see Figure 2.2).

The energy associated with the Rydberg constant E = hcR (with Planck’s quan-
tum of action h and speed of light c) is exactly the amount of energy that is required
to detach the electron from the hydrogen nucleus. The hydrogen ion H" is positively
charged after removal of the electron. This is why the energy E = hcR is known as
the ionization energy of hydrogen. It is 13.6057 eV. The unit eV (electron volt) is
practical to indicate the often small energies found on an atomic level. 1 eV is the
energy that an electron absorbs when passing through a field of one volt. An eV is
equivalent to 1.60218 x 107 Joule.
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Figure 2.1: Balmer series on the focal curve of a spectrometer.

OR  —pommmmmmmmmmmoooo

vl

-0.1R —

T
U Brackett series

-0.2R —

Paschen series

-0.3R — Balmer series

-0.4 R —
-0.5R
-0.6 R
-0,7R
-0,8 R

-0.9R

Lyman series

Figure 2.2: Energy transitions in Lyman, Balmer, Paschen and Brackett series.

17

Table 2.2 shows the quantum states for the hydrogen atom up to n = 4. These
quantum states are obtained when the four quantum numbers are combined accord-
ing to the rules discussed at the end of Section 2.3. The quantum numbers n, [
and m and the corresponding values are shown in blue. The possible combinations
for the fourth quantum number, the spin, are indicated by arrows pointing up or
down. For the orbital angular-momentum quantum numbers, the letters s, p, d, f, g,
h, ... (continued alphabetically) are frequently used instead of the numbers 0, 1, 2,
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3, 4, 5, ... . These designations are shown in black in Table 2.2. For the hydrogen
atom, the states in each table row have approximately the same energy level.
Minimal deviations are due to the coupling of the orbital angular momentum with
the spin to form a total angular momentum, which leads to a splitting of the energy
level for [ > 0. The causes for these deviations and the resulting fine structure of the
hydrogen spectrum will be handled in Section 2.5.

Table 2.2: Possible energetic states of the hydrogen electron.

Shell [
l=0 =1 =2 =3
K ™~N
1s
n=1
m=0
L ™~N M™N MN ™
2 2
n=2 > P
m=0 m=-1,0,1
M ™M B U S e N 2 B 0 720 1 0 (U (N (N
n=3 3s 3p 3d
m=0 m=-1,0,1 m=-2,-1,0,1,2
N ™N NN MN ™ NN NMN DN MN DN DN DN NN N
=t 4s 4p 4d 4f
m=0 m=-1,0,1 m=-2,-1,0,1,2 m=-3,-2,-1,0,1,2,3

Using the Schrédinger equation, it is possible to show that the hydrogen atom

cannot always change from an energetic state that can be described by

a combination of the quantum numbers (n, I, m, s,) to another state described by

(n’, I, m’, s,/). This even applies when the quantum number sets both conform to

the rules described in Section 2.3. Rather, the following selection criteria must be

observed:

— The main quantum number n is allowed to change arbitrarily. Of course, ac-
cording to the rules in 2.3, it must be a positive integer.

— The orbital angular momentum quantum number [ is only allowed to increase or
decrease by one and must remain within the value range between 0 and n — 1 as
defined in Section 2.3.

The allowed transitions for the hydrogen atom are displayed as lines in Figure 2.3.
For a transition from high to low n, the transition is accompanied by the emission of
a photon. When the transition is upward from low to high n, the same amount of
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Ve Electron binding energy

Figure 2.3: Selection of allowed energy transitions
in the hydrogen atom.

energy is absorbed. The Y-axes are labeled in wave numbers in Figures 2.2, 2.3 and
2.5. The energy E that corresponds to a wave number v read from the Y-axis is deter-
mined by multiplication with Planck’s quantum of action and the speed of light:
E = h*c*v. E designates the energy with regard to the ionization limit. Thus, the Y-
axis could also be labeled with energy units, since h and c are constants. The ioni-
zation limit or the ground state can be chosen as the zero point.

2.5 The fine structure of the hydrogen atom spectrum

The coarse structure of the hydrogen atom spectrum was treated in Section 2.4.
However, it was already mentioned that there are small shifts in the energy level for
the orbital angular momentum quantum number [ > 0. Concretely, this means that
the levels that appear to be at the same height in Figure 23 (n=2,l=0and n = 2,
1 = 1) are not in fact at the same height. The same is true forn =3 and [ = 0, 1, 2 for
n=4and!l=0,1, 2, 3 etc. The deviations are small, however very high-resolution
spectrometers reveal that the lines that correspond to [ > O are actually double lines.

2.5.1 Splitting of the energy levels

The double lines are caused by a shift in the energy level that results from the inter-
action between the orbital angular momentum and the spin.
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— The orbital angular momentum [ is a vector, which means that it has an abso-
lute value that has a length |I| and a direction. Its magnitude is determined by
the value of the quantum number I
1| = /1(I+1) L, whereby h is once again Planck’s quantum of action.

— The vector I cannot point in an arbitrary direction. Only directions for which
the projection on the axis of reference, usually called z, results in values with
whole units of % are allowed. The length of the vector is 1/I(l+ 1), in units of % .
This length is at least [, but is always shorter than ! + 1. The number of possible
directions relative to an axis of reference is exactly the value range of the mag-
netic quantum number m, which is an integer between -1 and +l. This is illus-
trated in Figure 2.4a.

— The electron has its own angular momentum, the spin. Its quantum num-
ber s is always 1/2. The vector s of the spin has an absolute value of
|s|=1/3 (3 +1) L that is, |s|=1+/3L . For the spin, half units of 2 are allowed
for projection on the axis of reference. The projection s, of s on the axis of refer-
ence z results in the possible values of%% or — %% . Other half-integer multiples
of the unit % cannot occur for a vector length of approximately 0.866 units (see
Figure 2.4b).

The total angular momentum of an electron j is obtained by adding the vectors 1
and s. It is reasonable to assume that |j|, i.e., the absolute value of the vector j, is
also quantized and that the relationship |j| = /j(j +1) % suffices.

It is then possible to show with simple means that only the following values are
possible for j:

- Ifl=0,thenj="1%

— Ifl>0,thenj=1-Y2orj=1+%

Ryder provides an easily understandable derivation of this rule (page 89 et seq. [1]).

=6 i sl=Nwz @z -

Figure 2.4: Projections of the vectors [ and s on the reference axis z.
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Thus, there are two energy levels for [ > O: Ip;/; and Ips/,, which leads to the fact
that the transition from Ip;/, to a lower energy level results in slightly longer-wave
radiation than the transition from Ip;/, to the same level. Two closely adjacent lines
are then observed in the spectrum; a so-called doublet.

Figure 2.5 shows the energy levels for the hydrogen atom up ton =4 and [ = 2.
The splitting into doublets is too small to be able to draw them to scale. Therefore,
they are enlarged for three of the doublets. The difference between the 2p levels,
which have an excitation energy of 10.199 eV, is only 0.0001 eV. When returning
from this level to the ground state, radiation with a wavelength of 121.568 nm is re-
leased, whereby the wavelengths of the two doublet lines are separated by only
0.00054 nm, i.e., 0.54 pm. The differences in the energies for the other doublets are
even smaller (see the illustrations of the splitting in the enlargements). Spark spec-
trometers are generally equipped with optics that can, at best, resolve lines that are
separated by more that 5 pm. Higher resolution is meaningless when using a spark
excitation source as there is a broadening of the spectral lines due to Doppler and
Lorentz effects resulting from the excitation source. The doublet structure in the hy-
drogen atom is, thus, inconsequential for spark spectrometry. The doublet states
are indicated by a superscript 2 in Figure 2.5. Please note that the states 1s;/5, 2512,
3sy/, are also considered as doublet states although no double lines are visible in
the spectrum. This terminology is, however, useful as becomes clear after introduction

continuum
OR  —==m=mm=mm=mmmmmmmmm oo mmmmemmemme oo

20 T 2
-0,1R — [/~ 3%p3)y o 37ps),
~ @32P1/2 32133/2

-0,2R —

-0,3R —

-0,4R —

-0,5R —
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1251/2

Figure 2.5: Energy levels of the hydrogen atom up to n = 4 and [ = 2 with doublet splitting.
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of the extended selection rules in section 2.6.3. For atoms that are heavier
than hydrogen, the doublet lines are more widely separated. They are frequently
found in arc and spark spectra. The yellow sodium doublet, with lines that result
from transitions from the 3°ps/, or 3°p), state to the 3s,,, state, is well known
(see Figure 2.6).

eV
66— Continuum
Electron binding ener
512 eeeeenmmne] oreennnnn EXECHTON Bindin genergy
5 pu—
S12 P3/2 P12 D52 D3y
6 5 5 4 4
4 —
3
3 pu—
285.303 nm -y
2 —285.283 nm -,
330.23 nm---
330.30 nm--
»»»»»»»» 588.995 nm
1— WS A 589.592 nm
0— 3

Figure 2.6: Excerpt of the energy level chart for sodium, no transitions for n=1 and n=2 are plotted.

The line generated for the transition from the 3’ps/, state to the 3%, state radiates
photons with a wavelength of 588.995 nm, while the transition from the 3°p,, state
to the 3251/2 state generates photons with a wavelength of 589.592 nm. This difference
of 400 pm can be easily observed even with a low-resolution optic system.

2.5.2 Origin of the spectral background

Free electrons have energies that lie above the ionization limit, i.e., in the range
labelled “Continuum” in Figure 2.5. If such an electron is recombined with
a proton, i.e., a positively charged hydrogen nucleus, then the emitted radiation
does not belong to any line spectrum. The wavelength of the emitted radiation de-
pends on the energy difference between the energy level the electron had before
recombination and the excitation state that it occupies after the recombination.

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

2.6 The spectra for atoms with multiple electrons =—— 23

Of course, the mechanism described also applies to atoms other than hydrogen.
The resulting spectral background radiation limits the detection sensitivity in arc
and spark spectrometry. Lower temperatures prevail in electrical arcs compared to
sparks. As a result, fewer atoms are ionized in arc and therefore less background
radiation is produced.

2.6 The spectra for atoms with multiple electrons

The electrons for atoms with multiple electrons can also occupy different energetic
states that are designated with a set of quantum numbers n, I, m, and s,. Here too,
radiation is emitted during transition to an energetically lower level. However, in
this case there is no simple formula like we encountered in eq. (2.8) to calculate
wavelengths for the radiated photons.

There are three rules for the configuration of electrons:

— Again, the Pauli principle applies: No two electrons can ever have the same set
of four quantum numbers n, [, m and s,

— The electrons try to occupy the state with the lowest energy.

— The second Hund’s rule applies: If an atom has multiple free states with the
same energy, then they are each first occupied by an electron with parallel spin.

Application of these rules leads to an energy level sequence that is valid for most
atoms:

1s< 2s< 2p< 3s< 3p< 4s< 3d< 4p< 5s< 4d

Table 2.3 shows the electron configuration for the first 14 elements (atoms) taking
the rules for atomic structure into consideration. Each electron is represented by an
arrow that shows the direction of the spin. The electron configuration is given in
the last column. The numbers in the header line indicate the main quantum num-
bers; the letters s, p represent [ = 0, 1. The superscript indicates the number of elec-
trons associated with the preceding combination of the quantum numbers n and L.

2.6.1 Hydrogen-like atoms and ions

For atoms with a single electron in a single unfilled shell, the relationship is com-
paratively simple. A fine structure due to the splitting of the spectral lines explained
by the effect of the total angular momentum of the electron was described above for
the spectrum of the hydrogen atom. It is possible to proceed in the same way for
other one-element systems. These are found for the alkali metals in the periodic
table: The elements Li, Na, K, Rb and Cs all have a single electron outside of the
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Table 2.3: Atomic structure and electron configuration of the first 14 elements of the periodic table.

z Element K Configuration
1s 2s 2p 3s 3p
1 H 2 1s?
2 He N 1s?
3 Li ~N 2~ 1s22s?
4 Be ™ ™N 152252
5 B N ~N 2~ 15225%2p?
6 C ~N ™ A 1522522p?
7 N ~N ™~ DA 15%2522p>
8 0 ~N ™ N A 15225%2p*
9 F N ™ NZINE 1522522p°
10 Ne ™ ~N AN N 1522522p°
11 Na ~N ™ N NN ~ 15%2522p°3s?
12 Mg ~N ™ NN ™ 15225%2p°3s2
13 Al ~N ™ AN N ~N 1522522p®3s23p?
14 Si ™ ™N M N ~N A~ 15225%2p®3523p?

filled shells, as can be immediately seen with a glance at the rows for Li and Na in
Table 2.3. The structure of their spectra is very similar to that of hydrogen.

Figure 2.6 shows the energy level diagram for sodium. For reasons of clarity,
not all transitions could be drawn.

Ions for which so many electrons have been removed from the outer shell so
that only a single one remains are also one-electron systems (e.g., He*, Be* and B*").

It is intrinsic to all one-electron systems that two point charges, namely that of
the electron and that of the nucleus (where applicable, surrounded by the electrons
of filled shells), interact.

The units for the y-axes in Figures 2.6 and 2.8 are given as energies in electron
volts (eV). The notation is practical as shown in the following deliberation:

In the case of a transition from a higher energy level Ey to a lower Er, the en-
ergy difference is AE = Eg — Er and a photon with the wavelength A is emitted. The
wavelength of such a photon is easy to calculate. By combining the Planck-Einstein
equation E = hv with v = ¢/A one obtains:
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hc

A=3E

(2.10)

However, it is inconvenient that the energy difference AE must be given in
J. Working with AE’ in eV instead leads to the following simple relationship:

1240.
Ae 40.7

; 2.11
F (21)

This takes into consideration that Planck’s quantum of action is 6.626 x 107>* Js
and that 1 eV is equivalent to 1.60218 x 10" J. The unit of the conversion constant
is chosen so that the result of the calculation is the wavelength in nanometers;
the unit normally used to indicate wavelengths in spark spectrometry. From eq.
(2.11), it is immediately apparent there is a minimum excitation energy to each
spectral line showing up in the spectrum. If a spectral line appears at, for exam-
ple, 200 nm, must be a transition with energy difference of around 6.2 eV. This is
possible, if electrons are excited to a level of 6.2 eV above the ground state.
However, at 200 nm spectral lines resulting from electrons that have a higher exci-
tation level than 6.2 eV with respect to the ground state can occur. This can hap-
pen, if the excited state leads to another one that is energetically 6.2 eV lower but
still above the ground state.

2.6.2 Atoms with multiple outer electrons

The relationships become more difficult when more than one electron occupies the
incomplete shells. In this case, it comes to charge shielding effects between the va-
lence electrons. Outer or valence electrons are understood to be those electrons
which are not located in completely filled shells or subshells. The charge shielding
can be imagined as follows:

Quantum theory makes it possible to determine the probability of the position
of the electron in addition to the energy level. Volumes in which electrons are lo-
cated with a given (high) probability form areas of varying shapes. These areas are
called “orbitals.” In addition to spheres with different diameters, these orbitals can
also be lobes with different orientations or ring forms. The form of the orbital de-
pends on the energetic state of the electron. Because of reciprocal shielding of the
outer electrons, which are, on average, located in different positions relative to the
atomic nucleus, there is a splitting of energy levels that would otherwise be at the
same height.

To take these interferences into consideration, it is necessary to proceed in prin-
cipally the same way as for the determination of the hydrogen fine structure: Spin
and orbital angular momentum must be added. What is new is that the momentums
from all the outer electrons must be added. The orbital angular and spin
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@ (b)

O

Figure 2.7: Spherical orbital (a) and elongated lobed orbital (b).

momentums from completely filled inner shells do not need to be taken into consid-
eration, since their sum results in zero (first Hund’s rule). However, the momen-
tums of all outer electrons must be taken into account.

Addition of the momentums can be performed in two ways:

— First, take the sum of the angular orbital momentums of the outer electrons and
then the sum of the outer electron spins. Then add these two subtotals to
a total.

— For each of the a outer electrons, add the angular orbital momentum I and the
spin s; (1 < i < a) to form j;. Then sum up all j; to form a total angular momentum J.

Both methods are approximations. Here, only the first method, the so-called
Russell-Saunders coupling is to be examined in more detail. It is suitable for light
and medium weight elements up to the lanthanides according to Riedel [2].
The second method, the so-called j-j coupling method is more advantageous for ele-
ments with higher atomic weights.

Here, a more precise outlining of the Russell-Saunders coupling:

The moments of the spins s; of all outer electrons (1 < i < a) are added to form
a total spin S:

-3 s @12)
i=1

The angular orbital momentums I of all a outer electrons (1 < i < a) are added to
form the total angular orbital momentum L:

a
L=> & (2.13)
i=1
Finally, S and L are added to form a total angular momentum J:

J=S+L (2.14)

It is possible to define a quantum number S that can assume all combinations of the
sum of the s, projections of the outer electron spins. If s, is the largest possible sum,
then s, is +1/2 for all electrons. The following values are possible: sg, S;-1, S -2, .. ., — Sq.
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S is regarded as the total spin quantum number.

An additional quantum number can be determined as the sum of the quantum
numbers m, which is equivalent with the projection [, in the spatial direction z. If
Sm is the largest possible sum of the I, for the outer electrons, then the values for
L can be s,,;, S;—1, S;=2, ..., — Sm. L is referred to as the total orbital momentum
quantum number.

A quantum number J can also be defined for the combined total angular momen-
tum. J can have the following values:

Sm+SssSm*+Ss—1,Sm +Ss—2, ..., |Sm — Sl

The relation 2S + 1 is known as a multiplicity, because when S = 0 (then 2S + 1 = 1),
single lines usually occur; for S = %2 (25 + 1 = 2) double lines; for S =1 (2S + 1 = 3) triple
lines. Single lines are known as singlets; double lines as doublets and triple lines as
triplets.

2.6.3 Selection rules and metastable states

The following rules for valid combinations of quantum numbers can be established:

1. Only energy transitions for which the total spin quantum number S does not
change are possible; a transition from a singlet state results once again in
a singlet state. The same applies to doublet and triplet states.

2. After an energy transition, the orbital angular momentum quantum number
L must be different by 1.

3. The total angular momentum quantum number ] may only change by -1, 0 or 1.
A transition from a state with J = 0 to another with J = 0 is not possible.

From the selection rules, it follows that there are excitation states from which, due to
the selection rules, no return to the ground state is possible. Such states are called
metastable. While normal excited states are vacated again after a lifetime on the
order of 10 ns, metastable states are occupied for a longer time. Leaving a metastable
state can, for example, be triggered as an interaction caused by a collision. Lifetimes
in the millisecond range are not uncommon. If the possibility of interaction is pre-
vented, the lifetime can even be extended to seconds (see e.g., [3], p.173). Metastable
states are important to understand the function of lasers (see Section 3.2.3).

Figure 2.8 shows the energy level diagram for the helium atom, in which both
singlet as well as triplet states occur. Such diagrams are also called Grotrian dia-
grams (after their inventor Walter Grotrian). Like in Fig. 2.6, s, p and d are replaced
by the capital letters S, P and D. These letters represent the sum of the angular or-
bital momentums of the two outer electrons of the He atom. The superscript num-
bers right of the capital letters indicate a singlet or a triplet state. Details of this
notation will be explained in Section 2.7.
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Figure 2.8: Term scheme of the helium atom.

2.7 Russell-Saunders term symbols

The energetic state of an atom is known when the three quantum numbers S, L and
J have been identified. It is described in the form:

251, (2.15)

The quantum number L is not numerically labeled, but is designated with the up-
percase letters S, P, D etc.

Example: The configuration for the magnesium atom is 1s*2s?2p®3s?, as can be
seen in Table 2.3. Only the two 3s electrons are found outside of the completed shells
and subshells and must be considered. To describe the ground state, I, and L, for the
two outer electrons are both 0 and the sum of the spins is also 0 (Y2 + -¥2 = 0). Thus
J=0and 2S + 1 = 1. Therefore, the term for the ground state is 1S,

The rules formulated in Section 2.6 do not always apply to heavy elements. For
mercury, for example, the transition occurs between the state 3p, and the ground
state 'Sy although this transition contradicts rule 1 formulated in 2.6.3. The spectral
line 253.65 nm emitted during this transition is even one of the most intense mer-
cury lines.

Sections 2.1 to 2.7 covered the following:

— That the excitation of an atom is only possible at certain discrete levels,

— that the transition between energy levels is associated with the absorption and
emission of certain energies or with the absorption and radiation of photons,

— where the energy levels for the excited atoms lie and

— that transitions cannot take place between all excitation states.
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The formation of atomic spectra could only be briefly outlined here. A more detailed
discussion can be found in Banwell and McCash [4]. Other works dealing with this
subject can be found in the bibliography [1-3, 5-13].

2.8 Characteristics of emitted spectral signals

In emission spectrometry, the electronic transitions generated by spark/arc excita-
tion lead to spectra, which are structured according to the principles discussed in
the previous sections. It is not practical to theoretically calculate the positions for
the spectral lines suitable for spark spectrometry. Line positions and sensitivities
are listed in tables, the so-called spectral atlases. Sensitivity is strongly dependent
on the type of the excitation source and of the excitation conditions.

Section 3.5 describes how the radiation from an excitation source is broken
down into a spectrum and where in this spectrum the spectral line for a given wave-
length can be found.

The line width observed on the focal curve of the optics is also influenced by the
construction of the spectrometer. This is discussed in detail in Section 3.5 of this book.

The following influences limit the minimum achievable line widths:

— Collisional broadening
The movement of the atoms or ions in the gas phase results in collisions be-
tween the particles. The electrons are especially affected and deformation of
the outer shell occurs. Small changes to the energy levels caused by this result
in a slight broadening of the signals for the transitions.

— Doppler broadening
The excited atoms or ions present in the gas phase are in motion during the emis-
sion of radiation. The Doppler effect occurs when this movement is towards or
away from the radiation detector. Temperature has a large influence on the
amount of the line broadening. Collision and Doppler broadening are dependent
on the type of excitation. These are discussed in more detail in Section 3.2.

— The natural line width
Every photon consists of an oscillation packet of finite length. When a Fourier
transformation is applied to the wave packet, a spectrum that consists not only
of the central wavelength but also of a wavelength range, albeit narrow, around
this central wavelength. Ultimately, the finite line width is a consequence of
Heisenberg’s uncertainty relationship.

The natural line width can be calculated with eq. (2.16):

Av=— (2.16)
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Here Av represents the line width expressed as a frequency and 7 the duration
of the photon emission, which is on the order of 10 ns. For a spectral line at
300 nm, the natural line width is approximately 0.005 pm. Thus, it is too
small to be observed with an optic of an arc/spark spectrometer. These depen-
dencies are explained by, e.g., Bergmann/Schéfer [14] S. 289 et seq. and in the
Lexikon der Optik [15] page 430 et seq.

Sections 2.1 to 2.7 discussed which energy levels are possible for an atom. In addi-
tion, it was explained that the transition between energy levels is associated with
the absorption of given energies or with the radiation of photons. Furthermore, it
was shown that transitions cannot take place between all energy levels. However,
nothing was said about the intensities of the resulting spectral lines.

The atom and ion line intensities are influenced by three factors:

1. Transition probability.

2. The population density, which in turn depends on the temperature and thus
the excitation conditions. Here, it is also important to note that the temperature
determines the degree of ionization.

3. The analyte concentration.

The portion of ionized particles a can be calculated using the Saha eq. (2.17). More
detailed explanations can be found in Finkelnburg [12] S. 23 and S. 80 et seq. The
Saha equation shows that the portion of ionized particles a, 0 <a <1 increases with
increasing temperature. The following applies:

a? (an)%

2P~ 1, (kT)*e~Ei/(kTa) (217)

p denotes the pressure, m the atomic mass, E; the ionization energy, i.e., the energy
required to remove an electron from the atomic nucleus. An explanation of the
other terms in the equation can be found below eq. (2.19).

The Boltzmann equation is used to calculate the excitation temperature T,:

ng=no g—‘(‘) g~ Ea/(k'Ta) (2.18)

Combining the Boltzmann equation with Einstein’s equation enables calculation of
the spectral radiance I, for a spectral line with the frequency v:

I, = Agyhvrig %“e-Ea/ (k'Ta) (2.19)
0
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The radiance is given in Wm™, I, is that which is typically known as intensity in
spectrometry.

Strictly speaking, eq. (2.19) is only applicable to stationary plasma states. Such

conditions do not exist for spark. However, the equation does indicate which factors
determine the line intensity.

Aab:

h:

No:
Ng:
8a:

Zo:
Tg:
E.:
K:

The variables used in egs. (2.17) through (2.19) have the following meanings:

Probability of a transition from state a to state b

Planck’s quantum of action

Particle density in the ionization state being considered

Density of particles in the excited state a

statistical weight of the excited state a, that is, the number of energetically
collapsed energy levels

Total state of the ionization level being considered with Z, = 3 g;e~Fa/(k'Ta)
Excitation temperature i

Excitation energy

Boltzmann constant (1.380658 x 10723 J K1)

Equations (2.17) and (2.18) are explained by Laqua [16].

The intensities of atom or ion lines for an element are required for quantitative

AES as explained in Chapter 3. The fundamental determination of the particle density
in the excitation source by means of quantum theory is impractical. Therefore, the
relationship between intensities and concentrations is determined by empirical
calibration.

Establishing a calibration function is an important part of the analytical work.

This is also discussed in Chapter 3.
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3 Hardware for spark and arc spectrometers

Emission spectrometers for the direct analysis of solid materials differ depending
on the excitation generator used. Here, spark and arc sources are utilized. In the
last few years, systems with laser excitation have gone into serial production and
been brought onto the market.

The construction of laboratory instruments differs significantly from that of mo-
bile spectrometers for onsite operation.

This chapter describes the state of development that forms the basis for the con-
struction and operation of modern arc and spark spectrometers and that has been
achieved through the decades of efforts by numerous experts. It is necessary to
note that although the authors describe this state, they do not claim the intellectual
authorship of the equipment and procedures presented in this chapter. If the au-
thors themselves have made significant contributions to the state of technology,
references to their patent applications and publications are indicated in the rele-
vant locations of the chapter.

Laboratory spectrometers

Laboratory spectrometers are utilized when analytical results with high precision
and good accuracy are required. Detection limits can be achieved that are generally
lower than those for mobile spectrometers. The excitation source is almost exclu-
sively the electric spark. With laser sources, it is possible to achieve results that are
useful for many applications, but due to the extreme requirements concerning the
equipment, laser excitation has only occasionally been applied.

Size and weight play a relatively minor role for the construction of laboratory
spectrometers. This is different when considering the measuring time: The analyti-
cal results for preliminary samples during smelting processes must be quickly avail-
able. Usually samples that have been taken specifically for analytical purposes are
analyzed by placing them on a sample stand that is mounted on the main instru-
ment housing. This is an important difference from mobile spectrometers, which
have a spark probe for direct analysis of the workpiece.

Figure 3.1 shows laboratory spectrometers from two different manufacturers
((a) GS 1000-1II from OBLF and (b) SPECTROLAB LAVM12 from Spectro). In addition
to the instruments pictured here, there are comparable spectrometers from other
manufacturers on the market.

Mobile spectrometers
Mobile spectrometers for operation in the warehouse or for production control must
be small and easy to transport as the instrument is brought to the sample. There are

https://doi.org/10.1515/9783110529692-003

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use


https://doi.org/10.1515/9783110529692-003

EBSCChost -

34 —— 3 Hardware for spark and arc spectrometers

(@ (b)

Figure 3.1: Modern spark emission spectrometers. Part (a) printed with the friendly permission of OBLF
Gesellschaft fiir Elektronik und Feinwerktechnik mbH, Salinger Feld 44, 58454 Witten, Germany;
Part (b) courtesy of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

instruments on rollers, portable systems and handheld devices for which the entire
hardware is integrated into the test probe. For most mobile spectrometers, both bat-
tery and mains powered operation are possible.

The requirements for the precision and accuracy of the results are not as strict
as for laboratory spectrometers, because it is usually sufficient to identify the mate-
rial or to ensure that the correct alloy is present. However, the measuring times
must be short in order to achieve a high sample throughput. This is especially im-
portant when 100% testing is carried out during incoming or outgoing inspections.
In addition, the test probe must be held motionless on the test piece during the
measurement, which is not possible for an unlimited length of time.

Compromises must be made for sample preparation. Stationary disc grinding
machines, lathes and milling machines are generally used together with laboratory
spectrometers. They are impractical for mobile spectrometers, because the measuring
system is brought to the test piece. Usually, simple preparation with a handheld tool,
for example an angle grinder must suffice. Unlike laboratory spectrometers, excitation
sources such as arc and, recently, laser play a significant role. Especially, arc is toler-
ant of samples that have not been optimally prepared. The range of materials that can
be analyzed with mobile spectrometers is very wide, this is for example required in the
secondary raw materials industry.
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Chapter 7 deals with the constructive peculiarities as well as the analytical pos-
sibilities and limits for mobile spectrometers, which are often referred to as indus-
trial spectrometers because they are used outside the laboratory in production.

3.1 Construction of emission spectrometers for the analysis
of solid materials

Figure 3.2 is a block diagram showing the basic construction of spectrometer

systems.
{ R } ;
( )

\\ E
%"j :

—_———————ee e —

-

Figure 3.2: Block diagram arc/spark spectrometer.

A sample P is on a stand S. There, material from the sample surface is ablated and
excited to emit radiation with a line spectrum by an excitation generator G. This pro-
cess often occurs in an inert gas atmosphere. The emitted radiation is transported to
an optical system O. The optics make it possible to separately measure several narrow
spectral ranges with the width of a few picometers. Radiation with intensities that are
proportional to the elemental concentrations of the analytes occur in these wave-
length ranges. The radiation is recorded by detectors D and converted to electrical
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signals. A readout system A measures these signals, processes them and sends them
to a higher-level computer R, where the spectrometer software calculates the element
concentrations and displays them or relays them to control other processes. The in-
strument housing H, in which usually at least the excitation generator, the main op-
tics and the readout system are located, is shown as a dashed line. The main
components in Figure 3.2 are described here in more detail.

— Excitation generators

When arc or spark generators are used, they are connected on the one hand to the
sample to be analyzed and on the other hand to a counter-electrode, the tip of which
is positioned close to the sample surface. The arc or spark is generated when a high-
voltage pulse ionizes the atmosphere between the tip of the counter-electrode and
the sample surface, making it conductive. The gap becomes low impedance, and
a stable current flow, which is fed via power electronics decoupled from the ignition,
can be established in the range between approximately one and over 100 A.

For arc excitation, this current flow lasts for several seconds. By spark, the cur-
rent flow is interrupted after a time of 10-1,000 ps and restarted after an interval.
Spark frequencies of 50-1,000 Hz are customary.

The sliding spark generator is a special version of spark generator. It is used
exclusively for the analysis of nonconducting materials, e.g., for the examination of
halogen-containing plastics. Two electrodes are placed several millimeters apart
from each other onto the nonconducting sample. The ignition pulse ionizes the
sample surface. Again, the ignition is followed by a high-current pulse that may
achieve more than 1,000 A. Details about sliding spark generators can be found
under T. Seidel [1] and A. Golloch and D. Siegmund [2].

For excitation with laser, the laser beam is focused on the sample surface or just
above it. The laser pulses generate temperatures of over 10,000 °C in the focal point.
In this way, material is ablated and transformed into a plasma state. After several
nanoseconds, during which the plasma generates only a continuous background ra-
diation, it emits a characteristic spectrum, the radiation of which is determined by
the atoms and ions present in the plasma. If the laser position were firmly fixed on
the sample, then the plasma would always be formed in the same place. For many
samples, e.g., metals, a point analysis on an area on the order of a hundred square
micrometers is not sufficient for making a true statement about the average analysis
of the sample. For this reason, it is necessary to have devices that either move the
laser beam over the sample or move the sample relative to the laser beam.

Modern excitation generators usually have a microcontroller that manages the
excitation process and communicates with the other components. Section 3.2 de-
scribes the construction and function of excitation generators for laboratory emis-
sion spectrometers for the direct analysis of solid samples. Some specific aspects
are only of interest to mobile spectrometers. They are discussed in Section 7.1.
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— Spark stands and test probes
Laboratory spectrometers generally use, as mentioned above, spark as the excita-
tion source and are equipped with a spark stand that is firmly attached to the
instrument.

High-purity argon (Ar 4.8 with maximum 20 vpm or Ar 5.0 with maximum
10 vpm impurities) is normally used as the excitation atmosphere. The sample is
placed onto the spark stand so that the circular spark stand opening is completely
covered. A sample clamp presses the sample in place on the opening of the spark
stand ensuring tight closure during the spark process. Section 3.3 deals with labora-
tory spectrometer spark stands.

Figure 3.3 shows examples of the spark stands for two modern laboratory spec-
trometers ((a) spark stand on the GS 1000-II from OBLF and (b) spark stand on the
SPECTROLAB LAVM12 from Spectro).

@ " (b)

Figure 3.3: Spark stands of two modern laboratory spectrometers. Part (a) printed with the friendly
permission of OBLF Gesellschaft fiir Elektronik und Feinwerktechnik mbH, Salinger Feld 44, 58454
Witten, Germany; Part (b) printed with the friendly permission of SPECTRO Analytical Instruments
GmbH, Boschstr. 10, 47533 Kleve, Germany.

For mobile spectrometers, the measuring probe usually has a practical pistol form
(Figure 3.4). The electrical plasma is generated in the spark chamber (metal compo-
nent at the tip of the test probe). The light is usually transported from the spark
chamber to the spectrometer optics via quartz fiber optic. However, fiber optics do
not allow radiation under 185 nm to pass through. This is why mini-optics that are
only for the spectral lines in the wavelength range between 160 nm and 200 nm are
frequently integrated into the spark probe (Figure 3.5). This wavelength range is par-
ticularly important for the analysis of steel, as the spectral lines used for important
elements such as C, P, S and B are found here. An optical system for the entire spec-
tral range to be measured is built directly into the spark probe for handheld instru-
ments. However, the resolution capacity and, thus, the analytical performance of
such optics cannot be compared with those having a longer focal length. Section 7.2
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Figure 3.4: Spectrotest probe. Printed with the friendly permission of SPECTRO Analytical
Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

Figure 3.5: Spectrotest probe with UV-minioptics. Printed with the friendly permission of SPECTRO
Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

discusses measuring probes for mobile spectrometers. Connection to the instrument
with probe hose is described in Section 7.3.

— Inert gas systems

Cleanliness and air-tightness of the argon system are important for spectrometers with
spark excitation. Just a few ppm oxygen, water vapor or vapor from organic com-
pounds in the argon can severely disrupt the discharge and lead to poor repeatability.
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The argon system is usually designed so that, during pauses between measurements,
a moderate argon flow of approximately 2-20 liter per hour ensure that penetrating
ambient air and humidity are flushed out. A higher gas flow of 100-400 liter per hour
is employed during the measurement. With this, the metal condensate created by each
spark is removed. The used argon is led to a filter system. This prevents the condensate
in the form of particulate matter from contaminating the ambient air. Section 3.4 de-
scribes the design of inert gas systems in modern laboratory spectrometers. Argon is
also utilized as the inert gas for sparking with mobile spectrometers. If carbon is to be
determined using arc, air from which carbon dioxide has been removed is used as the
operating gas. Special features of the gas systems in mobile instruments are described
in Section 7.6.

— Optical systems

Spectrometer optics with longer focal lengths are almost exclusively built using optical
systems with concave holographic gratings. The Paschen-Runge mount assembly, for
which the spectrum is focused on a circular arc, is the preferred design. Such optics
dominate in laboratory spectrometers. This construction is explained in Section 3.5.

In the case of instruments equipped with semiconductor sensor arrays of shorter
focal lengths, like those found in smaller mobile spectrometers, a design employing
holographically produced so-called “flat field gratings,” in which a part of the spec-
trum is straightened, is preferred. For the commonly utilized sensor length of 30 mm,
the circular focus curve of the Paschen-Runge mount would lead to strong defocusing
on the sensor edges or in the center of the sensor. Very compact optics can be built
using the so-called “crossed Czerny-Turner mount” that employs a plane grating and
two concave mirrors instead of a concave grating. These are particularly suitable for
handheld instruments. Spectrometer optics for a narrow spectral range frequently
use a folding of the light path to save space. Alternative grating arrays, like those
according to Wadsworth, may be useful for such applications, as a good resolution
for short focal lengths can be achieved here by minimizing image errors. Section 7.4
is dedicated to the optics of mobile spectrometers.

— Electro-optical sensors

Semiconductor arrays in line form predominate as sensors. Here, a larger number
(usually between 2,000 and 5,000) of light-sensitive elements are lined up in a row.
This makes it possible to simultaneously record entire wavelength ranges. Rows in
charge coupled devices (CCDs) and complementary metal oxide semiconductor
(CMOS) technologies are most frequently used. Photomultiplier tubes (PMT), which
dominated until the turn of the millennium, are now only found in large stationary
instruments. Their advantage is that the decay behavior of the spectral line is re-
corded at the end of the spark and the measurement can be limited to the time win-
dow most favorable for the detection sensitivity. An exit slit that passes only the
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radiation for one wavelength (or to be more exact; a narrowly limited wavelength
range) is positioned in front of the photomultiplier on the focal curve.

The surroundings of this range cannot be recorded because exit slits cannot be
mounted in arbitrarily small distances. Section 3.6 deals with the electro-optical
sensors used in modern arc and spark spectrometers.

— Measurement electronics

Instruments equipped with line sensors have logic units to clock the arrays, some-
times analog multiplexer for sensor array selection and A/D converters for conver-
sion of the measurement data. Optics with photo multipliers require an integrator
for each PMT as well as analog multiplexers that connect the integrator output with
analog-digital converters. Miller integrators with reset circuits are normally used to
collect the photomultiplier charges.

Usually, at least one microcontroller records the intensities and then transfers
them afterward via interface to a superordinate computer that takes over further
processing of the spectra. For state-of-the-art systems, each detector array has its
own microcontroller. An additional microcontroller collects the data and organizes
transfer to the superordinate computer.

Details about data acquisition are described in Section 3.7.

— Superordinate computer and peripheries

Section 3.8 deals with the superordinate computer, usually a PC with a standard op-
erating system. It receives the raw spectra from the semiconductor arrays or the PMT
raw intensities from the readout system, executes the spectrometer software and
finally presents the results via monitor, printer or into a network. The microcontrol-
lers of the readout system and excitation generator must be able to complete time-
critical tasks while maintaining an exact time regime. The PC, however, provides
high-level computing power and a user interface in the form of a standard operation
system familiar to the operator. It cannot generally offer real-time capabilities.

— Spectrometer software

As late as the 1980s, only a few voltage values (one per spectral line) were trans-
mitted to the computer at the end of a measurement. The voltages were picked up
from the integration capacitors and converted to digital values. The software cal-
culated the element concentrations from these digital values. At that time, the
source program was often only a few thousand lines long. Even today, the calcula-
tions performed there are part of the spectrometer software. However, modern
software performs additional tasks:

— Before each measurement phase, the microcontroller of the readout electron-
ics and excitation generator are supplied with the parameters necessary for
the measurement.
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— At the end of the phase, or during single spark evaluation, after every spark, the
scalar measurement values or complete spectra are received and stored or proc-
essed in real time.

— This is followed by calculation of the element concentrations for the single
measurements as well as updating of averages, standard deviations and varia-
tion coefficients of the current series of measurements.

— If an error condition has been fulfilled, which would indicate, for example, an
unusable sample, the current single measurement is interrupted and discarded
and an error message is issued.

— After the series of measurements have been completed, the results are printed,
stored in a database and automatically forwarded as programmed. Material
specifications can be checked. For samples with unknown contents, a material
identification can be conducted.

— In modern instruments, frequently full spectra or at least spectral regions of in-
terest are recorded. In many cases, the software is also able to conduct
a complete spectrum recalibration, thus restoring the instrument to its original
state at the time of the first calibration.

— The software also enables comfortable control and extension of the calibration.

— There is usually a selection of several languages available for communication
with the operator.

This list is not exhaustive but makes it plausible why modern spectrometer opera-
tion program can often encompass more than a million lines of source code. The
key algorithms used in modern emission spectrometers are discussed in Section 3.9.
Additional calculations based on the concentrations found are frequently con-
ducted, especially in mobile spectrometers. Some of these algorithms, e.g., determi-
nation of a material grade from the analysis, are presented in Section 7.7.

— Housing

When listing the instrument components, the instrument housing must not be forgot-
ten. It is, much like the software, an interface to the operator. Lack of ergonomics,
fans, pumps or cooling units that are too loud, or poorly accessible operating compo-
nents hinder efficient operation of the instrument. Besides, there are comprehensive
safety regulations for laboratory instruments, many of which directly or indirectly af-
fect the instrument housing. For Europe, the safety regulations are set out in the DIN
EN 61010 [3] standard. A properly designed housing is required in order to comply
with the standards for electromagnetic compatibility regarding interference emission
and immunity. A declaration of conformity regarding compliance with the standards
mentioned is a prerequisite for sales of an analytical instrument within the EU.
Similar regulations apply in other regions of the world. It is particularly difficult for
mobile spectrometers to achieve compliance with the standards. Section 7.5 examines
this issue in detail. The same standards generally apply for laboratory spectrometers.
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However, they are easier to meet due to the lower restrictions on space, weight, mo-
bility and environmental conditions.

3.2 Excitation generators

The design and performance characteristics of the three most common types of excita-
tion generators for the direct analysis of solid samples are discussed in this chapter.

The arc generator has the simplest design and its operating principle is also the
easiest to understand. Spark generators can be understood from a technical point of
view as an extension of the arc generator: The initial phase of a high-current arc is
periodically repeated after a pause. The vast majority of the instruments for the di-
rect analysis of metals are equipped with spark sources. Subsequently, laser sources
are discussed. For decades, systems with laser excitation did not achieve more than
experimental status. This has changed in recent years. There are now serially pro-
duced systems on the market, especially for simple analytical tasks where the ad-
vantages of the laser are important (remote measurement, exact spatial control of
the ablation, no electrodes). Handheld instruments for the sorting of aluminum
scrap are an example. These are discussed in detail in Section 7.1.4.

3.2.1 Arc excitation and arc generators

Electrical arcs are not only used for spectrometric purposes. In principle, carbon arc
lamps were invented as early as 1802 by Humphry Davy. The electrodes are horizon-
tally arranged in Davy’s construction, which leads to the formation of an arc-shaped
plasma due to thermal impetus between the electrodes [4]. The arc owes its name to
this fact. Jean Bernard Léon Foucault improved Davy’s construction by introducing an
automatic regulation of the electrode gap. On page 509 in his book about the develop-
ment of analytical chemistry [5], Knuth Ohls reported on correspondence between, on
the one side, Gabriel Stokes and, on the other side, Kirchhoff and Bunsen after their
groundbreaking publication dealing with atomic emission in flames, which led to the
founding of spectrometry [6]. Stokes writes that Foucault had already made similar ob-
servations with the arc in 1849. The electrical arc first became more widespread in the
1870s, after development of viable power generators. It became a part of instrumental
analysis only toward the end of the nineteenth century. In retrospect, the exact time-
point is difficult to determine. In 1875, the arc is briefly mentioned (p. 47) in Zech’s
textbook [7]; however, it is also noted that the handling is complicated and that the
costs are high due to the 40-50 galvanic elements required by the state of technology
at that time. In Landauer’s work [8], on the other hand, it is called the most suitable
excitation source for metals and described in detail. Landauer bases this on works by
Liveing and Devar [9, 10] as well as by Kayser and Runge [11].
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The timepoint at which the arc became associated with analytics is not surprising:
High-current electric arcs provide a bright spectrum compared to the high-voltage
spark used back then. They were hence suited to the Rowland gratings, which increas-
ingly supplanted prisms as components for the decomposition of the light at the end of
the nineteenth century. In principle, gratings require greater light exposure because
the radiation is distributed over several diffraction orders. On the other hand, high res-
olution is easier to achieve with gratings than with prisms. This enables the meaningful
use of an arc burning in air as the excitation source because wide ranges of the visible
spectrum are heavily disturbed by molecular bands, such as the radical CN. Molecular
bands are groups of spectral lines that have short, regular gaps and increase toward
longer wavelengths, only to end abruptly. The gaps between the single lines are so nar-
row that they cannot always be resolved by smaller optical systems. The bands can
still be recognized by the typical sawtooth structure. Figure 3.6 shows sections of the
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Figure 3.6: Section of the arc spectrum of a graphite sample with cyanide bands.
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spectrum for a graphite sample. The strongest cyanide bands are labeled. The spectral
lines that belong to the bands can only be separated from the neighboring analytical
lines with high resolution. The cyanide bands are particularly strong when a carbon
electrode is used.

3.2.1.1 The physics of the DC arc

The structure of the electrical arc is shown in Figure 3.7. The geometry is based on
that used in modern mobile spectrometers: The arc burns the air between a flat
sample and the pointed counter electrode, which usually consists of spectrally pure
silver or electrolytic copper. The counter electrode is poled as the anode; the sample
functions as the cathode. When the electrode is mentioned further in the text, then
it will always mean the counter electrode, although, of course, the sample also has
a function as an electrode. The chosen distance between the electrode and the sam-
ple surface (gap) is generally 1-2 mm.

AB

Pl

S KB

NIZ%

P

Figure 3.7: Structure of a DC arc.

Explanation of the symbols in Figure 3.7:

left
A Counter electrode (anode)
P  Sample (cathode)
Pl  Plasma, (area between anode and cathode drop area),
the plasma extends over almost the entire gap between the electrodes.
S  Melt at the arc base
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A Counter electrode (anode)

KB Cathode burn spot (starting point for the arc on the sample), just above it is
the cathode drop area as a thin film over the burn spot.

AB Anode burn spot (starting surface on the tip of the electrode for the arc), the drop
area for the anode is found under this as a thin film on the tip of the electrode.

right

Qualitative course of the voltage drop (U) over the distance (L) between the tip of
the counter electrode and the sample surface. In the drop areas, the voltage in-
crease is even steeper than drawn here.

The mechanisms of the ignition process

Z I D1
Tr Cz Sample
S;

Figure 3.8: Equivalent circuit diagram of the DC arc.

Figure 3.8 shows an equivalent circuit for a DC arc with circuit components for ignition

(Z), plasma development (PD) and energy supply in the stationary arc phase (ES).

— Ignition of the arc occurs through contact or a high-voltage impulse.
Here, ignition is to be understood as the achievement of a state in which the
gap between the electrode and the sample becomes conductive. Modern instru-
ments usually work with fixed electrode gaps and high-voltage ignition, which
is why this type of ignition mechanism is considered here.

Electron/ion pairs are constantly formed by ionizing radiation in the gap, i.e.,
the gas-filled area between the sample and the tip of the electrode. Even in com-
plete darkness, cosmic radiation leads to the formation of such charge carrier
pairs. According to Demtrdder [12], cosmic radiation causes an ion pair concentra-
tion of 10° per liter. Kiipfmiiller and Kohn [13] cite 107 A as the magnitude of the
current that is generated by cosmic-radiation-induced charge carrier pairs between
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two surface electrodes each with a size of 1 cm? and being 1 cm apart from each other.
If high voltage is applied to the electrodes, the charge carriers already present, are
accelerated in the electrical field (see Figure 3.9). This is the case even if the high-
voltage is only present for a short period of time. The accelerated particles collide with
neutral atoms after traveling their free path lengths. If they have absorbed so much
energy in this way that it is sufficient to ionize the gas particles with which they col-
lide, then these are also transformed into charge carrier pairs, whereby the electrons
produced are accelerated toward the electrode and the ions toward the sample. Thus,
the number of charge carrier pairs increases with a snowball effect (see Figure 3.10).

The ignition voltage pulse is usually generated by interrupting the primary
circuit of a high-voltage transformer (Tr in Figure 3.8). In most cases, a capacitor
Cz of 100-300 pF, which transfers energy into the gap after the breakdown, is
connected to the secondary side of the high-voltage transformer.

On the primary side of the transformer Tr, the electronic switch S; is initially
switched on to magnetize the high-voltage transformer. As soon as enough en-
ergy has been stored in the core, Tr is switched off. The voltage increases until
there is either a breakthrough or the entire energy stored in the core fully charges
the capacitor on the secondary side of the high-voltage transformer. This capacity
is always available, even if no capacitor is connected. For example, the second-
ary winding forms a parasite capacitor to ground and the primary winding. The
ignition voltage pulse should be able to reach a height of 10-15 kV for the gap
geometries and materials mentioned at the beginning of this section.

The ignition voltage cannot be maintained for long, as it inevitably collap-
ses under the strain of the continuously decreasing resistance of the gap. After
Cz is emptied, the circuit for the ignition stops performing due to decoupling
effected by the diode D1.

Electrode

i
©
®
U

- Figure 3.9: Generation and acceleration of
charge carriers in the electric field between

Sample
P sample and electrode.
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Figure 3.10: Duplication of charge carriers.

If the ignition voltage is only present for even a few 100 ns, so many charge
carrier pairs are generated that a voltage of 200 V between the electrodes is suf-
ficient to maintain and even increase the charge carrier concentration in the
gap. Even now, the plasma is not fully developed. However, the concentration
of the charge carrier pairs is even lower than that in the stationary phase of the
arc, i.e., it still has a relatively high resistance. The circuit for development of
the plasma (PD in Figure 3.8) ensures that the arc is transferred to its stationary
phase. To this end, additional energy must be brought into the gap. It is suffi-
cient to apply a capacitor Cg charged to 200 V with a capacity of one microfarad
to the gap. The capacitor then discharges and the voltage falls quickly, but the
gap becomes less resistant during the discharge process. After the discharge of
Cg a relatively low voltage between the electrodes is sufficient to prevent a
decay of the charge carrier concentration.

The circuit for the introduction of energy in the stationary arc phase (ES in
Figure 3.8) consists, in addition to diode D3 for decoupling, of a constant cur-
rent source Ik. There is a voltage across this current source. Ugnmax is defined as
the largest voltage drop that can be generated across Ix. To regulate a falling
current, it must be able to rise a few 10 volts above the burn voltage of the dis-
charge gap in the stationary arc state. In the initial phase of the arc, the current
is lower than the set current; therefore, Ugpax drops over Ix. As soon as the volt-
age across Cg falls below Ugyayx, Cg loses its function due to the decoupling by
D2 and stabilization of the arc by the current source Ix becomes effective.

The circuit for plasma development and the power source for maintaining the arc
can be combined into one unit if Ugmax can become large enough. If the conditions
mentioned at the beginning of this sections are assumed, Ugmax must be able to
achieve a value of at least 200 V. In the past, this was easily realized by connecting
a DC voltage Uy of about 300 V to the gap via a resistor Ry. Choosing a voltage of
about 300 V had practical reasons. The mains voltage (in Europe 220 - 240 V) was
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decoupled by a separator tranformer, rectified and smoothed by a capacitor of a
few 100 pF. In Figure 3.11 this circuit is represented by the voltage source Uy. The
gap is high resistance at the beginning of the plasma development phase. It is as-
sumed that it has a resistance R on the order of 300 ohm. If Rpg = 130 ohm is se-
lected and a breakdown voltage of 40 V in the stationary state is assumed, then at
the beginning of the plasma development there is a voltage of (300 x 300)/
(300 + 130) volts or 209 V over the gap. The plasma quickly becomes low resistance
and the voltage drop over the gap is reduced to approximately 40 V. Then, an arc
current of (300 — 40)/130 amps, i.e., 2 A flows. If, for whatever reason, there is a re-
duction in the charge carriers in the spark gap, their resistance increases and the
voltage over the gap also increases, so that the original charge carrier concentra-
tion is quickly restored; there is a current readjustment. The disadvantage of this
simple circuit as shown in Figure 3.11a is its poor efficiency: Based on the example
data, a power of 80 W is introduced into the plasma; the losses in resistance, how-
ever, are 520 W. The efficiency is only about 13.3%, whereby additional losses
have not yet been taken into account. The simple circuit according to Figure 3.11a
is therefore out of the question for modern arc generators that frequently need to
be supplied with power using batteries. Section 3.2.1.2 presents more modern
concepts.

(@ Sample

(b) Sample

Figure 3.11: Simplest arc
source.

Rpg
MR
T
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Electrical conditions of the arc in a stationary state

The burn voltage of the arc for steel, copper or nickel alloy samples using a counter
electrode made of spectrally pure silver or electrolytical copper is on the order of
35-40 V, if the electrode gap is between 1.5 and 2 mm and the arc current is approx-
imately 2 amps. In this context, burn voltage is the voltage that can be measured
between electrode and sample while the arc is burning. It does not react strongly to
changes in the arc current. This is easy to understand: With increasing current,
more atoms are ionized and the power line is available to the charge carrier pairs
generated. One should, therefore, not think that the arc plasma has a constant elec-
trical resistance. In the early days of arc spectroscopy, it had already been noticed
that the arc burned with more stability with an increasing input voltage (Uy in
Figure 3.11a) and an increasing resistance (Rpg in Fig. 3.11a). If the input voltage is
too low, then the arc can spontaneously extinguish, which is easy to explain:
Suppose the arc is in a stable state and has the momentary resistance Rp. The differ-
ential resistance here is the ratio between the burn voltage and the arc current. If
the arc becomes a little colder due to a disturbance, a draft for example, the plasma
temperature decreases. Fewer electron/ion pairs are formed than recombined. The
momentary resistance of the plasma Rp’ increases. The arc current I, that was previ-
ously Uy/(Rpg + Rp), is reduced to Ug/(Rpg + Rp’). If Rpg is much larger than Ry’, this
is not really tragic. If, however, Ry’ is of the same order of magnitude as Rpg, then
the current decreases and, for this reason, even fewer charge carrier pairs are
formed. The resistance of the plasma continues to increase, which once again re-
duces the current. The arc extinguishes within milliseconds. If inductance L is
placed in series to the ohmic resistance (see Figure 3.11b), the voltage Uy can be
reduced to about twice the burn voltage. Inductances are known to resist sudden
changes in current; the following relationship applies:

Uy, = L*(dI/dt). (3.1

This means that if the arc current decreases by dI in the time dt, a voltage of Uy,
which is added to the input voltage Ug, drops through the inductance. The higher
overall voltage compensates for the increase in the resistance of the plasma and sta-
bilizes the formation rate of the electron/ion pairs.

The assumption of a stable arc state is certainly hypothetical and the mecha-
nism described above works for a free burning arc only insofar as that it is pre-
vented from being extinguished. It is simple to maintain a stable arc current, but
this does not apply to the burn voltage. It is frequently observed that these remain
for a second in a voltage range with the width of about one volt. Then the voltage
can break out upward or downward and either remain stable at this new level or
quickly switch between higher and lower levels. These changes in the arc radiation
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can frequently be seen with the naked eye: Switching between bluish and yellowish
arc radiation can be observed in irregular time periods on the magnitude of a few
seconds. This switching can also be heard: The hissing that accompanies the arc
can suddenly change.

The difference between the arc and the glow discharge is the high cathode tem-
perature. For the glow discharge, relatively few electrons are released from the
cathode by the Auger effect and accelerated toward the positively charged anode.
The plasma remains high resistance, so that voltage drops of several hundred volts
occur between the electrodes. In contrast, the electron emission from the arc cath-
ode is due to the high temperatures prevailing at the contact point on the sample,
which functions as the cathode. The plasma temperature is able to create enough
heat at the arc burn spot only with high melting point samples such as tungsten,
molybdenum, tantalum and graphite. For materials with lower vaporization tem-
peratures, the vaporization cools the arc’s contact point. The energy input from the
plasma alone is no longer enough to generate a sufficiently high temperature.
There is, however, an effect that ensures a sufficiently high temperature in the arc
burn spot: There is a very high field strength directly above the cathode. It’s easy to
see. It was explained above that the number of charge carrier pairs multiplies with
a snowball effect. Then, the ions are accelerated toward the cathode; the electrons
toward the anode. Directly above the cathode, a comparatively small number of
thermally emitted electrons is in contrast to the very large number of all the ions in
the plasma that have been generated and not recombined. The zone with a positive
space charge is known as the cathode drop area. It is thin, but a large part of the
burn voltage is dropped here.

In order to become an idea of the dimensions of the cathode drop area, it is
worthwhile to concern oneself with works dealing with the physics of electrical
contacts. Here, the understanding of arc occurrence is especially important as the
arc can develop when the distance between the contacts is increased and inter-
ruption of the circuit is prevented, which can lead to erosion of the electrodes — it
is therefore a disturbing effect. Holm [14] develops a physical model and performs
a sample calculation for a 20-amp arc between silver electrodes and compares it
with experimental data. Holm determines a gap of only 4.8 x 10~ m between cath-
ode surface and center of the cathode drop area. The current density at the arc
contact surface on the electrode is determined to be 0.5 x 108, which leads to an
area of only 0.02 mm? for the given current strength at the contact surface, i.e.,
burn spot. Surface limitation of the cathode burn spot to a very small area follows
from Holm’s model and coincides with the experimental data.

The potential difference at the cathode, i.e., the cathode drop, is just a few
volts, but because it is applied over a small distance on an order of 10°8-10"7 m,
the field strength is very large. For the example of the 20-amp arc, the thickness of
the cathode drop area layer has an order of magnitude of the mean free path for the
electrons. The free path for ions is shorter due to their larger cross sections. The
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ions are strongly accelerated above the cathode just before they hit there. This
greatly heats up the cathode. Holm calculated a surface temperature on the order of
4,000 K, which is in line with the experimental data.

As the distance from the cathode surface increases, the excess of ions de-
creases and the number of ions and electrons is balanced. This is the beginning of
the area of the plasma that is also occasionally referred to as the positive column
of the arc. The electrons are accelerated in the electrical field, and they can collide
with neutral atoms. If the electrons have a sufficiently high energy, then excita-
tion or ionization of the given atom occurs. Particles that are already ionized can
be excited or even doubly ionized. Excitation or ionization by collisions between
positive ions and neutral particles can also take place. However, because of the
smaller free path of the ions, the electrons are mainly responsible for ionization
and excitation.

The relationships that cause line spectra to appear are discussed in detail in
Chapter 2 of this book. Figure 3.14 serves as a reminder. The energy levels to which
the atoms of an element can be brought by collision are indicated by dotted hori-
zontal lines. Only exactly defined energy levels, represented by dashed lines, can
be reached. Being raised from one level to a higher level is also possible. After
a short time, the excitation level is vacated by either returning to the ground state
or to an energetically lower excitation level (indicated by dotted lines in
Figure 3.14). A photon is emitted, the wavelength of which is given directly by the
difference in the energy levels. The energy levels are usually recorded in the unit
electron volts (eV). An eV is the kinetic energy that an electron absorbs through an
electrical field with an acceleration voltage of one volt. This is a very small energy
of about 1.6 x 10™° J. When dropping to a lower excitation level, the differences in
energy levels AE (expressed in eV) can be directly converted to the photon wave-
lengths A emitted. The equation below applies:

A= (h*c) /AE. (3.2)

Here, h represents Planck’s quantum of action and c the speed of light (see also eq.
(2.10) and (2.11)).

In addition to excitation by collision, excitation can result from the absorption
of a matching photon. This effect is the subject of further discussion below about
the self-reversal of lines.

If the collision supplies the atom with energy above the upper dashed line, it is
sufficient to remove an electron from the ion. The associated energy is called the
“jonization energy.” A scheme similar to that in Figure 3.14 applies to the newly
created ion; excitation and, as long as there are still electrons in the ion, a higher
ionization state are possible.

Like at the cathode, there is again an increased field strength at the anode due
to the prevailing surplus of electrons. All the electrons resulting from impact ioniza-
tion arrive here unless they have previously been eliminated by recombination with
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ions. The effect is like that at the cathode, but with the opposite sign. The area with
a negative space charge is called the “anode drop area.” The anode is also heated
by bombardment with electrons that are accelerated by the increased field strength
above the anode. The energy input at the counter electrode is considerable. There is
also a surface limitation of the anode burn spot. However, Holm ([14], p. 305) points
out that the anode burn spot becomes larger and the cooling is improved as the
electrode gap increases. A sufficiently wide gap can therefore minimize material
degradation from the counter electrode.

The voltage curve in the plasma is shown on the right side of Figure 3.7. The
change in voltage is largest at the electrodes in the cathode drop area (lowest seg-
ment of dotted line) and the anode drop area (highest segment of dotted line). The
voltage drop in the area of the plasma (middle segment of dotted line) is compara-
tively small.

3.2.1.2 Construction of arc generators

Figure 3.11a is a schematic diagram of a very simple arc generator; the arc is ignited
when the counter electrode comes into contact with the sample. By triggering
a spring or electromechanically using a lifting solenoid, the electrode is drawn
away from the sample surface, thus “pulling” an arc. The electrode tip typically re-
mains in its final position 1.5 mm above the sample surface. A plasma is formed
and persists until Uy is switched off. For the reasons explained in section 3.2.1.1,
the sample is poled as the cathode as shown in Figure 3.8 and 3.11, i.e., it is con-
nected to the minus pole of the voltage supply.

The advantage to arc generators with contact ignition is that no high-voltage
ignition pulse is required to generate the plasma. This can be extremely beneficial
for handheld instruments in which the plasma is located close to sensitive elec-
tronic components. Figure 3.12a shows an example of a handheld instrument with a
contact ignition.

In modern arc generators, however, fixed gaps between the sample surface and
the counter electrode, as described in the previous section and shown in Figure 3.8,
are more common for reasons of easier maintainability. Here, instead of by contact,
the ignition is performed using a superimposed voltage that ionizes the gap be-
tween the tip of the electrode and the sample surface.

In Section 3.2.1.1, it was already calculated that the simple stabilization of an
arc by using a voltage supply with several 100 V in combination with a power resis-
tor is unfavorable because of the low efficiency.

For this reason, switching regulators are used to set the required current by
which most of the ohmic losses are avoided. Figure 3.13a shows the principle: The
electronic switch S, usually a MOSFET or IGBT, connects the plus pole of the voltage
supply U with a coil L; the inductivity of which is known to prevent sudden changes
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Figure 3.12: left or (a): SpectroSort handheld arc spectrometer with contact ignition; right or (b):
Spectro iSort handheld arc spectrometer with high-voltage ignition. Printed with the friendly
permission of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

in current. The increase in current follows eq. (3.3) and reaches the target arc current
with a delay. If the target arc current upper limit is reached, S is switched off.

I(t) = % x (1—e -(”WL), 3.3)

Whereby

I(t) Function of the current depending on the time since closing the switch S (A)

U Supply voltage (V)

R Sum of the ohmic resistances in the circuit including the plasma resistance (Ohm)

L Sum of the inductivity in the circuit, essentially the discrete inductivity in the
circuit diagram Fig. 3.13 (in units of H)

Since the inductivity L resists sudden changes in the current, the current flow runs
through L and the diode D4 (dashed arrow). The energy stored in the coil’s magnetic
field dissipates and the current drops slowly. When it falls below a lower limit, S is
switched on and the cycle repeats itself. Figure 3.13b shows the current flow. At the
times indicated by upright solid lines, the switch S is closed; it is opened again when
the dashed lines are reached.

The circuit principle corresponds to that of the secondary step-down converter
from the switching power supply technology. Details concerning the calculation
can be found, for example, in Tietze/Schenk ([15], p. 944 et seq.).

Today, arc generators are found mainly in mobile spectrometers. The arc burns
in ambient air or, if the element carbon is to be determined, in air from which CO,
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Figure 3.13: Arc source with switch mode current regulator.

has been removed. Several hundred such systems are manufactured worldwide
every year. Their design and characteristics are discussed in detail in Chapter 7.

Laboratory spectrometers with arc excitation are relatively rare. These are used
only for special applications such as the determination of impurities in pure copper
or graphite. The authors estimate that a small two-digit number of these systems
are manufactured worldwide each year.

In contrast, a large number of systems in the lower three-digit range are pro-
duced for the analysis of oil. The oil to be analyzed is transported by a small graph-
ite wheel from a container to the counter electrode, which is also made of graphite.
These systems do not work with DC arcs, but with interrupted arcs, by which the
arc only burns for a maximum of a few milliseconds and then it is interrupted. They
are actually spark devices which belong in Section 3.2.2. The associated stand and
its operation are described in Section 3.3.3.
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Electron binding energy
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Figure 3.14: Energy levels for excitation and ionization.

Meaning of the symbols and signs in Fig. 3.14:

E is the energy axis.

The dotted lines indicate which energetic states are possible for an excited atom
after emission of a photon.

3.2.1.3 Characteristics of the electric arc as an excitation source

If the direct current arc is to be used as the excitation source, it is worth evaluating
its analytical properties. This makes it possible to judge whether the arc is suited to
a particular task.

Character of the generated spectrum

Although the lines from ions can also be found in the arc spectrum, atomic lines
dominate. This dominance is so pronounced that the term “arc lines” is used as
a synonym for atomic lines.

Precision

As mentioned above, even small irregularities in the measurement conditions lead
to changes in the position of the plasma, to changes in the gap resistance and thus
to temperature fluctuations. Relative reproducibility for intensities of about 5% to
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10% can be achieved. To improve the repeatability, the intensity of an analytical
line is divided by the intensity of a line for the main element, e.g., the intensity of
an Fe line in iron base. This reference line is called an “internal standard.”
Precisions of about 1 to 5% can be achieved for these intensity ratios, i.e., the quo-
tients from analytical line and appropriate internal standard.

Detection limits

On the one hand, arc generators provide a low background spectrum; on the other
hand, the precision is much worse than that for spark. The detection limits achiev-
able with direct current arcs are, therefore, not necessarily better than those that
can be obtained with sparks. This becomes clear when comparing the typical detec-
tion limits for the spark mode for a mobile spectrometer (Table 7.6) with those in
arc mode for instruments with similar optical layouts (Table 7.7).

Shape and scattering of calibration curves

The calibration function is often unsatisfactory. Individual samples deviate from the
calibration curves. The scattering of the calibration curves is significantly worse than
that for spark excitation. Relative deviation between the measured and true values of
10% and more are not uncommon. The cause for interelement interferences and also
the moderate success in calibrating for arc excitation is the fact that material ablation
is essentially achieved through ions that are accelerated in the electrical field in the
cathode drop area and then they hit the surface of the sample. These are argon ions
when working with spark, at least when the discharge is short-lived. In contrast,
metal ions are accelerated with arc. With arc, the light nitrogen and oxygen ions only
play a role directly after ignition. The composition of the analyzed sample influences
the ablation process, the plasma temperature, the ionization rate and, thus, the mea-
sured intensities measured for analyte and associated internal standard. Modern
spectrometer software make it possible to take interelement interferences into consid-
eration. The algorithms are discussed in Section 3.9. However, the influence of the
sample composition on ablation, ionization and excitation is very complex.

This is illustrated in an example:

The higher concentration of a third element may lead to an increased energy
input and, thus, to stronger material ablation, which tends to increase the sig-
nals for the analyte and the internal standard. The plasma temperature can,
however, decrease anyway, because a higher proportion of the total energy
available is required for material vaporization. This is an effect that can lead to
signal reduction. If the plasma temperature falls, the possible partial ionization
of the atoms for the analyte and internal standard can be reduced. There are,
then, more atoms available for excitation, which in turn may cause an increase
in intensity of atom lines.
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The common algorithms for correction of interelement interferences assume
simple, linear interactions. Their use offers only marginal improvement to the scat-
tering of the calibration curves.

The self-absorption and distillation effects are two additional effects that compli-
cate arc calibration. If a set of standards that contain an element with increasing con-
centration is measured, the following effect, that results in calibration curves like
that shown in Figure 3.15, may be observed for several lines: At first, the intensities
increase to approximately the same extent as the concentration increases, then the
increase in intensities slows down until, despite growing concentration, the intensi-
ties no longer increase; finally the intensities even decrease. This effect can be
observed for many sensitive lines, e.g., the copper lines at 324.7 and 327.3 nm.
Figure 3.16 explains the effect. Radiation from the arc plasma P that lies within the
spatial angel o can be measured by the spectrometer optic. a is drawn as an angle in
Figure 3.16 but has the form of a cone in three-dimensional space. If the arc is ignited,
then after a short amount of time, a layer forms around the plasma consisting of such
atoms as can be found in the plasma. The photons from the interior of the plasma
encounter atoms from this outer layer, excite them and release the radiation after
a short time. Emission occurs in all spatial directions and not just within the cone
visible to the optic. So, the major portion of the radiation is lost. In Figure 3.16, only
the radiation represented by a bold solid arrow enters the optic. The probability that
the described effect occurs grows with increasing analyte concentration. The radia-
tion entering the optic no longer increases proportionally with increasing concentra-
tion and, in end effect, even decreases.

Calibration curve with self-absorption
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Figure 3.15: Calibration curve in the case of self-absorption.
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Figure 3.16: Absorption and reemission as the cause of self-absorption.

The distillation effect occurs because the elements with the lowest boiling points
are vaporized first in the melt at the arc base. The elements with higher melting points
remain in the melt and the concentrations grow with the length of the arc burning du-
ration; the calibration functions change with the length of the measuring time.

Due to the complications for calibration with arc as discussed above, use of so-
called “fingerprint algorithms” makes sense. With these algorithms, a large number
of materials with varying contents are stored together with their spectra and ele-
mental concentrations. In addition, a set of analyte and internal standard lines with
the associated calibration functions are included for each master sample.
A spectrum is recorded for the sample to be determined and compared to the stored
spectra. The master sample with the best match is determined. Then, the elemental
contents are interpolated using the calibration functions associated with the master
sample. First-degree polynomials generally suffice as calibration functions, since
the master sample and the material to be determined have similar compositions.
Section 7.7.2 details the fingerprint algorithm.

Despite all the obstacles described above, it should be noted that when the analy-
sis of materials with similar concentrations is concerned, determination with arc mode
leads to the most effective results. This is illustrated in Table 7.9, where the analyses of
several low alloy steel samples are listed together with the expected values. It can be
seen that even the results for austenitic steels and high-speed steels are usable.
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Measuring time

The required measuring times are short. A single measurement typically lasts three sec-
onds. Simple testing applications can be conducted with measuring times of under
one second. This is the case, for example, when sorting materials of clearly distinguish-
able compositions.

Sample preparation
Measurements are even possible on dirty or slightly corroded surfaces. The arc makes
contact at a point on the surface sample and burns through most existing contamination.

Instrumentation

Arc generators are simply constructed and therefore inexpensive to manufacture.
As already mentioned, air is normally used as the excitation atmosphere for mobile
spectrometers with arc. There are no costs for an inert gas. There is also no need to
carry a compressed gas tank to the measurement site (a 10 1 argon cylinder weighs
more than some portable spectrometers).

Handling
Working with a direct current arc requires care. The counter electrode becomes very
hot in an air atmosphere. This leads to the so-called “memory effect:” If a sample
with a high concentration of an element E is measured, an alloy consisting of E and
the electrode material forms on the counter electrode. In subsequent measurements,
there is a signal for E even when the samples do not contain it. The counter electrode
must be either ground or replaced. The thermal load also leads to burning-off of the
counter electrode. The gap must be regularly reset and the tip sharpened to maintain
constant parameters for electrode form and electrode gap.

Section 7.8.3 describes numerous measurement applications that can be con-
ducted with mobile spectrometers in arc mode.

3.2.2 Spark excitation and spark generators

Most spectrometer systems used today for the analysis of metals utilize spark gener-
ators instead of the arc generators described above. The arc was discussed before
the spark because each individual spark can be thought of as the initial phase of an
arc as explained in the previous section.

Spark generators were used very early in spectrometry. The year 1859 is considered
to be the year in which spectral analysis was born due to the groundbreaking publication
by Kirchhoff and Bunsen. Read about developments in the first years in Gorlich [16] and
Junkes [17]. Both books were written on the occasion of the 100th birthday of spectrome-
try. Gorlich reports that in the academy communication from December 11, 1859, Emil Du
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Bois-Reymond wrote that lines could be seen in a spark spectrum that “are depen-
dent on the nature of the metals between which the spark jumps.” In the early days,
however, the reliability and reproducible operation were problematic. Practice-
oriented methods for quantitative spectral analysis were presented for the first time
in the groundbreaking work Die chemische Spektralanalyse (Chemical Spectral
Analysis) by Walther Gerlach and Eugen Schweitzer [18]. These methods use the
spark as the excitation source. The textbook discusses aspects of the spark genera-
tor hardware in detail (Chapter 3, p. 25 et seq.).

Feussner’s spark generator [19, 20], relieved analysts of solving electrotechnical
problems. For a long time, wireless communications were based on transmitters
that used spark gaps as a way to generate high-frequency oscillations. So, when in
about 1930, a reliable spark generator was required for quantitative analysis, it was
borrowed from radio technology. Long after Feussner’s generator was introduced,
there was still discussion as to the exact way this circuit works. It was only years
later, after it was possible to observe voltage flows with oscillators, that it was fully
understood. A depiction of its function was published by Heinrich Kaiser in 1938
[21]. By then, Otto Feussner had already died. Therefore, it makes sense to explain
the function of this generator with an equivalent circuit diagram. The original cir-
cuit diagram does not necessarily show how it works.

3.2.2.1 The physics of the spark
Figure 3.17 shows the schematic structure of Feussner’s high-voltage spark generator.
The high-voltage transformer Tr charges the capacitor C to a voltage U of sev-
eral kilovolts. A rotating spark gap GAP,yx periodically minimizes the auxiliary air
gaps between the output of resistor R and the electrode. The minimum overall aux-
iliary gap distances are reached, when the rotating electrode is in an upright posi-
tion (Figure 3.17). The movement of the rotary electrode is synchronized to the
charge process of C in a way, that C is fully charged just before the minimum auxil-
iary gap distances are reached.
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Figure 3.17: Spark generator according to Feussner.
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As soon as the rotary electrode approaches the upright position, there is a
breakthrough of the auxiliary and analytical spark gaps. The capacitor C and the
coil L form an oscillating circuit dampened by the spark gap. Eq. 3.4 indicates the
duration t of such a period of oscillation.

The peak voltage at C is reduced from period to period so that the discharge ex-
tinguishes after a few periods, as soon as U falls below the spark gap burn voltage.

The maximum value of the discharge current during the first discharge period

is achieved after:
t=2><pi><\/g 3B.4)

c
Inax = (Ue=Up) x\/7- (3.5)

The peak current is:

Table 3.1 provides a numerical example with realistic dimensioning.

Table 3.1: Dimensioning example for a high-voltage spark source.

Capacity C 10,000 pF
Inductance L 10 pH
Voltage of C before spark ignition Uco 20,000V
Sum of all burn voltages (analytical and auxiliary gaps) Ug 200V

In the example above, the time between breakthrough of the spark gaps, i.e., forma-
tion of a low-resistance ionized plasma channel and reaching the maximum dis-
charge current is less than 0.5 ps. The mechanisms that lead to breakthrough and
plasma development have already been described in connection with the electrical
arc (see Section 3.2.1). The stationary state reached after a few milliseconds by the
arc is not achieved by the spark. Current flows only through the ionized discharge
thread; its densities are up to 1,000 A mm™ Kipsch [22] and de Galan [23] report
peak temperatures of up to 40,000 K.

As with the arc, a pointed heating zone is formed on the cathode end of the
discharge channel, where the boiling point of the cathode material is reached. The
sample material vaporizes at these spots, leaving craters with a diameter from 20 to
40 pm [24]. A cloud of vaporized metals forms around the impact point. Due to the
high temperature, the cloud expands away from the crater in all directions of the
discharge atmosphere with speeds of up to 1,000 m s™* [24]. Thus, the major portion
of the excitation of the sample material takes place outside of the current conduct-
ing discharge channel. Figure 3.18 schematically shows the explosive expansion of
the metal vapor cloud during one single spark.
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Figure 3.18: Expansion of the metal vapor cloud after spark impact.

Meanings of the terms in Figure 3.18:

t: Timeline

t1: Ignition

t2-t4: Snapshots during the current conducting phase. Dotted lines symbolize the
area, where radiation is emitted. The conductive channel is represented by
the solid line.

t5: Radiation emitting area immediately after the end of the current flow
t6: Snapshot of several tens of microseconds after the end of the conductive
phase.

Depending on the spark energy and the discharge atmosphere, emission of
radiation can be detected more than 100 ps after the end of the current flow.
However, the intensity of the emission decreases.

With spark excitation, even elements with high boiling points are vaporized in
the (ion) impact crater; therefore, distillation effects like those in arc do not
occur. The pressure caused by the high temperatures at the beginning of a spark
discharge increases the cross-section of the discharge channel explosively. As
a result, the peak temperature decreases; the conditions become similar to those
of the direct current arc. However, the spark discharge does not last long enough
to form a temporally constant temperature distribution over the cross-section of
the current conducting plasma channel. If the discharge is very short, the excita-
tion process itself occurs mainly after the electrical discharge has been com-
pleted [25]. There is a high electron density in the still-narrow plasma channel in
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the first phase of the spark discharge; it results in a strong continuum due to
electron bremsstrahlung.

As shown in Section 2.8 of this book, spectral lines have a finite, albeit small,
minimum width on the order the magnitude of 107 pm (see also Skoog/Leary [26],
p. 219). The spark discharge’s high pressure and the high temperatures lead to
broadening of the line profiles. Doppler broadening and pressure broadening are
the two most important effects to observe.

Doppler broadening arises due to the fact that the atoms in the metal vapor
cloud (see Figure 3.19) move toward the observation point or away from the obser-
vation point (window W in Figure 3.41). The full width at half maximum Av of the
broadening can be calculated with eq. (3.6). The intensity distribution results in
a Gaussian profile around the center frequency v.

Intensity distribution with pressure and Doppler broadening
of spectral lines
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Figure 3.19: Intensity distribution with pressure and Doppler broadening.
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(3.6)

Meanings of the terms:
Avp Full width at half maximum of the line broadening due to the Doppler effect

s™
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¢ Speed of light (m/s)

k Boltzmann constant (1.380658 x 1072 J K™)
T Absolute temperature (K)

v Center frequency of the spectral line (s™)
M Relative atomic mass

u Atomic mass unit (1.6605402 x 107 kg)

Derivation of this relationship can be found in Kneubiihl [27] (p. 62 f).

Equation (3.6) shows that the Doppler effect is particularly pronounced for high
temperatures. The spectral lines for light elements are more strongly broadened
than those belonging to elements with large atomic masses.

Line broadening occurs on the one hand due to the Doppler effect and on the
other hand because the particles collide in the plasma. This leads to a shift of the
energy level at the ground state. Kneubiihl [27], p. 60 et seq. derives a formula for
the approximate calculation of pressure broadening.

/ 3 2
vp= 4><M><u><k><TXd P B-7)
Whereby:

Avp Full width at half maximum of the pressure line broadening (s ™)
Speed of light (m/s)

Boltzmann constant (1.380658 x 102 JK?)

Absolute temperature (K)

Relative Atomic mass

Atomic mass unit (1.6605402 x 107 kg)

Pressure (Pa)

Diameter of the colliding particles (m)

ag e 23 %0

Pressure broadening leads to a widening of the profile according to the Lorentz
function. The flanks of the Lorentz function fall off more slowly than those for
a Gauss function with the same full width at half maximum. The differences in the
forms of the line profiles are sketched in Figure 3.19. Pressure broadening tends to
influence wavelengths that are further away more strongly than Doppler broaden-
ing with the same full width at half maximum.

Pressure broadening is relevant in the first phase of the spark discharge when
the current density and temperature are at a maximum. The pressure is then high. As
the discharge progresses, the plasma expands explosively, which leads to a strongly
dropping pressure. Emission phenomena can still be measured even when the dis-
charge current no longer flows and pressure and temperature have dropped to
a great extent. The lines then have a minimal width.
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Time-resolved spark spectrometry makes use of this circumstance. Integration
does not take place throughout the entire discharge, but only during a window in
time in which the influence of neighboring interfering lines and background radia-
tion caused by bremsstrahlung is excluded. The beginning of the discharge is ignored
because then only (collision broadened) spectral lines from the discharge atmosphere
and background radiation (see Section 2.5.2) are produced.

Of course, egs. (3.6) and (3.7) can also be applied to direct current arcs. The
temperatures there are, however, lower and there is not such a high pressure in the
plasma as for spark. For these reasons, arc spectra have narrower lines than non-
time-resolved spark spectra.

An exact description of the high-voltage discharge can be found, for example,
in Kaiser and Walraff [28]. Detailed theoretical contemplation about the processes
in arc and spark were published by Weizel and Rompe [29].

3.2.2.2 Construction of a modern spark generator

To combine the advantages of arc and spark excitation, modern emission spec-
trometers are equipped with a hybrid form, the so-called externally ignited me-
dium voltage spark generator. The current sources Iz and I; are switched on and
off clocked by the spark repetition frequency (Figure 3.20a). As in the arc genera-
tor, circuit components for the ignition (Z), plasma development (PD) and for for-
mation of the current flow (ES) are present. Assuming suitable dimensioning, it
is possible to conduct plasma development and current flow formation using the
same hardware components. However, in addition to better energy efficiency,
separation has the advantage that the voltage drop through the power source for
pulse formation (ES) can be limited to a low value, which can be beneficial from
a safety point of view. Timing and proportional currents are given in
Figure 3.20b. In Figure 3.20b ES produces rectangular current characteristics.
Other shapes can be generated here. The representation on the timeline is not to
scale. With a pulse duration of 100 ps and a spark frequency of 400 Hz, the
pauses are 24 times as long as the pulse.

C-L-R networks were used in the past to obtain a defined discharge current flow
(Figure 3.21). By briefly closing switch S, the capacitor C is charged before each spark.
Then a high-voltage pulse is generated using Sz, thus initiating the discharge, whereby
the resistance R, the capacitor C and the coil L form the discharge current curve. The
diode D3 switched in the blocking direction over capacitor C prevents oscillation and
thus material degradation of the counter electrode. D1 and D2 serve to prevent the igni-
tion voltage from flowing off over the power circuit.

Today, it is more common to build power sources with semiconductor compo-
nents that enable power sequences in any shape and frequency. This makes it
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Figure 3.20: Block diagram of a medium-voltage spark source.

possible to produce on the one hand short, high-current “spark-like” and on the
other hand long-lasting, low-current “arc-like” discharges using a medium-voltage
spark source. The switching principle was already presented (see Figure 3.13) and
explained in Section 3.2.1.2, which deals with arc generators. This switching circuit
makes it possible to create every desired spark shape. The spark is completed when
S is not closed again after falling below the target current. The switch S remains
open in the intervals between two sparks. With suitable dimensioning, the circuit
according to Figure 3.13a enables arc and spark operation.
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Figure 3.21: Medium-voltage spark generator with C-L-R pulse shaping.

3.2.2.3 Characteristics of the spark as an excitation source
A great advantage to the spark is the fact that the individual sparks represent statis-
tically independent events.

When intensities resulting from successive sparks for single spectral lines are
compared, there are large deviations from spark to spark. Coefficients of variation
of 40% are not unusual here. These fluctuations are caused by the fact that even on
a perfectly homogenous sample it is difficult to achieve similar plasma conditions
for successive discharges. Also, metallic samples almost always have a grain struc-
ture, which can be easily recognized when, after metallographic grinding and pol-
ishing, the surface is viewed through a microscope. Therefore, different sparks may
ablate different compositions of metal. In addition, the samples often have inclu-
sions that are preferably ablated by the sparks (see Chapter 6). In practice, the ma-
terial that enters the plasma varies in the course of the spark sequence.

Integrating a large number of individual spark occurrences leads to good repeat-
ability. Assuming that the remaining hardware in the spectrometer system is free of
errors, the deviation of the single intensities follows a normal distribution and increas-
ing the number of sparks by a factor of n” leads to a factor n improvement of the
repeatability.

Statistics on the number of sparks

Sparks enable a larger sample surface to be included in the analysis than in the case
with arc. The sparks do not always hit the sample at the spot directly opposite from the
electrode tip. After several sparks, charge carrier pairs consisting of metastable excited
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argon atoms form in the atmosphere around the electrodes. The energy required to
achieve the first ionization level for argon is 11.76 eV; the metastable 4s state lies
11.55 eV above the ground state. A small energy input, e.g., from collisions, is enough
to ionize the metastable excited atoms. The breakthrough of the gap requires a lower
voltage when it occurs over bridges consisting of charge carriers (see Figure 3.22).

Electrode

Sample Figure 3.22: Formation of a planar burn spot caused
by charge carrier bridges.

Whereby in Figure 3.22:
A: Neutral atoms
M: Metastable excited atoms from which charge carrier pairs can be formed

Burn spot size
Several factors can lead to an increase in the size of the burn spot:

— An increase in the electrode gap leads to an increase in the burn spot diameter:
The larger the electrode gap becomes, the longer is the path that can lead over
charge bridges and the further the discharge contact point can move away from
the point opposite the electrode tip.

— The burn spot becomes larger with increasing spark frequency. The time be-
tween two sparks, during which removal of metastable excited argon can take
place, becomes shorter as the frequency increases.

— Energy-rich discharges also increase the size of the burn spot. Then more
charge carriers and, when argon is used as the discharge atmosphere, more of
the burn spot enlarging metastable argon atoms are generated (more about
metastable excitation states can be found in Sections 2.6.3 and 3.2.3).
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— The length of the single spark also plays a role: If the energy is introduced in
a short time, the plasma expands very quickly, which rapidly removes the ions
and metastable atoms from the gap. For a longer, lower-current discharge with
the same energy, this effect does not occur to the same extent. The burn spot
becomes larger as result.

— Occasionally, a pin electrode, consisting of a millimeter-thick tungsten wire, is
used instead of a compact electrode. Such electrodes get so hot at their tips that
they glow. The burn spots resulting from pin electrodes are usually significantly
larger than those produced from the use of compact electrodes.

Common geometries

Gaps between 3 and 4 mm are usual. Tungsten counter electrodes with a diameter
of 6 mm that are sharpened with an angle of 90° are generally used. Smaller elec-
trode diameters of about 4 mm are used in mobile spectrometers. Here, the elec-
trode gap is also usually somewhat smaller (typically 2.5 mm).

After every single spark, the material previously vaporized from the sample
condenses and forms finest metal particles that are largely transported away by the
argon flow. A portion of this condensate, however, settles in the spark stand or on
the upper surface of the electrode. The surface of the compact electrode must there-
fore be regularly cleaned with a wire brush — after each measurement or after every
sample. Pin electrodes made of thin tungsten wire, mentioned in the paragraph
above, are an alternative. It is not necessary to brush these. However, pin electrodes
have a limited lifetime, which does not exceed several thousand measurements. In
contrast, compact electrodes last practically indefinitely.

The amount of sample degraded by a single energy-rich spark was determined
for pure aluminum. For the test, a parameter with about 20 m] spark energy was
chosen. The amount degraded was determined to be 32 ng per spark. This corre-
sponds to a crater diameter of 35 pm, if this has the shape of a hemisphere. These
values were determined by weighing a sample, sparking it and, after a large num-
ber of sparks, weighing it again. The test was conducted independently by two
spectrometer manufacturers and produced similar results in both cases.

Concentrated and diffuse discharges

With dirty samples, samples that are porous have cracks or holes, or if contami-
nated argon is used, then frequently several parallel channels are formed instead of
one single discharge channel per spark event (see Figure 3.23, burn spots bottom
left and top right). Such discharges are called “diffuse.” The discharges by which
a single discharge channel is formed is, in contrast, called “concentrated” (see
Figure 3.23, lower row from burn spot 2). Only with concentrated discharges is there
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Figure 3.23: Burn spots with high (lower left) and low (lower right) fractions of diffuse discharges.
Printed with the friendly permission of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533
Kleve, Germany.

any significant material ablation. Diffuse discharges leave numerous very low-
volume contact points that lead to whitish spots on the surface. During a spark,
such unusable sparks can be identified: The burn voltage of concentrated dis-
charges in an argon atmosphere lies, assuming common materials and geometries,
on the order of between 20 and 40 V. The burn voltage drops several volts for dif-
fuse discharges. This information can be recorded during the spark and is used to
interrupt the measurement when unusable sparks accumulate; a new sample is
then requested. Additionally, the length of the pre-spark phase, discussed in the
next section, can be dynamically adjusted. It is completed when a predetermined
number of concentrated discharges is reached.

High energy pre-spark

It has been proven that it is useful to spark the sample surface with a series of high-
energy sparks before the actual measurement. Caused by the high energy of the sin-
gle sparks, it is ensured that during the actual measuring phase only parts of the
surface are hit that had already been hit during the pre-spark.

This has two advantages:

— The pre-spark ensures that dirt that was on the sample surface before the mea-
surement is vaporized. Contamination on the surface cannot be avoided; this
also includes moisture on the surface.

printed on 2/12/2023 11:27 PMvia . Al use subject to https://ww.ebsco.contterns-of-use



EBSCChost -

3.2 Excitation generators =— 71

— The area on the surface that is intended to be measured is homogenized by re-
melting. Slickers [24] reports a 40-100 um diameter remelted area on the sam-
ple for a crater diameter of 20 pum.

The energy of the single sparks in the pre-spark phase must not be too high. Before
the start of each single spark, every point on the sample surface has to be solidified.
Reproducibility is worsened if a melt forms in the burn spot. There may be distilla-
tion effects as discussed in connection with arc, which also negatively influence the
analytical accuracy. For the same reason, the spark frequency chosen must not be
too high. The maximum spark energies and frequencies selected in a method de-
pend on the thermal conductivity of the material group to be analyzed and must be
experimentally determined before the method is calibrated.

Typical parameters for the pre-spark time are currents of 50-70 amps for times
of about 80 ps. Spark frequencies of 400 Hz are common. For many materials, it is
possible to increase the frequency to 1,000 Hz, whereby the length of the single
sparks is then usually shortened to 40-50 ps.

Using different measuring parameters

It was already discussed in the last section that the measuring time is preceded by

a pre-spark phase with energy-rich parameters. The measuring time itself is usually

divided into several phases:

1. Sparks with a short duration (40-60 ps) and medium current strengths (10-20 A)
with rectangular current course are suitable for the determination of the metal
alloying elements. Spark frequencies from 300 to 600 Hz are common.

2. Trace elements are determined with longer sparks with durations up to a milli-
second and lower current than those discussed in point 1. These are called “arc-
like discharges.” Due to the longer spark times, the conditions in the later spark
phases are similar to those in arc: The plasma is expanded and there are low
pressures and temperatures, which, because of the likewise low ion density (see
Saha eq. (2.16)), lead to a reduction of the background radiation. But because it
is still a spark phase, in which the statistics for the single sparks improve the re-
producibility, the repeatability is good compared to the arc. However, in the later
phases of the single sparks, not only argon ions but also the atoms of the alloying
elements now present in the plasma are accelerated toward the sample surface.
Ablation and excitation processes depend on third-element concentrations in the
sample. This leads to more scattering in the calibration curves than for the pa-
rameters described in point 1. Due to the less dynamic plasma expansion and the
longer discharge time, a layer of cold atoms forms around the plasma. It absorbs
radiation and emits in all spatial directions. The result is a nonlinear calibration
curve for which the slope increases with higher concentrations like the one
shown in Fig. 3.15. This effect has already been described in Section 3.2.1.3.
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3. The most sensitive detection lines for some analytes lie below 180 nm. These
are mainly gases such as oxygen and nitrogen, but also lines from metalloids
and a few metals. According to eq. (3.2), lines with wavelengths below 180 nm
have an excitation energy of at least 6.9 eV. Energy-rich spark parameters with
currents of 40 amps and more are required to generate a sufficient number of
excited atoms. The duration of the single sparks must then be about 100 ps.

4. The next section and the entire Chapter 6 discuss single spark analysis as a tool
for detection and characterization of nonconducting inclusions in the metallic
matrix. If small inclusions are to be detected, it is often advantageous to use
very low-energy sparks. Currents below 10 amps and spark times of 20 ps are
then commonly used.

5. Oils and fuels can be analyzed with the so-called “rotrode technology.”
With this technology, a small wheel made of spectrally pure graphite carries
the liquid to be analyzed into the plasma, which burns between a graphite
counter electrode and the graphite wheel (rotrode). A depiction of such a
spark stand can be found in Section 3.3. The parameters as described in point
2 are generally used for this technology, as the focus is on detection sensitiv-
ity. Frequently, the spark duration must be limited to prevent ignition of the
sample. Then the parameters are set between the parameters described in
point 2 and point 4.

Burn-Off curves
As early as 1930, Gerlach and Schweitzer [18], p. 110 et seq., observed the following
phenomenon:

When a gold sample containing lead is broken and the break is sparked, then the
measured signals obtained at the beginning of the spark phase are different from those at
a later point in the spark phase. At the beginning, the Pb signal was excessively high.
After several seconds, it decreased and remained largely stable. Gerlach and Schweitzer
explained this phenomenon by saying that the lead preferred to settle at the grain bound-
aries. Since the breakage also occurs along these boundaries, the first sparks form a thin
lead layer on the surface. In the later course of the spark process, the sparks hit mainly in
the grain interior, where the lead content is lower.

A similar effect can be observed in gray-solidified cast iron. Here, graphite inclusions
are enclosed in the iron matrix. After a short initial spark phase, high signals are obtained
for carbon. The sparks hit the graphite inclusions that sublime and disappear from the
matrix. Figure 3.24 shows a grinding pattern for a metal sample after 10 s pre-spark with
400 Hz and subsequent grinding and polishing. In the middle of the sample (dark zone
in the center of the image), a deeper ablation due to the higher probability of being hit by
a spark can be observed. Simple polishing was not possible here. This area should be
ignored. The area immediately bordering on the dark zone is interesting. It is clearly
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Figure 3.24: Micrograph of a gray cast sample with graphite inclusions after a 10 s pre-spark time.
Printed with the friendly permission of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533
Kleve, Germany.

visible that the graphite inclusions (small dark dots, still present on the left and right side
of Fig. 3.24) have disappeared here.

Gerlach and Schweitzer’s measuring capabilities were limited. They could
only record the first seconds of a spark phase with photographic imaging, make
a further image of the rest of the spark process and compare the two photographs.
Today, measuring technology is more advanced. Direct registration of the spark
signal with electro-optical sensors makes it possible to record the intensity of
each single spark. These sensors and the associated measuring electronics are de-
scribed in Sections 3.6 and 3.7.

Figure 3.25 shows the burn off curves for the elements iron and carbon measur-
ing a cast iron sample with graphite inclusions. The structure of the sample is simi-
lar to that shown in Figure 3.24. Each curve point represents a spark packet consisting
of the sum of five consecutive sparks. The first spark packets deliver only low intensi-
ties, as in the beginning there is still moisture or other types of contamination on the
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Figure 3.25: Burn-Off curves of Fe and C for a partially gray-solidified cast iron sample. Printed with
the friendly permission of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve,
Germany.

surface of the sample, which lead to diffuse discharges. After about 20 spark packets,
the intensities increase to a higher level. The so-called “stationary spark state” has
been achieved.

If an element preferably hit at the beginning of the spark process is observed,
then a burn-off curve like that in Figure 3.25b is obtained (graphite inclusions were
hit in Fig. 3.25b). The excessive intensity at the beginning does not necessarily
apply to every spark. The probability that a new spark hits a spot that was already
sparked becomes larger with an increasing number of sparks. In the “graphite in
cast iron” example, in the beginning phase, only a part of the surface consists of
graphite inclusions. If an element is homogeneously distributed within the metallic
matrix (here Fe), burn off curves similar to Figure 3.25a are obtained.
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Single spark analysis

In the last section, it was seen that the spark largely removes graphite inclusions
at the beginning of the pre-spark time. If there are nonconductive inclusions in
a metallic matrix, an effect very similar to that described above can be observed.
It occurs, e.g., for Al,0O3 inclusions in steel. The spark prefers to hit on the bound-
aries between the metallic matrix and nonconductive inclusion. A small ridge
forms at the transition between conductor and the nonconductor. This leads to an
increase in the field strength there and increases the probability of a spark over at
this spot (for details, see chapter 6.) Figure 3.26 shows a cross section of a sample

Figure 3.26: Micrograph of a sample with inclusions, scale 1:200.

containing inclusions. The black spots are inclusions. A spark can then either de-

grade only the metallic matrix or hit on the edge of an inclusion.

Measuring every spark individually results in two different signal levels for the ana-

lyte elements in the inclusion:

1. If only the metallic matrix without inclusions is hit, the intensity depending on
the analyte content in the metallic matrix is obtained.

2. The analyte intensity is usually significantly higher when the spark attacks
at the edge between inclusion and metal. The reason for this lies in the
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fact that the analyte concentration in the inclusion is always high. It can be
easily calculated from the molecular formula of the inclusions. The Al content
of Al,03 is 53 mass percent, while the aluminum concentration in steel is
usually less than 0.1% (there are, however, steel alloys with aluminum con-
centrations in the percent range to improve behavior at high temperatures).

The intensities of the lines from the matrix elements (i.e., the signals from
iron lines in steels) behave in an opposite manner. Their signal is reduced
when an inclusion is hit. It is also possible to make conclusions about the
composition of the inclusion: If, during a single spark, there is a high alumi-
num intensity with simultaneous high oxygen signal, it is an indication that
an aluminum oxygen compound was hit. The experience practitioner knows what
compounds may occur in the materials analyzed. Chapter 6 deals extensively with the
possibilities and limitations of single spark analysis for compact metal samples.

Single spark detection also plays a role in the examination of oils with the ro-
trode technique. The determination of the number and size of metal particles is of
interest here. Two types of information can be gained from this:

— It is possible to deduct from which component wear particles originate from
the element combination of simultaneous signals. Particles that are large or
numerous may indicate a defect. Maintenance may prevent downtime or mal-
function of the system.

— Even when contamination of the lubricant is within normal limits, an oil
change may be necessary when a maximum limit is reached. For large ma-
chines, e.g., marine diesel engines, this can be a cost-intensive measure
that is only performed when it is really required.

Time-Resolved Integration

It was already mentioned in Section 3.2.2.1 that it may be convenient to integrate

only parts of the spark for use in calculating the analyte content:

— Background is caused by bremsstrahlung during the current conducting
phase of the spark. This phase is often suppressed to increase the detection
sensitivity.

— Atom and ion lines arise during the current conducting part of the spark. After
the end of the current flow, in the so-called “afterglow,” the ion lines disappeatr.
The background radiation is also greatly reduced. The remaining atom lines,
while comparatively faint, can be measured with only a few interferences.

— The risk of radiation absorption by a layer of cold atoms increases with the du-
ration of the single spark while the collision broadening decreases.
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It may be useful to optimize the measurement for individual analyte lines by select-
ing a fitting section of the spark. In this way, it is possible to improve the detection
sensitivity, linearity, scattering, and usable concentration range of the calibration
curve or to reduce line interferences. However, an advantageous result is not al-
ways obtained compared to integration of the entire spark, because the process of
splitting the single spark intensities introduces an additional source of error. The
hardware required for integration of partial sparks is discussed in Section 3.7.

3.2.3 The laser as an excitation source

Efforts to use the laser as a source of excitation is almost as old as the laser itself and
was first realized in 1960. After 1963, there were many publications. Horst Moenke and
Lieselotte Moenke-Blankenburg published a textbook for laser micro-emission spectral
analysis in 1966 [30]. The laser as an excitation source for atomic spectroscopy is dis-
cussed in depth in the textbook Analytical Emission Spectroscopy by Jozsef Mika and
Tibor T6rok [31] from 1973. The acronym “LIBS,” an abbreviation for laser-induced
breakdown spectroscopy, has become accepted as the term for the technique in which
the laser is used as the excitation source for ablation, ionization and excitation.

3.2.3.1 Basic operation of a solid-state laser
In connection with arc excitation, it was determined that the atoms are brought into
an excited state (one of the levels above the ground state in Figure 3.14) through the
introduction of energy, collisions or radiation. Normally, the atom falls to an energet-
ically lower level within a very short time of about 1078-107" s after the excitation;
a photon is emitted (see Chapter 2 of this book). As already shown in eq. (3.2), the
wavelength £ of the photon is (h x c)/AE, whereby AE is the difference between initial
and final energy levels. However, there are excited states that have a longer lifetime,
so-called metastable states. Metastable states remain unchanged as long as there is
no interaction of the excited atoms with other particles (see Section 2.6.3). But be-
cause these interactions always occur, e.g., due to collisions, the atoms also leave
these states after times that are significantly longer, e.g., in the millisecond range.

Assume that an atom is in an excited state, below which there is a lower energy
level with a difference of E. If a photon with the wavelength £, for which £ = (h x ¢)/E
applies, encounters the excited atom, the return of the atom to the lower level is trig-
gered and a second photon with exactly the same radiation direction, wavelength
and phase position is emitted. This way of emitting a photon is called “stimulated
emission.” Both photons can now cause the emission of additional photons in the
same way and so on. A laser beam that is very easy to focus is formed.

The portrayal above is, in one way, too simplified: Usually, so-called “solid-
state lasers” are used for excitation purposes. The active medium of the laser is
a crystal doped with impurities. In these, the energy levels are not as sharply
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defined as Figure 3.14 suggests; rather, the energies can vary in so-called “bands.”
Here bands refer to wide ranges around the drawn energy levels.

To trigger laser radiation, there must be enough atoms in an excited state. If the
energy transition from Ep;gn to Eroy is intended, there must even be a very large
number of atoms in the state Ey;gn. Conversely, only very few atoms may be found
in the state E;ow, otherwise the stimulated radiation would be absorbed by the
atoms that would then be found in the state Ep;gn. For this reason, it is usually unfa-
vorable to choose the ground state for E;,, (baseline in Figure 3.14). The atoms are
raised to a higher-energy level by so-called “pumping.” Pumping can be caused by
irradiation with an external source, e.g., a flash lamp, or with a laser diode. It is
sufficient when pumping brings atoms in the laser rod to an energetically higher-
level Epymp, which lies above Egign. This can be a broad energy band. Eyiepn is
reached from Ep,mp by releasing energy to the crystal. The left side of Figure 3.27a
shows the energy transitions for a laser where E;,, is the ground state. This scheme
is called the “three-level-system” because the three levels Epymp, Enign and Ep o are
represented, whereby E;,, is identical with the ground state. This scheme applies
to the ruby laser. A four-level system where E;,, is energetically above the ground
state is shown in Figure 3.27b. This system is used by the Nd:YAG laser that is fre-
quently used as an LIBS excitation source. The fiber laser is another type of solid-
state laser that has recently become popular especially for handheld instruments.
The way in which is works is explained in Section 3.2.3.3.

Epump Epump
A A
Fast transit Fast transit
Y Y
Ehigh Ehigh
. .. Laser radiation
Pump radiation Pump radiation| |~}
------------- > e Y E
Laser radiation low
Fast transit
Y Y
Elow
Ground state Ground state

@ (b)

Figure 3.27: Energy transitions in the laser.

Figure 3.28 shows the basic construction of a solid-state laser. The laser crystal is
a cylindrical rod that is partially silvered on the front side and fully mirrored on the
back. Parallel to the laser rod is a flash lamp, whose radiation is focused onto the
laser crystal by a parabolic cylindrical mirror. The process of creating a laser pulse
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Figure 3.28: Basic structure of a solid-state laser.

starts by switching on the flash lamp: The energy of the flash lamp raises atoms in
the laser crystal to a higher, metastable energy level. They usually remain in this
state for a duration in the millisecond range. Externally supplied photons with an
energy of Epien — Epow Or photons with the same energy emitted by the interaction
of metastable atoms with other crystal atoms can collide with other excited atoms
in metastable states. These are stimulated in this way to release energy and strike
other atoms in an excited state, which in turn are triggered to stimulated emission.
Laser radiation with photons of the same direction, phase position and frequency is
created. The mirrored surfaces on both ends of the laser ensure that only a portion
of the radiation exits through the front side. The reflected rays return to the crystal
and can induce metastable excited atoms to emission. On the back side of the crys-
tal, they are again reflected into the direction of the front side together with the
emission they stimulated. When the wave properties of the generated radiation are
observed, it is possible to consider the optical path 1o separated by the mirrored
surfaces as a resonator, between which a standing wave forms. The optical segment
is obtained by multiplying the geometric gap with the refractive index of the crystal.
If the amplitude of the radiation at the mirrors is 0, there is a resonance. It then
follows that for this kind of resonance 2 * 15 must be a multiple of the wavelength,
when remaining by the wave view of the photons, the standing waves overlap and
radiation with a high total amplitude is produced.

3.2.3.2 Lasers with quality switches

The design according to Figure 3.28 has a major disadvantage for laser spectroscopy:
The energy is generally not high enough to ignite a plasma. According to Cremers
and Radziemski [32], a power density with a magnitude from 108 to 10'>-W cm™ is
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required. The laser output must be increased in order to exceed the indicated power
density threshold. For a given pulse energy, this can be accomplished by increasing
the speed of the pulse energy. If, for the same pulse energy (which is measured in
Joule, i.e., Watt x seconds), it is possible to shorten the pulse duration by a factor n,
then the power is increased by the factor n. According to Kneubiihl and Sigrist [27]
(p. 364), it is possible to generate peak powers of 10 kW with flash lamp pumped la-
sers of the type described above. The pulse duration is 1-5 ms, which corresponds to
the length of the pump lamp pulse. To achieve shorter laser pulses, the design was
therefore modified in the way shown in Figure 3.29.

Flashlight
Plane mirror

SP ’ ¢Pump radiation ¢

\U \& Laser crystal lo

Electro- optlcal
switch S

Laser radiation

Partially mirrored

Parabolic cylinder mirror

Figure 3.29: Q-switched laser.

There is an electro-optical switch S, for example a Pockels cell, behind the laser
rod, and behind this is a front surface mirror Sp. Generation of the shortened laser
pulse proceeds as follows: The flash lamp pulse pumps the atoms in the laser crys-
tal into the energy band Epump, by giving up energy to the crystal, their energies fall
to Enign. They remain at this energy level because this state is metastable. The opti-
cal switch S does not allow any radiation to pass through. Rather, the radiation
emitted from the laser rod is absorbed in S. When viewing photons as particles, this
means that the photons exit the laser crystal without, as in Figure 3.28, remaining
in the crystal and being reflected back and forth and, thus, moving excited atoms to
stimulated emission. When viewing photons as waves, no resonance occurs since
this requires two mirrored surfaces. As long as S does not allow radiation to pass,
the pump radiation is only used to bring atoms to the state Ey;gp,. If the switch S is
abruptly switched to transmit, then the conditions become like those in Figure 3.28.
The only difference is that there are now many atoms in the state Egjgpn. These are
abruptly triggered to stimulate emission in a very short time period. Of course, the
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distance of the mirror Sp behind the optical switch must be correctly chosen. Once
again, 2 x 1o (path between the partially mirrored front side of the laser crystal and
the mirror Sp) must be a multiple of the laser wavelength. The so-generated laser
pulses have durations in the nanosecond range and achieve powers of up to 50 MW
[27] (p. 364). Pulses with this output can be easily focused to the 10° W *cm ™2, men-
tioned at the beginning of this section, as being required to generate a LIBS plasma.

3.2.3.3 Fiber laser

Solid-state lasers, by which the laser beam is generated with a doped crystal rod,
have been described in Sections 3.2.3.1 to 3.2.3.2. In recent years, however, another
type of solid-state laser has been gaining in importance, that is, the so-called “fiber
laser.” Fiber lasers were initially used for material processing, such as for engraving
or for cutting metal sheets. But, because of their numerous advantages, they are
being increasingly used for other purposes, e.g., LIBS applications.

The advantages of fiber lasers are as follows:
— High beam quality that enables the beam to be focused on a small surface
— Efficient conversion of the pump power into the laser power
— Long lifetime and reliability
— Compact design
— Resistant to misalignment

The fiber laser technology is constantly evolving, driven by mass markets such as
telecommunications. The fiber laser is characterized by the fact that the coherent
laser beam is generated within a fiber-optic cable. A flexible fiber optic takes over the
function of the crystal rod described in Sections 3.2.3.1 and 3.2.3.2. The fiber-optic
cable consists of an elongated cylindrical fiber core surrounded by a layer of
a medium, the cladding, which is also optically transparent. The cladding is optically
less dense than the fiber core, i.e., its refractive index is smaller than that of the core.
As a result, the radiation that enters the fiber optic within a defined range of angles
first exits it at the end of the fiber optic. When the radiation reaches the boundary
between the core and the cladding, total internal reflection occurs and the radiation
bounces back into the fiber-optic interior. The way in which fiber optics work is de-
scribed in Section 3.5.5.2. Figure 3.62 shows the path of the radiation through a fiber
optic. The total internal reflection makes it possible for the radiation to pass through
the fiber optic even when it is bent. The core and cladding of the fiber laser are made
of quartz glass, whereby the refractive increase of the core is achieved with the addi-
tion of aluminum [33]. Just like the crystal rod of an Nd:YAG laser, the core of the fiber
laser optic is doped with foreign atoms so that laser emission can occur. Erbium, thu-
lium and ytterbium were mentioned as possible doping elements by Dong and
Samson [34]. Simultaneous doping with erbium and ytterbium is also common accord-
ing to [34]. The fiber laser also has reflecting elements at both ends, of which at least
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one is partially transparent so that the generated laser beam can be released. The
cross section of the core must be selected so that it is small enough to ensure
a defined length of the optical light path 1, for the radiation traveling through the core
(see Section 3.2.3.1). As described there, 2 x 1, must correspond to a multiple of the
wavelength emitted by the laser. Le., it must be prevented that the radiation can travel
through the fiber both along a direct path parallel to the core axis as well as a zigzag
course with many total internal reflections. This is achieved by reducing the diameter
of the laser-active fiber core to an order of magnitude of 10 pm and less.

The fiber laser contains all the elements that can also be found in the diagram
of the solid-state laser in Figure 3.28. The configurations of these elements are,
however, different than those in the solid-state laser. Especially, the type and posi-
tion of the pump source and the design of the reflective surfaces on the ends of the
resonator are usually configured in a different way.

Coupling of the pump energy is carried out through one of the end faces of the
core. Laser diodes are suitable as pump sources. Unlike the Nd:YAG solid-state la-
sers presented in the previous section, only a relatively small area, namely the end
face of the fiber core, is available for energy coupling. This area has, as mentioned
above, a diameter that is only on the order of 10 pm. Although laser diodes generate
a high radiation density on a small surface, a fiber end face of 80 pm? limits the
pump power and, thus, the output power of the laser.

Various measures can be taken to avoid this limitation:
— Combination of the radiation from multiple laser diodes
— Cladding pumping using double clad fibers

A fiber-optic cable with n inputs and one output is necessary to combine the radiation
from n laser diodes. Each laser diode irradiates one input, the output in turn illumi-
nates the pump end of the laser fiber. Such fiber optics are known as “tapered fused
bundles” (TFBs). Figure 3.30 shows this principle for a Y-formed split fiber optic and
two pump diodes. Unfortunately, n cannot be increased infinitely because the require-
ments for the focusability of the laser diode radiation increase with increasing n.

LD1

/

LD2
Figure 3.30: 2:1 Tapered Fused Bundle.

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

3.2 Excitation generators =— 83

Another measure is suited to getting more pump energy into the fiber core: A three-phase
fiber structure is chosen. Instead of surrounding the laser fiber with just one cladding,
the first cladding C1 with a diameter of d, is surrounded by a second with a diameter of
dc,. The second cladding C2 is less dense than the first, i.e., it has an even smaller refrac-
tion index than the first. Thus, C1 and C2 form a second fiber-optic system with cladding
C1 as the core, in the larger end face of which more radiation can be coupled. Figure 3.31
shows the principle. The restriction that limits the diameter of the laser-active inner core
to 10 pm does not apply to Cl. C1 can have a diameter from several 100 to several
1,000 pm. There is a much larger surface available for coupling of the pump energy.

Core

Cladding C2
Cladding C1 Figure 3.31: Double Clad Fiber.

The problem here is that a concentric arrangement of core, C1 and C2 results
in a limited number of total internal reflections and, thus, “traversing” of the fiber
optic. The probability that a photon of the pump radiation strikes the core is low. To
increase the number of total internal reflections, the C1 cladding is given a different
shape; instead of being cylindrical, C1 can, for example, be hexagonal. Other outer
forms for C1 or a nonconcentric placement of the laser-active core within C1 lead to
comparable results. See Dong and Samson [34] (p. 90), for examples.

The C1 cladding has such a large cross-section that the energy from several
diode pump lasers can easily be injected through a TFB with inputs for each pump
diode and an output that is connected to the laser-active fiber. An informative in-
structive video from the company Nufern [35] reports that six pump diodes each
with 600 W can be combined. It is also noted that the requirements on the pump
diodes with respect to focusability are low, enabling cost-effective implementation.

In addition to the different pumping methods, it makes sense to use a different type
of reflective surface on the ends of the resonator than those illustrated in Figure 3.28. Of
course, the pump end of the fiber could be a mirror. However, this would have to be lim-
ited to the area of the core itself. The C1 cladding would have to remain nonreflective to
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enable unhindered coupling of the pump energy. Mirroring only the core requires exact
positioning of the mirror coating and carries the risk of thermal overload, because a high-
power density may occur here due to the small mirror surface.

These drawbacks can be avoided by using a so-called “fiber Bragg grating”
(FBG). In this case, the core is treated on the ends in such a way that there is
a periodic alternation of the refraction indices between two values ng; and ng,.
Of course, ng; and ng, must both be larger than the refractive index nc; of the C1
cladding to ensure the light guiding function. Figure 3.32 shows the result sche-
matically. The periodic alternation of the refractive index results in a grating that
works like a mirror for some wavelengths. The wavelength that is reflected can
be adjusted with suitable choice of the periodic interval of the FBG-layers (sketch
of layers see Figure 3.32). The grating structure is achieved by doping the fiber
core with germanium and exposing it to the interference pattern of two lasers.
Both lasers periodically generate a doubling and an extinction of the radiation
that result in the desired changes in the course of the fiber core at the positions
of intense irradiation. Section 3.5.3 in this book deals with gratings for spectrom-
etry, including their holographic production methods. An arrangement is shown
there that can be used for the exposure of grating blanks with lasers to generate
a grating structure. (see Figure 3.58). Picture the end of the fiber optic instead of
the grating blank in this image; this is the arrangement suitable for the genera-
tion of a fiber Bragg grating in the fiber core. A simplified, but intuitively easy to
understand illustration of the arrangement specifically for the exposure of laser
fibers can be found in Meschede [36], in Section 7.4.4.

Cladding C2

s

)

/ FBG
Core /
Figure 3.32: Fiber Bragg Grating (FBG) at the end of a laser

Cladding C1 fiber.

~

The ratio between the transmission and reflection of an FBG can also be controlled. It
is also possible to generate semitransparent reflecting elements that are only reflec-
tive for the desired laser wavelengths. Various possibilities for the implementation of
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FBGs in different fibers are listed on the Homepage of the company Femto Fiber Tec
GmbH [37]. There, it is also noted that there are procedures that function without ger-
manium doping of the fiber core.

Fiber lasers with quality switches

As already stated in Section 3.2.1.2, very short pulses of a maximum of a few nano-
seconds are desirable for LIBS applications. One step in this direction is to equip
the fiber laser with a quality switch. The design is somewhat more complicated
than for Nd: YAG lasers as pumping must take place over the end face of the fiber.
This complication can be solved by using a dichroic mirror as an additional compo-
nent. A dichroic mirror is characterized by the fact that it is transparent for certain
wavelength ranges but reflects radiation from other ranges.

The Q-switched fiber laser can, then, be built as sketched in Figure 3.33:

->\

Pump

Seed laser pulse radiation

/

M|rror Sp Laser fiber LF

Figure 3.33: Sketch of a fiber laser.

The pump diodes LD1 .. LDn irradiate the n fiber bundle TFB inlets where the radia-
tion for all n pump sources is brought together. After exiting the TFB, the pump radi-
ation hits a lens L, which focuses them onto the end face of the laser fiber LF. Then
it passes through the dichroic mirror DM, which is transparent for the pump radia-
tion, and hits the cladding C1. The pump process takes place in the core of the fiber
optic, as described on the previous pages, as long as the optical switch S remains
closed. If S is made transparent, multiple reflections occur between the mirror Sp
and the fiber Bragg grating and, thus, stimulated emission of the laser radiation can
exit the system through the semitransparent Bragg grating FBG. The laser radiation,
which has a significantly longer wavelength than the pump radiation is reflected by
the dichroic mirror DM and exits the system in this way.
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The switch S can be designed so that it can be placed between two partial fi-
bers. In this case, Sp can also be implemented as a Bragg grating resulting in
a mechanically compact and robust arrangement. More information can be found
in Dong and Samson [34] in the “High Power Isolators” section of Chapter 6.

Acousto-optical modulators (AOM) can also take over the function of the optical
switch S. Such AOMs are based on the following principle (see Figure 3.34):

(@) HF off HFG

O

N

Figure 3.34: Principle of an Acousto-Optical Modulator (AOM).

A crystal K is coupled with a piezo element P that is connected to a high-frequency
generator HF. When the high-frequency is switched off, radiation passes through the
crystal virtually unhindered (Figure 3.34a). There is only a slight parallel shift because
the crystal now acts as a refractor. Refractors are discussed in Section 3.5.5.4 of this
book, and the path of radiation through a refractor is shown in Figure 3.66. The high-
frequency generator (HFG in Figure 3.34) can generate vibrations with frequencies on
the order of 10 MHz up to the GHz range. The piezo elements cause mechanical vibra-
tions in the crystal. This leads to periodic compression V in the crystal, which in-
creases the refractive index in the compressed areas. This creates a structure similar to
that of a fiber Bragg grating. The radiation is diffracted at this structure and takes
a different path than when the high-frequency is switched off.

Master Oscillator Power Amplifier (MOPA) laser systems
MOPA laser systems consist of two components:

1. alow-power excitation laser (seed laser) and

2. apower amplifier.

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

3.2 Excitation generators =— 87

The radiation from a seed laser is optically increased by a power amplifier. The
seed laser can be a Q-switched solid state or fiber laser. This laser does not need
high power and can thus be optimized for other parameters, e.g., high beam qual-
ity. A laser fiber with a doped core, which we know from fiber lasers, is used as the
power amplifier. It is pumped by laser diodes that are fed into the amplifier laser
fiber through a tapered fused bundle. The amplification process is now triggered by
injecting laser radiation from the seed laser into the core of the amplifier fiber. This
can be done in a similar way to that shown in Figure 3.33. A dichroic mirror trans-
mits the pump radiation and directs the longer wavelength radiation from the seed
laser at a right angle toward the amplifier fiber core. Here, stimulated emission of
the excited atoms occurs abruptly as soon as the seed laser emits a radiation pulse.

The duration of the pulses from MOPA lasers can be varied in a range of from
several hundred nanoseconds down to a few nanoseconds. Particularly short pulses
are frequently desirable for LIBS applications.

3.2.3.4 Ablation and excitation using a laser with a quality switch
The LIBS plasma develops as sketched in Figure 3.35:

Y

Figure 3.35: Development of an LIBS-plasma.

At the beginning of the pulse, the radiation acts on a small portion of the sample sur-
face F on which the laser beam (dotted vertical arrow) was focused (Figure 3.35a).
Immediately afterward, the material begins to vaporize (Figure 3.35b). After a very
short time, a plasma that initially emits only thermal radiation (short dotted ar-
rows) forms. After a few nanoseconds, radiation from the elements ablated from
the sample is also emitted (solid arrows). The laser radiation input lasts until the
end of the pulse (between c and d). The pulse duration is on the order of 10 ns.
The plasma expands between ignition and the end of the pulse. When the pulse
ends, the plasma expands further at first and the emission of spectral lines also
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continues. However, it becomes ever colder. The emitted radiation weakens
steadily (Figure 3.35d), until it finally goes out completely. The ion line radiation
disappears very quickly after the laser pulse, but the atom lines first completely
subside after several microseconds. Finally, the temperature falls below the melt-
ing point of the ablated material; condensate particles form that, because of the
plasma expansion, move away from the location of the plasma from which they
originated (Figure 3.35e).

Figure 3.36 shows the spectra of the radiation generated during the different
phases of a single pulse. Immediately after plasma ignition, almost exclusively con-
tinuum radiation is emitted (Figure 3.36a). In the following, approximately 500 ns,
the spectral lines of the analytes, which are at first very intense but also strongly
broadened, develop (Figure 3.36b). The causes of this broadening have already been
discussed in the context of spark discharge (see Section 3.2.2.1 and Figure 3.19).

g T AT

Intensity
Intensity

(a) Wavelength (b) Wavelength

Intensity

_/\_/LM_

(0) Wavelength

Figure 3.36: Spectra during development of a LIBS-plasma.

However, it is much more pronounced in LIBS plasmas. The line width decreases in
the course of the next microseconds, but the intensities also decrease (Figure 3.36¢)
and finally disappear altogether.

In the report “Development of techniques for the production of glassy stan-
dard material for the analysis of slags by spectroscopic methods” [38], there are
example spectra on pages 28 and 29 that were recorded in seven steps each with
an integration duration of 0.5 pus between 0 and 3.5 ps after the laser pulse. If the
spectrum from the first 0.5 ps is compared with that from the time between 1.5 to
2 ps, it can be seen immediately after the laser pulse that the laser pulse lines can
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take on a width of 2 nm. For an integration beginning at 1.5 ps, the lines are much
narrower. Their widths are reduced to fractions of a nanometer, but they are also
less intense. In the time window between 3 and 3.5 ps, no lines are visible. The
further the starting point of the integration is after the end of the pulse, the lower
is the background. However, the effective radiation also decreases. The intensities
for the analyte lines are significantly higher when an argon atmosphere is used.
The effective intensities can increase by a factor of five or more. The disturbing
band spectra from the ambient air are also avoided. Wong, Bolshakov and Russo
[39] name the high achievable plasma temperature, the easier plasma ignition
compared to air and a comparatively higher electron density as the reasons for the
intense spectra in an argon atmosphere. A further increase in intensities can be
achieved by utilizing multiple pulses. The first pulse is used for material ablation.
Once its continuum radiation has subsided, additional pulses can be used for fur-
ther excitation of the generated plasma. This can be accomplished with flash
lamp pumping, which were described above, without additional hardware. If the
pump pulse has a length of, for example, 200 ps, then the ablation pulse can be
enabled by opening the switch S in Figure 3.29 after e.g., 70 ps. It is closed again
immediately after this first pulse and the pump process starts again. Additional
laser pulses are possible in the period between several microseconds after the first
pulse and the end of the pump pulse.

A comprehensive representation of the multiple pulse technique together with
numerous other subjects concerning LIBS can be found in Noll [40]. The monograph
from Cremers and Radziemski [32] provides a wide range of information about LIBS.

For very simple applications, the data gained from a single laser pulse supplies
sufficient information about the test piece. Usually, however, the procedures de-
scribed above are cyclically repeated over a measuring time in the seconds range to
increase the overall signal and, with the sum of numerous pulses, to obtain a more
statistically secured total spectrum. Depending on the design of the system, the
pulse repetition rate can be in a range from just a few hertz to 10 kHz.

The advantage of the LIBS method over spark is that it is possible to control
exactly where ablation of the material is to occur on the sample. This is also possi-
ble when there is a larger distance between the laser and the sample. This advan-
tage is useful in several respects:

— Only a small part of the sample surface needs to be prepared
— The sample preparation can also be done with laser pulses
— Analysis can be done from a distance of several meters

Simplification of the sample preparation usually also means a shorter time until the

analysis is available. Even small time savings bring significant cost savings in the
steel producing process.
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The EU study “Fast analysis of production control samples without prepara-
tion” [41] was performed in the light of this. Four different LIBS systems in combi-
nation with various types of sample preparation were examined.

— The first LIBS system was equipped for triple pulses generated by two laser systems.
Here, the rolling skin is removed from the surface with the first pulse. The following
pulses then strike the metal in the sample interior. The system is targeted for various
process steps in steel production. An accelerated analysis of pig iron was also inves-
tigated. Sampling was optimized to obtain as thin a scale layer as possible.

— The second system was designed to analyze pin samples with a diameter of
9 mm. Pin samples can be prepared by cutting through them and using the end
faces for analysis. This type of sample preparation, developed by the Institut de
Recherche de la Sidérurgie (IRSID, French Research Insititute of Siderurgy), is
faster than conventional milling or grinding.

— Unprepared and conventionally ground steel and pig iron samples were to be
analyzed with a third system.

— The fourth system was designed for application areas different from those mentioned
above. It was intended for sorting control from distances on the order of 40 m.

All four LIBS instruments operated with Nd:YAG lasers with pulse energies of sev-
eral 100 mJ with pulse frequencies between 10 and 20 Hz.

To discover how the analytical performance of these LIBS systems is compared
to spark-OES, they were calibrated with conventionally ground standards and ex-
amined with regard to the achievable detection limits.

It showed, that, similar to spark-OES, many laser pulses are needed to get the
required reproducibility. Furthermore, it is necessary to move the sample with re-
spect to the laser beam, to increase the treated sample surface (see Figure 3.37).
Neglecting this action leads to steep, deep craters, shadowing the emitted radiation
and reducing signal intensities.

The best detection limits achieved for carbon were 8 ppm, for Si 22 ppm, for Mn
10 ppm, for Cr 26 ppm and for Mo 3 ppm (for details, see [41], p. 69). The detection
sensitivities for the first three instruments were quite close to each other. However,
the detection limits mentioned here are all worse than those achievable with spark
spectrometry (see Table 5.1); still they should be sufficient in many cases.

Sample preparation with high-energy laser pulses has a negative impact on the
sensitivity; the detection limits worsened for all elements except carbon by an aver-
age factor of about 3. This worsening was found for both low alloy steel ([41], p. 48)
and cast iron ([41], p. 50 et seq.). However, in practice, there are applications for
which the achieved analytical performance is sufficient. The determination of C in
pig iron was problematic. This is due to the fact that carbon is present in the samples
partly as graphite and partly as cementite. This problem also occurs for the analysis
with spark OES as described in Section 5.1.2 in this book.
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Figure 3.37: Steel sample with laser burn spots.

The IRSID pin sample method proved to be powerful and feasible. The attempts
at grade identification from a larger distance with the fourth laser system tested
were also positive. The transition zone between two grades in continuous casting,
for example, could be monitored with such a system.

The above-mentioned EU study “Development of techniques for the production of
glassy standard material for the analysis of slags by spectroscopic methods” [38] was also
instigated to shorten the time required for the analysis. According to the state of the art,
the slag sample, e.g., taken with a ladle, is ground up and then either pressed to a tablet
together with a binder or fused with a flux to a glassy bead. The sample prepared in this
way is then analyzed with X-ray fluorescence instruments. The elements of special inter-
est in slags are: Si, Ca, Fe, Ti, Al, P, S, Mg, Mn, V, Cr, Na and K. These elements are usually
present as oxides. Direct analysis of slags with LIBS could shorten the time to analysis.
Figure 3.38 shows a slag sample with laser impacts. Since LIBS, like spark spectrometry,
is a comparative measurement method, calibration samples are required to create meth-
ods. The production and examination of such samples was a key objective of this project.
The production of samples with adequate homogeneity and stability was successful,
which could be verified with X-ray fluorescence (XRF) analysis. The XRF analyses of
these samples conducted by five laboratories showed good agreement. The same samples
were analyzed by four different laboratories with LIBS. Here, the spread between the lab-
oratories was significantly higher. Also the variation coefficients within the series, which
were between 0.1 and 1% with X-ray fluorescence instruments, were considerably higher
for the LIBS measurements — frequently in the range between 1 and 10%.

The investigated slags were glassy solidified, partially transparent specimens.
The laser beam penetrates deeper here compared to metallic materials. The energy
introduced not only leads to the formation of the plasma but also to the ablation of
vitreous particles.
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Figure 3.38: Slag sample with laser impacts.
Printed with the friendly permission of Rubikon
Verlag Rolf Kickuth, Bammentaler Strafle 6-8,
69251 Gaiberg, Germany.

The study shows that direct LIBS analysis of slag samples is possible. Further
development is, however, required in order to approach the performance of XRF
instruments.

3.2.3.5 Commercially available LIBS systems
The devices on the market today (2018) usually fall into one of the following two
categories:

— Handheld instruments that are used mainly for the sorting of light metals. Such
instruments usually operate with lasers with small pulse energies and pulse
repetition rates in the kilohertz range. They are good supplementary devices to
handheld X-ray instruments by which the determination of light elements is
problematic. A detailed description of handheld laser instruments can be found
in Section 7.1.4. Recently, such handheld systems are also offered for other
metal bases, for example, for steels.

— Spectrometer systems permanently installed in recycling plants for the identifica-
tion of smaller metal pieces, e.g., for the sorting of shredder scrap. In a typical
scenario, the parts are transported on a conveyer belt above which a portal with
the laser spectrometer is mounted. The system captures every piece of metal and
shoots it with a laser pulse, which is, when necessary, preceded by a pulse to
clean the surface. The spectrum is recorded by an optical system and evaluated;
the analytical requirements are not very high. Frequently, it is enough to deter-
mine the base metal and make a rough grade identification. For the aluminum in-
dustry, for example, shredder scraps have to be separated in the main alloy
groups (see Section 7.1.4 and Table 7.1). Some distinctions within the main groups
can also be made if there are large differences in the concentrations. In this way,
the alloys which contain lithium, can be distinguished from the lithium-free alloys
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as either lithium is present in the percent range or only traces of the element are
contained. If the scrap pieces are arranged one after the other on the conveyor
belt, they can be blown into containers with compressed air after identification.
The containers then contain sorted material fractions.

Werheit, Fricke-Begemann, Gesing and Noll described a system for sorting alumi-
num shredder scrap that operates with pulse rates of 40 flashes per second [42].
The pulses are generated by a Nd:YAG laser. The double pulse technique described
above is used. The energy of each double pulse is 200 m]. The system targets pieces
within a measuring volume of 600 x 600 x 100 mm> and moving with a belt speed
of three meters per second. It can separate the goods to be sorted in eight fractions
with a correctness of over 95%.

Similar equipment for aluminum scrap recycling is offered by SECOPTA in Teltow
near Berlin. Figure 3.39 shows the arrangement of the system. This system was dis-
cussed at the 141™ session of the Chemikerausschuss (Chemistry Committee) [43].

Pre-ablation laser

LIBS laser

Distance
sensor

Figure 3.39: High-speed measurement principle for metal scrap sorting by LIBS, with friendly
permission of Secopta analytics GmbH, Rheinstrasse 15 B, 14513 Teltow, Germany.

The system’s task is to sort irregularly shaped metal pieces depending on their Si, Cu,
Zn, Mg and Mn contents. A conveyor belt, on which the pieces are found, moves in
Figure 3.39 from right to left with a speed of up to several meters per second. The
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pieces first pass the distance sensor labeled in Figure 3.39. The laser systems are cor-
rectly focused based on the distance measured. The focal point can vary by up to
140 mm here. When the targeted point on the sample is under the pre-ablation laser,
it emits one or more pulses that clean the sample surface, whereby the several micro-
meters of surface is ablated. Shortly thereafter, the cleaned sample surface is below
the analytical laser and analytical pulses are emitted onto the pre-cleaned spot. The
LIBS radiation is dispersed and recorded by an optical system and then evaluated.
Complete spectra that are processed with multivariate methods are recorded. The la-
sers used are fast; they achieve pulse frequencies of more than a kilohertz.

Figure 3.40 shows the pre-ablation pulse on the right side and the analytical pulse
on the left. The result of the analysis determines how the metal piece is further proc-
essed. It can, for example, be blown into a container with a blast of compressed air.

Figure 3.40: Photograph of pre-ablation (right) and LIBS plasma used for the analysis (left), with
friendly permission of Secopta analytics GmbH, Rheinstrasse 15 B, 14513 Teltow, Germany.

3.3 Arc and spark spectrometer sample stands

The term “sample stand” refers to the part of the spectrometer system where the
plasma is generated.
The sample stand must fulfill the following general requirements:
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— It must be possible to position the sample simply, quickly and with minimal
risk of error on the sample stand, but, above all, the size of the gap, i.e., the
distance between the electrodes, must be reproduced as accurately as possible.

— It is necessary to make the radiation generated in the gap available to the optical
system. The optics can be in the direct light path. They are, then, only separated
from the sample stand by a window and/or a lens. Alternatively, the radiation is
transmitted, using windows and lenses, into a fiber optic that transports the radia-
tion to the optic. Sample stands frequently enable a combination where one optic is
in the direct light path and additional optical systems are connected via fiber optics.

— The windows and lenses for transmission of the radiation must be positioned
so that the condensate that is formed during the spark does not, as far as possi-
ble, settle on them. This can be achieved with a sufficient distance from the
plasma, or if available, through suitable direction of the operating gas flow.

— When using an operating gas flush, the interior of the sample stand should be
designed so that the protective gas flow removes the residues formed during the
measurement as completely as possible from the interior of the sample stand.

— Maintenance and cleaning work should be simple and error-tolerant and it
should be able to be conducted quickly with a minimum on tools.

— When argon is used as the operating gas, the spark stand should be highly gas-
tight, as contamination of the argon in even the ppm range can seriously disturb
the excitation process.

3.3.1 Spark stands

The sample stand of a spark emission spectrometer is referred to as a spark stand.
Figure 3.41 shows a cross section of such a spark stand. The sample S is placed on the
spark stand plate P, in which there is an opening H. The sample is pressed onto P by
a sample clamp N, thus ensuring a gas-tight seal and a reproducible electrode gap.

Figure 3.41: Cross-section of a modern spark
stand.
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The spark stand plate is fastened onto the spark stand housing K, on the bottom of
which an insulating body I and, in its center, the electrode holder EH is found. EH holds
the electrode E. E is pre-loaded with a spring and is fixed in place with a locking screw
Sc. The electrode gap is set by loosening Sc, placing a distance gauge, which protrudes
through the spark stand opening H, onto P, allowing the spring to work to adjust the
electrode and then tightening Sc again. Such a distance gauge (labeled Sp) can be seen
in Figure 3.42. These distance gauges are also known as spacers.

—tdSL

Figure 3.42: Spacer, V-gauge and gas-tight bell. Printed with the friendly permission of SPECTRO
Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

The radiation generated is made available to the spectrometer optics either directly
(through the left window W) or by transmission (through the right window W) through
a fiberoptic LL. The spark stand opening H is beveled on the bottom (indicated by dot-
ted lines in Figure 3.41) to prevent undesirable shading of the radiation generated near
the sample surface. In this way, the fiber optic can view the entire plasma. While the
fiber optic transmits only radiation above 185 nm, even shorter wavelength radiation
enters the spectrometer via direct light path. In the wavelength range below 200 nm,
radiation generated in the cathode drop area directly below the sample surface leads
to an increased background signal and limits the detection sensitivity. An adjustable
diaphragm B prevents this background radiation from entering the optic. Often, it is
useful to measure partially with and partially without the shutter, because using the
diaphragm can limit the repeatability and increase scattering in the calibration func-
tions. For this reason, B is frequently designed to be switchable; the diaphragm can be
moved out of the light path. The diaphragm does not necessarily have to be located
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inside the spark stand. It may be found in other places along the light path, for exam-
ple, inside the optical system.

The argon stream is usually directed from the windows W into the spark stand
where it then flows through in the direction of the argon outlet A. This type of argon flow
protects the windows from contamination and removes the metal condensate generated
by the spark. This is not completely achievable. A portion settles on the underside of the
spark stand plate or in the interior of the spark stand. This is why there is a glass, boron
nitride or mica insert G on the insulator K. It often has the shape of a pot to take up the
condensate not transported by the argon and to increase the electrical leakage path. This
prevents a high-resistance short circuit of the ignition pulse. The levels of oxygen, mois-
ture and hydrocarbons in the argon must not be significantly higher in the gap as in
the container from which the argon comes. Therefore, every window W as well as
the spark stand plate is sealed against the spark stand housing with O-rings.

If small parts that do not completely cover the spark stand opening are to be
measured, they can be covered with a gas-tight adapter. Such an adapter (a gas-
tight bell), labeled with G, is shown in Figure 3.42. The plunger at the top ensures
that current flows through the piece to be analyzed. A wire adapter can also be
seen (Figure 3.42, D) along with a copper block that is placed on foils to be analyzed
to ensure planar placement and heat dissipation. There is a V-shaped gauge
(Figure 3.42, V) on the plate to facilitate positioning of the adapters. There is also
a screw (Figure 3.42, S) with which the bell, copper block or wire adapter can be
fixed. The screw replaces the sample clamp, which would otherwise be used. The
sample holder can be folded out of the way for small part analysis.

Spectrometer systems are usually intended for the analysis of alloys of different
metal bases. It can happen that one of the base metals is to be determined as a trace
element in another base. If such a trace element is to be determined after previously
measuring samples that contain this element as the main element, contamination by
the condensate in the spark stand may hinder trace element analysis.

The following measures can be taken against this:

— The entire spark stand can be designed so that it is exchangeable. This method
has the disadvantage that moisture usually adheres to the surfaces of the newly
mounted spark stand even when stored under dry conditions. There is also air in
the inevitable dead volumes that hinder the discharge and, above all, the al-
ready-critical analysis of oxygen and nitrogen. The spark stand could be stored
in an argon atmosphere, but this would be an additional effort.

— It is usually more practical to change only the spark stand plate, electrode and
spark stand inserts. There is then no air containing dead space. Storage in
a desiccator is recommended to avoid moisture adherence. The electrode cleaning
brush should be used for a single metal base, because condensate particles from
the brush could get on the electrode tip when cleaning the electrode.
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Contamination can also occur if the sample is moved over the surface of the spark
stand plate when being positioned. For this reason, it should also be cleaned regu-
larly if there is a risk of contamination. This is the case when, for example, carbon
steel is to be measured after the analysis of high-alloy steels. Figure 3.3 shows ex-
amples of the spark stands from modern laboratory spectrometers.

An interesting spark stand variation is described in the German patent appli-
cation DE102009018253 Al [44]. Here, the spark stand has two electrodes that al-
ternately spark the sample. This can greatly reduce the measuring time. One
might think that the same effect could be achieved by increasing the spark repe-
tition frequency, but this is not the case. When the frequency is increased, the
locations on the sample that are directly opposite the electrode tip are exces-
sively heated. The temperature increase influences the analytical performance,
particularly the reproducibility. The solution described in this invention [44]
does not have this disadvantage, as the energy of the sparks is distributed over
twice the area.

The geometry of the spark stand chamber and the level of the gas flow determine
how well the condensate produced by sparking is transported out of the spark stand.
High gas flows lead to higher costs and are, therefore, undesirable. A laminar argon
stream, with as little swirling as possible, has proven itself to be advantageous for keep-
ing the spark stand chamber free of condensate. Spark stands constructed favorably in
this respect are described in the European patent specification EP2612133 B1 [45].

3.3.2 Sample stands for arc instruments

Currently (2018), the electrical arc is used as an excitation source only in mobile
spectrometers in significant quantities. The sample stand for mobile spectrometers
is usually constructed so that the electrode holder, radiation output and exhaust
are used for both arc and spark operation. Switching between arc and spark modes
is performed by connecting the appropriate adapter. Figure 3.44 shows a probe
head without an adapter to the left. The same probe with the spark adapter is
shown in the middle. It can be seen with the arc adapter on the right. Probes for
mobile spectrometers are discussed in detail in Section 7.2.

Arc and spark stands differ in the following aspects:

— The requirements for gas-tightness are lower for arc than for spark stands that
operate with an argon atmosphere. The reduced requirements for arc also apply
when the arc is used with air from which CO, has been removed to enable the
analysis of carbon. Several 10 vpm carbon dioxide are unproblematic.

— In arc mode, the counter electrode becomes hotter than in spark mode. The
electrode holder must, therefore, be cooled. In most cases, passive cooling via
heatsink is not sufficient. Active ventilation of the electrode holder is especially
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necessary for mobile spectrometers. Because of size and weight limitations the
probe cannot be equipped with a high-volume heatsink.

The electrode degradation is larger in arc mode than in spark mode. Thus, read-
justing of the electrode gap must be quick and simple.

Contamination of the counter electrode is more persistent for arc mode than
spark, where it is only necessary to remove a little condensate dust from the tip
of the electrode. Therefore, a sturdy brush (as shown in Figure 3.43 above) is
required. The opening of the stand must be large enough to enable cleaning.
There is no removal of the condensate with a gas flow in arc mode. This applies
even when flushing with purified air. The flushing flow may only be low here
as higher flows lead to dispersion, i.e., there is a change in the position of the
plasma. Such dispersion must be avoided because the change in position may
vary from measurement to measurement. The contamination can be stronger
when there is an air tight seal between sample and spark stand opening. For
these reasons, it is necessary to regularly clean the arc sample stand. The con-
struction of the stand must enable fast and simple cleaning. If a proper clean-
ing is neglected, there can be a (high-resistance) short circuit between the
counter electrode (anode) and the spark stand housing (cathode, connected to
the sample). The risk of contamination of the window and lens facing the
plasma is greater in the arc mode. These surfaces also need to be quick and
easy to clean.

'_4

1 HCT.

Figure 3.43: Electrode brush for arc (top) and spark (bottom). Printed with the friendly permission
of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.
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(@ (b)

Figure 3.44: Probe without adapter (a), with spark adapter, (b) and with arc adapter (c). Printed with
the friendly permission of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

Figure 3.45: Basic structure of a rotrode sample stand.

3.3.3 Sample stands for the rotrode

While there is great similarity between spark and arc sample stands, the rotrode sample
stands have a completely different construction. Figure 3.45 shows the basic design.

A small container C holds approximately 2 ml of the liquid to be analyzed. The
container is placed on a platform P. P can be lowered by about a centimeter for
sample placement and is then brought into measuring position by pressing a lever.
In the measuring position, the rotrode R, a small wheel made of spectrally pure
graphite about 12 mm in diameter and 5 mm thick, is immersed in the liquid to be
measured. There is a sharpened counter electrode E usually 6 mm in diameter fas-
tened above the rotrode. It is also made of spectrally pure graphite. In most cases,
graphite material with a carbon content greater than 99.9995% (the sum of all im-
purities is less than five ppm) is used for rotrodes and electrodes.

The electrode holder H can be fastened in one of two vertical positions. The
electrode is placed into the holder in the lower position. Then it is raised into
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the desired gap distance with a lever. The rotrode rotates slowly before beginning
the measurement. The spark process can start when the section of the rotrode oppo-
site the counter electrode is wet. It is usually conducted with a rather low frequency
of around 100 Hz and lasts between 10 s and 1 min. Like with the analysis of metal
samples, there is a pre-spark before the measurement itself.

The following is required of a rotrode sample stand:

— The rotrode must be changed after every sample. This must be designed to be
as simple as possible.

— The counter electrode must also be removed after every sample. It can be sharp-
ened like a pencil and then be reused. When being reinserted, the tension on
the spring of the electrode clamp should be loosened without tools by pulling
on a knob so that the electrode can fall onto the rotrode surface. When the
knob is released, the spring fixes the counter electrode in place.

— The chamber B around the rotrode stand should be air-tight. A door is opened
to work on the stand. Sparking can only be started when the door is closed.
Encapsulation is necessary because gases that are hazardous can form during
the spark process. There is a connector A at the top of the chamber B to install
an extractor hood.

— The interior of the chamber should be made of a corrosion resistant, easy-to-
clean material, as contamination, e.g., through spillage of the liquids to be
analyzed or from residue fall out, is inevitable. The materials for the interior
should be fire resistant because generally flammable substances are analyzed.
Stainless steels have proven their effectiveness.

— The shaft W, on which the rotrode is attached, should also be made from a
corrosion resistant material. Preferably, a material that is not to be analyzed
should be used, e.g., silver. It may be sufficient to select acid-resistant stain-
less steel as the shaft material when only less aggressive materials are to be
analyzed.

Principally, the method is suited to the analysis of all elements. Carbon and compo-
nents in the ambient air are excluded. However, the detection sensitivity is limited
for the elements that have their most sensitive lines below 200 nm. Nadkarni [46]
reports 0.01 ppm as the detection limit for magnesium, while that for tin is
0.88 ppm using the less sensitive line of 317.5 nm. The more sensitive line for tin, at
189.98 nm is strongly absorbed by the atmosphere.

3.4 Operating gas systems
Excitation by arc and laser occasionally takes place in an air atmosphere. Even the

analysis of lubricants with the rotrode technique does not require an externally sup-
plied operating gas. In most other cases, however, the sample stand is flushed.
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3.4.1 Commercially available operating gases

By far, the most widely used auxiliary gas is argon. It is almost always used in con-
junction with spark and frequently when using laser as a source. That is why
Section 3.4 is concerned mainly with argon and argon-hydrogen mixtures. Purified
air is occasionally used as an operating gas in mobile spectrometers.

Table 3.2 displays the argon grades commonly used in spectrometry together
with maximum oxygen, water vapor, nitrogen and carbon contamination. In many
cases, the grade “argon for spectrometry” (argon 4.8), a variety with a maximum of
20 vpm total contamination, is sufficient. This grade can, however, contain up to
10 vpm nitrogen, which is problematic when this element is to be determined.
Nitrogen in steel must often be monitored at levels below 100 ppm, whereby it is nec-
essary to distinguish between nitrogen dissolved in the metallic matrix and nitrogen
bound to other elements. See for this, e.g., NiederstraBer [47] or Schriever [48]. What
is particularly disturbing is that every vpm nitrogen in the gas simulates an intensity
increase of around 20-50 ppm in the sample. The multiplier is dependent on the
spark parameters. In these cases, the use of argon 6.0, which has a maximum of
0.5 vpm nitrogen, is strongly recommended. This grade is, of course, much more ex-
pensive than argon 4.8. Argon 5.0 is the compromise to be considered, while it is
somewhat more expensive than argon 4.8, it contains only half as much nitrogen.

Table 3.2: Argon grades for spark spectroscopy.

Argon for  Ar5.0 Ar 6.0 Argon/Hydrogen mixture

spectroscopy (Ar 4.8) for spectroscopy
Argon (Vol.%) 99.998 99.999 99.9999 balance
H, (Vol.%) - - - 2-5%
Oxygen (vpm) 3 2 <0.5 2
Nitrogen (vpm) 10 5 <0.5-1* 10
Water vapor (vpm) 5 3 <0.5 3
Carbon compounds (vpm) <0.5 <0.2 <0.2 <0.5

*: Manufacturer specific

Sometimes, when the requirements are not too high, it is possible to achieve sur-
prisingly good results with welding argon. This is, however, not always the case.
Then, the burn spots are whitish due to diffuse discharges (see Section 3.2.2.3), and
there is too little and irregular ablation. The reason for the varying results is that
while the welding argon cylinders are often filled with the same grade of argon as
those filled with the grade “for spectrometry,” the preparations are, however
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different: Argon cylinders for spectrometer argon are evacuated before being filled;
thus, the resulting purity of the full welding argon cylinders depends on their
history.

Argon hydrogen mixtures consist of argon 4.8 and 2-5% hydrogen 5.0, i.e., hy-
drogen with a purity of 99.999%. In most cases, an addition of about 2% is chosen.
The hydrogen binds the residual oxygen content of the argon. This is advantageous
when small oxygen levels in the sample need to be determined, for example, dur-
ing analysis of electrolytic copper. Slickers ([24], p. 334) established that while
argon-hydrogen is beneficial for the analysis of alloys of iron, nickel and cobalt
bases, it can lead to diffuse discharges when larger amounts of B, Al, Mg, Zn and
Ti are present. Modern spectrometer systems are frequently designed for the deter-
mination of the alloys of several bases. Many spectrometer manufacturers use ex-
clusively argon as the operating gas so that users are not expected to purchase
different operating gases.

3.4.2 Argon supply forms and transport of the gas to the spectrometer

In Europe, operating gases are commercially available in cylinders with volumes of
2, 5,10, 20 or 50 L. Only the 50 L cylinders are suitable for laboratory spectrometers.
Mobile spectrometers, on the other hand, also use smaller containers, because the
total weight of the system is often important. The cylinders are delivered with
a filling pressure of 200 bar. The 50 L hottles are also available with a 300 bar filling
pressure, which corresponds to an argon quantity of about 15 m>.

In addition to single cylinders, it is also possible to get bottles in bundles. In
this case, there are usually 12 bottles connected in parallel. Here, 200 or 300 bar
filling pressures are available.

Using a bundle has the advantage that changing the container is required less fre-
quently, because this is associated with an interruption of the argon supply. This pro-
cedure can lead to leaks or the entry of nitrogen, moisture, oxygen and hydrocarbons.
Then it is necessary to introduce a flush phase to reinstate the analytical performance
of the system. In view of this, the use of a tank with liquid argon is a better choice.

The argon is delivered with a tanker truck and filled into a tank with a size be-
tween 200 and 10,000 L. These tanks resemble huge thermos flasks, in which the
temperature must be kept low to keep the argon in a liquid state. The necessary
cold arises from expansion of the gas removed. Figure 3.46 shows such a tank.

Liquid argon for spectrometry purposes is delivered in the varieties 5.0 and 6.0.
Technically, operation of spectrometers with liquid argon from a tank is advanta-
geous because the supply line never needs to be interrupted. However, this solution
is only economical when there is a certain minimum consumption.

The operating gas container is not usually located directly next to the instru-
ment, but even in this case, a supply line between the spectrometer and the argon

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

104 —— 3 Hardware for spark and arc spectrometers

Figure 3.46: Tank for liquid argon.
Printed with the friendly permission of
SPECTRO Analytical Instruments GmbH,
Boschstr. 10, 47533 Kleve, Germany.

container is required. Care is necessary for the conception and implementation of
this connection.

Stainless-steel tubing and those made of copper in accordance with DIN EN
13348 [49] are suitable.

The argon supply lines must be gas-tight, because where gas leaks out, ambient
air can enter the system. Once the supply lines have been installed, they must be
pressurized. There should be no significant fall in pressure. It is recommended to
leave the installation of the argon line to an experienced specialist. The gas suppli-
ers can generally help in finding the right company.

3.4.3 Argon purifying systems

If there is no sufficiently pure argon available or the cleanliness of the feed line is

questionable, then the argon should be purified right before the spectrometer. This

can be done in two different ways:

— The argon stream can be passed through cleaning cartridges in which water
vapor, oxygen and hydrocarbons are removed. Combined cartridges that remove
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all the mentioned impurities are also available. The oxygen is removed via chemi-
sorption, i.e., removed by a chemical reaction with a suitable reagent of chro-
mium, nickel, titanium or copper base. Moisture and hydrocarbons are normally
removed by passing the argon through a molecular sieve made of suitable zeolites
or through an active carbon filter. The impurities remain in the pores of the mo-
lecular sieve, the argon is allowed through. Molecular sieves of zeolites can be
regenerated by heating. Some of the reagents for oxygen removal can also be re-
cycled. This is usually done by flushing them with hydrogen at high temperatures
(several 100 °C).

It is often possible to easily distinguish between used and fresh cleaning
media. This is made possible by the transparent cartridge housing and the addi-
tion of suitable indicator substances.

The color change generated by the indicator makes it possible to estimate
how long the capacity of the cartridge will last. If the spectrometer system is to be
operated in the European Union, the restrictions applicable here for the use of
hexavalent chromium must be observed. These are set out in the so-called “ROHS
Directive” [50]. For this reason, some of the indicator reagents cannot be used.
Argon cleaning with passive cartridges leaves the nitrogen content in the argon
unchanged. If the nitrogen must also be removed, active purification systems
are available. Tried and tested systems are offered by the company Sircal
Instruments, for example. The argon is passed over titanium and copper re-
agents that are heated to 680 °C and 450 °C, respectively, during operation [51].

3.4.4 The spectrometer’s internal argon system

Argon is used for the following purposes in the spectrometer:

1.

Argon is flushed through the spark stand during the measurement. The func-
tions in the excitation process were discussed in detail in Section 3.2. It has
also already been explained that the argon stream transports the metal conden-
sate generated during sparking out of the spark stand. Typical argon flows dur-
ing measurement are about 2 liters per minute.

The argon stream is switched on up to three seconds before the measurement
begins to flush out any oxygen introduced into the spark stand when changing
the sample. The flow rates are usually the same as those used during the mea-
surement, but occasionally, a short strong burst of argon is triggered.

A reduced gas flow remains between the measurements. This keeps the light
paths in the spark stand transparent for radiation between 115 and 190 nm. In
this way, the instrument is also ready for operation even after a pause in spark-
ing. The flush rate usually is between 1 and 30 liters per hour.

Smaller laboratory spectrometers and the UV optics in mobile spectrometers are
often kept transparent with argon flushing. This gas flow is always switched on

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



106 —— 3 Hardware for spark and arc spectrometers

whenever the flushing gas flow described in point 3 is turned on. Occasionally,
the argon is first passed through the optic and then reused to flush the spark
stand. In this case, intermediate cleaning of the gas is recommended to at least
remove the moisture flushed out of the optic.

5. For reasons of cost, it is desirable to completely turn off the argon supply dur-
ing prolonged inactivity of the spectrometer, e.g., over the weekend. When the
argon is switched back on, however, the instrument must then be flushed for
a relatively long time (e.g., 30 min) with a higher flow rate. This reactivation
can be controlled with the software program so that the spectrometer is ready
to measure at the start of the workday.

6. Shutters to block the light paths and the switchable shutter mentioned in Section
3.3.1 are preferably operated with pneumatic cylinders for reasons of speed and
reliability. The argon present in the spectrometer is also utilized for this purpose.

7. Large spectrometer optics are often filled with argon. This argon is then con-
stantly recirculated by pumping in a closed system and is passed through
a purifying system like that described in Section 3.4.3.

It is technically safer and, due to the simpler installation, usually more economical
to realize the argon connections with holes drilled in a so-called “argon block”
instead of working with individual copper tubes.

Figure 3.47 shows such a block.

Figure 3.47: Argon block of a laboratory spectrometer. Printed with the friendly permission of
SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.
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3.4.5 Exhaust system

The argon that leaves the spark stand through the outlet cannot be directly released
into the ambient air because it contains condensate. This condensate consists of
particulate matter that is undesirable in the workplace. Figure 3.48 shows a possi-
ble design for a waste gas cleaning system. The waste gas hose S coming from the
spark stand is immersed in a wash bottle W. The wash bottle is filled to about
20 cm over the end of the hose with water. The argon flows out of the hose and
rises to the surface of the water. A portion of the condensate is washed out in this
way. Large gas bubbles are disadvantageous as they reduce the washing effect and
can cause pressure fluctuations in the spark stand. For this reason, there is
a perforated inset E at the end of the hose. The holes in this inset must not be too
small, otherwise there is a risk of clogging. The water in the wash bottle not only
removes condensate, but also prevents oxygen from entering the spark stand.
However, it is detrimental that moisture diffuses back into the hose. This influences
not only the discharge, it can also lead to clumping of the condensate and, thus,
clogging of the exhaust hose. The hose should, therefore, be cleaned in regular in-
tervals. It must be easily detachable from the spark stand to perform this cleaning
quickly and efficiently. The pre-cleaned argon then enters a filter housing G that
contains a filter cartridge F. The argon passes through the filter that consists of fi-
brous material. After this, the argon which is now fully free of condensate is either
released directly into the surrounding environment or connected to an exhaust sys-
tem. The latter is especially recommended if toxic materials are measured. In this
case, an extractor should be directly attached to the spark stand plate to prevent
condensate from exiting the spark stand opening. The filter cartridge must be re-
placed in regular intervals. It is important to be aware that the condensate con-
tained in it can spontaneously ignite. The condensate is very finely grained, which

lAr containing condensed particles

Ar without
— - particles
>

Figure 3.48: Exhaust gas cleaning system.
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leads to a large total surface area. Care must be taken especially when opening the
filter housing because in this moment, the filter is exposed to air.

3.5 Spectrometer optics

In the early years of spectrometry, spectral apparatuses equipped with prisms were
used as optical systems. Figure 3.49 shows the design of such a spectral apparatus in
a version that is suitable for photographic spectrum recording. It works as follows:

Figure 3.49: Principle of construction of a prism
Blue spectral apparatus.

The combined light emitted by the plasma passes through the optical system en-
trance slit ES that is located in the focal point of a collimator lens KO. The radiation
exits KO as a beam of parallel light. A prism system P breaks up the radiation more
or less depending on the wavelengths. There is then a beam of parallel light for
each wavelength that exits the prism system at a separate angle that depends on
the wavelength. Finally, a camera lens KM focuses the beams of light on the focal
curve. There sharp images of the entrance slit are displayed next to each other from
red to blue. Each image corresponds to a wavelength and, therefore, one of the en-
ergy transitions described in Figure 3.14 that can be assigned to a particular
element.

Recording of the spectra was done directly through observation with the eye or
by exposing a photographic plate PL, the light-sensitive side of which was placed
on the focal curve. From the brightness of suitable lines in the spectrum, it was
possible to determine the concentration of the associated alloying element. If the
spectrum was observed with the eye, the intensity of the analyte line was com-
pared with that from a neighboring line of the matrix element. This method of
homologous line pairs was introduced by Gerlach and Schweitzer [18]. It was
their idea to compare line pairs not too far away from each other in the spectrum
that made it possible to determine concentrations regardless of the luminosity of
the spectral apparatus. Before that, attempts were made to base the analysis on
absolute intensity levels, which was not very promising. Even today, it is neces-
sary to keep the analytical results independent of the overall throughput of the
optical system. Here, for a given wavelength, overall throughput should be un-
derstood as the relationship between the light that reaches the sensor divided by
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the radiation that enters the optical system. Spectrometer software algorithms take
this into account; see also Section 3.9.4, Calculating Intensity Ratios, and
Section 3.9.6, Recalibration.

Figure 3.50 shows a spectroscope for the visual assessment of spectra. Radiation
enters the optic O, which contains several prisms placed in series, through the lens
system L. By rotating the drum T, the desired section of the spectra can be selected
for observation through the eyepiece OK.

Figure 3.50: Spectroscope.

The spectral photographs were also evaluated by intensity comparisons of lines.
First, the plate was developed, and then the density of the lines was photoelectrically
determined. An example of such a photographic plate can be seen in Figure 3.51.

One drawback of photographic evaluation was the large amount of time re-
quired. But there were also benefits:

— When observing the spectrum with the eye, only one section of the spectrum is
visible. While this can be shifted by rotating the prisms, examination of a larger
number of elements is not practical. In contrast, the photo plate records the en-
tire spectrum. Subsequent evaluation of any part of the spectrum is possible.

— The photo plate was the basis for the evaluation; in addition, the plate could be
archived. So, it offered the possibility of documentation — and that long before
computers, mass storage or printers were available.

— It is true that experienced users achieved astonishingly good results when com-
paring line intensities, but it important not to overlook the fact that visual obser-
vations are subject to variations and not all spectral examiners were capable of
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Figure 3.51: Exposed and developed photographic plate.

maximum performance. The photographic plate, on the other hand, is compara-
tively safe. The photographic plate could be aligned with characteristic line pat-
ters, making it easier to find lines and templates could be used if necessary. The
density could be measured with a so-called “densitometer,” by illuminating the
spectrum from below and measuring the transmitted radiation with a selenium
photocell. This method was objective compared to visual assessment. It must be
noted that the transmitted light intensity could fluctuate and the exposure pro-
cess was not always the same. But because it was the ratio between lines and an
internal standard that mattered, these fluctuations did not play a role.

Spectrometers with photographic plate recording were used in practice into the
1990s, e.g., for the testing of pure graphite. Spectrometers with photographic plates
became obsolete with the advent of systems that could record wide spectral ranges
with semiconductor multichannel detectors.

3.5.1 Rowland circle concave grating optics with photomultiplier tubes (PMT) as
radiation detectors

The ability to simultaneously measure a large number of spectral lines and, at the
same time, to achieve rapid and objective results was first realized with the next gen-
eration of spectrometer optics. Optics of this design have slit-shaped apertures lo-
cated on the focal curve, the so-called “exit slits.” Each of these slits is adjusted so
that it isolates a single given wavelength from the total spectrum. A photomultiplier
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tube (PMT) is mounted behind each exit slit so that the radiation from the spectral
line falls onto the tube’s photocathodes. The radiation is converted to a current
in the PMT and can then be measured and evaluated. The way in which photomul-
tiplier tubes and the associated readout electronics work are discussed in
Sections 3.6.1 and 3.7.1. For decades, these modern optics were the preferred de-
sign in arc and spark spectrometers and are still manufactured in large quantities.
The number of analyte lines available is limited due to cost and space constraints.
For the same reasons, only a few internal standard lines can be installed. Frequently,
only one internal standard is used per base element. The advantages resulting from
the availahility of the entire spectrum were sacrificed for the measuring speed and
were only rediscovered in the subsequent optic generation.

The so-called “concave grating” is the central component for this type of optic.
This is a spherical concave mirror on the surface of which are vertical grooves in
very short, regular intervals. The resulting component has, on the one hand, the
properties of a concave mirror, but on the other hand it can bend a portion of the
radiation in a wavelength-dependent manner, i.e., diffract it.

Figure 3.52 shows the basic construction of a Rowland circle optic with the so-
called “Paschen-Runge mount.” For this type of assembly, the concave grating G,
the entrance slit ES as well as several exit slits AS, of which only one is drawn in
Figure 3.52, are mounted on a circle whose diameter corresponds to the radius of
the grating curvature. The circle touches the center of the grating and forms a right
angle to the grooves of the grating. The line N that is formed by the vertical groove
at the center of the grating is called the “grating normal.” The term “in the normal
position” is often used for the intersection Sy of this line with the focal curve. It
becomes clear from the context whether “normal” means N or Sy. An optic with the
form shown in Figure 3.52 is also known as a polychromator because the simulta-
neous measurement of multiple line intensities is possible with it.

PMT

Figure 3.52: Rowland circle optics in Paschen-Runge mount.
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Imagine a point-like source of light on the focal curve. The angle between the
light source to the center of the grating and the grating normal is then €. Due to the
mirror properties of the concave grating, it follows that the image of the light source
appears on the opposite side of the normal, i.e., with an angle of -€.

However, the grating is not just a simple concave mirror. A portion of the radia-
tion is bent. The locations on which the diffraction images appear are dependent on
the wavelengths of the radiation source. The correlation between the wavelength
falling at an angle of € and the angle of the diffracted beam is calculated with the
following equation:

sin(a) + sin(e)
A= —NC (3.8
Where:
€ the angle of incidence (angle between grating normal and the line center of
grating-entrance slit)
a the angle of diffraction (angle between grating normal and the line center of
grating-line position)
A the wavelength (in mm) that is diffracted with the angle of diffraction
G the number of grooves per mm on the grating (grating groove number)
N the diffraction order

The diffraction order N is an integer number that can also have a negative sign.
The radiation is generally distributed over several diffraction orders, whereby the
intensity distribution depends mainly on the shape of the grating grooves. This
subject is explained in more detail together with the so-called “blaze angle” in
Section 3.5.5.

Angles of incidence between 40° and 45° are usually chosen; the exit slits are
then mounted between the entrance slit and the grating normal (see Figure 3.52).
Gratings with 1,200 to 3,600 grooves per mm are generally used in optics for arc/
spark spectrometers. If an angle of incidence of 43° is assumed, the spectral regions
listed in Table 3.3 can be used in the first and the second diffraction order.

Table 3.3: Wavelength covered between 0° and 43° with an angle of incidence of 43°.

Grooves Wavelength range between 0° and 43°, first Wavelength range between 0°and
per mm order of diffraction (nm) 43°, second order of diffraction (nm)
1200 568.3-1136.7 284.2-568.3
1800 378.9-757.8 189.4-378.9
2400 284.2-568.3 142.1-284.2
2700 252.6-505.2 126.3-252.6
3600 189.4-378.9 94.7-189.4
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The focus of Rowland-circle gratings approximately obeys the equations (see
e.g., [52]):
Spectral focus
cos’(@) cos(a) s cos’(e) cos(e) _
la F le F

0 (3.9)

Meridional focus
1 cos(a) 1 cos(e)
la F le F

+NAC=0 (3.10)

The terms correspond to those used in eq. (3.8) with the following additions:
F  Radius of spherical curvature of the blank

le Distance between entrance slit and center of the grating

la Distance between exit slit and center of the grating

C Constant, determined by grating fabrication, for details see Section 3.5.3.

At larger angles, the spectral (“sagittal”) focus and the vertical (“meridional”) focus are
increasingly divergent. A point-like entrance slit generates an image perpendicular to the
optical bank with a height hg > O for a slit width b ~ 0 in the sagittal focus and an image
parallel to the optical bank with a width by, > O for a slit height h,;, ~ 0 in the meridional
focus.

Since the exit slit must, of course, always be set in the spectral focus, the lines as
diffraction images of the entrance aperture are longer than the illuminated height of
the entrance aperture. It is easy to calculate the extension of the aperture images using
the theorem of intersecting lines from geometry, the difference of the focal lengths and
the illumination height of the grating. A point-like (stigmatic) entrance aperture leads
to aperture images in line form. For this reason, the effect is called “astigmatism.”

Long slits are unfavorable (adjustment problems, noncurved, long slits lead to de-
focusing either in the middle of the slit or on the ends of the slit) and are, therefore,
not used. Short apertures lead to loss of light.

It has already been mentioned that grating groove numbers between 1,200 and
3,600 mm ' are common. In most cases, the gratings are round and have a diameter
between 50 and 70 mm. Common Rowland circle diameters lie between 300 and
1,000 mm. The resolution capability of Rowland circle optics is limited by diffrac-
tion effects; however, optics with smaller Rowland circle diameters are still possi-
ble. They are, however, seldom found in combination with PMTs as detectors. One
factor limiting miniaturization is the necessity to manually adjust the exit slit so
that it is aligned with the spectral line. Slit widths from 15 to 50 pm are common;
rarely found are wider slits up to 150 um (e.g., for the internal standard). A detailed
discussion about the dimensions of slit widths can be found in Clark [53] (p. 40 et
seq.). The entrance slit should always be narrower than the exit slit width so that
the lines are completely within the exit slit even with the presence of small drifts
(changes in position of the lines due to changes in the environmental parameters).
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Drift effects cannot be completely avoided; they are caused by different heat expan-
sion in the grating area of the optical system as well as changes in dispersion of the
air due to pressure fluctuations. This is especially critical when the shifts for the
internal standard and the analyte are different.

Positioning must be performed with an accuracy of better than one-tenth of the slit
width. This process is also known as profiling. Reducing the focal and slit widths leads
to very high requirements on the absolute positioning accuracy, which is problematic
in practice.

The space available on the focal curve for slits and photomultipliers represents
a further problem. Common photomultiplier tubes have a diameter of 1'/g inches
(28 mm) or ¥ inch (13 mm) (see Section 3.6.1); they are then very large compared to the
slit widths. This can lead to problems when important spectral lines are close together.

Here a Numerical Example:

If the Rowland circle diameter is reduced to 150 mm and assuming a grating groove
number of 2,400 mm™ and an angle of incidence ¢ of 43°, then there is a mean re-
ciprocal dispersion of about 2.5 nm/mm between 0 and 43°.

The wavelength range from 284 to 568 nm lies between normal and the en-
trance slit. It is only 112.5 mm long. There is room for four big or eight small PMTs,
all of them mounted side by side (for common dimensions of PMTs see Section
3.6.1). If the mounts for the slits are 5 mm wide, the minimum possible distance be-
tween two lines (for a reciprocal dispersion of 2.5 nm/mm) is 12.5 nm. However, im-
portant lines that can hardly be replaced frequently lie even closer together. For
example, the important lines Al 396.2 nm, W 400.8 nm, Mn 403.4 nm and Pb
405.7 nm are within a wavelength interval of only 9.5 nm, which corresponds to
less than 4 mm on the focal curve.

A polychromator with a Rowland circle diameter of 750 mm, a grating groove
number of 2,400 mm ™ and an angle of incidence of 43° enables minimum line dis-
tances of 2.5 nm with slit mounts of the same width. Here, too, it may be necessary
to use lines that are, from an analytical viewpoint, less suitable because the optimal
lines are located in places where there are a large number of lines to be measured.
Approximately twenty large or 40 small PMTs can be mounted side by side.
Frequently, it is necessary to locate the photomultiplier tube where there is space
and to use mirrors to transmit the radiation coming through the entrance slit to the
PMT cathode. Figure 3.53 shows the principle. By using mirrors, a larger number of
PMTs can be mounted. Nevertheless, the space available is limited.

Especially for mobile spectrometers, polychromators with long focal lengths are
too heavy and impractical to be held directly on the workpiece to be tested. For this
reason, fiber optics are used to connect the spark probe with the optical system. The
properties of fiber optics are addressed in Section 3.5.5.2. There it is also described that
the use of fiber optics is only possible for wavelengths above 185 nm.
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Figure 3.53: Mirroring of radiation passing through the slit onto the PMT cathodes.

However, for the analysis of steel, it is often necessary to determine the elements
phosphorous and sulfur, for which the main detection lines lie below this limit with
178.3 nm and 180.7 nm, respectively. A polychromator that is compact and still
achieves a high resolution can be designed, if only a limited range of short wave-
lengths has to be covered. The short wavelengths enable a high grating groove number
in combination with reasonable angles as can be calculated using the grating equation,
eg. (3.8).

A grating with a 150 mm focal width and 3,600 grooves mm™ achieves in
the second order the same dispersion as an optic with 2,400 grooves mm ~* and
a focal length of 450 mm in the first order. For € = 40° and using eq. (3.8), calculate:

ap 1783 = 39.9°

Os 180.7 = 41.2°

A narrow design, mainly limited by the diameter of the grating, is possible due to the
small angle differences. By taking advantage of the properties of the concave mirror of
the grating, the entrance slit can be located above or below the exit focal plane.
Flushing this small optic with argon enables the light paths to be transparent for short
wavelength radiation. With a suitable construction, an optic volume of only 200 ml to
be flushed can be achieved. On the previous page, the average reciprocal dispersion
was calculated for a diffraction angle of 43° for a Rowland circle optic with 2,400 grat-
ing grooves per mm and 150 mm focal length. For this purpose, the width of the wave-
length range covered (Ay bis A;) was divided by the length of the accompanying
Rowland circle section. The section length is determined as follows:

First, the angles of diffraction oy and oy, associated with the boundaries of the wave-
length range are calculated. The desired arc then covers an angle of 2 x (ay — o) with
respect ot the center of the Rowland circle. With the circumference of the Rowland circle
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1t x D, one then obtains 71 x D x 2 x (o — ar) / 360 as the circular arc length. When this is
limited to the first order of diffraction, the following equation is obtained:

360* (A - Az)

RDISPpyg= —
AVG D 2* (ay —ar)

3.11)
In this equation, RDISP,vy is the mean reciprocal dispersion in nm/mm and D is
the Rowland circle diameter in mm. The angles are to be used in degrees and Ay
and A; in nm. The factor two is included because according to the grating equa-
tion the diffraction angle is used to calculate the angle between the line positions
on the focal curve and the center of the grating. The associated angle is exactly
twice as large with respect to the center point of the Rowland circle. (see
Figure 3.54).

Grating

Rowland circle
center

P

~__ Graping normal

o

Figure 3.54: Diffraction angle and associated center
angle.

If the angles oy and a;, are known, then the wavelengths Ay and A;, are easy to de-
termine using the grating eq. (3.8) and vice versa. Equation (3.12) shows the form of
the equation when the wavelengths are expressed in the associated angles.

360*(sin(ay) - sin(az))*10°

RDISPy =
AVG D 2*(ay — ap )G

(312

As in eq. (3.8), G denotes the grating groove number per mm. The multiplicator 10°
in the numerator ensures that the result still has the unit nm per mm. Note that the
choice of the angle of incidence has no influence on the mean reciprocal dispersion.

In practice, the question often arises as to how the reciprocal dispersion is at
a given angle a or for the associated wavelength A. This information is easily ob-
tained by differentiating eq. (3.8) with respect to a:

dA  cosp(ap)

el (3.13)
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The term “og” is the angle a expressed in radians. cosg is the cosine function for argu-
ments in radian measure. In our examples, we have until now always used eq. (3.8) so
that the angles were specified in degrees and the cosine function, which demands ar-
guments in degrees, was also used, although the grating equation is also valid for nota-
tion in radian measure.

If eq. (3.13) is converted back to the more manageable degree notation, the follow-
ing is obtained:

dA _ cos(a)*2*m

= == 2 1
da N*G*360 G.14)

The term on the right side of the equation is now the wavelength coverage per degree
that applies for an angle of reflection a. If this is divided by the term D x 2 x 11/360,
which corresponds to the length of the focal curve section per degree diffraction
angle, then, after reducing, the desired equation for reciprocal dispersion RDISP,, is
obtained. RDISP, gives the reciprocal dispersion at the location on the Rowland
circle where the angle between the grating normal and the diffracted beam has an
angle of a. Once again, the factor 10° is used to obtain a result with the manageable
unit nm/mm.

RDISP, = *10° (3.15)
Again, there is no dependence on the angle with which the incoming beam hits the
grating. In our numerical example, we calculated the mean reciprocal dispersion
for an optic with a 2,400 groove per mm grating and a 150 mm Rowland circle diam-
eter for the range of angles between 0° and 43°. It was approximately 2.5 nm/mm.

If the extreme angles and the middle angle are used in eq. (3.15), the following is
obtained:

RDISPg. = 2.7777 nm/mm

RDISP;; 5 = 2.5844 nm/mm

RDISP,3. = 2.0315 nm/mm

The reciprocal dispersion thus decreases with increasing angle of diffraction by the
cosine of this angle.

3.5.2 Optics with Rowland circle gratings and detector arrays for detection

In the previous section, it was shown that it is the size of the large photomultiplier

tubes, compared to the small slit width, that limits the construction of compact op-
tical systems. Developments in the area of semiconductor technology have
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produced detectors that are significantly smaller than photomultiplier tubes and
that offer the possibility of seamlessly detecting complete wavelength ranges.

Light-sensitive semiconductor components have been known for a long time.
The phototransistor was already invented by John Northrup Shive in 1948 and has
found commercial use since the 1950s, e.g., in punch card readers. However, the
radiation sensitivity of the early components was far from sufficient for spectro-
metric applications. This changed with the invention of the so-called “CCD detec-
tors” around 1970. Each of these detectors consists of many light-sensitive
elements, the so-called “pixels” (derived from picture elements), that are arranged
as rectangles or as rows. When arranged in rows, the pixels can be manufactured
in dimensions similar to those for the slit openings. The pixels are connected with
an analog shift register that, in a kind of bucket chain, leads the measured
charges pixel by pixel to an amplifier. Its output is connected with an IC housing
pin and can be read out and processed from there. Figure 3.55 shows a CCD chip
and a photomultiplier tube. The CCD shown here can be understood to be
a sequence of 2048 exit slits of 14 pm width and 200 pm in height. Recently, there
are also detectors using the CMOS technique, which are designed with a different
semiconductor technology, but can be integrated into the optic in a similar way as
CCDs. Section 3.6.2 deals extensively with the CCD and CMOS technologies and
other semiconductor detectors.

Figure 3.55: CCD chip (left) and photomultiplier (right). Printed with the friendly permission of
SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.
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Figure 3.56: Adaptation of the linear sensor array to the focal curve.

The detector arrays can be used by lining up the detectors along the focal

curve.

However, there are two problems:

The focal curve is a circular arc; the detectors are, in contrast, linear. This leads
to the fact that the detector lies exactly on the focal curve on only two points
(see Figure 3.56). Pixels that are not on the intersections view the spectrum
more or less heavily defocused; i.e., the lines are broader there.

The line broadening 6y is calculated with the theorem on intersecting lines:

Bg*|la-1d|

a (3.16)

0=

Bg denotes the illumination width of the grating, la the distance between the
center of the grating and the focal curve and la’ the distance between the center
of the grating and the detector (all units in eq. (3.16) are meters).

The housing of the detector chip extends far beyond the optically active width
on both sides. If the detector chips were simply lined up chip by chip along the
focal curve, there would be large gaps in the recorded spectrum due to these
protrusions. Thus, mirrors are usually positioned in front of the focal curve, as
seen from the grating. The mirrors are placed at an angle of 45° and reflect the
radiation alternately upward and downward. Figure 3.57 shows the principle.
The width of the mirrors is sized so that they lead radiation only toward the
light-active area of the detector. When the mirrors are placed edge on edge, it is
possible to record the entire spectrum without gaps. Since the spectrum is
somewhat blurred on the edges of the mirrors, a spectral line located there may
appear at the end of one detector as well as at the beginning of the next. The
width of the radiation in the transition area can once again be calculated with
eq. (3.16). Example: If the mirrors are located la — la’ = 20 mm in front of the
focal curve, that is, at a distance of la = 500 mm from a B; = 20 mm wide illumi-
nated grating, then the radiation of a spectral line sharply depicted on the focal
curve is dispersed to a width of 0.8 mm. The patent application
“Spektrometeroptik mit nicht-sphérischen Spiegeln” (Spectrometer Optics with

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

120 —— 3 Hardware for spark and arc spectrometers

Non-Spherical Mirrors) [54] describes the state of the technique and explains an
additional advantage associated with the use of these 45° mirrors: If they are
designed as parabolic cylinder mirrors, the height of the spectral line can be
compressed onto the detector pixel. With typical pixel heights of 200 pm, there
is an increased light density on the pixels and the ratio between usable signal
and detector noise is improved. In principle, it is also possible to use spherical
mirrors. However, in this case imaging errors that can lead to losses in resolu-
tion must be taken into account.

Grating

Grating normal

Detector chips

Entrace slit

- Mirrors

Detector chibs

Figure 3.57: Mirroring for gap-free acquisition of the spectrum with linear detectors.

3.5.3 Optics with corrected concave gratings

The sizes of the slits and the photomultiplier tubes were given as the main obstacles
for the miniaturization of the Rowland circle optics in Section 3.5.1. It has been dis-
cussed in Section 3.5.2 that there are now much smaller detectors, which do not re-
quire slits and are able to completely record the spectra. However, it was also noted
there that placement of the linear detectors along the spherical spectral curve leads
to defocusing. Of course, this becomes more serious, for a given detector length,
when the Rowland circle diameter gets smaller. Only with large grating focal
lengths F (F = 300 mm) and short detector lengths Lg (Ls < 30 mm) does the defocus-
ing remain in the range of the depth of focus, which is dependent on diffraction
effects. In Section 3.5.5, we will see, during the discussion of the appropriate slit
width, how the depth of focus is estimated. To keep the distance between linear de-
tector and the focal curve small, the so-called “flat field corrected concave grating”
is used for small grating focal lengths. With this type of grating, the grooves are not
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parallel, but the distance between them changes with the distance from the center
of the grating. As a consequence, the spectrum does not appear on a circular arc
but is almost linear over wide spectral ranges.

Gratings of this type are exclusively holographically manufactured. The effect
of the varying groove distances is achieved with the appropriate arrangement of in-
terfering laser sources.

The focal terms differ from eq. (3.9) and eq. (3.10) (see e.g., [52]):
Spectral focus (corrected concave grating)

cos’(a)  cos(a) .\ cos’(e) cos(e) NAS _
la F le F A

0 (3.17)

Meridional focus (corrected concave grating)

o2 (3.18)

The symbols have the same meanings as in egs. (3.8)—(3.10) with the following

additions:

N Wavelength of the laser used to make the grating

S, A Constants, set by the angles of incidence of the two interfering laser beams
The constants S and A result from:

_cos*(y) cos(y) (cos*(y) cos(y)
S= a F ( q F > (3.19)
1 cos(y) (1 cos(y)
4207 F _<5_ F ) 620

Whereby:

y  Angle of the first laser light source to the center of the grating

y’ Angle of the second laser light source to the center of the grating

Q Distance of the first laser light source from the center of the grating

Q" Distance of the second laser light source from the center of the grating

Figure 3.58 shows the arrangement of the lasers required to generate the interfer-
ence pattern.

The classical Rowland circle grating is a special case with the coefficients A = 0
and S = 0. The curvature of the spectral focal curve can be straightened through
suitable selection of the coefficient S.

Details about the properties, production and testing of gratings are described,
e.g., by American Holographics [52], Zeiss [55-58], Agilent [59] and Dobschal/
Kr6plin/Reichel/Rudolph/Steiner [60].
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Blank

Grating normal ..., . N

Mirror

Laser beam/é

Partially traﬁsparent
mirror

Figure 3.58: Laser setup for exposure of corrected gratings.

3.5.4 Echelle optics with two-dimensional detector arrays

Since the mid-1990s, commercial spectrometer systems equipped with two-
dimensional CCD or CID arrays have been available on the market.

Here, Echelle gratings with sawtooth-shaped groove profiles that are operated
in high diffraction orders are used (Figure 3.59). The radiation falls on the short
sides of the sawtooth structure.

Incoming radiation

Figure 3.59: Groove profile of an Echelle grating.

Figure 3.60 shows the basic design of an Echelle optic. For such systems, the
light is transmitted through an entrance slit and is parallelized by a collimator
(concave mirror or lens). The Echelle grating diffracts the light. It is optimized
for the higher-order range (e.g., 35th to 55th order). The so-called “order sorter,”
which consists of a prism or a second grating, fans out the different orders
vertically.

EBSCChost - printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

3.5 Spectrometer optics =—— 123

Area detector

Echelle grating

wsud Aq

uoisiadsip jeaIaA

Entrance slit
(hole)

Figure 3.60: Structure of an echelle optic.

Finally, the camera mirror (or camera lens) sharply images the spectrum onto
a two-dimensional detector. There, the different orders appear in rows due to the
dispersion properties of the order sorter. Collimator and camera mirror are omitted
from the illustration in Figure 3.60 for better clarity.

This type of optic is rarely used in today’s arc and spark spectrometers. There
are two reasons for this:

Area sensors generally cannot be read out as quickly as line detectors. If the
area sensor has n pixel columns and m rows, then n x m pixels must be read for
every readout process. This information is usually only connected to one or two
readout circuits. This means that even with high readout rates, only a limited num-
ber of total images (frames) can be recorded. If the same pixel count is distributed
on z line detectors, each line can be assigned to an analog/digital converter that
reads out the lines simultaneously. It is possible to read out the complete spectrum
after every single spark even for high sparking frequencies.

For area sensors, the entire spectrum is concentrated onto a comparatively
small area. A very bright analytical line in line i can disturb a nearby detection line
in line i-1 or line i + 1 with stray light, thus increasing the signal. For Rowland cir-
cle optics, the spectrally widely removed spectral lines are also spatially widely
apart (at least when higher diffraction orders are suppressed as is usually the case
when using line detectors). In polychromators with 750 mm focal lengths and dif-
fraction angles between 0 and 43°, the spectrum covers about 563 mm. The largest
possible distance for two-dimensional sensors is between two opposite corner
points. Common two-dimensional sensors for imaging purposes usually have frame
diagonals of less than an inch (25.4 mm). It is possible to make larger sensors
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specifically for use in Echelle spectrometers. The fundamental problem, however,
remains; it can only be mitigated.

Echelle optics are occasionally used in systems in conjunction with lasers as
the excitation source, where there are frequently less stringent requirements for ac-
curacy and detection sensitivity.

Detailed descriptions of such optics are found, for example, in Grobenski/
Radziuk/Schlemmer [61], Okruss [62] and Skoog/Leary [26].

3.5.5 Optical components

This section addresses important aspects of individual optical components.
Especially, the possible errors that result from the differences between ideal and ac-
tually existing components are discussed.

3.5.5.1 Gratings
Calculation of the angle of diffraction and the focus of concave gratings was already
discussed in Sections 3.5.1 to 3.5.3.

This section will discuss the diffraction efficiencies that can be achieved with
gratings as well as typical errors.

Production of original gratings

Gratings can be produced in two ways:

— The traditional method for production is to mechanically score the grooves
using a so-called “grating ruling machine.” With this method, the grooves are
engraved with a diamond stylus. In addition to plane gratings, concave gratings
can also be engraved, provided that the curvature is not too large. The grating
blanks can be solid metal, but usually they consist of a glass ceramic that has
a low coefficient of expansion. For ceramic carrier materials, the surface is
coated with a sufficiently heavy layer of metal. After being engraved in the rul-
ing machine, the grating is often passivated with a protective layer. MgF, pas-
sivation, which can be used from 115 nm, is common.

— The idea of making gratings photo-technically is quite old. Gratings with low
groove density were already generated by photographing an interference pat-
tern around 1900. However, photographic techniques gained in practical signif-
icance only after short-wave lasers were available with which it was possible to
generate line patterns with sufficient density. Production is as follows: A grating
blank is first treated with photoresist. Then it is exposed with the interference
pattern from two suitably positioned lasers. Such a positioning was shown in
Figure 3.58. A development process follows by which the photoresist — depending
on the process — is stripped either on the exposed or on the nonexposed surfaces.
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A surface structure that is suited to diffraction has already been formed. There
can still be a posttreatment, e.g., ion etching. After the desired surface structure
has been created, the grating is coated with a metal film. Finally, as with engraved
gratings, a surface passivation can be conducted.

Replicating gratings

Both engraved and holographic, i.e., produced with lasers, gratings can be repli-
cated with an impression technique. Especially the mechanical engraving of gra-
tings is a very time-consuming process, so that creating a mold contributes to the
cost-effectiveness of grating production.

The impression process consists of several steps:
— First, the surface of the original is covered with a thin layer of a release agent.
— Then a metal layer is applied by vapor deposition onto the surface.
— An epoxy resin layer is applied and the copy-blank is placed on this.
— After hardening of the resin, the copy is removed from the original.
— Finally, the copy surface can be post treated by vapor deposition and, if neces-
sary, the surface passivated with, e.g., MgF,.

The impression is often conducted in two steps: First a daughter copy is made from
the original. Concave grating originals generate convex daughter copies. Grand copies,
which are once again concave, are generated by making an impression of the daughter
copy. The primary gratings are referred to as originals and the copies as replicas.

Replicas made with the impression process have a high quality. Only when
a large number of impressions have been made from a blank is there noticeable de-
terioration in the quality, for example in terms of the scattered light component.
The grating manufacturers, however, ensure with individual testing that only the
gratings corresponding to the specifications are delivered. Zeiss [56] explains that,
among other things, the dimensions of the grating area, groove density, groove pro-
file, surface layer and efficiency are tested. The grating manufacturers usually pro-
vide a test certificate, in which key data for the given grating is stated, for every
grating on request. Table 3.4 shows the reflectivity for gratings of one type. This is
a random sampling from spectrometer optic production collected over several
years. The information is taken from the manufacturers’ test certificates and was
checked for plausibility as a part of quality assurance.

A certain variation in the reflectivity can be observed. This is unavoidable and
can be considered rather insignificant. Even a series of original gratings has varia-
tions. In the context of emission spectrometry, always achieving the same absolute
optical throughput is in any case a hopeless undertaking. The importance of abso-
lute intensities in arc/spark spectrometry is discussed in Section 3.5.6.
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Table 3.4: Reflection of different gratings of a series.

Specimen Reflection Reflection Reflection

at 200 nm at 240 nm at 500 nm
1 44% 37% 25%
2 46% 40% 25%
3 43% 38% 26%
4 41% 36% 25%
5 41% 37% 26%
6 46% 40% 26%

Grating errors
Real gratings have errors that cause the diffracted radiation not to be diffracted in
exclusively the direction determined with eq. (3.8).

The following errors should be distinguished:

— Grating phantoms are found especially on mechanically ruled gratings. They are
caused by periodic irregularities during grating engraving. The so-called “Rowland
phantoms” appear right next to the line position calculated with eq. (3.8). Lyman
phantoms are generated by overlapping of several ruling errors. They can be found
throughout the entire spectrum and are, according to the Lexikon der Optik
(Lexicon of Optics) [63], a factor of 10> to 10* weaker than the spectral line.

— Errors, referred to as “grass,” are caused by the fact that the groove positions
vary slightly around their target positions. These variations are random in con-
trast to the effects described in point 1. The result is an increase in the signal
originating from the radiation of neighboring wavelengths.

— Stray light, on the other hand, is caused by a grating groove surface that is not
completely smooth. According to the Lexikon der Optik (Lexicon of Optics) [63],
the scattered light component of holographically produced gratings is an order
of magnitude of a decimal place smaller than for mechanically produced rul-
ings. This is easy to see, because irregular roughness can be created on the
edges of the grooves during engraving. So-called low-scatter laminar gratings,
having an extremely low stray light level, can be made. Such gratings are pro-
duced by exposure to an interference pattern, development of the photoresist,
ion etching and, finally, complete stripping of the photo-sensitive layer. This
creates a rectangular groove profile. The low stray light level of such gratings is
easily understandable. On the one hand, the elevated areas have their original
smooth structure after stripping of the photoresist; on the other hand, ion etch-
ing also creates areas of low roughness in the pits. Details about the production
of such gratings are described by Zeiss [58].

Like grass, stray light increases the signal level. In contrast to grass, this
interference consists of broadband radiation. On a given point on the focal
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curve, there is a stray light component with wavelengths that deviate greatly
from what is expected at that point.

Blaze

Table 3.4 showed that the diffraction efficiency is not the same for all wavelengths.
It depends more on the form of the grating grooves. Figure 3.61 shows a sawtooth-
shaped grating profile. For mechanically ruled gratings, such shapes with widely
differing angles of inclination 6 can be produced simply by selecting a suitable
angle for the diamond stylus. Optimal efficiency is provided when the light falls in
and out perpendicularly to the long side of the triangular profile. This direction of
radiation is labeled s in Figure 3.61. However, the sketched beam path is obtained
at most for one wavelength in the polychromator arrangements described in
Sections 3.5.1 to 3.5.3, because the radiation from other wavelengths results in other
angles of diffraction in accordance with eq. (3.8). Compromises can be found for the
wavelength range to be measured. Mechanically engraved gratings of the type
shown in Figure 3.61 are referred to as echelette gratings. Gratings with a similar
groove profile (see Figure 3.59) are used for Echelle optics like those described in
Section 3.5.4. However, the grating groove numbers with values below 100 are rela-
tively small and reflection occurs on the short sides of the triangles. Such gratings
are called “Echelle gratings.”

Figure 3.61: Echellette-Grating.

Originally, gratings made with laser exposure had a sinusoidal groove profile.
Today, gratings with a sawtooth-shaped groove profile can also be produced using
the holographic method. Lands and pits are rounded, but the flanks have the same
shape and slope as those for echelette gratings. This makes it possible to optimize
holographic gratings for different wavelength ranges.

Handling

Grating surfaces are very sensitive. They must not be touched. If a grating has been
inadvertently touched, no attempt should be made to clean it. This would result in
destruction of the surface.
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3.5.5.2 Fiber optics

Figure 3.62 shows the way in which an optical fiber works. Such fiber optics consist
of an elongated cylinder Z made of a radiation transparent material with a refractive
index of n,. This body is encased by a layer S of an optically less dense material with
an index of refraction of ng. The surrounding material is called the “cladding.” If the
angle € of the incoming radiation to the fiber axis is smaller than the critical angle &,
there is repeated total internal reflection inside the fiber, which is almost free of loss.
Equation (3.21) shows how g, depends on the indices of refraction n, and n,. The radi-
ation exits again at the end of the fiber-optic cable.

£ = arcsin (\ /nZ— ng) (3.21)

Figure 3.62: Function of a fiber optic.

The properties described here apply to straight fibers. The conditions become more
complicated with fiber curvature. Details of the way in which fiber optics work can
be found, e.g., in Schroder [64].

Using fiber optics is not without its problems:

1. Fiber optics cannot be used for the entire wavelength range of interest.
According to current state-of-the-art technology, measurements below 185 nm
with quartz/quartz fiber optics (core and cladding are both made of quartz
glass with different indices of refraction) are hardly feasible in practice.

2. A second problem is the “progressive blindness” of the fiber optic for wavelengths
below 250 nm due to harsh UV radiation. One possible explanation of this effect is
as follows: The fiber optic consists of a pure quartz core encased with a fluorine-
doped quartz glass (cladding). Total internal reflection is possible because the fluo-
rine-doped quartz has a smaller refraction index than the pure quartz core. Harsh
UV radiation supports diffusion of fluorine from the cladding into the core. The
sharp “step” in the refraction indices is blurred. This leads to hindrance of total
reflection particularly for short wavelengths. Figure 3.63 shows the transmission
before and after aging the fiber optic with irradiation (60 min of continuous spark-
ing with high-energy parameters). The attenuation increases from 250 nm and
reaches a local maximum at about 215 nm. Below this wavelength the attenuation
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Transmission of a fiber after aging (blue),
Normalized to intensities before aging (black)
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Figure 3.63: Transmission curve of an optical fiber optic.

is somewhat reduced. Measurement of the important carbon line at 193 nm re-
mains possible even with aged fiber-optic cables.

Constructive measures can be taken against the effect, also known as “solarization,”

described in point 2 above:
Blocking input into the fiber optic during the high-energy pre-spark with

a mechanical shutter;
Avoiding high peak light intensities during the measurement with a properly

designed excitation generator;
Damping the harsh UV radiation by filtering out wavelength ranges that are not

required.

Combining these measures can almost completely prevent blindness of the fiber
optic. The wavelength range between 185 nm and 250 nm becomes usable, whereby
the range around 215 nm usually remains problematic.

There are significant differences in the transparency of short wavelengths be-
tween batches of fiber optics. The reason for this is found in the varying purity of
the quartz blocks (“preforms”) used to draw out the optical fibers.
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3.5.5.3 Slits and the smallest optimum slit width

The openings in spectrometer slits are either cut with a laser or made galvanically.
The inner slit edge should be as straight and even as possible. A “cutting edge”
shape of the slit is advantageous in terms of light throughput.

The slits are always mounted in an upright position, i.e., in the direction of the
grating grooves. If this parallelism is not perfect, then the slit appears to be wid-
ened. If the slit has an illuminated height of h and an inclination of v degrees in
respect to the grating grooves, the widening b,qq is:

bagq = h*sin(v) (3.22)

Constructive measures must ensure that this widening remains small. If this cannot
be guaranteed, the slit inclination must be adjustable.

Repeatedly, attention has been drawn to the existence of a smallest optimum
slit width. Not always do narrower slits lead to an improvement in resolution.

It is necessary to consider the diffraction effects at the slit to determine the
appropriate slit width. If the light bundle of perfectly parallel radiation passes
through the slit at a right angle, the radiation is partially diffracted. The inten-
sity of the diffracted ray at an angle ¢ (see Figure 3.64) obeys eq. (3.23).

-¢

Figure 3.64: Angle ¢ of a diffracted beam from the slit
to the direction of the incident beam.

sin? (% sin ¢)

(Rbsing) 2
Here b refers to the slit width and A the wavelength. Derivation of this equation can
be found in Bergmann and Schaefer [65].

I,~b** (3.23)

The following special cases result from eq. (3.23):

sing =0 : The intensity is maximal in a straight line, it grows proportionally to
the square of the slit width
sing =4 : The intensity is 0 at this point

Figure 3.65 shows the intensity distribution in the range of angles between —0.24
and 0.24 (angles recorded in radians). The wavelength of 500 nm and a slit width of
10 pm were chosen for this example.
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Equation (3.23) shows that a perfectly parallel bundle of light diverges as it
passes through the slit.

Diffraction of a beam passing a slit
(A=500nm and b=10pum)
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Figure 3.65: Intensity distribution of the radiation after diffraction through a slit.

An example shows how wide the divergence can be. The following boundaries are
assumed (note that the wavelength deviates from the example displayed in
Figure 3.65):

— Only radiation between the first minima, the so-called “central image,” is

considered.

— The slit has a width of 10 pm.

— The wavelength of the radiation that passes through the slit is 250 nm.

— The distance between the slit and the grating is 500 mm.

With these parameters, the radiation of the central image is distributed over
a width of 2%#+2*500 mm = 25 mm on the grating.

The radiation divergence is not disturbing as long as the grating has a usable
width of at least 25 mm. The concave mirror characteristics of the grating ensure
that the spectrum is sharply imaged on the focal curve. Conversely, however, it is
precisely the limits of the light spot on the grating that limit the resolution capacity
of the optic. If, as in the example above, this has a width of 25 mm, there is
a diffraction effect that affects the radiation passing from the grating toward the
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focal curve. The illuminated zone of the grating takes over the role of the slit. The
sizes from above result in a broadening of the lines on the focal curve of

25(3'530 *¥2*500,000 pm = 10 pm.

The line images on the focal curve are, then, (for radiation around 250 nm) at
least 10 um wide, even when the entrance slit width approaches zero. Selection of
a slit width less than 10 pm only costs intensity without improving the resolution.
From eq. 3.23, it is clear that the influence of the slit width on the intensities is even
quadratic. If the illumination width of the grating, the wavelength range and the dis-
tance between the grating center and the focal curve are known, a suitable slit width
can be determined with the help of eq. (3.23). The slit width, from which further nar-
rowing no longer leads to a gain in resolution, is known as the smallest optimum slit
width.

3.5.5.4 Mirrors, lenses, windows and refractors

Optical windows and lenses must consist of a material that is transmissive for the
wavelengths to be detected. The window materials normally used for arc/spark spec-
trometry are not critical in terms of the transmission on the long wave end of the spec-
tral range. Table 3.5 gives an overview from which lower wavelength the common
materials should be used. It is based on the availability of alternatives and attempts to
remain at a minimum transmissivity of 50% for a material thickness of 2 mm.

Table 3.5: Recommended use of window

materials.

Material Usable from (nm)
Borkron glass BK7 330
Common quartz glass 220
Quartz glass, UV grades 180
Calcium fluoride 125
Magnesium fluoride 120
Lithium fluoride 116

Two further criteria must be considered in addition to transmissivity when selecting
window or lens materials:
— Some materials form color centers, i.e., they develop filter properties after they
have been exposed to radiation. This condition is undesirable.
— Some materials are hydroscopic. Sodium chloride is, from its transmissivity, suit-
able as a window material for wavelengths from 180 nm. It is, however, only rarely
used because it is water soluble and attracts moisture.
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Refractors are plane parallel plates of transparent material. They have the purpose
of causing a parallel offset of the radiation. If the refractor is set perpendicularly
to the path of the radiation, the light passes without changing its direction (see
Figure 3.66, above). However, the refractors consist of a material with a higher op-
tical density than the environment. If the refractor has the thickness D and is
made of a material with a refractive index n, then the light path D through the
refractor corresponds a light path D x n through vacuum. This light path extension
must be considered when using refractors. If the refractor is slightly turned, the
radiation that enters the plate is refracted toward the perpendicular of its front
side, passes through it diagonally and exits on the rear side (see Figure 3.66,
below). In the process, the exiting beam undergoes a refraction, which negates
that from entering the plate. The following law applies at an interface between
two optical media:

n*sin(e) =n"*sin(¢) (3.24)

Where:

n Diffraction index of the medium in front of the interface

€ Angle between incoming beam and the normal to the interface

n’ Diffraction index of the medium behind the interface

€’ Angle between the beam behind the interface and the normal to the interface

Refraction plate

Offset by
plate rotation

Figure 3.66: Beam path through a refractor.

Thus, rotating the refractor can lead to a parallel shift of the spectrum passing through
it. The entire spectrum can be shifted in general with refractors behind the entrance
slit. Refractors in front of exit slits offer a simple way of shifting spectral lines into ex-
actly the slits intended for them. The material requirements for refractors are similar to
those for windows.
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In optical systems based on gratings, radiation of different diffraction orders is
present on the focal curve. With selection of the appropriate material for the refrac-
tors, it is frequently possible to suppress higher diffraction orders.

Example: If a line with a wavelength of 400 nm is to be measured, the wavelength
200 nm can appear in the same place in the spectrum in the second order of diffrac-
tion. If BK7 is chosen as the material for the associated exit slit refractor, the 200 nm
radiation does not pass through the refractor and, thus, does not pass through the exit
slit.

One drawback of refractors is that the radiation is reflected on both inner sides and
then exits the refractor — after passing through it three times. As a result, the usable
spectrum is overlapped by a second strongly defocused spectrum, which is weak, but
mimics line overlaps and can increase the background spectrum. This effect is similar
in its consequences to the grating error discussed as “grating grass” in Section 3.5.5.1.

Aluminum is the most popular material for mirror surfaces. Glass ceramics with low
expansion coefficients usually serve as mirror-carrier materials. Mirror surfaces are
generally passivated with a thin magnesium fluoride layer. The thickness of the
MgF, layer is critical for the reflectivity for short wavelengths and radiation input
with high angles of incidence. It must be optimized depending on the application.

3.5.5.5 Optic housing

The container in which the optic is installed is a frequently underestimated compo-

nent. Usually, there are also wavelengths to be measured that are so short that oxygen

and water vapor from the ambient air lead to an unacceptable radiation absorption.

To make these measurements possible, there are three different approaches:

1. The optic housing is flushed with a gas that is transparent for ultraviolet radia-
tion. This is a viable solution for smaller optical systems. Either nitrogen or argon
can be used as the flushing gas. Argon is usually preferred, as it is already
needed as the operating gas for the sparking process. For reasons of cost, the
flushing rate is kept as small as possible. The required flow rate depends on the
air-tightness of the housing, the size of the internal surface of the housing and
the materials used in the optic. The argon flow must remove oxygen and water
vapor that has entered the system. It is especially time consuming to remove
water vapor, as it is only slowly released from the inner surfaces of the housing.

Organic compounds in the gas phase in the optic can be broken down by
harsh UV radiation resulting in deposits on mirrors, windows, lenses or the
grating. Table 3.6 shows that radiation present in the optic has a higher energy
than the binding energies of many organic materials. There is, then, a risk that
these bonds may be broken. Lubricants should be avoided. If they must be
used, care must be taken that they are used sparingly and that the variety se-
lected has the lowest possible vapor pressure.
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Table 3.6: Binding energies of some radicals, expressed in wavelengths.

Radical Wavelength of a light quantum whose binding energy

corresponds to the binding energy of the radical (nm)
C-H 288
c-C 342
C=C 193
C- 337
C=0 167
O-H 257

2. The flushing flow rate required for spectrometer optics with long focal lengths
and covering a wide spectral range would be too high for economical operation.
In this case, the optic housing can be constructed as a vacuum chamber. The
vacuum should be generated and maintained with a dry, i.e., oil-free pump
combination, e.g., a combination of a membrane pump with a turbomolecular
pump. The oil used in a rotary vane pump can be problematic. The harsh UV
radiation can lead to the decomposition processes described in point 1.
Deposits that decrease the light transparency may develop particularly on the
inner side of the window or lens through which the radiation enters the optical
system. It is advantageous to take constructive measures to enable quick and
easy replacement of the optical inlet components.

3. The third possibility for ensuring transparency of the light paths for short wave-
length radiation is to fill the optical system with a transparent inert gas and to con-
tinuously circulate the fill gas through a membrane pump. Here, the argon stream
is led through a purifying cartridge as discussed in Section 3.4.3. All in all, this solu-
tion seems to have advantages in terms of the contamination of the entrance to the
optic. Personal experience has shown this. An astronautic experiment reaches re-
sults supporting these observations. Demets et al. [66] report about magnesium
fluoride windows that were exposed to VUV radiation in space. If there was an
argon atmosphere in the chamber behind the windows, they remained clean.
However, if the chamber was evacuated, a typical brownish deposit was formed.

The circulation-flushing solution has the disadvantage that leaks are not
immediately detected. In this case, rapid exhaustion of the cartridge’s cleaning
capacity is to be feared.

3.5.6 The importance of absolute intensity levels

Until the 1930s, the use of arc and spark spectrometers for the quantitative determi-
nation of elements was considered to be hopeless. The reason for this was that it
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was, and still is, very difficult to reproduce absolute intensity levels and to keep the
system in such a state. As has been frequently mentioned, it was to the credit of

Gerlach and Schweitzer [18] that spark spectrometry was freed from the shackles of

absolute measurements and evaluations based on a comparison of line intensities

was established.

An example shall explain why it is difficult to maintain a constant radiation
level. It is based on a typical light path through a PMT-equipped optical system. Let
us assume that the radiation is generated by a perfectly stable source and then
takes the following route:

— First, it passes through the window that separates the spark stand atmosphere
from the optic’s atmosphere.

— Then it passes through a lens and is parallelized.

— It passes through the entrance slit.

— After that, an entrance slit refractor that is required for global profiling is
transilluminated.

— Now it reaches the grating where the radiation is diffracted.

— Then it passes through an exit slit refractor, which is used to direct the spectral
line exactly into the exit slit.

— There is usually another deflection mirror behind the exit slit, because the pho-
tomultiplier tube is rarely mounted directly behind the slit due to space
limitations.

— Finally, the radiation reaches the glass housing of the photomultiplier tube.

In this example, the radiation strikes 13 optical surfaces between the spark stand
window and the PMT housing. There is harsh radiation in the optic, which can lead
to radiation absorbing deposits. This circumstance was explained in Section 3.5.5.4.
If it is assumed that over time only 4% of the radiation is lost on every slit, every
window, lens or mirror surface, then the radiation that reaches the photomultiplier
tube is reduced to 0.96", i.e., 51%. The signal is cut in half. A 4% reduction is not
much: In connection with the slits, it was shown (eq. (3.23)) that narrowing the slit
by 2% is sufficient to reduce the intensities that pass through by 4%.

Certain reductions in the absolute intensities have to be tolerated, especially
because some components, such as the grating, can hardly be cleaned. More impor-
tant than the absolute size of the signal is the requirement that the standard devia-
tion of the spectral background must dominate over that of the readout noise. The
spectral noise must be separately determined for every base, e.g., through repeat
measurements on a pure sample of the given base. For example, an electrolytic cop-
per sample can be used for such measurements for copper base.

Readout noise is determined by completely blocking the light path and then
again conducting the repeat measurements. If the standard deviation of the back-
ground is significantly greater (e.g., by a factor of 5) than that for the blind meas-
urements, then, in principle, even at a reduced intensity level, measurement
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without major reduction in the analytical performance is possible. The spectrometer
software ensures that concentrations can still be determined correctly by using the
formation of ratios and recalibration algorithms (see Sections 3.9.4 and 3.9.6).
Normally, the software sends out a warning when there is a state of error. However,
this does not relieve the user of the necessity checking the analytical performance
of the system after a loss in intensity by measuring control samples.

3.6 Optoelectronic detectors for atomic emission spectrometers

Various optical concepts were presented in the previous section. There it was ex-
plained that radiation can be detected with either a combination of exit slit and
photomultiplier tube or alternatively by using multichannel semiconductor detec-
tors complete spectral ranges can be recorded. Both detector technologies are de-
scribed in Section 3.6.

3.6.1 Photomultiplier tubes

Photomultiplier tubes work based on the photoelectric effect, by which radiation re-
moves electrons from a metal surface. Electron emission into the surrounding atmo-
sphere was first observed by Heinrich Hertz in 1886. With the so-called “gold-leaf
electroscope,” his assistant Hallwachs constructed the first measuring device that made
use of the external photoelectric effect. A metal electrode charges under the influence of
radiation. A thin piece of gold leaf that is attached on one side to the electrode rises
away on the unfixed end because charges with the same polarity repel each other.
Julius Elster and Hans Geitel, both former students of Kirchhoff and Bunsen, in-
vented the vacuum photocell around 1890 [67] and published the results of their work
in the Annalen der Physik und Chemie (Annals of Physics and Chemistry) between
1890 and 1894 [68-71]. The physicist Philipp Lenard systematically examined the
photo effect in vacuum for the first time around 1900. He recognized that the wave-
length of the radiation falling onto the cathode is crucial to whether the effect occurs,
whereas for sufficiently energy-rich radiation the radiation intensity only determines
the number of electrons ejected. In 1905, the work of Albert Einstein provided the theo-
retical framework for complete explanation of the effect. He was awarded the Nobel
Prize in Physics in 1921 for this. In 1929, L. Koller and N. R. Campbell developed
a cathode material, still known today as S-1, that is made of silver, oxygen and cesium
[72]. A thin layer of cesium directly on the surface is optoelectronically active. This
type of photocathode had a two-decimal order of magnitude higher sensitivity than all
until then known cathode surfaces. In the following years, various cathode materials
were developed, most of them made of alkali elements and those of the boron and
nitrogen groups, such as the combination of gallium and arsenic or of In, Ga and As.
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However, the sensitivity of the photocells produced in this way was still not competi-
tive with the then practiced photographic detection, although there had been attempts
in this direction. It was only by coupling the photocells with secondary electron multi-
plication that the detector sensitivity could be increased to such an extent that they
could compete with photographic detection.

This combination of photocell and electron multiplier is called “photomultiplier
tube” (PMT). Figure 3.67 shows the principle. The radiation passes through a
transparent window into the interior of the photomultiplier tube and strikes the
photocathode. The radiation ejects electrons from the cathode due to the photoelectric
effect. Between the cathode and the first dynode, a flat electrode with a magnesium
oxide or beryllium oxide coating, is a difference in potential on the order of 100 V.
The electrons released from the cathode are accelerated in the direction of the dynode
and strike there. The kinetic energy of each of these electrodes releases several more
electrodes from the dynode material. These electrodes are accelerated in the direction
of the second dynode, which again has a difference in potential of about 100 V from
the first dynode. Additional dynodes follow the second. There are typically ten dyno-
des in modern photomultiplier tubes. The number of electrons, and with them the cur-
rent, multiplies from dynode to dynode. The dynodes are simultaneously anode and
cathode, because they are both target for and source of electrons. The electrons reach
the last electrode, which is just an anode. There, the output current can be measured
against ground. It is nearly proportional to the radiation that originally reached the
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Figure 3.67: Basic structure of a photomultiplier tube.
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cathode. The resistors in Figure 3.67 form a voltage divider. They usually all have the
same value, so that between two adjacent dynodes, there is a constant voltage. The
current between the anode and the last dynode as well as between the last dynode
pairs can be so large that the voltage between the associated resistors drops slightly,
as the distances between the dynodes act like high-impedance resistors. This is espe-
cially problematic for radiation sources that deliver strong signals over a short time.

Figure 3.68 shows the effect if there is an additional high-impedance resistor
between every two dynodes. The voltages change (dashed line). In reality, only the
resistance between the last dynodes is noticeably reduced, and that is only the case
when the photomultiplier sees a strong radiation. The capacitors C1 to C3, drawn
with dashed lines in Figure 3.67, are added to prevent this effect. Their charging
supports the voltage applied to the last dynode and the anode and prevents distor-
tion of the kind sketched in Figure 3.68.

Distortion of dynode voltages caused by transversal currents
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Figure 3.68: Distortion of dynode voltage drops due to crosscurrents.

According to Ohls [5], PMTs were used for the first time by Iams and Salzberg in
1935. In modern PMT designs, the light enters from the top (head on) or from the
side (side on). The head on design is in principle still the same as shown in
Figure 3.67. In side on PMTs, the dynodes are arranged a little differently.
Figure 3.69 shows the setup. Here, the cathode is not a wire mesh, but a solid plate.
This form is also called a “reflection mode cathode,” because the photons strike the
cathode with an angle of incidence and the electrons are ejected from the cathode
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Figure 3.69: Construction of a side on photomultiplier.

with an angle of reflection. This process is similar to the reflection of radiation on
a mirror.

Photomultiplier tubes are available in a wide variety of designs. The main dif-

ferentiation criteria are as follows:

Component size and position of the window

In its product line overview [73], the Hamamatsu company, a renowned
Japanese manufacturer of high-quality photomultiplier tubes, recommends mul-
tipliers with side on light entry and diameters of 13 mm (1/2”) or 28 mm (1 1/8”)
for optical emission spectrometry. The smaller diameters are often preferred for
the construction of optics because they enable a larger number of PMTs to be
placed behind the exit slits on the focal curve.

Cathode design

The cathode can be semitransparent as shown in Figure 3.67. Alternatively, the
compact cathode design can be used (see Figure 3.69). In most cases, compact
cathodes operating with the reflection mode are used in the PMTs for arc/spark
OES.

Cathode material

The cathode material is the deciding factor as to for which radiation the photo-
multiplier tube is sensitive. Hamamatsu’s data book [74] mentions, among
others, the following cathode materials:

Sb-Cs cathodes are usable for the wavelength range between 185 nm and
650 nm and are mainly used for compact cathodes. Higher cathode currents are
possible than those for the bialkali cathodes discussed below.

Cs-Te cathodes are only sensitive for wavelengths between 160 and 320 nm.
Since no signal is generated for visible light, PMTs that are equipped with this
type of cathode are called “solar blind.” This characteristic is very practical when
designing optics. As was explained in Section 3.5, the radiation from multiple dif-
fraction orders may appear at one point on the focal curve. For example, radia-
tion with a wavelength of 200 nm can simultaneously pass through a slit
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through which radiation from the first diffraction order with a wavelength of
400 nm passes. If the measurement is conducted with a PMT with a Cs-Te cath-
ode, only the short-wave radiation is measured, because it is not sensitive for the
long-wave radiation.

Cs-I cathodes are also not sensitive for visible light. Their spectral sensitiv-
ity lies between 115 nm and 195 nm. Thus, they are suitable for suppressing first
order radiation above 200 nm.

Sh-Na-K-Cs “multialkali” cathodes are sensitive over a wide range from
185 nm to 850 nm.

Sb-Rb-Cs, Sb-K-Cs “bialkali” cathodes are usable between 185 nm and ap-
proximately 700 nm.

Sh-Na-K “low noise bialkali” are designed for low noise in a similar wave-
length range.

In addition, the cathode material is responsible for the achievable quantum
efficiency. This is normally given in percent and provides information as to
how many electrons are released per photon from the cathode. Diagrams of
quantum efficiency versus wavelength for the different types of cathode can be
found in Hamamatsu’s product catalog [73].

— Window material
Borosilicate glass allows only radiation with wavelengths of 300 nm and longer
to pass through. PMTs with this window material are rarely used for arc and
spark spectrometers. Filters, with which absorption edges for other wavelengths
can be realized, are usually used to block shorter wavelengths of below 300 nm.

In contrast, widespread window materials are UV glass with an absorption
edge at 185 nm and quartz glass, which is transparent over a wide range of UV
radiation starting at about 160 nm.

If shorter wavelengths are to be measured, multipliers with glued-on win-
dows made of magnesium-fluoride are used. These windows are transparent
from 115 nm and translucent into the infrared region.

Photomultiplier tubes are designed to measure low levels of light. High-intensity ra-
diation can damage or even destroy them. Therefore, the high-voltage supply to the
optic must be turned off before opening an optic equipped with PMTs. Operation or
storage of photomultiplier tubes in an atmosphere containing helium should also
be avoided. Helium permeation through glass is well known and can reduce the
quality of the vacuum in the tubes, promoting effects such as the “afterpulsing” ef-
fect, which is still to be discussed.

A small current flows out of the PMT anode even in the absence of lighting.
Skoog and Leary [26] state that the main cause for this so-called “dark current” is
the thermal emission of electrons and report that this effect can be completely
eliminated by cooling to -30 °C. Additional sources for anode current not caused
by incoming radiation are described in Hamamatsu’s PMT manual [74]:
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— Photocurrents caused by scintillation of the glass housing

— Emission of electrons from the electrodes caused by strong electric fields

— Currents caused by residual gas ionization

— Currents due to imperfect insulation of the socket and glass housing: Since
high voltages are applied and very low currents are measured, even high im-
pedance resistors in the giga-ohm range between the negative voltages and the
anode can result in measurable currents.

— Noise due to cosmic radiation, gamma radiation from the environment and ra-
dioactive isotopes contained in the glass housing

The so-called “afterpulsing” is a further effect. It is expressed as follows: If the
cathode is irradiated with a short pulse, the associated signal appears at first at
the anode. With the time delay of a few microseconds, however, a second smaller
output pulse follows. In the context of time-resolved spark spectroscopy, this is
a disturbing effect, because the afterglow of the plasma is detected at a time when
the thermal background has subsided. The signal intensities are much lower com-
pared to those during the current conducting phase of the spark.

Hamamatsu [74] names the following causes for afterpulsing:

— Electrons that wander back to the cathode from the first dynode

— Emission of radiation that arises in the PMT and whose photons return to the
cathode

Hamamatsu’s manual recommends artificial aging of the PMT as a countermeasure
and recommends that the PMT not be subjected to mechanical or thermal impacts
in order to prevent afterpulsing. Hamamatsu’s manual [74] is an excellent source of
information on photomultiplier tubes. Jennewein [75] has an easily readable discus-
sion about photomultiplier tubes with practical advice about usage, which is suffi-
cient for a general overview.

Special demands are placed on the voltage constancy of the PMT power supply.
A proven rule of thumb states that a relative increase in the high voltage of
one percent results in a photocurrent increase of 15%. The high-voltage must also be
free of superimposed AC. For example, if a ripple component is present, it can be dis-
turbing for the detection of single spark intensities. The level of the photocurrent can
be adjusted by changing the PMT power supply within certain limits. However, the
high voltage should not be chosen higher than necessary. Experience has shown that
the stability of the dark current worsens with high supply voltages.

3.6.2 Semiconductor-based sensor arrays

The description of semiconductor sensors in this chapter is an updated version of
information based on an older publication by one of the authors [76].
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Photosensitive detectors in the form of CMOS and charge-coupled device (CCD)
arrays are used in large numbers in camcorders, scanners and photocopiers. Such
arrays have also been used in spectrometry for a long time.

The first works (e.g., from Cox [77]) date back to the second half of the 1970s.
Semiconductors have a crystalline structure. The outer shell electrons of an atom
(valence electrons) are shared together with those from the neighboring atoms so
that the outer shell is fully occupied. For example, Germanium has four electrons in
the outer shell and shares one electron with each of four neighboring atoms form-
ing a lattice.

One electron can be removed from this structure by introducing energy.
A minimum energy W, the so-called “band gap” is required. The band gap depends
on the material and the temperature. If a voltage has been applied to the semicon-
ductor, the electron moves in the direction of the anode. Not just the electron
moves, but also the hole that it leaves behind. The reason is that one of the neigh-
boring electrons that is located in the direction of the cathode is attracted by the
anode and fills the hole. That is, the hole moves toward the cathode.

To a very small extent, electrons are raised into the conduction band by thermal
excitation. The resulting conductivity is called “intrinsic.” If foreign atoms with
a different number of valence electrons are added to the semiconductor crystal
(“doped”), there is either an electron surplus or electron deficiency at this place de-
pending on whether the foreign atoms have more or less valence electrons than the
semiconductor. These built-in disturbances increase the conductivity. If there is
a surplus of electrons, it is called an “n-type semiconductor.” If there is an electron
deficiency, it is a p-type semiconductor. Foreign atoms with an electron surplus are
called “donors;” atoms with electron deficiency “acceptors.”

When photons strike a semiconductor material, they release bound electrons
from the valence band and raise them to the conduction band. However, this can
only happen if the energy of the photon is larger than the energy difference be-
tween the conduction band and the valence band.

*

Wp=hv= % >Wg (3.25)
W, Energy of the photon (J)

W, Band gap for silicon (in ], 1.12 eV or 1,79 x 107*? ] at room temperature)
v Frequency (s™')

Planck’s quantum of action (6.626 x 107> ] x s)

Vacuum speed of light (3 x 108 m s7%)

Cutoff wavelength (m)

> 0o o

The result from eq. (3.25) is that wavelengths <1.1 pm can be detected with silicon
semiconductors. The usable range is limited by absorption effects for short
wavelengths.
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The so-called “photoresistor” is a semiconductor detector with a very simple
structure (see Figure 3.70). It consists of an undoped semiconductor to which two
electrodes are attached. When illuminated, the electrons are raised into the conduc-
tion band and a current begins to flow. Photoresistors are rarely used for spectro-
metric purposes. Even high-purity semiconductor crystals contain low-residual
levels of foreign atoms that act as donors and acceptors. This causes a so-called
“dark current,” which superimposes the current induced by irradiation, to flow
when power is applied to the photoresistor. In addition, some of the charge carrier
pairs recombine again before the charges reach the electrodes, as the field strength
in the crystal is quite low. Other components are better suited to the detection of
small amounts of light.

+U +U  Ground (0V)

Conductive Electrode

Semiconductor
crystal

Conductive Electrode

Ground (0 V)

Figure 3.70: Structure of a photoresistor with associated potential curve.

3.6.2.1 Photodiode arrays

Figure 3.71 shows the structure of a photodiode and the field strengths present in it.
A photodiode is nothing more than a reverse-biased diode that has been optimized
for the detection of radiation.

The doped p-type and n-type regions are relatively low resistance. At the junc-
tion of the two regions, the electrons are transported toward the n-type region and
the holes toward the p-type region. A small region that is free of charge carriers is
formed. Because this region surrounds the complete volume of the p-silicon, the cir-
cuit is interrupted. Current cannot flow. The potential changes from 0 to +U; the
field strength is highest in the depletion zone. If a photon ejects an electron there,
the electron is immediately accelerated in the direction of the n-silicon by the high
field strength. The recombination probability is small. As noted above, thermal ef-
fects can also create electron/hole pairs. While in the case of the photoresistor, the
entire semiconductor volume contributes to the dark current, for the photodiode,
only the volume of the depletion zone contributes.
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Figure 3.71: Structure of a photodiode with associated potential curve.

The thickness N of the depletion zone in the n-type doped region can be calcu-
lated using the following equation (according to Kriiger [78]):

[z ()
Ny oo D (3.26)

The following applies for the thickness P of the depletion zone in the p-type doped

region [78]:
P= M (3_27)
e*A*(1+ %)
Whereby:

the elementary charge (1.602 x 10™*° C)

the dielectric constant of the semiconductor material (;<.)

the amount of the forward voltage of the diode (about 0.7 V for Si diodes)
the concentration of the acceptors (m )

the concentration of the donors (m~)

the applied reverse biased voltage (V)

O <m0

Production is done by heavily p-doping the surface of a weakly n-doped crystal.
A is, then, much larger than D. It follows that P is small compared to N.

The absorption increases exponentially with the penetration depth into the p-
layer. For this reason, the p-doped layer must be as thin as possible.
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A photodiode array is made up of a linear arrangement of structures as shown
in Figure 3.71. A light-insensitive “gap” between two photodiodes (corresponds to
the SiO, structures in Figure 3.71) is unavoidable; it is required to insulate the ano-
des from each other. Each diode is connected to an electronic switch that transmits
the charge stored in the diode to an integrated operational amplifier.

The output of the operational amplifier leads to a detector chip contact. The an-
alog switch also has a second function: After the readout process for a pixel, it
switches through a reset voltage, which resets the photodiode to the zero state.
Common diode arrays have 128 to 2048 individual diodes. Therefore, not every ana-
log switch belonging to the photodiodes can be switched via a dedicated pin.

There are two methods to control the analog switch:

— Control via (digital) multiplexer
Digital multiplexers are logical combinatorial circuits with n address inputs
A; ... A, 2" outputs and an “enable” line. Address lines and enable lines are
connected to housing contacts, the outputs of the multiplexer lead to the con-
trol lines of the analog switch. The address A of the analog switch to be se-
lected is encoded as an n-bit binary word A and connected to A; ... A,.
Activation of the enable line causes the analog switch to open. A description
of the digital multiplexer can be found in Tietze and Schenk [15].
An array with 2048 photodiodes requires log, (2048) = 11 address lines. The ad-
vantage to this type of addressing is that there is direct access to every pixel.

— Control using a digital shift register
Shift registers consist of a chain of 1-bit data storage elements, the so-called
“flip-flops.” Flip-flops are switched so that with a clock impulse, flip-flop n + 1
takes over the content of the nth flip-flop (see Tietze/Schenk [15] and Koestner
[79], p. 359 ff, for information about shift registers). To read out a pixel k, the
first flip-flop is set. The logical high-signal of the first flip-flop is then trans-
ported by the k-1 clock impulse to the kth pixel, where it (together with an
enable signal) causes the kth analog switch to close, thus connecting the photo-
diode of the kth pixel to the data line. Any number of photodiodes can be ad-
dressed with a data line, a clock line and the enable signal; however, the nth
photodiode only after the output of n-1 clock signals. This delay can be
a hindrance when immediate access to a photodiode is required, for example,
for time-resolved spectroscopy.

One disadvantage to diode arrays is the fact that the charge of the photodiode dis-
charges through the analog switch into the structure that connects the analog
switch outputs to each other. Unfortunately, it is not possible to make this as small
as may be desired, because all the outputs over the entire width of the array must
be connected. This is why it has a capacity that is usually larger than that of the
photodiode. This worsens the signal/noise ratio, which is a disadvantage compared
to the CCDs described in the next section.
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3.6.2.2 Charge transfer devices
charge-transfer device (CTD) is the umbrella term for charge coupled device (CCD)
and charge injection device (CID).

Charge coupled devices (CCDs)

For historical reasons (because of patents for CIDs, see Sweedler/Ratzlaff/Denton
[80], p. 50]), there are more providers of CCDs than of CIDs. CCDs are currently the
most widely distributed type of detector arrays for spectroscopic purposes.
Figure 3.72 shows the structure of a CCD pixel.

+U

Gate electrode
ﬁ Radiation
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Ground (0 V)

Figure 3.72: Structure of a CCD pixel.

The so-called “substrate” is the base for the functional unit. It consists of p-doped
silicon and usually carries ground potential. A lightly p-doped epitaxial layer is
built on this; this is the photoactive region and has a thickness of several pm. An
insulating SiO, layer of only approximately 0.02 pm separates it from the gate elec-
trode. This consists of highly doped, i.e., low-resistance, silicon.

There is a positive voltage on the gate. If radiation with wavelengths below
1,000 nm falls on the surface of the structure, it passes the gate and SiO, insulator
and results in the formation of a free electron in the epitaxial layer due to the inner
photoelectric effect. The inner photoelectric effect relevant here is qualitatively dif-
ferent from the junction photo effect of the diode arrays (see e.g., Perkampus [81],
pDp. 49, 447). The free electrons collect below the gate electrode because the gate is
positively charged. However, they cannot penetrate the nonconductive SiO, layer.

After the end of the integration time, the charge collected under the gate elec-
trode is, ideally, proportional to the amount of radiation acquired. “Ideally” means
here that there are so few electrons produced that the repulsion of additional new
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electrons by those that are already stored does not yet play a role. If it does play
a role, then an effect called “blooming” occurs; it is explained below.

The charge of the pixel must now be read out. In the simplest case, the pixels in
the CCD form an analog shift register. This makes it possible to sequentially clock
out the charge of each pixel at an output.

Figure 3.73 shows how the charge is shifted. There are three auxiliary electrodes
to the left of the gate electrode for each pixel. In the first step, only the left electrode
is positively charged. Thus, the electrons collect under this electrode. If a positive
voltage is applied to the electrode to the right of this, the electrons are distributed
under both electrodes (step 2). If the control voltage on the first electrode is
switched off, the charge is shifted by a quarter of a pixel to the right (step 3).
Imagine that the other pixels in the array are aligned to the left and right and that
the gate electrodes 1 to 4 for each pixel are connected to one another, the charges
can be shifted from left to right over the chip. A two-phase control can be realized
by overlapping the gate electrodes. Single-phase control is also possible by implant-
ing charge barriers (see, e.g., Hynecek [82]).

+ 0 0 0 + + 0 0
HE BN =BE s Il N = .
Step 1 Step 2
0 + 0 0 0 + + 0
HE BN =BE s Il N = .

Step 3 Step 4
Il : Gate electrodes

0: Electrode voltage 0V, +: Positive electrode voltage

Figure 3.73: Charge transport in the CCD.

It is, however, disadvantageous to use the pixels themselves as analog shift registers.
The light that enters during the shifting process produces a charge that cannot be as-
signed to the correct pixel. Imagine that a photon generates an electron at pixel 1,000
in a 2,000-pixel CCD. Continue to assume that this happened during the readout pro-
cess after 500 charge shifts and a shift direction towards lower pixel numbers. The
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electron would then be added to a charge that was originally collected (before shifting
began) below pixel 1,500. For this reason, the pixel charges are first transferred into
a separate shift register covered with a radiation-impermeable layer. In this way, it is
possible to integrate and read out simultaneously.

Figure 3.74 shows the principle structure of a CCD component.

Pixel Switchab.le charge barriers Output amplifier
TS bt de g dd et d
11333333333 31

Opaque cover Analog shift register

Figure 3.74: Structure of a CCD line detector.

The entire chip surface, with exception of the pixels, is covered by an opaque alu-
minum layer (area inside the dotted line).

After the integration time, the charge is transferred to the analog readout regis-
ter. This is done by deactivating a charge barrier. The charge barrier can be thought
of as a gate electrode to which 0 V is applied during the integration. Transfer into
the readout register is performed as shown in Figure 3.73 (the barrier gate corre-
sponds to the second gate connection).

Note that the voltage drop through discharge of a small capacity into a larger one
as described for photodiodes does not occur. On the contrary: The pixel capacities can
be chosen to be large compared to the transfer bin capacities; in this way, even voltage
amplification is possible.

The charge generated by photons is completely transmitted. An explicit dele-
tion process (“reset”) is not necessary. This results in a significantly reduced signal
to noise ratio for the CCD compared to photodiode arrays.

One drawback of commercially available CCDs is their limited wavelength range.
The gate structures form a filter that absorbs short wavelengths. The absorption edge is
between 140 nm and 400 nm depending on the construction of the chip. Sweedler,
Ratzlaff and Denton [80], p. 28, speak, in general, of absorption by front-illuminated
CCDs (CCDs where the radiation enters the light sensitive area after passing the gate
electrodes) below 400 nm, which is certainly correct for detectors mounted in housings
with glass windows. If this window is removed, it is possible to find types of CCDs for
which absorption starts to play a role below 160 nm. This is due to the fact, that mod-
ern CCD sensors often use photodiodes for charge generation and CCD structures to
transport the charges.
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If a fluorescence layer is applied to the detector surface by vapor deposition or
painting, the detectors can be used starting at the shortest wavelengths of interest
(approximately 115 nm). CCDs developed specifically for spectrometry are often
designed so that the light enters from the back, i.e., through the substrate. The sub-
strate must then form a particularly thin layer to prevent recombination. These CCDs
are also called “back thinned CCDs” or “back illuminated CCDs.” Such detectors
can also be used for all wavelengths that have to be measured by spark instruments.

The blooming effect, already mentioned above, is an additional problem with
using CCDs. This effect comes about as follows:

At first, light quanta produce electrons that accumulate in the space charge region
below the gate electrode (see Figure 3.75a). Through repulsion of the negatively
charged electrons, the volume of the space charge region increases with the growing
number of electrons (see Figure 3.75b). If the electrons are pushed to the outer side to
such an extent that the attraction forces of the neighboring gate electrodes dominate,
they “jump” over to them (see Figure 3.75c). Note that for simplification of the illustra-
tion only one electrode per pixel has been drawn in Figure 3.75.

(@

(b)

(©)

Figure 3.75: Blooming.

Two dimensional CCD arrays are available in addition to CCD line sensors. These
arrays can, in principle, also be used for spectroscopic purposes, e.g., in combina-
tion with Echelle spectrometers. Here, however, the use of commercially available
detectors creates difficulties:

To achieve high resolution for acceptable chip dimensions, distances
(“pitches”) between pixels of 7 x 7 pm are common. Part of this area is lost, as
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space is also required for the connecting structure. Therefore, the pixels usually
have micro lenses etched onto them to concentrate all the light onto the effective
pixel surface. As explained above, a fluorescent coating is required for wavelengths
below 300 nm. This is, however, located directly on the lenses’ surfaces, so that the
lenses can no longer fulfill their purpose - focusing the radiation onto the optically
active zones of the pixels. Even worse: The fluorescent layer acts as a diffuse source
of light and irradiates the surrounding pixels.

An additional problem arises from the number of pixels. High-resolution CCDs
with up to 63 megapixels have been available for several years [83]. However, the
charges cannot be shifted with unlimited speed. For a pixel clock rate of 2 MHz, the
readout process for such a large CCD requires almost 32 seconds. A 2,000-pixel lin-
ear detector with the same pixel clock rate can be read out a thousand times
per second. This has two consequences for megapixel CCDs:

— Blooming can hardly be avoided.
— The dynamic range is strongly limited because the total number of readout pro-
cesses for a given integration time is relatively small.

As mentioned above, modern CCDs frequently have structures that deviate from those
described in the beginning of this section. The so-called “photodiode CCDs,” which use
diodes for photon detection, are very popular. Transmission of the charges is realized
with CCD structures. Photodiode CCDs are also usually simply called CCDs, as the
charge transport influences the properties of the detector more substantially than the
method of the charge generation. An example for such photodiode CCDs is the surface
sensor from Sony manufactured with their hole accumulation diode (HAD) technology.
Details about this can be found by Sony [84].

Charge injection devices (CIDs)
Like CCDs, CIDs are based on MOS structures. Figure 3.76 shows the structure of a pixel.

Collection gate Sense gate
(69) (GL) sio,
OOOOOO®
ODOOOE
n-Silicon
p-Silicon

Figure 3.76: Structure of a CID pixel.

For historical reasons, CIDs use reverse polarities compared to CCDs: The epitaxial
layer is n-doped and the gate is negatively charged, i.e., holes, instead of electrons,

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



152 —— 3 Hardware for spark and arc spectrometers

are collected beneath the SiO, layer. Each pixel has its own collecting electrode, the
readout electrodes of all pixels are connected with each other. During the integration
phase, both the collecting electrode GS and the readout electrode GL are negatively
charged. (Figure 3.77a). However, since —-Ugg = 2 x —Ugy, the charge carriers only ac-
cumulate under GS. The readout process proceeds as follows:

GS: 2x—ld_ GL: —UJ_

@®@®®®®®@®®

(@

GL: disconnected
(charged to -U)

(b)
@®@®@®®®@®@
GL: U + Usignal
GS: 0V | |
©
@@@)@@@@@@@@
GS: +U | GL: +U |
d CICICICIOIO)

AIONONONONOIAN

Figure 3.77: Reading a CID pixel.

First, the readout electrode is separated from the negative voltage by opening an
electronic switch (Figure 3.77b). The readout electrode GL now forms a capacitor
plate that is charged with a voltage -U. The n-silicon forms the opposite capacitor
plate, the SiO, layer the dielectric layer of the capacitor.

If the Ugg is reduced to O V, the charge carriers flow under the readout elec-
trode, which is still negatively charged (Figure 3.77c). Due to the charge Qs;gnar flow-
ing in, the voltage on the capacitor Cg; formed by the readout electrode GL and the
n-silicon changes by a voltage Usignal. Usignal is calculated using the following
equation:

Q .
USignal = Z‘Lmal (3~28)
GL
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The voltage on the readout electrode GL is now Usjgnal — U. Usignal is obtained by
measuring the voltage on GL and adding U.

By once again raising the collecting electrode GS potential to —2U (return via
Figure 3.77b to Figure 3.77a), the charge can be returned to the collecting electrode
and the integration can be continued. Destruction-free readout is, thus, possible.
Opposing this advantage is the disadvantage of the large capacity of the readout
electrode structure that leads to a voltage drop of about two orders of magnitude
(see Sweedler/Ratzlaff/Denton [80], p. 53]). This effect is already known from the
discussion about diode arrays.

If a positive voltage is applied to GL, the holes are repelled in the direction of
the pn-junction and recombine there (Figure 3.75d). A comprehensive description
about CID construction details, for two-dimensional cases too, can be found in
Ninkov [83, 85].

3.6.2.3 CMOS detectors

The CMOS process is currently the most common standard procedure for the produc-
tion of integrated circuits. CMOS stands for complementary metal oxide semiconductor:
n or p-doped structures are applied to the surface of silicon substrates. The surface can
be partially free or covered with a SiO, layer. Aluminum layers can in turn be vapor
deposited above that as electrodes. The C in CMOS stands for complementary, which
refers to the fundamental logic structure of the circuits produced using this technique,
namely a pair of complementary field effect transistors connected in series.

In this context, complementary means that one of the transistors is an n-
channel type and the other a p-channel MOSFET. Figure 3.78a shows the circuit.
The gate electrodes for the two transistors are connected so that either the p-chan-
nel transistor conducts and the MOSFET with n-channel blocks or vice versa, de-
pending on the polarity on the gate electrodes. No current flows after switching
because one of the transistors always blocks. Only in the moment when switching
takes place do the parasitic capacities of the transistors have to be charged.
Figure 3.78b shows an equivalent circuit. Microprocessors and memory devices,
but also analog circuits such as operational amplifiers and analog switches can be
produced using the very large-scale integration (VLSI) possibilities of the CMOS
process. Photodiodes can also be implemented. In contrast, analog shift registers
cannot be easily realized. As a consequence of this, the charge of the photodiode
cannot be transported to the output amplifier easily and without loss, as is possi-
ble with the analog shift register of the CCD. There remains the possibility of im-
plementing a collecting line, to which the pixel signals are connected one after
another. This solution and its drawbacks have already been introduced together
with diode arrays: The collecting line must extend over the full length of the chip
and, therefore, has quite a high capacity. If the individual pixels are simply con-
nected to this structure using analog switches, then a charged small capacity
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Figure 3.78: CMOS inverter with equivalent circuit diagram.

(that of the photodiode) is combined with an uncharged larger capacitor (the ca-
pacity of the collecting line). The charge balances, and the voltage on the collect-
ing line is low compared to the original pixel voltage. For this reason, a buffer
amplifier, which raises the voltage on the collection line to the level of the pixel
photodiode, must be provided in the output for every pixel.

Figure 3.79a shows a pixel realized with the CMOS technique and Figure 3.79b
the associated equivalent circuit. Since every pixel has its own amplifier, the type
of detector described here is also called an “active pixel sensor” (APS).

In the case of CCDs, the charge is transmitted virtually without loss to a single
amplifier via analog shift register. CMOS components, on the other hand, have one
amplifier per pixel. This harbors the risk that the individual pixels of CMOS detec-
tors may have large deviations in dark current and transmission function. The
transmission function is the function that is obtained when the amount of radiation
and the measured value resulting from it are plotted against each other. A further
drawback that is frequently mentioned about the CMOS technique is that the active
detector technology takes up space on the sensor surface. This space that is, then,
no longer available for radiation detection. The so-called “fill factor” is less than
100%. In the case of two-dimensional detectors, this is a serious objection. In the
context of linear sensors, however, this is irrelevant: The additional circuits can be
attached above or below the pixels. The pixels here have typical lengths of 200 pm
for widths of 7 pm or 14 um. This results in pixel areas that are large compared to
the space required by the auxiliary electronics.
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Figure 3.79: CMOS pixel with equivalent circuit diagram.

3.6.2.4 Comparison of CCD, CID and CMOS arrays
In the following, the advantages and disadvantages of the line sensors discussed in
Section 3.6.2 will be presented in a catchword-like manner.
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CMOS detectors
Advantages:

— CMOS detectors can be produced with the most advanced and cost-effective IC
standard processes. Therefore, they can be less expensive than CTDs. This ap-
plies particularly for CIDs that, in contrast to CCDs, are only produced in small
quantities. Here are, additionally, the largest advances in development, as the
CMOS process is the most common semiconductor technology.

— Electronics for control and signal processing can be integrated onto the detector
chip.

— Blooming effects do not occur.

— By using the highly integrated standard process, it is, in principle, possible to
build chips that enable single pixels to be read out; allowing dynamic problems
to be solved.

— CMOS chips have clearly caught up in terms of sensitivity and are almost com-
parable to CCD components.

— The readout speed is high.

Disadvantages:

— Higher fixed pattern noise.

— CMOS chips use active pixels, which can lead to different transmission func-
tions between radiation and measured values from pixel to pixel.

CCDs

Advantages:

— Low noise

— Very high sensitivity

Disadvantages:

— Blooming effects may occur.

— Quick readout of individual pixels is not possible.
— Limited dynamic range

CIDs
Advantages:

— Nondestructive readout of individual pixels is possible.

— The noise level is low.

— No blooming

Disadvantages:

— Usually higher price

— Limited opportunities for the implementation of special functions compared to

CMOS chips.

CCD and CMOS detectors are compared in G6hring [86] The key messages made
there still apply today. It appears that the future belongs to CMOS detectors. The
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advantage in sensitivity that CTDs have enjoyed for years has shrunk. The various
opportunities for innovative chip details, the security of no blooming, the possibil-
ity of a higher readout rate as well as the somewhat lower price are all factors in
favour of CMOS detectors. Even the drawbacks of higher fixed pattern noise and the
lower uniformity of the pixel sensitivities are not as serious today (2018) as they
were 16 years ago. In addition, microprocessors are available with ever-increasing
processing power. They enable compensation for these drawback effects by using
the appropriate algorithms. McCormick [87] compares linear CCD detectors com-
monly used for spectroscopic purposes with a modern CMOS detector from the com-
pany Hamamatsu [88] and concludes that the decision as to whether CMOS or CCD
detectors should be used depends on the application. The CMOS detector is superior
or equal to CCD detectors in several important respects. According to [87], the
CMOS detector does have a slight disadvantage concerning the dark current. This
characteristic is likely to be insignificant for many applications.

3.7 Measuring electronics

The measuring electronics, also frequently called the “readout electronics,” form the
interface between the optoelectronic detectors and the superordinate computer. The
requirements on the electronics for readout of the photomultiplier tubes differ from
those for the circuits intended to control multichannel semiconductor detectors.

3.7.1 Measuring electronics for photomultiplier tubes

In the early direct reading spectrometer systems, the charge that flowed from the
anodes of the photomultiplier tubes was collected in capacitors. This type of circuit
is illustrated in Figure 3.80. Before the beginning of the measurement, the switches
S1 to Sn were closed for a short time and the tube voltmeter bypassed to discharge
the capacitors C1 to Cn. After this, S1 to Sn were opened again. The photo-current of
each PMT charged the capacitor assigned to it. After the end of the measurement,
the capacitors were connected to the tube voltmeter sequentially and the absolute
intensities were read. Such readout electronics were found frequently in publica-
tions from the 1950s, e.g., in Pfundt [89].

The type of integration described here had a major drawback: The dynode bias
was realized with a voltage divider (see Section 3.6.1). The voltage difference between
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Figure 3.80: Charge integration via single capacitors.

the last dynode and the PMT anode decreases constantly with increasing charge on
the capacitors C1 to Cn. If U gpnq is the voltage that drops across the capacitor C (here
C stands for any of the capacitors C1 to Cn) at the end of the measurement and Uy, is
the voltage difference between the last dynode and ground, then there is a voltage dif-
ference Up between the last dynode and the anode at the beginning of the measure-
ment. However, at the end of the measurement this voltage is only Up - Uc gng-
Photomultiplier tubes react strongly to changes in the acceleration voltages as has
been explained in Section 3.6.1. As a general rule of thumb, for common multipliers
that are operated with voltages around —-800 V, a reduction of the voltage to -850 V
results in a doubling and an increase to —-750 V to a halving of the output current. If
the output current depends on the state of charge of the capacitor, then the charge of
the capacitor no longer grows proportionally with the strength of the radiation.

The circuit according to Figure 3.81 does not have this disadvantage. The
anode of the photomultiplier tube PMT is connected to the inverting input of the
operational amplifier, OP. If there is a current flowing out of the PMT, the invert-
ing input of OP becomes slightly more negative than the non-inverting input and
the voltage on the output increases a little, which results in a positive current
across the capacitor C. Exactly the same current flows through C as the one from
the PMT, but with the opposite sign, thus holding the voltage on the inverting
input of the operational amplifier at zero. The minus input of the OP is always at
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Figure 3.81: Readout system with inverting integrators.

ground potential. The capacitor C is charged in the process and in the end con-
tains exactly the charge that flowed from the PMT. PMT, C and OP stand here,
once again, for any of the photomultiplier tubes, capacitors and operational am-
plifiers grouped in the integrator illustration in Figure 3.81. A detailed description
of the reverse-integrator presented here, also known as a Miller integrator, can be
found in Tietze and Schenk [15] (p. 756 ff). The voltage U that drops on the inte-
gration capacitor C can be measured on the output of the OP, as the other side of
the capacitor is always at ground potential. It has, in contrast to the capacitor
voltage in Figure 3.80, a positive sign, which enables it to be used directly behind
the operational amplifier component that can only process unipolar, positive vol-
tages. In Figure 3.81, the positive output voltage is processed by the analog multi-
plexer MX with which multiple integrator outputs can be connected to the analog-
digital converter AD by selecting a digital address information AO to Am. Analog
multiplexers and analog-digital converters are usually operated by a dedicated
microcontroller.
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This proceeds as follows:

1. First, the integration capacitors are discharged by briefly closing the switch
S that can be found parallel to each capacitor C. A memory location Int[i] in the
microcontroller is reserved for each integrator i. These are initialized with zero.

2. Then the measurement is started.

3. During the measurement, the integrators are sequentially connected to the A/D
converter by selecting their address. An A/D conversion is initiated and a voltage
U is measured. If U approaches the maximum possible voltage, which is usually
slightly less than the positive supply voltage of the operational amplifier, then the
memory location Int[i] assigned to the integrator is increased by U and the associ-
ated capacitor C is reset by actuating the electronic switch parallel to it. This
method makes it possible to process a capacitor charge many times per measure-
ment. During spark operation it is necessary to ensure that the readout and espe-
cially the resetting of the integrator takes place between two sparks; i.e., when no
usable signal is generated.

4.  When the measuring time is over, the measurement is stopped.

5. The residual charges are read out exactly as described in point 3 and the inten-
sities stored in the Int array increased accordingly.

6. Finally, the measured raw intensities now available in the Int array are trans-
mitted to the superordinate computer.

In modern instruments, photomultiplier tubes are preferred when the measurement
of time-resolved signals is required.

The ability to record the signal of the photomultiplier tube in a time-resolved man-
ner has various advantages:

— No usable signal is generated in the first microseconds of the spark. The signal
to background ratio can be improved by switching off the PMT output during
this time.

— If the signal is blocked for the complete current conducting phase of each
spark, then the ion lines disappear but the atom lines are still excited. If an
atom line is interfered by an ion line, then this interference can be reduced
using time resolved measurement. At this time, the spectral background caused
by electron recombination (bremsstrahlung) is absent, too.

— If only a time slice at the beginning of the spark is integrated, the cold atom
cloud has not yet formed around the plasma. Therefore, self-absorption effects
are less pronounced and the concentration limits, at which lines that are prone
to such effects can still be used, are raised.

The circuit according to Figure 3.81 can be enabled for time-resolved measurements
by introducing additional switches (SZ1 to SZn in Figure 3.82). The signal is only
integrated when SZ is connected to the integrator. In the other switch position, the
current from the anode of the photomultiplier tube PMT is led directly to ground.
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Figure 3.82: Readout system with the possibility of time-resolved acquisition.

Interruption of the connection between the PMT and the operational amplifier
input would not be effective: The photomultiplier tube is a current source. When
the switch is open, the charges on the parasitic capacitance formed by the anode
and the input line connected to it would charge and this charge would reach the
integrator when the switch is closed the next time.

The disadvantage to the circuit in Figure 3.82 is that only a single spark phase
can be integrated per integrator. It could, however, make sense to use multiple inte-
gration windows of an analyte line. For example: The entire signal from a trace line
is used once without the first microseconds for a calibration curve (curve 1). At the
same time, however, a second calibration function (curve 2) is to be created that
takes only the first part of the discharge into account. If a sample contains the ana-
lyte in trace concentrations, curve 1 is used. If, however, the analyte content is so
large that self-absorption begins, curve 2 is taken. Algorithms for line switching be-
tween different curves of one element are described in Section 3.9.7.

The flexibility required here is offered by the circuit illustrated in Figure 3.83. It
looks like a simplified version of the circuit from Figure 3.81. Since the integration
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Figure 3.83: Readout system suitable for the time-resolved acquisition of several time windows
per PMT.

capacitors are addressed in very small time intervals, it makes sense to assign an A/D
converter and a microcontroller to every integrator. The integration capacitor is small
compared to those in Figure 3.81. If capacities from 10 to 100 nF are common for the
circuit according to Figure 3.81, the capacitors C1 to Cn in Figure 3.83 only have ca-
pacities on the order of magnitude of ten to several hundred picofarad.

The measurement is carried out as follows:

1. A memory location is reserved in the microcontroller for each time interval.
With intervals with a length of 5 pus, memory locations are reserved for the sig-
nals between 1 and 5 ps, 6 and 10 ps, 11 and 15 ps, etc. All memory locations are
initialized with zero.

2. The measurement is started.

3. As soon as the excitation generator indicates the beginning of a spark, C is
scanned with the specified time grid and the associated memory location (i.e.,
at 5 ps grid, the first memory location, the second after 10 ps, etc.) is increased
by the measured intensities. After each measurement, the switch S is briefly
closed to discharge the capacitor C.
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4. When the end of the measuring time has been reached, the measurement is
stopped.

5. Finally, the measured raw intensities are transmitted to the superordinate com-
puter. An array of raw intensities is sent for each line. A single raw intensity
from one such array contains the sum of the intensities from all the sparks that
were integrated from a time t ps after the time of ignition (e.g., t = 5, 10, 15 and
20) over a fixed duration of d ps (e.g., d = 5).

The circuit shown in Figure 3.83 is, in principle, simple, but the smallest of charges
have to be measured. An intensity range is quickly reached where the readout noise
dominates the source noise, thus reducing the analytical performance (see
Section 3.5.6). Therefore, very careful implementation of the electronics is required to
achieve the necessary performance level.

3.7.2 Measuring electronics for multichannel semiconductor detectors
Figure 3.84 shows a typical example for the control of linear semiconductor detec-

tors. Here, these detectors can be CID, CCD or CMOS detectors. Such detectors are
described in Section 3.6.2.

Line sensor A

Readout start clock

S T D

T A

Digitized
readings
v

Microcontroller

l

To higher level computer

Figure 3.84: Readout system for controlling multichannel semiconductor sensors.

The outputs of the detectors are connected to the inputs of analog/digital converters.
These are usually connected to a microcontroller with a serial interface, for example
a “Serial Peripheral Interface” (SPI). The microcontroller also sends control signals to
the detectors. A start impulse (line S in Figure 3.84) transfers the signal integrated in
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the pixels to an output register, which may be, for example, an analog shift register.
Then impulses are applied to a clock line T. The clock pulses ensure that the signals
from the pixels are transmitted one after the other to the output line connected to the
A/D converter. While a microcontroller can generally process more than one linear
detector, the number is limited due to the required processing speed and the limited
number of serial interfaces available in the controller. A microcontroller can rarely
capture the data from more than eight detector lines. Therefore, it is frequently neces-
sary to use multiple microcontrollers to control the detector lines.

Data collection proceeds as follows:

1. In the microcontroller, a two-dimensional integer array Int is created in which
a memory location for the recorded intensities is available for every pixel with the
number P from every sensor S. Every memory location of this array is initialized
with zero.

2. The detectors are reset. This is usually done by issuing first a start pulse and
then a number of pixel clock pulses corresponding to the number of pixels.

3. Then the measurement is started.

4. First, a short, specified amount of time is waited. Times between 2 and 100 ms are
common. During this so-called “micro-integration time,” charge accumulates in the
pixels. After the micro integration time has elapsed, a start pulse is sent through the
line S to the line sensors and causes the transfer of charges from the pixels to the
output shift registers. Then right away, the timer is started again in order to deter-
mine the correct time for the next readout. Now the signals for the current integra-
tion, present in the output shift registers, can be processed. The signal from the first
pixel is currently located at the detector’s analog output. It is converted and the
memory location assigned to the pixel is increased by the measured value. Then
a pixel clock signal is applied to the line T. The next signal from the second pixel is
converted and processed by increasing the assigned memory location in Int. This
process is repeated until all pixels have been read out. After the end of the next
micro-integration phase, the process described in step 4 is repeated.

5. When the end of the measuring time is reached, the measurement is stopped.

6. The residual charges are read out and the intensities stored in the Int array are
increased accordingly.

7. Finally, the measured raw intensities now present in the Int array are communi-
cated to the superordinate computer.

Modern spectrometer systems often use both parallel multichannel line detectors
and photomultiplier tubes. In this way, the advantages of complete spectral capture
can be combined with those from recording the signal progression of the intensities
during and after the spark event. It is possible to build optical systems that combine
both detector types while enabling them the same view of the spark. The German
patent DE19853754B4 [90] describes such a system.
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3.8 Superordinate computer

Computers with 80 x 86 compatible processors and Microsoft Windows or Linux oper-
ating systems are usually used as the superordinate computer. Handheld devices often
have other hardware and software platforms, such as ARM processors with Android
operation systems.

If non real-time operating systems are used, separate microprocessors or
“Digital Signal Processors” (DSPs) usually take over control of the integrators or
semiconductor detectors. This is necessary because particularly CCD arrays require
reproducible, exact timing. Interruption of the readout process can lead to malfunc-
tion. The communication between slave processor and master must take place over
a fast interface. Usually, Ethernet or USB interfaces are used.

3.9 Spectrometer software

The spectrometer software is becoming increasingly important. Many functions that

were implemented by hardware in the last decades have been transferred into the

software. The most important algorithms, which are used for the following pur-

poses, are explained in Section 3.9:

1. Creation of the calibration functions

2. Calculation of the element concentrations from the measured values of un-
known samples using the calibration functions determined in point 1

3. Recalibration (standardization) of individual line pairs or entire spectra

Other algorithms, e.g., those for sorting, for control of compliance with predetermined
material specifications or for finding material grades fitting to an analysis, are de-
scribed in Section 7.7. These calculations are of particular interest in the context of mo-
bile spectrometers.

3.9.1 Calculation of the line intensities from the spectra

Optics equipped with exit slits provide intensities for the wavelength ranges that pass
through the slits. The situation is much more complicated for systems equipped with
multichannel detectors. The pixel widths do not exactly fit to the lines to be measured.
Computational steps are required to make the intensities of the desired lines available.

3.9.1.1 Interpolation of spectra

The measured spectra consist of a two-dimensional array Int of integers in which an
intensity i is stored after the measurement for every detector number s and every
pixel p, i.e., in symbols: Int[s,p] = i, whereby s is an integer between 1 and the
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number of detectors found in the system S,,.«; p is an integer between 1 and the num-
ber of pixels per detector P.x. Every pixel has a defined width on the order of 10
micrometers. For the purpose of simplification, it is assumed that every pixel of the
detector s captures a wavelength interval with the constant width € and the first pixel
of s captures the wavelength interval [ As,As + €] (more precise would be the notation
as a half open interval, [ As, As + € ]. In favor of a better readability closed intervals
are written). Then the pth pixel captures the interval [ A, + (p — 1) x g, A; + p x €].
However, only information about the sum of the intensities from spectral areas that
are bordered by wavelengths that conform to A; + p x € with 1 < p < P, and
1 < s < Spax are available. Unfortunately, the wavelengths of the pixel boundaries
As + p x € are not constant. They can easily change due to aging or pressure or tem-
perature drifts, so that the spectral ranges found on s pixels are shifted. Figure 3.85
shows the problem using a section of a spectrum. Above is the “real” spectrum as
recorded by a detector with many, very narrow pixels. A detector, whose pixel width
is approximately half the width of the spectral line, is drawn in the second and third
rows. The second row shows the intensity distribution of the original spectrum, and
the third row shows the distribution that would be recorded if the spectrum is shifted
5/7 pixel widths. Hereby, the pixel boundaries coincide with the vertical grid lines. It
can be seen that the detector position plays a large role in recording the spectrum in
the upper row. Small shifts of the detector or the spectrum have a large impact on the
distribution of the intensity distributions on the pixels.

The so-called “spline interpolation” is used to reconstruct the spectrum as ac-
curately as possible independently from such shifts. With the spline interpolation,
a cubic polynomial Fp is assigned to every pixel number p. The function formed by
the concatenation of spline polynomials is so constructed that they can be differen-
tiated on the borders between the individual polynomials, i.e., they merge into
each other “without kinks.” Spline interpolation algorithms can be found, e.g., in
Engeln-Muellges/Reutter [91] (p. 145 et seq.). Using curve sketching of the spline
polynomials, it is possible to determine the position and height of the spectral lines
with a resolution of a fraction of a pixel.

However, it should not be concealed that the spline interpolation is not
a universal remedy. Artifacts can appear in the spline-interpolated spectrum. If the
pixel width is not much smaller than the full width at half maximum of the lines
and if there are, at the same time, strong lines with low background, the spline-
interpolated spectrum can have “undershoots,” i.e., negative intensities in front of
and behind the lines. The use of chips with narrower pixels can help here.

3.9.1.2 Virtual exit slits

Any given wavelength range can be integrated if the spline functions are available
for all pixels. Translated to the conditions in an optic equipped with exit slits; this
means that slits that are as wide as desired can be placed on any position.
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Figure 3.85: Real spectrum and detected intensities with slight spectral shift.
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Pixel ranges can be defined for any spectral line used as an analytical line or as
an internal standard. The limits of these pixel ranges do not need to be integers —
pixel fractions are also possible.
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3.9.2 Wavelength calibrations and profiling

In the case of optics equipped with slits, the exit slits are mounted in the correct
positions on the focal curve and then fine adjustments are made during production.
The spectrum can, however, shift slightly in the course of the instrument’s lifetime.
Therefore, it is necessary to ensure in regular intervals that the spectral lines for the
analytes and standards are as exactly aligned with the exit slits as possible. This
process is called “profiling.”

For optical systems that capture the entire spectrum with semiconductor detec-
tors, the spectral lines do not always have to be captured in the same place on the
detector. However, it is necessary to be able to predict where and on which detector
a spectral line can be found. A function must be determined that calculates
a sensor number and pixel number for a given wavelength.

3.9.2.1 Profiling an optic equipped with exit slits

This kind of optic is equipped with a mechanism to shift the spectrum so that it is
possible to profile it. Profiling can be done by moving the entrance slit using a
motor in small steps along the focal curve. Alternatively, a refractor positioned
behind the entrance slit can be rotated, again preferably using a motor. The way in
which refractors work is described in Section 3.5.5. In both cases, the angel of inci-
dence ¢ is slightly modified and the whole spectrum on the focal curve is shifted
according to eq. (3.8). For profiling, it is also necessary to have a sample in which
as many analytes as possible are present in sufficiently high concentrations.
Profiling is conducted by driving the entrance slit in steps (or rotating the refractor
in small angular increments) and briefly measuring the sample after every change
in position. One measured value is obtained for every position for each spectral
line. Finally, the entrance slit is driven to the position for which the maximum in-
tensity was measured for as many lines as possible. Only the lines for the analytes
contained in the profiling sample are considered.

3.9.2.2 Wavelength calibration of optics equipped with semiconductor detectors

The wavelength calibration of such optics can be conducted by measuring samples
that provide spectra having few lines with uniquely identifiable spectral lines. The
approximate association between pixel and the wavelength measured with it is deter-
mined using the angle of incidence and the angle at which the detector is mounted.
This enables an inaccurate, approximate wavelength calibration. It is sufficient to
predict a pixel range where a line is supposed to appear. If a line in this range is iden-
tified, the pixel position at which it appears is recorded. Then the exact wavelength is
taken from a table such as the wavelength atlas from Saidel, Prokofjew and Raiski
[92]. These exact wavelengths are plotted against the pixel positions where the spec-
tral lines were actually found. It is not sufficient to determine the integral number of
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the pixel as the pixel position. Rather, the position of the line on the detector must be
precisely determined to a fraction of a pixel. Either the line maximum is determined
from the spline function mentioned in Section 3.9.1 or a so-called “Gaussian fit” is
calculated. Using the method of the smallest square fit, a Gaussian bell curve is
matched as closely as possible to the line profile. The advantage to this type of calcu-
lation is that, in addition to the exact position in the subpixel range, it provides infor-
mation about the line width that can be checked for plausibility. If several lines with
the associated wavelengths and pixel numbers are identified per detector,
a polynomial can be determined with a regression calculation to enable the conver-
sion of wavelengths into pixel numbers. With the same input data, the reverse func-
tion can also be determined as a polynomial. When the pixel number is entered, the
associated wavelength results.

This procedure is easily automated. However, it is not necessary to do this for each
instrument. If the complete spectra recalibration is used (see Section 3.9.6.2), then, for
every instrument in a series, the spectrum from any sample can be converted so that it
matches the spectrum that was measured for that sample on the master instrument for
the series. Therefore, only a single wavelength calibration is required for each type of
instrument even when thousands of instruments of this type are produced.

3.9.3 Background correction

If a calibration covers a wide range between non-alloyed and high-alloyed materials, the
spectral background may vary. In a nickel screening program, the background for pure
nickel or Ni-Cu alloys is generally much lower than that for, e.g., Ni-base superalloys.
This can lead to an increase in the standard error of the calibration curve for small con-
centrations. To compensate for such background fluctuations, one or two background
positions are defined for each analytical line at fixed intervals from the line positions.
The background intensities are determined in the same way as the line intensities.

The background intensity is subtracted from the line intensity for lines for
which only one background position is defined. If background positions are defined
to the left and the right of the analytical line, then the background at the line posi-
tion is interpolated and this interpolated value deleted from the line intensity.
Details about background correction can be found in Slickers [24].

3.9.4 Calculating intensity ratios

Calibrations are generally based on ratios of analyte intensities to the intensities of
so-called “internal standards,” sometimes also referred to as “reference lines” [24,
93]. An internal standard line is a line for the main element.

During development of their method of homologous line pairs, Walther Gerlach
and Eugen Schweitzer [94] established that it is more advantageous to work with
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“well-matched” line pairs to determine element concentrations than to use only the
intensity of an analyte line to calculate the concentration. They observed that line
pairs can be found that react with the same changes in relative intensity to fluctuations
in the plasma temperature. Such temperature fluctuations are always present, even
with perfectly reproducible electrical parameters. This compensation is important as
small changes in the plasma temperature can lead to large changes in intensity.

The formation of ratios has another advantage. The light transparency of the
optical components can be negatively influenced by contamination effects. The
ratio, however, remains almost the same. This is even the case for wavelength-
dependent contamination, provided that the wavelengths of the analyte and the in-
ternal standard are not too far from one another.

3.9.5 Calculating calibration functions

Standard sample intensity ratios are measured as an integral part of instrument
production. Every standard is depicted as a point in the first quadrant of
a Cartesian coordinate system, whereby the intensity ratio is located on the x-
axis. The concentration ratios, additively and multiplicatively corrected if neces-
sary, of the standard are displayed on the y-axis. Occasionally, the functions of
the axes are reversed. The corrected concentration ratios are then on the abscissa,
the intensity ratios on the ordinate axis. A calibration function K is calculated be-
tween the intensity ratios and the corrected concentration ratios with a regression
calculation (see, e.g., Slickers [24] and Thomsen [93]). K is a polynomial that best
approaches the points. It is calculated in such a way that the sum of the squares
of the deviations between the ordinates of the points representing the samples
and the curve is at a minimum (least squares method). Figure 3.86 shows intensity
and concentration ratios for several standards with the associated best-fit polyno-
mial; here, a linear equation. The best-fit line is such that the sum of the areas of
all the illustrated discrepancy squares is minimal.

As already stated, concentration ratios are plotted against intensity ratios.
Concentration ratios are obtained by dividing the concentration of the analyte by
that of the base metal.

Example: If a chrome-nickel steel contains 20% chromium and 80% iron, then the
chromium concentration ratio is 25%. It is not beneficial to plot intensity ratios against
concentrations instead of concentration ratios, as the following consideration shows:

Assume there are three samples. Sample 1 consists of pure iron, sample 2 of 20%
chromium and 80% iron and, finally, sample 3 of 20% Cr, 20% Ni, 20% Co and 40%
Fe. The chromium line delivers 10 V per percent chromium, the iron line 1 V
per percent iron. If these points were then drawn into the Cr coordinate system, the
point for sample 1 would be at (0,0), for sample 2 the point (2.5,20) would be obtained
and for sample 3 a point at (5,20). The intensity ratio is twice as large for the third
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Figure 3.86: Samples in the Cartesian coordinate system with corresponding regression line.

sample as that for sample 2, without the ordinate value having changed. A regression
line can only be drawn if very high deviations are accepted (see Figure 3.87a) and
that, although an ideal, linear behavior of the spectral lines was assumed.

The situation is different when concentration ratios are used (see Figure 3.87h).
The points (0,0) for sample 1 (2.5,25) for sample 2 and (5,50) for sample 3 are ob-
tained. All the samples lie on a perfectly straight line.

In the beginning, we had mentioned that a correction is applied to the concen-
tration ratios of the standards before the best-fit polynomial is calculated. Here, one
distinguishes between interferences due to line overlaps and interferences by which
individual elements influence the plasma, the so-called “interelement interferences.”

3.9.5.1 Line interferences

If lines of other elements have either the same wavelength or are so closely neigh-
boring to the analyte line that they partially fall through the real or virtual exit slit
for the analyte line, the elemental content of the associated third-party element in-
fluences the measured values. Potentially interfering lines can be found by examin-
ing wavelength atlases for lines neighboring the analytical line. If a potentially
interfering element is identified, then the interference, usually expressed as percent
concentration increase of the analyte per percent interfering element, is calculated
on a trial basis. However, the correction should only be used if it is plausible:

— The sign must be correct; if there is a line overlap, a positive value must be sub-

tracted for every percent of the interfering element.
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Figure 3.87: Necessity of using concentration ratios.

— At least some of the standards used for the calibration must contain the disturb-
ing element with high contents (usually at least several percent). In addition,
standards with low contents or completely without the interfering element
should also be considered.

— If the interference is very large, e.g., when 1% must be subtracted from the ana-
lyte per percent disturbing element, then the use of an alternative analyte line
should be considered.

— If the interference is very small, e.g., a few ppm per percent disturbing element,
then it may be better not to use the correction. This is the case when the differ-
ences between the concentration ratios of the sample and the course of the
best-fit polynomial are not significantly reduced by the correction.

— If the interfering element lies within the expected range, the lower section of
the calibration curve should be considered, e.g., a range between 0 and twice
the background equivalent. If in this lower section of the curve the dispersion
of the calibration function improves, i.e., the points representing the samples
approach the best-fit polynomial, then the line correction should be used.
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3.9.5.2 Interelement interferences
Interelement effects are caused by the fact that individual elements can influence
the position and temperature of the plasma. It is usually assumed that these ele-
ments increase or decrease the intensities of the analyte. A corrective value c that
is multiplied by the interfering element concentration k is determined. The num-
ber one is added to this term. The result is multiplied with the concentration ratio
that already has an additive correction thus obtaining the additively and multipli-
catively corrected concentration ratio. The addition of one to the product of the
corrective value and the concentration of the interfering element has the following
background: If the interfering element is either not present or the correction is not
needed, then the corrective value would be 0, then it is simply multiplied by one,
i.e., the concentration ratio remains unchanged. The larger the corrective value
c and the higher the concentration of the interfering element k, then the further
the multiplier used is from 1: When c is negative, it is smaller than 1; when posi-
tive, then it is larger.

Of course, it is also necessary to check for plausibility when using multiplica-
tive corrections.

3.9.5.3 Calculating the calibration function

The entire calibration function K is composed of:

— anth degree regression polynomial

— m additive correction terms with interfering elements percentage ks and factors
bs (1<s<m)

— | multiplicative correction terms with interfering elements contents k; and fac-
torsc,(1<t<l)

Kis:

K00 = ([T, 1+ cde) (37 pan + S0 boks) (3.29)

Polynomial coefficients, line interferences and interelement corrections are simul-
taneously calculated by solving a system of equations. The given coefficient tuple
(ag, -..ap,by, ... by,Cy, ... ¢ is determined, which leads to a function K. The func-
tion K approaches the standards’ corrected concentration ratios as close as possi-
ble. “As close as possible” means in this context that the sum of the deviation
squares is minimal (deviation squares are shown in Figure 3.86).

The degree of the calibration polynomials is chosen by the calibrator. They can
be linear, square or cubic functions. In rare cases, the use of polynomials of higher
degrees may be useful. Again, it is necessary to consider the plausibility. If only as
many calibration standards are used as the coefficient tuple has components, then
the polynomial inevitably goes through all the points representing the standards
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and the sum of the square errors is zero. This is also the case when one of the points
is completely incorrect, e.g., due to incorrect measurement or incorrect input. If
there are only a few more standards than are present in the sum of the polynomial
degree and the number of disturbing elements, a polynomial can be calculated that
approaches the points without reflecting physical reality. The analysis of unknown
samples with such a calibration curve can lead to incorrect analyses. It is not plau-
sible if the polynomial has points of inflection, i.e., takes the form of a stretched
“S”. If the polynomial has such a form, it is better to re-evaluate using a lower de-
gree polynomial.

For this reason, many standards, often several hundred, are used to calibrate
for common material grades, e.g., for the calibration of low alloy steels. Modern
spectrometer software provides the possibility of giving individual standards, e.g.,
a blank sample made of a pure material, a higher statistical weight than the others.
Generally, the software also enables rapid and easy elimination of standards or to
display them without any weighting on the graph for informational purposes with-
out including them in the calculation.

3.9.5.4 Recording high- and low-sample expected values for recalibration
purposes

A set of so-called “recalibration samples” are measured together with the standards
used for the calibration for instruments that do not use complete spectra recalibra-
tion. These samples are used to bring the instrument channel by channel back to
the state when the calibration was conducted. Here channel means the line pair
consisting of analytical line and associated internal standard. The samples are cho-
sen so that there is a sample with a low concentration (low sample) and a sample
with a high concentration (high sample) for each channel. The analyte concentra-
tion of the low sample should not exceed the background equivalent; usually,
a pure or ultra pure material of the base metal is used. For the concentration of the
high sample, it is advantageous when its elemental content is in the upper third of
the working range of the calibration curve. The exact elemental concentrations in
the recalibration sample do not need to be known. However, the material must be
homogeneous, so that for every recalibration, material with the same elemental
composition is ablated as that which was used to determine the expected values
(one low-sample expected value and one high-sample expected value for each
channel) at the time of the calibration.

Spectrometers are recalibrated in periodic intervals. Before recalibration, the
recalibration samples must be ground. This is associated with sample consump-
tion. If replacement of such a sample is required, it can be replaced with a sample
from the same heat. However, after many years, samples of the same heat can
often no longer be obtained. In this case, the instrument is carefully recalibrated
for a last time with the original samples that have been almost used up. Then the
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spectrometer system is switched to the display mode “recalibrated intensity ra-
tios” and the samples for the new set of recalibration samples are measured. The
original low and high-sample expected values are replaced with the newly ob-
tained values. The calculations conducted for the recalibration are explained in
Section 3.9.6.

It is usual and necessary to use a set of recalibration samples for each metal
base to be measured. These sets generally consist of two to ten samples. The recali-
bration of a multibase instrument can be a very time-consuming affair, as each of
these samples must be measured several times before taking an average.

For instruments that work with complete spectrum recalibration, it is necessary to
capture the state of the instrument that existed during the first calibration. The spec-
trum of a suitable adjustment sample is utilized for this. Unlike a conventional calibra-
tion, a single sample with a line-rich spectrum is usually sufficient. For the second and
every further calibration (for example the calibration of Al-base methods after comple-
tion of the Fe-base), a complete spectrum recalibration is conducted before measuring
the reference materials to convert the instrument back to the hardware state of the first
calibration. The algorithms used for the complete spectrum recalibration are also ex-
plained in Section 3.9.6. Of course, the adjustment sample is also consumed over time.
Here a new data set is usually supplied together with the new sample. The instrument
software modifies the existing reference scan so that is matched the new sample heat.

3.9.5.5 Combining calibration functions into methods
If an analysis is to be conducted with a modern spectrometer system, a suitable
method must first be chosen. Such a method includes calibration functions for all
the elements relevant to the analysis of the samples to be measured. The calibration
functions are determined with reference materials similar to the samples that are to
be later analyzed. In other words, standards and unknown samples come from the
same alloy group.

At least, general methods for the metal bases (such as iron, aluminum, nickel
and copper base) to be measured with the spectrometer are provided. However,
there are usually submethods within the metal bases to increase the accuracy.

Such submethods cover in, for example, iron base, the following alloy groups:
— Nonalloyed and low alloyed steels,

— Chromium and chrome-nickel steels,

— Nonalloyed and low alloyed free-cutting steels,

- Manganese steels,

— Nonalloyed and low alloyed cast iron

— High-speed steels

— High chromium cast irons

— High-nickel cast irons
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Excitation parameters and measuring times can be specifically optimized for each
of these alloy groups. The composition when considering the main elements is
often similar within the alloy group submethods. Then the ablation behavior, the
level of the spectral background and the magnitude of the line interferences caused
by the main elements are also alike. The dispersion of the calibration functions in
a submethod are, thus, generally better than for the functions in the general over-
view methods.

However, it can also happen that the main elements occur in a wide variety of
combinations within the above-named groups. This is the case for, e.g., the high-
speed steels: They contain tungsten at between 0 and 19%, molybdenum and cobalt
from 0 to 9% and vanadium between O and 5%. The elements tungsten, molybde-
num and vanadium have, as carbide forming elements, similar metallurgical func-
tions. In addition, high-speed steels usually contain about 4% chromium, 1%
carbon and only traces of nickel and copper. However, the similarities mentioned
ensure that an efficient submethod for high-speed steels can be easily created.

Conversely, it is advisable to use two different methods for nonalloyed and low
alloy steels and nonalloyed and low alloy free-cutting steels, although the free-
cutting steels are only distinguished from the nonalloyed and low alloy qualities by
the addition of small quantities of sulfur and/or lead. Together with manganese,
sulfur forms inclusions that are preferably attacked by the sparks. The signals from
manganese and sulfur are, thus, very high at the beginning of the spark phase and
need some time to approach a stable level. This is why methods for free-cutting
steels usually work with longer pre-spark times.

3.9.6 Recalibration

When dealing with recalibration, it is necessary to distinguish between recalibra-
tion of channels, complete spectrum recalibration and type recalibration.

As already stated, a channel consists of a combination of an analytical line
with an internal standard. The algorithms for channel recalibration use scalar val-
ues to determine a factor and an offset for each channel that make it possible to
recalculate the channel back to its state at the time of the calibration.

For a complete spectrum recalibration, the current spectrum is recorded for the
adjustment sample. The spectrum for this sample was also measured at the time of
calibration (see Section 3.9.5.4). A set of parameters is then determined from the orig-
inal and the current spectrum of this adjustment sample. These parameters enable
the current sample spectrum to be transposed to the original spectrum measured dur-
ing the calibration of the master instrument. Any spectra that would have been mea-
sured on the master instrument can be transposed back with this set of parameters.

The type recalibration is used to improve the accuracy for the samples for
a particular type of alloy.
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3.9.6.1 One and two-point recalibration

If an instrument is operated for a longer period of time, the intensities obtained for
the analyte and internal standard lines change. This is due to changes in the light
transparency of the optical elements caused by soiling as well as aging effects such
as those for fiber-optic cables. It is possible to partially compensate for such effects
by dividing the analyte intensities by the intensities of the associated internal stan-
dard. However, it is not possible to compensate for every effect in this way. For ex-
ample, aging of the photomultiplier tubes can be quite different for the analyte and
internal standard. Therefore, a method that recalculates the channel intensities back
to the state at the time of calibration is required.

The so-called “two-point recalibration” is the customary method of compensat-
ing for these instrument drifts with exit slits and photomultiplier tubes. This is de-
scribed in detail in, for example, Luehrs and Kudermann [95]. As mentioned in
Section 3.9.5.4, a set of recalibration samples, which provide an intensity ratio for a
low and a high concentration for each channel, was measured at the time of calibra-
tion. These measurements provide an expected value for a low sample and a high
sample (TS and HS) for each channel. During routine operation of the instrument,
the measurement of these samples is repeated and the current values for the low
and high samples are obtained - the actual values for the low and high samples (TI
and HI). TI and HI are required to calculate the recalibration factor and the recali-
bration offset.

A factor and an offset can be determined as follows:

Factor:= (HS-TS)/(HI-TI) (3.30)
Offset: = (HS*TI- HI*TS)/TI - HI) (3.31)

Recalculation of an intensity ratio IV, to the intensity ratio measured during the
calibration IV, can be done simply by applying the factor and offset:

IVga: = Factor * IV, + Offset (3.32)

Frequently, the practitioner is faced with the problem that there are no recalibration
samples for individual elements. In this case, a so-called “one-point recalibration” may
help. The pure material serves as the high sample in this case. The recalibration is then
conducted using the signal originating from the spectral background. There is only one
expected value (S) for such channels. Together with the current value (I), the signal
measured at the time of the recalibration, it can be used to determine only one factor:

Factor:=S/1 (3.33)

Recalculation to the state at the time of the calibration is done simply by multiply-
ing the current value by this factor:

IVga: = Factor * IV, (3.34)
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The terms “one-point standardization” and “two-point standardization” are fre-
quently used as synonyms for the expressions “one-point recalibration” and “two-
point recalibration,” respectively.

3.9.6.2 Complete spectrum recalibration

Multichannel detectors enable the capture of complete spectral ranges. This makes
the spectral environment available for every analyte and internal standard line.
This fact opens possibilities that do not exist for systems that only measure individ-
ual lines.

The development of spectrometer systems usually proceeds in the following
manner: First, the hardware components (excitation generator, optical systems,
sample stand, etc.) and the instrument software are created. Then, a close-to-
production prototype is calibrated and the calibration is checked. This can be an
iterative process: If there are shortcomings in the hardware or software, these must
be corrected, after which it may be necessary to partially or completely repeat the
calibration. At the end of development, there is an instrument with all the calibra-
tions intended for the instrument series. This will be referred to below as the master
instrument of the series.

If there is a possibility to convert back the measured spectra from any instru-
ment in a series to those from the master instrument, it is possible to immediately
use the master instrument’s calibration functions.

This would save the time required for individual calibrations and prevent mis-
takes that can be made during these work steps. Of course, there would be other
advantages as can be seen in the following.

In the conventional approach, calibration work leads to the construction of
a calibration function K, which calculates the concentrations from the raw intensi-
ties. Somewhat formalized, it can be written:

Concentration = K(Raw_spectrum) (3.35)

When the complete spectrum recalibration approach is used, the calibration function
breaks down into an instrument-specific part Kg and an instruments-independent
function Ky, which are executed in succession. The complete spectrum recalibration
assumes the role of the instrument-dependent calibration function Kg. Ky are the cal-
ibration functions that were created in a conventional way using the master instru-
ment as described in the previous sections. Ky is the same for all instruments in a
series.

Concentration = Ky (Kg (Raw_spectrum)) (3.36)

To be able to construct the function Kg for a recalculation of the spectra from the
instruments produced in series to those that were measured for the same sample on
the master instrument, it is necessary to have at least one sample whose spectrum
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was measured on the master instrument. From the same sample such a spectrum
measured on the instrument produced in series is required. As a rule, these two
spectra from a single sample actually suffice to determine the function Kg. This
sample shall be referred to as the adjustment sample.

To construct a suitable function Kg, it must first be clarified what distinguishes
the individual instruments in a series or which changes may occur during the life-
time of the instrument:

The pixels of the multichannel detectors may, even when detectors of the same
type are always used, have a slightly different radiation sensitivity from one an-
other and/or from the corresponding detectors in the master instrument. The causes
for this may include dust particles on individual pixels, varying thicknesses of
a possible fluorescence coating or simply the production spread of the detector
chip.

Pixels have a width on the order of 10 pm. Within a series of spectrometer op-
tics, however, the variation of the detector chip positions is typically larger. Within
the series it is entirely possible that they fluctuate in a range of +0.2 mm. This corre-
sponds to about +20 pixel widths. A spectral line that appears on pixel i in the mas-
ter instrument, can, when the entire series is considered, be found anywhere in the
range i-20. to i+20. It is also possible that the detector can be slightly tilted, which
manifests itself in a slight compression or expansion of the spectrum.

The full widths at half maximums of the lines may vary a little from instrument
to instrument. As was explained in Section 3.5.2, the detectors cannot be mounted
so that they lie perfectly on the curved focal curve (see Fig. 3.56). The optimal focus
of the pixels can also differ from instrument to instrument. Variations in the en-
trance slit widths also influence the full widths at half maximums.

The transparency from windows and lenses, the reflectivity of mirrors and the
transmission of fiber optics are subject to small production variations and result in
intensities with different heights. The differences between the master instrument and
the systems produced in series caused by these factors can lead to considerable devi-
ations in the light transparency because there are many optical components between
the radiation source and the detectors (see Section 3.5.6). Within the series, fluctua-
tions in transmission values from half to twice the serial average are to be expected.
It is typical for light transmission that it does not change abruptly with wavelength
changes. When a narrow wavelength interval is considered, e.g., a nanometer, then
the transparency is almost the same everywhere and only superimposed by a small
increase or decrease, which, of course, must be taken into account.

In summary, the following partial functions of K must be constructed:
— Correction of the pixel sensitivity Kp

— Correction of the pixel offset Ky

— Correction of the resolution Kg

— Correction of the wavelength-specific sensitivity Kg
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These partial functions all have a spectrum as the argument and result in
a spectrum as a functional value. It is advisable that they be executed in the order
in which they are listed above, so that the following can be written:

K¢ (Raw spectrum) = Kg (Kg (Ky (Kp(Raw spectrum)))) (3.37)

Correction of the pixel sensitivity, partial function Kp

The pixel-specific sensitivity function Kp is determined for a pixel n by exposing
the detector to a source of light that irradiates all the pixels with as much the
same brightness as possible. It is, however, hardly possible to achieve homoge-
nous illumination from the first to the last pixel. The illumination looks approxi-
mately as drawn in Figure 3.88. Neighboring pixels measure a very similar
amount of light. The illumination of the more distant pixels can differ. To correct
the nth pixel in a multichannel detector, a best-fit line is formed over the values
measured for a range from + b pixels around the pixel n without the measured
value for the pixel n itself. Whereby, the requirement on the uniformity of the illu-
mination increases with a higher interval width b. It may be useful to weight pix-
els closer to n more than those further away. If IMg ,, is the intensity that pixel n
on detector S should have according to the best-fit line and Is, is the intensity

Calculation of the pixel specific sensitivity

function
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Figure 3.88: Continuously illuminated sensor section for pixel sensitivity correction.
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that the pixel n on detector S delivers, the following is obtained for each pixel
n on the detector S through division of IMs ,, by Ig ,:

FS,n3 = IMS,n/ Isn (338)

The function Kp is applied by multiplying every pixel with the factor F assigned to
it. Occasionally, pixels that change their sensitivity over time (“hot pixels”) are
found. This kind of malfunction can only be recognized by a repeated calculation of
Kp or by a pretest in a separate test device.

Detectors with such defects must be discarded. It makes sense to conduct testing
for hot pixels or complete pixel failure (“bad pixels”) with a separate device and to
install only detectors that have been previously tested in the spectrometer system.

Correction of the pixel offset, partial function Ky

As already stated, the spectrum can be offset by several pixels from instrument to
instrument due to the inevitable imprecision in adjustments. Over the lifetime of
the instrument, temperature changes and aging effects can lead to a slight shift of
the spectrum, which are usually only in the range of fractions of pixels in pressure
and temperature-stabilized optical systems.

This shift is not necessarily constant across the spectrum but can have different
values on opposite ends of the detector and can vary from detector to detector.
However, there are no abrupt changes in the pixel offsets for one sensor. Usually there
are only continual changes. If the offset between pixel n on the detector S of an instru-
ment produced in series has the value 8s ,, then the offsets 8, - ; and 8s, . 1 for the
pixels neighboring pixel n are very similar.

A shift of the spectrum by d pixel to the right is simple. The measured values
are just copied by d pixels: If the spectrum is located in an array Int with m pixels,
the assignment Intgpiseqli + d]: = Int[i] is carried out for all pixel numbers i between
1 and m-d for a shift of d pixels to the right. The shifted spectrum is then in
Intgpifreq- A shift of the spectrum to the left is conducted analogously.

The physical pixels are, in reality, so wide that it is not sufficient to conduct the
shift by an integer number. In most cases, a shift on the order of a hundredths of
a pixel is desirable. However, the problem is easily reduced to a shift by whole pixels,
as can easily be imagined. In Section 3.9.1, it was described how a continuous spectral
profile can be replicated using the spline interpolation. Using the spline polynomial, it
is possible to integrate over any fraction of a pixel and to also obtain the proportional
intensity. If the exact determination of the pixel offset to the hundredth of a pixel is
desired and if the spectrum has p physical pixels, then the spectrum can be distributed
over an array of virtual pixels having p x 100 components. The intensities of the virtual
pixels are calculated using the spline polynomial. Of course, this operation must also
be carried out for the spectrum from the master instrument’s adjustment sample, in
order to be able to conduct meaningful calculations.
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Determination of the pixel offset between master and production instrument is car-
ried out as follows:

First, a factor Fyom, is determined for every detector S, with which the sum of the
currently measured on S are matched to those of the master instrument. The intensities
of both spectra are not simply summed up. Rather, the border areas are weighted less
to minimize the influence of strong lines that appearing randomly on the borders due
to shifts. For the first r pixels, the weight is linearly increased from O to 1; for the last
1 pixels, it drops from 1 to 0. The first and last r pixels are treated differently because
instruments in a series may or may not see spectral lines due to minor deviations in
the sensor positions. For inner pixels, the unchanged pixel intensities are added. The
way in which the intensities are considered is shown in Figure 3.89. If the sum of the
spectra determined in this way for the detectors S of the master instrument is Sumg;
and for the current instrument Sum,y, the standard factor is calculated as follows

FNorm: = Sumfirst / Sumakt (339)

Every pixel of the detector S is now multiplied with Fyom, to adjust the intensities
of the current spectrum to the level of that of the master instrument. Of course,
a separate standard factor must be determined for every detector.

After that, a partial spectrum is defined in the center of the detector. The width
is not critical, but it should be chosen so that it contains several spectral lines.
These spectral lines have a characteristic pattern of distances and heights compara-
ble with those from the master instrument’s adjustment spectrum. Earlier, it was
mentioned that shifts of +20 physical pixels can be expected. In the simplest case,
the spectral section is slid pixel for pixel over the area in which the pattern is ex-
pected to be. This sliding is conducted over the virtual pixels, i.e., fractions of phys-
ical pixels. The correct offset is found at the point where the sum of the deviation
amounts between the spectrum of the master instrument and the spectral section
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Figure 3.89: Multipliers for pixel intensities for the determination of the standard factor.
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Figure 3.90: Difference spectrum as a criterion for finding the pixel offset.
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Figure 3.91: Difference spectrum with correctly determined pixel offset.

that is being slid around is at a minimum. Figure 3.90 shows the differences in two
spectra as hatched lines for an incorrectly determined pixel offset; Figure 3.91
shows the differences for a correctly determined offset.

After these steps, the pixel offset in the center of the detector is known. It can
now be tested as to whether a stretching or compression of the spectrum is present.
Compression (to compensate for stretching) is realized by removing virtual pixels
from the array at regular intervals by copying the following virtual pixel up one lo-
cation. Conversely, broadening can be achieved by doubling a virtual pixel at fixed
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intervals. Compression or broadening is successful when the sum of the deviations
is reduced by such a procedure.

Bit by bit, the offsets can be calculated for smaller and larger pixel numbers in the
same way that the variations for the center of the spectra were defined. It is only neces-
sary to determine stretching and compression as every area has to connect directly to
the previous one.

Correction of the resolution, partial function Ky

Differences in the resolution, just like the pixel offset, are caused by differences in the
adjustment of detector arrays and the entrance slit. Again, like the pixel offset, resolu-
tion changes are not abrupt; the spectral resolution for neighboring wavelengths is
similar.

Assuming a radially curved focal curve and a straight detector, the position of the
detector intersects the focal curve at two points (see Figure 3.56). The resolution deteri-
orates steadily with increasing distance from the intersection points; it is best at the
intersection points.

Production tolerances for the entrance slit (widening, slanting) can also worsen
the resolution. These influences are constant across all the pixels. The pixel offset
must already have been determined before the resolution of a production instru-
ment can be compared with those of the master instrument.

When developing an algorithm for the correction of the resolution, it helps that
the larger the variance (the term “variance” as is known from statistics) in the indi-
vidual measured values, the better is the resolution in a pixel area (for the same
sum of pixel intensities). A simple example: For the worst possible resolution, all
pixels deliver the same signal and the variance is zero. The algorithm works accord-
ing to the principle that to improve the resolution, intensities are proportionally
subtracted from the flanks of a line and added to the intensities at the peak. To re-
duce the resolution, the reverse is done. The process can be done iteratively; in the
end, the variance of the spectrum corrected using Kz must correspond to the vari-
ance of the spectrum of the adjustment sample on the master instrument.

Calculation of the wavelength specific sensitivity function, partial function K¢
After conduction of the previously described calculation steps, this correction is the
last to be carried out, as the calculation can first be done after the pixel-specific
influences, profile shifts and resolution changes have been taken into account.

It has proven to be advantageous to identify the areas of the line peaks in the spec-
trum of the adjustment sample for correction and to compare the peak areas Fg from
the adjustment sample spectrum measured on the master instrument with those mea-
sured on the current instrument F,.. To be able to carry out a correction for a pixel
number n on a detector S, the quotients Fg/F, for the line peaks in a range around n
are formed and averaged. It makes sense to consider peaks that are further away less
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strongly. If the adjustment sample is suitably selected, areas with a spectral width from
1 to 5 nm are sufficient to have a large enough number of line peaks available for cor-
rection purposes. In principle, it is possible to calculate a polynomial instead of
a factor for wavelength-specific sensitivity correction. However, this is not necessary
for a flawlessly constructed optic.

To carry out the correction, every pixel must be multiplied with the associated
factor Fg/Fac.

The method described for recalculating the current spectra to those that would
have been obtained with the master instrument for the instrument series assumes that
the excitation always takes place in the same manner. Changing the excitation param-
eters can result in atomic lines being strengthened but ion lines being weakened, or
vice versa. Lines with different excitation energies can react in completely different
ways to such changes. Since atomic and ion lines as well as lines with different excita-
tion energies can be present in every combination in the spectrum, the assumption
that neighboring lines in the spectrum behave similarly no longer applies when the
excitation conditions change. Therefore, the complete spectrum recalibration can no
longer compensate for such effects. However, this fact also applies to calibration and
conventional recalibration. They only deliver accurate values as long as the excitation
conditions are the same. It is very easy to judge if the error described here occurs. If
the function Kg is applied to the spectrum of the adjustment sample, in the ideal case,
the adjustment sample spectrum reproduces perfectly the spectrum from the master
instrument. The differential area obtained when the spectra are subtracted from one
another is practically zero. If there were changes in the excitation, there are errors
and the differential area is larger. If the differential area is observed in relation to the
total area of the spectrum, a measure of how well the adjustment has succeeded is
obtained. An error message can be displayed when a preset limit is exceeded.

At the outset, it was mentioned that the complete spectrum recalibration offers fur-
ther advantages in addition to the automatic transferability of calibrations.

These are clearly manifested after construction of Kg:

1. Recalibration samples (with the exception of a single adjustment sample) be-
come obsolete. For this reason, extension of the set of calibrations to include
additional metal bases does not lead to higher costs.

2. Operation is simplified. Instead of many recalibration samples, there is only
a single sample to measure. This means a time savings for the user.

3. The source of error for a spoiling of the recalibration by “memory effects” in arc
instruments is excluded, as mainly lines from the base metal and the main al-
loying element deliver the signal for the recalibration. Recalibration samples
with high contents of trace elements are not required.

4. There are no recalibration samples available for many exotic elements. As already
described, in such cases a one-point recalibration with the background signal
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from the pure sample is the remedy, which often leads to considerable errors.
This source of error is omitted.

5. Gradually progressing hardware changes are detected and can be compensated
for within limits. It is possible to recognize beforehand when these limits are
approached and service measures can be initiated. Troubleshooting is simpli-
fied. The parameters of the adjustment function Kg combined with a reproduc-
ibility test make it possible to get a fairly accurate picture of the spectrometer
system. Diagrams of the changes in state can be created if the data are stored
regularly.

6. Under 5, data are determined, which helps customers to comply with documen-
tation requirements as part of the ISO 9001.

7. Spectrometer systems become more flexible: Retrofitting of elements and post-
calibration no longer mean transport of the instrument back to the factory; cali-
brations can be downloaded or received via email; waiting times are eliminated.

8. Frequently, the customer has a temporary testing application. A temporary
transfer of calibrations becomes possible. Update services can also be offered
on a subscription basis.

The procedure is described in detail in [76] and in the German patent DE10152679B4
[96]. In principle, it is also possible to use a similar algorithm for instruments equipped
with exit slits and photomultiplier tubes. The information concerning the spectral envi-
ronment is then obtained by moving a section of the spectrum sequentially over the
exit slits by shifting the entrance slit. However, in order to be fully utilized, a motor-
driven profiling must be possible for every single exit slit, which entails a considerable
outlay for hardware. For this reason, only parts of this process are used in serial pro-
duction at the moment. This procedure is disclosed in the European patent
EP1825234B8 [97].

3.9.6.3 Type recalibration

As has already been said at the beginning of Section 3.9.6, the type recalibration serves
to improve the accuracy. The instrument was previously recalibrated with one of the
two other methods described in the beginning of Section 3.9.6. If a sample must be
analyzed with high accuracy, after first calling up the respective software function, a
so-called type standard is measured. It has a very similar composition to the unknown
sample. After this measurement, every calibration curve is shifted along the concentra-
tion ratio axis so that the point for the type standard lies exactly on the curve (see
Figure 3.92). Then the unknown samples and their contents are determined on the
shifted curve. With this approach, the calibration functions are only used to interpolate
the concentrations of the unknown samples based on the type standard, whereby the
deviations of the type standard from the calibration functions are not random but are
due to the composition of the standard. Similar deviations are to be expected by the
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Figure 3.92: Displacement of the calibration curves when using the type recalibration.

measurement of unknown samples with similar compositions. In addition, the type re-
calibration compensates for small instrument drifts. The shifted calibration curves are
only used in a narrow range around the concentrations of the type standard. This area
is marked with upright dotted lines in Figure 3.92. Outside of this area, the calibration
function that has not been shifted is used. The type recalibration requires only the mea-
surement of a single standard, and it is, thus, quicker to carry out than a complete re-
calibration. This procedure is depicted in Liihrs and Kudermann [95].

3.9.7 Line switches

The self-absorption effect was described in Section 3.2.1.3. It results in a calibration
function where increases in concentration only lead to low increases in intensity
and then, as the concentrations continue to increase, the intensities may even de-
crease (see Fig. 3.15). This effect is typical for particularly sensitive lines.

For this reason, it is customary to use more than one spectral line (or, more
precisely, more than one channel, consisting of analyte line and internal stan-
dard) for elements that are analyzed in both trace ranges and at high concentra-
tions. For each channel, a range of recalibrated intensity ratios is defined. A line
may only be used when the recalibrated intensity ratio lies within this range.
However, this is a necessary but insufficient criterion, because with a line in self-
reversal, two concentrations can be assigned to one recalibrated intensity ratio.
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This problem can be avoided by first testing the lines for the high concentrations
for usability. These lines are usually less sensitive and show no self-absorption.
The switch to the low line only occurs if the concentrations are so low that self-
reversal cannot occur. It is advisable to set the line switch point at concentrations
that are not present in common material grades. In this way, it is possible to avoid
the problem that the concentrations displayed are taken from different analytical
channels during multiple measurements of a sample. The transition from one
spectral line to the other is frequently associated with deviations larger than the
reproducibility expected from a multiple measurement. This is because the sys-
tematic deviation of a sample can vary for different calibration curves. For many
elements, the repeatability in spark mode is well below 0.5% relative. If a larger
deviation than expected is detected during a double measurement, which origi-
nates from the use of an analyte line switch, a lack off precision is suspected, al-
though this is not the case.

3.9.8 100% calculation

Finally, the concentration ratios must be converted to concentrations. This is done by
adding all the concentration ratios plus 100 for the reference element and then dividing
the result by 100 [24]. The concentration ratios of all elements (except the base ele-
ment) must be divided by this term to obtain the associated concentration. Finally, the
concentration of the base element is obtained by subtracting the sum of all elements
from 100.

3.9.9 Calculating the concentrations from PMT raw intensities or from complete
spectra

Calculating the concentration for an unknown sample is carried out according to
the following scheme for instruments equipped with exit slits and PMTs:
Measurement of the raw intensities

Performing background correction if necessary (see Section 3.9.3)
Calculating the intensity ratios as described in Section 3.9.4
Application of the recalibration factors and offsets (see 3.9.6.1)
Application of the calibration function (see eq. (3.29) in Section 3.9.5.3)
Performing a type recalibration if necessary (see Section 3.9.6.3)
Selection of the lines in the working range (see Section 3.9.7)
Performing the 100% calculation (see Section 3.9.8)

Output of the results

VRN AW N e

The process is slightly different for instruments with complete spectrum calibration:
1. Measurement of the raw spectra
2. Complete spectrum recalibration (see Section 3.9.6.2)
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Background correction (see Section 3.9.3)

Interpolation of the spectrum (see Section 3.9.1)

Generation of the line intensities using integration of the spline function over
the width of the virtual exit slit

Calculating the intensity ratios as described in Section 3.9.4

Application of the calibration function (see eq. (3.29) in Section 3.9.5.3)

If a type recalibration is turned on, it follows the description in Section 3.9.6.3
Selection of the lines in the working range (see Section 3.9.7)

. Performing the 100% calculation (see Section 3.9.8)

Output of the results

After processing, further calculations can follow, such as determination of the ma-
terial grade matching an analysis or testing for compliance with target concentra-
tions. This type of post processing is important for mobile spectrometers. The most
common algorithms are described in Section 7.7.
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4 Sampling and sample preparation

This chapter is intended to provide the reader with information about how to take
and prepare samples to be analyzed. Sample taking, sample preparation and sam-
ple analysis are separate work steps. The operator responsible for the analysis is
usually not directly engaged in sampling and frequently not involved with sample
preparation, but he should know them well. Only with this knowledge is it possible
to identify measurement uncertainties that are caused by faulty sampling and to ar-
range for the delivery of flawless samples.

The focus of this chapter is on iron and steel samples. Here sampling and sample
preparation are complicated and there are, at the same time, high demands on sam-
ple quality. The principle procedure can often be transferred to other metal bases.

4.1 Basic requirements for spectrometer samples

Several aspects must be considered when taking samples for spectrometric analysis.
Usable samples from molten metal can only be obtained when the following condi-
tions are met:

- Attempts must be made to ensure the homogeneity of the chemical composition.
It must be ensured, for example, for steel samples, that the sample originates
from a defined zone of the melt below the slag.

— When sampling from semi-finished products, it should be noted that the surfa-
ces often have a different chemical composition than the core material. Causes
for this can be coatings, such as galvanizing, but other effects such as decarbu-
rization, carburization, or nitriding can also influence the composition on the
surface.

— If the sample is taken from a melt, the cooling process should be carefully con-
trolled to be able to obtain samples with identical structures. Rapid cooling is
usually advantageous.

— The sample should be free from inclusions, cavities, fissures, segregations and
burrs or ridges.

— The size of the sample must be sufficient so that multiple spectroscopic meas-
urements can be conducted. For rotationally symmetrical samples, it has be-
come customary to use only a ring parallel to the outer circumference for the
analysis. Segregation in the center can often be tolerated here.

— The sample must be prepared with a suitable method. Grinding, milling and
turning are possible. After preparation, the sample should be flat so that it
tightly closes the spectrometer’s spark stand opening.

Particularly manual sample preparation with disc grinding machines re-
quires practice. There is a tendency to grind samples “with crowning.” More

https://doi.org/10.1515/9783110529692-004
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196 — 4 Sampling and sample preparation

sample material is then removed on the edges resulting in a slight pillow shape.
The risk of this occurring is especially large for softer materials such as pure iron.
Only in rare cases, for example, for quick tests on the surfaces of Cr/Ni steels,
can sample preparation via machining be dispensed with.

— The sample surface must be free of coatings, moisture, dirt or lubricants prior to
analysis. Materials that are susceptible to corrosion, for example, magnesium-
based materials, tend to oxide formation on the surfaces. Here, the time period
between sample preparation and analysis should be kept as short as possible.
For the samples of some metal bases, such as those made of aluminum, it is
advantageous to store standardization and control samples in a desiccator. This
counteracts changes in the surface and prevents the buildup of moisture; thus,
increasing the sample preparation intervals.

— Careful labeling prevents mixing up of the samples.

— Frequently, it is necessary to store the sample after analysis in order to meet
record keeping and archiving obligations. It must, then, be kept safe and pro-
tected from contamination. The archived sample itself should be traceable as
should the analytical results for it.

It is highly recommended to document the procedure for sampling and sample
preparation in work instructions in order to always have samples with the same
properties, independent from the sample taker.

Work safety must also be taken into account. Both sampling and sample prepa-
ration may be associated with safety risks. For this reason, all work steps should be
reviewed by safety experts/officers and sample taker and sample preparer should
be accordingly trained and provided with the appropriate personal protective
equipment.

What needs to be considered for sample taking for semi-finished products and
scrap is described in detail in Section 7.8. This subject is particularly important
for incoming goods controls and outgoing inspections as well as in the secondary
raw materials industry. Because these tasks are usually conducted with mobile
spectrometers, the sampling of semi-finished products is included in Chapter 7
which deals with the design and operation of such spectrometer systems.

4.2 Sampling from liquid melts
Sampling and sample preparation of iron-based metals are described in detail in

the Handbuch fiir das Eisenhiittenlaboratorium (Handbook for the Ironworks
Laboratory) [1] and standardized in DIN EN ISO 14284 [2].
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4.2.1 Sampling from pig iron

Samples of molten pig iron for steel making can be taken from various points of
production:

— from the blast furnace during the tapping process

— directly from the pouring stream

— from transfer ladles

The following sampling procedures are used:
— sampling with a ladle
- sampling with the dipping mold
— sampling with the immersion probe
— sampling by suction

4.2.1.1 Sampling with the ladle
In this type of sampling, the liquid pig iron is removed using a ladle and filled into
a cold metal mold. A drawing of such a mold can be found in DIN EN ISO 14284 [2].

4.2.1.2 Sampling with the dipping mold

Sampling with the dipping mold is done by dipping the mold into the melt and let-
ting it fill. The influences of oxygen in the air and slag are prevented with this pro-
cedure. It must be ensured that the sample is quickly white solidified, that is,
without the formation of graphite. Figure 4.1 shows a white solidified pig iron sam-
ple; Figure 4.2 one that is grey solidified and by which a portion of the carbon is
present as graphite (see also Figures 5.1 and 5.2).

4.2.1.3 Sampling with the immersion probe
Disposable dipping molds are used for this technique. The mold is placed in
a cardboard tube and dipped into the molten metal with a lance.

A disk-shaped sample that is well suited to spectrometry is produced when using
immersion probes. The prerequisite is a white structure in the sample. The process of
sampling can vary: Immersion duration, angle and depth should, however, be kept the
same once the optimal parameters have been found by experimentation.

The sample can be taken in the blast furnace runner or from the iron pouring
stream. To do this, the probe is placed into the melt and the disposable mold fills
after several seconds. Then the probe is pulled out of the melt and broken apart.
The sample is removed and cooled. These immersion probes differ from the design
of the probe for molten steel sampling by several design features, such as the inlet
on the side, which enables taking the sample from the blast furnace runner.
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Figure 4.1: White solidified pig iron sample.

Figure 4.2: Grey solidified pig iron sample.

4.2.2 Sampling from liquid steel

Sampling with the immersion probe has become the established method for sam-
pling from liquid steel since the mid-1970s (see the Handbuch fiir das Eisenhiitten-
Laboratorium (Handbook for the Ironworks Laboratory) [1]). This development is ex-
plained by the advantages of the process:
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— The process can be automated.

— The sample is easily taken with a robotic arm.

— Well-formed samples that do not require time-consuming sample preparation are
generated.

Therefore, by using immersion samples, it is possible to shorten analytical run
times, which is important for an acceleration of the production process.

Sampling with the immersion probe requires good knowledge of the procedure.
Segregation in the sample must be avoided during the cooling process. Metal strips
made of aluminum or zirconium are placed inside the probe to bind oxygen.

An important advantage to the immersion probe technique is that it makes it
possible to directly (and thus quickly) determine the elements carbon and nitrogen
in the sample with spark emission spectrometers.

The “purge and suction technology” is a special technique when working with the
immersion probe:

— The immersion probe is flushed with argon during sampling until the slag zone
has been broken through and the sample form is free from oxygen and nitrogen.
— Then suction is applied and the sample mold is filled.

The expenditure for equipment is high when using this technology.
Figure 4.3 shows the design of a suction probe. Figure 4.4 presents different
sample shapes.

4.2.3 Sampling from molten cast iron

It is advantageous to to take two cast iron samples. This increases the probability of
getting at least one homogeneous sample. Taking immersion samples is possible,
but sampling with a ladle is more common. A graphite ladle or a ladle made of steel
and coated with a refractory material is used.

The sampling process is as follows:

— The slag on the melt is stripped off, the preheated ladle is dipped into the melt
and filled with iron. When taking the sample during the casting process, the
ladle is held directly in the pouring stream.

— The contents of the ladle are poured into a mold that has good heat dissipation.
The advantage to molds made completely of copper compared to steel molds is
that they enable faster cooling. It must be ensured that the mold is not too hot be-
fore it is filled. The formation of a white solidified iron structure can be achieved
with a cold mold made of a material with good heat conductivity.
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TT)MINKON

/ v ’ German Technology

MINKON Saugsonde / Suction Sampler
Typ / Type: SLC-79-200-NK-X
Art.Nr. / Partno: 111-6430

Aufnahmebhiilse / Paper tube

Probenform Typ 79DM /
Steel mould type 79DM
Keramikring / Ceramicring
Edelstahlrohr /

Stainless steel pipe

B W|IN |-

Minkon GmbH, Heinrich-Hertz-StraBBe 30-32, D-40699 Erkrath
Tel.: +49-211-2099080, Fax: +49-211-20990890

Figure 4.3: Suction sampler for liquid steel (printed with friendly permission of the company
MINKON GmbH, Heinrich-Hertz-Str. 30-32, D-40699 Erkrath, Germany).

Kipsch [3] noted that white solidification on the one hand and the freedom from
cavities, slags and striations on the other hand are contradictory demands. When in
doubt, it is advantageous to generate samples that are sure to be white solidified. If
the spark strikes, for example, a cavity, this can be seen immediately on the burn
spot. Grey solidified samples can, in contrast, be accompanied by measurement errors
for carbon that may go unnoticed.
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A round sample with a thickness of 4-8 mm and a diameter of 35-40 mm is
formed (see Figure 4.5). The sample is removed from the mold as soon as it has cooled.

Figure 4.5: Typical cast iron samples.

Figure 4.5 shows typical cast iron samples after sample preparation and measure-
ment. A drawing of a mold suited to the production of cast iron samples is pre-
sented in EN ISO 14284 [2]. The molds must be well cared for and prepared in order
to obtain samples with flawless surfaces.

4.2.4 Sampling from aluminum melts and other metal bases

Liihrs and Kudermann [4] discuss sampling from aluminum melts. They report that
samples are usually taken from the melt with a ladle. The ladles must be prepared
with a temperature-resistant coating, before being used. Molds, which are similar to
those for cast and pig iron, are filled with the material in the ladle. Immersion and
suction molds can also be used. They also mention that the optimal zone for sample
taking should be empirically determined.

In copper-base, ladles as well as immersion probes are also used. For the low-
melting metals, zinc, lead and tin-base, samples that are formed by filling molds
with ladles (spoon samples) dominate. Figure 4.6 shows a zinc sample as an
example.
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Figure 4.6: Zinc sample.

4.3 Sample preparation

The following methods are commonly used for sample preparation:

Grinding with belt or disc grinding machines

A wet pre-grinding can be used. At the end, however, it should be sanded dry.
After grinding, the sample should no longer be cooled with water.

The abrasive material can lead to contamination. Al,03, SiC and ZrO, are com-
mon. A negative influence on the measurement uncertainty must be expected
in trace ranges for the elements Al, Si, C, Zr and O, if single spark evaluation is
being carried out.

Manual grinding with disc grinding machines is widely used for steels, nickel
and cobalt base alloys. In automated systems, sample preparation for such ma-
terials is performed with belt grinding machines, as longer service lives for the
abrasive material can then be realized. However, milling machines are usually
used in newer automatic systems.

The grain of the abrasive disc should not be too fine. Grinding discs for metallo-
graphic polishing should not be used. A surface that is too smooth is rather dis-
advantageous. Grain sizes of 60 or 80 have been proven to be suitable.

Grinding with swing grinding machines

Cast iron samples are usually ground using a swing grinder. The sample is held in
place with a magnetic clamping plate or a vise and a cup wheel with a diameter
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of about 150 mm is swung back and forth over the sample surface. The cup wheel
is first lowered so that it just touches the sample surface. In the course of the
grinding process, it can be lowered with a handwheel in increments of fractions
of a millimeter. The grinding process is ended as soon as the entire surface is flat
and has a bright metal finish.
Preparation of cast iron samples with disc grinding machines is not recom-
mended. There is a risk of overheating. The sample then turns blue. This over-
heating of the sample can result in an increase in the measurement uncertainty.
In addition, it is difficult to handle the thin “coin shaped” samples customary for
cast iron on disc grinders. If a suitable tool is used that enables holding of the
cast iron sample securely and flat on the grinding disc (e.g., a fitting magnetic
sample holder) and if overheating can be avoided, it is, in principle, possible to
use disc grinding machines.

— Turning and milling
For soft non-ferrous materials, turning or milling is superior to grinding, because
the soft material “smears” the abrasive discs and can lead to the contamination of
subsequent samples. Milling has the advantage compared to turning, that no burr
remains in the center of the sample. Such a burr can prevent the sample from
lying flat on the spark stand. This fact makes milling the preferred method for
sample preparation. However, it cannot be used for very hard materials, such as
titanium aluminides. In recent years, the milling technique has been constantly
improved and an increasing number of alloys can be prepared using milling.

Lithrs and Kudermann [4] point out that cooling with propanol can be advanta-
geous when turning and milling. When using this coolant, it is necessary to ensure
that there is a sufficiently sized exhaust system.

Table 4.1 is an overview of which sample preparation method is possible or rec-
ommended for which alloy group.

Table 4.1: Sample preparation methods possible for different alloy groups.

Preparation Steel Cast iron, Ni, Co, Ti- Al, Mg, Zn, Cu-Base
method Pigiron Base Alloys  Pb, Sn
Conditionally
indi
Grm- 'ns gbelt Suitable Less suitable Suitable Not suitable  suitable for some
or disc grinder)
alloys
Grinding .
. . Unusual Good Unusual Not suitable  Unusual
(swing grinder)
Good for Good for
Milli h - h
|ll|.ng and samples that Colndltlonally samples that Good Good
turning are not too suitable are not too
hard hard
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5 Analytical performance for the most important
metals

The operation of modern emission spectrometers with spark excitation was de-
scribed in Chapter 3. With these instruments, it is possible to determine the elemen-
tal contents of a large number of different metals. This chapter will give an overview
of which elements can be meaningfully measured in which concentration ranges for
the individual metal bases. The ranges indicate the span between a reasonable lower
limit (the choice of this limit will be explained on the next page) and the highest pos-
sible concentration that can be determined with spark emission spectrometers accord-
ing to the knowledge of the authors. The analytical performance with arc and laser
excitation will not be covered in this chapter.

Only such elements as are commonly determined with arc/spark spectrometers
will be discussed. However, with very few exceptions, this selection reflects the list
of elements relevant to the metals concerned. Some important exceptions will be
mentioned in the course of this chapter.

Comments about the upper limits of the measuring range

The upper limits of the concentration range are based, on one hand, on the applica-
tion requirements; on the other hand, the reference materials cannot always pro-
vide sufficient coverage. If the concentration range is not sufficient for practical
purposes, then it may, in this case, be possible to employ secondary standards.
Customer samples, for which the elemental content has been determined with other
methods, are meant here as secondary standards. Such analysis methods include
atomic absorption spectrometry, colormetry and optical emission spectrometry with
inductively coupled plasma (ICP-OES). The homogeneity of secondary standards
must be checked, whereby this control can be performed with a spark emission
spectrometer using measurements of intensity ratios on different spots on the sam-
ple. The homogeneity of the sample is considered sufficient when no correlation be-
tween measurement position and measured value can be detected.

The upper concentration ranges listed in this chapter do not completely exclude
secondary standards. However, they are only considered to a limited extent. The
calibration range should only be extended beyond the range covered by reference
materials if several secondary standards from different sources are available that
can also provide a consistent calibration, that is, a calibration function with reason-
able scattering.

If the value for the upper concentration limit is followed by a second value in
parentheses, this means that calibration to the value given in parentheses is, in
principle, possible, but it is difficult to cover the range between the upper limit
and the value in parentheses with reference samples or a sufficient number of

https://doi.org/10.1515/9783110529692-005
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secondary standards. The calibration range is completely enclosed in parentheses if
the shortage of suitable reference materials extends over the entire range.

The upper limits for the alloying elements are limited to 50% in the tables in
this chapter. In practice, however, higher upper limits are acceptable so that groups
of metals with similar application areas do not have to be distributed over multiple
methods. Then, strictly speaking, measurements are made in the metal base of the
alloying element. For example: In the tin screening method, the calibration curve
for lead is often extended beyond 60%. If an alloy with more than 60% lead is mea-
sured, it is not exactly a metal of the tin base that is being analyzed, but a lead
alloy. But in this way, it is possible to measure solders with widely varying combi-
nations of the elements lead and tin without having to change the method.

Choice of the lower limits of the measuring range
It is difficult to set the lower concentration limits. It is sensible to couple these to
the achievable detection sensitivity.

The detection limits, which can be achieved with larger spark laboratory instru-
ments, and determined according to DIN 32645 [1] form an important criterion for
setting the lower limits of the measuring range. A larger laboratory spectrometer is
understood to be a system with a maximum reciprocal linear dispersion of 0.6 nm
per mm. Many of the lower limits listed are only achievable when all technical pos-
sibilities have been fully utilized. Time resolved measurement, for example, is one
such possibility for improvement of the detection limits. Detection limits can also
be optimized by specially tailoring the measurement parameters to the analytical
lines. Although such measures must be applied in order to reach the listed limits,
the line-specific adjustments should be kept within limits. This means that each
one of a larger number of measured elements (e.g., 40) is assigned to a much
smaller number of excitation parameters (e.g., three). This procedure is useful. If
every element was assigned its own measuring time with optimized excitation pa-
rameters, the total measuring time would be too long. The compromise solution de-
scribed here is used in commercial spark emission spectrometers. By good
analytical performance, measurement times below 30 s for a single measurement
can be realized. Short measuring times are an important boundary condition in
many cases, for example, melting bath control. However, sometimes it is still neces-
sary to optimize individual elements because the application requires the lowest
possible detection limits. Longer measuring times or other drawbacks must then be
accepted. In such cases, the then achievable detection limit is set in parentheses in
front of the measuring range.

It is not permissible to interpret a detection limit G determined according to
DIN 32645 for an element E in such a way that when a sample P made of a random
alloy is measured and a concentration G is calculated, that the element E is actually
contained in the sample. This conclusion is only permissible if P is a pure sample of
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the base metal containing only traces of E. This assumption is also justified when
the calibration functions exhibit no dispersion in the lower ranges. In practice, the
achievable real detection limits for an entire group of metals depend on the disper-
sions of the calibration curves. However, it does not make sense to take this scatter-
ing as the basis for the listed lower limits, because it can be strongly reduced by
narrowing the material group covered by a method. When the type recalibration de-
scribed in Section 3.9.6.3 is used, the detection limits for the given alloy grade de-
termined using the pure sample may also be achieved. However, this is only the
case when the analytical line is not significantly overlapped by a interfering line
from the alloying elements and the height of the spectral background is approxi-
mately the same as for the pure sample.

Several reasons for an increased dispersion cannot be compensated for with a more

sophisticated calibration:

— Elements can be partially metallically dissolved and partially found in inclu-
sions. This condition can vary among the standards used for the calibration.

— The measurement uncertainties for the standards can be high in the trace
range. They are, particularly for older reference materials, not noted in the cer-
tificates. However, “even” values arouse suspicion. For example: If for the five
standards in a set, the concentrations of a trace element are given as 1 ppm,
5 ppm, 10 ppm, 20 ppm and 50 ppm, it is not very probable that these are true
values, as it is not possible to exactly achieve a target concentration. Most prob-
ably rounding was used.

The following should be noted about the lower limits for the measuring range speci-
fied in this chapter:

— The lower limits for the measuring ranges specified in the tables in this chapter
can only be guiding values intended for rough orientation.

— They do not correspond to the real achievable detection limits for every alloy.

— Consultation with the instrument manufacturer is recommended for specific an-
alytical applications. If the achievement of minimum detection levels is impor-
tant for the application, they should be specified in the order and confirmed by
the sales person. Compliance with the limits must be checked by the manufac-
turer before delivery to ensure that they are not exceeded despite the unavoid-
able series instrument variation. Control of the detection limit is not possible
with just any samples. If a sample contains, for example, low levels of a trace
element that is not homogeneously distributed, it is not suitable for verification
purposes. The non-homogenous distribution leads to higher standard devia-
tion, thus simulating higher detection limits.

— The detection limits, as well as other important analytical criteria, should be
checked in regular intervals throughout the entire instrument lifetime.
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Finally, it should be mentioned that more than one analytical line is usually re-
quired to cover the calibration ranges given in the subsections.
Sometimes, there are not enough reference materials for continuous coverage
of the range between low and high concentrations. In these cases, two concentra-
tion ranges are listed for the elements concerned, between which there is a gap in
which no reliable concentration determination is possible.

5.1 Analysis of iron-based materials

Table 5.1 shows the elements and their associated concentration ranges for which
routine determination in steels, cast iron and other iron-based materials is possible.

Table 5.1: Concentration ranges for measurements in iron base.

Element Concentration range Element Concentrationrange Element Concentration range
(%) (%) (%)

Al 0.0001-5.6 La 0.00005-0.02 (0.3) Sb 0.0004-0.3

As 0.0003-0.28 Mg 0.00005-0.4 Se 0.001-0.31

B 0.0001-1.3 Mn 0.0002-24 Si 0.0003-24

Bi 0.0002-0.2 Mo 0.0001-12 Sn 0.0001-0.4

C 0.0001-5.4 N 0.0006-1.1 Ta 0.001-0.8

Ca 0.0001-0.013 Nb 0.0003-4 Te 0.0008-0.06 (0.76)

Cd 0.0002-0.015 Ni 0.0003-45 Ti 0.0002-3.6

Ce 0.0002-0.12 (0.66) O 0.002-0.06 Vv 0.0001-10

Co 0.0002-22 P 0.0002-2.9 w 0.002-25

Cr 0.0002-40 Pb 0.0002-0.4 Zn 0.0001-0.1

Cu 0.00005-10 S 0.0002-0.52 Zr 0.0003-0.3

Creation of the following sub-methods is useful for iron-based metals:

EBSCChost - printed on 2/12/2023 11:27 PMvia .

Nonalloyed and low alloy steels

(C < 2%, no alloying element > 5%, S < 0.12%, Pb < 0.1%)

Nonalloyed and low alloy free-cutting steels

(additionally 0.12%-0.5% sulfur and/or several tenths of a percent lead)

Chromium and chrome/nickel steels

(C < 2%, Cr 5-30%, Ni 0-30%, S < 0.12%)
Chrome/nickel free-cutting steels
(additionally > 0.12% sulfur)

Nonalloyed and low alloy cast iron

(C > 2%, no alloying element > 5%)
Manganese steel/austenitic manganese steel
(C < 2%, manganese > 10%, chromium 0-20%)
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— High-speed steels
(approx. 1% C, approx. 4% Cr, several percent of W, Mo, V and/or Co)
— Maraging steel
(C < 0.05%, Ni 12-25%, Co up to 12%, Mo up to 5%, Ti up to 1.7%)
— Chrome chill casting
(wear-resistant cast iron with up to 5% C, 12-32% chromium and 0-3% Mo)
— Austenitic cast iron
(Ni-resist, up to 3% C, Si up to 6%, Ni up to 36%, Cr up to 4%, Mn up to 5%,
plus one grade with up to 7.5% Cu)

Detailed information on the chemical composition and the properties of the alloys
listed in the groups above can be found in the Stahlschliissel (Key to Steel) [2]. The
widespread works on material science can also help to obtain an overview on the
common alloys, for example, the books from Domke [3], Merkel/Thomas [4], and
Bargel/Schulze [5].

If steels, in which the assignment to one of the above groups is not clear from the
outset, are to be analyzed, then a screening method can be used. For analysis using
these methods, however, compromises in accuracy must be made. The analysis ob-
tained is sufficient for many purposes. The presence of such a screening method is also
helpful when there is no suitable sub-method available on the spectrometer system.

Far above the lower limits (i.e., above a hundred times the lower limits) listed in
Table 5.1, it is possible to achieve a coefficient of variation for the measured values
that usually lies between 0.1% and 0.7% for elements that are completely dissolved
in the iron matrix. There is an especially low coefficient of variation if an internal
standard can be found for an analyte line that reacts similarly to fluctuations in the
plasma temperature. This is, for example, the case for the chromium line 298.9 nm.

For metallically dissolved elements, it is not the repeatability but the dispersion
of the calibration functions and the stability of the system that is the limiting factor
for the achievable accuracy. When elements are present completely or partially as
non-metallic precipitates, the standard deviation of the determined concentrations
are higher as the inclusions are often preferably hit by sparks. Here, a coefficient of
variation of 1% to 3% are expected for concentrations far above the lower limits
listed in Table 5.1.

5.1.1 Details for the analysis of steels

In addition to iron, carbon is the most important element in steels. The line at
193 nm is usually used for its determination. However, if very small carbon concen-
trations are to be determined, it is advantageous to use the more sensitive carbon
line at 133 nm. To be able to use this line, however, the optical system must be
equipped with components that are transparent for such short-wave radiation,
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which entails a certain amount of additional outlay. In this case, windows and
lenses must be made of lithium fluoride, magnesium fluoride or calcium fluoride.

The analysis of free-cutting steel semi-finished products is problematic. Samples
taken from the melt can be analyzed without great difficulty. A large part of the sulfur
in rolled semi-finished products is present in the form of elongated manganese sul-
fide inclusions. The spark prefers to strike these inclusions, which leads to determi-
nation of sulfur and manganese concentrations that are too high in relation to the
average contents in the sample. In addition to the sulfur and manganese concentra-
tions, the excess depends on the form of the inclusions and, thus, from the mechani-
cal history of the sample. Using a long pre-spark, whose duration can be up to
a minute in extreme cases, helps. Nevertheless, the same accuracy achieved with
other methods cannot be obtained.

Spark spectrometry enables the analysis of almost all elements of interest with
abundant accuracy. Hydrogen is an exception. Although the spectral line at 121 nm
is quite sensitive, the following factors hinder its use:

— The quantity degraded from the sample material by the spark is very small.

— Oxygen can be easily flushed out of the argon system and spark stand. In con-
trast, moisture adhering to the inner surfaces of the spark stand and argon sys-
tem is only removed slowly. As a consequence, there is still water vapor present
in the argon during the spark; resulting in an increase the hydrogen signal.

— Hydrogen atoms are mobile. The H-content on the surface, exactly where the
material is ablated, can be reduced simply due to the sample warming that oc-
curs during grinding.

According to the current state of technology, other procedures for the determination of
hydrogen in steels are preferable to spark spectrometry, for example, carrier gas hot
extraction. The method is described in the Handbuch fiir das Eisenhiittenlaboratorium
(Handbook for Ironworks Laboratories) [6]. Contract laboratories offer carrier gas hot
extraction for many different materials. Detection limits well below one ppm [7] are
reported.

For the determination of nitrogen, it is necessary to take measures with regard
to the purity of the spectrometer argon and the air-tightness of the argon system
(see Section 3.4). Determination is possible if the necessary requirements have been
fulfilled. Details can be found in the work of J. Niederstraf3er [8].

5.1.2 Details for the analysis of cast iron

As in steel, carbon is by far the most important alloying element in cast iron.
Unfortunately, carbon cannot generally be determined with spark spectrometry in
finished cast iron products because it is precipitated as graphite. This is usually
present as spheroidal or lamellar graphite in finished products.
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Spheroidal graphite is preferably attacked during the pre-spark. If a graphite
inclusion is hit, it leaves the sample by sublimation. During the actual measure-
ment time, the carbon content is greatly reduced.

Even after the pre-spark time, lamellar graphite generates an excessive carbon
signal. Here, an approximate analysis is possible if very long pre-spark times are
used. Of course, the same, long pre-spark times must also be used during the crea-
tion of a method for the determination of carbon in semi-finished products.

Measurements on finished products succeed only in exceptional cases:

— Carbon is bound as carbide in chromium hard casting and, therefore, does not
precipitate as graphite.

— If the surface is quenched during casting, the cementite phase (Fe;C) is retained.
In shell casting, this improves the wear resistance on the surface. Carbon can be
determined on such surfaces.

Carbon measurements on samples that are taken from the melt during the production
process are, in contrast, possible. However, it must be ensured that the sample cools sud-
denly. The best results are achieved by pouring the molten cast iron into a solid copper
mold (see also Section 4.2.3). With this quenching, the carbon is then present exclusively
as cementite. If graphite precipitates, the sample is useless for spark spectral analysis.
This can, for example, happen when the mold is already too warm due to previous use. If
the sample is broken apart, the fracture surface is slightly grey, which is easy to detect
under a microscope. Metallographic section can also provide information about the sam-
ple quality. There are often graphite inclusions in the regions of the sample where feeding
takes place. This may result in other carbon values there than on other parts of the sam-
ple surface where there is no graphite. The non-matching single measurements lead
to confusion. There are algorithms in the spectrometer software that enable the
identification of measurement on unproper sample positions. This is done by ob-
serving whether there is an excessive carbon signal at the beginning of the pre-spark. If
the graphite precipitations and, thus, the intensity excesses moderate, a correction can
be made. However, if the graphite content is too large, the sample is classified as unus-
able. A new sample must be taken. Such a procedure is described in the German patent
DE102010008839B4 [9]. Figures 5.1 and 5.2 show two metallographic section images
taken at different locations of the same sample surface. Each image represents an area of
approximately 0.2 mm?. The zone shown in Figure 5.1 is almost free of graphite precipita-
tions, while there are many graphite precipitations in the form of dark spots in Figure 5.2.

Kipsch [10] pointed out that it is difficult to take a cast iron sample, that is, on one
hand, white solidified and, on the other hand, free of cavities and slag particles. In re-
cent years the production of white solidified samples has been further complicated by
the use of preconditioned base iron which favors graphite formation. This is often de-
sired by the foundries but it is detrimental to the production of usable samples.

Ductile cast iron types with spheroidal graphite, such as GJS 450-18, GJS 500-14
and GJS 600-10, have gained in importance in the last few years. These grades,
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Figure 5.1: Section of the surface
of a cast iron sample that is
almost free of graphite inclusions.

standardized in DIN EN 1563 [11], exhibit both high values for tensile strength and elon-
gation at break. In addition to good mechanical strength, they have the advantage that
they can be plastically deformed before they break. This facilitates diagnosis in the
event of damage. Fatigue fractures can be distinguished from those caused by mechan-
ical overload. Monitoring for the correct silicon values is important for these materials.
These should be within tight tolerances around 4.3%. The tensile strength is optimum
for this Si value. If the value is exceeded, the elongation at break value drops abruptly;
for silicon contents of about 4.8%, it drops to almost zero. Thus, the Si values are
higher than for classical grades with spheroidal graphite and remaining within the lim-
its is more critical. A description of the depicted problem can be found in Werner,
Lappat and Ajrich [12].

5.2 Analysis of aluminum-based materials
The analysis of aluminum and its alloys with spark spectrometry is simple and pro-

vides good detection limits as the spectra, compared with those from iron or nickel
base, have relatively few lines. The usable concentration ranges are summarized in
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Figure 5.2: Section of the surface of a cast iron sample with graphite inclusions.

Table 5.2. However, it must be mentioned that the spectral range between 172 and
222 nm can only be used to a limited extent because a consistently high background
signal is present throughout. Therefore, the use of some sensitive spectral lines in
this range cannot be recommended. Such lines are, for example As 189.0 nm,
B 182.6 nm and Sn 190.0 nm. It is better to select alternative lines outside the range
mentioned for these elements. The determination of phosphorous, however, must
be done with the line P 178.3 nm for lack of suitable alternatives. Here, a back-
ground correction helps in achieving the detection limits required to determine P.

Distribution into the following sub-methods is useful for aluminum base metals:

— Pure aluminum
The main alloying elements are calibrated to a maximum of 0.05%, the calibra-
tion ranges for other elements usually end below 0.01%.

- Low alloy aluminum
Si and Fe < 2%, Cu < 0.4%, Mn, Mg and Pb < 1.5%
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— Aluminium/silicon
Si < 30%, Fe < 5%, Cu < 6%, Ni < 3%, Mn < 1.5%, Zn < 4.5%, Mg < 2%,
other elements each below 1%
— Aluminum/copper
Cu < 10%, Si < 4%, Fe < 1.5%, Ni < 2.5%, Mn < 2%, Zn < 4%, Mg < 2%,
other elements each below 1%
— Aluminum/magnesium
Mg < 11%, Si < 4%, Mn < 1.5%, Zn < 1.5%, other elements each below 1%
— Aluminum/zinc
Zn < 12%, Si < 10%, Cu < 10%, Mg < 4%, other elements each below 1%

Table 5.2: Concentration ranges for measurements in aluminum base.

Element Concentration range (%) Element Concentration range (%)
Ag 0.00002-1.2 Mo (0.00002) 0.0005-0.2

As 0.0004-0.2 Na 0.00004-0.03

B (0.00002) 0.00005-2.8 Nd (0.0002-0.25)
Ba 0.00005-0.02 Ni 0.00004-5

Be 0.00001-0.05 P (0.0002) 0.0003-0.035
Bi 0.0001-0.75 Pb (0.00003) 0.00008-2

Ca 0.0001-2.1 Pr (0.0003-0.08)
cd 0.00003-0.4 Sb 0.0002-0.6

Ce 0.0001-0.055 (0.6) Sc 0.00002-0.22 (0.8)
Co 0.00005-10 Se (0.001-0.01)
Cr 0.00003-0.8 Si 0.00005-43

Cu 0.00001-50 Sm (0.0002-0.02)
Fe 0.00005-14 Sn 0.0001-22 (30)
Ga 0.00003-0.1 Sr 0.00002-0.5

Hg 0.0002-0.01 Ti 0.00002-7

In 0.0002-0.12 Tl 0.00005-0.1

La 0.0001-0.04 (0.3) Vv 0.00005-0.5

Li 0.00001-12 w (0.001-0.01)
Mg 0.00001-15 Zn 0.00006-12

Mn 0.00003-32 Zr 0.00005-0.8

Information about the chemical composition of the alloys in these groups can be found
in the first volume of the Aluminium-Taschenbuch (Handbook of Aluminum) [13] and
the standards dealing with the properties and composition of aluminum and its alloys
[14, 15].

There are alloys outside the limits described above. For example, aerospace al-
loys containing lithium in percent ranges do not fall into any of the above ranges. It
is, however, possible to create a powerful screening method for aluminum base.

The achievable accuracy is sufficient for many applications, for example, to ver-
ify the expected grade.
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5.3 Analysis of copper-based metals

Distribution into the following sub-methods is useful for copper base metals:
— Pure coper
All elements less than 0.05%
— Low alloy copper
Si < 4%, Ni < 3%, Fe < 2%, Cr, Mn and Pb < 1.5%, Ag, Zn, Mg and Sn < 1%, P, As,
Sb, Co and Zr < 0.4%, Te, Cd and Se < 0.2%, other elements each < 0.1%
— Beryllium bronzes and cobalt-beryllium alloyed copper
Be < 3%, Co < 2.5%, Ni and Ag < 1.6%, Fe, Cr, Si and Al < 0.25%, Zn, Sn and
Mn < 0.15%, other elements each < 0.1%
— Brass, special brass and tombac
7Zn 8-45%, Al < 8%, Mn, Bi and Si < 6%, Pb and Fe < 5%, Sn < 3%, Se < 2%,
Sb < 1%, Co < 0.5%, other elements each < 0.3%
— Nickel silver
7Zn < 31%, Ni < 20%, Fe < 1.5%, Mn < 1%, other elements all below 0.3%
— Cupronickel
Ni 8-35%, Mn, Cr, Fe and Nb < 3%, Zn, Ti and Si < 1%, Zr < 0.5%,
other elements each below 0.2%
— CuZnSnPb(Ni) alloys
7Zn < 12%, Sn < 10%, Pb < 7%, Bi, Ni < 6%, Sb and Se < 2%, Fe < 1%, Co < 0.5%,
Al, As, S, Mn and P < 0.25%, all other elements each < 0.1%
— Tin and lead bronze
Pb < 23%, Sn < 15%, Zn < 8%, Ni < 3%, Sb < 1.5%, Fe and Mn < 0.5%,
As, Al, Si and Bi up to 0.3%
— Aluminum bronze
Al < 12%, Fe and Ni < 7%, Mn and Zn < 2.5%, Sn < 1.5%, Pb and Si < 1%,
As < 0.5%, Cr, Mg and P < 0.25%, other elements each < 0.1%

Other sub-methods are possible. For example, the calibrations for low alloy copper
and beryllium bronze can be combined. If alloys containing beryllium are mea-
sured, it is necessary to ensure that no metal condensate escapes into the environ-
ment, as beryllium is hazardous to health. In company operating instructions it can
be specified that after loading the respective method and before measuring samples
containing beryllium protective measures, for example control of the exhaust sys-
tem and installing a suction system to the spark stand, must be taken. It is also im-
portant to be sure that the exhaust and suction systems are working when samples
containing other hazardous elements such as Pb, Cd, Hg and As are measured.

In many cases, the lower concentration limits specified in Table 5.3 are not suf-
ficient for the analysis of pure copper. A maximum of 400 ppm oxygen, 50 ppm
lead and 5 ppm bismuth may be contained in electrolytic copper with the grade Cu-
ETP. The sum of the contents of all other elements, except for silver, must remain
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Table 5.3: Concentration ranges for measurements in copper base.

Element Concentration range (%) Element Concentration range (%)
Ag 0.00005-2 Ni 0.00005-40
Al 0.00002-15 0 0.002-0.05
As 0.00005-1.5 (2) P 0.00005-10
Au 0.00005-0.1 Pb (0.0001) 0.0002-23

B 0.00002-0.04 Pd (0.00002-0.05)
Be 0.00001-3 Pt (0.0001-0.06)
Bi 0.00005-7 Rh (0.00005-0.03)
C 0.001-0.07 Ru (0.00005-0.02)
Cd 0.00002-0.5 (1) S 0.00005-0.3
Co 0.00005-3 Sb 0.0001-4.2
Cr 0.00002-3 Se 0.00005-1.5
Fe 0.00005-7.5 Si 0.00005-8

Ir (0.0001-0.03) Sn 0.0001-20

Li (0.00001-0.015) Te (0.0002) 0.0003-0.55
Mg 0.000005-0.3 Ti 0.00005-0.8
Mn 0.00002-25 Zn (0.00005) 0.0001-50
Nb 0.001-1.5 Zr 0.00005-0.4

under a limit of 300 ppm (source: Deutsches Kupferinstitut [16], German Copper
Institute). In order to measure small concentrations in pure copper, it is possible to
optimize the spectrometer system specifically for this application. Table 5.4 lists the
detection limits that can be achieved for some elements with systems optimized in
this way. However, the limits for some pure copper grades are so low that even with
optimized detection sensitivity the performance limits of spark spectroscopy are
reached. For the grade Cu-OTP, maximum concentrations of 2 ppm for the elements
bismuth, tin, tellurium and selenium and a maximum value of 1 ppm for Cd and Zn

Table 5.4: Improved detection limits for systems optimized for measurements on pure copper.

Element Detection Element Detection Element Detection limit (%)
limit (%) limit (%)
Ag 0.00003 Co 0.00002 Pb (0.00008) 0.0002
Al 0.00001 Cr 0.00001 S 0.000035
As 0.00004 Fe 0.000035 Se 0.00003
Au 0.00003 Li (0.000004) Si 0.000035
B 0.00001 Mg 0.000002 Sn 0.00006
Be 0.000006 Mn 0.00001 Te (0.0001) 0.0002
Bi 0.00003 Ni 0.00002 Ti 0.00002
Cd 0.000015 P 0.000035 Zn (0.000025) 0.00005
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must be monitored [17, 18]. It should be noted that the values listed in Table 5.4 are
detection limits. Limits of quantitation are, according to DIN 32645 [1], a factor of
10/3 higher and are, thus, close to the concentrations to be monitored. The element
oxygen, which is important in copper base, can be analyzed with the spectral line
at 130 nm. The requirements for a gas-tight argon system and on a minimal level of
oxygen in the spectrometer argon are even higher than for the determination of ni-
trogen in steels. This fact was already pointed out in 1992 by the esteemed Manfred
Richter [19], who unfortunately died much too early. It should be remembered that
a vpm of a gas in argon produces the same signal intensity as 20-50 ppm in the
sample (see Section 3.4.1). A higher argon flow is generally used when analyzing
pure copper to quickly flush out oxygen and moisture, which can enter the spark
stand when changing the sample.

Comprehensive information about alloys of the copper base, but also about other
non-ferrous metals can be found in volume 2 of the ASM Handbook [20].

Conducting analyses of copper and copper alloys with spark emission spectrome-
ters is standardized in DIN EN 15079 [21].

5.4 Analysis of nickel and nickel alloys

Table 5.5 provides a rough overview of limits within which the measurement of
nickel and nickel alloys is possible.

Distribution into the following sub-methods makes sense:

— Nonalloyed and low alloy nickel
Co < 2%, C < 1.5%, Fe, Cr and Al < 1%, Si, Mn, Cu and Ti < 0.5%, Mg < 0.2%,
other elements each < 0.1%

— Ni/Cu (Monel)
Cu 20-40%, Al, Fe and Si < 5%, Mn < 3%, Ti < 2%, all other elements less than
1%

- Ni/Cr
Cr 15-30%, Mo < 10%, Fe and Nb < 5%, Ti < 3%, Co, Si and Al < 2%, all other
elements less than 1%

— Ni/Cr/Fe
Cr 15-30%, Fe 5-40%, Mo < 10%, Nb < 7%, Co and W < 5%, Si < 3%, Al, Mn, Ti
and Cu < 2%, other elements each < 1%

- Ni/Mo
Mo 10-35%, Cr and Fe < 30%, Fe < 25%, W and Co < 5%, Mn and Si < 1.5%,
all other elements less than 1%

— Ni/Cr/Co
Cr 10-20%, Co 10-20%, W and Nb < 7%, Al and Ti < 5%, Ta < 4%, Fe < 1%,
other elements each < 0.5%
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— Monocrystalline Ni-base superalloys
Cr 1-12%, Co < 16%, W < 15%, Ta < 14%, Re and Ru < 7%, Al 4-7%, Ti < 5%,
Mo < 4%, V < 2%, Nb < 1%, Hf < 0.5%

Table 5.5: Concentration ranges for measurements in nickel base.

Element Concentration range Element Concentration range Element Concentration range

(%) (%) (%)
Al 0.0001-10 Mg 0.0001-1 Si 0.0005-7
As 0.0003-0.015 Mn 0.0001-12 Sn 0.0001-19
B 0.0001-0.03 Mo 0.001-40 Ta 0.003-15
C 0.0001-1 N 0.0005-0.35 Ti 0.0005-10
Co 0.0005-35 Nb 0.0005-10 v 0.0002-0.85 (1.2)
Cr 0.0005-50 P 0.0005-0.05 (2.4) w 0.0005-15
Cu 0.0001-40 Pb 0.0001-0.08 Zn 0.0001-0.02 (0.5)
Fe 0.0002-50 Re 0.01-8 Zr 0.0002-0.3
Hf 0.005-4 S 0.0005-0.35

For the analysis of monocrystalline superalloys, the elements rhenium and ruthe-
nium, which are rarely present in other metal bases, must often be determined with
high concentrations. The accurate determination of carbon, boron and yttrium at
trace levels is also often required. Superalloys are named for the fact that they can
be used at temperatures above the operating temperatures of most steels.
Monocrystalline superalloys are used for turbine blades in combustion chambers
for gas turbines and enable operating temperatures of up to 90% of the melting
point. The disks on which the turbine blades are mounted are usually made of poly-
crystalline superalloys that are measured in the methods Ni/Cr, Ni/Cr/Fe, Ni/Mo
and Ni/Cr/Co. These alloys are operated at up to 80% of the melting point. Details
about nickel base superalloys can be found in Reed [22]. Parts of aircraft turbines
are safety-relevant and, thus, often require 100% testing. This is why there is such
a high requirement for analyses for production of the material as well as for further
processing up to the finished turbine. Laboratories involved with this must take pre-
cautions, for example, by periodically measuring control samples and maintaining
quality control charts, to ensure that the specified measurement uncertainties are
not exceeded.
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5.5 Analysis of zinc and zinc alloys

Table 5.6 shows the concentration ranges within which zinc alloys can be mea-
sured. There are gaps in the concentration ranges due to a lack of standards.

Table 5.6: Concentration ranges for measurements in zinc base.

Element Concentration range (%) Element Concentration range (%)
Ag 0.00005-0.05 Mg 0.00002-1.2

Al 0.00002-50 Mn (0.00004) 0.0001-0.25, 0.9-1.1
As 0.0002-0.005 Ni 0.00001-0.1, 1.9-2.1
Cd 0.00002-0.7, 30-32 Pb (0.00002) 0.0001-3

Ce (0.00001) 0.00005-0.08 Sb 0.0005-0.25, 0.8-4
Cr 0.0001-0.19 Si 0.00002-0.1, 1.2-3.3
Cu 0.00002-7 Sn (0.00002) 0.00005-3

Fe 0.00005-1.5 Ti 0.0001-0.35

In 0.00001-0.04 Tl 0.00001-0.07

La (0.00001) 0.00005-0.06 Zr 0.0001-0.02

Distribution into the following sub-methods makes sense:
— Pure zinc
All elements < 0.2%
— Titanium zinc
Ti 0.1-0.4%, Cu < 2%, other elements each < 0.2%
— Commercial and secondary zinc
Pb and Cd < 3%, Sn < 1%, other elements all < 0.2%
— Cast alloys with Al contents up to 6%
Al 1.5-6%, Cu < 4%, other elements all < 0.2%
— Cast alloys with Al contents > 6%
Al 6-15%, Cu < 4%, Cr and Ti < 0.4%, other elements < 0.2%
— Alloys with high aluminum contents
Al 15-50%, Cr and Ti < 0.4%, other elements each < 0.2%

The calibration ranges for the pure zinc method greatly exceed the permitted upper
limits for real grades. The total concentration of impurities for refined zinc of the
grade Z3 is maximum 0.05%. Only 0.005% is allowed for refined zinc of the grade
Z1. The primary zinc grades Z1 to Z5 are standardized in DIN EN 1179 [23]; the second-
ary zinc grades ZSA, ZS1 and ZS2 in DIN EN 13283 [24]. The compositions of the most
common cast zinc alloys can be found in DIN EN 1774 [25]. The process for sample
taking is regulated in DIN EN 12060 [26]. Maximum concentrations for the elements
Sn, Pb, Bi, Ni, Al and the sum of other elements in zinc baths for hot-dip galvanizing
are specified in the DASt directive 022 [27]. With DIN EN ISO 3815-1 [28] there is also
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a standard for conducting spark spectral analysis. It also contains information about
detection limits, however, those listed there are rather conservative.

In zinc base, it does not make sense to create an overview program. The content of
the main alloying element, Al, has a strong influence on the excitation process. This
can be seen from measurements of the burning voltages. Slickers [29] reported that for
a fixed spark parameter, a spark burning voltage of 25 V was measured. For pure alu-
minum it was 35 V. The burning voltages for aluminum alloyed zinc alloys lie between
these, namely 28 V for an Al content of 2% and 29 V for an Al content of 6%. Suitable
methods must be created for alloys that are outside the limits listed in the sub-methods
above. This calibration is usually performed by the instrument manufacturer on re-
quest, whereby it is often necessary for the end user to provide calibration standards.

Small Ti and Al contents (Ti between 100 and 2,000 ppm and Al between 20
and 200 ppm) are sometimes problematic. For reasons that are not understood, the
scattering of the calibration curves and, thus, the measurement uncertainties are
higher than those for other elements and also higher than for aluminum and tita-
nium in other metal bases.

5.6 Analysis of lead and lead-based alloys

When analyzing the heavy metal lead, it is necessary to make sure that a properly
working suction system is attached to the spark stand. The exhaust gas cleaning
system, as described in Section 3.4.5, must also be checked regularly. Clogged filter
cartridges are to be replaced and disposed of in accordance with safety aspects.
Respiratory protection should be used when doing this work.

Table 5.7 shows the measuring ranges currently possible for lead base. The
upper concentration ranges are mainly limited by the availability of standards.
Trace elements in battery lead can negatively influence the properties of batteries,
especially self-discharge. Therefore, an increase in the number of elements would
be desirable but cannot take place due to a lack of suitable reference samples.

Unlike for zinc base, an overview method can be created with no problem for lead.
Distribution into the following sub-methods makes sense:
— Purelead
Sn < 2%, Ag, Sh, Bi, Ca < 0.2%, other elements each < 0.1%
— Low alloy lead
Ag < 4%, Sn < 3%, Cd, As, Bi < 1%, In and Cu < 0.5%, other elements all under
0.1%
— Hard lead
Sh 0.5-21%, Sn < 12%, As < 1,7%, Sn < 1%, In < 0.5%, Bi < 0.3%, all other
elements under 0.1%
— Pb-Sn
Sn 1-50%, Sb < 17%, As < 1.7%, Cu < 0.6%, Bi < 0.25%, all other elements < 0.1%
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Table 5.7: Concentration ranges for measurements in lead base.

Element Concentration range (%) Element Concentration range (%)
Ag 0.00001-6 Na (0.000002) 0.00001-0.07
Al 0.00001-0.08 Ni 0.00001-0.05
As 0.00005-1.7 P (0.0003-0.025)
Au 0.00005-0.18 (0.26) Pd 0.00005-0.008
Ba (0.000001) 0.00001-0.06 Pt 0.00003-0.01
Bi 0.00001-1.3.10-50 Rh (0.00001-0.001)
Ca 0.000005-1.1 Ru (0.00001-0.005)
Cd 0.00001-18.5 S 0.0001-0.05
Co 0.00001-0.05 Sb 0.00003-21

Cu 0.000005-1.6 (7.5) Se 0.0002-0.05
Fe 0.00001-0.05 Sn 0.00005-50

Hg 0.0005-0.03 Sr (0.00001-0.005)
In 0.000005-2.2, 15-30 Te 0.00004-0.1
Mg (0.0000005) 0.0001-0.2 Zn 0.00001-0.1
Mn 0.00001-0.0015

Concentration limits for common grades of lead and lead alloys are specified in the
standards DIN EN 12659 [30] and DIN 17640-1 [31]. The composition of lead for
cable sheaths and sleeves can be found in DIN EN 12548 [32], that of lead for con-
struction in DIN EN 12588 [33]. The procedure for sample taking for analytical pur-
poses is described in DIN EN 12402 [34]. A pre-standard for conducting analyses
with spark emission spectrometers also exists (DIN V ENV 12908 [35]). The measur-
ing ranges given there begin at a much higher levels than those listed in Table 5.7.

5.7 Analysis of tin and tin-based alloys

The safety precautions regarding the suction system and exhaust gas filtration men-
tioned in Section 5.6 must also be met for the analysis of tin alloys.

A sensible sub-method classification could look like the following:
— Fine and commercial tin and pewter
Pb < 1.5%, Cu, As, Ge < 1%, Sh, Ag, Au, Hg, In < 0.2%, all other elements less
than 0.1%
— Bearing metal
Sb and Cu < 10%, As, Bi and Pb < 0.5%, Cd < 0.2%, all other elements < 0.1%
— Soft solder, cadmium-free special solder
Pb < 50%, Sb < 6%, Cu and Ag < 5%, Bi and Au < 0.3%, other elements all less
than 0.1%
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Other tin-base materials can be analyzed in the overview method. Table 5.8 shows
the concentration ranges possible for tin-base.

Table 5.8: Concentration ranges for measurements in tin base.

Element Concentration range (%) Element Concentration range (%)
Ag 0.00001-4 (35) Hg 0.0002-0.15

Al 0.00001-0.07 (0.11) In 0.00001-0.11 (21)

As 0.0004-0.6 (2.2) Ni 0.00001-1.3 (13)

Au 0.00002-0.5 P 0.0006-0.03

Bi 0.00005-1.1 (3) Pb 0.00002-4 (50)

Cd 0.00002-0.15 (2) Pd (0.00005-0.6)

Cr 0.00001-0.005 (1.3) S 0.0001-0.005 (0.02)
Cu 0.00001-12 (41) Sb 0.0001-8.5 (15)

Fe 0.00001-0.06 (3.1) Se 0.0003-0.05 (0.07)
Ge 0.0001-0.5(1.1) Zn 0.00001-8.5 (50)

The chemical concentrations of tin, tin alloys and soft solder are described in the
standards DIN EN 610 [36], DIN EN 611 [37, 38] and DIN 1707-100 [39].

5.8 Analysis of titanium-based alloys

Table 5.9 shows the concentration ranges in which elements can be measured in
titanium base.

Possible sub-methods:

Pure titanium and Ti-0.2Pd

W < 0.5%, Pd, Cr, O, Fe, Mo < 0.3%, Al, Sn, V, Cu, Ru, Mn, Ni < 0.2%, other
elements < 0.1%

Alloys with Zr and Mo

Al < 7%, Zr < 6%, Mo < 15%, Mn < 7%, Fe and Cr < 4%, Nb and W < 1%,
0 < 0.5%, other elements each < 0.1%

Alloys with niobium and vanadium

Al < 8%, Sn < 4%, Nb < 7%, Mn < 5%, Mo, Fe and Cr < 1.5%, W < 1%, O < 0.5%,
other elements each less than 0.1%

The compositions of titanium and titanium alloys are standardized in DIN EN 17850
[40] and DIN EN 17851 [41]. Interesting information about the use of different tita-
nium alloys can be found in a monograph edited by E. W. Kleefisch [42].
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Table 5.9: Concentration ranges for measurements in titanium base.

Element Concentration range(s) (%) Element Concentration range(s) (%)
Al 0.0003-40 Ni 0.001-0.15 (20)

C 0.001-0.05 (0.13), 0.9-1.1 0 0.005-0.4

Co 0.004-0.06 (0.3) Pd 0.001-0.3

Cr 0.001-5 Ru 0.01-0.05 (0.2)

Cu 0.0001-3 Si 0.0005-0.75

Fe 0.0005-4 Sn 0.0005-3.1 (14)

H 0.0001-0.013 \" 0.001-14

Mn 0.0003-10 w 0.02-1.8

Mo 0.0003-16 Y 0.0005-0.004, 1.8-2.2

N 0.002-0.04 Zr 0.001-4.5 (50)

5.9 Analysis of magnesium-based alloys

The following sub-methods make sense:

— Pure magnesium
Al < 0.1%, all other elements each less than 0.05%

— Alloy groups magnesium-aluminum-zinc (AZ),
magnesium-aluminum-manganese (AM), magnesium-aluminum-silicon (AS)
and magnesium-manganese (M)

Al < 12%, Zn < 7%, Mn < 3%, Si < 2%, Zr < 1%, Ca < 0.5%, Cu < 0.1%, other
elements each < 0.1%

— Alloy groups magnesium-zinc-rare earths (ZE), magnesium-zinc-thorium (ZH),
magnesium-silver-rare earths-zirconium (QE), magnesium-zinc-copper (ZC) and
magnesium-zinc-zirconium (ZK)
7Zn < 7%, Ag, Th, Nd and Ce < 4%, Cu < 3%, Zr and La < 1%, Pr < 0.5%, Cu, Mn,
Al, Pb < 0.2%, other elements each less than 0.1%

The above list of sub-methods does not take several alloy groups into account. For
example, the group magnesium-yttrium-rare earths (WE) is not included. The main
obstacle here is the lack of standard samples with a high yttrium content.
Table 5.10 shows the typical concentration ranges for the analytes in magnesium
base.

The use of an electrode brush with molybdenum wire bristles is recommended
for magnesium base. The reason for this is the fact that small concentrations of
only a few ppm of the elements Fe and Ni must be determined. The abrasion from
the bristles can be sufficient for contamination. It would also be desirable to be
able to determine the rare earth elements scandium, samarium, europium, terbium,
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Table 5.10: Concentration ranges for measurements in magnesium base.

Element Concentration range (%) Element Concentration range (%)
Ag 0.00005-4 Ni 0.0001-0.03
Al 0.00001-14 P 0.0003-0.007
Ca 0.00003-0.5 Pb 0.0002-0.1
Ccd 0.00003-0.08 Pr (0.0005) 0.0015-0.5
Ce 0.0001-3.3 Si 0.0003-2

Cu 0.00005-0.4 (3) Sn 0.0003-0.11
Fe 0.0001-0.05 Sr 0.0001-2.5
Gd 0.002-0.11 (0.3) Th 0.01-4

La 0.0005-1.5 Ti 0.0001-0.011
Mn 0.00003-3 Y 0.001-0.04
Na 0.00005-0.01 Zn 0.0001-8

Nd 0.0005-3.5 Zr 0.0001-0.9

dysprosium, holmium, erbium and ytterbium since mischmetal (a mixture of rare
earth elements and small percentages of other metals) is used in the melting of al-
loys containing rare earths. Cerium mischmetal consists, for example, depending
on the origin, of 45-60% cerium, 20-30% lanthanum, 15-21% neodymium and
4-6% praseodymium as well as 1-4% samarium, yttrium and terbium. In addition,
approximately 1% each iron and magnesium can be found in cerium mischmetal.
For a long time, it was difficult to separate the rare earth elements from each other.
This is why they were used as mischmetal. However, today neodymium is often sep-
arated out because this element is used for the production of permanent magnets.
Thus, the concentrations found for Ce, La and Pr, are often higher than they were in
the past. The measurement of previously not analyzed rare earth elements should
be pursued so that the total concentration of the rare earths can be more accurately
determined. At the moment, however, the required reference samples are not avail-
able. In the past, the elements were calibrated to the following concentrations: Dy
to 0.35%, Er to 0.15%, Eu to 0.01%, Ho to 0.07%, Sm to 0.1%, Tb to 0.05% and Yb
to 0.1%. However, it is currently hardly possible to obtain the necessary standards.
Details about the spark spectrometric determination of the rare earths can be found
in the Handbook of Rare Earth Elements [43].

The element thorium is slightly radioactive. Therefore, magnesium alloys con-
taining thorium are rarely used today. The determination of thorium usually serves
to ensure that the alloys produced or processed do not contain this element. If,
however, alloys containing thorium are to be determined, it is important to take the
safety precautions specified in Section 5.6 into account.

DIN 1729 standardizes the composition of common magnesium-aluminum-zinc
and magnesium-manganese wrought alloys [44]. Comprehensive information about
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the composition of the common magnesium alloys and their properties, current
trends in development and about European and international standards can be
found in the Magnesium Handbook [45]. Smithells Light Metals Handbook [46] is
also helpful in this respect. In addition, it contains useful information about the
aluminum and titanium bases.

5.10 Analysis of cobalt-based alloys

Table 5.11 lists the ranges covered with spark emission spectrometry for cobalt-based
alloys. Cobalt-based alloys are hard and wear-resistant due to embedded carbides.
An informative diagram depicting the important Co-based alloys with the hardness
and corrosion resistance along the axes of a coordinate system is available in
a company publication of the Deutsche Edelstahlwerke [47]. In the past, Co-based al-
loys were developed for aircraft turbines. Today, nickel-based super alloys are pre-
ferred for this. However, according to Reed [22], nickel-based turbine blades are
coated with cobalt alloys, for example, with the alloy Co — 25% Cr — 14% Al - 0.5% Y,
to increase the corrosion resistance.

Table 5.11: Concentration ranges for measurements in cobalt base.

Element Concentration range (%) Element Concentration range (%)
Al 0.001-1.2 Ni .001-36

B 0.00005-0.14 P 0.0001-0.05

C 0.0002-3.5 Pb 0.00005-0.03

Cr 0.05-41 S 0.0001-0.05

Cu 0.0003-0.15 (0.4) Si 0.0001-2.2 (4)
Fe 0.0001-50 Sn 0.0001-0.11

La 0.0003-0.06 Ta 0.003-4(12)
Mn 0.0001-3.5 Ti 0.0002-1 (6)

Mo 0.0001-10 (35) Vv 0.0002-0.05 (11)
N 0.003-0.2 w 0.001-16 (23)
Nb 0.0002-3 (15)

The following sub-methods are possible for cobalt-based alloys:

— Low alloy cobalt
Fe < 2.5%, Si < 1%, Cr < 0.1%, all other elements < 0.1%

— Co-Cr alloys with low nickel contents
C and Si < 1%, Cr < 25%, W < 12%, Mo < 10%, Ni, Fe and Nb < 3%, Mn < 2%,
Al < 1%, Sn and Ta < 0.2%
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— Co-Cr alloys with high nickel contents
C < 3%, Cr < 35%, Ni 2-30%, W < 16%, Nb < 5%, Mo and Si < 4%, Fe < 3%,
Mn < 2%, V < 0.5%, Al < 0.3%, N < 0.2%, B < 0.1%

— Co-Cr alloys with high molybdenum contents
Si < 4%, Cr 5-20%, Mo 25-35%, Fe < 4% Ni < 1%
Concentrations that exceed the limits of the sub-methods above can be mea-
sured with an overview method.

5.11 Analysis of precious metals

In the field of precious metal analysis, spark spectrometry is mainly used to deter-
mine impurities in pure metals. Table 5.12 lists proven concentration ranges for the
elements silver, gold, palladium and platinum. Spark spectrometry is less suited to
the determination of the main components of precious metal alloys because, with
high concentrations of the alloying components, better absolute accuracies can be
achieved with other methods, for example, X-ray fluorescence spectrometry. An
overview of the precious metal alloys can be found in the Metals Handbook [48] or
in the previously mentioned more comprehensive version of the ASM Handbook
[20]. Information about methods suitable for the analysis of precious metals are
given in the monograph Determination of the Precious Metals [49].

5.12 Other metals
5.12.1 Refractory metals

Pure zirconium and grades alloyed with approximately 1.5% tin are examined for
the zirconium base. In addition to tin, iron, chromium, nickel, copper and nio-
bium are also determined. There are few standards on the market. Sorting of the
main grades via intensity ratios (see Section 7.7.3) is usually possible. The same
applies for the common materials of the tungsten and molybdenum base. Here,
material ablation is only very low due to the high melting points; this limits the
detection sensitivity.

5.12.2 Low-melting heavy metals
Bismuth, indium, thallium and cadmium are low-melting heavy metals and, thus,

related to tin and lead. There are very few commercially available standards, most
of them for the calibration of small concentrations of Ni, As, Sb, Sn, Cu, Pb, Tl and
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Concentration range (ppm)

Ag Au Pd Pt
Ag - 0.1-200 0.5-100 0.2-300
Al - 0.1-500 0.5-100 0.5-30
As - 1-100 N -
Au 0.1-250 - 0.5-1000 0.5-30
Bi 0.4-200 1-100 0.5-100 1-100
Ca - 0.05-100 - -
Cd 0.1-200 0.1-50 - -
Co - 0.2-50 - -
Cr - 0.1-100 - -
Cu 0.2-200 0.2-200 0.1-200 0.2-200
Fe 0.3-20 0.5-200 2-1000 0.5-1000
Ir - - - 3-1000
Mg - 0.1-100 0.1-20 0.1-20
Mn - 0.1-800 0.5-100 0.2-200
Ni 0.5-200 0.1-100 0.5-50 0.5-100
Pb 0.8-200 0.3-100 0.2-50 0.5-20
Pd 0.2-200 0.3-200 - 0.5-1000
Pt 1-200 1-200 2-1500 -
Rh - 0.2-20 2-1000 0.2-400
Ru - - 1-1000 0.5-500
Sb 1-200 1-100 2-300 3-200
Se 1-200 2-30 - -
Si - 0.5-50 2-300 1-100
Sn 1-200 1-100 1-300 2-200
Te 2-100 0.5-50 - -
Ti - 0.1-20 - -
Zn 0.1-200 0.2-100 0.5-300 0.3-150

Ni in cadmium base. The limited analytical experience with these heavy metals
leads to the assumption that the detection sensitivity is similar to that of tin or lead

base.

Chapter 7 of the Handbook of Rare Earth Elements [43], written by Jorg Niederstrafer,
deals with the determination of the rare earths in various metal bases using spark

spectrometry.

The monograph Alloys [50], published by F. Habashi, provides a good
overview of the metal alloys and also deals with refractory metals and low-

melting alloys.
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6 Analysis of inclusions in metal

6.1 Introduction

The visual appearance of metallic materials gives the impression that they are ho-
mogenous, single-phased substances. The experience of hundreds of years of metal
production and processing, however, shows that metals — regardless of the main
element — are complex multi-phased materials that also contain non-metallic com-
pounds. These are rarely perceptible without technical aids. A well-known example
of this is so-called Damascene steel, whose different phases are visible to the naked
eye.

The technological properties of metallic materials are determined on one hand
by their chemical composition and on the other hand by the production parameters.
Particularly the temperature profile during solidification and the temperature re-
gime during processing are deciding factors in the formation of the desired crystal
structures and, thus, the material properties. For the worldwide most important me-
tallic material, steel, in addition to the two iron crystal forms, ferrite and austenite,
based on the iron-carbon diagram, there are, for example, the phases pearlite and
cementite. An almost incalculable number of different steel grades can be produced
by modification of the chemical composition and formation of different structures.

In addition, almost all metallic materials contain so-called inclusions or segre-
gations. Exogenous inclusions are the compounds that are introduced into the ma-
terial from outside during the melting process. Endogenous inclusions or
segregations are formed during reactions within the melt or during processing of
the material. The term “degree of purity” is used as the cumulative parameter for
both types of inclusions in metallurgy.

Further explanations here are limited to examples dealing with iron based ma-
terials because there is a very wide variety of possible types of inclusion and be-
cause there is, in terms of analysis, long-term experience available for use.
However, the interpretations can be analogously applied to other materials, such as
aluminum, zinc and tin.

6.2 Inclusions and their origins

During production processes, the molten metal comes into contact with various pro-
cess media. These include the refractory linings of the different aggregates, but also
input materials such as casting aids or covering compounds. Components of these
materials can be absorbed into the melt. These are predominantly oxidic com-
pounds like Al,0s, ZrO,, etc. With optimum process control, these rise due to the
lower specific gravity compared to the melt and merge with the slag phase floating

https://doi.org/10.1515/9783110529692-006
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at the top. In rare cases, these exogenous inclusions can remain in the melt. Because
of their particle size (>10 pum), they almost invariably have a negative influence on
the material properties. These inclusions result in surface defects during the produc-
tion of thin sheets for exposed panel applications in the automotive industry. Such
inclusions can also be the starting point for cracks on severely deformed components.
Aging and signs of fatigue in cyclically stressed components are also possible.

Both in the melt phase and during processing, different non-metallic reactants are
available to the various alloying elements to form non-metallic inclusion compounds
and segregations in chemical reactions. Nitrogen, oxygen, carbon and sulfur are typi-
cal reactants. Table 6.1 lists a selection of important non-metallic inclusions that may
be formed on the basis of these reactions. These particles are much smaller compared
to the exogenous inclusions (see Figures 6.1 and 6.2). The particle sizes reach from sev-
eral micrometers down to the nanometer range. The probability that a given reaction
will occur depends strongly on the composition of the material and the affinity to the
respective reaction partners. Titanium and aluminum have, for example, a high affinity
to oxygen and nitrogen so that, when they are present, the oxide or nitride are prefera-
bly formed. Calcium has a high affinity to oxygen and sulfur. Inclusions based on chro-
mium, vanadium, niobium, etc., are predominantly found only in high alloyed
materials. That is, when the composition of the melt is known, it is possible to predict
which inclusion compounds will be formed based on known plausibilities. In contrast
to exogenous inclusions, endogenous inclusions can have both positive and negative
influences on the material properties. As an illustration, the influences of inclusions
on the materials are presented in the following examples.

During steel production, carbon present in the pig iron is removed in the con-
verter process by blowing in oxygen. Thus, the pig iron contains up to 1,000 pg g*
dissolved oxygen by the end of the process. The melt must be deoxidized before
any further metallurgical treatment is carried out [3, 4]. Aluminum, for example, is
added to the melt for this purpose. Aluminum oxide is formed, which rises due to
the lower specific gravity compared to the melt and then merges with the slag
phase found at the top. However, this process doesn’t proceed completely so that
particles remain in the melt. The ratio between the metallic aluminum which func-
tions as the alloying element and the inclusion compounds aluminum oxide and
aluminum nitride must be monitored and adjusted during process control. The elec-
tromagnetic permeability of transformer sheets, for example, depends on the tar-
geted adjustment to a predetermined value for the ratio of the metallic phase and
the inclusions. If the oxide proportion is too high, qualitative problems could occur
during the subsequent processing steps.

So-called IF (interstitial free) steel is an example for the calculated precipitation
of inclusions to improve the material quality. These are micro-alloyed steels with
a very low carbon content. By alloying with titanium or niobium, the free nitrogen
or carbon atoms are precipitated as nitrides or carbides during the last hot forming
thus hardening the material.
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Figure 6.1: Isolated Al,03 inclusion (with permission of the Rubikon Verlag Rolf Kickuth,
Bammentaler StraBe 6-8, 69251 Gaiberg, Germany) [1].

Figure 6.2: Isolated AIN inclusion (with permission of the Rubikon Verlag Rolf Kickuth,
Bammentaler StraBe 6-8, 69251 Gaiberg, Germany) [1, 2].

These two examples show that with endogenous inclusions or precipitations,
the material properties can be influenced in both a positive and a negative sense. In
any case, real-time monitoring of the degree of purity and thus the inclusions con-
tained in the material is required for optimal control of the metallurgical processes.
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6.3 Reference methods for the determination of inclusions in
steels

As a relative measurement method, the respective appropriate standard procedures,
enabling internal laboratory quality control, are required for quality-assured utiliza-
tion of spark emission spectrometry. Several chemical and instrumental analytical
methods used as reference methods are presented in the following. The descriptions
are limited to the fundamentals. Further information can be found in the respective
literature.

6.3.1 Classical analytical procedures

The first work step for all chemical testing methods is exposure of the isolate, that
is, complete removal of the metallic matrix. Here it must be distinguished between
chemical and electrochemical dissolution processes. Chemical dissolving processes
only deliver information about the individual inclusion compounds in a short
amount of time. Electrochemical dissolution processes require more time but pro-
vide information about a wider range of inclusion types.

Chlorination

For treatment with chlorine gas in an oven, the Fe matrix is transformed at higher
temperatures into FeCl; in the gas phase. The residues are analyzed using induc-
tively coupled plasma optical emission spectrometry (ICP-OES) and X-ray diffrac-
tion (XRD). All oxides are quantitatively detectable [5].

Dissolution process with iodine-methanol or bromine-methanol solutions

The sample materials are refluxed in the respective solution. The matrix goes
into solution. The residues are analyzed using ICP-OES and XRD. All oxides as
well as BN are quantitatively detectable. Carbides can only be qualitatively iden-
tified [6].

Determination of AIN according to the Beeghly method
The Fe matrix is dissolved with an iodine-methyl acetate or bromine-methyl acetate
solution and the AIN is converted to ammonia with a sodium hydroxide fusion and
subsequently determined with UV-VIS spectrometry [7].

Galvanostatic electrolysis
The specimen is dissolved with galvanostatic electrolysis and the residue is filtered
off. The residue is analyzed using ICP-OES, carrier gas hot extraction and XRD. The
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method provides information about the oxides, several nitrides as well as qualita-
tive information about carbides and sulfides contained. In addition, the mass share
of all inclusions in the sample is obtained as a cumulative parameter [8, 9].

Potentiostatic electrolysis

The procedure is analogous to the galvanostatic electrolysis. The residue provides
information about all types of inclusion in the sample [8, 9]. If water-soluble inclu-
sions (CaO or MgO0) are to be detected, an anhydrous electrolyte must be used. This
procedure is still being used in various laboratories today.

Determination of acid soluble aluminum using AAS or ICP-OES

This is a time-optimized testing method for process control with which it is possible
to distinguish between acid-soluble (Al) and acid-insoluble or precipitated (Al,)
inclusions containing aluminum. However, the analytical information in respect to
the characterization of the type of inclusion is not clear. The acid-soluble fraction
includes fine-grained AIN particles and the metallic aluminum present. As an in-
verse conclusion, the acid-insoluble fraction includes aluminum oxides as well as
coarse-grained AIN particles. The sample material can be dissolved either with acid
mixtures [10, 34] or electrochemically [11, 12].

6.3.2 Microscopic testing methods

Light microscopy

Light microscopy is the most commonly used method for the determination of inclu-
sions and the purity of steels. The standards ISO 4967, EN 10247, ASTM E45 and JIS
G 0555 are very similar to identical in terms of implementation and evaluation [13-16].
The basis for these standards is the comparison of image panels with light micro-
scopic images of prepared samples. Based on this, information about the types of in-
clusions (shape), inclusion size and frequency can be obtained. The degree of purity
is given as the surface fraction of the non-metallic inclusions per 1,000 mm? Light
microscopy can be automated by using image analysis software and sample changers.

Scanning electron microscopy

Scanning electron microscopy has long been one of the standard methods in metal-
lography and offers, compared to light microscopy, in addition to higher resolution,
the advantage that elemental analyses can be simultaneously conducted using
wavelength dispersive or energy dispersive X-ray fluorescence spectrometers [9]. It
must, however, be mentioned that in particular carbon, nitrogen and oxygen can-
not be quantitatively determined.
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Reference materials

The use of the methods presented here is of particular importance, as there are no
reference materials available for spark emission spectrometry that are certified re-
garding type of inclusion and inclusion ratio. Production fails largely due to the
fact that the primary material with the required uniform distribution of inclusions is
not available or the homogeneity cannot be guaranteed.

For this reason, Mittelstadt, among others, has developed a method for produc-
ing this type of reference material based on hot isostatic pressing (HIP) and has ap-
plied for a patent. Hereby, pure iron powder is intentionally doped with inclusion
compounds, homogenized and pressed into a cylindrical specimen. These binary
standard samples can then be used for quality control [17].

6.4 Influence of the inclusions on the spark discharge

The technical possibilities for optimization of the precision and accuracy using
spark discharge for the analysis of metallic material have been discussed in detail
in Chapter 3. In addition to the obvious requirements on the sample material, for
example, homogeneity and a flawlessly flat surface, the spark behavior is influ-
enced by the microstructures and inclusions. Especially changes in the spark be-
havior depending on the analyte species can, under certain conditions, be
analytically detected and quantified.

In the thirties of the last century, H. Winter already investigated the evapora-
tion processes on metallic electrodes [18]. Using metallographic investigations, he
was able to prove the dependence of the ablation processes for light metal alloys on
chemical reactions on the sample surface and on their reaction products. The term
“stationary state” as a prerequisite for the analytically usable phase of the spark
process was coined here.

Commercialization of spark spectrometry began in the fifties and it found its
way into the laboratories of the primary industries. Accordingly, interest in clarify-
ing ablation processes and optimizing the key analytical figures increased among
both academic and industrial users. Both Laqua, among others [19], and Holler,
among others [20-22] were able to show in the sixties of the previous century that
the signal increase at the beginning of the spark process was due to inclusions in
the sample material. Figure 6.3 qualitatively shows the spark curve for steel sam-
ples with and without aluminum oxide inclusions.

These effects could be proven for different types of inclusion. Koch, among
others, examined the influence of manganese sulfide inclusions on spark processes
[23]. The lateral distribution of the spark impacts as a function of the positions of
the inclusions was also considered here. Figure 6.4 schematically shows the distri-
bution of the impacts after a shorter and a longer spark duration. The boundaries
between the inclusion and the metal matrix are preferred by the first impacts. Only
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Figure 6.3: Spark curves for steel samples with an Al,05 fraction <0.001% (a) and 0.049% (b).

Figure 6.4: Schematic representation of the spark distribution in the initial spark phase (above:
low number of sparks; below: increased number of sparks) [23].
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after a certain amount of time are other areas of the sample hit by the sparks. Of
course, particularly in the initial phase, this leads to strongly increased signal in-
tensities for the elements involved in the inclusions and, thus, explains the spark
profile shown in Figure 6.3b.

Increased field strengths in the boundary area between the inclusion and the
matrix were named as an explanation for the effect. A physical explanation is possi-
ble with the band model of semiconductors (see Figure 6.5). The transition between
inclusion and matrix is comparable to the situation in a diode. In the metallic ma-
trix, the energy difference between the valence and the conduction band is very low
or valence and conduction band are at the same level. Electrons can move freely in
the conduction band. As insulators, inclusions have a larger band gap. Therefore,
the electrons can only enter the conduction band with external energy input.
A band shift occurs between metal and oxide resulting in a space charge. This leads
to an increase in potential here making it possible for spark impacts to prefer this
area [24].
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Figure 6.5: Band model for ablation processes for spark discharge (printed with the permission of
D. Poerschke) [24].

K. Slickers called the initial phase of the spark, “Einfunken” (spark-in) [25, 26]. This
is followed by a homogenization phase in which the sample surface is melted and
homogenized by concentrated discharges. The existing inclusions are dispersed in
the melt. At the end of the homogenization phase, the spark process enters
a stationary phase and the signal intensities equalize. Material is ablated during
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this phase, so that deeper layers can be reached and new inclusions can be
detected.

The crater from a single spark depends on the spark parameters selected and
usually has a diameter between 15 and 20 pm. The term “spark parameter” is un-
derstood to be the course of the current strength produced by the excitation gen-
erator over the duration of the spark. The spark crater is a few pm deep.
Figure 6.6 shows the cross section of a burn spot after 2,000 discharges with an
effective depth of about 50 pm. The diameter of the burn spot is greatly depen-
dent on the spark parameters set, the spark repetition frequency and the elec-
trode shape.
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Figure 6.6: Cross section of a burn spot.

6.5 Measuring methods and evaluation

Until the mid-seventies of the last century, commercially available spectrometers
offered few possibilities of switching multiple integration windows or recording the
signal intensities of single spark discharges. Only improved spark generators, faster
evaluation electronics and, particularly, powerful computer systems enabled time-
resolved measurements to determine quantitative information about the inclusions
in steels. Various measuring and evaluation methods are presented in the following
together with an assessment of their results.
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6.5.1 Peak integration method and related methods

Slickers and Gruber described the so-called “peak integration method” based on
the phases of the spark process explained in Section 6.4 using the determination of
oxidic aluminum in steel as an example [36]. The basis of this model is the assump-
tion that the edges of the oxide particles are preferably hit at the beginning of the
spark. The sample material is melted to a depth of 50 um and inclusions are broken
down and dispersed during the homogenization phase. Metallic and bound alumi-
num are captured alike in the stationary phase of the sparking process.

With regard to the characteristic parameters of the acid-soluble aluminum (Alg)
obtained with the established reference method, the intensity ratio of the integrals
of the pre-spark phase and the stationary phase was defined as the ratio of Al to
the total aluminum (Alg). The Al fraction can be determined using the normal cali-
bration function f(I) for Al, (eq. 6.1). The difference between Al, and Al gives the
fraction of precipitated aluminum Al, (see Figure 6.7).

Intensity
-
7

Iy Time I,

Figure 6.7: Diagram of the course of the spark.

Alg=f(D); Al = %C(Alg) 6.1)

Based on this scheme, variants, which better suited the respective production pro-
cesses, were created by different users [34, 38]. These approaches are still used
today in many production companies. An additional integration phase, among
other things, with a lower spark energy was introduced.

Steel producer 1 Alg =f(L); Aly = %*C(Alg) (6.2)
1

Steel producer 2 Alg=f(L); Aly =f G—z) *c(Alg) (6.3)
1
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Steel producer 3 Al =f(L); Alg =f (?) *c(Alg) (6.4)
1

As part of a European research project, Wittmann postulated that only metallic alu-
minum remained in the melted crater by the end of the sparking phase [27].
Therefore, for this model, the fraction Al; was determined by integration during the
entire spark phase. This approach was ruled out with the single spark analysis de-
scribed below, because elevated signals caused by inclusions are still recorded,
even at the end of the sparking process.

The “peak integration method” is an empirical approach that can be used for
many operational applications, but it has its limitations. Sample properties have
a large influence on the quality of the results. These include not only the usual re-
quirements such as homogeneity, freedom from surface defects, etc. but also differ-
ences in the sample origin (production stage) sampling probes and immersion
depth during sampling.

6.5.2 Pulse distribution analysis

Pulse distribution analysis (PDA) was developed by Onodera among others at the
Nippon Steel Corporation in the 1970s. The prerequisite for this method is that the
intensities for the element-specific emissions can be recorded and evaluated for
each spark [28, 29]. At that time, this was not possible with the commercially avail-
able spectrometers. The integral over the individual signals is used to determine the
total concentration for each of the elements observed. The results of all spark dis-
charges are divided into intensity classes represented as a histogram. For the evalu-
ation, it is assumed that the emissions of the metallic components show a normal
distribution, which shows an asymmetry in the direction of the higher signals due
to the higher signals of the non-metallic inclusions (see Figure 6.8).

Various mathematical approaches for the deconvolution of the frequency distri-
bution are described in the literature listed in the bibliography [30-32]. For samples
without inclusions, a frequency distribution that can be described with a normal
Gaussian distribution is obtained. For samples with inclusions, a normal distribu-
tion is calculated with respect to the signal class with the largest incidence. The dif-
ference between the integral of the normal distribution and the integral of the total
frequency distribution gives the fraction of signals caused by inclusions. Both area
fractions are proportional to the element shares present as metallic and inclusions.
The area fractions can be converted into the respective portions using the normal
calibration function determined with the total concentration of the analyte.

The characteristic parameters for evaluation of the degree of purity of the steel
can be determined based on the results thus obtained. Wintjens and Falk used the
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Figure 6.8: PDA frequency distribution.

ratio of the integrals of the normal distribution and the total frequency distribution
for this [31]. According to eq. (6.5), the K value for samples without inclusions ap-
proached zero; the value increases for materials with higher inclusion fractions.

KPDA -1- (ANormaLdistribution) ( 6. 5)
ATotal

Comparable approaches have also been described by other working groups [32, 33].

Here, it has also been shown that changes in the degree of purity correlate with op-

erational events.

6.5.3 Single spark analysis

Today, modern spectrometer systems enable time resolved detection and storage of
the radiation emitted by all elements of interest [35, 39, 37]. This makes it possible
to determine dependencies between individual analytes within a very short time.
For this purpose, the adjusted average of the intensities for n spark discharges is
determined. In the first step, the average of all signals and the associated standard
deviation are calculated. In the next step, all values above the limit 3s are no longer
considered when a new average is calculated. This procedure is repeated up to ten
times. Measured values that are about 3s above the adjusted average are assigned
to inclusions. The intensities for the elements Ca and Mg are plotted in chronologi-
cal order using a production sample as an example in Figure 6.9. If signals occur
above the 3s limit for only one of the elements, it can be assumed that the respec-
tive oxide is present. If these signals occur simultaneously for both elements, then
there is a corresponding mixed oxide. Since the determination of the oxygen con-
tent is hardly possible, the decision as to the type of inclusion must be made based
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Figure 6.9: Correlation between elements with single spark analysis using an exogenous inclusion
as an example [24].

on knowledge of the respective metallurgical process. For other binding partners,
such as sulfur, the corresponding correlations to the detectable element concentra-
tions of the single spark must be available.

The element concentrations can be calculated according to eq. (6.6).

1;35
Ns3s

> Lss - n.35*] <36 "
Cie= =27 (6.6)
1e Z Itotal l
Is the intensity of the single spark above the 3s limit
The number of signals above the 3s limit
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I The average of the signals <3s

Isesamt  The intensity of all single sparks

G The total concentration of the analyte

Cie The concentration of the analyte i in the inclusion type e

As already stated, determination of the oxygen content in the material steel is
hardly possible using spark emission spectrometry. Assuming that the larger part of
the inclusion compounds are oxides, it is, however, possible to calculate the theo-
retical oxygen content using eq. (6.7). In this case, the concentrations of the deter-
mined inclusion compounds of the elements i, j are converted into the respective
oxygen content according to the stoichiometric composition, whereby i and j stand
for element symbols.

Coirel CO]’ rel
C =Cei* + Cei* + ... 6.7
Ocal ei 100 ej 100 ( )
Co cal Is the calculated oxygen content
Cei» Cej The fraction of the inclusion type i and j

Coirels Cojrel Fraction of oxygen in inclusion type i and j

This calculated oxygen content is merely a value for orientation and not compara-
ble to the results established with the usual determination methods, such as carrier
gas hot extraction, or with the measurement data from an solid electrolyte cell used
in the context of process control. For in-house quality control, this value can be
used to monitor the quality of the samples or sample taking.

6.5.4 Determination of the particle size

As seen from the information in Section 6.4, light emission excited by a spark dis-
charge depends on the ratio between steel matrix and inclusion mass in the effective
area. Assuming that there is only one inclusion in the recorded region, its mass can be
calculated based on the concentration determined for the analyte in the inclusion com-
pound. The approach given in eq. (6.8), can be solved for m, so that the mass of the
inclusion can be calculated with eq. (6.9) [31].

Cif* My = Cie*Me + Cig* (M — M) (6.8)
me*(cir — i
m, = f ( if lg) 6.9)
Cie — Cig
Ci Is the concentration of the analyte per spark discharge in m/m %
my The mass of the sample excited per spark discharge
Cig The total concentration of the analyte in m/m%
Cie The concentration of the analyte in an inclusion
me The recorded mass of the inclusion
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Figure 6.10: Size distribution.

Assuming that the inclusion is spherically shaped, its diameter is obtained
using the specific gravity of the respective type of inclusion.

Calculation according to eq. (6.8) requires knowledge of the sample mass ab-
lated by a single spark discharge. These values are typically between 60 and 100 ng
for steels.

Figure 6.10 shows the size distribution for the Al,05 inclusions detected with
2,000 spark discharges. The data for particles smaller than 5 pm should be as-
sessed critically in this illustration as they can barely be detected with spark ex-
citation. The mass that an inclusion must have so that its contribution to the
emitted radiation is larger than the 3s limit can be calculated from the 3s criteria
for distinguishing between inclusions and the metallic components. For
an ablated sample mass of 60 ng, the minimum inclusion size for an Al,O; parti-
cle is approximately 3 pm. If the lower excitation probability for Al,05 is also
taken into account, there is an even larger minimum inclusion size. Smaller in-
clusions can also be detected only for inclusions with alkaline earth elements
due to the higher excitation probability. In addition, some of the types of inclu-
sion presented in Table 6.1 frequently have diameters in the range of 1 pm and
smaller. Several small inclusions in the effective area of a spark discharge can-
not be distinguished from one larger inclusion. This is especially likely in segre-
gation zones.

The size distribution of the inclusions determined in this way is not comparable
with the size distribution determined using imaging reference methods such as light
microscopy and scanning electron microscopy. In some cases, the deviations are
around 50%. Even though the results currently have only a qualitative nature, determi-
nation of the particle size still represents additional information that may be included
in the future in process control for assessment of the degree of purity in a melt.

EBSCChost - printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

Bibliography = 249

6.5.5 Possibilities and limitations of inclusion analysis

Inclusion analysis using spark emission spectrometry is a powerful testing method
that can effectively support the quality-oriented production of modern metallic ma-
terials. This method can be integrated into existing spectrometer systems without
additional analytical effort; providing measurement data ideally suited as control
indicators.

However, there are a number of limitations that must be considered when eval-
uating results. The particle size is one important aspect. As mentioned above,
smaller inclusion particles cannot be detected. But also, physical effects, such as
the splitting of a discharge into two or more subchannels, can falsify the results as,
in this case, any eventually detected inclusion compounds do not receive the entire
energy from the discharge. For system inherent reasons, the repeatability limits are
worse for some analytes, for example, for the element nitrogen. Accordingly, the 3s
limit for distinguishing between analytes dissolved in the matrix and the fraction
contained in inclusions is significantly increased and the particles cannot be de-
tected. Therefore, the relevant literature reports almost exclusively about the identi-
fication of oxides in metallic matrices. Inclusions such as TiC,S, or TiC,N,, cannot
be quantified at all with spark emission spectrometry due to their size (<1 pm), so
that imaging methods and isolation procedures are indispensable here.
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7 Mobile spectrometers

Chapter 7 describes the state of development of modern mobile spectrometers. This
chapter should be seen as an extension of Chapter 3. For Chapter 7 it should not go
unmentioned that the authors describe this state, but do not claim the intellectual
authorship for the equipment and procedures presented here. If the authors them-
selves have made significant contributions to the state of technology, references to
their patent applications and publications are indicated in the relevant locations in
the chapter.

Mobile spectrometers are designed for measurements directly on the workpiece.
They are equipped with basic components similar to the laboratory instruments.
However, there are considerable differences in the design of mobile spectrometers
because the requirements on mobile spectrometers differ from those on laboratory
spectrometers:

— Mobile spectrometers must be as small and light as possible so that they are eas-
ily brought to the sample. For example: If 100% testing is required in material
storage, then the spectrometer must be moved from one storage shelf to
another.

— Frequently, outdoor testing is required, so systems must operate over a wide
temperature range. The resistance to ambient humidity also plays a larger role
than for laboratory instruments.

— After transport, the instruments must be ready for use as quickly as possible
(catchword: readiness on the spot). Delay times for tempering the optical system
should be as short as possible. The optical systems for the measurement of
spectral lines in the vacuum UV are flushed with argon, since the ambient air is
not transparent for these wavelengths. The time lost for flushing the optic after
storage or transport must also be minimized.

— Mobile spectrometers must enable not only mains power but also battery opera-
tion. The battery capacity must be designed so that it is possible to work for
several hours without recharging or changing the battery.

— The work pieces to be tested are often bulky and cannot be placed di-
rectly on a spark stand. For this reason, mobile spectrometers (see
Figure 7.1) usually have a pistol-shaped spark probe, the front side of
which consists of a miniature spark stand. Thus, it is possible to hold
the probe on a suitable spot on the work piece for measurement. The ra-
diation generated in the mini-spark stand during the measurement is ei-
ther passed with a direct light path into an optical system also built into
the probe or it is transmitted through a fiber optic cable into a larger
optic in the mobile spectrometer’s main housing. Spark probe and main

https://doi.org/10.1515/9783110529692-007
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Figure 7.1: Modern mobile spectrometer, printed with the friendly permission of SPECTRO
Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

unit are, then, connected by a hose that is usually several meters long,
which contains the signal cables and the supply lines between the excita-
tion generator and the spark stand in addition to the fiber optics. The
combination of optics built into the probe and optics in the main housing
coupled via fiber optics is being built, because fiber optics are not trans-
parent for the radiation of the spectral lines in the vacuum UV range.

— The software is usually not limited to simple analysis. Special test procedures
for rapid and efficient sorting are specified. In addition, it is, in most cases, pos-
sible to analyze for compliance with target specifications and to identify un-
known materials.
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Figure 7.2: Construction of a mobile spectrometer.

Figure 7.2 is a schematic diagram of the construction of mobile spectrometers con-
sisting of a main unit connected via hose to the testing probe. There are also hand-
held instruments for which either all components are housed in the measuring
probe (see Figure 7.3a) or for which the components are distributed between the
measuring probe and a small shoulder bag (Figure 7.3b).

The solution with the shoulder bag has the advantage that the measuring probe
can be made lighter and more manageable, as the batteries required for the power
supply have a not inconsiderable weight.

The design features of the mobile spectrometer components are discussed in
detail in the following sections.

7.1 Excitation generators in mobile spectrometers

Mobile spectrometers usually offer the possibility of choosing to work with arc exci-
tation in air or with spark excitation in an argon atmosphere. The circuits presented
in Sections 3.1.1 and 3.1.2 are combined in one component, whereby several circuit
components are used for both arc and spark operation.

The hardware costs for a combined arc/spark generator are not much higher
than those for a generator with only one function.
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Figure 7.3: Construction of a handheld spectrometer.

7.1.1 Features of the ignition

The ignition unit is one such partial circuit that is used equally for arc and spark. It
is usually built into the measuring probe and must, for ergonomic reasons, be con-
structed as small and light as possible. For 100% testing of larger lots, the user
must often place the probe on the test pieces and hold it steadily for each measure-
ment. Testing one piece takes only a few seconds, but checking a large lot may last
for several hours.

Building the ignition into the main unit instead of into the probe is unfavorable
due to reasons of electromagnetic compatibility. It is the job of the ignition electron-
ics to make the gas between the tip of the electrode and the sample surface, the so-
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called gap, conductive with low-resistance. To do this, a high voltage impulse is gen-
erated that increases to the breakdown voltage. The breakdown voltage reaches val-
ues up to 12 kilovolts. A capacitor of several 100 pF is wired in parallel to the gap.
After the breakthrough, it discharges. This capacitor is necessary to make the gap so
low-resistant that the medium voltage for the arc or spark can then be introduced.
The discharge takes place within a time of typically 100 ns. With this discharge time,
a capacity of 200 pF and a breakdown voltage if 10 kV, the average current for the
ignition phase is around 20 A. The peak current is significantly higher. Pulses with
high current and voltage changes generate a broadband high-frequency spectrum,
which can lead to radiofrequency emissions. Shielding measures are required to
keep the RF-emissions within the permitted limits. In Europe, the basic require-
ments for permitted emissions are regulated in the directive 2014/30/EU on elec-
tromagnetic compatibility [1]. Compliance is required for the CE Declaration,
which is in turn necessary for placing instruments on the market in Europe. The
so-called “notified bodies” can, in exceptional cases, authorize violation of limit-
ing values. However, this is only granted when all possibilities for the state of
technology have been exhausted.

7.1.2 Arc generators for mobile spectrometers

Arc excitation sources for mobile spectrometers generally use the switching regulator
principle described in Section 3.2.1.2, as energy efficiency is particularly important for
battery operation. Besides, this design can be realized in the smallest space. Mostly arc
currents between one and three amps are used. Electrode erosion and contamination
are lower at low currents than at high ones. However, a minimum current, which is
usually between one and two amps, is required for a stable arc. The value of the mini-
mum current depends on the material to be analyzed. A current of 1.2 A is sufficient,
for example, for tin bronzes, while aluminum bronzes require at least 1.8 A. High cur-
rents of three amps are needed only in special cases, for example, when carbon is to
be determined using the CN molecular band. Here, the high arc current favors forma-
tion of the cyanide radical.

7.1.3 Spark generators for mobile spectrometers
The spark generators constructed for mobile spectrometers are not very different

from those in spark laboratory instruments. Again, in modern instruments, the dis-
charge energy curves are usually formed by electronically switched inductances.
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However, there are several differences:

— Laboratory spectrometers use spark parameters with high current strengths for
the excitation of spectral lines in the deep vacuum UV. Since these lines are not
measured with mobile spectrometers, the spark generators do not need to be
designed for such high currents. Inductance and resistance of the meters-long
probe lines also complicate the realization of high currents.

— While the spark stand ground is galvanically connected to protective earth (PE)
in laboratory instruments, the ground for the measuring probe spark stand is
isolated from PE. The reason for this lies in the different handling: With the lab-
oratory spectrometer, the sample is placed onto the spark stand, the sample
clamp fixed and the measurement started. It is ensured that the user only has
contact with metallic surfaces (spark stand, sample, sample holder) that are
safely connected to PE.

With mobile spectrometers, in contrast, it sometimes happens that the test
piece is held with one hand and the measuring probe with the other. Although
the operation manuals generally forbid this form of handling, this rule is often
ignored in practice. Now, it may happen that the sample briefly loses contact
with the spark stand during the sparking procedure but the distance between
the tip of the electrode and the sample is so small that spark-over occurs. If the
generator ground was connected to PE and the tester had bodily contact with
earth, a body current would flow. If the excitation generator is completely gal-
vanically isolated from PE, this case cannot happen.

The problem described generally concerns more comfort than safety. It has
been endeavored to design the generators so that they are not dangerous in
cases like that described above. In Europe, the DIN-EN 61010 — Sicherheitsbe-
stimmungen fiir elektrische Mess-, Steuer-, Regel- und Laborgerdite [2] (Safety re-
quirements for electronic measuring, control and laboratory devices) regulates,
which body currents must be considered as dangerous under which conditions.
In order to guarantee the above-mentioned isolation requirements for the spark
generator with respect to protective earth — even in the event of a fault — mobile
spectrometer spark generators frequently measure the isolation resistance. If
the isolation resistance is not big enough, sparking is inhibited.

7.1.4 Laser sources for handheld instruments

In recent years, handheld laser instruments have been brought onto the market by
several manufacturers. These handheld instruments unite lasers, optical systems
with detectors, readout electronics and the display in the probe. The power supply is
provided by rechargeable batteries, which are usually fastened to the handle and are
easy to change. The compact design forces miniaturization of all components, which
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is associated with compromises in terms of analytical performance. Section 7.4.2 dis-
cusses what this means for the optical system. The limited space also narrows the
possibilities for the laser.

However, useful compromises can be found:

Solid state lasers, for example, based on Nd:YAG crystals are frequently used.

— Frequency multiplication is neither common nor useful. Nd:YAG crystal lasers
use pulses with the fundamental wavelength 1,064 nm.

— In most cases, systems use low-energy pulses. Plasma ignition and material abla-
tion are already possible with pulse energies beginning at about 20 pJ. The typical
pulse duration is on the order of some ns. However, there is at least one manufac-
turer who offers handheld units that are able to deliver pulses in the m] range.

— In order to obtain sufficiently high signal intensities for systems with low en-
ergy pulses, repetition rates in the kilohertz range are common. The use of
a large number of low individual energy pulses has an additional advantage:
Pulses with high energy in the mJ range, produce peak temperatures on the
sample surface that result in high thermal radiation that overlaps the usable
signal. In addition, a continuum caused by electron recombination is emitted
near the sample surface (see Section 2.5.2). The detection sensitivity is signifi-
cantly worsened if the background radiation is present. If pulses with higher
energy are used, either the sample surface must be masked, or detectors that
enable blocking of the radiation at the beginning of the laser pulse for the dura-
tion of several 100 ns must be used. Both solutions are complex, which is why
avoidance of thermal radiation is advantageous.

— Laser diodes present themselves as the pump source: In contrast to gas discharge
lamps, they enable a pulse rate into the kilohertz range and can be implemented
in a compact design. For diode pumped crystal lasers the abbreviation DPSS is
common.

— Metals have a grain structure even though they appear to be homogenous. It is
not enough to observe a spatially limited area of a few micrometers diameter
when a statement as to the average contents is to be made. Therefore, the spot at
which the laser pulse hits the metal surface must be varied. This can be done, for
example, with deflection mirrors. Hereby, there can be the need for adjusting the
focus of the laser beam. It should maintain the same distance to the sample sur-
face when the spot of ablation is moved, so that the individual pulses ablate and
excite the material with conditions that are as equal as possible.

In extreme cases, defocusing can cause the energy density to be too low for
plasma ignition. This pulse cannot, then, contribute to the usable signal. Figure 7.4
shows the trace of laser craters that was generated during a measurement with shift-
ing of the beam on the surface of a steel sample. This chain of craters has a length of
only about three millimeters.
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Figure 7.4: Chain of laser craters on the surface of a steel sample.

— In most cases, the measurement is conducted in air. For measurements in an
argon atmosphere, the results would be better in respect to detection sensitivity
and reproducibility, but it would be necessary to carry along a bottle of com-
pressed gas, whereby the manageability of the whole system would suffer.
However, there are handheld systems with very small argon cylinders that are
integrated in the probe.

Handheld laser devices have conquered the aluminum scrap sorting niche. There

are three reasons for this:

— The competing methods have weaknesses here: The determination of light ele-
ments with handheld X-ray instruments is difficult. Magnesium, silicon, lithium
and titanium are, however, very important in aluminum base. Although silicon
and titanium can be determined with handheld XRF instruments, the measuring
times must be rather long. Magnesium is one of the most important alloying ele-
ments. Even with contents in the ppm range, lithium alters the grain structure of
aluminum. However, there are alloys that contain several percent lithium. An en-
tire heat can be ruined if scraps of this material get into the melt unintentionally.
Despite long measuring times, the determination of magnesium is difficult and
that of lithium hardly possible with handheld XRF instruments. This usually pre-
vents the use of handheld X-ray devices for this application. Arc instruments are
also unsuited for aluminum base. The reproducibility is in most cases not good
enough. Spark units are the closest competitors to laser. The reproducibility,
achievable accuracy and detection limits are very good and, in most cases, clearly
superior to those with laser. However, the sample must be ground and the measur-
ing times are comparatively long. The effort required for testing might be then, in
regard to rapid presorting, too high.
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The spectrum for aluminum base materials has few lines compared with that from,
for example, iron base materials. In the wavelength atlas from Saidel and
Prokofiew [3], only 116 aluminum lines are listed; the number of iron lines listed
there is 3144. This reduces the problem of having to separate an analytical line
from an adjacent line of the base metal, which is beneficial considering the limited
resolution of the optical system in handheld instruments (see Section 7.4.2).

Aluminum wrought alloys are usually labelled with a four-digit number,
whereby the first number provides information about the main alloying element
(see Table 7.1). There is a similar system for aluminum casting alloys (Table 7.2).
These are labelled with a three-digit number. For scrap sorting, assignment to the
correct group according to Table 7.1 or 7.2 is often sufficient. Such sorting makes
no special demands on detection sensitivity and accuracy. Distinctions within the
main groups are also frequently possible, but rarely necessary in the recycling in-
dustry. Details about the classification of wrought and casting alloys can be found
in the literature, for example, in the Aluminium-Taschenbuch [4] (Aluminum
Handbook). The designations and compositions of wrought alloys are standardized
in DIN EN 573-3 [5]; the designations for casting alloys in DIN EN 1780-1 [6].

Table 7.1: Classification of aluminum wrought alloys.

Group Main alloying element(s) Group Main alloying element(s)
1XXX Pure aluminum with Al > 99% 2XXX Copper

3XXX Manganese 4XXX Silicon

5XXX Magnesium 6XXX Magnesium and silicon
7XXX Zinc 8XXX Miscellaneous (e.g., lithium)

Table 7.2: Classification of aluminum casting alloys.

Group Main alloying Group Main alloying
element(s) element(s)
1XX Pure aluminum 2XX Copper
3XX Silicon with copper 4XX Silicon
and/or magnesium
5XX Magnesium 7XX Magnesium, Zinc
8XX Tin

Handheld laser instruments are also offered for other metal bases, like iron, nickel
and copper. The spectra here are more line rich. For Fe-base, measurement in an
argon atmosphere is desirable, because otherwise important elements such as phos-
phorous and sulfur cannot be determined as the main lines for detection are in the
vacuum UV range and are absorbed by the ambient air.

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

262 —— 7 Mobile spectrometers

7.2 Spark probes

Measuring probe and hose are the most distinctive distinguishing features between
laboratory and mobile spectrometers. As already described above, the probe con-
tains not only a miniaturized spark stand but also often further components in ad-
dition to the above-mentioned ignition:

— The start button is pressed to trigger the measurement. For safety reasons, the
sparking process is interrupted when the button is released.

— There is usually a second button, that is frequently referred to as the reset but-
ton. This button is particularly important when working with the sorting mode.
In this case, larger lots of workpieces are checked for identification. The testing
procedure is blocked when a workpiece does not conform. This prevents the de-
viation from being mistakenly ignored. Pressing the reset button starts the test-
ing procedure once again.

In the “analyze,” “material control” and “grade identification” testing
modes, the button can be used for other purposes, for example, for averaging
in the analysis mode or to search for a fitting grade if deviations are found dur-
ing material control.

— A usually green indicator light is lit after agreement with a reference material
has be determined during sorting. A red light is lit for deviations. This way, the
user obtains the essential result without actually having to look at the display
on the main unit, which may be several meters away.

— In some mobile spectrometers, especially handheld devices, a display is inte-
grated into the probe instead of the indicator lights. This has the advantage
that, in addition to a simple yes/no statement, it is also possible to display ele-
ments that deviate from the target values, analytical results, fitting grades, etc.
directly on the probe. However, color displays are usually less readable in
strong sunlight. In addition, the display increases the weight of the probe,
which is quite relevant for applications where the probe must be held for hours.

— Part of the argon supply system is normally located in the probe. Argon is used
to flush the spark stand during the measurement. A small argon flow is also
maintained in the standby mode, especially to keep the spark stand free of
water vapor, which cannot be removed with a short pre-flush even though the
spark stand has a small volume. If the probe contains an optic for the wave-
length range below 185 nm, this must also be constantly flushed with a low
argon flow to maintain transparency in the vacuum ultraviolet range.

Larger mobile spectrometers have optics for the wavelengths above 185 nm
in the main unit. Coupling takes place via fiber optic cable. The transmission
capabilities of fiber optics change with intense UV irradiation. This effect is re-
ferred to as “solarization.” The UV radiation is extremely intense during the
pre-burn time that precedes the measurement itself. A so-called shutter blocks
the light path to the fiber optic during the pre-burn to protect the fiber optic.
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The shutter usually consists of a miniature pneumatic cylinder operated with
argon. Electromechanical components have proven themselves to be less effec-
tive here.

A separate gas line could be routed through the probe hose for each of
these functions. However, that would increase its diameter and the weight on
the probe-side of the hose, which is, of course, carried with the probe. The man-
ageability of the probe would also be affected. A further drawback is the fact
that, for reasons of easy repair, pluggability of the probe hose to the main unit
is desired. Multiple argon connections would make this plug large and difficult
to realize. For these reasons, there is only a reduction of the input pressure in
the main unit together with any filtration of the argon. A single argon line is led
to the probe. A block with needle valves or fixed shutters and miniature mag-
netic valves is located there; it allows switching of the above-mentioned gas
flows.

- Magnetic valves, start and reset buttons, indicator lights and probe display
could be controlled from the main unit. However, this would mean that
the probe plug would have to have a large number of contacts and multi-
core cables would also have to be routed through the probe hose. It is
more favorable to delegate the switching of signals to a separate micropro-
cessor, the so-called probe controller. For safety reasons, activation of the
excitation is conducted over a separate line to remain independent from
probe controller failures.

— Commercially available fiber optics are not usable for wavelengths below
185 nm because they are not sufficiently transparent for short wave radiation.
Some elements, such as phosphorous and sulfur, only have usable detection
lines below 185 nm. The main determination line for the most important ele-
ment in iron materials, carbon, lies with a wavelength of 193.0 nm above the
185 nm limit, but the requirements for accuracy are extremely high. The fiber
optic gets in the way here. It clearly diminishes this wavelength and also
changes its transmissivity under UV irradiation. For these reasons, small optical
systems covering only the wavelength range between 170 nm to 200 nm are
built into the probe.

The spark stand on the front of the spark probe forms the interface to the sample. It
can be equipped for spark or arc operation by plugging different adapters. Arc and
spark adapters for flat samples were already shown in Figure 3.44.

During spark operation, the sample area to be measured must form a gastight
closure between the inner chamber of the spark stand and the external atmosphere.
Small openings are favorable for a tight seal but make it more difficult to clean the
tip of the electrode. Openings of about 8 mm are a practical compromise. If it is nec-
essary to analyze small parts that do not have a sufficiently large flat surface,
a removable disk made of a non-conductive material can be placed into the top of
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the spark stand. The diameter of the opening can be reduced to four millimeters.
A non-conductive material must be used because otherwise the spark would strike
the edge of the opening and the spark stand material would be ablated. Boron ni-
tride and mica have proven to be effective as materials for the non-conductive
disks. If the small parts to be analyzed are shaped so that no reliable galvanic con-
tact to the spark stand can be ensured, this can be done using a clamp (see
Figure 7.5a).

Tungsten electrodes with four or six millimeter diameters are commonly used
for spark operation; occasionally, spectrally pure silver is used for the electrode ma-
terial. The electrodes are usually sharpened to an angle between 90° and 140°. The
gap, with two to three millimeters, is usually somewhat smaller than that for labo-
ratory instruments. This makes it easier to achieve small burn spots but makes the
correct shutter setting slightly more critical (see Section 3.3.1). The electrode re-
mains relatively cold when sparking under argon and undergoes virtually no wear.
Lifetimes of several 100,000 measurements are possible for tungsten electrodes.

In contrast, such lifetimes are not achieved in arc mode; the electrode tips
undergo substantial erosion. Silver or copper electrodes are used. About 1.5 mm
is common for the gap width. Electrode diameters of 6 mm are usually chosen.
Thinner designs have not proven to be effective, as there is considerable heat
development on the counter electrode for arc under air. If this heat is not suffi-
ciently dissipated, burn-off or even deformation may occur. Arc electrodes are
also sharpened. Occasionally, angles beginning from 60° can be found for stabi-
lization of the arc position, but usually the same blunt electrodes as those for
spark are used because sharp angles require more frequent readjustment of the
electrode gap. For low alloy steel, it is necessary to change the electrode or at
least readjust the gap after several hundred measurements to compensate for
the burn-off. Tungsten cannot be used as an electrode material for an arc burn-
ing in air, as this material oxidizes on the tip of the electrode and the tip burns
down even faster than silver or copper quickly increasing the gap. In addition,
the resulting tungsten oxide is toxic.

As in spark operation, it is also common to work with different adapters when
using arc depending on the testing application and nature of the samples. A tube-
shaped attachment is used for flat samples. On one hand, it shields the eyes of the
user from harmful UV radiation that occurs during arc excitation. On the other hand,
it enables simple cleaning of the electrode. The adapter is also suited to the determi-
nation of carbon when flushing with air from which CO, has been removed. The
same airtightness as with a spark adapter is not achieved but this is not necessary:
While in spark mode, argon contamination leads to poor burn spots and adverse ef-
fects on the repeatability, the arc adapter must only ensure a rough separation of the
purified air from the ambient atmosphere.

In addition to the standard adapter, the following adapter types are used for
arc operation:
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@ Adapters for small parts

“lae &f

(b) Adapters for tubes and wires

(d) Adapter for fillet weldings

Figure 7.5: Spark and arc adapters for special sample shapes, printed with the friendly permission
of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.
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— Wires can be inserted into wire adapters so that they are centered with the cor-
rect gap over the tip of the electrode (see Figure 7.5b and c).

— Tube adapters do the same for tubes and pipes. They have a circular recess per-
pendicular to the electrode axis. The diameter of this recess forms the upper limit
of the diameter of the tubes that can be measured with this adapter. Tube adapt-
ers with recesses with different radii are frequently available (see Figure 7.5b).

— Fillet weld adapters are used to accurately determine the composition of welds
(see Figure 7.5d).

7.3 Probe hoses

Except for handheld devices, mobile spectrometers always have a probe hose con-
taining all electrical, pneumatic and optical connections between the main unit
and the measuring probe.

Taking the design described as advantageous in the previous section into ac-
count, the probe hose contains the following components:

— It carries the fiber optic cable that transports the radiation from the probe spark
stand to the main unit. It makes sense to provide the fiber optic cable with addi-
tional protection by surrounding it with a plastic tube inside the probe hose.
This helps to prevent damage to the sensitive quartz fiber.

— In spark instruments, the argon lines supply the argon block located in the
probe, which in turn uses the argon for the shutter as well as to flush the spark
stand and mini-optic. For arc instruments that are designed to analyze carbon
under air that has been freed from carbon dioxide, such a tube is used for air
transport. Probes for arc and spark operation usually use the same lines for air
and argon. PTFE tubes are used.

— The electrical supply lines for spark or arc currents must have a sufficient cross
section and comply with the insulation requirements specified in DIN-EN 61010
[2]. The same is true for the supply for the ignition electronics.

— As explained in the previous section, the probe controller manages the gas
flows as well as the display elements and informs the instrument computer as
to when the start and reset buttons are pressed. Probe controller and main in-
strument are connected via a serial bus. If the probe has a mini-optic for the
vacuum UV range, the measured values can be transmitted by the probe con-
troller. Alternatively, the detector connections can be directly transferred to the
main unit after an impedance conversion or the transmission can take place
with a separate microcontroller. In these cases, additional signal lines are re-
quired; they must meet the same requirements as those for connection to the
probe controller.
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— Additional electrical lines may be required to power detectors, analog electron-
ics and microcontrollers as well as for deactivation of the excitation generator
when the start button is released.

Especially the probe hose is susceptible to mechanical defects during operational
use. Industrial trucks or forklifts frequently damage the hose when the main unit is
several meters away from the operator. A design of flexible metal protective hose
with a plastic sheath has proven itself to be effective (see Figure 7.6).

Figure 7.6: Probe hose with plastic sheath, printed with the friendly permission of SPECTRO
Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

Probe and probe hose generally form a unit. However, the end of the probe hose is
often connected to the main unit with a plug.

Several reasons support the use of a pluggable connector:

— As already mentioned, the probe hose is exposed to mechanical stress and haz-
ards. It is advantageous to be able to easily replace the probe and/or hose in
case of a defect.

— As described in Section 7.2, the determination of the vacuum UV elements re-
quires an optical system in the probe. Probes with such optics are heavier than
those without. Therefore, it makes sense to use the heavy probe only when it is
necessary, that is, when the elements P and S need to be determined. A light
probe would then be plugged on when, for example, a lengthy sorting control
in arc mode is to be conducted.
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— The probe plug must be able to establish a safe electrical contact, to couple
argon to the gas lines in the probe hose and to transport the radiation at the
end of the fiber optic cable to the optics within the instrument housing with as
little loss as possible.

— The electrical contacts are the least difficult. Here, there are standard solutions
that can be used. There are also standard solutions for the gas connections.

The end of the fiber optic cable can directly connect to the end of another that
attends to further transport of the radiation inside the main unit. Alternatively, it
can be in the focus of a lens located on the end of a tube (see Figure 7.7). The lens
holder tube can then directly illuminate the entrance slit to the main optic. Inlet
via lens holder tube has the advantage over the solution of fiber optic on fiber
optic that there is no loss of radiation at the transition between the fiber optic
cables. Also, minor scratches and contamination on the lens disturb less than
damage or contamination on the ends of the fiber optic cables, which usually
have an optically active area of less than a square millimeter. A drawback to cou-
pling via light tube is that there is no longer a choice as to the position in which
the optic is installed.

Coupling of fiber optic to fiber optic can be combined with electrical contacts
and gas connections in common plug systems. A proprietary plug connection must
be constructed for a light tube solution or separate plugs must be used for the dif-
ferent types of connections.

Instrument
housing > Housing of
Lengs lens holder
tube

el _ Lens holder tube
]

""" Fiber optics '

Entrance slit

Rowland circle

Figure 7.7: Lens holder tube for direct illumination of the entrance slit.
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7.4 Optical systems for mobile spectrometers

It must be distinguished between three types of optical systems:

— Handheld instruments combine all components in the measuring probe, this
also includes the optics. Only optics with small focal lengths and, therefore,
limited resolution can be used due to space limitations.

— For larger mobile spectrometers, the radiation is generated in the spark probe
and transported via fiber optic cable to the optical system located in the main
unit. The optics no longer adversely affect the size and weight of the probe.
Larger focal lengths and, thus, higher resolution become possible.

— If the elements phosphorous and sulfur need to be measured, an additional
optic in the probe is required, as the radiation of the detection lines for these
elements is in the vacuum UV range. Fiber optic cables are not or not suffi-
ciently transparent for this radiation.

7.4.1 Optics coupled via fiber optic cable

The optics for measuring wavelengths above 187 nm are located in the main unit for
larger mobile spectrometers. This lower limit results from the fact that being able to
measure the carbon line C 193 nm together with the associated internal standard Fe
187 nm even with probes without UV optics is often desired. The optics are usually
equipped with a Paschen-Runge mount. Photomultiplier tubes (PMTs) that are
mounted behind the exit slits located on the focal curve are still used as detectors
in older instruments. Modern mobile spectrometers use detector arrays with CMOS
or CCD technologies. A large number of spectral lines can be measured inexpen-
sively and in the smallest of spaces with detector arrays. A mobile spectrometer de-
signed to analyze the alloys of all common metal bases generally uses a hundred or
more spectral lines. So many PMTs are difficult to accommodate in a compact mo-
bile spectrometer optic, even when small-sized photomultiplier tubes are used.

When designing the optical body, it must be considered that a mobile spectrom-
eter, and thus with it, its optics, are frequently operated in different positions. The
spectrum must not be shifted when the location is changed.

Mobile spectrometers are often operated outdoors. Usually they may only be oper-
ated at a temperature range between 5 and 40 °C. However, the distances entrance slit
to grating and grating to detector must remain constant to a few tenths of a millimeter
to prevent line broadening and, thus, a loss in resolution. For a total light path of one
meter, a 35 °C temperature increase and aluminum as the optical mount, the optical
path lengthens by 0.8 mm. If one considers only the influence of this elongation on the
distance between grating and detector (about half of the one meter light path) and a

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

270 —— 7 Mobile spectrometers

grating illumination of 20 mm, the line broadening can be estimated using the theorem
of intersecting lines known from high school geometry. The result is 16 pm. In addition,
a widening of the same order of magnitude results from the extension on the light path
between the entrance slit and the grating.

The material expansion of the optical mount in the above-mentioned tempera-
ture range can lead to significant line broadening and therefore represents
a problem.

One solution to this problem is to heat the optic to the maximum operating tem-
perature. The energy requirements for the heating, which must come from the lim-
ited resources of the battery during battery operation, is the disadvantage of this
solution. In addition, after switching on the instrument, it is necessary to wait until
the operating temperature has been reached. However, it is then possible to be sure
that all the optical components, including the detectors, are always at the same,
constant temperature during measurements. Other errors that are also caused by
temperature fluctuations could be avoided in this way.

Another possibility for offsetting temperature fluctuations is to compensate for
the light path elongation with a counter reaction of the same size. For example,
using a bimetallic strip, the entrance slit could be moved along the path towards
the grating exactly the same distance as the optical mount lengthens when there is
a temperature increase.

7.4.2 Optical systems for handheld devices

Optics for handheld instruments must cover the entire relevant wavelength range
with one optical system that is not much larger than the palm of a hand. Due to
space limitations, such optics use only semiconductor detector arrays for radia-
tion measurements. The wavelength range of laboratory instruments extends from
H 121 nm to K 766 nm. Since oxygen, hydrogen and small nitrogen contents can-
not be measured with mobile instruments anyway and potassium is almost never
determined, it would be desirable to at least be able to measure between P 178 nm
and Li 671 nm without gaps. If the wavelength range begins somewhat earlier,
nitrogen contents above 800 ppm, as found in duplex steels, could also be deter-
mined using the nitrogen line at 174 nm. However, such a wide wavelength range
can hardly be covered with a single concave grating optic only used in the first
order of diffraction. This can be easily calculated using the grating equation (eq.
(3.8)). If, for example, 39° is selected as an angle of incidence, then the wave-
lengths between 174 nm and 384 nm are available in the first order between grat-
ing normal and the entrance slit. Although angles above 39°, that is, beyond the
entrance slit, can be used, image errors increase. Angles above 60° are not very
practical. This results in a spectral range from 174 nm to 415 nm, whereby the
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range around 384 nm is missing because the entrance slit is located there and this

space is, thus, not available for a detector. This limited wavelength range is satis-

factory for many analytical applications, but it remains a compromise.

Disadvantageous is, for example, that the main detection lines for Na (589 nm)
and Li (670 nm) are not available. It should be noted that only with compromises is
it possible to accommodate a sufficient wavelength range in a single concave grat-
ing optic, as are normally used in arc/spark spectrometry. A further difficulty is to
obtain a resolution that is good enough in the wavelength range available. Different
approaches are conceivable:

1. It would be possible to miniaturize the optic described in Section 3.5.2 by scal-
ing down the slit width, grating focal length and pixel width or exit slit width
by a constant factor. However, there are limits to these efforts, as falling below
the smallest optimum slit width described in Section 3.5.5.3 leads to no im-
provement of the resolution.

2. Optics with concave grating mounts can be shortened by almost half by folding
the light path by installing a mirror (Figure 7.8b, the thick dotted line shows the
segment of the Rowland circle used, the thin dotted line indicates the space re-
quired). The length of the optic can be almost halved by folding. If only a short
wavelength range has to be covered, folding is a feasible solution. However, the
length of the focal curve is not shortened by using this measure. If grating angles
between 0° and 50° and a Rowland circle diameter of 400 mm is used, the focal
curve forms a circular arc with a length of 349 mm. This is too long for a pistol-
shaped measuring probe. The resulting optics would also be too heavy for
a handheld device.

Grating

o

2

EY S

[ Folding mirror
3

3

=N

Before folding After folding

Figure 7.8: Folded Paschen-Runge optic.
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A further approach would be to use an Echelle optic, which has been described in
Section 3.3. It is advantageous that the grating’s diffraction orders provide short
overlapping spectral sections that can be detected by a two-dimensional detector.
If 100 diffraction orders are mapped on a detector with a width of 10 mm, then
a spectrum with a length of 1,000 mm can be recorded in the smallest of spaces.
In principle, an Echelle optic could solve the problem of wavelength coverage at
sufficient resolution. However, Echelle optics have not established themselves in
arc/spark spectrometry for the reasons explained in Section 3.5.4. At present, the
authors are not aware of a handheld arc/spark instrument equipped with an
Echelle optic.

In a similar direction, the idea is to place several flat optics on top of one an-
other. This makes it is possible to use a narrow range of angles in each optical
section, which would also accommodate folding.

Example: A wide spectral range can be recorded with three optical sec-
tions. 9° as the angle for the shortest recorded wavelength (ain), 29° as the
position for the entrance slit (¢) and a grating with 3,600 grooves per mm re-
sults in a detectable spectral range from 178.1 nm to 269.3 nm. The combina-
tion Onin = 9°, € = 29° and using a 2400 groove grating results in a usable
spectrum between 267.2 nm and 404.0 nm. The spectrum from 392.1 nm to
572.2 nm is obtained with an 1,800 groove grating, o, = 11° and € = 31°. The
numerical values are easily calculated with the grating eq. (3.8). When the
spectrum is divided into three such modules the spectrum is, thus, distributed
among three focal curves, one on top of the other, which helps to reduce the
system dimensions. With such a design, it is also easier to cover the entire rel-
evant wavelength range. A further advantage is that the resolution can be ad-
justed to the spectral range. In general, a high resolution is required especially
for short wavelengths. The example takes this into account: The shortest wave-
length module covers 91.2 nm, whereas that with the longest wavelengths covers
180.1 nm for the same angular difference. The shortest wavelength optic module
has a direct light path; the other modules can be coupled to the spark stand
with short fiber optic cables. The disadvantage to the system lies in the in-
creased effort required and the higher complexity: Multiple gratings, several en-
trance slits and several coupling fiber optic cables, all of which must be
installed and adjusted, are required.

If the wavelength range is distributed among several optical modules, designs
other than the classical concave grating arrangement can be selected for the in-
dividual modules. One such arrangement, the so-called crossed Czerny-Turner
mount, is shown in Figure 7.9. The entrance slit is located at the focal point of
a first concave mirror. A parallel bundle of radiation results from this concave
mirror. The bundle hits a plane grating and is diffracted there according to
wavelength. A second concave mirror focuses the spectrum sharply onto a
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Figure 7.9: Czerny-Turner optic with crossed radiation path.

detector. Figure 7.9 clearly illustrates that small dimensions can be realized by
crossing the radiation paths. The complexity of the component is increased
once again compared to the solution with folded concave grating optics.

7.4.3 Probe optics for the VUV spectral range

In larger mobile spectrometers that have an optic in the main unit as described in
Section 7.4.1, the probe optic only serves to measure the wavelengths between 170 nm
and 200 nm. When a 3,600 groove grating and an entrance slit angle of 21° are used,
the wavelengths 171 nm to 199 nm lie between 15° and 21°, that is, in an angular range
of only 6°. Folding is easily possible. The arrangement could be designed similar to
that in Figure 7.8. With the folding, the use of a 300 mm grating is possible without
making the measuring probe unmanageably large. Such probe optics had already been
used with photomultiplier tubes before semiconductors became established as detec-
tors for mobile spectrometers [7]. Semiconductors facilitate a space-saving design. The
curvature of the spectral curve is so low for gratings with 300 mm Rowland circle diam-
eters that a linear detector with a length of 30 mm can be used without further correc-
tive measures. It is not absolutely necessary to use a flat field grating. As already stated
in Section 7.4.2, compact optics can be realized using the so-called “crossed Czerny-
Turner mount”, which is also suited to vacuum UV with a direct light path.
Alternatively, the Wadsworth mount can be used. This arrangement is shown in
Figure 7.10. The exit slit E is located in the focus of the mirror S and generates
a parallel radiation beam that irradiates a concave grating G at an angle €. The spec-
trum is detected in the focus of the grating on the focal curve F immediately left or
right of the grating normal. Figure 7.11 shows a folded mini-optic for installation in
a measuring probe.
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S Detector Figure 7.10: Wadsworth mount.

Figure 7.11: Hollow profile optic, printed with friendly permission of SPECTRO Analytical
Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.

7.5 Housing, transport trolley and battery

The design of the instrument housing, the accompanying transport trolley and the
selection and integration of the rechargeable batteries represent a considerable
challenge in the development of mobile spectrometers.

The housing is the interface to the user. It must meet ergonomic requirements:

— The display must be readable, even outdoors in direct sunlight. The user often
stands several meters away from the instrument; it must also be possible to
read the display from this distance.

— In the testing room, pumps and instrument ventilators must not be so loud that
they are distracting.
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The rechargeable battery must be easy to change.

The instrument must be easy to place into the trunk of a car and easy to attach
to the transport trolley.

It should be possible to disassemble the trolley without tools and to stow it to-
gether with the instrument in the trunk of a car.

For handheld devices, it is useful to offer a suitable case that accommodates
the instrument and any accessories.

A fixture on which the probe hose can be coiled and the probe can be held
must be available to protect the probe hose and probe during transport.

Of course, it is also important to find a pleasant shape and color scheme.

The safety requirements for laboratory equipment throughout Europe are specified
in the standard DIN EN 61010 [2]. Mobile spectrometers are also covered by this
standard. Among other things, it is important to consider the following properties
here:

Live parts must not be accessible from outside the instrument. What is consid-
ered to be “not accessible from outside,” is precisely regulated in the standard.
A so-called standard test finger, with which no galvanic contact to dangerous
accessible surfaces may be made, is described. The term “dangerous to touch”
is defined in DIN EN 61010 [2].

This safety against contact must continue to exist even after damage to the
housing due to fall or impact. No danger to the user may arise in the event of
damage, for example, no dangerous glass splinters may fly around if the dis-
play shatters. Exact test procedures are also described for these hazards.

Fire safety must be established. For this purpose, the instrument is surrounded
with cotton, which is then ignited. The fire must not ignite the instrument, the
transport trolley or the battery.

All gas lines and other components of the gas system, such as valves, pressure
reducers, etc., must withstand at least twice the maximum permissible operat-
ing pressures.

The instrument must stand stably. It must not tip over when it is pulled with
a fixed percentage of the instrument weight. This applies for every pull direc-
tion and every instrument configuration, that is, for the instrument alone, the
instrument with battery and the instrument with battery and transport trolley.
The requirements for internal insulation must be met. Certain clearance and
creepage distances must be observed. Mobile spectrometers are designed for
operation in industrial environments. Therefore, the creepage and clearance
distances coupled to the contamination class are normally longer than for labo-
ratory spectrometers.

There are various labeling requirements. An abrasion resistant nameplate has
to be installed. Places on the instrument that may be dangerous — for example,
hot — must be marked with appropriate stickers. A meaningful pictogram must
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be visible on the stickers. If there is no fitting symbol available, an exclamation
mark must be displayed instead and the danger described in the operating
instructions.

— Risks must be prevented with constructive measures. Hereby, predictable oper-
ating errors must also be considered. If an instrument poses a residual risk,
a hazard analysis that weighs the probability of danger and its consequences
must be carried out. Of course, probable dangers with serious consequences
are unacceptable.

— The results of the tests outlined above must be documented. There are retention
requirements for test documentation, for hazard analyses and for CE conformity
declarations. Even ten years after the last instrument of a series has been placed
on the market, these documents must be available on short notice upon request.

The design of the housing must also consider aspects of electromagnetic compati-
bility (EMC) with regard to emissions and immunity to interference. As has been
mentioned in connection with the ignition in Section 7.1.1, the basic requirements
in Europe are specified in Directive 2014/30/EU on electromagnetic compatibility
[8]. In Germany, this European directive was transposed into national law by the
“Elektromagnetische-Vertraglichkeit-Gesetz” (Electromagnetic Compatibility Act)
on December 14, 2016 [9].

Neither the European directive nor the EMCA contain the limiting values to be
observed themselves. The standard DIN EN 55011 [10] specifies the permissible in-
terference emissions, while DIN EN 61000-4 [11-15] group of standards determines
which interferences must be tolerated by the instrument. An overview of the immu-
nity requirements can be found in section one of the group of standards [16].

The required tests can be classified as follows:

1. Electrostatic discharge immunity test (ESD-Test). Here, high voltage of a few
kilovolts is discharged on the housing and on exposed connections (limiting
values are defined in DIN EN 61000-4-2 [11]). The function of the instrument
must not be impaired by these pulses. The same applies to the tests described
in points 2-4.

2. Test for immunity against high-frequency field emissions. The limiting values
are specified in DIN EN 61000-4-3 [12].

3. Electrical fast transient/burst immunity test (burst test). Here interference fields
are introduced through instrument supply lines using a capacitive voltage probe
or coupling network (limiting values are defined in DIN EN 61000-4-4 [13]).

4, Test for immunity against voltage surges (surge test, limiting values: DIN EN
61000-4-5 [14]) and conducted interference induced by high-frequency fields
(limits in DIN EN 61000-4-6 [15]).

5. Test for electromagnetic emissions and interference voltage on the power sup-
ply connection (limiting value specifications in DIN EN 55011 [10]).
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Other requirements must be met in addition to the above-mentioned standards for
safety and electromagnetic compatibility, for example the so-called EU ROHS
Directive [17]. This specifies the limiting values for heavy metals, such as, Cd, Hg, Pb,
hexavalent chromium, halogenated flame retardants and some phthalates contained
in components used in the spectrometer system. Regarding mobile spectrometers,
compliance with these regulations is not more difficult than for laboratory systems.

A declaration of conformity may only be issued when an instrument complies with
all regulations. The Declaration of Conformity combined with a CE mark is, in turn,
required for marketing an analytical instrument within the EU. Similar regulations
apply in other regions of the world, but fulfillment of the European regulations is a
major step towards the meeting the standards in other regions. Of course, the local reg-
ulations must be checked and any additional tests carried out and supporting docu-
ments provided. In some countries like Russia, permission of the local authorities is
required before a device may be placed on the market. Normally, this will be granted if
the above listed requirements are met.

Rechargeable batteries of different technologies are offered for some mobile in-
struments. Older technologies, for example, lead gel batteries, can be found in addi-
tion to modern Li-ion or LiFePo batteries. Table 7.3 shows the weights, relative
prices (as of 2016) and lifetimes for various battery technologies, all standardized to
an energy of 360 Wh. After studying this data, it may come as a surprise that batter-
ies based on lead are still available in addition to the modern lithium-based batter-
ies. The reason lies in the regulatory provisions of another kind. Batteries that
contain lithium above a certain limit are considered dangerous goods in accordance
with international transport regulations. The batteries used in mobile spectrometers

Table 7.3: Key data for battery packs of various technologies based on a 360 Wh capacity.

Li-lon  Lithiumiron  Nickel metal hydride Lead gel

phosphate
Weight (kg) 1.8 3.5 5.9 9
Volume (1) 0.9 2 1.9 3.1
Charging cycles until the capacity 500 4000 600 200
falls for 70%
Approximate suggested price in € for 180 410 360 85
branded goods for industrial use
(as of 2016, only cells, without
housing and charging technology)
Strength High Long lifetime High energy density with Low
energy fewer transport price
density restrictions compared to

batteries containing Li
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usually have a capacity of more than 100 watt-hours and are therefore classified as
class 9A dangerous goods. Thus, according to IATA regulations they may not be
transported in passenger aircraft, but only in special cargo planes. Specially ap-
proved safety packaging, which must undergo, for example, fall tests, is required.
The packaging is subject to precisely regulated labeling guidelines. It is forbidden
to transport fully charged lithium batteries. Before being placed on the market, the
batteries must pass a so-called UN test. This involves a height simulation and tests
for vibration, shock, short circuit, impact, overload and forced discharge.

In conclusion, it should be noted that the presentation of the regulations to be
observed have been provided in Section 7.5 to the best of the author’s knowledge.
The presentation is certainly not complete and no guarantee can be given for the
correctness. Also, the regulations are subject to constant changes.

7.6 Inert gas systems in mobile spectrometers

While laboratory instruments usually use only high-purity copper or stainless steel
lines, mobile spectrometers also use plastic tubing, as the required flexibility of the
probe hose excludes the use of metal.

It has already been mentioned that carbon analysis of steels with the aid of the
cyanide radical is possible in arc mode. This cyanide radical CN is formed by the car-
bon in the sample and nitrogen in the surrounding atmosphere. However, the carbon
dioxide contained in the atmosphere disturbs here. Every ppm contained there gener-
ates a signal for the cyanide band at 386 nm corresponding to a multiple of the signal
of one ppm carbon in the sample. The CO, from the ambient air increases not only
the background signal, the CO, concentration can also fluctuate depending of the lo-
cation. The US patent US 7,227,636 B2 [18] shows a way to solve this problem:

The ambient air is passed through filling of NaOH or Ca(OH), using a membrane
pump. The reaction takes place as follows when Ca(OH), is used:

Ca(OH); + CO, > CaCOs5 + H,0 (7.1)

Thus, the carbon dioxide is converted to calcium carbonate and water with the aid
of calcium hydroxide. The arc plasma must burn in a closed chamber to separate it
from the ambient air, which contains CO,. The water formed in the reaction accord-
ing to eq. (7.1) can lead to liquefaction of the strongly hygroscopic hydroxides. This
effect is undesirable because alkaline liquids can leak out. Liquefaction can be pre-
vented using a suitable substrate onto which the hydroxides are applied instead of
pure hydroxide granules. The gas tubing in the probe hose makes up the largest
volume fraction of the gas system in a mobile spectrometer. If this has an inner di-
ameter of 2 mm and a length of 5 m, its volume is 15.7 ml, which is easy to calculate.
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If the output of the membrane pump is 2 1/min, then the air in the gas system can
be exchanged with a pump time of about 0.5 s.

7.7 Software for mobile spectrometers

The software for mobile spectrometer frequently differs from that of laboratory in-
struments. There are also additional functions that are not common for laboratory
instruments.

7.7.1 The analysis mode

Calculation of the analysis is usually the same for mobile and laboratory
instruments.

However, the presentation of the data is very different from that for labora-
tory instruments. For handheld devices, the display on the measuring probe of-
fers little space. It is not possible to display all the elements and all the single
measurements for a measurement series together with the current average val-
ues, standard deviations and coefficients of variation at a readable size. The dis-
play is restricted either to the most important elements together with the results
of a small number (typically three) of the last measurements or to the result of
the last spark for all the elements. Usually it is possible to switch to the less im-
portant elements or to the results of the previous measurements by pressing
a button.

A similar problem exists for the larger mobile spectrometers. Although the dis-
play is larger here, the information shown must remain readable even from several
meters away. Thus, the options are, in principle, the same as for the handheld
instruments.

When using mobile spectrometers, the base metal of the sample is often un-
known. This is a common problem, for example, in the recycling industry. In order
to not have to find the fitting analytical method by trial and error, the spectrometer
software has algorithms that automatically select the base metal and the fitting an-
alytical method within that base. It is a great deal of effort to separately standardize
all the methods in all the bases on an instrument before using it. A complete spec-
trum recalibration is more convenient (see Section 3.9.6.2).

An obvious algorithm for automatic method determination could appear as follows:

1. First, a method that only contains spectral lines for high contents of all the
base metals to be measured is loaded. This method contains excitation parame-
ters that are a compromise for all the sub-methods.
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2. A short measurement is conducted. Since it is convenient to work with com-
plete spectrum recalibration, essentially the same intensities are measured for
the same sample on all the instruments from a product series.

3. The intensities of the base element spectral lines are now compared with
a lower limit assigned to each line representing a metal base. The element of
the line for which the ratio of the line intensity and the lower limit is maximum
is selected as the matching metal base.

4. The overview method for the metal base is loaded. If the measuring parameters
deviate from those loaded for base selection, at least one further measuring
phase is required. After this has been carried out, the contents are calculated
using the calibration functions for the overview method.

5. A set of concentration limits is stored for each method of a metal base. (Example
for concentration limits: The method for low alloy steel is loaded if C < 2% and
each of the remaining elements is smaller than 5%). The most suitable sub-
method is selected and loaded using the results from the overview method.

It is usually sufficient to apply the calibration functions of the now loaded sub-
method to the existing spectra (there is one spectrum per measuring phase) to de-
termine the contents, since the sub-methods usually use the same excitation param-
eters as the overview method. If this is not the case, the deviating parameters are
sparked subsequently. The automatic method search described here can be carried
out before every measurement. Alternatively, it is possible to activate method
search and then remain in the sub-method found for further measurements. In this
way, the time required for the measuring phases used for identification can be
avoided for the following measurements.
This simple algorithm is, however, only suitable for use with spark excitation.
Use in combination with arc excitation is less advisable for two reasons:
— The amounts ablated vary widely within a metal base, making it difficult to
compare the base element spectral lines and, thus, to select the correct base.
— It is not possible to create an overview method with enough accuracy for every
metal base.

For these reasons, it is better to work with the so-called fingerprint algorithms in
the arc mode. The principle is presented in the following section.

7.7.2 Calculating the contents using fingerprint algorithms

As the name implies, fingerprint algorithms use the spectrum obtained from the
measurement of a sample as a spectral fingerprint. This fingerprint is compared
with every entry in a file of fingerprints. Ideally, this file should contain at least one
spectrum of a reference sample for every common grade.
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The following additional information is stored for every reference sample in the
spectra library (the so-called reference sample library):

1.
2.
3.

The designation of the reference sample

A set of well-suited excitation parameters and measuring times

For every relevant element: the wavelength of an analytical line and that for
a matching internal standard

A calibration function for each of these line pairs

Concentration ratios for these elements as well as the intensity ratios (see 3.9.4
and 3.9.5) measured with the matching excitation conditions (2)

Five process steps are processed sequentially to calculate the concentrations ac-
cording to the fingerprint algorithm:

1.

First, a measurement parameter that is suited as a compromise for all the alloys
to be measured is set. For measurements in arc mode, the set of parameters
consists of a current strength and a measuring time — in spark mode a set con-
sisting of energy curve, frequency and measuring time is selected.

A measurement is conducted with the given set of parameters and a complete
spectrum is recorded.

The complete spectrum is now used to identify the reference sample whose
spectrum resembles it the most closely. The algorithm for complete spectrum
recalibration described in Section 3.9.6.2 is used.

The following calculation is carried out for every reference sample:

A set of spectrum recalibration parameters consisting at least of pixel-specific
profile offsets and intensity factors is determined. This parameter set allows it
to convert the measured spectrum into a spectrum that is comparable to the ref-
erence spectrum with respect to intensity levels and line positions. The calcu-
lated parameters are applied to the spectrum of the unknown sample. Then,
pixel by pixel, the difference between this resulting spectrum and that of the
reference sample is determined. The amounts of the pixel deviations are
summed.

A sum of the intensity results for every reference sample is available as a result.
The reference sample that is most similar to the unknown sample is the one for
which the sum of the deviations is minimal.

There is a possibility that the reference sample found is not similar enough to the
unknown sample. This can happen when an “exotic” material was measured, for
which there is no equivalent in the reference sample library. For this reason, it
only makes sense to continue the calculation when the quotient of the sum of the
deviation amounts and the sum of all the pixel intensities does not exceed a speci-
fied upper limit.

If the reference sample found is similar enough to the unknown sample, the
optimal excitation parameters stored with this reference sample are loaded and
a measurement is conducted.
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6. The dataset for the reference sample contains definitions for analyte lines and
internal standards in the form of the pixel areas in which they are to be found
in the spectrum. For these line pairs, the intensity ratios from the spectrum of
the unknown sample are now determined.

7. For every relevant element, represented by a line pair, the following informa-
tion is now available:

— The intensity ratios IRy of the unknown sample

— The intensity ratios IRg and concentration ratios CRy of the reference sample
In addition, a calibration function f is available for every line pair. The func-
tion f can be a polynomial. The steps for the correction of line and interele-
ment interferences described in Section 3.9.5 can usually be omitted, as the
reference is very similar in composition to the sample to be analyzed. f is such
that f(IRg) = CRg applies. The intensity of the unknown sample is simply set
into f, and the concentration of the unknown sample is obtained with f(IRy).
Thus, the function f performs a polynomial interpolation.

A simple example illustrates what is meant here: Assuming a linear 45°-curve
behavior for the analyte line and assuming that the spectral background is neg-
ligible, then a half (double) intensity ratio of the unknown sample to the refer-
ence sample would lead to a half (double) concentration ratio with respect to
this. Because a polynomial has been stored, the ever-present spectral back-
ground and the curvature of the calibration curve can be taken into account.

8. Finally, the concentration ratios are converted into concentrations using the
100% calculation described in Section 3.9.8.

It should be noted that it is possible to work with raw intensities and concentrations
instead of intensity and concentration ratios. In this case, it is, of course, not neces-
sary to store internal standards for the analyte lines and the function f has intensi-
ties as arguments and supplies concentrations as functional values. Here, the
content of the base element is calculated in the eighth step by subtracting the sum
of all analyte concentrations from 100%. However, the calculation using intensity
and concentration ratios has the advantage the accuracy remains acceptable for all
the analyte contents even with larger deviations from the best fitting reference sam-
ple stored. Thus, fewer reference samples are required for sufficient coverage of
wider calibration ranges.

It is useful to issue the name of the reference sample together with its analysis
if it contains the material grade that it represents. Alternatively, the instrument
often provides the possibility of identifying a material from a database containing
material specifications (see Section 7.7.4).

The spectrum recalibration algorithms are used to find the best fitting reference
sample. This is done every time an unknown sample is measured. An offset and an
additional sensitivity factor are calculated for every pixel. Thus, information about
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changes in the instrument hardware is available before the line intensity is calcu-
lated. It is possible to compensate for pixel drifts, due to, for example, fluctuation-
sin temperature or air pressure and changes in light transmittance resultingfrom
soiling of the optical surfaces, before the line intensities are calculated.

A method that largely corresponds to the algorithm outlined above is described
in the patent [19].

7.7.3 Checking the analysis for a match with a target material

In practice, it is often necessary to check whether a sample corresponds to an ex-
pected material. This task arises, for example, after the delivery of semi-finished
products or when checking safety-relevant components in factories. Modern instru-
ment software offers a mode of operation that supports this type of control.

First, the target material must be selected by entering the designation into the
instrument’s software (of course, these specs must be present in the material data-
base of the instrument). In most cases, the permitted upper and lower concentration
limits for every alloying element are immediately displayed on the screen, but at the
latest, they are displayed after the first measurement. The tolerance windows are not
necessarily fixed values, they frequently depend on the contents of other elements.
For example, the titanium content for the steel grade 1.4571 must be at least five
times as large as that of carbon but must not exceed a maximum limit [20].

After each measurement, the average of the contents is updated and compared
with the limits. If an element violates the tolerances, the deviation is marked. This
allows the user to see at a glance if the workpiece meets the specifications or not.

However, it should be noted that the measurement is subject to uncertainty. If
the analysis lies less than the measurement uncertainty away from the upper or
lower limit, it cannot be said that the workpiece is actually within the permissible
range. Assessment of the result is then left to the experienced user.

7.7.4 Grade identification

Checking to see if there is a match to a target material is unproblematic apart from
the unclarity of the results due to measurement uncertainty near the tolerance lim-
its. It would, then, be assumed that it would be equally simple to assign an analysis
to the fitting (and expected) grade specification by storing all the eligible grade
specifications in a file and then comparing the analysis to see which one fits.

However, there are several issues that prevent a simple approach leading to this

goal:
— The problem of incomplete specification of the element contents
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— Assignment problems due to measurement uncertainties

— Problems with overlapping specifications for several qualities

— Assignment problems caused by elements that cannot be determined or that
were not determined with the mobile spectrometer but that are relevant to the
grade specifications

These problems are discussed in detail here and solutions, if any, are presented.

The problem of incomplete specifications of element contents
Suppose the spectrometer delivers the following analysis (all concentrations in
mass percentages):

C0,03 Sio,3 Mn 1,2 P 0,012 S 0,015 Cr17,9
Ni 9,8 Mo 0,3 Nb 0,05 Ti 0,22 Cuo0,3 A10,02
Fe Rest

Based on the analysis, a European user with previous experience recognizes that it
is the grade 1.4541. An American would see in it an approximate equivalent to the
American grade 321.

If the analysis above is compared with the entries in a database in which the
permissible concentrations ranges are stored for all common grades, then grades
that obviously do not fit would also be displayed. For example, the grade 1.4301, for
which the tolerances shown in Table 7.4 apply, would be found.

The simple approach of stating that a material has been found when no toler-
ance limits have been violated leads to multiple suggestions in which materials
such as 1.4301 are presented although they do not fit in reality. The user who ex-
pects the grade 1.4541, but is wrongly presented with 1.4301, would not be satisfied:
The properties of grade 1.4301 are not as good in terms of weldability and acid resis-
tance compared to 1.4541. 1.4301 has no place in the hit list.

The cause of the problem here is the fact that there is no information about the
element titanium in the specifications for 1.4301.

Similar problems exist for other grades:

— The grade 1.4571 is no 1.4401, because it contains titanium.

— The grade 1.4580 is no 1.4401, because niobium has been added.

— The grade 1.4401 is no 1.4301, because molybdenum is present here to make the
material acid resistant.

— The grade 1.4305 is no 1.4301, because it contains sulfur to improve the
machinability.

printed on 2/12/2023 11:27 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

7.7 Software for mobile spectrometers —— 285

The above-mentioned grades are not exotic, in fact, they belong to the most com-
mon chrome-nickel steels.

Table 7.4: Permissible concentration ranges for
the grade 1.4301[21].

Element from (%) to (%)
C 0 0.07
Si 0 1
Mn 0 2
P 0 0.045
S 0 0.015
N 0 0.011
Cr 17 19.5
Ni 8 10.5

How is it possible to prevent unwanted materials from appearing in the hit list? The
solution is quite simple and consists of two rules that must be followed when
searching the specifications:

— A cut-off concentration is determined for every element. For grade identifica-
tion, concentrations below this limit are considered to be irrelevant contamina-
tion. However, if a limit is exceeded during the analysis of a sample, then the
element has probably been intentionally added. A tolerance window for this el-
ement must, then, be included in the grade specifications. If this is not the
case, then the grade does not match the analysis.

— For the remaining, potentially matching grades, it is now only necessary to count
how many elements meet the specifications. Only the grades with a maximum
number of elements within the specified tolerances are included in the hit list.

Table 7.5 shows practice-oriented examples of limits for steels. For the elements
that are not intended to be used in nonalloyed steels, the limits are identical to
those named in DIN EN 10020 to distinguish between nonalloyed and alloyed steels
[22]. However, the concentrations of some elements vary within nonalloyed steels.
For this reason, it is reasonable to use lower limits for them than specified in DIN
EN 10020. Please note that a tolerance window is always required for carbon. For
some general structural steels (e.g., 1.0554 S355J0C St52-3 U), there are no specifica-
tion entries for concentration tolerances. However, guide values are available for
these materials that make it possible to estimate tolerances.

The limits in Table 7.5 are only meaningful for steels. Other limits must be ap-
plied to other material groups.
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Table 7.5: Cut-off concentrations for ferrous materials above which an intended alloy is probable.

Element Limit Element Limit Element Limit Element Limit
C 0.0 Si 0.6 Mn 0.6 Cr 0.3
Ni 0.3 P 0.015 S 0.015 Mo 0.08
v 0.05 w 0.3 Nb 0.05 Al 0.05
Cu 0.4 Co 0.3 Pb 0.1 Ti 0.05
B 0.0008 Zr 0.05 Se 0.1 Te 0.1
Bi 0.1 La 0.1 Ce 0.1 Nd 0.1
Pr 0.1 N 0.05 Other 0.1

Using the two above-described rules, the grade 1.4541 would be recognized
while 1.4301 would no longer appear in the hit list, as the Ti concentration at 0.22%
exceeds the limit of 0.05%.

The other above-mentioned conflicts no longer occur.

Assignment problems due to measurement uncertainties

In the previous section, an analysis that could be clearly identified as the grade
1.4541 was performed. However, it is important to be aware that every measurement
is subject to uncertainty. This measurement uncertainty depends of various factors.

The most important are:

— Stability, precision and detection sensitivity of the mobile spectrometer
— Representativeness and homogeneity of the measured sample

— Sample preparation

— Diligence and ability of the user

The measurement uncertainty can be estimated. Suppose there is an analysis that
lies within the limits for the material 1.4301 (Table 7.4). The nickel concentration
was found to be 8.1%.

If a measurement uncertainty of 0.2% for nickel is to be expected, then it is no
longer possible to say with certainty whether the specifications according to
Table 7.4 have been met or not. Of course, the reverse also applies: If 7.9% nickel is
found, the true value of the sample could well be within the limits according to
Table 7.4 although the analysis lies below the specifications. Unfortunately, this is
aggravated by the fact that expensive alloying elements are used sparingly. Nickel
belongs to these, so that situations like the one described here do occur in practice.

The problem can be circumvented by expanding the tolerance limits by the mea-
surement uncertainty at the upper and lower limits. It makes sense to list the measure-
ment uncertainties in one table per metal base. They must be determined separately
for arc and spark methods, as the uncertainties are generally higher for arc mode.
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As shown by the example with nickel, it is not a good idea to remove found
grades with elements in a measurement uncertainty grey zone from the hit list or to
list them there after the qualities without such tolerance violations. Marking the hit
so that it can be seen that a given element is not clearly within the specifications
would be helpful, for example, in the form of 1.4301 with the mark “Ni -” when the
nickel concentration lies in the grey zone for the lower limit.

It is customary to specify the measurement uncertainties for confidence ranges
of 68%, 95%, or 99%. It is possible to expand the tolerance limits by these measure-
ment uncertainties.

Problems with overlapping specifications for several grades

Table 7.4 shows the composition of the grade 1.4301. The quality 1.4307 is very simi-
lar, only the tolerances for C, Cr and Ni are slightly different. 1.4307 has maximal
0.03% carbon (for 1.4301 < 0.07%), the Cr concentration must be at least 17.5% (in-
stead of 17% for 1.4301) and a maximum of 10% instead of 10.5% nickel may be
contained. The most important difference concerns carbon. A low carbon content is
usually desirable, as this is connected to an improvement in the weldability and
a higher corrosion resistance.

Most analyses of 1.4307 grades also fit the specifications for 1.4301. The hit list
would then include both materials. If the database also includes the American
grade 304 (corresponds to the European 1.4301) and 304L (similar to 1.4307), then
these would also be displayed. The mobile spectrometer can do nothing but to sug-
gest possible grades.

Assignment problems caused by elements not measured, but important for grade
identification

Not always can all the important elements be determined. In the arc mode, the im-
portant element carbon can only be determined when the ambient air is cleaned of
carbon dioxide. Determination of sulfur in arc is not possible using the current tech-
nology. In the spark mode, sulfur can only be measured when a measuring probe is
equipped with an optic for the vacuum UV range. This fact can lead to a hit list con-
taining grades that are qualitatively very different and that are generally not
interchangeable.

If, for example, the element sulfur cannot be determined, then an analysis of
the grade 1.4305 (X8CrNiS18-9) usually also fits to 1.4301. The main difference in
the composition is that the S content is between 0.15% and 0.35% instead of under
0.015% as is the case for 1.4301.

The two grades are intended for different applications: 1.4305 is a particularly
easily machinable alloy that, compared to 1.4301, is well suited to processing with
turning and milling machines. On the downside, 1.4305 is unsuitable for pressure
tanks [21].
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The fact remains that the correct match of a material identification to
a spectrometer analysis is not a simple problem. If the search cannot be limited to
a few clearly different materials, it is usually not possible to obtain exactly the desig-
nation under which the material originally came onto the market. However, it is pos-
sible to obtain a hit list with matching materials that will help the qualified user.

7.7.5 Sorting

Sorting was the first application for which mobile spectrometers were used begin-
ning at the end of the 1970s. The aim was to ensure that all the workpieces were
made of the same material before they were delivered or after goods receipt. In the
beginning, the instruments were equipped with polychromators with exit slits and
photomultiplier tubes for the most important spectral lines for the base metal to be
tested. Initially only arc mode was used. The pre-burn time was typically
one second, the measuring time 2 s. The output signal of the analyte photomulti-
plier tubes was integrated and divided be the integral derived from the spectral line
of the base metal. Figure 7.12 shows such an early mobile spectrometer.

Figure 7.12: Early model of a mobile spectrometer for sorting, built in 1980, printed with the
friendly permission of SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany.
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The test procedure using this type of instrument was as follows:

1. First, a section of a workpiece from the delivery was cut off and analyzed in the
laboratory. If this reference piece was made of the expected material, the actual
sorting could begin.

2. The reference piece was measured three times. Before each of the three meas-
urements, the quotients of the analytical line and the internal standard were
connected to a capacitor using a rotary switch.

3. Then the average of the three measurements was made by connecting the three
capacitors assigned to each analyte with each other.

4. Now sequential measurement of the test pieces could begin. After each mea-
surement, the quotient of analyte line and internal standard was formed for
each analyte. Using simple analog electronics, it was then checked whether the
quotient was in agreement with the average formed in point 3 within the al-
lowed tolerances set with a switch. If at least one element exceeded the toleran-
ces, a red lamp was switched on and further measurements were blocked until
a reset button on the measuring probe was pressed.

While the instrument in Figure 7.12 was still equipped with analog electronics, the
following generation of mobile spectrometers already had a microcomputer. The pos-
sibility for sorting was implemented there in the instrument software.

Even today, mobile spectrometers have a sorting mode based on the compari-
son of intensity ratios. Of course, it is no longer necessary to cut a piece off the
test piece and analyze it in the laboratory. Instead, ideally in spark mode, the
first test piece is analyzed and the analysis checked for agreement with the target
specifications. Then the instrument is switched into arc mode and, in principle,
the same procedure as for the first mobile spectrometers is followed. A sorting
method is loaded that consists of a set of line pairs (analyte line with associated
internal standard) and a set of permissible percentage deviations for each line
pair.

The test proceeds as follows:

1. First, an average intensity ratio is recorded in arc mode for each line pair with
the reference sample.

2. Then the test piece is measured with the same parameters.

3. After each measurement, it is checked whether the intensity ratios of all the
lines being monitored lie within the specified intensity tolerances. If this is the
case, then go to point 6.

4, If there is a deviation for at least one intensity ratio, then the measuring proce-
dure is blocked until the reset button is pressed. Then the measurement is re-
peated, as the tolerance violation found may not be caused by a different
material but may be due to statistical variation of the measured values.
Incorrect placement of the measuring probe or measuring on a soiled or
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corroded spot on the sample can also lead to deviations. If the measurement is
now okay, the system continues with point 6. If not, the measurement is re-
peated again. If the tolerances are exceeded again, the counter for negatively
tested workpieces is increased by one and the system continues with point 5,
otherwise point 6. It may come as a surprise that a workpiece is considered cor-
rect after only one of three measurements are within the tolerance limits.
However, it is very improbable that, in the case of an incorrect measurement
on an incorrect material, coincidentally all the monitored channels are within
the tolerance limits for the reference material.

This point in the procedure is reached if a material is considered incorrect.
Modern spectrometers offer the possibility of conducting an analysis and then
to perform a grade identification as described under Section 7.6.4. The incor-
rect sample must be acknowledged by the user. The test then continues with
point 7.

The counter for positively tested workpieces is increased by one.

If it has been ensured that the test pieces come from one heat, that is, that

all have the same analysis, the intensity quotients of the test piece recognized
to be correct can be used to improve the reference intensity ratios determined
under point 1. This puts this data on a broader base because the average is
then statistically sounder. In addition, particularly when testing larger lots,
a longer amount of time may have passed since originally measuring the refer-
ence piece. However, the newly added measurements correspond to the
current state of the instrument in terms of soiling of the inlet optics and the
electrode degradation.
After testing a workpiece, the user can continue the measurement at point 2.
The measurement can also be interrupted or completed. In the case of an inter-
ruption, the sorting method, reference intensities and counter readings are
stored. The can be reloaded at a later time to continue testing.

If the measurement is to be completed, a test protocol is created; it can be
stored or printed out. The following information is commonly gathered in the
protocol:

— Date, time and duration of the testing

— Name of the operator

— Details about the tested lot (grade, dimensions, the name of the customer
or supplier if applicable)

— Name of the testing method used with measurement parameters

— Number of test pieces classified as “good”

— Number of test pieces classified as “bad” (as a rule, 0 should be here)

The question might arise as to why the entire test is not conducted in spark mode
but switched into arc mode after identification of the reference piece. The reason
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for this is that testing in arc has lower requirements in terms of sample preparation
and can be comparatively quickly performed.

In point 6, it was mentioned that it is advantageous to know if all the test pieces
in a lot come from the same heat. For lots of the same heat, the measured values of
the samples identified as correct can be used to update the expected intensity ra-
tios. Information about heat fidelity is also advantageous when selecting the toler-
ances. If this is given, the tolerances can be selected to be relatively narrow. They
are based on the uncertainty of measurement allowed by the mobile spectrometer
on the test pieces to be measured.

If, on the other hand, the lot to be tested consists of a mixture of heats and if
only the grade is known, then after analysis of the reference piece, it must be esti-
mated in which range the intensity ratios for every channel may lie for the grade to
check. This range must be expanded partially by the uncertainty of measurement.
Thus, when testing heat mixtures, wider, usually asymmetric tolerances are ob-
tained for the reference piece intensity ratios.

100% inspections are often conducted for structural components for which
failure cannot be tolerated for reasons of safety or economy. If they always have
similar forms, such as bars or tubes, for which only the diameter varies, then
systems for automatic testing are installed directly into the production lines.
Figure 7.13 illustrates the principle. In the initial position, the workpiece to be
tested (1) in the line (2) is separated out, for example, by a prism support (3).
A grinding machine (5) equipped with an abrasive mop (4) under the workpiece
is started and raised. A width of a few centimeters is ground on the underside of
the test piece. Then the grinder is lowered and switched off. Now the measuring
probe (6), which is mounted together with the grinder on a movable carriage (8),
is moved under the workpiece and raised and a measurement is performed. If
a repeat measurement is required, the measuring probe is slightly lowered,
moved a few millimeters along the workpiece axis and then placed on the test
piece again. Then the workpiece is lifted onto the part of the line (7) on the other
side of the testing equipment. If the piece is rejected, a barrier is opened and the
workpiece falls into a reject position, otherwise it continues its way along the
line.

7.8 Calibration, sample preparation and sampling

For laboratory spectrometers for melt management, the samples are poured into
molds and then milled or ground. This procedure is standardized and always occurs
in the same manner during routine operation. When using mobile spectrometers
there is a larger variety of materials and shapes to be analyzed. This includes small
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Figure 7.13: Mobile spectrometer integrated into a production line for sorting.

parts, wires, tubes, pipes, billets, flanges and sheets with different thicknesses
down to foils and much more. Section 7.8.1 deals in general with noteworthy as-
pects of sample preparation and the selection of the measuring position.
Section 7.8.2 covers typical scenarios for spark measurements with mobile spec-
trometers and discusses the analytical performance expected of spark mobile spec-
trometers. Section 7.8.3 deals in a similar fashion with the measurement tasks for
which arc mode is used.

7.8.1 Sample preparation and selection of the measuring position

Before measurements using spark operation, the locations to be sparked must be
ground to the bare metal. In most cases, quickly grinding with a belt or angle grinder
is sufficient. When a belt grinder is used, the use of 60 grit abrasive belts has proven
to be effective. Angle grinders must not be equipped with cutting discs but must be
equipped with a rough grinding disc that complies with the local safety requirements.
In Europe, such requirements are listed in the norm DIN EN 12413 [23]. During sample
preparation, it is, of course, necessary to observe other safety precautions customary
to metal processing, such as the wearing of safety glasses. The prepared section of
the sample should be as flat as possible to enable gas-tight placement of the measur-
ing probe while simultaneously ensuring that the gap between the sample surface
and the counter electrode is correct.
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In the following special cases, grinding can be dispensed with:

At the end of the production process for stainless steel, it is frequently possible to
conduct a measurement without grinding. Even at later times, it is often possible to do
without this, if the location to be measured has been cleaned and any grease removed
through cleaning with isopropanol. In any case, the burn spot is to be critically observed.
It should have a round melted center surrounded by a black condensate ring (Figure 3.23,
lower center and right). Whitish zones, that indicate non-energetic discharges without
material ablation (Figure 3.23, bottom left) should not occur. Additional cleaning with
isopropanol or quickly sanding by hand is recommended.

Some alloys of nickel, cobalt and titanium base do not necessarily have to be
ground either as long as the surface is clean. The same is true for some copper base
alloys, such as cupro-nickel. However, it is always important to have a good burn spot.

Some distinctions must be made if the element carbon is to be measured:

In the case of steel products, a reduction of the carbon concentration (decarburiza-
tion) can occur in areas that have been separated by flame cutting. In order to ensure
measuring in regions where the carbon concentration is again representative, up to
one millimeter of material must be ground down. However, this is difficult to do with
an angle grinder. Therefore, in such cases, testing of the surfaces along the casting or
the rolling direction is preferred. But here too, caution is required. The mill scale roll-
ing skin must be removed by grinding. In the case of hot-rolled materials, there can
be surface decarburization, so that it is not always sufficient to only grind down to
the bare metal. A further problem can occur when semi-finished products are stored
in stacks. Then, only the end faces cut with a burner and potentially decarburized are
accessible for measurement. Frequently, the only option left is to separate the semi-
finished products using a crane so that the measurement can be performed.

Another problem associated with carbon determination can arise when measuring
hardened materials. For case hardening, the carbon concentration is deliberately in-
creased on the surface to improve the hardness and wear resistance. If the surface
concentration of carbon is of interest, the test piece must not be ground in an uncon-
trolled manner, as the carbon concentration decreases with the depth. The procedure
of grinding by hand, described above, can be used here. If the carbon content in the
core is to be determined, the entire hardened area must be removed. Its thickness can
be between 0.1 mm and 4 mm. If in doubt, it must be ground and analyzed iteratively
until the carbon concentration no longer falls.

Surfaces are also refined by nitriding as an alternative to case hardening. These
layers increase not only the wear resistance but also the corrosion resistance.
According to Merkel/Thomas [24], the nitrogen-enriched layer can have a thickness of
up to 0.8 mm. Steels that are particularly suited to nitriding are standardized in DIN
EN 10085 [25]. These are low-alloy steels that, in addition to C, Si, Mn, Cr and Mo, also
occasionally contain Ni, V and especially aluminum in concentrations up to over 1%.
However, other common steels, such as C15, C45, 16MnCr5, 42CrMo4 and S235, can
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also be nitrided. In addition to carburizing and nitriding, carbonitriding is a process in
which C and N are simultaneously enriched. Boriding is less common. Here, a thin
layer of Fe,B is generated on the surface of the workpiece. According to Merkel and
Thomas [24], the boron-enriched layer can have a thickness of up to 0.25 mm.

The material surfaces may also have a different composition than the interior in the
following cases:

1.

10.

11.

Galvanizing using Zn is the most commonly used coating method for the protec-
tion of thin sheets of carbon steels from corrosion. For hot batch galvanizing,
layer thicknesses up to 0.15 mm can be expected; for strip galvanized materials
thicknesses are between 5 and 40 pm.

Galvanic and chemical nickel plating are also common methods for protecting
metal surfaces. The layer thicknesses are usually below 50 pm. However, the
nickel layer can be up to three millimeters for thick nickel plating.

For hard chrome plating, a chromium layer of up to one millimeter thick is gal-
vanically applied. Possible base materials are steels and cast iron as well as
copper and aluminum alloys. Several layers of chromium and nickel on top of
each other can also be found.

The Sulf-Inuz process enriches the surfaces with sulfur with layer thicknesses
of about 0.03 mm, thus improving the friction properties of the material. These
surfaces are found on high speed steel and nodular cast iron parts.
Occasionally the carbon concentration at the surface is deliberately reduced to
achieve special magnetic properties or to improve the sealing properties.
Aluminizing serves to improve the scale resistance. The Al-enriched layer can
be up to several tenths of a millimeter thick. Nonalloyed case hardened steels
with low carbon contents are suitable for aluminizing.

Chrome plating increases the corrosion resistance of the steel. The chromium-
enriched zone has a thickness between 5 and 200 pm.

Occasionally, the surface layers of steels and nodular cast iron are enriched
with silicon to improve corrosion resistance.

Chromium aluminizing and chromium siliconizing combine the methods de-
scribed in points 6 to 8.

When nitriding finished products, the areas that are not to be nitrided are cov-
ered with a thin layer of tin. This coating can lead to an increased tin value.
Eloxal, that is, electrolytically oxidized aluminum, must always be ground, as
the oxidic surface does not conduct. The same applies to any other existing
coating layers.

Apart from surface effects, the following materials cause problems:

The determination of lead, manganese and sulfur is problematic for free-cutting
steels. It is possible to create special methods for these materials. The pre-burn
times are increased to durations between 30 s and 1 min in these methods. This
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homogenizes the lead and manganese sulfide inclusions present in different
sizes and lengths. The long sparking time, combined with the necessity of hold-
ing the measuring probe still on the test piece, makes this approach unattrac-
tive. With normal (short) measuring times, the Mn and S concentrations found
are too high, but it is possible to recognize that it is free-cutting steel. This dis-
tinction is sufficient for many testing applications.

— Carbon is present as graphite in finished cast iron workpieces. This applies to
the common cast iron types: grey cast iron (GJL), nodular cast iron (GJS), ver-
micular cast iron and black malleable cast iron. An exact carbon determination
is not possible for these cast irons because the carbon is present as spheres
(GJS) or lamellar structures (GJL) of different sizes. It is typical that the carbon
concentration found is too low for GJS and too high for GJL. There are several
graphite-free types of cast iron, labelled with the letter combination GJN, that
are standardized in DIN EN 12513 [26]. The wear resistant chrome-hard casting
materials are occasionally encountered in practice. These are characterized by
a high chromium concentration. The carbon is bound as carbides in these al-
loys. Since no graphite precipitates are present, an exact carbon determination
is possible provided the appropriate methods have been calibrated.

The condition of the surface must also meet minimum requirements for the exami-
nation of metals in arc mode. However, the arc is significantly less susceptible to
slight impairments to the sample surface. Even thin oxide layers are penetrated by
arc, but stronger milling skins should be removed by grinding.

7.8.2 Measurements in spark mode

Table 7.6 shows detection limits that are achievable with larger mobile spectrome-
ters for several important elements in iron base with the spark mode. Determination
is made according to DIN 32645 [27] and was established using the reproducibility of
ultra pure iron. The values in Table 7.6 cannot be considered in isolation, as the dis-
persion of the calibration curve near the detection limit must also be taken into ac-
count for every element except the reproducibility of the background. Particularly
for smaller mobile spectrometers, for example, handheld devices, it is more the dis-
persion of the calibration curves rather than the reproducibility of the background
that determines the true achievable detectability of traces, as separation of the ana-
lyte lines from their spectral environment is less pronounced. The meaning of the
detection limit according to DIN 32645 is reduced to the following: Suppose there
are two workpieces with the same composition apart from the trace element S with
a detection limit LODs. The trace element S is not present in the first of the two work-
pieces. Then the other workpiece for the determination of S must contain at least
a concentration of LODsg, to be able to say whether the concentration for S is higher
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Table 7.6: Detection limits for larger mobile spectrometers, iron base in spark mode.

Element LOD Element LOD Element LOD Element LOD

(ppm) (ppm) (ppm) (ppm)
C 40 Si 10 Mn 30 Cr 10
Ni 20 P 10 S 10 Mo 10
\' 10 w 250 Nb 20 Al 10
Cu 10 Co 10 Pb 10 Ti 10
B 3 Sn 40 As 30 Ca 3
Ce 20 La 3 Zn 20

than for the first workpiece. This statement is only valid if the analytical line used is
undisturbed by overlapping of other lines and the reproducibility and background
equivalent concentration of the workpiece corresponds to that of the pure metal
with which the detection limit was determined. Additional information about detec-
tion limits can be found in Chapter 5.

The scatter of the calibration curves can be improved by not using a single set
of calibration functions for all iron base grades, but by creating separate calibra-
tions for individual material groups. Examples of such groups in iron base are: non-
alloyed and low alloy steels, free-cutting steels, chromium steels, chrome-nickel
steels, manganese steels, laminar and nodular cast iron. The real detection sensitiv-
ity approaches that determined according to DIN 32645 when such or further subdi-
viding is used.

However, usually semi-finished or finished products are tested for compliance
with concentration limits with mobile spectrometers. Especially for the larger mobile
spectrometers, the detection sensitivity is in most cases sufficient for this. It is not as
good as that achieved with laboratory spectrometers, but the application areas are
different. Laboratory instruments are often used for melt management. Here, it is nec-
essary to monitor for undesired concentrations of trace elements that can negatively
influence subsequent processing steps. To increase the detection sensitivity, labora-
tory spectrometers use different sparking parameters adapted to the elements to be
determined. This approach could also be chosen for mobile spectrometers, but it
would lengthen the measuring time. The operator would have to hold the sparking
probe motionless and gas-tight against the workpiece for a longer time. This in-
creased effort would not be matched by any corresponding benefit.

At levels far above the detection limits, the repeatability is similarly good. The
coefficients of variation of the measured concentration, in the middle concentration
ranges, usually lie below 1%. For some elements, for example, Cr, the relative stan-
dard deviation of the concentration is even less than 0.2%.
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Assuming the calibration has been carefully conducted, the accuracy is compa-
rable to that which is achieved with laboratory spectrometers. However, this only
applies to medium concentrations far above the detection limits.

Occasionally, it is necessary to conduct 100% inspections in spark mode. This
is the case, for example, when elements such as P or S, which cannot be measured
in arc mode, must be determined. The sparking times are often shortened to reduce
the time normally required in spark mode from 8 s to values between 3 and 5 s.
These measures worsen the detection limits and the repeatability for statistical rea-
sons due to the smaller number of spark events. For this reason, a worsening of the
repeatability by a factor of two must be expected if the measurement is carried out
with only a quarter of the sparks. However, this can be tolerated for many testing
applications. It is also necessary to note that some elements are not in a stationary
spark state (state where the intensities per second stay stable) when the pre-spark
time is reduced. This is especially true for the elements that are not dissolved in the
metal matrix but are present as inclusions. Al,03;, MgO, CaO and ZrO, are examples
of such inclusions. The elements in question tend to values that are too high when
the measuring time is shortened, because the sparks prefer to hit on the borders
between the inclusions and the metallic phase (see Chapter 6 for an explanation of
this effect). The calibration must be adjusted if necessary.

Testing semi-finished products often requires a special approach:

1. It has already been mentioned in Section 7.2 that special spark stand attach-
ments, with boron nitride or mica disks, and sample clamps are available for
the measurement of small parts. Such an adapter is shown in Figure 7.5a. When
using the adapter, it is necessary to ensure that the small parts do not overheat.
The repeatability in spark under argon deteriorates dramatically at sample tem-
peratures above 200 °C. This can be remedied by shortening the measuring
time or reducing the spark frequency.

2. As described in Section 7.2, pipes are measured with special adapters in arc
mode. For measurements of pipes in spark the attachments with boron nitride
disks, mentioned in point 1, are used. However, the pipes frequently do not
form a gas-tight closure with the spark stand opening, which can lead to prob-
lems for small tube diameters less than 10 mm. Then, leakage hinders material
ablation and the measurement values cannot be used. On the bottom right,
Figure 3.23 shows a usable burn spot, bottom left one that is unusable.

3. Wires are preferably measured on the end faces. In iron base, this is possible
for diameters down to 0.8 mm. There are devices that enable the wire to be
clamped and, at the same time, seal the environment around the wire from the
outer atmosphere. Figure 7.5b and ¢ show such devices for the measurement of
wires. The analytical performance remains high even for thin wires. In this
way, it is possible to analyze, for example small carbon concentrations, accu-
rately enough to distinguish grades such as 1.4301 from 1.4307 or 1.4401 from
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1.4404 based on the carbon concentrations. Once again, the prerequisite is that
overheating of the wires is prevented, which can be done by reducing either the
sparking times or the spark repetition frequency.

4, It is also possible to examine for the presence and composition of coatings. Of
course, the pre-spark time must be chosen to be so short that the coating is still
available with sufficient thickness during the measurement time. Conversely,
a longer pre-spark time can be chosen if the material underneath the coating is
to be analyzed. Of course, only electrically conductive coatings can be
analyzed.

5. Even thin foils with a thickness of a few tenths of a millimeter can be measured
if the excitation parameters have been selected to prevent overheating or even
melting through. It is often useful to place a metal block on top of the foil. The
metal dissipates the heat from the foil and ensures a flat surface.

7.8.3 Measurements in arc mode

Table 7.7 lists the detection limits for several elements in iron base. Again, they
were determined with a medium-resolution mobile spectrometer according to DIN
32645, i.e., using the reproducibility of an ultra pure iron sample. Here too, the dis-
persion of the calibration curves used must be taken into account in order to be
able to decide whether a separation is possible via an element (see Section 7.8.2).
The parameters used to determine the data were not optimized to obtain the best
possible detection limits. Rather they are a practice-oriented compromise that also
take aspects such as measurement duration and minimizing of the electrode degra-
dation into consideration.

Table 7.7: Detection limits for larger mobile spectrometers, iron base in arc mode.

Element LOD Element LOD Element LOD Element LOD

(ppm) (ppm) (ppm) (ppm)
C 500 Si 80 Mn 80 Cr 10
Ni 60 Mo 50 Al 40 Co 80
Cu 30 Nb 80 Ti 50 \' 20
w 180 Pb 30

In addition to the scattering of the calibration curves, a further effect influences the
detection of small concentrations in arc mode. If a sample with a high concentra-
tion of an alloying element is measured and then a sample without this element,
a concentration is displayed for the element anyway during the subsequent mea-
surement. Table 7.8 shows a series of measurements on a pure iron sample after a
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double sparking was conducted on a workpiece made of the alloy 1.4571 with about
17% Cr, 12% Ni and 2% Mo. The reason for this so-called “memory effect” is an al-
loying of the material on the tip of the electrode. Table 7.8 shows that this effect
can still be observed after several measurements. When an Ag electrode is used, the
contamination from the memory effect has completely subsided only after 14 meas-
urements. A remedy is to re-grind or replace the electrode. From Table 7.8, it can
also be seen that the memory effect is more pronounced when using silver electro-
des than when using copper electrodes. In addition, longer lifetimes can be
achieved with copper electrodes than with silver electrodes. Nevertheless, silver
electrodes are more commonly used because only then can the element copper be
determined. For the sake of completeness, in the last rows of Table 7.8, the same
experiment was made with spark excitation. It can be seen that the memory effect
plays no role here. In the spark mode, the electrode remains relatively cold so that
no alloying can occur. As mentioned above, in spark operation, although high-
melting tungsten electrodes are customarily used, the memory effect does not occur
on the occasionally used silver electrodes either.

As already stated in Section 3.2.1, relative reproducibility of about 5-10% is
achieved for the intensities in arc. The reproducibility can be improved to about 1-5%
for intensity ratios through selection of suitable internal standard lines. At some dis-
tance from the background equivalent concentration, coefficients of variation of the
concentrations on the same order of magnitude can be found. Thus, the reproducibil-
ity is significantly worse than in spark. In addition, the scattering of the calibration
curves in arc is also worse. This has also already been mentioned and explained in
Section 3.2.1. Several examples from practice are listed in Table 7.9 to give an impres-
sion of which deviations are to be expected. The first three examples are low-alloy
steels. The deviations can often be tolerated in practice, whereby better accuracy
would be desirable for carbon. It is also disadvantageous that the elements phospho-
rous and sulfur are not available in arc mode. The fourth example is an analysis of
a chrome-nickel steel. A relative error of 7% for nickel would be considered disturbing
here, as it accounts for almost 1% of the total concentration. The reasons for these de-
viations have been described in Section 3.2.1. The use of a fingerprint algorithm or the
use of type recalibration can improve the accuracy but is associated with more effort.
The fifth and last example shows the analysis of a high-speed steel.

It has already been mentioned in Section 7.7.5 that 100% inspections (sorting)
of safety components made of steels are preferably conducted in arc mode because
of the short testing duration and the low requirements on sample preparation. In
addition, the arc mode is suitable for other test applications in iron base:

1. Screening analyses and identification of low alloy materials.

When a calibration has been carefully conducted, this method provides screen-

ing analyses for low alloyed steels that are useful for many applications.

Table 7.9 gives an idea of which accuracies can be achieved. As has already

been mentioned in Section 7.6, the element carbon can be determined with an
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accuracy of about 0.1% for concentrations to 0.5% when the atmosphere used
is air cleaned of CO,. The cyanide band head at 386 nm can be used for detec-
tion, as the commonly used carbon spectral line is in the vacuum UV region
below 200 nm. If the air is not cleaned, the CO, contained in it leads to a signifi-
cant increase in the background, which prevents the reliable determination of
carbon. The possibility to determine carbon is an advantage that arc offers that
competitive methods such as energy dispersive XRF do not.

2. Sorting of clearly different high-alloy grades.

Absolute errors in percent ranges may occur for high concentrations of alloying
elements, for example, for chromium steels and Cr/Ni steels. As a result, closely
related qualities can frequently no longer be assigned using screening analyses.
However, many important testing applications can be performed.

3. High boron-alloyed steels (B > 0.2%) can be distinguished from steel qualities with-
out boron.

4, The elements vanadium, titanium and niobium must be controlled for micro-
alloyed steels. This also can be done in arc mode. However, the monitoring of
these elements is, especially for niobium, only possible with instruments with
sufficient optical system performance.

5. For hot samples above 200 °C, the reproducibility in spark mode declines con-
tinuously with increasing temperature. Thus, if hot workpieces, for example,
continuous cast products, need to be controlled in the production process, this
is only possible in the arc mode for higher temperatures.

6. Steel scraps can be pre-sorted for recycling in arc mode. In Europe, the specifi-
cations for commercially available grades are laid down in the Europdischen
Stahlsortenliste [28] (European List of Steel Grades). In addition to limiting val-
ues for admixtures, the list contains maximum concentrations of alloying ele-
ments. Thus, the sum of the elements Cu, Sn, Cr, Ni and Mo may not exceed
0.3% for new scraps of the classes E2, E6 and E8. By new scrap is meant, for
example, punched out or cut remnants from metal processing. The good detec-
tion sensitivity of arc combined with a sufficient ability to be calibrated makes
it possible to solve this testing application.

There are a number of other applications outside iron base for which arc excitation can

be used:

1. Nickel base metals are frequently sorted in arc mode. Here it is often necessary
to control for the presence or absence of certain elements, including elements
such as yttrium, rhenium and ruthenium, as found in nickel-based superalloys.

2. Using arc, low alloyed copper grades can also be analyzed, sorted and distin-
guished from higher-alloyed copper grades.

3. Material ablation in refractory metals is low in spark mode. Because it is often only
necessary to separate a few grades here, metals of the bases such as tungsten, tan-
talum and molybdenum are frequently sorted using arc excitation.
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It is worthwhile to separate pure titanium from the more corrosion-resistant
grade Ti 99.8-Pd, which contains 0.2% palladium. With a gram price of about
24 Euros per gram (as of April 2017), the palladium fraction of one kilogram of
Ti 99.8-Pd has a value of about 48 Euro. Sorting can be performed with arc.
Other titanium alloys can also be sorted using arc excitation, as a distinction
between the most important alloys is usually be easily achieved with the main
alloying elements V, Al, Sn, Zr, Mo, Cr, Nb, Fe and Si. Checking for the absence
of tungsten, which can make some titanium base alloys unusable even with the
smallest amounts, is an additional application in titanium base.

Also the few common Zr base alloys can be sorted using arc. These alloys
were originally developed for reactor technology but were later also used
in the chemical industry. The elements Sn, Fe, Cr, Ni and Nb are moni-
tored, whereby only for tin are concentrations of more than 1% common.

In conclusion, it should be noted that many factors have to be considered in the
construction and operation of mobile spectrometers. This includes a wide tem-
perature range, the necessity for small dimensions and a low weight, the ability
to measure quickly after being turned on and the possibility for mains-
independent operation. The types of samples to be analyzed also vary widely in
respect to shape and composition. All these factors make the mobile spectrome-
ter technology quite complex despite the lower requirements for detection sensi-
tivity and accuracy; confronting the designer and user with a wide spectrum of
very different challenges.
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Arc and spark spectrometers are literally used to clarify the quality of metallic mate-
rials because the term “quality” derives etymologically from the Latin “qualitas,”
which can be translated directly as quality or property [1]. An essential aspect of the
properties of a metal is determined by its chemical composition.

The elemental contents decisively influence tensile strength, formability, duc-
tility, corrosion resistance, wear resistance, low temperature resistance, cutting
stability and other material properties.

Various applications for arc and spark spectrometers have already been presented

in Chapters 3 and 7:

— In the context of quality control, samples are taken from the molten metal and an-
alyzed, and depending on the result it may be necessary to intervene in the pro-
cess, for example, by adding alloying elements, in order to achieve the desired
target composition. Spark spectrometers are the measurement method of choice
here because they are simultaneously fast and precise with good sensitivity.

— For incoming goods or before delivery, semi-finished products or workpieces
are inspected for compliance with target analyses (see Sections 7.7.3 and 7.7.4).
This can be done by random sampling. However, it is often necessary to con-
duct 100% inspections for safety relevant components (aerospace, medicine)
(see Section 7.7.5).

— In the secondary raw material sector, the price of a scrap delivery and its possible
use for certain metallurgical applications depends on the elemental composition.

It is not possible in practice to exactly determine the elemental composition of
a sample. Every spark spectrometer analysis is associated with measurement uncer-
tainty. The measurement uncertainty cannot be neglected in every case, as small de-
viations from the target element concentrations can have a major impact on the
material properties. An example for this is given in Section 5.1.2: a mixed crystal
strengthened GJS material, for which small excesses of the Si concentration can lead
to a significant decrease in the elongation at break and tensile strength. Thus, the
measurement uncertainty must be determined. An interval in which, with high prob-
ability, the “true” element concentration lies can be determined from the measured
value and the measurement uncertainty.

For example, if a Si tolerance ranging from 4.05 to 4.35% is allowed, and 4.2%
is measured with an uncertainty of 0.1%, the “true” value is most probably within
the tolerated limits. If, however, for the same measurement value, the uncertainty
is £0.2%, then it may be outside of the tolerance limit.

The example shows that a measured value without specification of the mea-
surement uncertainty is inconclusive.

https://doi.org/10.1515/9783110529692-008
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Various indicators that enable characterization of a spectrometric testing
method are introduced in Section 8.1. If these indicators are available, they can
serve as a basis for estimation of the measurement uncertainty.

The working ranges for various common spark spectrometer methods were pre-
sented in Chapter 5 in the form of concentration ranges. The measurement uncer-
tainty must be separately determined for each element here. If the elements are
measured over a wide concentration range, which is often the case in spark spec-
trometry, estimation of the measurement uncertainty must be carried out separately
for different segments of the total concentration range, that is, traces, medium and
high concentrations.

If the working range and the associated measurement uncertainty are known,
then it can be proven that a testing method is suitable for a specific application.
This proof, referred to as validation, is discussed in Section 8.4. Section 8.5 shows
how validated analytical methods fit into modern quality management systems.

8.1 Statistical indicators and their determination

This section explains the definitions and meaning of important indicators and de-
scribes how they are determined. Further descriptions can be found in the relevant
technical literature [2-5] as well as the Handbuch fiir das Eisenhiittenlaboratorium
(Handbook for the Ironworks Laboratory) [6]. As mentioned at the outset, the statis-
tical indicators of a method are required in particular for validation as a testing
method (see Section 8.2).

8.1.1 Working range

A complete description of a test method includes the specification of the working range.
The lowest and the highest concentration, for which the accuracy and precision of the
testing method is sufficient, is given for every element. Verification of the linearity can
also be used to determine the working range [6, 7]. If the calibration function is,
for example, too steep, it is no longer usable. The limit of quantification (LOQ) can
also serve as the lower limit of the working range. Categorically, analyses may only be
conducted in the statistically secured working range.

8.1.2 Detection limit of a method
The detection limit of an analyte within a method is understood to be the smallest

measured value M op that can be distinguished with sufficient statistical certainty
from the scattering of the blank values. In the context of spark spectrometry, the
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blank value is the value measured for a sample that does not contain the analyte
but is otherwise within the usable range of the method.

M op must be k times the standard deviation of the blank value [6]. The selec-
tion of k and the distribution function for the blank value determines the probabil-
ity with which the analyte is actually contained in the sample when Migp is
exceeded when the sample is analyzed. As a rule, k = 3 is chosen.

Conversion of the measured value into concentration or mass is carried out
using the calibration function as has been described in Section 3.9 of this book.

In practice, the detection limit of an analyte is estimated by analyzing a sample
that does not contain the analyte or only at a negligibly low concentration 6 to 10
times and then calculating the standard deviation s from the concentrations obtained
according to eq. (8.1).

1 < _
s= m;(xi—x)z (8.1)

Here n is the number of individual measurements, x; the value of the ith individual
measurement and x the mathematical average of all the individual measurements.

The measurements must take place under repeatability conditions. This means
that they must be carried out in immediate succession on the same instrument, by
the same operator, with the same measurement parameters [6]. In addition, the sys-
tem must be in a stable state, that is, the argon supply should not have been re-
cently interrupted and the instrument should not be in a warm-up phase. Of course,
the measurement series must not be interrupted by a recalibration. For measure-
ments under repeatability conditions, it is ensured that the state of the instrument
does not change during a short measurement series of 6 to 10 consecutive measure-
ments. Thus, the measurement series contains only random errors.

If k = 3 is chosen, then three times the standard deviation is, based on DIN 32 645
[8], an estimation of the detection limit:

DL=3-s (8.2)

The relationships between the estimates of averages and standard deviations deter-
mined from short measuring series and the true averages or standard deviations are
discussed in Section 8.1.5.1.

In spark spectrometry, this type of determination of limits of detection is only con-
clusive for pure materials, for example, in connection with the analysis of electrolytic
copper. Here, impurities in the ppm range can influence, for example, the conductivity
(see Section 5.3).

A detection sensitivity is implied for alloyed materials that cannot really be
achieved. It makes more sense to estimate the detection limit based on the dispersion
in the lower range of the calibration function, as has already been explained at the be-
ginning of Chapter 5.
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Numerically, this can be done by calculating the standard deviation of the re-
siduals, which is then also multiplied by a factor k = 3. However, it is often justifi-
able to work with a smaller factor, for example, k = 2, as the measurement
uncertainty of the certified values for the reference materials used in the calibra-
tion must be considered. In this context, residuals are understood to be the devia-
tions between the certified values and the calibration function (see Figure 3.86,
the residuals correspond to the lengths of the deviation squares drawn there).

8.1.3 Limit of quantification

The limit of quantification is the smallest analyte concentration that can be deter-
mined with a specified precision. The determination limit is ten times the standard
deviation of a blank sample or a reference material with an elemental concentration
near or below the limit of the working range (based on DIN 32645 [8]).

BG=10-s (8.3

Occasionally, the determination limit is given as nine times s. An older version of
DIN 32645 also uses this definition. Just as in Section 8.1.2, the assertion that calcu-
lation of the determination limit using the standard deviation is only conclusive for
nearly pure materials is also valid here.

In the case of alloyed materials, a more realistic determination limit is again
obtained when this is derived from the dispersion of the calibration function. For
this purpose, the detection limit should first be calculated from the dispersion in
the lower range of the curve as described in Section 8.1.2. The limit of quantification
is higher. It can be estimated by adding the limit of quantification calculated with
eq. (8.3) to the residual dispersion in the lower range of the calibration curve.

8.1.4 Accuracy

The difference of an individual measurement value from the true value is deter-
mined by systematic and random errors (see Figure 8.1).

The accuracy is then high when both bias and precision are high, that is, when
both systematic and random errors are low [6, 7].

8.1.5 Precision
A measurement is precise when the fraction of the random error in the total error is

small. When determining the precision, all the steps of the testing method must be con-
sidered. This includes, in addition to the measurement error of the spark spectrometer,
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Random deviation Large Large Small Small
Systematic deviation Large Small Large Small
= Target value —r I _i_
== |\leasured value
=
- i

Precision Poor Poor Good Good

Bias Poor Good Poor Good

Figure 8.1: lllustration of precision and accuracy.

sample taking and sample preparation. To assess the precision, repeatability and com-
parability (reproducibility) are determined using a constant set of samples, preferably
(certified) reference materials [6, 7]. The precision is best in the middle of the usable
range.

8.1.5.1 Repeatability and repetition limit r
The repeatability is an indicator for the agreement between the individual results mea-
sured in a short time interval under repeatability conditions (the explanation of repeat-
ability conditions can be found in Section 8.1.2). To determine the repeatability,
a sample is measured and analyzed 6 to 10 times under repeatability conditions.

The repeatability W corresponds to the variation coefficient determined from
the measurement series. The variation coefficient is often referred to as the relative
standard deviation.

W= % .100% (8.4)

where

W is Repeatability;

s, the standard deviation under repeatability conditions;

x the mathematical average under repeatability conditions.

It can be assumed and verified with measurements that the random errors are nor-
mally distributed (at least approximately) for measurements made with spark
spectrometers under repeatability conditions. The standard deviation s, is an esti-
mate of the standard deviation o of this normal distribution whose average is xy.
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It can be shown that a measured value lies with a 95.45% probability in the interval
[Xy — 20, Xy + 20], that is, no further than 20 from the average. x and s,, determined
with a measurement series of 6 to 10 measurements, serve as estimates for the aver-
age or standard deviation of the normal distribution and can replace xy and ¢ in
the interval given above. For a correct estimate, the percentage deviation between
the individual measurements and the average value falls below the limit of 2 * W in
approximately 95% of all cases.

x is usually close to xy. If only a few individual measurements are carried out,
s, can differ significantly from the standard deviation of the normal distribution .
The experienced user of the spark spectrometer is aware of this fact. The s, for con-
secutive measurement series under repeatability conditions vary much more than
the averages. This fact should always be kept in mind when working with estimates
of standard deviations determined from just a few individual measurements. For ex-
ample, if a detection limit is determined using eq. (8.2) in Section 8.1.2 and if
a specified target value is slightly exceeded, then the “true” detection limit must
not necessarily exceed the target value. Conversely, this means that being slightly
below the target value can also be random.

Often the question arises as to whether two alloys can be distinguished using
an arc/spark spectrometer (see the description of sorting in Section 7.7.5). This
question arises, for example, when a lot of semi-finished products is to be investi-
gated, which because of a mix-up of materials consists of a mixture of two similar
grades that can only be distinguished from each other using one element E.

Separation is only possible when the tolerances for E for both grades differ by
at least a concentration difference d. Example: If the tolerances overlap for all ele-
ments except carbon and if the carbon values for the first material are between
0.16% and 0.2% and for the second between 0.25-0.29%, then d = 0.05 %.

In such cases, knowledge of a repetition limit r helps. With a very low probabil-
ity, the normal distribution allows even measured values that are far from the aver-
age. For this reason, in our example, even with very high precision, a wrong
assignment is possible. This is why a probability is assigned to r. Normally,
a probability of 95% is chosen for the repetition limit and ros is the designation
used. It is intuitively clear that the repetition limit must be larger than twice the
standard deviation, as with significant probability, the sample with the lower true
value will be measured too high and at the same time, the sample with the higher
true value will be measured too low.

The repetition limit is calculated as follows:

Tos =28-s, (85)

The derivation of the factor 2.8 shall be omitted here.

The above-mentioned materials that can only be distinguished using the
carbon concentration can, then, with at least 95% probability, be distinguished
when the difference d between them is larger than rgs.
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8.1.5.2 Reproducibility and reproducibility limit R
Reproducibility is an indicator for the agreement between individual measurements
made at different times under reproducible conditions.

Reproducible conditions differ from repeatability conditions in the following ways [6]:

— The measurements are conducted on different measuring systems of the same
or similar types. Thus, spark spectrometers can be from different manufacturers
as long as they are calibrated for the same application.

— Measurement and sample preparation can be performed by different people at
different locations at different times.

The analysis must always be conducted with the same method, in our case with
spark spectrometry. Accordingly, an analysis using inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) cannot be used to determine the reproducibility.

Since the use of different spark spectrometers is permitted under reproducible con-
ditions, the analyses are generated using different calibrations based on the same pool
of commercially available reference samples. This is an important difference to the re-
peatability conditions. In addition, the measured values are determined under repro-
ducible conditions, that is, based on different recalibrations.

The reproducibility is given as a variation coefficient V.

V= %R -100% (8.6)

where

V is Reproducibility;

sg the Standard deviation under reproducible conditions;
X the Average under reproducible conditions.

In the original sense, the determination of the reproducibility requires the involve-
ment of several laboratories.

As a modification of the original definition, multiple examinations can be car-
ried out on one sample under changing conditions (laboratory precision). Hereby,
a sample is examined several times on different days under different conditions
(different sample preparers, operators, environmental conditions, etc.).

The following approaches can be applied to determine the laboratory precision:

— The average and the standard deviation are determined from 20 values outlier-
cleaned using the Grubbs test. If average value control charts are kept, the data
can be taken from them.

— Alternatively, a sample can be analyzed at least ten times over a period of at
least three different days.
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However, it must be remembered that errors that result from differences in determining
the calibration function, such as through selection of reference materials, do not enter
into the laboratory precision, because normally always the same spectrometer is used.

The Grubbs outlier test is easy to perform:
— First, the average and the standard deviation are determined for the measure-
ment series.
— Then the measured value that is furthest from the average is determined.
— The difference of this value from the average is divided by the standard deviation.
— If the quotient g determined in this way exceeds a given limit, then the measured
value is an outlier.

The limits depend on the number of measured values and the probability required
for outlier determination. They can be found in relevant tables and on the internet.
According to [9], for a measurement series of 20 measurements if g > 3.0008, it is
with 99% probability an outlier.

Analogous to the repetition limit r, a reproducibility limit R can be defined, to
which in turn a probability is assigned. A probability of 95% is usually also chosen
for the reproducibility limit:

Ros=2.8-5s 8.7)

If the reproducibility limit is determined using the reproducibility, it indicates which
deviations are to be expected for analytical results conducted in different laborato-
ries. If, for example, a sample is analyzed once in the supplier’s laboratory and sub-
sequently in the customer’s laboratory, deviations up to Ry; can be tolerated.

If the reproducibility limit is determined with the laboratory precision, devia-
tions up to Rys may occur when repeating an analysis at a later date.

8.1.6 Bias

The bias of a testing method depends on the fraction of the systematic error in the
test result. As an indicator, the bias is a measure for the deviation between the
“true” value and the test result measured, which must be determined by a large
number of measurements [10]. The data in the certificate for a reference material,
for example, which is considered as correct by definition, serves as a reference. In
practice, the “true” value cannot be identified for metallic samples.

The bias can be determined with the following methods:

— Analogous to determination of the reproducibility (see Section 8.1.5.2) at least ten
analytical results must be measured for a sample under reproducible conditions
on at least three different days.
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— A fixed number, for example, 20, of outlier-cleaned values from an average con-
trol chart are used.

— A certified reference material is measured six to ten times under repeatability
conditions (see Section 8.1.5.1).

The value for the bias is calculated as follows:

bias = - .100% — 100% (8.8)
XR
where X is the average of the values measured for the sample; xz the average from
an average control chart or the target value for a reference material.

It should be noted that the value of the bias is extremely dependent on the choice
of reference sample. Reference samples often lie systematically above or below the
calibration curve. The reasons for this have been explained in Section 3.2.2.3. Modern
instrument software makes it possible to view the position of the reference materials
used with respect to the calibration curve. Thus, it is possible to estimate in which
dispersion band around the calibration function the reference materials lie and how
far the reference material used to calculate the bias deviates from the calibration
curve. The bias, as determined with eq. (8.8), can be used to determine the expansion
of this band. Such an expansion is required because the calibration was (approxi-
mately) carried out under repeatability conditions.

8.1.7 Recovery rate

The recovery rate or recovery is closely related to the bias described in Section 8.1.6.
It is the ratio of the average determined under repeatability conditions to the “true”
value of the quantity in the analytical sample [7]. Ideally, the recovery rate is 100%.

The recovery rate enables evaluation of the entire testing method. It can be
used to verify the method’s bias, selectivity and robustness. The smaller the differ-
ence between the recovery rate and 100%, the smaller the probability that system-
atic errors occur when using the testing method.

The recovery rate RR can, in a way similar as for bias, be determined by mea-
suring a reference material R:

RR="X .100% (8.9)
XR

Here, x denotes the average of the test results and xi the expected value for the
sample.

It should be noted that the results for the reference materials used to calibrate
the spark spectrometer fluctuate to different degrees around the calibration func-
tion. Thus, the determination of RR depends on the selection of the reference
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material. Furthermore, RR is not constant over the entire calibration range. RR is us-
ually higher for medium concentrations than near the detection limit and, in the case
of curved calibration functions, for high concentrations. Therefore, it may make sense
to establish a function for which the recovery is dependent on the concentration.

8.1.8 Selectivity/specificity

Selectivity and specificity are related terms that are often used synonymously.

The “ability of a method to detect different indicators to be determined in paral-
lel without mutual interference” is referred to as the selectivity [7].

The specificity describes “the capacity of a testing procedure to determine differ-
ent test values to be determined in parallel without mutual interference and thus to
clearly identify them” (corresponding translation of the definition contained in [6]).

When applied to spark emission spectrometry, this means than an analyte can
be determined without having significant interferences caused by overlaps from
other analyte lines. While line interferences are unavoidable for many important
analyte lines, they must be kept within limits and their effects minimized using cor-
rection algorithms (see Section 3.9.5).

However, there is no clear mathematical definition for either of these terms.
Rather, an indirect assessment must be made by observing the bias, reproducibility or
recovery rate.

8.1.9 Robustness

The robustness is a “measure of the ability of a testing method to deliver a test result
that is not or only slightly falsified by small changes to the test parameters or environ-
mental conditions” (corresponding translation of the definition contained in [6]). In
this sense, the robustness describes the independence of a testing method and its
results from influencing variables, such as operator, environmental conditions or
location.

The collective term “robustness” captures the aspects of method robustness and
process stability.

While the method robustness captures the susceptibility to failure due to
changing of the method parameters, the process stability examines the changes to
the results based on a longer series of analyses.

When determining the reproducibility, measurements were recorded under re-
producible conditions. These allow changes to the parameters, for example, analy-
sis and sample preparation can be performed by different operators on different
similarly built instruments under variable environmental conditions.
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After each variation, it is possible to check the influence on the results using
a reference material.

In many cases, particularly when the analytical system is operated exclusively
under controlled laboratory conditions, assessment of the robustness can be dis-
pensed with.

8.1.10 Linearity

The “capability of a method to deliver results that are proportional to the concentra-
tion of the analyte within a given concentration range” is referred to as the linearity
(corresponding translation of the definition contained in [7]). Therefore, there must
be a clear mathematical relationship between the concentration of the analyte and
the measured signal that can be described with an evaluation function f that is at
least monotone. This means formalized: From x > x' it follows that f(x) > f(x'), where
x and x' are intensities and f(x) and f(x') are the associated concentrations calcu-
lated from the calibration function.

The term “linearity” wrongly suggests that only linear regression models are al-
lowed. Other mathematical models are normally required for spark emission spectrom-
etry, for example, a higher order regression function with additional corrections to
compensate interelement effects to generate an effective, precise evaluation function.

As a rule, the calibration can be used to determine the linearity for spark emis-
sion spectrometry. Here, usually more than 20 samples with known concentrations
are used. They are either certified or tied to SI units through reference methods.

Evaluation of the linearity can either be done visually based on the correlation
coefficients or using a residuals analysis.

Only larger deviations can be detected with a visual evaluation. The correlation
coefficient should be as close to one as possible.

Residuals analysis is a valuable method for deciding which model best de-
scribes the relationship between measured signal and concentration. Such func-
tions are usually implemented in modern spark spectrometer software and have
already been described in Section 3.9.5. For all models, the squares of the differen-
ces between the points determined (signal, concentration) and the calculated func-
tion are added. The least squares method is the preferred model for simple cases
(given the presence of a linear function and the absence of additive and multiplica-
tive corrections). For models with a larger number of degrees of freedom (higher
polynomial degree, several interelement and line interferences), the function deter-
mined must be examined for plausibility. If the model is a second-degree polyno-
mial with two additive and two multiplicative interfering elements and if only
seven samples have been measured, a calibration function is determined that yields
zero as the sum of the deviation squares. However, the calculated interferences and
polynomial coefficients do not necessarily reflect reality.
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8.1.11 Measurement uncertainty

Laboratories accredited according to DIN EN ISO/IEC 17025 [11] must have procedures
for estimating the measurement uncertainty for measurements with spark spectrome-
ters and they have to apply them. As explained in the previous sections, a spark spec-
trometer can never deliver the actual “true” value x. Rather, the analytical result is
influenced by both systematic and random errors. If the measurement uncertainty u is
properly determined, the true value lies (with a given, high probability) within an inter-
val [x — u, x + u]. If this interval is narrow, it proves the competence of the testing labo-
ratory for the method in question and enables the client to judge the test results.
Example: A client has ordered a material of the grade 1.4401 and received it together
with a certificate indicating a molybdenum value of 2.12% with a measurement uncer-
tainty of +0.1%. According to standards, Mo concentrations between 2.0 and 2.5% are
permitted for this material. The client can be quite sure that the Mo concentration lies
within the permissible limits. If the measurement uncertainty is higher, for example,
by 0.2%, this decision could not be made with high certainty. The factors that influence
the measurement uncertainty have already been discussed in the previous sections.
Every one of these factors must be considered in order to quantify and minimize its
contribution to the measurement uncertainty.

There are two different approaches that can be used to determine the total mea-
surement uncertainty.

The bottom-up method

This method, described in the GUM (Guide to the Expression of Uncertainty in
Measurement) [12] requires complete understanding of and a mathematical formu-
lation of the measurement uncertainty for all work steps of the testing procedure, in
our case for each of the analytical methods for spark spectrometry. All relevant ac-
tions must be covered — from sampling and sample preparation to every aspect of
the instrument technology. Subsequently, the partial errors, the so-called measure-
ment uncertainty components, are combined into a total measurement uncertainty.
The error propagation law is used to combine them.

The bottom-up method is unsuitable for calculation of the total measurement
uncertainty for analyses with spark spectrometers. The interrelations, especially the
interaction between material ablation, atomization, and ionization are very com-
plex (see Sections 3.2.1 and 3.2.2) and have still not been fully understood even
today. It is very hard to generate realistic mathematical models.

The top-down method
The top-down method uses a different approach. Certified reference samples are
measured and the procedures described in Sections 8.1.2 to 8.1.10, especially the
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bias (8.1.6) and the recovery rate (8.1.7), are used to estimate the measurement
uncertainty.

All error components, including the contributions from sampling and sample
preparation, enter into the measurement uncertainty determined in this way. For
this reason, the top-down method offers good results for reasonable effort.

The top-down method is described in detail in the Nordtest Report TR537
Handbook for Calculation of Uncertainty in Environmental Laboratories [13], further
information dealing with this subject, some with examples, can be found in various
publications [14-18].

8.2 Reference materials

Reference materials, abbreviated to RM, and certified reference materials (CRM)
have already been mentioned in various parts of this book. The ISO Guide 30 refers
to a reference material as a “material, sufficiently homogeneous and stable with re-
spect to one or more specified properties, which has been established to be fit for
its intended use in a measurement process” [19]. Other standards also go along
with this definition [20-22].

Reference samples for purposes in spark spectrometry can be categorized as follows:

— Calibration samples are used to determine the calibration functions. Here, the
best possible bias of the concentrations stated in the certificate is of central im-
portance. Whenever possible, certified reference materials are used for the cali-
bration. Certified reference materials are issued by government institutions or
commercial providers. Examples for government institutions are: the
Bundesanstalt fiir Materialpriifung (BAM) (Federal Institute for Materials
Testing) in Germany or the National Institute of Standards and Technology
(NIST) in the United States. Extensive round robin testing is required before cer-
tified reference materials can be issued, which is reflected in the high prices. To
assess whether a certified reference material is usable for a specific purpose, it
is advisable to survey the measurement uncertainty stated in the certificate. In
addition, it is a measure of quality when a large number of renowned laborato-
ries have participated in the round robin tests. Requirements for certificate con-
tents are specified in ISO-Guide 31 [22].

— Even for certified reference materials, the true concentration values are not
known with absolute certainty. However, it can be assumed that the concentra-
tions stated for these materials approximate the true values. In this context, they
are referred to as correct values. This makes reference materials an indispensable
tool for investigating the accuracy of testing methods using spark spectrometers.

— Recalibration samples are used to return the current state of the instrument to
the state at the time of the calibration (see Section 3.9.6). Here, the main focus
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is placed on the homogeneity of the sample. Inhomogeneity can lead to varia-
tions in the recalibration measurement average values even if the state of the
instrument has not changed. The accuracy of all the analyses subsequent to
a faulty recalibration is then compromised. As a rule, recalibration samples are
much less expensive than certified reference materials. If the homogeneity of
recalibration samples has been demonstrated, they can be used to determine
the precision of the testing method using spark spectrometers.

Control samples serve to check the methods for spark spectrometer methods at
regular intervals. Such measurements are carried out periodically, the measure-
ment results flow into quality control charts. Quality control charts are described
in the next section. Certified reference materials are less likely to be chosen for
such control purposes, as these are expensive and they are quickly consumed
through constant sample preparation and sparking. This results in the need to
produce internal reference materials for instrument controls. Such samples are
referred to as in-house standards, secondary standards or secondary normals.
However, one hurdle is the fact that it is generally necessary to trace the analysis
of secondary standards to SI units. Testing laboratories that operate in accor-
dance with DIN EN ISO 17025 [23] are required to demonstrate traceability to SI
units before using secondary standards.

To demonstrate this, a procedure that enables samples to be synthetically produced
is used. One such method is inductively coupled plasma optical emission spectros-
copy (ICP-OES). For this method, primary substances are dissolved and mixed to
obtain the concentrations desired. Primary substances are very pure materials, the
analysis of which amounts to the chemical formula.

Traceability to SI units proceeds as follows:

1.
2.

The material intended to be a secondary standard is brought into solution.
Calibration solutions, that correspond to the secondary standard in terms of the
matrix, are created from primary substances. The analytes of interest must be
present in graduated levels above and below the concentration of the secondary
standard.

The ICP-OES instrument is calibrated using the solutions.

For the plausibility test, certified reference materials that have compositions as
close as possible to those of the secondary standard are brought into solution
and used to check the calibration of the ICP-OES instrument.

If, in the context of the measurement uncertainty, the analysis of the CRM does
not result in the expected values, then a mistake has been made. Steps 2 to 3
must be repeated.

If the analytical results for the CRM lie within the scope of the expected mea-
surement uncertainty, then the secondary standard can be measured on the
ICP-OES using the method established in Step 3.
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7. The measured values as well as the procedure for their determination must be
documented in a test report. The secondary standard can now be used in the
context of control measurements for spark emission spectrometry.

Of course, proof must also be provided that the secondary standard is sufficiently
homogeneous. This test can be performed on the spark spectrometer itself. In gen-
eral, no statistically significant dependence of the analytical results on the location
of the burn spot should be discernible. However, a small amount of inhomogeneity
is usually tolerated at the center of the sample for round materials. Here, it is cus-
tomary to position the burn spots on a circle that is about 20 mm smaller than the
diameter of the sample, thus omitting the center of the sample.

8.3 Quality control charts

Quality control charts (QCC) were first used for production monitoring by the
American, Walter A. Shewart, in the twenties of the last century. The examination of
production fluctuations using statistical means had already been considered in the
19th century [10, 24]. One type of quality control chart, the average value chart, which
is occasionally also called the x control chart (x-CC), is particularly suitable for the
monitoring and optimizing of measuring methods for spark spectrometers. For this
purpose, in average value charts, for example, the averages from analytical control
samples are plotted against time. Strictly speaking, an entire set of X-CC is kept for
each analytical control sample - every element being monitored has a chart. The
analytical control samples are often reference materials (RM) or certified reference
materials (CRM). However, in principle, secondary standards can also be used if
they are homogenous enough.

To be able to work with x-CC, so-called warning and intervention limits must be
specified before the control phase (see Figure 8.2). This can be done by calculating
the averages and standard deviations for element concentrations from 20 to 30
averages.

Warning and intervention limits are set as follows:

— The upper warning limits (UWL) are obtained by adding twice the standard devia-
tion to the average determined in the preliminary phase. The lower warning limit
(LWL) results from subtraction of twice the standard deviation from the average.

— The upper intervention limit (UCL) and the lower intervention limit (LCL) are calcu-
lated analogously. Here three times the standard deviation is added or subtracted.

It is problematic to use a target value, for example, a certified value from a reference

material, instead of the average determined in the preliminary phase. As has already
been explained in Section 8.1, many reference materials lie systematically above or
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Average value control chart for method M, control sample K, element Cr
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Figure 8.2: Example of an average value control chart.

below the calibration function. A properly determined calibration is, however, a com-
promise by which the curve is calculated so that the deviations over the collective of
all the reference materials is as small as possible. Thus, it is better to use the average
value determined in the preliminary phase.

In the utilization phase, it should be promptly checked after every new measure-
ment of an analytical control sample whether there is a so-called out-of-control situ-
ation. Out-of-control situations are discussed, for example, in [25], page 36 et seq.

An out-of-control situation is usually assumed when:

— The value for an element is above the upper intervention limit or below the
lower intervention limit.

— The warning limits are frequently exceeded, for example, when two from three
measured values are above the UWL or below the LWL.

— A specified number of subsequent measured values are above or below the av-
erage value (usually, a limit of seven or eight is chosen here).

— When a larger number of measured values are observed and they are found to
be predominantly (e.g., 10 of 11 or 18 of 20) above or below the average value.

— The average values rise or fall n times in succession, that is, there is a trend.
A value of seven or eight is usually chosen as a value for n.

Figure 8.2 shows an example of an average value control chart.

The utilization of software for statistical process control simplifies timely evalua-
tion of average value control charts. Immediate intervention is required if out-of-
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control situations are detected. In the simplest case, this could be the recalibration of
the spark emission spectrometer. Other possible actions are routine maintenance pro-
cedures, such as cleaning of the spark stand or the inlet to the optics. If the possible
remedial measures do not lead to success, the spectrometer must be shut down and
blocked for further use. It is advisable to define a catalog of possible actions in advance
to ensure a quick and efficient response when necessary.

The average value control chart described above is, in connection with spark
spectrometers, the most commonly used type of control chart. In addition, there are
other forms, however, they find little application in spark analysis.

Detailed information on the structure and use of quality control charts can be
found in the relevant specialist literature, for example, in Timischl [10] and Faes [25].

8.4 Validation

If the laboratory conducts a validation, it establishes that the testing method is suitable
for fulfilling a defined testing task in accordance with the client’s testing requirements.
The client may be another department in the company or an external customer. Thus,
it is not possible to conduct a validation if the requirements of the client are not
known.

The validation proceeds according to the following scheme:

1. First, in communication with the client, it must be clarified what the testing
method must do to solve the analytical problem. A validation plan is created.

2. Then, the testing method that appears to be the most appropriate is selected.

3. If the indicators are known (see Section 8.1) for the selected testing method,
continue the process with point 5.

4, If the indicators for the testing method are unknown, they must first be deter-
mined. The data recorded for this must be traceably documented and archived.

5. The indicators are now checked to be sure that they are such that the require-
ments determined in point 1 can be met.

6. If this check is negative, return to step 2 and try to find an alternative method.

7. [If the indications allow fulfillment of the requirements, a validation report must
be drawn up to demonstrate compliance with the indicators necessary for the
validation plan. The testing method is now validated.

8. Finally, approval must be granted by an authorized person.

The requirements for a validation are summarized in document 71 SD 4 019 from
the Deutschen Akkreditierungsstelle (DAKKS) [26] (German Accreditation Body). This
can be viewed and downloaded from the DAKkS Homepage.

A practical example explains the validation process. The numbers in parenthe-
ses indicate the associated validation steps in the description above:
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A company contacts the laboratory because they suspect a mix-up in a stack of
pipes and requests clarification as to whether the wrong workpieces are actually in
the lot. In dialogue with the company, it becomes clear that the target grade is
1.7225 (42CrMo4) and the wrong material can only be the grade 1.7218 (25CrMo4),
because pipes of the same dimensions are only produced with these materials.
Sorting must be performed using the element carbon, as the tolerances for all other
elements overlap. According to the standard, the maximum carbon concentration
for the material 1.7218 is 0.29%, the minimum carbon concentration of the grade
1.7225 is 0.38%. The difference between the two grades is, thus, 0.09%. This results
in the requirement to determine the carbon concentration with a measurement un-
certainty of better than 0.04%. This must also be possible on the curved pipe sur-
face, which can only be prepared with a hand grinder. These conditions are
included in the validation plan (Point 1 of the validation process).

The testing methods that come into question are measurements with a handheld
XRF instrument and a mobile spectrometer in arc or spark mode. One of these three
methods must be chosen. In the situation assumed in this example, the handheld XRF
spectrometer is eliminated, because the element carbon cannot be determined with it.

As a next step, the possibility of sorting with an arc spectrometer is investigated,
as less effort is required for the sample preparation than for spark measurements
(Point 2).

The indicators for measurements on low-alloy steel in arc on ground pipe surfa-
ces are known in the laboratory. Their check shows that the bias achievable with
arc is not sufficient. Even sorting with the sorting method described in Section
6.7.5, for which the repeatability limit is the relevant indicator, does not appear to
be feasible (Point 5).

Therefore, they consider spark. The indicators for low-alloy steel are known only
for flat samples and not for curved surfaces like those for pipes. That is why the influ-
ences of this curved surface on the indicator must be determined. Measurements are
carried out on sample pipes for which the analysis is known. The measured data are
stored. It turns out that the bias is not affected compared to the flat, optimally prepared
samples. The precision is only marginally worse (Point 4). To compensate for the
slightly worse precision, a double measurement is performed on every pipe. Then, it is
possible to determine the C concentration with a measurement uncertainty of 0.02%.

A short validation report in the form of a table, which also specifies where the
validation data can be found, is created. A testing procedure is also prepared, speci-
fying the modalities of the test including sample preparation and the required qual-
ification of the tester. Herewith is the validation complete (Point 6).

The laboratory supervisor approves the validation with date and signature.
Testing can begin (Point 7).

This example describes a fairly simple case. As a rule, validation involves a more
complex analytical task, such as the analysis of low-alloy steel, high-alloy steel or
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cast iron for the monitoring of melt processes. In these cases, the validation is
much more complicated, but, in principle, follows the same scheme.

The DAKKS document on validation and verification of test methods [26] men-
tioned above explains that there are several levels of validation. The validation re-
quirements of standardized procedures are much lower than for a basic validation
of a non-standardized testing method.

The DAKKS document 71 SD 1 005, which defines the minimum requirements
for the accreditation of spark optical emission spectrometry [27], specifies that test-
ing methods for spark emission spectrometers must always be treated as in-house
methods and require primary validation before being used. As a rule, traces, me-
dium and high concentrations are determined in parallel with spark emission spec-
trometer. For a primary validation, this means that the indicators discussed in
Section 8.1 for working range, detection and determination limit, precision and ac-
curacy must be determined. In addition, the selectivity should be investigated. It is
also advisable to check the robustness of the method.

A so-called routine validation (tertiary validation) should be conducted during
normal operations. On one hand, this is done by measuring control samples and
recording the results in the quality control charts known from Section 8.3. On the
other hand, the laboratory should regularly participate in round robin testing and
proficiency tests. The type and frequency of routine validation measures should be
defined in a plan.

8.5 Quality management systems

Currently (2017), in Europe, DIN EN ISO 17025:2005 [11] is the central standard regu-
lating all quality assurance activities in analytical laboratories. In the introductory
article to DIN EN ISO/IEC 17025:2005-08 [28] the standard is demarcated from other
quality standards, for example, DIN ISO 9001. When drawing up DIN EN ISO 17025
it was ensured that it would be possible to work simultaneously with a quality man-
agement system in accordance with DIN EN ISO 17025:2005 [11] and to the then
valid version of DIN ISO 9001:2000 [29]. Both standards are based on similar princi-
ples, but DIN EN ISO/IEC 17025:2005-08 provides a framework that helps in prop-
erly conducting measuring and testing applications.

However, in the meantime, DIN EN 9001:2015 [30], in which additional require-
ments are defined, applies. Compatibility to this standard is important because it
defines rules for company-wide quality management meaning that, in addition to
the laboratory, departments such as production, sales, service and research and
development are included. Many customers expect certification according to DIN
EN ISO 9001. DIN EN ISO/IEC 17025 is, in turn, the basis for accreditation.
Therefore, conformity to this standard is often essential. A revision, which is cur-
rently (2017) in the drafting stage, is also planned for DIN EN ISO/IEC 17025 [31].
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The IATF 16949 [32] is another generic standard that is often used in parallel to
DIN EN ISO/IEC 17025. It is similar to DIN EN 9001:2015, but has an internationally
oriented approach, which is advantageous for companies because they do not
then have to work in conformity with several different national quality standards
at the same time. This standard can be understood to be an extension of DIN EN
9001:2015. An explanation of these extensions can be found in P. Strompen [33].

The regulations in DIN EN ISO/IEC 17025 are of both an organizational and

a technical nature.

Key organizational requirements:

The quality policy must be defined and laid down in writing.

The organizational structure and all relevant processes used in the laboratory
must also be recorded in writing. The processes to be described include not
only testing, calibration and sample preparation tasks, but also the handling of
training and further education and managing of customer orders.

All employees of the laboratory, insofar as they perform analytical tasks, must
be familiar with quality documentation and must work in accordance with the
processes defined there.

There must be a document control system that ensures that valid versions of the
documents are used. Here the term “document” covers a wide range and in-
cludes, for example, work instructions, meeting protocols, descriptions of meth-
ods and procedures, technical drawings, software, databases of analyses, etc.
The way in which customer complaints are dealt with must also be regulated.
The management system should be regularly evaluated according to a specified
plan, whereby the results of internal audits, customer feedback and com-
plaints, results of round robin and proficiency tests should be included.

Key technical requirements:

Persons performing measuring, testing and calibration tasks must have the nec-
essary qualifications for this work.

Adequate rooms must be available.

Measuring and testing methods must be validated and their measurement un-
certainty estimated before being used.

The laboratory must have all necessary equipment required for proper perfor-
mance of the testing. This includes, in addition to measuring instruments,
equipment for sampling and sample preparation. The equipment must be regu-
larly inspected and maintained.

Calibrations and measurements must be traceable to SI units. If this is not pos-
sible, a calibration can be conducted with certified reference materials.

The quality management manual specifies how the above-listed requirements are to be
implemented in the laboratory and how to act in specific cases. This is a company
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internal set of rules for the laboratory. Figure 8.3 shows the structure of such a quality
management manual. The establishment of a quality management handbook is com-
plicated, details can be found in the relevant literature [29-31, 34, 35].

Quality management manual

General

« Revisions directory

« Table of contents

« Scope |

Testing strategy
« Quality policy

« Impartiality

« Standards

Management Processes

Organization

Business plan

Organizational structure

Tasks and processes

Facilities and rooms

Interfaces

Customer and employee satisfaction
Employee qualification/competence

Contract review

Protection of
confidential information

Development

| Quality goals

- — Testing control
QM system « Sampling
« Basis « Sample labeling

« Sample preparation
« Interfaces to third parties

« Document structure
« Work instructions
« Standards and techn. guidelines

Testing

« Implementation
Documents « Test report
« Creation/authorization « Reference materials
. Guid.alr.\ce « Control analysis
« Archiving « Validation

Employee qualification
« Training
« Performance testing

Continual improvement
process

Supporting processes

« Inspection equipment monitoring
« Inspection equipment acquisition
« Sample management

« Corrective measures
« Internal audits
« Statistical methods

Figure 8.3: Structure of a quality management manual.

Testing instructions must be established for all testing methods used in the labo-
ratory. Examples for such testing methods for arc and spark spectrometers could be:
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— The analysis of low-alloy steels with a stationary laboratory spark spectrometer
— Material control with mobile spark spectrometers
— Sorting with a handheld arc instrument

Work instructions must include numerous formal (revision number, testing pur-
pose, scope, etc.) and technical aspects (instruments and tools/aids, sample prepa-
ration, analyses, etc.). Figure 8.4 shows a serviceable structure.

Work instructions

Revisions directory

Testing purpose
Scope
Competence

Implementation

e Instruments and tools
Sample definition
Sample preparation
Calibration
Recalibration

Testing dimensions
Analysis

Control samples

Results and
documentation

Procedure for deviations
Maintenance

Associated documents

Figure 8.4: A set of working instructions.

8.6 Accreditation

The word accreditation is derived from the Latin “accredere,” which can be trans-
lated as “believe” or “(give) credit” [1]. It is always individual methods that are
accredited, blanket accreditation of an entire laboratory is not possible. Thus, ac-
creditation of a spectral laboratory in regard to spark spectrometry is more or less
a certification that the laboratory has the expertise to conduct the method of spark
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spectral analysis. The accreditation refers to precisely defined material groups.
“Low alloy steels” or “cast irons” are examples of such material groups.

Measuring and testing conducted by laboratories often serve to prove that prod-
ucts comply with legal requirements. This applies, for example, to medicinal prod-
ucts or for the monitoring of limiting values in the environmental sector. Thus,
based on EU directive no. 765/2008 [36], all EU member states have set up national
institutions responsible for accreditation. In Germany, the federal government es-
tablished the Deutsche Akkreditierungsstelle (DAKKS, German Accreditation Body),
in other countries of the EU there are similar accreditation bodies. The DAKKS per-
forms tasks of public authority although it is a private sector organization. Further
information can be found on the organization’s homepage [37].

DAKKS also carries out accreditations in the field of spark optical emission spec-
trometry. Spark emission spectrometers are not usually used to verify compliance
with legal requirements. Therefore, accreditation is generally not absolutely neces-
sary. But, the acceptance of its test results by its customers and suppliers increases
if the laboratory is accredited.

The standard DIN EN ISO 17025 [11], which has already been discussed in
Section 8.5, is the basis for accreditation of spark optical emission spectrometry. The
document 71 SD 1 005 is a guide from the DAKKS [27] that specifies the minimum re-
quirements to be met in order for a laboratory using a spark spectrometric method to
operate in compliance with DIN EN ISO 17025 thus enabling accreditation.

This compact guide addresses the following points:
— Scope of accreditation
— Process description
— Contents of the work instructions
— Qualification requirements for the personnel
— Requirements for the rooms
— Requirements for the certified reference materials
— Requirements for the base calibration
— Participation in proficiency tests
— Requirements for the form of testing reports

The section “Process Description” stipulates that spark spectrometric testing meth-
ods are always to be treated as in-house procedures. The consequence of this classi-
fication on the validation has already been discussed in Section 8.4.

How the metrological traceability must be demonstrated is specified in the
Merkblatt zur messtechnischen Riickfiihrung im Rahmen von Akkreditierungsverfahren
(Technical Note for the Metrological Traceability in the Accreditation Process) [38]. This
document is available on the DAKKS Homepage. It also deals with the requirements for
calibration and traceability of measuring and testing equipment in the context of DIN
EN ISO 9000 [39] or DIN EN ISO 9001 [30]. This is of interest because spark emission
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spectrometers are frequently used as measuring equipment in DIN EN ISO 9000 or
IATF 16949 compliant quality management systems.

The DAKKS document Einbeziehung von Eignungspriifungen in die Akkreditierung
(Use of Proficiency Testing in Accreditation) [40] describes what is meant by profi-
ciency testing, which is absolutely necessary for accreditation, and which rules must
be followed. This document is also available from the DAKkS Homepage.
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100% inspections 291, 297, 300, 307

abrasive material 203
absolute intensity levels 136
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accuracy 310, 311

acid-soluble aluminum 238, 243
acousto-optical modulators (AOM) 86
active pixel sensor (APS) 154
adapters

— for arc mode 297

— for fillet weldings 265, 266
— for small parts 265, 266, 297
— for tubes 265, 266, 297

- for wires 265, 297
afterpulsing 141, 142

allowed transitions 18
aluminium alloys, analysis of 215-216
aluminum scrap sorting 260
analog shift register 148-149
analysis

- of coatings 298

- of foils 97, 298

- of pipes 297

- of small parts 97, 297

- of tubes 297

- of wires 297

analytical sensitivity 4

angle of diffraction 112

angle of incidence 112

anode burn spot 45, 52

anode of a PMT 138

arc

— alternating current 7

- direct current (DC) 7-8, 42-59
— free burning 7-8

— stabilized 7

arc spectrum

- of a graphite sample 43
arc/spark AES 3

area sensors 123

argon 8

- 4.8 102

-5.0 102

- 6.0 102
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- block 106

- closed system 106

— for spectrometry 102

- hydrogen mixtures 103

- purifying system 106

- welding 102

atomic absorption spectroscopy (AAS) 238
atomic emission spectroscopy (AES) 1
atoms 11

austenite 233

average value control chart 313, 321-322

Balmer series 12-13, 16
Balmer, Johann Jakob 11

band model for ablation processes 241
battery packs 277

Beeghly method 237

bias 310

black malleable cast iron 295
blaze 127

blaze angle 112

blooming 148, 151

Bohr, Niels 12-13

Bohr’s atomic model 12-13
bottom-up method 318
Brackett series 12, 16
bremsstrahlung 63, 65, 76, 160
Bunsen, Robert Wilhelm 3-4
burn spot size, spark 68

burn voltage

- of the arc 49

- of the spark 70

calibration curve 57, 71, 170-172
calibration function 173

carbides 176, 213, 227, 237

carbon analysis, arc mode 278
carrier gas hot extraction 212, 237, 247
carrier materials for gratings 124

cast iron

— analysis of 212-214

- grey 295

- nodular 295

- sample with graphite inclusions 215
- vermicular 295
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cathode burn spot 45, 50

cathodes

— Ce-Te 140

— compact 140

- low noise bialkali 141

— multialkali 141

- Sb-Cs 140

- Sb-K-Cs 141

— Sb-Na-K 141

— Sb-Na-K-Cs 141

— Sbh-Rb-Cs 141

- semitransparent 140

CCD 6, 147-151

- arrays 118, 119, 147-151

- dynamic range 151

- pixel 147

- semitransparent 140

- two dimensional arrays 150

CE mark 277

certified reference materials (CRM) 319-321

charge coupled device see CCD

charge injection devices (CIDs) 151

charge-transfer device (CTD) 147

chlorination 237

cladding 128

cleaning cartridges 104

CMOS 143, 153-157

CMOS detector 153-157

- dark current 154

CMOS pixels 155

- typical dimensions 154

CMOS sensor

- transmission function 154

collisional broadening 29

color centers 132

complete spectrum recalibration 175, 176,
178-186

concave grating 111-117

concentration ratios

- necessity of 170, 172

condensate 39, 69, 88, 95, 97-99

continuum 21

control sample 137, 220, 320-321

copper alloys, analysis of 217

copper electrodes 264

copper mold 213

copper tubes 106

correction of the pixel offset 181

correction of the pixel sensitivity 180

correction of the resolution 184

correction of wavelength dependent sensitivity
changes 184

corrections

— additive 171-172

— multiplicative 173

counter electrode 44-45, 49,52, 54,59, 65,
69, 72, 98, 100-101

crossed Czerny-Turner mount 39, 272-273

cyanide band 43-44, 257

dark current 141, 144, 154, 157
degree of purity 233
densitometer 5, 110
detectability 4

detection limit 308-310
detection limits for larger mobile spectrometers
—arc mode 298

— spark mode 296

detection limits, DC-arc 56
dichroic mirror 85, 87
diffraction order 112

diffuse discharges 70

diode arrays 146

diode pumped solid state laser (DPSS) 259
dipping mold 197

Dirac, Paul 13

disc grinding machines 203
discharges

— concentrated 69

— diffuse 69

dissolution process 237
distillation effect 57, 58
Doppler broadening 29, 63
double clad fiber 83

Du Bois-Reymond, Emil 8
dynodes 138

echelle gratings 122

echelle optic 122,123
echellette-grating 127
eigenenergy 14

Einstein, Albert 5

electric arcs 4-7
electro-optical sensors 39-40
electro-optical switch 80
Elster, Julius 5, 137

entrance slit 108, 111-115, 122-123
— direct illumination 268
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—random 309-310

— systematic 310

eV (electron volt) 16
excitation conditions 28
exit slits 110, 111

FBG see Fiber Bragg Grating

ferrite 233

fiber

— laser-active 82-84

Fiber Bragg Grating 84

fiber core, doping of 84

fiber laser 81, 82

fiber optics 37, 81-82, 95, 114, 128, 262-263

fingerprint algorithms 58, 280

first Hund’s rule 26

flash lamp 78

fluorescent coating 151

focal curve 110-112, 114-117, 119-121, 131-132,
134, 140, 168

focus of Rowland-circle gratings 113

folded Paschen-Runge optic 271

four-level laser system 78

Fraunhofer lines 4

free electrons 22

free-cutting steels 212, 294-296

galvanostatic electrolysis 237
gap distances 69

gas-tight bell 95-96
Gaussian fit 169

Geitel, Hans 5, 137
generators

—arc 36, 42,52

- sliding spark 36

- spark 36, 59-77

Gerlach, Walther 4-5, 60, 72-73, 108, 136, 169
gold-leaf electroscope 137
grade identification 262, 283-288
graphite

- lamellar 212-213, 295

- spheroidal 212-213, 295
grass 126

gratings 112, 124-127

- blank 124

- blaze 127

—errors 126

- flat field 120-122
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- handling of 127

— holographic 39

- normal 111

- phantoms 126

- photo-technically produced 124
- replication of 125

- ruling machine 124

Grubbs outlier test 313-314

Hamilton operator 13-14

handheld laser instruments 92, 258
handheld spectrometers 8, 34, 37, 42
- construction of 256

handling, DC-arc 59

hollow profile optic 274

housing 41

hydrogen, analysis of 212

ICP (inductively coupled plasma) 7, 320
ICP-OES 237, 238, 320
identification of metals 3
ignition

- of the arc 45

ignition unit 256

ignition voltage 47
immersion probes 197-199
immersion samples 199
inert gas system 38
inclusions

- acid-soluble 238

- precipitated 238

inert gas system 38
interferences

- additive 171-172

- interelement 57, 173
intervention limits 321

ion etching 125-126

j-j coupling 26
Kirchhoff, Gustav Robert 4, 42, 59

laboratory precision 313, 314
laboratory spectrometers 33

laser

— diods, as pump sources for lasers 82
- excitation with 36

- Q-switched 79-81

least squares method 170-171
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LIBS 78, 81, 85, 89

— permanently installed systems 92-94
light microscopy 238

line switch 187

linearity 317

lower intervention limit (LCL) 321-322
lower warning limit (LWL) 321

Lyman phantoms 126

Lyman series 16-17

Master Oscillator Power Amplifier (MOPA) 86-87

material control 262

measurement electronics 40, 157-164

measurement uncertainties 209, 220,
222,283-284, 286-287, 291, 307-308,
310, 318-319

— for time-resolved measurement 160-163

measuring probe 37-38

measuring time, DC-arc 59

memory effect 185, 299-300

meridional focus 113

- corrected concave grating 121

metastable states 27, 77, 79-80

MgF, passivation 124

micro-alloyed steels 234

microcontroller 40

mirror surfaces 134

mischmetal 226

mobile spectrometers 33, 34

— construction 255

- integrated into a production line 292

MOPA laser 86

natural line width 29

Nd:YAG laser 78

near infrared radiation 1

Ni-base superalloys, analysis of 220
notified bodies 257

one-point recalibration 177

optic housing 134

optical systems 35, 108-135, 269-274
orbitals 25-26

order sorter 122-123

out-of-control situation 322

Paschen series 16
Paschen-Runge mount 39, 111
Pauli principle 23

Pauli, Wolfgang 14

PDA frequency distribution 244-245

peak integration method 243-244

Pfund series 16

photocathode 137-138, 140-141

photodiode 144-145

photodiode arrays 144-146

photographic evaluation 109

photographic plate 5, 109, 110

photomultiplier tubes (PMTs) 5, 39, 111, 137,
138, 161

photoresistor 144

pin electrode 69

Planck, Max 13

Planck-Einstein equation 24

Planck’s quantum of action 25

plasma development 48

PMT window

— borosilicate glass 141

— magnesium-fluoride 141

— quartz glass 141

Pockels cell 80

polychromator 111, 114

population density 30

portable systems 34

potentiostatic electrolysis 238

pre-ablation pulse 94

pre-spark 70-72

precious metal analysis 228

precipitated aluminum 243

precision 310, 311

precision, of the DC-arc 55-56

pressure broadening 63-64

prism spectral apparatus 108

probe 253, 262-266

probe controller 263

probe hose 266-268

probe plug 268

profiling 168

pulse distribution analysis (PDA) 244-245

pumping 78-80, 82

pure aluminum, analysis of 215

pure copper, analysis of 217-218

purge and suction technology 199

quality control charts (QCC) 321-323
quality management manual 327
guantum number

— magnetic 14
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- main 14
— orbital angular momentum 14
- spin 14

rare earth elements 225-226
readout electronics see measurement electronics
recalibrated intensity ratios 175-177
recalibration of channels 176
recalibration samples 174, 319
reciprocal dispersion 116-117
recovery rate 315

reference materials (RM) 239, 319-322
reflection mode PMT cathode 139
refractors 133

repeatability 311-312

repeatability conditions 312, 313
reproducibility 313-314

reset button 262

resonator 79, 83

robustness 316

rotrode 100, 101

rotrode technique 72, 101

Rowland phantoms 126
Russell-Saunders coupling 26
Rydberg constant 12

Rydberg, Johannes 12

S-1PMT photocathode 137

safety requirements 258, 275, 292

sample preparation methods 204

sample preparation, DC-arc 59

sample stand

— arc spectrometers 98

— spark emission spectrometer 95-98

scanning electron microscopy 238

scattering of calibration curves, DC-arc 56-58

Schrédinger equation 13

Schrddinger, Erwin 13

Schweitzer, Eugen 4-5, 60, 72-73, 108, 136,
169

second Hund’s rule 23

secondary standards 321

self-absorption 57, 58

sensitivities of spectral lines 29

shutters 106, 129, 262, 263, 264

silver electrodes 264

single spark analysis 41, 75-76, 245-247

size distribution of inclusions 248

slag phase 233
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Slickers Karl 71, 103, 169, 170, 222, 241, 243

smallest optimum slit width 132

solar blind PMTs 140

solarization 129, 262

solid state lasers 77-81, 259

spacer 96

spark generator, by Feussner 5, 8, 60

spark probe see probe

spark stands 37, 95-98

spectral analysis 3

spectral atlases 29

spectral focus 113

- corrected concave grating 121

spectrometer optics see optical systems

spectrometer samples

- cooling process 195

— homogeneity requirements 195

spectrometer slits 130

spectrometer software 40-41, 165-188,
279-291

spectrometry 1

spectroscope 109

spectroscopy 1

spectrum recalibration 178-186, 282

spline interpolation 165-166, 181

spoon samples 202

stainless-steel tubing 104

start button 256, 262

statistics on the number of sparks 67-68

steels, analysis of 211-212

stray light 126

structure of a CCD line detector 149

superordinate computer 40, 165

tapered fused bundle (TFB) 82-83
three-level-system 78
time-resolved integration 76-77
top-down method 318-319
traceability to Sl units 320-321
transition probability 30
tungsten electrodes 69, 264
two-point recalibration 177

type recalibration 176, 186-187
typical parameters, spark 70-72

upper limits of the concentration range
207-208

upper intervention limit (UCL) 321

upper warning limits (UWL) 321
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338 = Index

V-gauge 96 wave number 11-12, 15
vacuum UV 1 wavelength calibration 168
validation process 323-325 window materials 132

visible range of the electromagnetic spectrum 1  working instructions 328
Wadsworth mount 273, 274 x-CC 321-323

warning limit 321-322 XRD 237
wash bottle 107
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