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Introduction

T. Arai

1.1 The Discovery of X-Rays and Origin
of X-Ray Fluorescence Analysis

The development of the modern theory of atomic structures was initiated
based on the discovery of X-rays (1895). It was further triggered by the aware-
ness of the existence of electrons in the atom, which was clarified by the line
splitting observed when applying an external magnetic field (1896) and by
the scattering of alpha particles at the atomic nucleus (1910). During the
past few decades, X-ray physics has not only inspired and supported various
research and development in the natural sciences, but has also had a ben-
eficial impact on medical applications [1]. In today’s civilized world, X-ray
technology continues to play an important role in the advancement of mate-
rial science, inspections in production processes, and diagnostics for medical
treatment.

Cited below are two evolutional events in the history of X-ray science.

Watson and Crick proposed the DNA structure based on biological and
structural chemistry including X-ray crystal structure analysis. Wilkins
precisely studied the crystal structure using a rotating crystal method. The
consolidation of their works led to the determination of the double helical
structure of DNA, which has a three-dimensional structure of a screwed ladder
and a regular arrangement of the four bases: adenine, thymine, guanine, and
cytosine in the space between the two ladder poles [2].

The combination of the high X-ray transparency of the human body and its
use for medical treatment brought about a notable advance in the use of X-rays
for medical applications. Oldendorf planned to develop a relevant instrument
in 1960. Then, Cormack presented his idea that included a mathematical
treatment for three-dimensional imaging in 1963 and 1964. As Hounsfield used
a radioactive source, a long time was required for taking a picture. Finally, he
developed a computer-assisted tomogram using the consolidated technology
of X-ray tube radiation, X-ray detectors, and computer calculations for the
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preparation of three-dimensional pictures of X-ray intensity and indications
for easy and precise diagnosis. Clinical data were presented in 1972 and 1973.
Many instrumental improvements led to high-grade medical treatment that
was founded on the present X-ray machine [3].

On November 8, 1895, Wilhelm Conrad Rontgen discovered X-rays in
his laboratory at the physics institute of Julius-Maximilians University of
Wiirzburg in Bavaria. He had studied cathode rays using an air-filled Hittorf-
Crooks tube, which was shaded with a black paper. The tube wall was hit by
electrons and emitted light. In his darkened room, he noticed a weak lumi-
nescence which radiated from a fluorescent screen located near the tube. He
recognized “eine neue Art von Strahlen” (a new type of rays), which originated
from the tube. After changing the experimental and surrounding conditions,
he was able to observe the emission of weak rays of light on the fluorescent
screen. He announced the new experimental results. It was immediately recog-
nized that this discovery might be used to look into the structure of a living
human body and the interior of constructed materials [4, 5].

After the announcement by Rontgen, two further important discoveries
were made: radioactivity from uranium by Becquerel (1896) as well as radium
and polonium by Marie and Pierre Curie (1898).

Using an aluminum filter method for the separation of X-rays and an ion-
ization chamber for X-rays detection, Barkla studied the nature of X-rays
relative to the atomic structure. Observing the secondary X-rays which were
radiated from a target sample, he discovered the polarization of X-rays (1906),
the gaps in atomic absorption (1909), and the distinction between contin-
uous and characteristic X-rays, which consisted of several series of X-rays,
named the K, L, M ... series (1911). The intensity and distribution of con-
tinuous X-rays were dependent on the number of electrons in an atom, and
the characteristic X-rays were related to the electron energy configuration in
the atom [6]. In succession to Barkla’s works, the wave properties of X-rays
were investigated by von Laue, who exhibited X-rays diffraction from a single
crystal, which was composed of a three-dimensional structure with a regularly
repeating pattern (1912). The experimental results showed the comparability
of the wavelength of X-rays with the atomic distances and confirmed the wave
properties of X-rays.

W. H. Bragg, who derived the famous Bragg’s formula, was interested
in von Laue’s experiments. Using a Bragg spectrometer, the X-ray reflection
patterns from single crystals of NaCl and KCI were observed to be the regular
patterns of an isometric system showing differences in the X-ray intensity
when comparing sodium and potassium. This was the starting point of crystal
structure analysis with X-rays [7].

For the expansion of radiographic technology, the need for a heavy-duty
X-ray tube emerged. After the tungsten filament (1908) and the tungsten
incandescent lamp (1911) were invented, Coolidge developed a new type of
tube setting, successfully solving the problem of low power and instabilities of
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a gas-filled discharge tube. In this new tube, thermal electrons emitted from a
hot filament hit the target, which was an emission source of X-rays (1913) [8].

Following the investigation of the properties of X-rays by Barkla, Mose-
ley studied characteristic X-rays in an exchange of communications with
W.L. and W.H. Bragg. He put target samples into a gas-filled discharge
tube, which were then irradiated with electrons for the generation of char-
acteristic x-rays. The narrow collimated characteristic X-rays hit the cleaved
surface of a K4Fe(CN)g-H20 crystal and the third-order lines of Bragg re-
flection X-rays were obtained, which were shown in the famous photograph
taken in 1913 [9]. Moseley elucidated the relationship between the character-
istic X-rays and the measured elements, and communicated his experimental
results to Bohr [10].

Siegbahn produced an X-ray spectrometer for a wider range of characteris-
tic X-rays. He measured the wavelengths of characteristic X-rays precisely and
classified them into «, 3, 7y ... according to the X-ray intensities in the respec-
tive series. X-ray spectroscopy was established with these works (1913-1923).

In the next advances, Hadding tried to analyze rare earth elements using
the X-ray method. His work was supported by Siegbahn.

Due to the establishment of the structure of atoms, it became possible
to predict the existence of elements that had yet to be discovered. This was
based on the assumption that undiscovered elements belonging to the same
family of elements in the periodic table have the same chemical features. In
this respect, hafnium was isolated by von Hevesy and Coster (1923) [11] and
rhenium by Noddack and Tacke with the support of Berg (1925).

During the initial stage of the use of X-ray spectroscopy for chemical
analysis, the samples being analyzed were modified (or even destroyed) when
electron excitation was applied, leading to changes in the X-ray intensities.
Hadding, Glocker, and Frohnmayer pointed out the analytical problems of
inter-element effects in quantitative analysis. When electron excitation was
used, Coster and Nishina noticed sample evaporation because of the induced
heat in the sample (1925), and Glocker and Schreiber found concentration
changes in the constituent elements (1928). For the emission of character-
istic X-rays in X-ray spectrochemical analysis, the X-ray excitation method
was adopted as a non-destructive analysis method. Although the relative dis-
tance between the X-ray source and sample was reduced to increase the pri-
mary X-ray intensity, the resultant X-ray intensity was still insufficient to be
measured [12]. On the positive side background X-rays became lower and,
as a result for quantitative analysis, low intensity peaks could be measured
easily.

For the measurement of X-ray intensities an ionization chamber or a pho-
tographic plate had been used. Perrin invented the ionization chamber in
1896, which was used in Barkla’s works and adopted in Bragg spectrometers.
In 1928, Geiger and Miiller produced a new useful counter for the detection
of v-rays and X-rays, called the Geiger-Miiller counter. Although analytical
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principles and procedures had been studied in the academic field, the devel-
opment of X-ray analytical instruments for general use had to wait until the
end of the Second World War.

During the Second World War, the precise measurement of the cutting
angle of quartz was required in mass production of oscillation plates. For this
purpose, an X-ray apparatus was built by Parrish and Gordon based on a mod-
ified Bragg ionization chamber spectrometer (1945) [13]. Based on production
experiences of the X-ray apparatus, Friedman introduced detectors for v-rays
and X-rays, as well as sensing head systems for various X-ray applications
(1947) [14]. Then he started to develop a prototype X-ray spectrometer for
the measurement of diffracted X-ray intensities and Bragg angles. Adopting
a new Geiger-Miiller counter and an electronic pulse counting unit (1947), a
quartz plate which was located at the rotation center of a goniometer was
replaced with a solidified powder sample (1945) [15].

When the iron-containing samples were measured using a Cu target X-ray
tube, an abnormal increase in X-ray intensity was found, because the iron
fluorescent X-rays radiating from a diffraction sample had strayed into the
detector. As a result of the realization that fluorescent X-rays could be de-
tected easily by this measuring system, a new X-ray fluorescence spectrometer
was built. Analytical problems of measuring weak fluorescent X-ray intensities
were encountered in the 1920s and the 1930s, which changed the requirements
for the improvement of instrumentation. Friedman and Birks adopted a high
power X-ray tube with a large window which gave rise to an increase in the
effective solid angle, contributing to a short distance between the x-ray source
in the x-ray tube and the sample to be analyzed. On the goniometer that is
used in X-ray diffraction measurements, a bundle of narrow nickel pipes was
used for collimation. Based on the need for a large reflecting surface, high re-
flecting power and relatively small lattice spacing, NaCl and fluorite crystals
were chosen (1948) [16]. Figure 1.1 shows the X-ray fluorescence spectrometer
developed by Friedman and Birks.

Expanding upon Friedman and Birks’ work, Abbott was successful in
building the first commercial X-ray fluorescence spectrometer in 1948 [17].
These works can be regarded as the beginning of modern X-ray spectrometry.

1.2 Historical Progress of Laboratory X-ray
Fluorescence Spectrometers

In this section, the historical progress and important developments of the
wavelength dispersive method in laboratory X-ray instruments are briefly
reviewed.

In 1964, Birks, one of the pioneers of the X-ray fluorescence spectrometer,
visited Japan and delivered a lecture “X-ray fluorescence: Present limitations
and future trends.” In his lecture, the analytical limits achievable in those days
were reviewed covering elements from sodium to uranium, the detectability of
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Fig. 1.1. The X-ray fluorescence spectrometer by Friedman and Birks [16].

1, X-ray tube; 2, specimen holder; 3, Soller collimator; 4, crystal; 5, Geiger counter;
6, base plate; 7, vernier for setting and reading the angular position of the crystal;
8, pre-amplifier

ppm order, the analytical precision of about 1%, and the possible analytical
error caused by the matrix effects [18]. Concerning the anticipated further
progress of the analytical method, he directed attention to the measurement of
light and ultralight elements, sample preparation, improvement of excitation
and detection of X-rays, utilization of computers for spectrometer control and
analytical calculation as well as to the energy dispersive method appearing
just then.

In 1976, Birks reviewed again the principles of X-ray fluorescence analysis
and the progress of analyzing techniques including the instrumentation and
the evaluation of the new methods. In this review, he emphasized the progress
in the matrix correction method and the fundamental parameter method,
which were led by the evaluation of the X-ray tube spectrum. In addition,
some applications and future expectations were discussed [19].

In 1990, Gilfrich made a survey of X-ray fluorescence analysis. He directed
attention to the new X-ray source, namely, the synchrotron radiation and to
the introduction of synthetic mutilayers as analyzing crystals, to advanced
X-ray technologies such as TXRF and EXAFS, semiconductor detectors for
energy dispersive techniques, and to the significant progress of data handling
with small computers [20].
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Furthermore, in 1997, Gilfrich [21] gave a retrospect on the historical de-
velopment of X-ray analysis during the past 100 years in commemoration of
the discovery of X-ray by W.C. Roentgen.

Against the backdrop of such constructive remarks and the popularization
of the X-ray fluorescence spectrometer, there have been many kinds of X-ray
instruments developed for various measuring purposes, so that the instruments
available today have gone ahead of the prediction by Birks in terms of type
and number.

An X-ray analysis system configured with a X-ray diffractometer and an
X-ray fluorescence spectrometer was introduced by Parrish [22]. As both
equipments were provided with a high voltage power supply for an X-ray
tube and shared a pulse counting system , it was widely utilized in labora-
tory applications. In addition, this spectrometer was equipped with a helium
attachment for measuring soft X-rays.

Spielberg, Parrish, and Lowitzsch described the functional elements of non-
focusing optics and the geometrical condition for their harmonizing combina-
tions [23]. They used a closer coupling of an X-ray tube for the sample and
a large solid angle of primary X-rays for higher fluorescent intensity. Conse-
quently, the inhomogeneity of fluorescent intensity distribution arising from
the change of irradiating density of primary X-rays on the sample was brought
forth. Their equipment was based on the Bragg spectrometer and had a par-
allel beam optics composed of a flat analyzing crystal and a double Soller
collimator. Furthermore, the X-ray tube, the composed X-ray optics, and a
sample container for primary X-ray irradiation were assembled in such a way
as to embody convenience of use.

Arai pointed out that the total reflection from a metal sheet of a Soller
collimator broadened a peak profile in its tails [24]. In addition, he studied
the aberration of peak profiles caused by the vertical (the direction parallel
to the goniometer rotation axis) divergence, reflection profiles from imperfect
single crystals, and spectral overlapping [25].

Campbell and Spielberg, and Parrish and Lowitzsch studied a double Soller
collimator on the basis of a flat crystal X-ray optics [23, 26].

Arai proposed as a practical solution that the horizontal divergence of a
sub-Soller collimator should be two or three times larger than that of the main
collimator, which was dependent on the grade of mosaic structure of analyzing
single crystals.

For the analysis of the light elements, a helium and vacuum path spectrom-
eter was offered by Miller and Zingaro for laboratory-use instruments [27].

An X-ray spectrometer for industrial applications, equipped with paral-
lel beam optics and named Autrometer, was developed by Miller and Kiley
in 1958. It was equipped with a step scanning goniometer, a tandem detec-
tor connecting a scintillation counter and a gas flow proportional counter,
and adapted with a helium path for light element analysis. The spectrome-
ter further incorporated the intensity ratio method designed to maintain the
X-ray intensity stability upon referring to the standard sample intensity for
quantitative determination [28, 29].
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Equipments other than the scanning (and parallel-beam-optics) spectrom-
eters, pursuing the basic features of rapid and high precision analysis for in-
dustrial applications, are the spectrometers equipped with multi-channel fixed
goniometers.

Kemp developed the first combination model of scanning and fixed channel
multi-element X-ray spectrometer based on the development and production
of an optical emission spectrometer [30].

Furthermore, Jones, Paschen, Swain, and Andermann proceeded with the
development of this advanced X-ray equipment, which adopted the focusing
circle optical system with curved crystals, the detectors with the gas discrim-
ination, and the direct capacitor accumulation of electric signals of the detec-
tor [31]. In order to obtain a higher intensity of measuring X-rays, focusing
optics were adopted using Johann or Johansson curved crystals. In the case of
the scanning goniometer, a curved single crystal moved in a straight line away
from the entrance slit on the focusing circle, and then the detector slit on the
focusing circle crawled along the four-leaf rose locus. The distance between
the entrance slit and the curved crystal center was proportional to the wave-
length of the measuring X-rays. The gas discrimination in the detector had
a favorable effect on the intensity reduction of backgrounds and overlapping
X-rays. The capacitor accumulation method was effective to measure a high
counting rate of analyzing X-rays.

For light element analysis of cement samples, a helium path was adopted
by Andermann, Jones, and Davidson [32], and then Andermann and Allen
intensified the X-ray analysis of various materials related to cement industry.
Additionally, a vacuum spectrometer was developed for light element analysis
of cement and steel production applications by Dryer, Davidson, and An-
dermann [33]. In order to procure high intensity stability of the measuring
X-rays and compensate the matrix effect, an X-ray monitoring method to
detect scattered X-rays from the sample was introduced into the intensity
measuring system by Andermann and Kemp [34]. However, the aforemen-
tioned capacitor accumulation and the monitoring method were changed to
the absolute intensity measurement using pulse-counting circuits with a clock
timer and the pulse selection method later.

Anzelmo and Buman presented a combined instrument which contained
a scanning goniometer and several fixed goniometers in one spectrometer, in
1983 at the Pittsburgh Conference. This was a new concept of adaptable use
in an analytical laboratory [35].

In 1995, Kansai, Toda, Kohno, Arai, and Wilson developed a fixed channel-
multi-element spectrometer provided with 40 fixed goniometers by adopting
logarithmic-spiral curved crystal monochromators. For high speed analysis,
high counting rate X-ray intensity measurement of 10 to 50 million counts
per second was carried out with a pure material by means of a combination of
an X-ray beam attenuator and high speed electronic circuits with fast counting
rate response. In the meanwhile, for the impurity analysis of various ores or
high purity materials, two receiving slits located beside each other, one for
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a fluorescent peak and the other for the background, were equipped in a
goniometer for background correction calculation [36].

The core technology of an X-ray spectrometer consists of the excitation
of fluorescent X-rays, the X-ray optics, and matrix correction calculations
based on the fundamental parameter method. Described in this section are
the remarkable progress and development in X-ray optics. Other features will
be touched upon in the following section.

1.3 Measurement of Soft and Ultrasoft X-Rays

The purpose of conducting soft and ultrasoft X-ray measurements is to study
the emission spectra influenced by chemical bonding or to make a quantita-
tive determination of low atomic number elements. For the study of emission
spectra, a high resolution spectrometer, and for quantitative determination,
a high intensity one are required, respectively. The analytical problems in a
quantitative determination of low atomic number elements originate from the
inherent performance caused by the low excitation efficiency of soft X-rays
and low reflectivity of spectroscopic device.

1.3.1 X-Ray Tubes for Soft and Ultrasoft X-Rays

In earlier days, most of the X-ray tube manufacturers supplied a side window
tube with a thick beryllium window (about 1 mm thick) for spectrometer use.
Inasmuch as these X-ray tubes are almost inefficient for X-ray measurement
of light elements owing to the low excitation efficiency, new X-ray tubes with
chromium and scandium target were developed on the basis of the side window
structure by Kikkert and Hendry [37]. Characteristic K-radiation from this
new tube passing through a relatively thin beryllium window can effectively
excite the fluorescent X-rays of light elements.

Caldwell used a General Electric XRD 700 spectrometer equipped with a
dual target (W, Cr) tube [38]. For heavy element measurement, the tungsten
target, and for light element measurement like titanium and silicon in high
alloy steel, the chromium target, were used, respectively. The analytical errors
for titanium and silicon could be reduced. It demonstrated an improvement in
the analytical accuracy of light elements by increasing the soft X-ray excitation
efficiency.

Mahn of Machlett Laboratories Inc. developed an end window X-ray tube
with a thin beryllium window and a rhodium target [39]. In order to minimize
the secondary electron bombardment effect on the thin beryllium window, the
target surface was charged with positive potential and the cathode filament
was earth-grounded. The L series X-rays from the rhodium target are effective
for excitation in soft and ultrasoft X-ray regions while the K series X-rays from
the target are effective for heavy element analysis.

Gurvich compared various X-ray tubes and emphasized the advantage of
the end window X-ray tube for light element analysis [40].



1 Introduction 9

In scientific works by Henke, a specially designed demountable X-ray tube
for soft and ultrasoft X-ray excitation was developed [41]. Using a very thin
window or working without a window, an aluminum target for emission of
Al-K lines or a copper target for Cu-L lines was adopted. The target was
charged with positive potential and the filament was earth-grounded to protect
the tube from window damage.

Indispensable features of dispersive devices are a large d-spacing according
to the Bragg equation, high reflectivity due to the crystal structure, and low
absorption. Single crystals having relatively large d-spacing as in EDDT, ADP,
and KAP have been used at the beginning, and later on, PET and T1AP came
into use for soft X-ray measurement.

In ultrasoft X-ray measurement, the role of dispersive devices has been
classified into two categories: to the first category belong high resolution optics
for profile studies based on single crystals, soap multilayered pseudo crystals,
and grating dispersive analyzers, while the second category consists of high
reflectivity devices for measurement of elemental concentration using total
reflection mirrors, and later on, synthetic multilayer analyzers. X-ray analyzers
and dispersing principles are shown in Fig. 1.2.

1.3.2 Scientific Research Work on Soft and Ultrasoft X-Rays

Holliday studied the fine structure of emission lines of O-Ka, C-Ka and
B-Ka and of the L-band of titanium, vanadium, and manganese, upon which
chemical bonding has direct effects, using electron bombardment excitation
of X-ray emission lines, curved grating optics, and a gas flow proportional
counter for X-ray detection [42]. C-Ka X-ray profiles of the F-C system were
studied, to which belong graphite, Fe3C, and mixtures of martensite and
austenite.

Fischer and Baun investigated X-ray emission lines influenced by chemical
bonding using electron bombardment excitation [43]. Studies of K-series of
beryllium, boron, carbon, and nitrogen, of the L-band of sulfur, chlorine, and
potassium, K-series of magnesium, aluminum, and silicon, and self-absorption
effects were carried out by use of flat crystals of EDDT, ADP, and a soap
pseudo crystal, and a gas flow proportional counter.

Henke observed narrow profiles with low background intensity owing to the
lack of short wavelength X-ray components in the primary beam, using the
previously mentioned X-ray tube, flat soap multilayer pseudo crystals which
were developed by means of the Langmuir-Blodgett dipping method, and a
gas flow proportional counter with an ultrathin window [44].

1.3.3 Synthetic Multilayer Analyzers

As reviewed by Barbee, the attempts to develop synthetic multilayer (SML)
analyzers have a long history [45]. Today’s SML analyzers had been introduced
into practical use in 1975-1985. Spiller tried to produce SML analyzers using
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Fig. 1.2. Various X-ray analyzers for soft and ultrasoft X-rays and their principles

a thermal evaporation method controlled by a quartz crystal oscillator [46].
Barbee and Underwood exhibited the theory of X-ray reflection and observed
reflection profiles of various X-rays including C-Ka X-rays using an SML
analyzer [47].
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Using the sputtering method, thin layers of reflecting and spacing films
were arranged alternately on a substrate with smooth surface. Reflecting ma-
terial selected from high reflectivity substances and spacing material having
low absorption within the considered X-ray region were chosen. The total layer
thickness equal to the sum of the thickness of reflecting and spacing layers is
2-20 nm and the total number of accumulated multilayers is 30-100 layers.

For soft X-ray measurement, Gilfrich, Nagel, Loter, and Barbee studied
the feasibility of the development of SML analyzers by comparing a RAP
crystal with a W/C SML upon observation of the peak profiles and reflecting
intensity of the Al-Ke line [48].

Arai, Shoji, and Ryon carried out an ultrasoft X-ray measurement, using
a standard laboratory spectrometer equipped with a rhodium target end win-
dow tube and a W/C analyzer [49]. The first detection of Be-Ka X-rays from
beryllium—copper alloys was performed by Toda, Kohno, Araki, Arai, and
Hamill [50]. The analytical precision at 1.75wt% beryllium was 0.034 wt%
and the accuracy in the concentration range of 0.2-2.0 wt% was 0.01 wt%.

Boron oxide in glasses in the concentration range of 2.5-19 wt% was an-
alyzed with a precision of 0.4wt% at the concentration of 10wt% and an
accuracy of 0.9 wt% under the condition that B-Ka lines were superimposed
by the third order lines of O-Ka X-rays.

Boron in boron-contained stainless steel used for a radioactive material
container was analyzed with a precision of 0.01wt% at the concentration of
0.76 wt% and an accuracy of 0.03 wt% in the range of 0.1-1.6 wt%.

Carbon concentrations in steel were measured with a precision of 0.015 wt%
at 1 wt% and the accuracy was two or three times higher than the precision. It
was necessary to correct for the overlapping interference of W-N, Mo-M and
Fe-L lines and for the influence of absorption of silicon in matrix material. In
the case of X-ray measurement of oxygen and nitrogen, the strong absorption
by carbon in matrix constituents was discovered.

Anzelmo and Boyer investigated the analytical performance of SML an-
alyzers using an end window tube with a rhodium target and showed the
potential for ultrasoft X-ray measurements [51].

Huang, Fung, and White evaluated various SML analyzers for the mea-
surement of B-Ka, C-Ka, N-Ka and O-Ka X-rays. They showed an increase
in the reflective intensity corresponding to the increase of d-spacing [52].

The increase of the observed Bragg angle of SML analyzers due to re-
fraction effects of long wavelength X-rays was pointed out by Martins and
Urch [53].

Based on the work of Huang and his co-workers on thin film characteriza-
tion using the fundamental parameter method [54], Arai accomplished the
simultaneous determination of thickness and constituent elements in thin
layered materials using soft and ultrasoft X-rays [55]. The analysis of PSG
and BPSG layers, which are used as covering materials for semiconductor
memory devices, was also carried out. The achieved analytical precision and
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Table 1.1. Analytical precision and accuracy of PSG, BPSG, and SiO» films [55]
Thickness (nm) P205 (wt%)

Precision 3.6-3.8 0.07-0.09
PSG (range) (700) (14-22)
Accuracy 6.4-15.5 0.15-0.4
(range) (1100-1500) (2.2-25)
Thickness (nm) P20s5 (wt%) B2Os (wt%)
Precision 1.6-2.8 0.02-0.06 0.06-0.14
ppsq  (range) (530-1040) (12-14) (2-7)
Accuracy 6.2-9.2 0.1-0.5 0.12-0.35
(range) (420-1080) (0-27) (0.02-13)
Thickness (nm)
Precision 0.07
. (range) (7.6)
Si02 Accuracy 0.2
(range) (1.0-15)

accuracy of film thickness and concentration of constituent materials are given
in Table 1.1. O-Ka X-rays were used for the sake of film thickness measure-
ment of a thin-layered SiO, on a silicon wafer. It was demonstrated that very
thin layers of SiOs can be measured.

White and Huang carried out thickness measurements of a carbon film in
a double-layered structure of carbon and Co Cr alloy on a silicon wafer. The
analytical precision of 2% for a 25 nm thick layer could be obtained using a
W/C SML analyzer with 4 min of counting time [56].

Kobayashi and his co-workers studied analytical problems regarding the
use of an SML analyzer and made the following observations [57].

Pure metals of aluminum or silicon emit the fluorescent X-rays of the Al-L
or Si-L series. However, when oxide materials are irradiated, the fluorescent
X-rays of the Al-L or Si-L series disappear because an outer electron of silicon
or aluminum metal moves to oxygen. Covering a metallic surface of aluminum
or silicon with a thin layered film of their oxide, their L lines emitted from the
metallic substance penetrate the oxide layer and lead to a long tail of radiation
at the short wavelength side. The latter interferes with the measuring X-rays
increasing the background radiation.

If short wavelength X-rays emitted from an analyzed sample hit an SML
analyzer, fluorescent X-rays generated from constituent elements of the SML
stray into the X-ray detector and eventually contribute to the increase of the
SML background radiation. Furthermore, some part of the fluorescent radia-
tion interferes with reflecting net planes yielding Bragg reflection radiation.

Long wavelength X-rays emitted from an analyzed sample are reflected
totally from the surface of an SML analyzer and as a result, an increase in
background radiation can be seen occasionally.
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When higher order reflections of short wavelength X-rays emitted from a
sample interfere with the analyzing radiation, an SML analyzer modified by
an appropriate choice of the thickness ratio of reflecting to spacing layers is
used to suppress the higher order X-ray reflections.

1.3.4 Total Reflection Mirrors

In order to obtain a higher intensity of measuring X-rays, electron bombard-
ment excitation was adopted. For soft X-ray measurement, Franks and Bray-
brook used X-ray optics consisting of the combination of a collimator, a total
reflection mirror, and a windowless photomultiplier, as shown in Fig. 1.3 [58].

Herglotz improved the measuring system for soft X-ray measurement,
shown in Fig. 1.3 [59]. Using electron bombardment excitation, the measur-
ing system was made up of a curved surface paraffin mirror, receiving slit,
and a windowless photomultiplier. Later on, an X-ray excitation method was
developed for routine applications [60].

Arai sought for practical solutions to measure ultrasoft X-rays and demon-
strated that the combination of a rhodium target end window tube with a
thin beryllium window and a total reflection mirror along with a selected filter
could be applied for the detection of B-Ka, C-Ka, N-Ka and O-Ka lines using
a standard X-ray fluorescence spectrometer. The quantitative determination
of boron oxide in boron glasses, carbon in steel, nitrogen in various chemical
compound substances, and oxygen in coal were carried out [60]. Boron oxide
in glasses in the range of 1 to 20 wt% could be analyzed with a precision of
0.2wt% at lower concentration and 0.42wt% at 19 wt%; the analytical ac-
curacy was 0.65 wt% corrected with KoO and PbO. Carbon in carbon steel,
cast iron, and stainless steel were measured. The analytical error composed of
X-ray intensity precision and grinding effect error on the sample surface was
about 0.01% in carbon and stainless steel and 0.01 wt% at the concentration of
3.82 wt% in cast iron. The accuracy was 0.01-0.02 wt% in carbon and stainless
steel and 0.05wt% in the range of 2-4 wt% in cast iron. Overlapping influ-
ences of molybdenum, niobium, tungsten, and tantalum and an absorption
influence of matrix effect of silicon were found [60]. Oxygen measurement in
coal or iron ores and nitrogen measurement in various materials were carried
out and matrix effects were studied for the improvement of accuracy.

For industrial application, Sugimoto, Akiyoshi, and Kondou studied the
determination of carbon in pig iron and obtained analytical results for carbon
in the range of 3.5-4.7 wt% with a reproducibility of 0.05 wt% and an accuracy
of 0.083 wt% using a Rigaku multi-fixed channel spectrometer provided with
a total reflection mirror for the detection of C-Ka X-rays [61].

Comparing an SML analyzer with a total reflection mirror along with an
optimized filter in the X-ray separating system, it can be said that the SML
analyzer offers a wider applicable method because of high resolution profiles
and low background X-ray intensity.
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Fig. 1.3. Historical succession of the development of X-ray fluorescence spectrom-
eters for light element analysis

Additionally, to conclude this section, it can be stated that at present
the quantitative potentiality of soft and ultrasoft X-ray fluorescence analysis
depends decisively on the efficiency of the end window X-ray tube with a thin
beryllium window and a rhodium target as well as on the high reflectivity of
the SML analyzer.
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Henke (1964) [41][44]
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1.4 Analytical Precision and Accuracy
in X-Ray Fluorescence Analysis

When an analytical sample is irradiated with X-rays emitted from an X-ray
tube or radioactive source, fluorescent X-rays are generated in the sample and
can be measured for quantitative analysis of its constituent elements. X-ray
fluorescence analysis is rapid, precise, and nondestructive.
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From the standpoint of X-ray intensity measurement, Zemany made a
summary of precision and accuracy [62]. In this section, the X-ray matrix ef-
fect, which is the most basic and the largest component in analytical accuracy,
is concisely discussed by comparing X-ray accuracy with X-ray precision (see
subchapter 5.9 for further details).

X-ray intensity, or the accumulated count of measured X-ray photons per
unit time, is always accompanied by a statistical fluctuation which conforms to
the Gaussian distribution with a standard deviation equal to the square root
of the total counts. The precision of an X-ray measurement can, therefore, be
predicted by the measured intensity. For example, an accumulated intensity
of 1,000,000 counted X-ray photons has a standard deviation of 0.1%, and for
100,000,000 counts the standard deviation is 0.01%.

When an X-ray beam propagates through a sample, its intensity is mod-
ified by matrix element effects, concurring with the generation of charac-
teristic X-rays, absorption of the emitted X-rays along their paths, and the
enhancement effect due to secondary excitation. Studies of these modifica-
tion processes and related X-ray physical phenomena lead to the derivation
of mathematical correction formulae. The development of these X-ray correc-
tion methods dominates the analytical performance of the X-ray fluorescence
method.

1.4.1 Correction of Matrix Element Effects

The advances in X-ray fluorescence instruments and applications have led to
the need for the development of practical and effective mathematical correc-
tion formulae. A number of correction methods have been developed (see for
example, Lachance and Traill [63], Rassberry and Heinrich [64], etc.). Beattie
and Brissey derived a basic correction formula for the relationship between
the intensity of characteristic X-rays and the weight fraction of constituent
elements, which was the product of a term containing the intensity of mea-
sured analytical X-rays and a correction factor containing the concentrations
of the constituent elements [65].

A classification of the correction equations published in the literature is
carried out from the standpoint of mathematical simplicity and shown in the
following:

1. The correction term attributed to constituent elements consists of a
constant plus the sum of the products of an X-ray intensity and a cor-
rection coefficient, or the sum of the products of a weight fraction and a
correction coefficient.

2. The correction coefficients may or may not include the term with the
analytic element.

3. The correction coefficients are mostly treated as constants, and this as-
sumption is efficient in the case of small concentration changes of con-
stituent elements.
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4. In order to develop wider applicable correction equations and improve the
elimination of analytical errors, terms with variable correction coefficients
are used in the correction formulae, which are affected with the third or
the fourth constituent elements.

5. Least-squares methods have been used for the determination of correction
coefficients and correction equations by using experimental data from a
large number of standard samples. However, after the development of
the fundamental parameter method, calculated intensities have been used
for the derivation of correction coefficients and equations as well as for
the verification of experimentally determined coefficients and equations.
Since there exist many correction methods for quantitative analysis, it is
necessary for practical applications to know about the characteristics of
matrix correction equations to select the proper fitting algorithm for the
analyzed sample.

Rousseau reviewed the concept of the influence of coefficients in ma-
trix correction method from the standpoint of theoretical and experimen-
tal approaches and he admonished the essence of a fundamental parameter
method [66].

The development of the fundamental parameter method has been car-
ried out by a number of X-ray scientists. At first, Sherman [67] studied the
generation of characteristic X-rays theoretically. Shiraiwa and Fujino [68]
proceeded with this method even more accurately and verified it experimen-
tally. For the spectral distribution of a primary X-ray source, they combined
Kulenkampff’s formula [69] of continuous X-rays with their own measured
intensity ratios of continuous X-rays and tungsten L series X-rays from a side
window X-ray tube. Criss and Birks [70] developed the method further by
measuring the primary X-ray intensity distributions from side window X-ray
tubes and using mini-computer systems to control X-ray fluorescence spectro-
meters [71].

To improve the performance of an X-ray spectrometer, a high-power end
window X-ray tube with a thin beryllium window was developed by Machlett
Laboratories, Inc. [39]. A remarkable improvement in the analytical perfor-
mances for light elements was achieved by a close coupling of the X-ray source
with the sample and a high transmittance window. In order to accomplish a
reliable fundamental parameter method, the primary X-ray distributions from
end window X-ray tubes were measured by Arai, Shoji, and Omote. It was
found that the output of the X-ray spectral distribution in the long wavelength
region was increased [72].

Figure 1.4 shows the comparison between measured and calculated inten-
sities of various steels and alloy metals. At low concentrations background
intensity corrections should be applied and at the higher intensity ranges the
measured intensity requires a counting loss correction. Samples used in Fig. 1.4
are shown in Table 1.2.

Using calculated X-ray intensities, matrix correction coefficients and cor-
rection equations have been inspected, and methods using variable correction
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Table 1.2. Measured samples in Fig. 1.4

Low alloy steel Heat-resistant steel Tool steel Magnetic alloy
Stainless steel High-speed steel Binary alloy German silver
High-temperature alloy Magnetic steel

coeflicients have been derived for high accuracy analysis and wider applicable
correction equations. Rousseau [73] showed comparative figures of measured
and calculated X-ray intensities and applied them to the correction equations
developed by Claisse and Quintin [74] and Criss and Birks [70].
Furthermore, Rigaku Industrial Corporation.. tried to compare the mea-
sured intensity with calculated intensities based on its own developed funda-
mental parameter method. Using the primary X-ray distribution from the end
window X-ray tube, precisely matching calibration curves were obtained. Us-
ing these curves, direct quantitative analysis was then carried out by iterative
computer algorithms without the need of matrix correction equations. The
analytical results for high alloy analysis are shown in the following section.

1.4.2 Quantitative Analysis of Heat-Resistant
and High-Temperature Alloys

Gould [75] summarized metal analysis with X-ray spectrochemical analysis.
In this section, matrix correction and some segregation influencing analytical
accuracy are discussed in detail.

Abbott who was the first developer of a commercial X-ray fluorescence
spectrometer, presented a strip chart record of high alloy steel (16-25-6) shown
in Fig. 1.5 [17]. Compared to modern equipment, his spectrometer gave much
weaker intensities and poorer spectral resolutions due to adoption of a Geiger
counter and a NaCl analyzing crystal. Figure 1.6 is a spectrum of NBS 1155
high alloy steel measured with a modern instrument, which equips a scintil-
lation counter and a LiF analyzing crystal. Since the fluorescent intensities
and spectral resolution are sufficiently high for practical applications, the dif-
ference between these two pictures exhibits the historical progress of 50-years
development.

As pointed out by Abbott, the X-ray method is well suited for analyz-
ing heat-resistant and high temperature alloys which consist of nickel, cobalt,
iron, and chromium as major constituents, and low concentrations of vari-
ous other elements. Because the concentrations of the constituent elements
influence the metallurgical properties of high temperature and heat-resistant
alloys, high precision is required in quantitative determination. In order to
review the analytical accuracy of numerous reports, a comparison parame-
ter is introduced, defined as the root mean square between chemical analysis
and non-corrected or corrected X-ray values (abbreviated as RMS-difference).
Studies of RMS-differences were performed and are shown in Table 1.3.
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Rickenbach [76] showed the precision and accuracy of nickel and chromium
analysis. The measured precision of nickel and chromium in an A286 metal
was shown as the composite error within a day and extending to several
days. The mean value of the nickel error was 0.03wt% at the concentration
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of 26.2wt% and for chromium it was 0.023wt% at 14.5 wt%. They are one-
fifth of the RMS-differences in Table 1.3. It was noted that no matrix correc-
tions were required for specimens with only small concentration variations.

Lucas-Tooth and Pyne discussed a formula where the correction factor
was a constant plus the sum of products of the individual X-ray intensities of
the constituent elements with correction coefficients. RMS-differences of 0.07
wt% in chromium and 0.032 wt% in manganese were reported [77].

A third report sponsored by the ASTM committee in 1964 was presented
by Gillieson, Reed, Milliken, and Young [78]. Simultaneously, a report about
spectrochemical analysis of high temperature alloys by spark excitation was
presented. Referring to the matrix correction methods by Lucas-Tooth and
Price [79] and Lucas-Tooth and Pyne, they applied a correction on the basis
of X-ray intensities of the constituent elements. The measured intensities of
aluminum and silicon constituents should be added in order to improve the
matrix correction, thereby increasing the accuracy.

Lachance and Traill studied simple matrix correction equations that were
one plus the sum of products of the weight fraction of constituent elements and
correction coefficients [63]. Based on the analysis of high nickel alloys that were
selected from the application report, RMS-differences were calculated and are
shown in Table 1.3.

On the basis of the Lachance—Traill equations, Caldwell derived two kinds
of correction equations [38]. The first one was a fixed correction coefficient
equation and the second one was a variable correction coefficient equation
for wider concentration applications, on which the third or fourth constituent
elements exerted reform. RMS-differences of major constituents in variable
correction coefficient calculations improved those of the fixed correction coef-
ficient method.

Ito, Sato, and Narita [82] studied the JIS correction equations that con-
sisted of the product of a factor containing a quadratic polynomial of the
intensity of the measured X-rays, and a matrix correction factor which was
authorized by the JIS Committee. The coefficients of the intensity part were
determined by least-squares algorithms from binary alloys with known chem-
ical composition or from mathematical models, and the second factor was one
plus the sum of products of the weight fractions of the constituent elements
and correction coefficients, in which the terms containing the base component
and the analyzing elements were excluded. In practical applications for nickel
base alloys the correction coefficients of light and heavy elements from iron-
based alloys were used; for the analysis of the major constituent elements,
chromium, iron, and cobalt in nickel base alloys, the correction coefficients
were determined experimentally.

Griffiths and Webster discussed the derivation of matrix correction equa-
tions in detail. They adopted the modified Lachance-Traill equation [83]. The
calibration constants of the X-ray intensity terms were determined by regres-
sion analysis and the correction factors were calculated with the ALPHAS
program which was theoretically derived by de Jongh [84]. The two kinds of
RMS-differences of authenticated sample analysis are shown in Table 1.3. The
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values in the upper line are the calculated results based on normal matrix cor-
rection in the ALPHAS program, and the second values in the lower line are
derived with the use of correction coefficients calculated under the condition
of a fixed 60:20:20 constituent sample.

Itoh, Sato, Ide, and Okochi studied the analysis of high alloys using the
theoretically calculated correction coefficients of the ALPHAS program. They
also compared the ALPHAS program and the JIS correction method and clar-
ified that there were no differences between them. The results of analytical
accuracy were two or more times higher than those of X-ray analytical preci-
sion [85].

Rigaku Industrial Corporation analyzed high nickel alloys of NBS and
specially prepared samples. For the matrix correction, they adopted their own
fundamental parameter method and prepared calibration curves, which were
used for the determination of the constituent elements. The RMS-differences
in these studies were fairly small.

1.4.3 Segregation Influencing Analytical Accuracy

The influence of inhomogeneity phenomena on analytical accuracy is one of the
most important factors. The internal soundness of an ingot which was studied
by Marburg [86] conferred that the inhomogeneity induced in the cooling
process from molten metals intimated strong effects to analytical problems to
be solved.

Stoops and McKee studied the reduction of analytical accuracy for ti-
tanium concentrations owing to segregation of nickel base alloys of M252
(19 wt% chromium, 10 wt% cobalt, 10 wt% molybdenum, 2.5 wt% titanium,
3wt% iron, 1wt% aluminum, 0.15 wt % carbon, and 0.35wt% silicon). As
a major portion of the titanium could be found in the grain boundaries of
carbide or carbon-nitride particles, the differences between regular chemical
and X-ray analysis values indicated a wider distribution, which was 5-10%
of the amount of titanium present. When chemical analysis was carried out
using samples scooped up from the X-ray analytical surface, X-ray values
were nearly equal to that of chemical analysis, i.e., 0.5-1% of the amount of
titanium present [87].

It is well known that in rapidly cooled steel, a low concentration of man-
ganese and impurity sulfur are dispersed and that a high analytical accuracy
in manganese and sulfur determination can be found. In sufficiently annealed
steel, small particles of manganese sulfide are precipitated in the grain bound-
aries of steel grains and large deviations of Mn-Ka and S-Ka X-rays are
found [88].

Free cutting metals that are among the most widely used industrial ma-
terials are typical examples for exhibiting segregation phenomena in metals.
Small metal particles like lead in steels and copper alloys influence machine
processing of high-speed cutting.
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Iwasaki and Hiyoshi studied lead segregation in bronze alloys. Microscopic
observations of the surface pictures of a cast bronze showed a mixture of
ground metal of copper and lead precipitated particles, and the recast pictures
showed the surface with scattering of small lead particles. Comparing surfaces
of recast and cast samples, Cu-Ka X-rays from cast sample surface exhibited
higher intensities and Pb-La X-rays showed lower intensities. In recast sample
surfaces, Cu-Ka X-rays showed lower intensities and Pb-La X-rays higher
intensities because of absorption of Cu-Ka X-rays and the exciting of bare
surfaces of many small particles of lead on analyzing surface [89].

In the analysis of lead free cutting steels (Pb content: 0.1-0.3 wt%), small
particles of lead metal (1-15um) are scattered in steel. Arai reported that
simple repeatability of Pb-La X-rays was 0.003 wt% and RMS-difference of
lead was 0.018 wt% [90].

The characteristics of segregation or inhomogeneity have been recognized
as one of natural phenomena or as discoveries through experimental works. If
some studies or works have attained success after long or hard work, possi-
bilities of more success or discovery will be increased on the basis of research
work and their process.

1.5 Concluding Remarks

Elemental analysis of materials is absolute or relative. Gravimetric analysis
is a typical example of the former, while X-ray fluorescence and optical emis-
sion methods represent the latter. In the case of a relative analysis, standard
samples are required, which are attached to reliable or authenticated analyti-
cal values supported by absolute analysis. The values guaranteed by absolute
analysis are the mean values of volume analysis, while X-ray analytical val-
ues represent surface analysis with an information depth of 5-50 um. In order
to reduce the analytical uncertainty, which orginates from the differences be-
tween volume and surface analysis, homogeneous samples samples should be
used. For the sake of reducing the effect of inhomogeneity on the sample sur-
face, large analyzed surfaces of 3-10cm? are recomended.

Since the analytical accuracy is defined by a combination of errors of chem-
ical analysis, uncertainty in the measured X-ray intensity, and uncorrected ma-
trix effects by the constituent elements,the observed accuracy can be reduced
by effective matrix corrections adapted for X-ray analysis, and elimination of
other systematic errors may be activated.
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