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FOREWORD 

The IAEA supports a number of projects having to do with the analysis of 
airborne particulate matter by nuclear techniques. Most of this work involves the 
use of activation analysis, particularly instrumental neutron activation analysis 
(INAA) and one or more of the several techniques based on X-ray 
spectrometry. Among the latter, the most frequently used ones are energy-
di-persive X-ray fluorescence (ED-XRF) and particle-induced X-ray emission analysis 
(PIXE). Energy-dispersive X-ray fluorescence, using either an X-ray tube or a 
radioisotopic source for excitation of the samples, is one of the most widely used 
analytical techniques for elemental analysis in many developing countries. The 
simplicity of operation and relatively low cost of the instrumentation needed have 
facilitated its use for the analysis of many different types of samples, including the 
analysis of airborne particulate matter collected on filters. There are already many 
publications in scientific journals, books and reports describing such work. 

The present document represents an attempt to summarize the most important 
features of the different forms of ED-XRF as applied to the analysis of airborne 
particulate matter. It is intended to serve as a set of guidelines for use by 
participants in the IAEA's own programmes, and other scientists, who are not yet 
fully experienced in the application of ED-XRF to airborne particulate samples, and 
who wish either to make a start on using this technique or to improve their existing 
procedures. 

The methodologies for sampling described in this document are of rather 
general applicability, although they are presented here in a way that takes account 
of the particular requirements arising from the use of ED-XRF as the analytical 
technique. Emphasis is also placed on the sources of errors affecting the sampling 
of airborne particulate matter. The analytical part of the document describes the 
different forms of ED-XRF and their potential applications. Spectrum evaluation, 
a key step in X-ray spectrometry, is covered in depth, including discussion on 
several calibration and peak fitting techniques and computer programs especially 
designed for this purpose. Useful information on the fundamental relations in 
ED-XRF and the calculation and tabulation of fundamental parameters are included 
as appendices. 

Although the methods and procedures described here have been found 
through experience to yield acceptable results, they should not be considered 
mandatory. Any other procedure used should, however, be chosen to be capable 
of yielding results at least of equal quality to those described. 

The IAEA is grateful to K.H. Janssens and F.C. Adams, Department of 
Chemistry, University of Antwerp, B-2610 Wilrijk, Belgium, for their assistance in 
preparing this document, and to the IAEA Technical Officers R.M. Parr and 
E. Cort6s Toro from the Division of Life Sciences for technical and programmatic 
supervision. 
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1. INTRODUCTION 

A considerable number of the elements and a profusion of organic compounds are emitted 
into the atmosphere in association with solid and liquid particles. Certain more volatile 
elements and species are rather emitted as vapors which may eventually condense in the 
atmosphere to form very small particles unless they adsorb on the surface of finely di
vided particles. On the particle surface catalytically or photochemically induced reactions 
may further occur. The airborne particulate matter which is hence formed directly by 
emission or indirectly through secondary reactions, has a widely varying composition, 
aerodynamic dimensions, shape and degree of uniformity. The aerosol thus consists of 
a complex and interacting unstable dynamic system as shown in Figure 1. More than 50 
percent of all air pollutants are preferentially present in particulate matter rather than in 
the gas phase. 
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Figure 1 Schematic model showing most important aerosol conversion processes in tte atmospheric cy
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The assessment of the potential environmental and toxic effects of particulate matter in 
the atmosphere requires a detailed physical and chemical characterization. Of prime 
importance is the size of the particles, their overall and microscopical composition and 
finally their chemical reactivity and physical characteristics. 

Methods for monitoring or studying particulate air pollution consist in general of several 
stages : sample collection, analysis and finally data interpretation. These distinct steps 
in the entire problem solving process are interdependent. In the first place they depend 
on the overall area of concern, to name some examples : ambient air pollution studies, 
pollution source measurements or exposure monitoring. Then they are dependent on the 
analy+i'-al entities under scrutiny: trace elements, organic compounds or specific crystal-
lographic entities (e.g., asbestos fibers) or molecular structures (e.g., specific compounds 
as the organolead species). Finally, the aim of the study is important is it connected 
with for instance human toxicology, pollution abatement, meteorology or climatology ? 

Any discussion of environmental standards and measurements implies the use of terms 
such as total dust or total suspended material. These are not strictly definable terms 
as the falling velocity of particles in the atmosphere depends on the air velocity and 
on meteorological factors as the humidity. The only practical upper limit to particle 
size is that beyond a certain size particles become so rare that they make a negligible 
contribution to he total airborne mass. The mass distribution of atmospheric aerosols is 
usually bimodal with a coarse particle mode located at a diameter of ca. 9 pm and a fine 
mode near 0.3-0.4 fim. Common bulk samplers relying on filtration do not collect all sizes 
within this population with an equal probability and accidental selection characteristics 
depend strongly on variables as speed and direction of any external wind. This effect is 
illustrated in Figure 2 for a 8 pm Nucleopore filter. It is hence surprising that the bulk 
aerosol sampled is still to this date so often referred to with little or no specification of 
the actual measurement conditions. 

X-ray spectrometry (XRS) has been used as an analytical technique for several decades. Its 
principles are very simple. When atoms of the sample to be analysed are irradiated with 
electromagnetic radiation, electrons or particles of sufficient energy, inner shell ionization 
can occur. A higher level electron will fill up the vacancy, while the difference in energy 
between both levels is released as a characteristic X-ray (unless an Auger eleciron is 
emitted in an alternative deexdtation process). When the vacancies in the inner electron 
shells are created in a controlled way and the energy and intensity of the resulting X-
rays are measured, quantitative analysis becomes possible. Two different approaches 
may be distinguished, the wavelenght dispersive method (WD), relying on Bragg X-ray 
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Figure 2 (a) Mass distribution of a typical ambient aerosol as a function of particle dimeter; (b) Capture 

efficiency of a Nudeopore filter with 8 /um pore diameter. 

diffraction and the energy dispersive (ED) method relying on solid state detectors able 
to electronically resolve the fluorescent X rays. According to the mode of excitation 
one can distinguish X-ray fluorescence (XRF) when excitation is performed with X-rays 
(from an X-ray tube or a radioisotopic source) or X-ray emission (XRE) when excitation 
occurs with electrons (e.g., in ar electron microprobe equipped with WD or ED detection 
systems) or heavier particles *>uch as protons from a particle accelerator (proton induced 
X-ray analysis or P1XE). Although this document is exclusively concerned with ED-XRF, 
whenever relevant, reference will be made to the other X-ray methods. 

The elemental analysis of bulk or size fractionated air particulate matter represents a 
unique problem. Many elements in widely differing concentration and atomic number 
are of interest. The total amount of sample material is usually very small while often 
many samples have to be analysed. Therefore, emphasis should be placed on techniques 
that combine high speed, low cost, advantageous sensitivity and multi-element analytical 
potential. The speed and multi-element character are necessary to handle the large sample 
loads often encountered, but they also help to reveal significant correlations between 
distinct pollutant components. The ability to measure more elements then just a few often 
greatly increases the usefulness of the results but calls for the application of chemometrical 
techniques to optimise data analysis. 

This document is concerned with elemental analysis of air particulate matter with one 
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particular method of analysis, energy dispersive X-ray fluorescence. In the most favorable 
case this technique avoids any preliminary treatment of the sample with the advantage of 
both quick operation and the preservation of the sample for further investigations. ED-
XRF has acquired considerable interest during the past years as a powerful method for 
multi-element analysis of aerosol loaded filters. The method is compared with 5 other 
methods for measuring atmospheric trace elements (neutron activation analysis, parti
cle induced X-ray emission, atomic absorption analysis and inductively coupled plasma 
emission and mass spectrometry) by Maenhaut (1989). Table I lists detection limits for 
ED-XRF on aerosol loaded filters taken from this reference, while Table II presents a 
comparison with the above mentioned techniques. The application of XRF to the anal
ysis of air particulate matter dates from the early 1970*5 (e.g., Gilfrich et al., 1973; Van 
Espen and Adams, 1974). Dzubay (1977) edited a book on X-ray fluorescence analysis of 
environmental samples. A more recent chapter in a book was authored by Van Grieken 
and LaBreque (1985). Malissa and Robinson (1978), Heinrich (1978) and Spumy (1986) 
dealt extensively with the topic of the analysis of individual particles. Up to 1985 over 
500 applications of XRF to a:r pollution have been published (Van Grieken and LaBreque, 
1985). A complete review L> hence impossible here. 

Companion reports to this paper will address other methods of analysis such as instru
mental neutron activation analysis (INAA) and proton induced X-ray emission (PIXE) 
analysis for the same type of samples. Due to limitations in the ED-XRF analysis of small 
size fractionated aerosol samples we will emphasize in this work sampling methods of 
the total aerosol. 
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Table I Detection Kmte in no/an2 far secondary target ED-XRF of Teflon Mart (Jadevic et a l . I960) 

based on Ka X-rays, unlass othaiwise staled. 'For Al-Ca: Ti saoondary target; for Ti-Sr. Hg. 

Pb: Mo secondary target; for Zr-Ba: Sm secondary target * L a-irte was employed as analytical 

fane. 

Element Det. Lim.* Element Det. Urn." 
(ng/cm 2) (ng/cm 2) 

Na Ge 3 
Mg As 4 
Al 130 Se 2 
Si 45 Br 2 
P Rb 3 
S 15 Sr 3 
ci 13 Zr 8 
K 6 Mo 5 
Ca 5 Ag 5 
Ti 30 Cd 6 
V 20 In 6 
Cr 16 Sn 8 
Mn 12 Sb 8 
Fe 12 Te 10 
Co I 13 
Ni 5 Cs 24 
Cu 6 Ba 40 
Zn 5 Hg 7» 
Ga 4 Pb 8' 

2. SAMPLING 
The methodologies for sampling described in this paper take into account the particular 
and specific requirements of energy dispersive X-ray fluorescence as an analytical tech
nique. XRF provides optimal accuracy and detection limits on thin homogeneous samples. 
We refer to other documents in this series (e.g., the paper on instrumental neutron ac-
tiviation analysis) and to the general literature (e.g., Lioy and Lioy, 1983; Murphey, 1984; 
Spumy, 1986) for a more thorough and general treatment of sampling methodologies of 
air particulate matter. 

Several techniques can be used for sampling airborne particulate matter: wet and dry im
paction, thermal and electrostatic precipitation, centrifugation and filtration. For chemical 
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Tabtol Datertonimi*tinpgy particUaia mwwrnl far 16rtiiwniiinsi»anatyfcalnchniquw. 'Apar-

•culato baring of 100 /ig/cm2 is assurmd. * tor sotubons containing 0.1% cfssohrad paniculate 

malarial. 

Detection Limits (pg/g) 

Bern. Bern. 

INAA ED-XRF* PDE- AAS* ICP-AES* ICP-MS' 

As 40 40 4 0.2 35 0.04 
Cd 100 60 100 0.003 1.7 0.06 
Cr 10 160 8 0.01 4 0.06 
Cu 1000 60 3 0.02 3 5 032 
Hg 5 70 10 2 17 0.02 
In 1 140 40 0.07 
Mn 6 120 6 0.01 0.95 0.10 
Mo 2000 50 19 0.02 5 5 0.04 
Ni 500 50 4 02 6 5 0.10 
Pb 80 n 0.05 30 0.05 
Sb 10 80 140 0.1 20 0.05 
Se 10 20 4 05 50 0.79 
Sn 80 160 CI 17 0.06 
TI 11 0.1 25 
V 10 200 13 02 3 5 0.03 
Zn 50 50 3 0.001 25 0.21 

analysis use is made of filters, cascade impactors, cyclones or a combination of such de
vices. Filtration of a known volume of air through a fibrous or membrane type filter is 
the most widely used technique for sampling aerosols in view of analysis by ED-XRF. 
The filtration method is easy, straightforward and cheap and meets the requirements of 
official standard procedures for sampling total suspended particulate (TSP) matter and 
different organic and inorganic trace constituents. The bulk aerosol collected with filtra
tion samplers depends, however, on their design characteristics, the cut-off diameter of 
the larger particles being especially poorly defined. 

Filter collection systems can only be used for the determination of the total imbient 
concentration of the elements. They have no capability of resolving the particle size 
distribution. This renders difficult though does not preclude measurements in terms 
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of practical concepts such as e.g., the 'inhalable particulate matter' (the fraction of the 
size population which becomes ingested by the human respiratory system). Technical 
developments towards pollution abatement, such as in burning efficiency of fossil fuel 
and better control techniques for stack emissions of particles decrease the emission of 
large particles considerably and hence increase the relative importance of the particles 
within the respirable range as a true measure of air purity. 

Of the collection systems with a capability of size classification, inertial impactors are 
most popular. There exist many different types but the underlying principle is simple 
and the same for all : an aerosol jet is forced to change its direction rapidly; particles 
too large to follow the streamlines are collected by impingement on a collection plate. 
Cascade impactors use this principle repeatedly to collect particles in several (usually 6-8) 
size fractions. In "virtual" impactors (e.g., Marple and Chien, 1980) the same principle 
is used to separate particles according to their inertia in two partial streams where they 
remain airborne and can be separated, e.g., by filtration. The application of ED-XRF is 
less straightforward in these applications because of the considerably smaller amounts 
(on the miaogram to a few milligram level) of material which is sampled; however., 
applications have been reported. 

Marple and Willeke discuss impaction design (1976) and give an overview of commer
cially available apparatus together with details of attainable flow-rates and cost. In Table 
III information on single and multiple nozzle devices is summarized, indicating the ap
proximate cut-off sizes of the various stages. 

2.1. Sampling on filters 

Available aerosol filters can be divided in two categories, fibrous filters and membrane 
filters. Fibrous filters are made of organic (e.g., cellulose) or inorganic (e.g., glass or 
quartz) fibers in a randomly oriented loosely bound arrangement. Membrane filters have 
a much more regular and smooth surface as they are made of a thin layer of a polymer 
(e.g., cellulose ester or Teflon) with fine cappilary pores. The Nuclepore filter is a special 
membrane filter with uniform structure and pore size distribution. 

The basic filter sampling train consists of a filter holder assembly, a pump and a volume 
measuring device. The technique is easy and straightforward and can be applied with 
simple equipment that is available in almost every chemical laboratory. Furthermore, 
filter sampling is still prescribed in most official standard methods. Two type of filter 
units may be recognised, the high volume samplers and the low volume samplers. An 
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Table III Some commercially available cascade impactors. Operation at other than t te nominal flow rates 
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advantage of high flow rate sampling is the large filter surface exposed to the air stream 
that after the end of sampling can be divided into several smaller parts for analysis by 
different analytical techniques. Besides, it is the standard method for collecting particulate 
material. Low flow rate filter holders can be designed to adapt to the specific input sample 
requirements of ED-XRF and for a clear definition of particle size range collected. When 
applying high volume sampling several hundred m3 of air and thus up to 1 g of dust 
is collected (on a large filter surface). By low volume samplers only a few mg of air 
particulates are collected on a circular filter surface of usually 27 or 47 mm diameter. 

Particulate material is often leached out from the filter material before analysis in for 
instance organic analysis of polyaromatic hydrocarbons (PAH) and inorganic analysis of 
a number of constituents by atomic absorption spectrometry. In ED-XRF the analysis is 
almost exclusively performed directly from the aerosol coated filter. This avoids a time 
consuming and contamination-prone sample pretreatment but imposes a strict require
ment on the filter material used : it should be pure so as not to affect the results of 
multi-element analyses with high and variabk blanks. 

In order to be useful for ED-XRF, filter materials also need to fulfill a number of require
ments of physical nature: 

a high filtration efficiency, function of particle size and air velocity; 
a low pressure drop across the filter and low reduction of the flow rate by dust 
loading; 
weightable without large uncertainties from moisture absorption; 
non-reactive with gaseous pollutants in the atmosphere; 
suitable secondary characteristics as hygroscopicity, tensile strength, ease of hand
ling, physical stability and non-electrostatic properties; 
collection of particles primarily at the filter surface, so as to reduce or simplify 
absorption corrections for the exciting and fluorescence X-rays. 

Of prime importance for ED-XRF analysis is that the filter is sufficiently thin and uniform 
to keep the background in the X-ray spectrum to a minimum. 

Information on the physical properties and the filter efficiencies of many commonly used 
filter materials can be found in manufacturer's documentation (Dams, 1972) and in text
books and research papers (Skogerboe et al., 1977; Spumey and Fiser, 1970; Stafford and 
Ettinger, 1972). The physical properties of glass or quartz fiber filters are excellent but 
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they lack the purity required of a support material for inorganic analysis. The multi
element analysis of various filter materials is available in the literature (Dams 1972a). 
Impurity levels of 24 different elements were measured by instrumental neutron activa
tion analysis by Dams (1972b). It is a safe precaution, however, to analyse blank filters 
regularly in order to control the blank levels of the specific batches used (blank values 
may vary strongly from batch to batch). Special aerosol filters for chemical analysis are 
obtainable at a slightly higher price 

The materials used for analysis include cellulose fiber filters (e.g., Whatman numbers 
1,40,41,541) and filters based on Microsorban polystyrene, glass fiber, cellulose in mem
brane, Teflon membrane, and Nudepore. On the basis of a number of requirements 
including purity, homogeneity, tensile strenght, cost and ease of handling, cellulose fiber 
filters are often used for ED-XRF and other multi-element methods such as INAA. Al
ternative choices (especially as 47 and 25 mm diameter filters for low volume sampling) 
such as Nuclepore polycarbonate membranes and cellulose ester membrane filters are 
often used. Particle retention efficiency for this latter material is excellent but the high 
flow resistance reduces the attainable flow rates. An important difference between the 
fiber cellulose filter and the cellulose and polycarbonate membrane filters is connected 
with the penetrz lion of the particulate matter within the filter substrate. 

Membrane filters can be .jpproximated as screen filters which collect most of the material 
at or very near the surface. Cellulose fiber filters are typical depth filters in which the 
particulate matter penetrates to some extent, thus giving rise to radiation absorption in 
the filter (Adams and Van Grieken, 1975). Procedures to correct for this source of errors 
are briefly discussed in section 6. 

2.2. Size fractionated sampling 

In nvny situations it is of interest to collect and analyse air particulates according to their 
size. ED-XRF is less adapted to this type of analytical work than other methods (PIXE, 
INAA...) because of the basic limitations in sensitivity. In what follows we will briefly 
comment on the major applications in this area with emphasis on those methods which 
are more or less easily applicable with ED-XRF. In general terms the major limitation is 
the small sample mass collected. 

A simple but rather crude way to sample separately the coarse and fine partick'S collected 
resp. in the upper and the lower respiratory tract is the so-called stacked filter unit (SFU) 
with two filters used in series in a single air flow (Heidam, 1981). The first filter with 
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a pore size in the range of e.g., 8 z«n is assumed to be transparent to the finer particles 
which are then collected by a Nuclepore or Teflon filter with fine pore size of e.g., 0.4 
fim. Both filters can be subjected to analysis as in the case of bulk filtration sampling. 

A somewhat more complicated way to achieve the same goal relies on the dichotomous 
sampler or virtual impactor (Dzubay and Stevens, 1975; Loo et al., 1976). Figure 3 shows 
a schematic layout of such a device. The dichotomous sampler is a device which has 
been often applied for collecting both coarse, inhalable particles (15 to 5 /*m) and fine 
inhalable particles (< 2.5 /im) for ED-XRF and other methods. The concept has not been 
extended yet to more than two particle sizes. 

Multi-stage cascade impactor samplers are based on inertial impaction in a number of 
different stages representing various size fractions of the aerosol, as shown in Figure 4. 
These samplers can be single or multiple jet devices and exist in widely varying flow 
rates (Lodge and Chan, 1988). The single-jet cascade impactors based on the Batelle 
design (Mitchell and Richer, 1959; Bauman et al. 1981) are most used for ED-XRF and 
PIXE. 

ED-XRF analysis of size fractionated aerosols is complicated because of several reasons. 
First, the amount of material sampled precludes determinations of more than a few of the 
most abundant elements, unless measurement times are made prohibitively long. Sec
ond, single jet cascade impactors lead to inhomogeneous aerosol deposits. When tight 
excitation-detection geometries are used, the sample surface points will be examined with 
a different excitation and detection efficiency. In such conditions analysis requires empir
ically determined scaling factors which differ for every stage of the impactor and need to 
be determined by comparison with other analytical methods. It has been demonstrated 
by Van Espen et al. (1981) that analysis remains possible for secondary target tube ar
rangements with 10 1/min Batelle type impactors, with concentrations well above the 
detection limits in practical air pollution studies. Experimental comparisons of detection 
limits on identical aerosol samples show that PIXE gives about an order of magnitude 
lower detection limits for impactor samples but with considerably longer measurement 
times than with ED-XRF (Ahlberg and Adams, 1978). For filter samples both methods 
give comparable detection limits. 

2.3. Dry and Wet Deposition Sampling 

Fall-out dust sampled by dry deposition in dustfall jars or on surrogate surfaces is not 
directly suitable for analysis by ED-XRF. A major difficulty consists in the particle size 
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Figure 3 Cross sectional drawing of a dichotomous virtual tmpactor Filters A and B are membrane-type 

filters. 

distribution which is skewed towards large particles necessitating important corrections 
for absorption effects in single particles of unspecified size and dimensions. Pella et 
al. (1978) described a sample preparation technique based on fusion which avoids this 
problem but at the same time increases the analysis time and affects sensitivity. 
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Figure 4 (a) Schematic representation ol the functioning of a cascade impactor. The flow lines indicate 

how particles of different sizes are deposited at different stages. The finest particles are collected 

on a filter; (b) Five-stage single-orifice cascade impaclor. 

Aerosol samples obtained by wet deposition are applicable for ED-XRF analysis when 
dissolution followed by preconcentration methods are used. An exhaustive review on 
these methods is given by Van Crieken (1982). Direct measurements on small evaporated 
samples should be possible with the total reflection geometry (Wobrauschek and Aiginger, 
1986). 

2.4. Sources of Error in Sampling 

Filter sampling for the evaluation of air pollution and air purity is affected by various 
other sources of error in addition to the errors of the analysis itself. Moreover, an adequate 
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sampling campaign depends on an optimised and well adjusted strategical positioning 
of the samplers and the timing, duration and frequency of sampling. 

Results of the analysis are usually obtained as mass per unit filter area (expressed in 
/ig/cm2). For any useful purpose the results need to be transferred to unit mass per unit 
volume of air (in /ig/m3), if necessary with the volume corrected to bring it to standard 
temperature and pressure (STP) when sampling is performed in extreme climatological 
conditions. It is obvious that the overall reliability of the results depends as much on the 
care taken in measuring the air volume during sampling as on the analysis by ED-XRF. 

Several errors in filter sampling can be defined: direct errors in volume and/or flow rate 
determination or indirect ones, e.g., through leaks and wrong calibration, sample losses 
during and after sampling and finally erroneous estimates of the aerodynamic cutoff 
diameters of the sampling equipment. 

Special care must be taken to avoid particle bounce-off during sample collection. This 
problem is especially important when collecting size fractionated aerosols and is avoided 
by coating the substrate films with a greasy, sticky material, e.g., by the application of a 
1 % vaseline solution in a suitable solvent. 

• Determination of sampled air volume 

For the determination of the sampled air volume, Drew and Lippman (1978) consider 
three basic types of equipment: flow velocity (wind speed) meters, flow rate meters 
(rotameters) and (integrating) volume meters (e.g., dry gas meters). When using flow 
rate measurements it may be necessary to perform measurements at the beginning and 
the end of the sampling period and even at regular time intervals during sampling as 
the flow rate tends to decrease with filter loading. In high flow rate sampling conditions 
the measurement of sampled air volume is precise to within 1 % up to filter loadings 
of 1.5 mg/cm2 (Geladi and Adams, 1982). The same authors estimated the precision of 
dry gas meters at 0.3-15 %, while an absolute error of 1-2 % is possible due to pressure 
drops at high flow rates. 

• Sampling efficiency 

The filter efficiency is dependent upon the size distribution of the aerosol. It can most 
easily be determined by sampling the air particulates with two or more filters in series and 
analysing the collected material left on the filter. The efficiency can also be measured with 
a monodisperse aerosol. Dioctyl phtalate (DOP) is conventionally used with photometric 
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detection at 0.3 pm, near the minimum of the efficiency versus particle size curve for 
most filter materials (see Figure 2b). Liu and Kuhlmey (1977) measured the efficiency 
between 0.034 and 1 /im for 13 different filter materials of interest for ED-XRR When 
filters operate under moderate pressure drops (below 10 cm Hg) most results agree with 
the prediction of classical filtration theory : the efficiency is high for S'nall and large 
particles and shows a minimum at a specific intermediate particle size at, e.g., 0.085 and 
0.70 (im for 0.4 and 1.0 /jm Nuclepore filters. The results show that the principal particle 
collection mechanisms are inertial impaction and interception, with diffusion playing a 
minor role. 

Bulk samplers collect particles up to a large, rather badly defined size. Development 
efforts have been directed to devise gas inlet systems with an upper cutoff of, e.g., 10 
or 15 fim (e.g., Kashdan et al., 1986; McFarland et al., 1984). An ad hoc group of the 
International Standards Organization recommends a 10 fim cutpoint as the upper size 
limit of penetration in the human thorax (1981). This is referred to as the PM 10 (partic
ulate matter 10 pm) sampling inlet and the PM 10 air quality standard. There is no fixed 
relation between PM 10 and TSP aerosol loads (Van der Meulen et al., 1987); typically 
TSP/PM 10 ratio's vary from 15 to 25. Inlet design criteria also take into account the 
dependence of the cutpoint with wind speed. 

• Losses during sampling 

The shape and dimensions of the air inlet and gas velocity have their influence. Davies 
(1968) has calculated the influence of flow rate and wind speed on sampling efficiency for 
an ideal sampling head : a point sink with spherical symmetry. Actual sampling heads 
are not ideal in this sense but it can be assumed that usually no large errors will occur 
in still air. Geladi and Adams (1982) showed that errors remain below 10 % for wind 
speeds under 5 m/s and aerodynamic particle diameters below 5 pm. The adverse effect 
of wind speed variations was demonstrated (e.g., May, 1976). For volatile elements and 
compounds, losses during sampling occur and strongly depend on the flow rate. 

• Sample losses of elements with a high vapour pressure 

Since most XRF analyses are carried out under vacuum, while the irradiation may cause 
sample heating, the possibility exists of losing volatile elements or unstable compounds 
from the samples. This is particularly true for absorbed gasses, such as CI and Br. 
O'Connor et al. (1977) have found that Br compounds present in trace amounts in 
aerosols can rapidly be lost when exposed to X-ray radiation. Shaw and Willis (1987) 
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have estimated sample heating for photon, proton and electron excitation. Relative to 
ED-XRF, the WD-XRF mode is more subject to volatility losses. 

• Sample integrity during storage 

Samples often have to be transported a long distance away from the sampling site and 
need to be stored before analysis for variable lengths of time. Material losses due to 
transport and storage can hence occur. Wher filters are covered with a blank filter 
negligible loss is experienced but the blank /aiue is doubled. A more expensive and less 
space saving method is to store the exposed filters individually in Petri dishes so that 
the sampled side does not come into contact with any solid material. Losses are more 
important with membrane filters and Teflon filters than with the fibrous cellulose and 
glass fiber filters. Some elements, e.g., the halogens may be volatilised during storage as 
a result of chemical reactions which take place on the collection substrate (Maenhaut et 
al., 1987). 

• Determination of aerosol mass 

In order to know more or less exactly the amount of material collected, one needs to weigh 
the filter before and after sampling. The weighing of glass fibre filters is straightforward 
but paper filters are hygroscopic so that considerable weight differences easily occur. A 
solution to this problem is to leave filters for at least 24 hours in a closed environment 
at constant humidity in which they are weighed before and after sampling. A relative 
humidity of 55% at 20" C can be obtained over a saturated solution of Ca(N03)2. 

Another method to determine the sample weight is based on mass concentration measure
ment by beta ray attenuation. The intensity ratio of coherently and incoherently scattered 
tube radiation in secondary target ED-XRF also allows more or less precise measurements 
of aerosol mass (see section 6). 

• Sample uniformity 

Sampling uniformity is of considerable consequence in aerosol sampling applications 
where analyses other than simple gravimetric determinations are performed. A lack of 
sample uniformity is more severe in methods such as ED-XRF in which a small subsample, 
typically a few cm2 is analysed from a much larger filter. Uniformity of filter deposits 
is within 4 % as characterised by the coefficient of variation for well designed filtration 
systems. Replicate analysis on the same filter sample can be used as a test of performance. 
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3. ANALYTICAL INSTRUMENTATION 

The first commercial X-ray spectrometer, having a sealed-off X-ray rube was developed 
in 1948 by Friedman and Birks as a modified version of a North American (Philips) 
diffractometer. A diffraction crystal was used to separate X-rays in their component 
wavelenghts for measurement with a simple gas counting device. In the following year 
Castaign and Gunier built the first electron probe miaoanalyser in which a beam of 
electrons rather than X-rays was used for excitation. In the mid-1960s the development 
of solid state semiconductor x-ray detectors led to the gradual development of energy 
dispersive (ED) X-ray fluorescence analysis. The standard version of this detector is a 3 
mm thick, 7 mm diameter silicon diode which is the complete X-ray dispersive element 
of a typical ED-XRF system. Together with appropriate electronic pulse amplifiers and 
signal processors, the complexities of the diffraction crystal and a physically dispersed 
X-ray spectrum are no longer required. Instead, the energy dispersive system collects 
emitted X-rays from the sample simultaneously and sorts them electronically, providing 
potential for the simple spectrometers which are now widely applied in X-ray fluores
cence and in analytical electron microscopes. The first generation of these instruments 
allowed more rapid analyses than in WD-XRF but due to the inferior spectral resolv
ing power results were often not better than semi-quantitative. In contrast to WD-XRF, 
in ED-XRF spectral interferences are common and peak-to-background ratios are much 
smaller. Emphasis must hence be placed on proper routines for separating peak overlap 
and separation of peaks from the background. Gradually techniques for deconvolution 
of the spectra increased the usefulness of this technique and triggered popularity in XRF 
and electron microscopy. In addition the electronic noise contribution was gradually de
creased providing now energy resolutions close to the theoretical (statistical) limit over 
most of the spectral range. Finally, count rate limitations have been relaxed considerably, 
allowing measurements without excessive dead time, spectral distortions or energy res
olution degradation up to counting rates of 100,000 counts/s. Ultrathin window Si(Li) 
detectors result in a better sensitivity for the elements below Z=14 (Bogert, 1988). 

It is worth noting that although only 20 % of XRF instruments are of the ED type, more 
than 50 % of the literature pertains to ED-XRF; the method is more used for research 
than WD-XRF (Markowicz and Van Grieken, 1990). There are many up-to-date textbooks 
available which treat the fundamentals and performance of XRF (Jenkins et al. 1981; 
Tertian and Claisse, 1982; Jenkins, 1988), specifically on ED-XRF (Dziunikowski, 1989), on 
radioisotope source excited ED-XRF for environmental applications (Tolgyessy et al., 1990) 
and on electron probe microanalysis (Joy et al., 1986). Reviews of the recent literature also 
appear regularly, e.g., those by Markowicz and Van Grieken (1988,1990). The principles 
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of X-(and gamma-) ray spectrometry with semiconductor detectors is extensively treated 
by Deberrin and Helmer (1988). 

In ED-XRF, three developments can be distinguished at present (Janssens and Adams, 
1989; Gilfrich, 1990): 

1. Total reflection XRF in which a finely line focused X-ray beam impinges upon a 
thin sample on a optically flat support below a critical angle. In such conditions 
the primary beam does not penetrate the support leading to dramatically decreased 
back- ground and significantly improved detection limits {Wobrauschek and Aigin-
ger, 1986; Streli et al. 1989; Freitag et aL, 1989). 

2. X-ray microprobes based on focused X-rays from an X-ray tube provide a lateral 
resolution down to 10 /im and detection limits in the pg (or ppm) range (see, e.g., 
Engstrom et al., 1989). Compact, microfocus tubes which produce 10 /an spots 
have also been introduced (Nichols, 1986; Boehme, 1986). 

3. X-ray microscopy based on X-rays produced in synchrotron storage rings provides 
unprecedented detection limits due to the high intensity and degree of linear po
larisation of the primary beam (Jones and Gordon, 1989). Tunable synchrotron 
radiation also stimulates the development of fluorescence EXAFS (Extended X-ray 
Absorption Fine Structure), yielding, next to quantitative elemental information 
also data on the chemical state and surroundings of particular elemental species in 
a sample. 

Although the potential of these three areas of development is large, the applications of 
these methods in aerosol analysis are at present rather limited. Hence, we will not treat 
them further in this article. Total reflection and microfocus ED-XRF systems are now 
commercially available (Seiffert, 1989; Nichols, 1986; Boehme, 1986). 

The primary X-rays needed for excitation are generally delivered by an X-ray tube. The 
simple (and cheap) alternative is z radioactive source. As shown in Figure 5, on the 
other side of the range of complexity and cost, electron storage rings also serve as 
sources of very intense, highly collimated and polarised X-ray beams. In the conven
tional case of tube excitation, there are two methods of exploitation, polychromatic and 
quasi-monochromatic. 

3.1. Tube excitation 

In the first method, the polychromatic tube spectrum which consists of the characteristic 
X-rays of the tube anode superimposed on an intense Bremsstrahlung continuum may be 
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Figure 5 Sources for the excitation of characteristic X-radiation 

used directly. The excitation efficiency is high but coherent and incoherent scattering of 
the tube continuum will also give rise to a large and variable spectral background. Hence, 
polychromatic excitation combines high and rather uniform sensitivity with unfavourable 
detection limits. In this type of setup, in view of the finite counting capabilities of Si(Li) 
detectors, usually low-power tubes are employed (ca. 10 W). The scatter radiation prob
lem can be reduced by placing suitable filters between X-ray tube and sample-
In the second, quasi-monochromatic radiation is produced from the tube spectrum by 
either using a transmission tube in which selective filters of optimised thickness are placed 
between anode and sample, or by employing secondary target excitation methods. The 
secondary target geometry usually relies on high intensity (up to 3 kW), mostly water 
cooled tubes whereas for the transmission geometry air-cooled tubes operated at typically 
20-125 kV and 0.5 mA produce a (continuous) output of up to 10 W. 

3.2. Radioisotope excitation 

Although their primary intensities are lC-lO 7 lower than those of X-ray tubes, radioiso-
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topes can also be employed as excitation sources when combined with ED detection 
systems. This type of source is mostly employed in portable or on-site instruments be
cause of their compactness and freedom from a (large and stable) power supply. Rhodes 
et ai. (1963) have described two such instruments for rapid on-site analysis of air partic
ulate filters. Further arguments for the use of radioisotope sources are the low cost and 
the possibility to excite /f-lines of high-Z elements (> Ba) instead of the L-lines which 
may be interfered with by K-lines of tewer Z dements. Several types of radioactive sources 
can be distinguished. 

Pure electron-capture radioisotopes only emit the characteristic K X-rays of the Z — 1 
element and produce little scatter. Suitable sources for low and high Z analysis are 
resp. M Fe and 10*Cd. Other commonly used sources include M 1 Am, "Co and l s 3Gd. 
Comparisons of the excitation capabilities of a conventional X-ray tube with a 1 0 9Cd 
radiosource have been reponed (Labreque, 1981). 

0-emitters (such as S H and I 4 7Pm) can be used as bread-band excitation sources when 
mixed with a suitable target material such as Al or Zr, thus producing an X-ray continuum 
and the characteristic lines of the target. 'Direcf excitation, by mixing the isotope directly 
with the sample to be analysed, is also possible (Labreque, 1981). A review on the 
applications of radio-isotope excited X-ray fluorescence in environmental analysis is also 
given in this reference. Detection limits of radioisotope excitation and tube excitation 
have been compared by Leonwich et al. (1977) and by Spatz and Lieber (1976). A book 
on radioisotope induced XRF is also available (Tolgyessy, 1990). 

33. Total Reflection X-ray Fluorescence 

Due to scattering of X-rays from the sample support material, less than optimal detection 
limits are obtained from small samples when using conventional excitation geometries 
in X-ray analysis. This problem can be overcome by using total reflection of the primary 
beam, as originally suggested by Yoneda et al. (1971). Many innovations have been 
introduced in to the work of Wobrauchek and coworkers (e.g., Aiginger et al., 1974; 
Aiginger et al., 1985), and by Schwenke et al. (Knoth and Schwenke, 1982; Schwenke and 
Knoth, 1985; Michaelis et al., 1984). Due to the availability of commercial instrumentation 
(Seiffert, Arhensburg, FRG) and the support of the IAEA, and through the development 
of suitable sample preparation and presentation procedures, TXRF is now a valuable 
technique for trace analysis. 

In TXRF instrumentation, the Si(Li)-detector is placed close to (± 5 mm) and directly 
above the sample (see Figure 6). The latter is a thin film on an optically flat surface (e.g., 
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a quartz plate). Usually a series of reflectors is employed to further reduce the background 
(Michaelis et al., 1984). An X-ray beam, originating from an X-ray tube is collimated and 
passes onto a reflector before impinging at a very low glancing angle on the sample. As 
the exciting radiation enters the sample below the critical angle of total reflection (specific 
for that support material and X-ray energy), the radiation scarcely penetrates into the 
material, minimising detected scattering and fluorescence contributions of the substrate. 
Accordingly, picogram amounts can be measured corresponding to concentrations in 
the fractional ppb range in acqueous solutions without preconcenrration (Aiginger et al., 
1985). 

Si(LI) Detector 

X-ray Tube Reflection Unit Specimen Support 

Figure 6 Schematic representation of the total reflection X-ray spectrometer: (1) first aperture, (2) first 

reflection unit. (3) second aperture, (4) second reflection unit, (5) specimen. 

While the TXRF method has found great application in the analysis of natural waters (rain, 
river and sea water), with detectable concentrations in the order of 10 /ig/1 achievable 
(see, e.g., Prange and Knochel, 1985), the method also has been applied to the analysis 
of solids, including particulates, sediments, aerosols and minerals (e.g., Michaelis et al., 
1984). In these instances, the sample is first digested in concentrated H N 0 3 and then 
diluted with a known volume of ultrapure water, after addufon of an internal standard 
such as Co or Y. Because the specimen is only a few microns thick, no complicating matrix 
effects are encountered in quantitative analysis while requiring only milligram quantities 
of material. 

Another approach to background reduction relies on the use of plane polarised X-rays 
for excitation which also reduces significantly the scattering process (e.g., Dzubay et al., 
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1974; Ryon et al., 1982). The principle has been known for a long time but applications 
up to now are few in number. When using a polariser it is necessary to employ a high 
power X-ray tube to compensate for the intensity loss in the scatterer. Pulsed X-ray beams 
(Jaklevic, 1972) have also been used to reduce pile-up events and counting rates in ED 
systems. 
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4. SPECTRUM EVALUATION 

In X-ray Analysis, the term 'spectrum evaluation' refers to the process of extracting useful 
information from an experimental X-ray spectrum (observed counts vs. energy or vs. 
waveienght/diffraction angle). Usually, for quantitative purposes, these data are the 
intensity (or in the case of WD-XRF sometimes the height) of the observed photopeaks. 
In qualitative analysis, also the position (energy or 20 angle) of the characteristic lines 
may be of interest. 

Because of the high resolution and infrequently occurring peak overlap in Wavelength 
Dispersive X-ray Spectrometry (WD-XRS), the evaluation of the spectral data usually 
presents few problems. 

In Energy Dispersive X-ray Spectrometry (ED-XRS), however, due to the complex back
ground and commonly occurring and severe peak overlap, a more sophisticated math
ematical treatment of the spectra is in most cases a prerequisite for obtaining accurate 
analytical results. 

4.1. X-ray Spectra 

Energy-dispersive X-ray spectra are usually collected in the region 2- 25 keV as the effi
ciency of the Si(Li) detection rapidly falls off with increasing photon energy, as illustrated 
in Figure 7. For determining heavy elements with K X-ray energies higher than, say, 20 
keV, usually the L X-ray lines are used. As a result, a typical X-ray spectrum of an aerosol 
sample is a fairly crowded mixture of K-lines from the lighter elements (Si up to Mo;, 
and L-lines of the heavier ones. This complexity necessitates rather sophisticated spec
trum fitting techniques to unravel the inevitable overlaps and extract the intensities of 
the principal individual lines for each element present. An overview of possible overlaps 
can be obtained from Figure 8 showing the K, L and M spectra of most of the elements 
using a particular Si(Li) based spectrometer system (Russ, 1971). Table IV lists a few of 
the most commonly existing cases of peak overlap in ED-XRS. A commonly occurring 
type of overlap is between Ka -lines and Kp -lines of adjacent elements (e.g., K, Ca,... 
Cu). 

• Characteristic X-ray lines 

Whenever a K-shell vacancy is created by an impinging X-ray photon, the core hole will 
be filled within about 10"16 seconds with the emission of either characteristic X-rays or 
Auger electrons or both. 
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Figure 7 Theoretical efficiency curve for a 5-mm-thick Si(Li) detector of area 30 mm3 placed 300 mm from 

a point source of X-rays. The assumed Slacknesses of the absorbing layers are: Be window: 25 

/jm; Au layer: 0 02 fim. Si-dead layer: 0.1 fim. 

Depending on the shell the core hole is created in, various characteristic X-rays of different 
nature (A'-series, L-series, and to a lesser extent the M-series), will be emitted by the 
sample atoms. Figure 9 shows the origin of the principal K, L and M X-ray lines and 
their energy dependence upon the atomic number. Some of these energies are tabulated 
in Appendix B; a complete tabulation can be found in Bearden (1974). 

Using semi-conductor detectors, the various L-K, M-K and NP....-K transitions are 
grouped into resp the Ka , the A>, and the A>3 lines. At low atomic numbers, in Si(Li) 
spectra, the Ka and Kp peaks may be considered as individual lines since the separa
tion of the individual components that contribute to each of these groupings is rather 
small compared to typical detector resolutions. However, as the separation increases 
with atomic number (see Figure 9), at some value of Z, it becomes necessary to consider 
the Kai and A 0 , and the A>, and K0J peaks as separate entities. The relative emission 
rates or relative intensities of all K components have been extensively studied, both ex
perimentally and theoretically. The most rigorous and useful calculations are those of 
Scofield (1974). Figure 10 shows the Z-dependence of the K„ /Kp -ratio according to 
theory and experiment. For the region Z < 30, theory predicts higher ratios than exper
imentally determined, except in the case of Cr and Cu where both agree. In Appendix 
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Tabic IV Commonly occurring peak-overlaps in ED X-ray analysis. 

Line Energy (keV) 

Mn-Kp 

¥e-Ka 

6.49 
6399 

Te-Ka (esc) 
4509 
4.647 

Ba-I a 

1\-Ka 

4.463 
4509 

Pb-L„ 
As-Ka 

1054 
10532 

S-Ka 

MO'La 

Pb-M 

2.308 
2.29 
2346 

B, the K„ /tip ratios are tabulated, using the Scofield values of Z < 20 or Z > 32 and 
experimental data otherwise. 

Similar to the tf-shell, each I-subshell ( I / , Lu, Lm) has its own fluorescence yield uLl. 
In addition to L Auger electron emission, these is also the possibility of a vacancy being 
subject to a nonradiative transfer to a higher (sub)shell; this phenomenon is known as the 
Coster-Kronig effect. Denoting the Coster-Kronig transfer probabilities (see Appendix A) 
between subshells i and j as / „ , the relative yields of Lj, Lu and Lm X-rays resulting 
from an initial core-hole distribution nt -. nlt •. ntII = r^ : r^ : r^ (with £ • "j = D 

are given by: 

RL, = n'"Li 

RLn = ( n " + fnm)uLn (1) 

R L t n ~ [n"i + /23"// + (/i3 + fi2fi3)ni)vLin 

In the case of high Z atoms, the resulting L-spectrum contains over 20 lines. A complete 
tabulation of all L X-ray energies is available in Bearden (1974). Although the difficulty 
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Figure 8 Characteristic X-ray spectra of the elements as recorded with a Si(Li) detector. 

of unfolding the many overlapping components of L X-ray spectra has limited the pre
cision of experimental studies, the sum total of information generally supports Scofield's 
theoretical predictions (Salem, 1974) of relative line intensities within each of the Lj, Lu 
and Liu subgroups. 

• Energy and Resolution Calibration of ED-XRF spectra 

The typical electronic arrangement for pulse-height analysis of X-ray spectra using Sivti)-
detectors is shown in Figure 11. Upon entry of an X-ray photon in the detector, a charge 
pulse is generated, which is converted to a voltage pulse. The height of the latter is 
proportional to the energy of the X-ray photon. This pulse is amplified and its height 
digitised in the measuring chain. As the pulse duration in these detectors is rather long 
(ps-range), some form of pulse pile-up rejection (PUR) circuitry is generally Incorporated 
into the detection circuit to minimise distortion and non-linearity at high count rates (> 
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10.000 cps). Knoll (1979) eminently discusses the construction and properties of this type 
of detectors. 

The detector response to monoenergetic radiation of energy E is a single peak of near-
gaussian shape in the pulse-height spectrum; this shape reflects the noise broadening 
and statistics of the charge creation process in the Si(Li)-crystal. The peak maximum, 
corresponding to the X-ray energy E will be located in a channel i such that: 

Ei - E0 + A£ x i (2) 

The constants E0 and A£ (resp., the spectrometer 'zero' and 'gain') are determined during 
energy calibration. As measure of the peak broadening, usually the spectral resolution 
(peak full-width-at-half-maximum, FWHM) is employed. The latter is a function of the 
photopeak energy and can be written as; 

fVMM] = ff

7

Noi,t + 8 ln(2)F<Ei (?) 

where <TNoi,e denotes the electronic contribution to the energy noise (which can tv* rnin-
imised by operating the pre-amplifier input stage at liquid nitrogen temperature), tthe 
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Figure 11 Electronics for X-ray spectroscopy with a Si(Li) detector 

energy quantum to create a electron-hole pair in the Si-crystal (3.81 eV) and F the Fano 
factor (about 0.114), describing the deviation from Poisson statistics on the charge forma
tion that takes place in the crystal. As a typical value one usually quotes the resolution at 
the 5.9 keV Mn-A'0 energy, which may be conveniently obtained from a long-lived "Fe 
radionuclide source. At this energy, for 30 mm2 x 5 mm and 80 mm2 x 5 mm crystals, 
typical resolution values of resp. 145 and 170 eV can be obtained. 

• Non-gaussian tails 

The gaussian part (e.g., centered at energy £,), whose contribution Yj(i) to the content 
of channel i of the spectrum can mathematically be described as: 

Yj(i) = G(EJ:i) = —r=z*V 1 ( E(i) -
2\FWHM /M ;/2.35/ j (4) 

each peak in a pulse-height spectrum also has a low-energy tail. Several processes con
tribute to this tailing. Surface dead layers and other imperfections influencing the charge 
collection process (such as loss of the weak field regions at the edges of the crystal, see 
Figure 12) produce tailing whose intensity relative to tl.e overall peak area falls rapidly 
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Figure 12 Field and potential distributions in a Si(Li) detector. Charge production in the shaded regions is 

partially lost, resulting in low energy peak tailing. 
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Figure 13 Schematic representation of the energy dependence of the intensity of contributions to low en

ergy tailing 

with increasing photon energy. Nuances of detector fabrication play a large part in de
termining the shape and magnitude of low energy tailing (Statham, 1981). 

Escape of Auger and photoelectrons from the bulk silicon into the surface dead region 
is another contributor. In contrast, radiative Auger satellites just left of the Ka and 
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Kg peaks of each element are genuine spectral components. Since they are not fully 
resolved from their parent peaks they appear as further low energy tailing. For the A> -
satellite (KMM/A> ), the intensity is ten times greater than that of the KLM/A'0 and 
so the apparent Kg -tail is greater than that of the Ka -peak, in contrast to the dead-
layer effects. Finally, for photon energies above 15 keV, Compton-scatter humps begin 
to appear; their spectral area increases with energy and is dependent on the matrix 
material available for scattering photons towards the detector. The various effects and 
their magnitude is roughly represented in Figure 13. By placing a collimator in front 
of the detector (so that only the central part of the crystal is used), the peak shape can 
be improved; however, during computer analysis of the spectral data, the non-gaussian 
components of the peak shape still need to be taken into account in order to obtain optimal 
results. This is especially necessary in order to avoid problems when less intense peaks sit 
upon the tails of more intense ones. In Figure 14 the various non-gaussian contributions 
to a photopeak at 1.839 keV are shown (T(i) corresponds to losses of ionisation charge in 
the frontral dead layer; S(i) is a flat low-energy shelf) (Inagaki et al., 1987). 
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Figure 14 Lineshupe from monoenergetlc radiation of 1.839 KeV energy, together with components of the 

line-shape function of Inagaki et al (1987) 

• Detector artefacts: escape and pile-up peaks 

Spectra] artefacts are would-be characteristic peaks which are caused by phenomena oc
curring either in the detector or in the counting circuitry. When using a silicon crystal 
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as detector, each (intense) photopeak in the spectrum is accompagnied by a Si-K escape 
peak. Normally, this peak appears at an energy 1.742 keV (energy of Si-A'„ ) lower than 
energy of the parent peak. Since, however, the silicon K-X rays can only escape from 
shallow depths, the escape peaks have rather strong low energy tailing causing the satel
lites to appear at 1.752-1.754 keV left of the parent energy. Because of their low intensity, 
the escape peaks are usually modelled as Gaussians. The ratio of the escape to parent 
peak intensity is given by: 

-h- = •;—- V = fsiMJsi.K - 1) U 1 - 1 7 l 

The possibility exists of two photons entering the detector within a sufficiently short time 
interval so that they are recorded as a single event. The result is a pile-up continuum 
above each peak (at energy E) in the spectrum, culminating in a pile-up peak at IE. 
Similar to escape-peaks, sum peaks can masquerade as other lines; e.g., the ¥e-Ka +Fe-
K0 pileup (6.4 + 6.4 keV) overlaps with the Tb-Lp line at 12.6 keV. Whereas the pileup 
continuum between the parent peak(s) and the sum peak can be suppressed by using 
pile-up rejection (PUR) circuitry, the pileup peaks resulting from quasi-simultaneous in
teractions survive unscathed. 

• Background 

The last spectral component which needs to be dealt with during the computer evalu
ation of energy dispersive X-ray spectra is the background. The background in X-ray 
spectra may be the result of a variety of processes. In the case of secondary target tube 
excitation or other forms of quasi-monochromatic primary radiation, the background is 
mainly determined by the coherent and incoherent scattering peaks. Incomplete charge 
collection of these intense peaks causes the latter to have extensive low-energy tails and is 
responsible for most of the background. Empirical approaches to describing this spectral 
component have been reported (Van Espen et al., 1976; Cirone et al., 1984). When white 
radiation is used as excitation form, the shape of the background can be very complex 
and depends on both the initial shape of the excitation spectrum and on the composition 
of the sample. Since the iickground in this case is mainly radiative, absorption edges 
can be observed. For all excitation modes, the cumulative effect of the incomplete charge 
collection of intense fluorescence lines causes the background at lower energies to be 
significantely higher than expected on the basis of primary background processes. 

4.2. Evaluation of Energy Dispersive X-ray Spectra 

Several approaches to resolve the frequently occurring peak overlap or to "deconvolute" 

1 -
fsi(ESiKa ) 

f*si(Ei) 
l n l l + 

HsdEi) (5) 
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the various elemental contributions in an X-ray spectrum have been described in the 
literature. 

4.2.1. Library Fitting Approaches 

Arinc et al. (1977), have described a least squares method using measured library spectra 
for mono-energetic photon excitation of aerosols collected on membrane filters. 

Calibration of the photopeak intensities in the spectra is achieved by pie-recording librar/-
spectra of each X-ray line series of interest by exciting elemental standards that are free 
of overlap interferences. A least squares minimisation procedure is then used to fit these 
prerecorded library profiles to the sample spectra. More concretely, the value of the 
weigthed sum of differences \7, defined as: 

*2 = r ^ £ flLzJifiloy = _L^ £ i [Yt _ y ( i ) f ( 6 ) 

n — m *~r \ ffy I n — m *-?" ii 

is minimised. The summation runs over the channels (i) in the specified window in the 
spectrum; n denotes the number of channels in that window and m refers to the number 
of optimisable parameters in the fitting function. In the present approach, the latter is 
assumed to consist of a linear combination of library spectra, i.e.: 

V7«(0 = £ « i M 0 (7) 

so that the least-squares procedure in this case is aimed at establishing a set of values for 
the coefficients a, so that \ 2 is minimal. 

The library fitting technique is based on the fundamental assumption that the sum of the 
individual components at each point in the spectrum is equal to that of the composite 
sample. In the case of X-ray fluorescence spectra, this principle is valid for the character
istic intensities (assuming equal absorption factors for all library spectra and the sample 
- see section 5). In the case of the backscattered radiation from the excitation source, 
however, this assumption is violated. Nevertheless, when the filters are lightly loaded, 
i.e., when the aerosol sample consitutes about 5 % of the sample weight, the backscat-
ter peaks do not change significantly in shape and vary only in total intensity with the 
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sample mass (Arinc et a!., 1976). Under these conditions, the part of the X-ray spectrum 
where the scatter peaks occur can be treated as a separate library component. 

This approach to spectrum evaluation has the advantage that, provided its fundamental 
assumptions are not violated, it has the most simple and fundamental basis, give* the 
most accurate results and automatically provides an estimate of the accuracy cf each 
individual component with respect to all other components in the sample. The method is 
also a very sensitive indicator of missed sample components. Its major limitatior. is tie 
requirement for measuring and storing the library spectra for each element of interest. 
This requires considerable care in the initial spectrometer calibration as well as ample 
computer storage capacity. 

Filter Function 
UW 
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LW 
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Figure 15 Application of a lop-hat filter to a pore Gaussian peak supsrinipossd on a linear background 

A variation on this technique has been described by Schamoer (1977). This author shows 
that the conventional least squares method can be made insensitive to a smooth contin
uum by applying a simple digital filtering procedure (sometimes referred to as 'top-haf 
filtering) to both the unknown and the sample spectra. The principle of the method is 
explained in Figure 15. This technique can be applied under a wide range of excitation 
and sample conditions for XRF analysis; next to this, its major advantages are that dur
ing the evaluation of the spectra, an explicit continuum model is not required while only 
peak shape reference spectra are needed tor the library. To a large extent, this method 
has been used with electron induced X-ray spectra (Statham, 1977; Potts, 1985; Potts et 
al., 1991). 
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4.2.2. Fitting to Analytical Functions 

In ED-XRS, the complex nature of the spectra from Si(Li) detectors has made the spec
trum evaluation procedure probably the most critical part of the analytical measurement. 
Computer-based spectrum evaluation procedures are mandatory to improve the preci
sion and accuracy of an analysis. Van Espen et al. (1977a, 1977b) report on a program 
called AXIL (Analysis of X-ray Spectra by Iterative Least Squares) for analysis of X-ray 
spectra from a secondary target excitation system. The software, however, is also readily 
applicable to spectra obtained by electron and charged particle excitation (Van Espen et 
al., 1981). The spectrum deconvolution formalism employed in this program is based on 
non-linear least squares fitting using a modified Marquardt algorithm (Bevington, 1969; 
Nullens et al., 1979). In this procedure, the parameters of the non-linear analytical func
tion Yjn are iteratively refined in order to minimise the sum of weighted differences x2 

between the observed spectrum and a parametrised analytical model of the spectrum. 
Certain parameters of the fitting function are specified by the user as input to the pro
gram. The relevant parameters (e.g., peak areas) are output and can be used in further 
calculations to obtain elemental concentrations (see section 5 and 6). 

The fitting functu n in this case consists of two parts, one describing the peak features 
corresponding to the characteristic X-ray lines observed in the spectrum; the other part 
describing the background: 

>7,r(0=>wo+£y,(«') (8) 

where Yiack(i) is the calculated background contribution in channel t and Yj(i) refers to 
the contribution of the chaiacteristic lines of element j to the content of channel i. 

The fitting function that describes the peak features is very flexible so that the user can 
adapt the model to the situation under investigation. For each group of peaks j (typically 
belonging to one element), the contribution to the content of channel i is calculated 
according to: 

Yt(i) = h Cj(() + £ Rik{i)G(Ejk,i\\{Eik) 
t=i 

(9) 

in which /,- represents the total net peak area of peak group j (e.g., all K lines of Fe, all 
L///-lines of W). The summation runs over all the lines in group j , n(j) (e.g., n(j) = 2 for 

ED-XRF Aiulyiii of Acrotolt 35 



Fe where only the Ka and Kp -lines are considered as separate entities). R}k denotes the 
fraction of the total intensity in group j originating from line k (e.g., for the Ka -line of 
Fe, RFtK„ - 0-801). G(Ejk,i) represents a gaussian function describing the peak shape of 
an X-ray line at energy Eik as described above (Eq. 4). The term C,(t) in ihe summation 
refers to numerically stored peak-shape corrections applied to the group j as a whole. 
The shape of these corrections varies with Z as is shown in Figure 16 and incorporates all 
non-gaussian contributions of the photo-peaks of the line-group (Van Espen et al., 1977). 
In the AXIL program, using these corrections is optional; they only need to be applied in 
the case of very intense photopeaks where also the effects of incomplete charge collection 
become significant. In such cases, applying them becomes mandatory, not in order to 
obtain a more accurate estimate of the intensity of these peaks, but rather to avoid large 
systematic errors in establishing the intensity of smaller peaks which appear on the non-
gaus*ian tails of the intense lines. The factor A(Ejt) represents the total attenuation factor 
for the X-ray line with energy Ejk. The X-ray attenuation can be specified to originate 
from absorption in the detector (determining in part the detector efficiency), from any 
material placed in the X-ray path between sample and detector (air, extra absorbers to 
filter the fluorescent spectrum) and from the sample itself. 

Next to taking into account the non-gaussian parts of the photopeaks, in the AXIL pro
gram also provision is made to include detector escape peaks in the fitting model. More
over, an algorithm is included which (if sc specified) automatically calculates the con
tribution of sum peaks (due to peak pile-up) in the spectrum, based on estimates of the 
intensity of the parent photopeaks in the spectrum and the introduction of a 'pile-up 
elemenf or peak group according to the method first employed by Johansson (1982). In 
Figure 17, an X-ray spectrum of a geological sample is shown, fitted with and without 
pile-up peaks using the AXIL program (Van Espen et al., 1981). 

In the AXIL deconvolurion software, four different types of background models can be 
selected by the user. A linear polynomial background up to order 4 is most useful to fit 
small spectral regions up to 3 keV wide. An exponential polynomial background up to 
order 8 can be used to describe the background of an entire X-ray spectrum, typically 20 
keV in width. Figure 18 shows an ED-XRF spectrum obtained from an erosol loaded 
filter using Ti and Mo secondary target excitation. In the latter case, the spectrum was 
fitted with more than 100 lines, belonging to 18 chemical elements. 

In the case of radiative backgrounds (as in PIXE or EPMA spectra, or when using poly
chromatic excitation in XRF), this background model is multiplied by an X-ray attenuation 
term; the entire background model is then referred to as a 'Bremsstrahlungs background'. 
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Figure 16 (a) P"!se height distribution of Mn Ka and A'# X-rays (dots) and the smoothed correction func

tion (full line) obtained as the difference between the true response function and a fitted Gauss 

function, (b) Peak shape corrections for Ca, Mn, Zn and Br. 
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CHRNNEL NUMBER 

Figure 17 Fits to the PIXE spectrum of a geological sample using the code AXIL In the upper spectrum 

the pile-up element is included but in the lower spectrum it is not. 

The fourth background model has most recently been added and is based on iteratively 
suppressing all channels containing peak information (Van Espen et al., 1986; Clayton et 
al., 1987). After typically 400 iterations, a smooth background is obtained which repre
sents the overall shape of the continuum part of the spectrum. The background is stored 
in memory and used as such in the subsequent least squares fitting. Although requir
ing a considerable amount of computation time, the advantage of this procedure is that 
virtually any background shape can be modelled. Depending on the background type 
selected and on the order of the polynomial requested, the fitting function has between 
0 and 8 additional parameters that need to be optimized. 

The least squares algorithm adjusts the net peak area's Ij and the (energy and resolution) 
calibration parameters that determine the position and width of the peaks so as to obtain 
an optimum fit between the user-defined analytical model and the experimental spectrum. 
Table V summarizes the user-selectable items that control the final form of the fitting 
model. 

More recently, and with the support of the IAEA, the AXIL software, which originally was 
devoted to spectrum evaluation only, was reimplemented on personal computers (Van 
Espen et al., 1986). The computer package, known as QXAS (Quantitative X-ray Analysis 
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Figure 18 (a) Fit of the complex ED-XRF spectrum of an aerosol-loaded filter sampled in an industrial 

environment, and exciied by a Mo secondary target. More than 100 fluorescence lines from 

18 elements are present (b) Fit of a Ti secondary fluorescer excited ED-XRF spectrum for the 

low-Z region of a loaded filter. Dots: measured points; full line: total fit; dolled Une: background 

fit 

ED-XRF Analysis of Aerosols 39 



Table V User-selectable items and commands in the AXIL-QXAS X-ray spectrum evaluation program. 

Top-level Qualifiers/ Description 
command arguments 

LOAD Load a spectrum from disk 
DISPLAY UN/LOG Display spectrum on linear/log scale 

BEG/END= Display spectrum between channel bounds 
MIN/MAX= Display spectrum between count bounds 

Display fitting region or entire spectrum 
Display residual and calculated fit 

ROI/SPECTR 
Display spectrum between count bounds 
Display fitting region or entire spectrum 
Display residual and calculated fit RESIDUAL 

Display spectrum between count bounds 
Display fitting region or entire spectrum 
Display residual and calculated fit 

PLOT Make graphical printout of spectrum 
CALIB ZERO/GATN= Set energy calibration parameters 

Set resolution calibration parameters NOISE/FANO= 
Set energy calibration parameters 
Set resolution calibration parameters 

Ka/Kb/La-ID Identify nearest peak 
Add new X-ray line group to model 
Delete existing X-ray line group from model 
Display list ofX-ray line groups in model 

X-LINES ADD 
Identify nearest peak 
Add new X-ray line group to model 
Delete existing X-ray line group from model 
Display list ofX-ray line groups in model 

DELETE 

Identify nearest peak 
Add new X-ray line group to model 
Delete existing X-ray line group from model 
Display list ofX-ray line groups in model SHOW 

Identify nearest peak 
Add new X-ray line group to model 
Delete existing X-ray line group from model 
Display list ofX-ray line groups in model 

FIT FIT-ITER= Fit spectrum, perform indicated iterations 
KLM Overlay spectrum with KLM-markers 

(peak identification) 
ROI BEG/END= Set fitting region to entered values 
RESULTS BRIEF/FULL Display concise/full list of fitting results 

SHOW 
PRINT/STORE 

Display fitting results on screen 
Send fitting results to printer/file 

SAVE-RES Writes fitting results to a file, 
(in a standard block format) 

BACKGR LTN/EXPON Select background type (linear, 
BREMS exponentional, Bremsstrahlung 
FILTER or smooth filter) 

SCAT-ROI COH/INC Set region-of-interest for 
(in)coherent scatter peaks BACKGR 
Set region-of-interest for 
(in)coherent scatter peaks 

STOP Return to parent program 

Software), also contains integrated software routines for the quantification of spectral 
intensities based on empirical and semi-empirical calibration procedures. The package is 
available from the IAEA upon simple written request. 
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5. CALIBRATION 

The term calibration in quantitative X-ray analysis refers to establishing an operational 
relation fa calibration curve') between the observed fluorescent intensities of some or all 
of the elemental components in the sample and their concentration or weight fraction in 
the latter. 

There are basically two possibilities for calibration : one is based on the use of suitable 
cal:bration standards for every element to be determined, the other relies on the use of 
fundamental physical constants. Both methods have advantages and drawbacks, and 
for both the radiation absorption in the sample may become significant for samples and 
standards of non-infinite thickness. 

As XRF is a relative rather than an absolute method of analysis, XRF analyses cannot be 
more accurate or precise than the standards employed for calibration. In principle, the 
spectrometer needs to be calibrated for each element. Calibration involve? the determi
nation of the sensitivity of an element (the number of counts that per second and per 
concentration unit of the analyte element can be detected). In practice, however, this pro
cess can be greatly simplified since the elemental sensitivities vary smoothly with atomic 
number. 

5.1. Relation between Fluorescent Intensity and Concentration 

The intensity of the fluorescent radiation (sometimes also termed secondary radiation 
which is not to be confused with the exciting radiation employed in a secondary target 
geometry) is defined as the number of photons emitted from the sample per unit time. 
For a given sample, this intensity is a function of several factors, the most important ones 
being: 

the number of primary photons striking the surface of the sample per unit time, 
h: 
excitation yields of individual elements in the sample, expressed via corresponding 
mass absorption coefficients; 
fluorescence yields of the excited atoms; 
geometrical factors, such as the area of the irradiated surface of the sample and the 
distance from this surface to the detector window; 
mass per unit area of the sample (A/); 
self-absorption of the secondary radiation in the sample, expressed quantitatively 

ED-XRF Aiulyiif of Acrotols 41 



via the mass absorption coefficients of the fluorescent radiation for individual sam
ple components; 
concentrations of the elements which are excited in the sample, expressed usu<Jly 
by weight fractions (u><); 
interelement effects such as secondary and tertiary fluorescence; the latter effects, 
however, are fairly unimportant in the case of aerosol samples. 

In the case of quasi-monochromatic excitation (as is the case for secondary target and 
radio-isotope XRF), the intensity J, of the i-th element in a flat, homogeneous sample of 
thickness D is given by: 

1 _ e-XipD 
U = GKi({Ei)wi (10) 

where Xi = I*M{EQ)CSC(4>) + nm(Ei)csc(ip). (See Appendix A for the derivation of this 
relation and an explanation of the symbols.) Regrouping factors, Eq. 10 can be rewrit
ten by introducing an elemental sensitivity St = GKie(Ei) and an absorption factor A„ 
yielding the following simple relation between fluorescent intensity and weight fraction 
of an element: 

U = Si (wiPD) I — — — 1 = SiMiAi (11) 

where Mi = wtpD represents the mass per unit area of element»' in the sample. 

The elemental sensitivities Si are usually expressed in countsAg/cm2) and can either be 
determined experimentally (empirical calibration) or calculated from fundamental physi
cal constants of the elements and some instrumental parameters (fundamental parameter 
calibration). 

5.2. Empirical calibration 

From Eq. 11, it follows that experimentally, sensitivities can be determined by simply 
dividing the absorption corrected X-ray intensities Ui/Ai) by the mass concentration of 
each analyte: 
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Since measurement of the X-ray intensities is relatively straightforward while for standard 
samples, also the elemental concentrations are known, the largest difficulty in applying 
Eq. 12 lies in the accurate determination of the absorption factor A, for each standard. 
One approach in this respect is to use thin-film calibration samples. 

5.2.1. Calibration using thin-film standards 

In the case the mass per unit area (pD) of the sample is low (xpD « 1), Eq. 10 can be 
simplified using exp(-x) «s (1 - x), to yield: 

Ii = GKitiEJwipD = SiMi (13) 

Since in this case, effectively At = 1, sensitivity calibration of the spectrometer is straight
forward. A sample can be considered thin when using Eq .13 causes a relative error of 
less than 1%., i.e., when: 

p £ < — = PA*,„. (14) 

As an example, in Figure 19 elemental sensitivities for the elements Si to Cu are plotted 
using various mono- and polychromatic excitation sources and by employing National 
Institute of Science and Technology (NIST, formerly NBS) Thin Film Calibration Stan
dards SRM 1832 and 1833. This figure compares the elemental sensitivity of an XRF 
spectrometer at a synchrotron radiation source at 10 and 20 keV with those of a con
ventional low-power direct excitation setup. In the case of 10 keV synchrotron radiation 
excitation, measurement times may be up to a factor of 1000 lower than using the con
ventional (secondary target) setup. From the smooth variation of the sensitivity with Z, it 
follows that in case no suitable calibration standard is available for a particular element, 
its sensitivity can still be estimated with sufficient accuracy by fitting a smooth curve 
through the other experimental points. The use of such a fit also improves the average 
accuracy of the individual determinations and provides corrections for gross inaccuracies 
of certain standards, e.g., by losses of material (Van Espen and Adams, 1981). 

• Requirements for and preparation of thin-film standards 

Standards to be used for calibration should be uniform in area and depth. In order to 
avoid X-ray absorption they should be thin and made up of very fine particles. Single 
element standards can be prepared by vacuum evaporation of pure elements or simple 
compounds onto a thin backing film, e.g, 4 fim Mylar (Heagney and Heagney, 1979). 
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Figure 19 Comparison of sensitivity curves tor various XRF spee&ometer setups: (a) Quasi mor. chromatic 

synchrotron radiation XRF setup at the DCI storage ring. Oruy. Paris at 10 and 20 keV; (b) Tra

cer Spsctrace 5000 direct excitation setup (Rb-tube at 35 kV. SO /wn Rh-MBf beMreen lube and 

sample); (c) Zr secondary target setup. 

Billiet et al. (1980) made multielement thin film standards by mixing a solution of different 
elements with a short-lived radioactive tracer and a water polymer. A film was then 
produced by spreading the liquid mixture evenly on glass plates. Such standards when 
analysed by INAA and inductively coupled plasma emission spectrometry proved to 
be accurate to within 1-2 %. They have been found to be suitable for XRF analysis of 
aerosols and show a good homogeneity and accuracy. Commercially available standards 
consisting of pure elements or simple inorganic compounds, vacuum evaporated on a 
thin Mylar backing can be purchased from several commercial sources with an accuracy 
of the weight per unit area specified to be better than 5 %. Filter standards prepared 
from aerosols, created by blown pulverised materials, are also commercially available. 
Glass microsphere standards in the 1-20 pm size range (Marinenko et al., 1989), as well 
as different thin film standards for X-ray fluorescence are available from NIST and BCR. 
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5.2.2. Calibration using thick standards 

Infinitely thick samples can be denned as such samples whose aereal mass exceeds a 
critical thickness: pD > pDthiek- pDthiek is called the effective mass of the sample. This 
saturation thickness is defined as a limiting value above which no increase (larger than 
1%) in the intensity of the secondary radiation will be observed as the sample thickness 
is increased. This condition is equivalent to cxp(-xpD) < 0.01, or 

~ 4.61 
pD > = pDthiek (15) 

X 

Samples whose mass thickness pD exceeds pDlhiCk, can be considered as 'infinitely thick' 
or 'saturated' with respect to X-ray absorption in the sense that radiation originating from 
a depth x > Dthick will never reach the detector due to self-absorption in the sample. 

Similar to pD,hin> the saturation thickness depends on the chemical composition of the 
sample under consideration and on the energies of the primary and fluorescent radiation 
being employed. Table VI lists values of the critical thickness for some typical matrices 
and energies, using an excitation energy of 20 keV. 

Tabte VI Critical thickness pD,i,iek for X-rays in a biological (carbon) and metal matrix (steel) using 20 

keV primary radiation. 

Line Energy 
(keV) 

pDthitk (g/cm 2) pDthick (g/cm 2) Energy 
(keV) C matrix Fe matrix 

S-Ka 2.307 0.009 0.003 
K-Ka 3.317 0.029 0.007 

Ca-A'„ 3.690 0.041 0.009 
Ti-AT0 4508 0.075 0.015 
Fe-Ka 6.398 0.215 0.034 
Cu-Ka 8.040 0.421 0.010 
te-Ka 

10530 0.871 0.018 
*b-Ka 13373 1502 0.031 
Pb-I„ 10550 0.875 0.019 
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In the case of thick samples, the exponential term in Eq. 10 becomes negligeable and one 
obtains for the absorption factor 

yl. = - i - (16) 
XipD 

so that 

Ai = SiWipDAt = — (17) 
Xi 

As could be expected, for thick samples, the characteristic X-ray intensity is directly 
proportional to the elemental concentration and independent of the sample thickness. 
Although in aerosol research, thick samples are rarely encountered, Eq. 17 can never
theless be employed in the context of calibration. Using thick standards (e.g., pressed 
pellets of powdered metals, pure elements or simple compounds) for calibration has the 
advantage that materials are more easily available and cheaper than thin films. Thick 
standards will also yield a higher fluorescent intensity than thin or intermediate speci
men. On the other hand, because of the self-absorption of radiation in the standards, even 
if their composition is accurately known, systematic errors in the calculation of the mass 
absorption coefficients may propagate into the sensitivity calibration of the spectrometer. 
Methods of calculating mass absorption coefficients are discussed in Appendix B. 

Figure 20 illustrates the use of thick standards (mostly in the form of pressed pellets) 
for the sensitivity calibration of a Zr secondary target XRF system (De Lorenzi et al., 
1989). Table VII lists some details of the standard samples which were employed. The 
A'0 sensitivity curve is also shown in Figure 19. 

5.3. Calibration based on Fundamental Parameters 

Instead of measuring the sensitivity for a relatively large number of elements, via Eq. 10, 
it is also possible to calculate relative excitation efficiencies S* using published photo
electric cross sections, fluorescence yields and other fundamental parameters (see Ap
pendix B). In this approach, the detector efficiency has to be determined over the entire 
range of interest. For Ka -sensitivities and for quasi-monochromatic excitations, one ob
tains: 
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Flgur* 20 Empirically determined K«, (a) and L„ (b) sensMvies vakiw D and fiaed curve* ming infinMy 

truck standards Information of the standard specimen employed is given in Table V 

In order to obtain absolute sensitivities (5, = GS*\ the value of the geometry factor G 
(including the space angles of excitation and detection and the intensity of the primary 
radiation) must be estimated by measuring one or more standards. 

Ciauque et al. (1973) have shown that relative excitation-detection efficiencies can be 
calculated fairly accurately using a basic physical approach. The calculated values for K 
up to As normalized to Cu agree within 4 % in each case, but for other elements (Rb, Sr) 
larger differences (> 10 %) are obuined. The same authors (Ciauque et al., 1976) have 
also calibrated an X-ray spectrometer for low-Z elements using a semi-empirical approach 
with thick standards. Van Espen and Adams (1981) describe a method for analysis with 
the secondary target geometry which relies on : 

(1) the use of a minimum number of thin uniform calibrated deposits, 
(2) the knowledge of a consistent set of fundamental physical constants and 
(3) the assumption that the excitation spectrum is sufficiently monochromatic in the 

ED-XRF Analysis of Arrosol* 47 



TabteVI farm and conyoaHwnotintni^t^ standards «mpt^^ 

~m Rgura 19 and 20. 

Element Anal. Line Compound Sample Form 

S Ka 
S pellet 

a A'« N a d pellet 
Ca Ka CaCOs pellet 
Ti Ka Ti metal 
V Ka V metal 

Mn Ka Mn metal 
Fe Ka Fe metal 
Co Ka 

Co metal 
Ni Ka 

Ni metal 
Cu Ka Cu metal 
Zn Ka ZnCQs pellet 
As Ka 

NaAsOj pellet 
Br Ka KBr pellet 
Ag La Ag metal 
Cd La Cd metal 
Sn La Sn metal 
Ba La BaCl2 pellet 
Nd La NdF 3 thin film 
W La W metal 
W La 

W pellet 
Hg La HgO pellet 
Pb La Pb metal 

secondary target setup that excitation due i the remaining background continuum 
can be neglected. 

Straightforward calculations in this manner provide calibration data with an accuracy 
comparable to that obtained experimentally with commercial standards or standards pre
pared by carefully optimised procedures in the laboratory. When relying on the detector 
efficiency and various physical constants as a function of energy, the geometry factor can 
be determined with a reasonable degree of accuracy. 

In general, the standardization procedure can be more easily controlled for ED-XRF sys
tems with secondary target geometry than for se*ups that use direct rube spectrum ex-
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citation. However, one cannot rely exclusively on the absolute approach because of the 
difficulties in determining with sufficient accuracy some of the experimental parameters 
(especially the solid angles in excitation and measurement). A semi-empirical approach 
which combines the use of a more or less extensive collection of standards with the 
exploitation of physical constants is therefore an attractive solution. 
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6. QUANTIFICATION 

During the quantification step of the X-ray analytical process, the measured X-ray inten
sities are converted into elemental concentrations. In general, this can be done in several 
ways, such as using calibration curves, internal standards, standard addition, employing 
dilution/fusion methods and the use of influence coefficients. Detailed information can 
be found in Bertin (1978). In the case of homogeneous aerosol samples, in which (with the 
exception of the lowest energies (Na, Mg,..., Al-Ka ), usually negligible absorption and 
enhancement occurs, the calibration curve or sensitivity approach (see previous section) is 
most often employed. In the case of thin samples, the unknown mass concentrations can 
straightforwardly be obtained from the experimental X-ray intensities by the application 
ofEq. 13. 

For characteristic X-rays with low energy, however, the samples may not be thin enough, 
causing significant absorption to occur which must be corrected for. The aerosol sam
ple is then considered to be of intermediate thickness for this radiation. Since such an 
absorption correction involves using the sample composition, i.e., the final result of the 
quantification step, a suitable iterative calculation scheme must be employed instead of 
the direct application of Eq. 11. 

In case the aerosol samples cannot be considered as homogeneous, the absorption cor
rection becomes more complicated, as particle-size effects and the absorption in the filter 
need to be taken into account. 

6.1. Intermediate Samples 

In comparison to thin or infinitely thick samples, intermediate samples present an ad
ditional difficulty during the quantification of the observed fluorescent intensities. As 
neither of the simplifications of Eq. 10 can be employed in order to correct for absorp
tion, (estimates of) the sample mass pD and of the mean sample composition (in terms 
of the mean atomic number ~Z) must be known. In case this information is not available 
from other measurements (e.g., through weighting), estimates of pD and Z can be derived 
from the experimental data itself. As in environmental samples, a large weight fraction of 
the sample material may consist of so-called 'dark elements', i.e. (low Z) elemei.ts such 
as C, N and O for which no significant fluorescent radiation can be detected, next to the 
intensity of the characteristic peaks, additional experimental data is used to estimate the 
abundance of these elements. 
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This extra information can be obtained in various ways. One approach is termed the 
emission-transmission (ED method and requires the measurement of the specific X-ray 
intensities from the filter sample alone and from the sample and a certain target posi
tioned behind it in a fixed geometry (Leroux et al., 1966; Giauque et al.# 1973; Van Dyck et 
al., 1980). An alternative correction procedure is based on the use of the scattered primary 
radiation which suffers similar matrix absorption as fluorescence peaks and behaves sim
ilarly with instrumental variations. Next to providing an estimate of the sample mass, the 
scattered radiation peaks also provide direct spectral information on the average matrix 
of the analysed elements when these contain large quantities of light elements. 

• The Emission-Transmission Method 

A number of variations on this experimental technique have been described in the liter
ature. We will limit ourselves here to describing the method proposed by Van Dyck et 
al. (1980). 

sample sample 

target 

target 

>.»>)>M1>>>>> rnjpr^rrr A 
(I i)s 

Exciting Characteristic 
radiation radiation 

f \ 
( I ' l l . (Mo 

Figure 21 Principle of the Emission-Transmission Method 

The purpose of the ET method is to obtain an estimate of the absorption factor >4, in Eq. 
10 for each individual sample. This is done by measuring the X-ray intensities with and 
without the specimen from a thick multielement target which is located at the back of the 
specimen. The experimental arrangement is shown in Figure 21. Denoting the spectral 
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intensities for element i obtained from the sample alone, from sample plus target and 
from target alone as resp. If, If and if, the combined absorption of the primary (£"0) 
and secondary radiation (£<) which is transmitted through the sample can be expressed 
as: 

e-x<pD = JL_1=« ( 1 9 ) 

so that for the absorption factor A* follows: 

*=m- (20) 

The applicability of this method is limited to quantitative analysis by XRF of samples 
with: 

Mi > Mr» = zM2T!l ( 2 1 ) 

Xi 

where af"* is a critical transmission factor, arbitrarily set to 0.1 or 0.05. 

• Absorption Correction using the Scattered Primary Radiation 

Since the early work of Andermann and Kemp (1965), the usefulness of the analytical 
information provided by the scattered radiation has been widely applied in XRF. In the 
past, it has most often been used with secondary target setups (e.g., Van Espen et al., 
1976; Giauque, 1979; Nielson, 1977; Van Dyck, 1980), although more recently, its use with 
direct excitation setups has been reported (Araujo et al., 1990; He et al., 1990). In Figure 
22 the scatter peaks in ED-XRF spectra obtained from a secondary target (Mo) setup and 
a direct excitation instrument (Rh-anode) are indicated. 

The intensity of the scatter peaks is given by (see Appendix A.2): 

hoh = IoG<rCohpD 
(22) 

line — hGOinepD 

From the theoretical scattering cross-sections (Hubbel et al., 1975), at a particular energy, 
a simple relation between the elemental scattering cross-sections and the atomic number 
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Figure 22 ED-XRF spectra 

Rh-anode direct excitation setup. 

obtained from (a) a Mo-secondary target setup, (b) a 

can be obtained. From the theoretical values at 20 keV, Van Espen et al. (1979) obtained 
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the following relations: 

lnaeoh = -5.18-r 1.37 ln(Z) 
lnaine = -1 .32- 0.29ln(Z) 

or more general (for element i): 

"eoh.i = <*oZi l 

0tne,t = boZi

l 

For mixtures or compounds, this becomes: 

(23) 

(24) 

"itic,M = 2 J wiainc,i = &0 2_< » ' = *°^»»e 

(25) 

where Z e o h = [Ei Wi^, ? I ] I / o ' »ndZ i n e = E j u , i ^ , 4 l ] 1 / 4 ' are the equivalent average atomic 
numbers of the sample for resp. coherent and incoherent radiation. In general, ~Zeon / 
Zinc-

Substituting Eq. 25 into Eq. 22, one obtains: 

hoh = IoGa0ZcohpD 

—bi line = IoGb0ZinepD 
(26) 

This set of simultaneous equations in pD and ~Z can only be solved if we make the 
assumption that Zeoh — Zine - Z. Of course, the assumption is only valid when the 
major components of the sample have atomic numbers which are close together such as 
C, N and O. 

Accordingly, one can solve Eq. 26 for the desired parameters and obtain the following 
estimates: 

/ „ T \ l / ( * i -oi ) 

~U W 
(27) 

PD = 
line 

OQZ IQG. 
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An evaluation exercise using powdered mineral standards deposited on Mylar foil (Van 
Espen et al., 1979) showed that the method is able to determine the sample composition 
with a mean precision of better than 5%, with no systematic deviations being observed. 

The assumption £„* = Zj n e = ~Z does introduce a systematic error in the determination 
of the sample mass which can amount up to, e.g., 12 % in the case of a sample matrix 
consisting of 60 % C and 40 % Fe (Van Espen et al., 1979). 

• Iterative quantification scheme 

In contrast to the simple and direct quantification procedure for thin samples, in the case 
of intermediate (or thick) samples, a problem is encountered in converting X-ray intensi
ties into concentrations, even if the sample thickness and low-Z content is approximately 
known. Indeed, in order to so, the absorption factor Ai (Eq. 11) needs to be calculated, 
which is itself a function of the (unknown) concentrations of the major elements in the 
sample. Since ir. this case, no explicit formulae can be derived for the latter, an itera
tive approach must be employed (see, e.g., Criss and Birks, 1968). In the case of aerosol 
samples, this can consist of the following 4 steps: 

1. Estimate the approximate concentrations M*0) of the elements by assuming Ai = 1 
for all elements, using: 

«><<V> = A/. ( 0 ) = f (27) 

The obtained weight fractions are normalized using £V u/j = 1, optionally employ
ing estimates of the concentrations of 'dark' elements such as C, N, O and by means 
of an estimate of pD. 

2. Using the estimated sample composition, calculate absorption factors C4<n)): 

4(") _ l-exp[-x(w\ ^pD] 
X(w*i ')pD 

3. Calculate new estimates of the concentrations according to: 

SMS" 
w^pD = M. ( n + 1 ) = T^—. (30) 
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4. Repeat steps 1 and 3 (n = 0,..., N) until successive estimates of the concentrations 
are less than the required accuracy of the iteration. 

Recently, He and Van Espen (1991) have reported on an integrated quantification system 
which employs an iteration scheme similar to the one outlined above. The method, based 
on fundamental parameters, is applicable to any type of excitation and is able to provide 
quantitative results for most sample types. Estimation of the non-fluorescent matrix is 
done by means of the scatter intensities and by assuming a two-element (Z and Z+l) 
low-Z matrix composition (e.g., C and N, N and O,...). The quantitative procedures are 
implemented in a PC-based program which is part of the AXIL-QXAS software package. 
Bilbrey et al. (1988) have reported on the comparison of five selected commercially 
available XRF fundamental parameter programs (DATAPLUS, CORSET, XRF-11, PC-XRF 
and NBSGSC) applied for the analysis of five sample types: cement, geological samples, 
low-alloy steels, nickel alloys and plant materials. 

6.2. Absorption Correction for Heterogeneous Aerosol Filters 

Depending on the sampling conditions, on the loading of the filter and on the particle 
size distribution of the aerosols, an aerosol sample may or may not be considered as a 
homogeneous sample. In the case of heterogeneous aerosol samples three effects need to 
be considered: (a) absorption in individual particles (particle size effects), which becomes 
important when the particles become larger than a few /*m; (b) attenuation of the X-rays 
in accumulated layers of particles can have an effect, especially for low-Z elements when 
heavy loading has taken place; and (c) when the particles are not solely collected on 
the surface, absorption by the collection substrate can attenuate impinging and emerging 
X-rays. Correction for absorption in heterogeneous samples implies the use of other 
expressions than Eq. 11 for calculating Ai. 

6.2.1. Particle-jize effects 

Particle-size effects (grain-size effects, granulation effects) involve the dependence of the 
intensity of the secondary radiation from a heterogeneous sample on the size of the 
individual sample grains (particles). The correction for particle size effects is the most 
difficult to deal with. Accurate corrections require the knowledge of the size distribu
tion and major composition of the particles which contain the elements of interest. In 
practice, several approximations are therefore applied. 

56 ED-XRF Analysis of Aerosols 



Criss (1976) proposed an empirical particle-size correction of the form Ai = (1 + 6a)2 

where a is the particle geometrical diameter and 6 is a coefficient that depends on par
ticle composition and experimental conditions. Values for b for various elements in 200 
different compounds using W and Cr secondary target tube-excitation are listed in this 
reference. 

Rhodes and Hunter (1972) describe a method in which for granular thin or intermediate 
samples (consisting of a monolayer of large particles), the mass concentration Mi can be 
obtained from: 

Mt = J L (31) 

where A\ is a 'heterogeneity' factor, for a certain discrete particle-size defined as: 

1 _ e-\par 

A\ = — . (32) 
XP<*r 

ar is termed the radiometric particle diameter which represents the mean geometrical 
path of the X-rays through one particle. ar is equal to the volume of the grain divided by 
the particle area presented to the radiation averaged over all possible orientations of the 
grain (Markowitz et al., 1980). For samples with a particular particle-size distribution, the 
heterogeneity factor can be described by a similar expression as Eq. 32, when integrated 
over the range of particle sizes (Rhodes and Hunter, 1972; Holynska and Markowitz, 
1981). If the particle size or its distribution is known (as is the case when, e.g., cascade 
impactors are used for sampling), the magnitude of the particle-size effect can directly be 
calculated using Eq. 32. 

A detailed overview of the mathematical treatment of particle-size effects and their phys
ical interpretation is given in the book by Dziunikowski (1989). 

6.2.2. Absorption by Accumulated Layers and by the Filter 

Corrections for radiation absorption are especially rendered difficult because the particu
late matter penetrates into the filter, so that the latter cannot be considered homogeneous. 
The inhomogeneous distribution is particularly important for cellulose filters where it was 
experimentally shown that for sulfur the absorption contributions due to the particulate 
matter and to filter penetration are equal to 1.30 and 2.1 resp. in a cellulose filter loaded 
with aerosols at 0.5 mg/cm2 (Adams and Van Grieken, 1975). The penetration of aerosols 
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in screen filters is much less important but even in this case one cannot entirely neglect 
the filter penetration effect. 

Ways to correct for the absorption in the filters must take into account the distribution 
of the particles within the filter (O'Connor et al., 1975; Adams and Van Grieken, 1975). 
Simple filtration theory assumes that the surface concentration of the element in question 
is reduced to concentration C, at depth z according to a relation Cx = Cbe~*r. Meth
ods proposed for correction depend on assumptions that (i) particle size effects can be 
neglected; (ii) the total absorption factor (A) in an aerosol loaded filter can be expressed 
as a product of two factors, the absorption effect Ap, due to absorption in the particulate 
material and an aerosol penetration factor Af. 

The factor Ap is independent of the particle size distribution and can be calculated from 
the aerosol mass on the filter using the mass absorption coefficients within the particulate 
matter for the primary and fluorescent radiation. Generally, when the mass-per unit-area 
of the material is known (e.g., from weighing) and its composition is assumed more or 
less constant, a correction for the attenuation in the material can be carried out. Indeed, 
the X-ray absorption can then be calculated using literature data for the physical constants 
for an assumed composition. Alternatively, they can be determined from transmission 
measurements (see previous section). 

The penetration factor (.4;) is much less easily obtained but assuming the exponential 
distribution with depth two methods were shown to provide acceptable results (Adams 
and Van Grieken, 1975; Van Grieken and Adams, 1976; Adams and Billiet, 1976). The 
first relies on the measurement of the fluorescent intensity from the front and the back 
side of the filter. The second method uses the measurement of the aerosol filters in a 
sandwich geometry, i.e., using the filter folded in two with the loaded side inwards. 
The effect of variable particle penetration within the filters can also be reduced by using 
in the collection step thin e.g., 1.1 mg/cm2 Nuclepore filters rather than conventional 
fibrous filters as, e.g., 8.5 mg/cm2 Whatman cellulose, which induce a more important 
background in XRF analysis and collect more in depth. 
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Appendix A. Fundamental relations in ED-XRF 

1. Relation between Fluorescent Intensity and Concentration 

The basic experimental arrangement for XRF is shown in Figure 23. Originating from a 
point source. X-rays of energy E0 impinge on the sample under an angle 4> relative to the 
sample surface. The sample of density p and thickness D located at a distance RloUrct is 
composed of n atomic species, at different weight fractions vij, (J = 1, n) with JV WJ =1. 
X-rays are detected at an angle ^ by a detector at a distance IUet with an active detector 
area of 5<fcl. The intensity of a particular fluorescent X-ray line (say Te-Ka ) originating 
from the sample is the result of different phenomena occurring in the sample. These 
include: 

the absorption of photons in the sample and the creation of core holes in the K and 
L shells of the sample atoms; 
the relaxation of the sample atom through filling of the vacant core holes by higher 
shell electrons, causing the emission of either characteristic radiation or of Auger 
electrons; 
the absorption of the secondary radiation in the sample on its way to the detector; 
the absorption/detection of the fluorescent photons in the detector. 

ssurc* detechr 

A If • •.'• sample '.;.':/ 

Figure 23 Basic experimental arrangement in XRF 
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Consider the number of photoelectric interactions dlph that occur per unit time in an 
infinitisimal layer of thickness dx at a depth x in the sample. This number is proportional 
to the incident number of photo u> h„c reaching a layer at depth x, after passing through 
a distance x csc(4>). As a result of absorption along this path, Iine is given by: 

line = Io(Eo)dEo-^2e-^(E^Pcsc<t> (Al.l) 

(Symbols are explained in Table VIII.) 

Accordingly, the number of photoelectric interactions dlph in the layer dx is given by: 

dlph = IincTM{EQ)pdxc8c<t> (,41.2) 

where TM(E0) represents the total photoelectric mass absorption coefficient of the sample, 
expressed in cm 2 /g . For compound samples, this is a weighted sum of atomic contribu
tions, given by: 

TM(Eo) = Y,wiTj(E°)- (A1.3) 
;' 

Thus, the number of core holes created in atomic species i, dlph,i is given by: 

dlph,i = dlrh ' ' / n ° . = WiTi(Eo)pI>ncdxcsc<t> {A\A) 
TM(£<O) 

In its rum, the atomic photoelectric cross section can be considered as a summation of 
contributions pertaining to the various shells {K,LJ,LJI,LJJI,. ..) in the atom: 

Ti(E) = riiK(E) + [Ti,L,(E) + riiLn(E) + Ti:Lnl(E)} + [riM,{E) + . . . ] + . . . (.41.4) 

reflecting the fact that only core holes in, e.g., the K-shell give rise to K-radiation. 

As we are currently interested in the radiation that pertains to one particular shell (for 
simplicity, the K-shell), the number of K-shell core-holes is given by: 

., n,y(£o) j , _ JJ,K •-1 _,r , , , , , dli,K = ' l v > dlphj = —h dlphj (Al.h) n{E0) ' Ji,K 
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Tabs* VHI Explanation of symbols 

Symbol Explanation 

4> angle of excitation 
* angle of detection 

I0{E0) excitation spectrum intensity at energy E0 

ni ,n 2 space angle of excitation, detection 
A* mass absorption coefficient (cm2/g) 
T photo electric cross section (cm2/g) 

Ccoh total coherent scattering cross section (cm2/g) 
<*inc total incoherent scattering cross section (cm2/g) 

P density (g/cm3) 
Wi weight fraction c' element < 
Jik jump ratio of absorption edge k of element i 
UH fluorescence yield of shell k of element i 

fijk,R]k relative line intensity of line j in group k of element i 
<(E) detector efficiency at energy E 
G,G' geometry factors, with and without I0 included 

A2./23./13 Coster-Kronig transition yields for the L-subshells 

Of the created K-core holes, only a fraction wK (the K-fluorescence ratio) gives rise to 
fluorescent radiation when the vacancy is filled with an electron of a higher shell. Ac
cordingly, the number of emitted K-photons rf/x,/ is given by: 

dIKj=wiKdUK. (,41.6) 

As a K-shell vacancy can be filled in various ways, giving rise to e.g., K0l , Ka,, A>, , 
Kp, ,... radiation, for instance the number of Ka -photons is given by: 

where f^x = fitx +fi:K represents the total abundance of A'0 x-rays in the total 

K series of element»'. 

However, the Ka -photons thus generated are emitted isotropically, while the detector 
will only "see" those photons which are emitted in a space angle Q2 = Sott/fiber A s 

the photons still have to pass a distance z cscip through the sample on their way to the 
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detector, the total number of photons dli ^ arriving at the detector originating from 

the layer dx at depth x is given by: 

dE, 

After detection of this radiation with an efficiency t(Ei ^ ), one obtains finally: 

i.Ka ( Hi ii7\ ( IT,Ji.K-\ , \ I P \~x(E0,EiK )pxT. 

(,41.9) 
where x = x{E0,EiKa ) = iiM(E0)csc4> + tiM(EiKa )csci< and G = fi^/Mrsin^. 

Integrating over the sample thickness D, one obtains: 

-£*- = UiG'K, K c(Ei) 70(£o)- [ALIO) 
dba ••"* v 

In case of polychromatic excitation conditions (as with primary tube or white synchrotron 
light excitation), the total intensity is given by: 

[Bm.M j _ e-xpD 
h,Ka = ^^(E,,Ka ) / h'.Ka " ME)dE (ALU) 

JE=E^,„ X 

in which h(E) refers to the intensity distribution of the excitation source, expressed, e.g., 
in photons/sec/eV. 

For the case of quasi-monochromatic excitation at energy E0 with bandwidth A £ 0 , the 
integration reduces to: 

l-e-\pD 
Ii,Ka = «'.C'A',,A'0 <($.*'„ ) ~ W£)AA«. (,41.12) 
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Most often, by introducing a sensitivity factor St ^ = GKt % ((Ei % ), with G = 

G'IO^EQ, the above equation can be simplified to: 

\-e-XpD 
kKa = ">A.Ka ; (- 4 1 13) 

In the case of L-lines (e.g., the L„ or Niv —» Liu radiation), a similar derivation can be 
made. The only difference with the above is the probability for creating Lm core holes, 
which is given by: 

rLl„ + / » T i „ + (/l3 + /l2/23)Ti,, (.41.14) 

where TL) refers to the photo electric mass absorption coefficient of shell L} for radiation 
of energy E0. These can be calculated according to: 

JK-1 

rLt=3-^lr 
JL, 

(.41.15) 
JL,, - 1 
JL,JL„ rL„ = ^^z r 

, JL„,~\ T TL,,, = -j j j r 
JL,JL„JL,,, 

The fij's are termed Coster-Kronig transition probabilities and refer to the probability 
that vacancies in the L;-shell can be filled with electrons from the shells L* (it > j), 
causing a core hole to move effectively from, e.g., the Lj to the Lui shell. 

2. Relation between Scattering Intensity, Sample Composition and Mass 

Next to che creation of inner-shell vacancies (giving ultimately rise to characteristic fluo
rescent radiation), the primary radiation also has a smaller probability of being coherently 
or incoherently scattered by the sample atoms. 

In a similar way as the probability for photoelectric interaction is characterised by the 
photoelectric cross section r(£), one defines the cross sections for coherent and incoherent 
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scattering, c„k(E) and <rmc(£'). Together, these effects cause X-radiation to be absorbed 
in matter, as reflected in the relation: 

/x(£) = r(E) + <reoh(E) + *int(E). (42.1) 

Due to the latter two processes, the primary radiation is scattered off the sample and 
contributes to the background in the fluorescence spectrum. This effect is most notable 
in the case of white spectrum excitation where the entire continuum is scattered. The 
difference between coherent and incoherent scattering is most notable in the case of quasi-
monochromatic excitation, where in addition to the characteristic fluorescence lines, two 
additional and usually very intense peaks can be observed resp. at and slightly below 
the energy of the primary radiation. The latter peak is caused by incoherent or Compton 
scattering of the primary radiation. This peak is broader than the coherent scatter and 
fluorescence peaks and has a distinct non-gaussian and assymmetric shape. The Compton 
peak appears at energy Ei„c-

£ . 
E i n e = (i + r„»A"o"")(i-cos*) { A 2 2 ) 

where £ c o f c = E0 and 0 = w—(#+ tf) is the angle between scattered and primary radiation. 
In most experimental arrangements, B - 90° in order to minimize the scattering intensity. 
Due to the angular dependence of the energy loss and the finite opening angles of the 
primary beam and of the detector, not all of the incoherently scattered photons that 
reach the detector underwent a change in direction of exactly 90°. This effect causes the 
incoherent scatter peak to be assymmetrically shaped and to be broader than the other 
lines in the spectrum. 

By means of a similar derivation as for the intensity of the fluorescent radiation, one can 
show that the intensity of the scatter peak Icoh and Iinc are given by: 

1 _ g-XcehPD 
hoh — hGi(Ecoh)<rcoh(EQ) 

Xcoh 
(.42.3) 

1 _ e-XincpD 
Unr. — IoG<(Einc)<Tine(Eo) 

Xinc 

with Xcoh = fiM(E0)csc<(> + (iM(Eeofl)cscil> and Xine = HM(EQ)CBC4> + ftM{Eine)cscii>. 
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Appendix B. Calculation and Tabulation of Fundamental Parameters 

In view of Eq. A1.9 and A1.14, the fundamental physical parameters of the elements 
required for calibration and quantification calculations in XRF are: 

the energies o f the characteristic lines E,j and of the absorption edges f,t ,«»i; 
the total and photo-electric cross-sections for X-ray interaction with matter, resp. 
Hi{E) and rik(E), o f element i and sub-shell / at energy E; 
the jump-ratios Jik and Coster-Kronig transitions (fl}Y, 
the fluorescence yields w , t ; 
the relative l ine intensities J^ (or Rjt) within a sub-group k; 

In the literature, various ways of obtaining the values of these parameters are described. 
The most accurate, but also the most cumbersome to use in computer calculations are 
the tabulations of experimental a n d / o r theoretical data given b y various authors (e.g., 
Scofield et al., 1974, for relative line intensities). Less accurate, but much easier to use 
(e.g., on small computers) are polynomial fittings of certain fundamental parameters as 
a function of Z or E. A selection of useful tabulations and approximative calculation 
methods in given below. 

• Characteristic Line and Absorption Edge Energies 

The energies of the Ka , Kg ,La,Lg,... lines of the chemical elements from Na u p to U 
are tabulated in Table IX. For the analytical lines (A'« and La ), fits to the characteristic 
energies have been given by Pohn et al. (1985). Taking Ej{ and E^ as: 

= 2EK , E S ^ s*Elmi+Elmt 

A <* 3 L» 10 

the following fitted relations were obtained: 

E . K = - 6 6 5 4 x N T 2 - 8 6 0 9 x 10~3Z + 9.630 x 1 0 _ 3 Z 2 

+ 7.268 x 1 0 _ 6 Z 3 + 1.131 x l O - 7 ^ (11 < Z < 50) 

EiL = 4.776 x 1 0 - 2 - 1.706 x 1 0 ~ 2 Z + 1.523 x 1 0 _ 3 Z 2 

+ 4.414 x 1 0 _ 6 Z 3 - 1.739 x 1 0 _ 8 Z 4 (20 < Z < 83) 

(BA) 
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In connection with the calculation of mass absorption coefficients, Wemish et al. (1984) 
model the edge-energies using third order polynomials in Z: 

Ee

z

d9

k

e (keV) = o o t + alkZ + a2kZ2 + a3kZ3 (B.2) 

within certain ranges of the atomic number. Table X lists the values of the parameters 
for the K, L and M edges for the elements Na to Bi. 

Table X Fit parameters of edge energies: E'z

dg

k

e = J2%o ajkZ' (in keV). 

Edge ao « i a2 « 3 Z-range 

K -.1304 -2.633 x 10" 3 9.718 x lO" 3 4.144 x 10" 5 11-63 
Li -.4506 1.566 x 10" 2 7.599 x 10" 4 1.792 x 10" 5 28-83 
LJI -.6018 1.964 x 10" 2 5.935 x 10" 4 1.843 x 10" 5 30-83 
Lm .3390 -4.931 x 1 0 ' 1 2.336 x 10" 3 1.836 x 10" 5 30-83 
Mi -8.645 3.977 x 10" 1 -5.963 x 10" 3 3.624 x 10" 5 52-83 
Ma -7.499 3.459 x 10" 1 -5.250 x 10" 3 3.263 x 10" 5 55-82 
Mm -6.280 2.831 x 10" 1 -4.117 x 10" 3 2.505 x 10" 5 55-83 
Miv -4.778 2.184 x 10" 1 -3.303 x 10" 3 2.115 x 10" 5 60-83 
Mv 

-2.421 1.172 x 10" 1 -1.845 x 10" 3 1.397 x 10" 5 61-83 

• Mass-absorption Coefficients and other cross-sections 

An abridged tabulation of the mass absorption coefficients of most of the element vs. 
energy is given in Table XI. In Figure 24, the energy-dependence of fipt is shown; the 
piece-wise linearity of the /n(/i) vs. ln(E) curve between the absorption edges is readily 
observable. 

McMaster et al. (1969) have fitted the logarithm of the individual cross sections vs. ln(E), 
by using a fourth-order polynomial to describe the quasi-linear parts in Figure 24: 

ln{n{E)) = a0 + ai ln(E) + a 2 ln(E)2 + a 3 ME)4. (5.3) 

Accordingly, only a limited number coefficients are required to model the dependence of 
r, acoh and oine over the energy range 0.1-100 keV. Sets of coefficients were determined 
for the elements H to U. 
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Table XI Mass absorption cross sections of the elements vs energy. 

Mtss ataorption coefficients (in cm1 it) for X-rijs 

z I 

H 

2 

He 

3 

Li 

4 5 6 7 8 9 10 11 12 13 14 

£HcV) 

I 

H 

2 

He 

3 

Li Be B C N O F Ne N l M f AJ Si 

1.0 23.20 92.50 23400 700.00 775.00 1130.00 3100 < 4300 •900 1 S900 1 1700 600 1 1700 1250 

1.5 7.20 24.00 94.50 193.00 360.00 620.00 1 1020 1420 1930 2030 MOO 1100 380 300 
2 0 3 15 11.50 42.00 80.00 120.00 255.00 430 630 900 1 1100 ] 1300 1 IIOO 2100 1660 
2.5 1.85 6.60 21.00 40.00 63.00 142.00 235 360 4 (0 680 120 1 1030 ! 1230 1600 
3.0 1.25 3.90 13.00 22.00 4200 83.00 140 200 260 400 460 670 100 1000 

3 5 0.95 240 8.50 12.50 26.00 31.00 17 130.00 130 250 320 420 340 660 
4.0 0.75 1.60 5.00 10.00 17.50 35.50 38 17.00 124 130 217 213 375 430 
45 0 6 0 1.25 3.80 7.40 1230 23.80 42 63.30 15.00 122 157 210 275 323 
5.0 0.58 0.92 3.00 5.40 9.10 18.30 28 46.00 62.30 90 130 153 200 240 
55 053 0.81 2.30 4.15 6.90 14.50 22 34.50 47.50 68.00 17.00 113 153 183 
6 0 0.50 0 6 6 1.77 3.25 5.45 11.00 15 26 30 37.40 53.50 70.00 90 120 140 
6 5 0 4 8 053 1.39 2.55 4.42 8.30 12 20.60 30.40 43.00 55.00 72 95 no 
7.0 0 4 6 045 1.13 115 3.70 6.30 8 1580 24.40 33.00 44.00 51 78 90 
7.5 0.45 0.38 0.95 1.75 3.15 5.30 7.50 14.00 19.50 29.00 37.00 47 63 75 
8.0 0.44 0.35 0.82 1.48 270 4.30 6.00 11.80 18.30 24.00 30.00 40 53 63 
I S 0.44 0.33 0.72 1.25 2.30 3.50 5.90 10C0 13 60 20.00 23.00 33 45 33 
9.0 0.43 0.32 0.64 1.10 1.95 3.00 5.45 8.30 11.30 17.00 20.00 21 38 47 
9.5 0 4 3 0.30 057 0.95 1.68 2.60 4.75 7.00 9.80 14.00 17.00 24 31 40 

10.0 0 4 3 0 29 0.52 0.80 140 2 3 0 4.10 6.00 8.40 11.30 13.00 20.00 26.00 30.50 
15 0 0 4 0 o.:: 0.28 036 0.53 1.00 1.35 1.95 160 3.60 4.80 6.25 8.50 9.80 
20.0 0 39 0 19 0.22 0.25 0.33 0.52 0.70 1.00 1.25 1.75 120 175 3.50 4.25 
25.0 038 018 0.17 021 0.23 0.38 0.45 0.60 0.75 0.98 1.20 1.55 1.80 2.40 

300 0.37 0.17 0.17 018 0.21 0.25 0.33 0.40 0.50 0.64 0.70 1.00 1.20 1.55 
35.0 0 36 017 0 1 6 0.17 0 20 023 0.27 0.33 0 38 0.46 0.30 0.70 0.80 1.05 

40.0 035 0.17 0.15 017 018 0.20 025 0 2 8 0.30 0.37 0.42 0.32 060 0.75 

4 5 0 0 35 0 1 7 015 0 17 0.17 0.16 0.23 0.25 0.25 0.31 0 34 042 0.47 0.55 

50.0 0 54 0 16 015 0 16 016 016 0.20 0 2 5 0.22 0.27 0 29 055 0.39 0.42 

600 0 33 « l « 0.14 016 016 015 0 20 0 2 3 0.20 0.22 0.24 0.27 0.29 0.30 

70.0 031 0 16 0 1 4 0.16 015 0 15 0.20 0 20 019 0.19 0.21 0.22 0.23 0.27 

too 031 0 15 014 0.15 0.15 0.15 0.18 0.19 0.18 019 019 0.19 0.20 025 

900 0.30 0.15 0.12 0.15 015 0.15 0.17 0.17 n id 018 0.18 0.18 O i l 0.21 

1000 0.29 014 0.13 0.14 0.14 0.15 0.15 015 0.15 0 16 on 017 0.17 0.20 

z 13 16 

S 

17 

a 
18 19 20 21 

Sc 

22 23 24 25 26 27 28 

£1keV) P 

1800 

16 

S 

17 

a Ar K a 
21 

Sc Ti 

5100 

V Cr Mn F t Co N i 

1.0 

P 

1800 2240 2700 3200 3600 3950 4500 

Ti 

5100 3400 6500 6750 6800 7000 7100 

I S 640 1780 1000 1150 1340 1800 2000 1900 2140 2450 2625 2800 3130 3430 

2 0 2*0 360 410 510 660 770 950 920 1030 1180 1425 1300 1700 1850 

2 5 1780 2100 220 290 360 420 525 560 620 710 •00 900 1000 1080 

3.0 1100 1340 1460 180 220 250 290 J40 400 425 510 360 625 665 

35 740 890 980 1090 140 150 175 210 260 280 323 330 42 i 462 
4 0 523 615 693 760 940 100 125 160 196.00 212 234 248 305 335 
4 5 3/5 447 505 550 700 780 9UU 124 IJV'O 158 176 19150 225 250 
5.0 273 337 385 425 320 MO 685 700 105 30 120 134 150.00 168 180 
j . 5 212 260 300 332 400 470 520 560 662.30 91.50 101 111.00 130 145.00 

6.0 168 207 240 260 320 370 410 450 512.50 550.00 78.00 90.00 100.00 115.00 

65 135 IS* 180 208 260 300 320 365 412 50 442.00 64.00 7150 82.30 95.00 

7.0 112 138 ISO 167 220 250 265 298 335.00 366 00 423.00 31.00 61.00 7800 

75 « I IS 125 140 180 200 225 250 280 00 307.00 349.00 395.00 55.00 62.00 

8 0 75 95 105 120 147 170 190 215 237.50 257.00 292.00 323.00 38000 50.00 

85 60 79 87 102 138 140 165 185 203.00 22000 24700 275.00 32100 325.00 

9 0 30 60 75 87 110 120 138 160 175.00 191.00 214.00 233.00 270.00 280.00 

9 5 40 58.00 65 73 94 100 120 135 15250 164.00 186.00 205.00 230.00 245.00 

10.0 3? 46.30 60.00 62 82 98.50 100 00 11500 130 50 146.00 167.00 180.00 19300 218.00 

ISO 12.00 16.75 17.50 19 50 25.00 28 50 29.23 36 00 3900 47.50 49.00 36 00 62.00 15.00 

20.0 6.70 6.76 820 9.00 10 80 13.50 1450 17.50 16.50 19.50 24.50 26.75 30.50 33.50 

2 5 0 2.90 3.55 4.20 4.75 600 7.20 800 9 0 0 1.60 11.10 13 00 15 00 17.00 1830 

39.0 1.67 122 2.36 2.84 3 / 5 4 10 4.25 5.15 540 6.65 7.45 8.50 9.80 12.20 

33.0 1 16 1.50 1.66 1.82 2.26 2.75 2.90 350 3.50 4.38 495 5.45 6.07 7.20 

40.0 0.82 1.02 1.20 1.26 1.58 1.90 2.00 2.40 150 3.00 3.35 3.70 4.15 4.75 

4 5 0 062 0.75 0.88 092 1.15 140 1.47 1.70 1.80 2.15 2.40 2.65 3.05 3.45 

50.0 0 50 060 067 0.74 0.88 1.03 1.10 1.25 1 30 1 55 1.78 2.02 2.20 2 55 

6 0 0 035 0 39 045 048 0.39 063 0.75 0.76 080 1.05 1.10 1.25 1.4) 1.55 

70.0 0.28 0.28 035 0 36 0.43 048 053 0.32 0.58 0.74 0.78 0.88 1.00 1 04 

800 0 26 0.25 0 30 0.27 0 32 0.31 0.40 0.38 0.42 0.55 058 0.62 072 0.75 

90.0 0.22 0.22 0.22 0.22 0.26 0.29 033 0.34 035 045 0.41 048 0 58 0.58 

100.0 0 2 0 020 0.20 0.20 0.21 0.25 0.26 0.30 0.30 0.38 0.42 0.42 045 045 
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Z 29 30 31 32 33 34 35 36 37 31 39 40 41 42 

flkeV] Cu Zn G« Gc As St Br K r Rb Sr Y Zr Nb Mo 

10 1150 8200 _ _ 2700 2900 2950 3000 3100 3450 3600 3700 3900 4300 
1.5 3750 3750 3850 3950 — — 1140 1200 1260 1300 1400 1450 1580 2140 
2 0 1950 2050 2075 2125 1830 2350 2600 2740 — 740 740 1300 820 880 
2.5 1150 1260 1300 1375 1460 1550 1270 1800 1960 2100 2160 — 1850 460 
3 0 750 780 875 925 980 1120 1200 1240 1350 1440 1570 1720 1540 1920 
3.5 490 525 600 625 610 850 840 180 5)50 1010 1150 1240 1300 1340 
4.0 345 410.00 412.50 445.00 480 620 600 640 690 730 820 900 920 940 
4.5 260 302.50 307 50 33000 360 430 440 470 510 540 600 660 680 700 
5 0 200 222.50 230.00 245.00 284 00 295 310 374 390 410 450 490 320 520 
5.5 155 167 50 175.00 118.00 21500 27S 252 278 300 320 355 380 500 420 
6.0 140 131.00 140.00 152.50 161.00 180 204 216 240 260 280 300 330 345 
6.5 98 105.50 112 50 122.50 134 00 143 165 176 180 200 227.50 240 270 280 
7.0 SO 17.00 95.50 98.50 111.00 119 135 146 160 172 189 00 182.00 220 226 
7.5 65 72.50 80.00 80.00 94.00 100 112 121 137 148 160 00 16150 174 188 
1 0 55 62 50 67.50 67.50 81 00 86 95 102 117 126 50 135.00 140.50 154 160 
8.5 45 51 00 57 50 57.50 68 00 75 80 88 99 107.00 115 00 122.50 132 140 
9.0 295 42.50 47.50 49.00 5900 63 68 74 84 90.00 97.50 10600 115 120 
9.5 255 38.10 40.00 4250 51.00 55 57 62 72 76.50 82.50 9100 100 102.00 

10 0 225.00 2T7.50 32.50 37.50 44.00 47.00 50 55 60 65.20 70.00 78.00 88 00 89.50 
15.0 77.50 85.50 90 00 100 00 100.00 97.50 115 120 1850 2100 22.50 25.00 26.00 29.00 
200 35.00 39 20 40 00 4250 48.00 5210 5800 56 62.10 66.00 67.50 7250 73.50 13 00 
250 20 00 22 80 23 00 25.00 28.50 3100 31.50 33 36 50 39.00 38.00 42.20 43.50 48.00 
500 12 00 13.50 14.00 1550 1650 I90O 1900 20.00 22.50 24.50 24 00 27.00 28.00 29 70 
350 7.25 8.00 8.50 9.50 9.60 11 00 12.00 12 50 14.20 15.00 15.80 17.50 18.50 19.20 
40.0 4 95 5 55 6 05 6.50 6.90 7 50 8.25 8.60 9.20 1000 12.00 12.00 12 70 14.00 
450 3 71 4.20 4.30 4 6 0 500 5.30 600 630 690 7.30 7.90 8.50 9.20 9 80 

500 2.76 3 18 318 3.40 3.70 395 4.50 470 5 10 5.40 5.9! 6.50 6.90 7.30 

600 1.65 1 80 195 2 08 220 2.32 2.60 2.J5 305 335 3 50 380 405 4.50 

70 0 ISO I I I 1.30 1 35 1 50 1 50 1.75 190 2 05 2.25 2.40 2.50 2.70 305 

800 0 8 0 0 8 5 095 095 1.10 1 07 1.20 1 30 145 1 60 1 70 180 195 1.98 
900 0<8 0.62 0 70 0 70 0 82 0MO 0 85 095 1.05 1 10 1 V) 1.30 140 1.40 

1000 045 0.48 0 53 0.53 060 060 0.62 0.70 080 0.85 1 00 1.00 1.10 1 10 

Z 43 

Tc 

44 

Ru 

45 

Rb 

46 

Pd 

47 48 49 50 51 

Sb 

52 53 54 55 56 

flkcVJ 

43 

Tc 

44 

Ru 

45 

Rb 

46 

Pd A | Cd In Sn 

51 

Sb Te I Xe a B> 

1.0 4800 4900 5300 5350 5900 6300 6800 7100 7400 8000 8200 8500 9000 6300 

1.5 1820 1900 1850 2250 2480 2750 2850 2900 3100 3300 3400 3400 3500 1800 

2.0 880 960 1025 MOO 1250 1300 1.150 1500 1550 1700 1800 1880 1950 1950 

2.5 590 600 640 660 700 800 800 800 850 1000 1070 1170 1200 1200 

30 _ _- 400 450 460 500 530 535 570 310 660 700 750 750 

3 5 1440 1540 1550 _ — — 360 390 405 420 450 480 500 520 

4.0 1040 1120 1120 1150 1215 — — — 300 310 330 350 375 385 

4.5 780 BOO 820 880 900 1000 1040 1105 — — 255 275 285 295 

5.0 590 620 620 680 710 750 805 860 890 920 — — 205 240 

55 460 480 490 530 565 600 WO 680 705 745 775 825 815 — 
60 360 400 415 430 455 480 310 540 565 605 615 655 680 680 
6.5 274 320 343 355 370 400 420 445 465 490 510 545 570 588 
7.0 244 264 284 295 300 345 365 J70 390 405 430 450 480 500 
7.5 202 218 235 .48 250 280 305 325 335 350 368 385 407 430 
8.0 170 182 198 214 220 236 265 285 290 300 312 330 350 370 
8.5 148 156 168 186 190 204 215 245 250 260 267 285 300 315 
90 130 138 149 163 I/O 179 200 210 215 225 235 250 260 270 
9.5 114 122 130 143 148 158 1'5 180 186 200 207 220 230 235 

100 100 108 115 126 132 140 155 150 160 175 180 195 205 208 
15.0 3200 34.50 36 40 43.50 43.50 49 48 56 50 56 60 60 69 50 
20.0 1300 15 00 17.50 19.00 20.00 22.50 24 50 u 26 26 50 29 30.00 28.50 32.00 
250 50.50 51.50 55 00 36 50 11.00 11.50 13.00 11.50 15 15.00 16.20 17.00 16.50 17.40 
300 31 00 32.50 34 00 36.00 38.50 4000 3900 4000 900 900 9.20 9 80 I0W 10.80 
350 20 70 22.00 23.00 24 50 26.00 27.50 28,00 28.00 3000 29.50 31.50 34.00 6 50 6 80 
400 14 00 1500 00 17.50 18.50 19 50 20.00 20.00 21.23 22.50 23 40 24.50 25 00 25.50 

45.0 1050 II 00 11.60 12.30 13.20 14 50 15.00 15.00 15.60 17.00 17.20 18.00 1800 18 80 
50.0 7.90 « 30 8.80 9 20 990 1080 11.00 11.00 II 50 13 00 1290 13.20 13.50 14.20 
600 4.80 500 5.25 565 600 6,30 6.50 657 7.10 7.60 760 8.10 8.00 8.50 
70.0 3.05 325 340 370 3.90 3.90 425 450 4.75 50O 5.10 5.20 550 5.70 
800 2,10 225 2.35 245 2.6.1 2.70 2.90 3,00 3.20 } 2/> 3.50 J<0 4.00 4.00 
90.0 1.55 1.65 1.72 1.80 1.90 1 95 2.00 2,10 2.25 2.80 3.00 2.70 2.80 3.00 

100.0 1.15 1.25 1 )0 1 32 140 1.50 1 50 1,50 1.75 2.00 2.00 7 0O 2.00 2.30 



z 57 58 59 60 61 62 63 64 65 ** 67 68 69 70 

f lkeV) La 

7200 

Ct 

7750 

Pr Nd Pm Sm Eo 

4300 

Tb 

3700 

Dy 

3900 

Ho Ei T D Y b 

1.0 

La 

7200 

Ct 

7750 7500 6000 5000 5000 5000 4300 

Tb 

3700 

Dy 

3900 3900 4000 4000 4200 
1.5 4100 3750 4150 4250 3500 3710 2950 — — _ _ 2100 2900 -~ 
2 0 2050 2300 2250 2600 2460 2600 2 H 0 2800 2900 2950 2900 2925 2220 2120 
2.5 1270 1450 1450 1550 1500 1600 1650 1770 1800 1880 1900 1900 2000 2000 
3.0 ISO •70 950 1000 1000 1080 1120 1220 1250 1290 1300 1350 1390 1420 
3.5 510 600 630 700 695 640 710 160 900 920 940 975 1000 1020 
4.0 425 440 450 500 495 540 580 640 6(0 6*0 700 725 720 760 
4.5 320 325 340 360 370 315 430 480 500 320 340 350 360 390 
5.0 250 255 255 275 2 M 305 335 360 390 400 411 430 442 490 
55 200 205 200 215 230 246 260 285 312 320 346 350 365 375 
6 0 — — — 175 192 205 212 228 230 251 273 287 302 310 
6.5 620 62S 625 650 — 176 180 188 203 208 220 234 250 252 
7.0 535 550 — 575 — — — 160 167 172 1*0 192.50 204 210 
7.5 460 475 415 505 530 — — — 140 144 149 159.00 170 172 
8 0 395 410 425 440 465 494 — — — _ 128 133.00 140 143 
15 335 350 370 3>2 405 426 454 474 _ _ _ .'20 120 
9 0 2«5 300 325 335 355 370 390 410 410 
95 250 260 2i5 290 3S0 320 334 356 370 375 403 _ _ 

10.0 220 230 250 255 270 279 290 310 324 332 353 360 _ 
15.0 77.50 70 to 90 <8 90 97 100 108 96 120 120 120 130 
200 34.00 35.50 40 40 44 45 44 45 50 52 56 58 62 64 
25.0 19.00 19.00 20.50 21 23 23 24 :6<o 29 29 30 32.50 35 36 
30.0 1200 12.30 12.50 12 60 13.00 1450 15 1550 16 00 16.00 17.50 19.00 20 20 
35.0 7.00 1.00 820 8 30 900 9 0 0 in 10.10 10.80 1100 11.70 1230 12.50 13 
40.0 27.50 5.00 5.70 510 610 6.30 7 7.00 7.25 7.70 8.00 840 8.60 9 
45.0 19.00 1910 18 90 1880 4.50 4.60 4 90 5.10 5.30 5.60 5.80 6.00 6.20 6.50 
500 14 50 14.70 15.10 15.20 15.70 16.40 14.30 3.85 4.00 4.20 4 30 430 480 4.95 
600 900 9 0 0 9.50 9 70 1010 1040 10.50 1100 11.20 11 50 12 00 12 20 12.50 3.15 
70 0 600 6.00 6.10 640 660 7.00 7.30 7.45 7.90 815 8.60 930 9 * 0 945 
too 400 4.30 4.30 4.50 4.70 4 9 0 3.00 5.30 560 5.75 600 7.15 6.30 665 
900 300 3 10 3.30 345 3.60 3.80 3.80 400 4.25 4.12 4.50 5.52 510 5.05 

1000 2 50 2 30 255 2.68 2.80 295 300 3 10 3 30 3.40 3.40 4 30 340 3.95 

Z 71 

Lu 

72 

Hf 

73 

Ta 

74 75 

Re 

"ft 

Os 

77 78 79 80 81 82 83 90 

Th 

5400 

92 

i[kcV) 

71 

Lu 

72 

Hf 

73 

Ta 

74 75 

Re 

"ft 

Os Ir Pi All H i 11 Pb Bi 

90 

Th 

5400 

V 

10 4500 4300 6750 4400 4000 • <S00 4700 4100 4800 5000 5600 6000 6100 

90 

Th 

5400 6000 
1.5 3000 3000 3900 1920 2ooo : 2450 2600 2700 2300 2300 2700 2(00 2875 3600 3750 
2.0 2250 2380 3200 1625 1800 1825 1560 1340 1250 1280 1480 1570 1575 1900 2025 
15 2000 2050 2100 1(00 1(00 1200 1360 1640 1680 1470 1100 1080 900 1180 1275 
3 0 1450 14(0 1500 1680 1900 1970 1620 1(00 1570 1220 1250 1400 1010 800 10SO 
3.5 1075 1100 1100 1200 1300 1440 1280 1360 1590 1570 1750 940 750 1180 1150 
4.0 no 820 (SO 900 960 1060 1060 1080 1130 1210 1310 1460 775 940 (00 
4.5 620 650 660 6(0 700 790 100 860 (40 930 990 1000 1040 800 850 
5.0 480 500 520 550 560 610 640 660 660 720 760 770 830 140 725 
5.5 405 4IC 420 460 465 465 510 320 520 570 600 610 650 130 •75 
6 0 335 338 345 370 378 390 415 430 430 460 475 510 525 600 750 
6 5 272 275 280 300 310 325 342 356 360 388 400 420 436 380 62< 
7.0 220 225 230 241 255 273 310 300 303 327 336 354 368 490 510 
7.5 180 182 195 205 212.50 228 240 250 255 276 285 299 312 404 421 
8 0 148 153 168 175 1(0.00 194 202 213 219 232 240 255 264 346 364 
85 122 130 145 150 15(00 168 174 182 190 198 204 220 238 296 313 
9 0 104 113 125 128 138 00 149 153 160 166 170 174 1(9 198 234 269 
95 100 108 108 123 00 134 135 143 146 149 152 162 169 316 231 

10.0 — 233 300 90 110 00 121 119 128 128 132 134 140 143 188 206 
15.0 130 140 130 150 15000 1(0 183 185 187 210 — 130 — 7000 79.00 
20.0 64 67 70 70 78 00 78 88 88 80 98.30 95 90 94 7500 •1.30 
250 36 38 41 42 46.00 45 47 46 48 30.00 51 53 53.30 6100 7400 
30.0 21 21 23 25 24.00 25 50 26 27 29.50 30.00 31.50 32.00 33.00 36.00 34.30 
33.0 13.50 13.10 14.50 15.00 15.40 16.20 17.00 17.10 18.00 11.00 19.50 20 70 21.20 23.50 29.30 
40.0 9.50 10.00 10 50 11.00 11.30 11.60 12.00 11.90 12.30 11(0 13.50 14.00 14.30 15.00 20.00 
45.0 6.90 7.30 7.70 820 8.40 1.60 8 80 955 'V.45 1000 10.50 10.60 I I 10 11.70 13 90 
500 5.15 5.65 5.(0 6.20 635 6.40 6.60 7.45 7.40 7.90 8.20 820 8.60 9.15 10.60 
600 3.23 3.53 360 3.75 4.00 4.00 4.00 445 480 5.00 515 5.25 5.50 5.95 6.80 

700 8.10 8.30 8.55 890 2.70 2.60 160 2 30 340 3 55 3.70 370 4.00 4.25 4.90 

800 6.63 6.90 7.10 7.35 7.75 800 8.10 860 2.60 255 2.65 2.60 2.85 2.90 3.50 
90.0 5.40 360 5.80 5.95 630 6.40 655 675 6.(0 — - - 2.05 110 2.70 

1000 4.20 4 4 2 455 4.70 500 5.00 5.10 5.20 5 20 - - - - 1.80 2.20 



K»V 
MASS ABSORPTION CROSSECTION - LEAD 

Figure 24 Energy dependence of (he mass-absorption coefficient of Pb. The contributions of the various 

interactions are also indicated. 

Using the same principle, Wernish et al. (1984) describe the mass-absorption coefficients 
by means of straight line segments, as illustrated in Figure 25, whose coefficients are 
fourth-order polynomial functions of Z: 

fl=Hed+'ME) (BA) 

They distinguish between 4 major area's in the energy-range, i.e., (a) E > En,ah,, (b) 
EL,,,,ah, < E < £<,„»», (c) EMv < E < EL,,,,^. and (d) £ < FMv in which the 
coefficients d and /'• have different dependencies upon Z. The differences among the 
different subregiont (e.g., when EL,,, < E < E L „ ) are modelled through the use of 
different values of the w parameter. The values of the parameter d for each of the 
(sub)regions as a function of Z are listed in Table XII. These parameters were calculated 
based on the fitted values of McMaster, thus further reducing the required number of 
constants, at the expense of losing some of the accuracy. The authors claim a standard 
deviation of about 5 % when compared with McMaster's tables. Other methods have 
been published (e.g., Thinh and Leroux, 1979). 
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• L n f 

- 'W | ip [ *«J in f ] 

0 6 " 
0.S6J 

B ^x1 

» . 2665 

<>«- 5 9 5 5 - 3 9 ' 7 - 1C 'Z 1 OW • IC : Z ; 

- 1 S2C - IC V - 8 508- IC- 'Z' 

O K I 

* , - 2 669 
0 , 0 2 5 7 - 3 936- 10 'Z 8 483- 10 »Z' 

- 9 4 9 1 - 10 *Z 1 -4058 - 10 'Z* 

'«V 

2 3 8 2 - 2 212- 10 Z - 2 0 2 8 - 10 'Z1 

- 6 8 9 1 -1C f Z ' 

* „= - 2 4 5 1 

0 o > 4.838 - 4 9 1 1 - 1 0 ' Z 

Figure 25 Calculation of Mass Absorption Coefficients according to Wemish et al (1964) (a) Division of 

energy-range into i sections; (b) Modelling of sub-intervals 
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Tabto » Polynomial ooefficwnts lor p = Htd + k t n ( E ) with d - £?_„ brf -

60 61 b7 63 *4 

A 
B 
C 
D 

5955 
3.257 
2.382 
4.838 

.3917 

.3936 

.2212 

.0491 

-1.054 x 10"2 

-8.483 x 10~ 3 

-2.029 x 10"3 

1.520 x 10-« 
9.491 x 10~5 

6.891 x 10~6 

-8.508 x 10- 7 

-4.058 x 10"7 

Other sets of mass absorption coefficients have been published (e.g., Henke, 1982; Hein-
rich, 1987). A discussion on the differences among the some of the sets is given by 
Vrebos and Pella (1986). More recently, Saloman et al. (1988) have provided an extensive 
database of experimental X-ray attenuation coefficients and photoelectric cross-sections 
calculated using a relativistic Hartree-Slater model, for all elements and in the energy 
range 0.1-100 keV. 

• Jump-ratio's 

Pohn et al. (1985) provide a polynomial fitting for the K and Z.///-edge jumps: 

JK = 1.754 x 1 0 1 - 6.608 x l 0 _ 1 Z + 1.427 x 10 _ 2 Z 2 - 1.1 x V>r*Z* (11 < Z < 50) 

JL,„ = 2.003 x 101 - 7.732 x 10 _ ,Z + 1.159 x 10 _ 2 Z 2 - 5.835 x 10~SZ3 (30 < Z < 83) 

(fl.6) 
based on the values of n vs. E, as given by McMaster (1969) and suggest constant values 
for the other edge-jumps: 

JL, = 1.16; J £ / / = 1.41; J„, = 1.07; 
(B.7) 

JMH = 1-11; 3 Min = 1 32; JMlv — 1.44. 

• Fluorescence Yields and Coster-Kronig yields 

Fluorescence yields of the various atomic (sub)shells are given by Krause (1979), together 
with values for the Coster-Kronig transitions. Other sources of tabulated values are Fink 
et al. (1974) or Bambyenek et aj. (1972), Colby (1968) and Freund (1975). 
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Figure 25 K and L/// fluorescence yields of the elements 

Hanke et al. (1985) have fitted uK and wL,u vs. Z in the range of resp. 12 < Z < 42 and 
38 < Z < 79, as illustrated in Figure 25. The resultant relations are: 

U.K = 3.3704 x 10"' - 6.0047 x 10 _ 2Z + 3.3133 x 10 _ 3 Z 2 - 3.9251 x 10 _ 5 Z 3 ; 
(fl.8) 

u.-i„, = 4.41 x 10~2 - 4.7559 x 10~3Z -f +1.1494 x 10 _ 4 Z 2 - 1.8594 x 10 _ 7 Z 3 . 

• Relative Line Intensities 

The relative line intensities Uj* between lines originating from the same sub-shell k (e.g., 
A'0 and Kg ; La and I ; ) are independent of excitation mode and have been studied in 
detail by Scofield et al. (1969, 1974). Usually, the fijk are expressed as fractions of the 
total X-ray intensity originating from a vacancy in a shell, i.e., £ ;-/y» = 1- Intensity 
ratio's among sub-shells, on the contrary, are determined by the vacancy distribution 
among the (sub)shells and differ with excitation mode. Of course, in practice, even the 
relative intensity of lines of the same subshell vary due to self-absorption in the sample. 

The A'Qj 2-fraction of the total K-spectrum (/. K ) can be calculated from Pohn (1985): 
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(Table Xm lists experimental Ka /Kp ratios) 

fz.Ka = 

[ 1.052 - 4.39 x 1Q-*Z7 for 11 < Z < 19; 

0.896 - 6.575 x 10'*Z for 20 < Z < 29; (B.9) 

1.0366 - 6.82 x 10 _ 3Z + 4.815 x 10 _ 5 Z 2 for 30 < Z < 60. 

The intensity of La radiation ( I 0 l + I 0 3 ) relative to the total Lm intensity is similarly 
given by: 

0944 for 39 < Z < 44 

fz,La ~ \ ~ 4 4 6 1 x 1 0 _ I - 5 493 x 10 _ 2Z 

- 7.17 x lO"^ 2 + 3.525 x 10 _ 6 Z 3 for 45 < Z < 82 

(BIO) 
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Tsbte MM Experimental A'„ I Kg ratios for some efomrte 

/ K , K , 7. 

33 

K r Tt . 

II 

7. 

33 01560 
12 34 0.1624 
1.5 00134 35 01683 
U 0.0294 36 0.1727 
15 0.0472 37 0.1780 
lis 00659 38 0.1831 
r 0.0862 39 0.1876 
IS 01088 40 01913 
1M 0.1211 41 0.1950 
2u 0.1230 42 0.1981 
21 01272 43 0.2010 
-*̂  01304 44 0.2040 
2', 01328 45 0.2070 
24 0 1336 46 0.2100 
25 0.1348 4"" 02130 
26 01355 4,S 0.2160 
t " 01365 49 0.2195 
2N 0.1377 50 02230 
2*> 01388 51 0.2266 
' i> 01409 52 0.23O5 
.'I 0!440 53 0.2340 
* > 01493 54 0.2368 

55 0.2405 
56 0.2433 
57 0.2455 
5H 0.2470 
59 0.2490 
Ml 0.2504 
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Appendix C. Commercially available calibration standards. 

• National Institute of Standards and Technology 

Address: NIST (formerly NBS), Gaithersburg, MU 20899, USA. 
Thin films for X-ray fluorescence. NBS 1832 & NBS 1833 
Standard Metals on filter media SRM 3087 37 mm mixed cellulose ester type mem
brane filters spiked with a standard solution Ba, Cd, Cr, Fe, Mg, Ni, Pb, Se, Zn + 
blank filters. 

Metals on filter media SRM 2676c cadmium, lead, manganese and zinc SRM 2677 
Beryllium and arsenic on filter media; blank filters SRM 2678 and 2680 cellulose 
acetate membrane filters, SRM 2681 ashless cellulose filter. 

• Central Bureau of Reference (BCR) 

Address: BCR, Commission oi the European Communities, Brussels, Belgium 
Fly ash on artificial filters: 10-15 /im thick 47 mm diameter cellulose foil mounted 
on polythene paper containing a certified amount of BCR CRM 038 fly ash stan
dard, containimg As, Co, Cu, Fe, Mn, Na, Pb and Zn in certified concentration 
with a certified surface density in the range 250-275 /ig/cm 2 

• MicroMatter Co. 

Address: Micromatter Co., Deer Harbor, WA 98243, USA. 
X-ray fluorescence calibration standards prepared by vacuum deposition made to 
order in several options : backing material and thickness, mounted in polycarbon
ate or other rings, thickness of deposit in the rar ~e of 10 to 200 pg/cm 2 . 

• 
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