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Abstract
Traditionally, the analysis of low atomic number has been a challenging task for

wavelength dispersive x-ray fluorescence spectrometry. Among the most important factors
influencing analysis of the low atomic number elements (from Z=ll downwards) are the
fluorescence yield, absorption and the dispersion. The effect of each of these factors on the
overall performance will be illustrated.

The long wavelengths involved (longer than 1 nm) used to pose severe problems
concerning the monochromator used. Early instruments relied on lead stearate or Blodgett-
Langmuir soap films for the diffraction of the characteristic radiation. Nowadays, synthetic
multilayers are commonly used. The performance of these multilayers is determined by the
reflectivity, the resolution and the absorption of the characteristic radiation to be diffracted.
These parameters can be optimised by adequately selecting the composition of the materi-
als involved. The sensitivity of the modern instruments is sufficient to allow quantitative
analysis. However, this aspect of WDS XRF is still met with considerable scepticism. Ex-
amples of quantitative analysis will be given to illustrate the current capability.

Introduction
Modern wavelength dispersive x-ray fluorescence is a non destructive elemental

analysis method, with a high element specificity. It is very reproducible, accurate and pre-
cise. It can analyse almost all elements in liquids and solids. It can also be used for the
elemental analysis of gases, though this is a somewhat neglected area of application.
Analysis of the low atomic number elements, however, has always been a challenge.

The term iow atomic number' element is somewhat arbitrary. For this paper, ele-
ments with characteristic K-lines with energies below 1 KeV are labelled low atomic num-
ber elements. This will limit the elements to those with atomic number, Z, less than 10.
These are also often referred to as light elements, although the density by itself is not an
applicable criterion in this context. Nowadays, the elements Na (Z=l 1) and Mg (Z=12) are
not posing more problems than other elements with higher Z. The limit on the atomic
number of the element that can be analysed satisfactorily is pushed downwards. It must be
noted that many elements with higher atomic numbers have many characteristic lines be-
low 1 KeV. This radiation suffers in general from the same (or similar) limitations as the
K lines of the low atomic number elements do.

Limiting factors in analysis of low atomic number elements
The analysis of low atomic number elements has been a problem throughout the

years. There are several reasons for this, but the most important limitations are the fluores-
cence yield, dispersion and absorption.

- Fluorescence yield
The fluorescent yield, GO, is a physical quantity expressing the fraction of initial va-

cancies in the shell of interest that yield a characteristic photon upon relaxation. This fluo-
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rescence yield is element dependent, and, for a given element, it also depends on the shell
considered. Values for the fluorescence yield for the low atomic number elements are given
in Table 1. The data shown is taken from Bambynek et.al}. The fluorescence yield for the
low atomic number elements is very low, and it increases rapidly with the atomic number
of the element. For comparison, 005 = 0.08 and COR; = 0.34. The emitted intensity is roughly
(excluding absorption effects) proportional to the fluorescence yield. So, under identical
conditions, the sensitivity of the spectrometer will decrease with decreasing values for the
fluorescence yield.

- Dispersion devices for long wavelengths
Wavelength dispersive x-ray fluorescence spectrometry uses single crystals as mono-

chromators to select a particular, characteristic wavelength from the total spectrum emitted
by the specimen. For the shorter wavelengths naturally occurring crystals can be used as
the monochromator. Popular crystals are LiF, Ge and PE. From Bragg's law

(where n is the order of diffraction, A, is the wavelength of the radiation to be diffracted, d
is the interplanar distance of the crystal used and 8 is the angle of diffraction) it follows
that the longest wavelength, "kmax, that can be diffracted is given by the d spacing of the
crystal and the maximum angle, Qmax, allowed by the goniometer of the instrument:

For wavelengths longer than roughly 1 nm very few suitable crystals exist. Crystals
such as ADP (ammonium dihydrogen phosphate, 2d 1.06 nm) allow the analysis of Mg
while TIAP (thallium hydrogen phosphate, 2d 2.6 nm) can be used for the determination of
Mg, Na and F. For the longer wavelengths, naturally occurring crystals with a high reflec-
tivity are not available. Langmuir-Blodgett films (soap films, such as lead stearate) have
been used for the determination of carbon and other low atomic number elements. Such
films now have been largely superseded by synthetic multilayers.

- Absorption and reflectivity
Synthetic multilayer structures2 are made of a sequence of two layers with different

electron densities. This sequence is then repeated 150 to 250 times. The reflectivity of
such devices is determined by, among others, the composition and the thickness of the lay-
ers and the structure of the interfaces between the layers. The overall performance in terms
of reflectivity is also affected by the absorption of the radiation within the multilayer.

As an example, the attenuation coefficient of different elements for boron Ka is
shown in Figure 1. Clearly, elements with a low attenuation coefficient are to be preferred
to minimise absorption. From the graph (Figure 1), it follows that H and He, B and C, Cl
and Ar, and the elements between Zr and Sn are better suited than others.

The reflectivity of multilayers increases if the difference of the electron density be-
tween the layers increases. For that reason, the two types of layers should be made of ma-
terials with large difference in electron densities. A multilayer consisting of alternating lay-
ers of B4C and Mo is commonly used for the analysis of boron: B, C and Mo have a rela-
tively low mass attenuation coefficient for boron Ka and the electron density between B
and C on the one hand and Mo on the other is quite large. The reflectivity of some multi-
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layers is shown in Figure 2, for the Koc radiation of several low atomic number elements.
(The reflectivity for a given wavelength is defined here as the intensity of a given wave-
length in the diffracted beam compared to the intensity of the same wavelength in the
beam, incident on the multilayer.) Data is shown for three commonly used multilayers:
W/Si, Ni/C and M0/B4C. The reflectivity for boron Koc, for example, is high with a
M0/B4C multilayer. A W/Si multilayer, however, has a very low reflectivity for the same
wavelength. Most of this behaviour can be explained in terms of absorption within the
multilayer. Boron Ka radiation is readily absorbed by the silicon and, to a lesser degree, by
the tungsten in the W/Si multilayer : the large value of the mass attenuation coefficient of
silicon for boron Ka (84x103 cm2/g) can be seen from the graph in Figure 1. From the
graph, it can also be seen that there is not a single multilayer exhibiting a high reflectivity
for all the low atomic number elements between beryllium and fluor. M0/B4C multilayers
can be used for the analysis of beryllium and boron, Ni/C for carbon and W/Si for oxygen
and fluor. Figure 2 also indicates why certain multilayers such as M0/B4C and Ni/C are
referred to as element-specific : they are very good for the analysis of a single element, and
their reflectivity decreases rapidly for others. The multilayers shown in Figure 2 are not the
only ones commercially available. There are currently element specific multilayers avail-
able for the analysis of nitrogen and beryllium that yield a superior performance over
'general purpose' multilayers.

Absorption and reflectivity are not the only parameters to be reckoned with when de-
veloping multilayers. Factors such as thermal and mechanical behaviour must be com-
patible with the environment of the spectrometer and interdiffusion (diffusion of the ele-
ments between the layers) must be avoided.

- Problems associated with multilayers
There are some problems associated with multilayers. They exhibit refraction effects,

(which make Bragg's law more complex by adding a correction for refraction3) and they
have a low spectral resolution, which leads to increased line overlap. The spectral resolu-
tion (AAA) of the multilayers is generally far inferior compared to that of crystals. This
leads to increased line overlap. The spectral region near the characteristic wavelengths of
the low atomic number elements is quite densely populated with radiation from other ele-
ments. For example for, there are 50 to 60 lines listed in the wavelength region between 3.5
nm and 5.5 nm, which is around the carbon Ka. Some organic crystals, such as OHM
(octadecyl hydrogen maleate), with a 2d spacing of 6.3 nm, and OAO (dioctadecyl adipate,
2d 9.2 nm) can be used for the analysis of long wavelengths, with a 10 fold better resolu-
tion than multilayers, but their reflectivity is two orders of magnitude lower. The resulting
sensitivities are in general too low for practical application. These crystals have been used
in combination with a low energy windowless tube for the study of the chemical state and
valence effects of the transition metals4.

All multilayer structures are deposited on a very flat substrate, which is often a
monocrystalline silicon wafer. This substrate can therefore diffract higher energy radiation.
Modern detector electronics can adequately discriminate against these higher energy pho-
tons but care must be taken. Finally, most multilayer structures do have considerable
amounts of the analyte element, for which they have been optimised. This again is a con-
sequence of the need to minimise absorption. The high concentration of the analyte ele-
ment in the multilayer, however, causes considerable 'crystal' fluorescence.
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Specimen absorption
Another factor limiting the performance is the absorption within the sample. The ab-

sorption by the specimen is always present, and it can not be avoided. For the radiation of
the low atomic number elements, with large attenuation coefficients, this absorption be-
comes very important. This is illustrated in Table 2, where some data is collated for the
analysis of carbon in steel. For comparison, the corresponding data for the analysis of sul-
phur in steel is also given. For the calculations in Table 2, a specimen diameter of 30 mm
is assumed. The exit angle of the spectrometer is taken as 40 degrees. The mass attenua-
tion coefficients are from the work from Henke et.al.5 The concentration of the analyte is
taken arbitrarily at 0.1 %; this allows quick recalculation for other concentrations. The data
in Table 2 clearly indicates the minute masses involved in the determination of low atomic
number elements: for the analysis of carbon, the analysed depth of the sample is limited to
0.25 |im, for sulphur this depth is already increased to 2.7 nm. This depth will increase
linearly with decreasing mass attenuation coefficient. If the analysed depth increases, more
of the specimen is analysed, and the measurement becomes less and less surface sensitive.
X-ray analysis, however, is 'never' a true bulk analysis; except if the analyte radiation is
very energetic (for example Sn Ka) and the matrix is very light (composed of low atomic
number elements). In this case, the analysed depth can be of the order of a few centime-
tres. A consequence of the latter requirement is that the analyte itself is present at low con-
centrations.

Applications
Analysis under these conditions raises a few questions, such as whether the surface

layer analysed is representative for the bulk of the material. Also, the specimen prepara-
tion method used must be such that the surface layer is prepared reproducible. This obvi-
ously will also depend on the homogeneity of the material itself. If the material is not ho-
mogeneous, successive preparations will expose layers with different compositions. Let us
focus on the analysis of carbon in low alloy steel. Over a period of 10 years, the same suite
of standard specimens was analysed for carbon. The concentrations of carbon found for
two specimens of this suite are given in Figures 3 and 4. The data presented was obtained
using a variety of x-ray spectrometers. Furthermore, the configuration of these spectrome-
ters was not identical; they have been fitted with different tubes, different monochromator
crystals and so on. Both simultaneous spectrometers (with curved crystal optics) and se-
quential spectrometers (with flat crystals and a collimator system) were used. Also, the
specimen preparation and the subsequent analysis were done by different operators. The
data is thus not restricted to a single determination, or to single, fixed configuration. The
specimens were prepared by grinding them at least twice shortly before the measurement
with 60 or 120 grid paper (either alumina or zirconia based).

The data for the specimen containing 0.34 % C is given in Figure 3. The 'chemical'
value is represented by the first column on the left. The individual data columns are the
concentrations found for each of the measurements. The last column represents the aver-
age of the XRF determinations. The results are in good agreement with the chemical value;
the average is exactly equal to the stated value of 0.34 %. This data indicates that the
specimen is homogeneous. It indicates that after each preparation of the specimen, the sur-
face layer is quite similar, that its composition is quite constant, and that the composition is
close to the certified value.

The data for the specimen containing 0.03 % carbon (Figure 4) offers a quite differ-
ent view. The earlier results (to the left of Figure 4) are scattered quite dramatically; only
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the results obtained after February of 1991 show more consistency. This behaviour is
caused by the fact that the lower limit of detection for carbon did not permit adequate de-
termination of carbon at the concentration level of 0.03 % : the lower limit of detection was
not sufficiently low. For the last set of measurements, which were performed by more
modern spectrometers with far better performance, the lower limit of detection is no longer
the limiting factor. As a result of that, the determination becomes more accurate and the
deviation between the XRF value and the given value decreases.

From the data in Figure 3, it follows that the accuracy of the determination (at 0.34
%) has not been improved dramatically over the years; at this concentration level, the
counting statistical error could easily enough be reduced to negligible levels by using
longer (yet still practical) counting times. The spread of the data is not caused by the sta-
tistical error on the intensity. The improvements made over the years concerning the sen-
sitivity have affected the speed of the analysis; it is now possible to obtain reliable carbon
Ka intensities in 40 seconds counting time. More important, the gains have been translated
in reductions of the lower limit of detection. The benefit of this is shown in Figure 4,
where the accuracy of the determination at the level of 0.03 % carbon for the more recent
measurements is a lot better, reflecting a higher accuracy.

Limits of detection
The common applications for analysis of low atomic number elements are the de-

termination of carbon in steel and cast iron, boron in borosilicate glass and in BPSG and,
more recently, beryllium in copper alloys. The detection limit (100 seconds, 3 a) for carbon
in low alloy steel is better than 100 ppm; lower than 1000 ppm B in BPSG glass and lower
than 1000 ppm for beryllium in copper alloys. These data have been obtained using opti-
mal excitation, collimation and specially designed flow counter windows, with minimal
absorption for the characteristic radiation. Further developments will no doubt improve on
these lower limits of detection.

Conclusion
Both qualitative and quantitative analysis of low atomic number elements is feasible

by wavelength dispersive x-ray fluorescence spectrometry. Multilayers have contributed
significantly to pushing downwards the limit of the lightest that could be analysed. Other
factors that have contributed, though less visible, are the improved detector and the associ-
ated electronics, the detector windows, the tube technology and the overall systems inte-
gration. These factors have not been discussed in this paper.

The preparation of the specimen, as well as the subsequent handling, must be done
with care since the analysis is limited to a thin surface layer due to the low energies meas-
ured.
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Table 1: Fluorescent yield, 0), for low atomic number elements
(dataexref. 1).

Element
Mg
Na
Ne
F
O
N
C
B

Be

Fluorescent yield
0.033
0.026
0.018
0.013
0.009
0.006

0.0026
0.00056
<0.0001

Table 2: Analysis of carbon and sulphur in steel: analysed specimen
depths and masses. The Ka line is measured for both analytes.
The exit angle is assumed to be 40 degrees.

Analyte
Attenuation coefficient
Analysed depth (99 %)
Analysed volume
Analysed weight of specimen
Analysed mass of analyte (0.1 %)

Carbon
14xl03cm2/g
0.25 urn
0.19 mm3

1.5 mg
1.5xlO"3mg

Sulphur
lxlO3 cm2/g
3.8 pin
2.7 mm3

21 mg
21xl0"3mg
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Figure 3: analysis of carbon in a low alloy steel specimen. The chemical value is repre-
sented by the column on the left. The column on the right is the average value of the 20
measurements (shown in the middle). A variety of different spectrometers have been
used.

c
o

0.07

0.06

0.05

0.04

§ 0.03

O

o 0.02

0.01

i n t o

6

CO CO

< < z
ss * j j

1 is Q- °-
2 9 « <S

CO CO

9 9
CO CO

a
• T . ^ f

Figure 4: analysis of carbon in a low alloy steel specimen. The chemical value is repre-
sented by the column on the left. The column on the right is the average value of the 20
measurements (shown in the middle). A variety of different spectrometers have been used.
The large spread of the earlier measurements is caused by the fact that the concentration
(0.03%) is too low compared to the lower limit of detection of the instruments used.
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Figure 1: Mass attenuation coefficient for boron Ka as a function of atomic number of the
absorber.

IWySi
INiyC
IMO/64C

Figure 2: Reflectivity of three commonly used multilayers for the Ka of the elements Be
though F.
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