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Abstract

Synchrotron Radiation induced X-ray micro Fluorescence
analysis (Jl-SRXRF) is compared with more conventional
microanalytical techniques such as Secondary Ion
Microscopy (SIMS) and Electron Probe X-ray Microanalysis
(EPXMA) for two typical microanalytical applications.
SRXRF and EPXMA are employed for the analysis of
individual particles, showing the complementary character
of both techniques. By means of element mapping of trace
constituents in a heterogeneous feldspar, the strong and
weak points of SRXRF in comparison to EPXMA and SIMS are
illustrated. The most striking difference between SRXRF
and the other two microanalytical methods is the ability
of SRXRF to probe deep into the investigated material,
whereas SIMS and EPXMA only investigate the upper surface
of the material. The possibilities of SRXRF at third
generation synchrotron rings is also briefly discussed.



1. Introduction

During the last decade, a number of microanalytical methods have

come into existence which are capable of yielding information on

the lateral distribution of elemental species in solid materials.

A number of these methods and some of their properties are listed

in Table I. A few of these techniques are the microscopic analoges

of bulk analytical methods which have been in use for a much longer

time and have opened new horizons in an already established field.

Such is the case for synchrotron radiation induced X-ray

fluorescence (SRXRF). Conventional (tube-excited) XRF analysis,

either in its energy-dispersive (ED) or wavelength dispersive (WD)

form, is a widespread analytical method which allows for reliable

multielement analysis of bulk specimen at the ppm level.

The use of synchrotron radiation for XRF work was initiated by

Sparks (Sparks et al., 1980). In the last 5 years, as a result of

the increasing availability of electron storage rings as sources of

highly intense, collimated and polarized X-rays in the energy range

between 1 and 30-40 keV, around the world, a number of X-ray

fluorescence microprobes have been constructed. At Hasylab

(Hamburg, FRG) and at the NSLS (Brookhaven National Laboratories,

Upton, NY, USA), white light microprobes are in operation (Bavdas

et al. 1988; Jones and Gordon, 1989). Using collimated pencil

beams, sensitive trace element mapping with minimum detection

limits in the 1-10 ppm range can be performed with a lateral
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resolution of the order of 10 |im. At SRS (Daresbury, UK), at SSRL

(Stanford, CA, USA) and at the Photon Factory (Tsukuba, Japan),

focussed monochromatic microbeams are employed (Van Langevelde et

al., 1990; Thompson et al., 1988; Goshi et al., 1987).

As can be seen from Table I, SRXRF represents a unique combination

of qualities which cannot be found in any of the other

microanalytical methods listed. As with secondary ion microscopy

(SIMS), SRXRF is capable of trace level microanalysis but does have

any of the disadvantages associated with a destructive mass

spectrometric technique such as SIMS or LAMMA (Laser Mass Micro

Analysis). Combining sensitive elemental mapping with the proven

accuracy and reliability of quantitative XRF makes SRXRF a very

interesting analysis technique. Since SIMS and SRXRF are based on

very different microbeam-matter interactions, making an objective

comparison on other than the overall performance of the methods is

difficult.

A sore detailed comparison can be made when SRXRF is considered

next to its closest analogues: |i-PIXE (Particle Induced X-ray

Emission) and EPXMA (Electron probe X-ray microanalysis) .

Essentially, these three methods only differ in the type of energy

carriers that are being used in the microbeam; all are based on the

creation of inner shell vacancies in target atoms and rely on the

detection of the resulting element specific radiation using

energy-dispersive Si(Li) detectors. The strong and weak points of
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SRXRF can be seen from a consideration of the production cross

sections for photon, electron and proton induced X-radiation

emission as a function of atomic number and particle energy. Fig.

1 shows that at excitation energies below 20 keV, photon induced

X-ray emission is about a factor of 10 to 100 more efficient that

electron- or proton based excitation. This means that per

characteristic X-ray produced, the energy deposition in the sample

using SRXRF is also a factor 10-100 lower than in the case of

EPXMA; this difference is even larger in the case of |i.-PIXE

(Mazzolini et al., 1981; Vis, 1988). A second important difference

between photon vs. electron or proton induced X-ray production is

the dependence of the production cross sections on the target

atomic number Z. As can be seen in Fig. 1, in the case of charged

particles, the cross sections decrease with rising Z whereas they

increase in the case of photon excitation. As a result, EPXMA and

to a lesser extent u-PIXE are very suitable for the determination

of low-Z elements whereas SR-XRF is more appropriate for

visualising distributions of species of higher atomic number. In a

comparison between |i-PIXE and SRXRF, for the analysis of biological

specimen, Van Langevelde et al. (1990) concluded that for Z > 20

(Ca), the monoenergetic (15 keV) X-ray microprobe at SRS provides

better MDL (minimum detection limit) values than a proton

microprobe.

Another important difference between the interaction of photons and

charged particles with matter is the probability for scatter

interactions. As a result of many (in)elastic encounters, the
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retardation of energetic charged particles into solids gives rise

to a bremsstrahlung continuum in the detected X-ray spectra. In the

case of X-ray fluorescence, each primary photon only undergoes one

or two scattering interactions within the sample atoms it is either

absorbed (photo-ionisation) or escapes from the solid. This results

in nearly background-free XRF spectra in case monochromatic photon

excitation is employed, yielding (sub)ppm level detection limits

for selected elements (Van Langevelde et al., 1990). Only in the

region at and just below the primary energy, (in)coherent scatter

peaks significantly contribute to the background. The linear

polarisation of synchrotron radiation in the plane of the storage

ring further decreases the background level when the Si (Li)

detector is also positioned in this plane at 90= to the incident

beam. This effect makes it possible to achieve ppm level MDL values

with SRXRF employing polychromatic excitation (Jones and Gordon,

1989).

SRXRF also has the additional major benefit that, in contrast to

charged particle techniques, sample materials need not be placed in

vacuum and need not be conducting; the penetrating nature of the X-

rays facilitates the use of wet cells and similar devices for in

vivo type of measurements.

In the past, a number of papers have been published in which the

qualities of SRXRF are compared for bulk analysis with PIXE (Bos et

al., 1984; van Langevelde et al., 1990), with tube-excited XRF

(Jones et al., 1984, Bos et al., 1984) and with radio-isotope
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excited EDXRF (Baryshev et'al., 1987; 1'orok et al., 1989). In a

previous paper, (Janssens et al., 1992), we have compared the use

of a monochromatic and a polychromatic X-ray microprobe to that of

an electron- and proton microprobe for individual particle

analysis. This study, which involved the analysis of standard NIST

glass microspheres, revealed large differences in the analytical

qualities of the two X-ray microprobes. In terms of speed of

analysis and achievable detection limits, the white light X-ray

microprobe at NSLS and the electron microprobe proved to be the

most appropriate for characterisation of large numbers of

individual particles. Using the white light X-ray microprobe, MDL

values for, e.g., Ca and Fe were found to be resp. 10 and 2 ppm in

20 |J.m particles for a 100 sec counting interval. This study also

revealed that the NSLS X-ray microprobe is limited to analysing

particles with diameters larger than ca. 5 M-m.

As a continuation of these investigations, the first part of

present work discusses the analysis of a 'real' particle set using

EPXMA and white beam SRXRF. Individual aerosol particles collected

on the Antarctic during the summer and winter of 1988 were analysed

in order to assess the composition and relative importance of the

various aerosol sources in this remote area. Antarctica is supposed

to suffer minimally from anthropogenic pollution, although the

concentrations of several trace gases are known to be increasing

over this continent. The recent interest in the Antarctic

atmosphere has resulted in a recognition of the need for detailed
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aerosol character, -ation studies. The (dis)advantages of the two

analytical methods in terms of speed of analysis, sensitivity and

their ability to classify particles into various classes is

discussed.

Next to the analysis of minute samples such as micrometeorites,

aerosols and water-suspended particulate matter, SR-XRF can also be

employed for visualising the distribution of elemental species in

larger samples. This type of measurement involves the scanning of

the microbeam over a selected area of the sample surface while

signals originating from each location are collected and sorted

accordingly. Published reports mainly deal with investigations in

the biological and geological field (see, e.g., Frantz et al.,

1988; Kwiatek et al., 1987; Jones et al., 1992). Usually, thin

sections of minerals, resp. tissues are studied and lateral

resolutions approx. equal to the dimensions of the photon beam are

achieved. From a general analytical point of view, however, it is

also of interest to compare the performance of SRXRF when non-thin

sair.ples are studied; a large number of industrially interesting

materials such as ceramics are either too brittle or too sensitive

to allow elaborate sample preparation procedures to be used; the

latter can also be a source of contamination (see below).

In the second part of this work, SRXRF is compared with SIMS and

EPXMA for elemental mapping of major and trace constituents in a

thick sample of a feldspar mineral. This material was studied

because of its microhetergeneity both at the major and and trace
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levels. Attention is devoted to the lateral resolution attainable

in the elemental maps and the factors that influence it and to the

sensitivity of the various techniques.

Finally, the predicted analytical qualities of an SRXRF station

which may be installed in the next few years at a beam line of a

third generation X-ray source such as the European Synchrotron

Radiation Facility (ESRF), now under construction in Grenoble,

France will be briefly discussed.
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2. Materials and Methods

The antarctican aerosols were first collected during the summer and

winter of 1988 at the Brazilian Antactic station "Comandante

Ferraz", on the Admiral Bay, Antarctic Peninsula. The sampling site

is located 1 km from the main station and is 300 m from the sea.

Details of the sampling procedure can be found in Artaxo et al.

(1990) . Coarse particles (with diameter > 2 Jim) were collected on

Nuclepore 8.0 um pore size filters. An electron micrograph of a few

NaCl microcrystals found on these filters is shown in Fig. 2.

The particles were sized and analysed using a Jeol JXA-733 Electron

Probe X-ray Microanalyser (Jeol Ltd., Tokyo, Japan) equipped with

a Tracor Northern TN200 computer and energy-dispersive detection

system. All samples were excited with an electron beam current and

voltage of 1 nA and 25 kV resp. An automated particle sizing and

analysis program was used to localise and collect X-ray data from

about 500 particles per sample (Raeymaekers et al, 1986). In this

routine, the electron beam is scanned over a selected area of the

filter. A particle is detected when the backscattered electron

signal exceeds a chosen threshold. For each particle, the

coordinates of the particle's perimeter are determined, yielding

its mean diameter. Then, the electron beam is positioned at the

geometric center of the particle and an energy-dispersive X-ray

spectrum is collected for each particle. In view of the large
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amounts of raw data which may be collected in this way, the spectra

are evaluated on-line in a semi-quantitative way; relative

abundances of the elements present in the particles can be

calculated from the peak areas. Per particle, the program takes

about 40 sec. to perform all the above mentioned manipulations;

usually analyses of this type are run overnight. Within the 500

analysed particles, approx. 100 were found to have a diameter > 5

|im. Only the latter data were used in this work. In order to reveal

the various classes the particles fall into, the resulting data

matrix (particle number vs. X-ray intensities of all elements found

in each particle) are subjected to hierarchical cluster analsis

using Ward's error sum strategy (Van Espen, 1984); in view or the

limited accuracy of the on-line spectrum evaluation step, the

clustering is executed in normalised X-ray intensity space rather

than in concentration space (Bernard et al., 1986; Janssens et al.,

1988) .

For the X-ray microprobe experiments, the instrument at the X26A

beamline of the NSLS (National Synchrotron Light Source) was

employed. After emerging from the storage ring UHV (Ultra High

Vacuum) , the beam is defined by four Ta slits and further

collimated by a 5x5 or 8x8 )Lim2 crossed slit system. The sample is

positioned at 45 degrees to the incoming beam. The polychromatic

energy spectrum impinging on the sample has a maximum of about 104

photons/sec/eV/mA/um2 near 8 keV. Soft X-rays (E < 4 keV) are

heavily absorbed by the Be-end windows of the beam pipe and the air
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path between the collimator slits and the sample. The specimen is

viewed by a horizontally mounted stereozoom binocular microscope,

equipped with a TV camera. For the analysis of individual

particles, a 8x8 |im2 collimator was employed to define the beam

size. X-ray spectra were collected by locating a particle on the

filter using the microscope, moving it into the beam and maximizing

the detectable countrate. This process takes about 1 to 2

min/particie. Per particle, spectrum collection times between 100

and 900 sec were employed- In contrast to the EPMA instrument, all

above mentioned manipulations were executed manually, making the

measurements a very time-intensive undertaking. About 3 h of

instrument time were devoted to each filter; in this period, ca. 30

particles could be analysed or. each sample. The X-ray data obtained

from each particle were processed in the same way as was done for

the EPXMA data. Clustering of the particles in normalised X-ray

intensity space also proved to yield a better group separation than

in concentration space. Correlations between the trace-element

constituents within the various groups is studied by means of

principal component analysis.

For the elemental mapping experiments, a specific 100x100 Jim2 area

of a grain of Carnmenellis Granite was studied. This material

consists of Na (albite) and K rich feldspar phases. The overall

major and trace composition of the two minerals (Goossens et al.,

1989) is listed in Table II. Details on the origin of the material

can also be found in this re-reference.
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The grain was imbedded in orthodontic resin, cut, and the resulting

surface polished to 1 |im using diamond pastes. The surface was then

gold-coated for SIMS analysis. By rastering the 30 kV 0" beam over

a 250x250 |im2 area and locally removing the gold coating by ion

sputtering, a rectangular area of the underlying mineral was

exposed, showing a large (30x100 |im2) albite exsolution lamella in

a ground mass of K-feldspar, as shown in Fig. 3.

In this area, elemental maps were collected, first by EPXMA, then

by SRXRF and finally by SIMS. During the SRXRF experiment, a

collimator yielding a 5x5 Jim2 photon beam was employed. The

collection of the 512x512 SIMS maps took about 2h of instrument

time, including the alignment of the ion-optical system. The

collection of the K and Na X-ray maps (140x200 pixels) using EPXMA

took about Ih. The synchrotron radiation induced X-ray images were

collected using a dwell time of 50 sec per pixel; X-ray images of

25x35 pixels in size were collected taking a total instrument time

of about 12 h to acquire.
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3. Individual Particle Analysis.

The results of the cluster analysis of the electron- and photon

induced X-ray data derived from the Antarctican aerosol samples are

summarized in Table III. The discrepancy between the abundance of

the various classes can be attributed to the fact that only a

limited number of particles could be analysed with SRXRF (60

particles in total) within the available beamtime. The most

important fraction of the particles consists of sea-salt aerosol

(see Fig. 2) , showing the characteristic cubical morphology of

halite microcrystals. This is similar to the results obtained by

Artaxo et al. (1990) for samples collected in the same location

during 1985-1987. Other classes found are soil dust and sulphate

particles. In both the EPMA and the SRXRF data, the seasonal

differences between summer and winter aerosols are evident. The

summer data show unreacted NaCl microcrystals, freshly formed as

the result of bubble bursting. In the winter sample, the Cl-rich

particles also contain appreciable amounts of S and Ca and are the

result of secondary reactions between marine aerosols and trace

gases. EPXMA and SRXRF spectra of a particle belonging to the NaCl

class (summer sample) are shown in Fig. 4 and clearly illustrate

the complementarity of the two methods. Whereas in the electron-

induced spectrum (Fig. 4a), only the major elements (Na and Cl) are

visible, in the SRXRF spectrum, also information on minor and trace

constituents such as Ca, Ti, Cr, Fe, Cu, Zn, Br, Rb and Pb is
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available. E.g., the Pb signal in Fig. 4b corresponds to a

concentration of about 25 ppm. The MDL value for Pb is approx. 5

ppm in this case. On the other hand, the sensitivity of the SRXRF

instrument for low-Z elements (e.g., Na, Mg, Al, Si) is very low

compared to that of EPXMA, making it hard even to identify the

major elements of the soil dust class of aerosols, as shown in Fig.

5. This low sensivity is the result of both the small production

cross section for and the considerable absorption of soft

fluorescent X-rays such as Na-Ka and Mg-Kot in the SRXRF

spectrometer. Despite the fact that EPXMA and SRXRF feature almost

complementary sensitivity vs. atomic number characteristics, it is

remarkable that very similar cluster diagrams are obtained. As an

example, in Fig. 6, the dendrograms derived from the EPXMA and

SRXRF data for the winter sample are shown. In both cases, three

major groups of particles are readily discernable; in the EPXMA

case, however, the Na and Mg signals serve to split up the Cl-rich

group into.subclasses. A detailed examination of the SRXRF data on

the Cl-rich group in the summer data show 2 subgroups featuring

resp. an average S content of 0.43±0.02 and 0.53±0.05 %w. As also

reported by Artaxo et al. (1990), a large variability is found in

the concentration of the trace elements within each particle group.

As an illustration, Table IV lists the concentrations of a few

trace elements in a number of the particles belonging one of the

above mentioned Cl-rich subgroups; the particles have a diameter in

the 12-15 |im, all showed the same cubical morphology and had a

nearly identical major and minor composition (see sulphur data in
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Table IV) . The concentrations in Table IV were calculated assuming

a NaCl matrix; the thicknesses of the NaCl microcrystals were

estimated from the dimensions of the top face of the particles.

Fig. 7 shows the result of performing principle component analysis

on the complete NaCl group of particles in the summer sample. The

loadings of the major and trace constituents are plotted in the

space of the first two principal components. A strong correlation

between K, Ca and Sr is found; this correlation is also found in

the winter samples and by other workers (P. Artaxo, personal

communication) and is as yet unexplained. Other correlated elements

are Cr, Ni, Cu, Zn and Pb. This correlatinon may be indicative of

the presence of an anthropogenic aerosol source.
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4. Trace Element Imaging

In Figs. 8, 9 and 10, elemental maps are shown of various elements

in the perthite material collected using respectively electron, ion

and X-ray microscopy. Fig. 9 illustrates the applicability of SIMS

for mapping the distribution of most elements in the periodic

table; the Na and K distribution are found to be complementary,

while most of the minor and trace constituents (except Ca) are

concentrated in the K-rich phase. In the Al and Si maps none of the

structure obtained in the other images is found.

A similar pattern in found in the EPXMA images (Fig. 8), although

only maps of the major elements could be collected. Using SRXRF,

again a wide range of trace constituents can be mapped; however, no

data on low-Z elements below K could be obtained under the

experimental conditions employed. Similar to the electron and

phocon induced X-ray spectra of the aerosol particles discussed

above (see Figs. 4 and 5), large difference can be observed between

the X-ray spectra derived from the Na and K rich phases using EPXMA

and SR-XRF. As can be seen in Fig. lla and c, only the major

constituents of the minerals (Al, Si, K, Na) are visible in the

electron induced spectra. In contrast, the SR-XRF spectra (Fig. lib

and d) collected at approx. the same locations on the sample show

an abundance of characteristic peaks. A number of these originate

from the gold coating used during the sample preparation (Au, Pt) .

Others, however (e.g., Mn, Fe, Pb, Sr, Rb) correspond to the trace
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and minor constituents of the peirthite mineral. However, the

relative abundance of, e.g., Rb among the two phases is clearly not

in agreement with the concentration data for this element listed in

Table II. The reason for this discrepancy become clear when the

elemental maps of K and Rb are considered as collected with SIMS

and SR-XRF (Figs. 9 and 10 resp.). Whereas in the SIMS images

irrespective of the element/mass being considered, all images show

the same two-phase distribution, in the SR-XRF images, this is true

only for the K, and to a lesser extent for the Ca and Ti images. In

contrast, the Mn, Fe, Sr, Rb etc. maps show totally different

distributions of these elements. The reason for this is the large

difference in penetration depth for photon vs. electrons and heavy

ions. Whereas in SIMS only the top 10-100 nm of the material is

being sampled (depending on the sputter time and beam intensity),

an electron beam of 25 kV will penetrate approx. 3-5 |im into the

material and characteristic X-rays will emerge from a pear-shaped

interaction volume of comparable size. For high energy photons,

however, the penetration depth is much larger. For example, the 1/e

extinction length of photons of energy 5, 10 and 20 keV in the

K-feldspar phase is resp. 18, 126 and 952 Jim. Accordingly, by means

of the white synchrotron spectrum (which extends beyond 40 keV), a

layer of material of the order of 1 to 2 mm is excited. Whereas

K-Kcc radiation (3.312 keV) can only escape from the topmost 10 \im

thick layer, the much more energetic Rb-Ka characteristic photons

(13.375 keV) have still a probability of 37 % of reaching the

detector when they originate from a depth of 300 p.m. In this way,
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instead of only visualising the two-phase structure on the upper

surface of the grain, the high energy SRXRF elemental maps yield

information on structures situated deeper into the material.

In a number of application areas of synchrotron radiation, the high

penetration power of energetic photons is used advantageously.

E.g., by means of computed microtomography (CMT) and radiation of

60 JceV obtained from a 5T super-conducting wiggler, Jones et al.

(1932) were able to visualise the internal structure and density

differences in a rat femur, in which an orthopedic implant (a 1 mm

stainless steel pin) was cemented, yielding information on the

implant-bone interface in a non-destructive way. Frantz et al. used

SRXRF for probing fluid inclusions in quartz (1988) and could

determine trace elements inside inclusions buried 20 to 100 |J.m

below the surface.

On -he other hand, the penetrative character of the radiation can

also cause problems regarding the quantification of elemental SRXRF

maps. A simple example illustrates this. At 15-20 Jim diameter Fe-

ricii inclusion is visible at the center of the Fe-Kct map of Fig.

10. A similar structure, though less clear is discernable in the

Ti, Mn and Rb images. The inclusion is located below the surface of

the mineral, as it is not visible in the SIMS maps of the same

region. If for simplicity, the characteristic Fe radiation is

assumed to be mainly induced by radiation of average energy Eo =

10 keV and to originate from a particular (equivalent) depth d, the

Fe concentration cFe in the inclusion is related to the detected

Fe-:«x intensity IFe according to:
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Ire = G QFe CFe AFe I(E0) t = SFa CFe AFe t (1)

were G is an instrument specific constant (the geometry factor), QF,

is the production cross section for Fe-Ka radiation,. AF, is an

absorption factor and t is the measuring time. I (Eo) is the

intensity of the primary beam. SF, is called the sensitivity factor

for Fe and was experimentally determined using a NIST SRM 1833 thin

glass film standard. As, under the above assumptions, the

absorption factor AFtt is dependent on the depth of the inclusion

beneath the surface d:

AFe = exp {-p d 1.42 [ji(E0) + ME)]} (2)

it is clear tnat d must be known in order to convert the Fe-Ka

intensity map of Fig. 11 into a concentration image. As the

information cannot be derived from the X-ray data themselves, this

presents a fundamental limitation to quantitative SR-XRF analysis

of heterogeneous samples. The extent of the error that is made if

an incorrent value of d is employed can be estimated from Table V,

where the influence of employing various values of d chosen between

0 nm and 40 nm (the 1/e extinction depth for Fe-Ka radiation) on

the maximum Fe concentration in the inclusion are listed. The

calculations were done assuming the inclusion to be buried in the

albite phase.

The penetration of photons into the solid also has an influence on

the lateral resolution in the acquired images. In Fig. 13 cross
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sections of the 39K ion and K-Ka X-ray maps are plotted along a line

perpendicular to the long axis of the exsolution lamella (see black

line in Fig. 3). Employing a 10-90% criterion, from this plot, the

width of the interface between the two phases derived from the

SIMS, EPXMA and SRXRF data is estimated to be resp. 3., 5. and 12

Urn. Taking diffusion of K into the albite phase into account and

the lateral resolution of the SIMS instrument (< 1 Jim), the first

number can be considered as a reliable estimate of the true

interface width. The interface width derived from the EPXMA and

SRXRF data are larger as a result of the extended interaction

volumina of resp. the electron and photon beam. The 5 Jim interface

wid~h found in the EPXMA case is in accordance with the expected

size of the interaction volume for a 25 kV electron beam (about 3.5

\im) in this case. In constrast, in the SRXRF case, although a beam

of 5 x 5 (im2 dimensions was used (measured by scanning over the

edge of a thin gold edge deposited onto kapton foil), an interface

widrh larger by a factor 2 to 3 is obtained.

This broadening cannot be explain by the scatter 'halo' of the

beam. An explanation which is in accordance with the image data of

Figs. 9 and 10 is schematically shown in Fig. 13b. If the albite

exsolution lamella in the center of the image is assumed to have a

thickness of the order of 10 to 15 |0.m, before the primary beam

reaches the edge of the lamella (position 2) on the mineral

surface, energetic photons will pass through the side of the albite

layer and excite the K-rich phase. As a result, a gradual increase

of the K-Ka intensity can be observed until the beam reaches
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position 3. In reality, the model' of Fig.13b is probably too

simplistic in the sense that the edge between the Na and K-rich

phases may not be a straight line or perpendicular to the surface

of the mineral.
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5. SRXRF at third generation synchrotron sources.

A number of the above discussed limitations of SRXRF can be

eliminated by using more intense photon sources. At currently

operation storage rings, this can be done by using undulator or

wiggler radiation instead of X-rays originating from a bending

magnet. Rivers et al. have discussed SRXRF experiments at the 5T

superconducting wiggler of NSLS beamline X17B1. Next to the

advantage brought by the higher intensity of the source, they point

out that as a result of the higher divergence of the wiggler beam

in the vertical plane, a poorer degree of polarisation of the

microbeam is obtained that at the X2 6A bending magnet beamline.

An alternative is to employ bending magnet radiation from one of

the third generation synchrotron rings now currently under

construction in the Japan (SPRing-8 in Harima), the US (APS at

Argonne National Laboratories, Illinois) and in Europe (ESRF in

Grenoble, France). For the latter facility, whose construction

phase is drawing to a close, we have estimated the expected

improvement in flux density and achievable MDL's when a collimated

X-ray microprobe would be installed at a 0.8 T bending magnet beam

line. The predictions are based on a detailed Monte Carlo

simulation of the interaction of a polarised, polychromatic photon

beam with sample atoms (Vincze et al., 1992a; Janssens et al,

1992) . The details of these calculations, which also include a

comparison of the performance of optical devices for generating
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high energy X-ray microbeams other then pin holes, are presented

elsewhere (Vincze et al., 1992b).

In general, however, compared to the SRXRF spectrometer at the NSLS

X26A beamline, an increase in flux density by a factor of 50 is

obtained. As the critical energy of the ESRF (19.6 keV) is much

higher than that of the NSLS (5.9 keV), the ESRF spectrometer is

also expected to be more sensitive for determination of heavier

elements than the NSLS instrument (Van Langevelde et al., 1992).

The 50-fold increase in fluxdensity also implies that at the ESRF,

approximately the same flux will be concentrated into a 2x2 Jim2

area as is currently available in an 8x8 urn2 spot at the NSLS.

In terms of the above discussed applications, this means that' it

will be possible to analyse particles with sizes down to 1-2 Jim

diameter or alternatively to characterise 50 times more

particulates in the size range 5-20 Jim in the same time are

currently required at the NSLS. With respect to trace element

imaging applications, e.g., for the investigation of biological

materials, a 2x2 Jim2 beam will allow the visualisation of the

distribution of chemical elements in single (living) cells. If

large beam sizes are employed, a substantial reduction in

acquisition time can be expected. E.g., the time necessary to

acquire the X-ray maps of Fig. 10 would reduce from 12h to ca. 15

min., making the X-ray microprobe a much more interactive type of

analytical technique than currently is the case.
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6. Conclusions.

In this work, a comparison was made between SRXRF and more

conventional microanalytical techniques such as EPXMA and SIMS. The

applicability of SRXRF to two typical microanalytical problems,

namely the characterisation of individual particles and the mapping

of trace elements in solids was evaluated. It was concluded that

SRXRF is a valuable method for analysis of trace, minor and major

elements and that it could be used profitably in parallel with

electron- and ion-beam methods.

With respect to analysis of microscopic particles, one can conclude

that using EPXMA and white light SRXRF, the same major particle

classes can be identified, even when only a limited number of

particles are analysed, Whereas by means of SRXRF, information on

the trace constituents can readily be obtained, the applicability

of the method is limited by the long counting times which are

needed to extract this information from each particle and by the

fact that only coarse mode aerosols can be analysed. These

limitations, however can be overcome by using more brilliant X-ray

sources. Another limitation is the very low sensitivy of current

SRXRF instruments for low Z elements.

A complementary scheme of particle characterisation in which the

two methods are used appears most promising. In such a scheme,

first automated EPXMA could be used to identify and determine the

abundance and major composition of the various groups in the

aerosol population; in a second phase, SRXRF could be employed to
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obtain (more accurate) information on the major and trace level

composition of some or all the particle classes by analysing a

limited number of aerosols.

The applicability of SRXRF for accurate mapping of trace elements

with atomic number > 20 in a non-destructive is evident. However,

current analytical procedures which can reliably convert X-ray

images collected from heterogeneous, non-thin samples into

concentration maps still lack sophistication. Quantitative analysis

of the image data in this type of samples is primarily hampered by

the high penetration of the primary photon beam, which in this type

of samples also limits the lateral resolution of SRXRF to 10-20 \im

in the 45°/45° measuring geometry. In this respect, the evaluation

of the (dis)advantages of using other geometries (such as 5°/85° or

0°/70°), which do not yield optimal sensitivity/MDL's but a higher

lateral resolution, may be of interest. Similarly the combination

of two-dimensional mapping with differential absorption and/or

fluorescent microtomography may provide a solution to these

quantification problems. The problem obviously vanishes if

sufficiently thin specimen are employed.

Predictions of the performance of a white light SRXRF spectrometer

installed at a bending magnet of a third generation storage ring

indicated improvements in flux density by a factor of 50,

elimitating some of the above-mentioned limitations of present day

SRXRF instruments.
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Table I. Characteristics of various microanalytical techniques,
(adapted from K. Traxel, Nucl. Ins t r . Meth., A268 (1988) 567-578)

SIMS
LAMMA

f l-PIXE
EPMA
XRM

Projec-
tile

M*, N"
hv

P% a
e"
X

Quantum
Energy
(keV)

10-30

2-3 103

5-100
10-50

Destruc
tive ?

yes
yes
y / n
no
no

Spot
size
(IM)

< 1
- 1
0 . 3

< 0 .1
3-15

Penetra
tion
depth

Uun)

0.010
1

5-100
1-5

10-1000

MDL

(ppm)

< 1
- 1
5-10

> 100
1-100

Accuracy

w.t . 10%
w.t . 50*
b . t . 10%
b . t . 20%
b . t . 5%

SIMS " Secondary Ion Microscopy; LAMMA » Laser Microprobe Mass Analysis
PIXE - Pa r t i c l e Induced X-ray Emission, EPMA =* Electron Probe Micro Analysis

b . t . • be t t e r than; w.t . » worse than

Table II. Average bulk composition of albite and
K-feldspar phase in microcline perthite.

Na2O
A12O3

SiO2
K20
CaO

Li2O
Rb2O
SrO
Cs2O
BaO

. K-feldspar
matrix

e x s o l u t i o n
lamellae

Matr ix (EPMA) (%)

0.6 %
18.9 %
64.7 %
16.6 %

11
20 .1
6 8 .

0.22
0 . 1 7

Traces (SIMS) (ppm)

13
8 4 0
4 8 0
7 . 9
48

0 . 9
3 . 0
9 . 5

0.14
3 . 2

Adapted from D. Goossens et al., 1989.
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Table III. Characteristics of the various particles classes found
by hierarchical clustering of elemental electron and photon induced

X-ray intensities of the Antarctican Aerosol particles.

s
u
M
M
E
R

W
I
N
T
E
R

EPXMA

group
abun-
dance

41
28
14
10
4

3 .

55
25
7
5
5
3

group composition
(% X-ray intensity)

CM95),Na(5)
Cl(34) ,S(29) ,Mg(28) ,K(23)
Cl (71), S (15) , Mg (11)
Ca(46),S(47)
S i ( 3 7 ) , C l ( 2 3 ) , F e ( l l ) ,

Al(8) ,Mg(7),S<5),K(4)
S i ( 5 6 ) , A l ( 2 2 ) , K ( 1 2 ) , C l ( 6 )

C l ( 9 2 ) , N a ( 6 ) , S ( l ) , C a ( l )
C l ( 8 7 ) , N a ( 5 ) , K ( l ) , C a ( l )
C l ( 7 6 ) , S ( 1 0 ) , K ( 5 ) , N a ( 4 ) , C a ( 3 )
Cl(57),S(17),Mg(9)
S{36),C1(25),K(20),Mg(8),Ca(8)
Cl(75),Mg(22),S(2)

SRXRF

group
abun-
dance

(*)
51
14

10

7

45

37

18

group composition
(1 X-ray intensity)

C l { 7 0 ) , S ( l ) , B r ( l )
C l ( 2 8 ) , C a ( 2 0 ) , S ( 2 )

C a ( 5 4 ) , S ( 2 ) , S r ( l )

Fe (70 )

C l ( 8 0 ) , K ( 3 ) , C a ( 3 ) , B r ( 2 )

C l ( 5 4 ) , K ( 4 ) , C a ( 2 0 ) , S ( 3 ) ,
B r ( 3 l , S r ( l ) , C u ( . 5 ) , Z n | . 5 )
B r ( 2 5 ) , C l ( 1 3 ) , K ( 1 2 ) ,

Table IV. Concentrations of selected minor and trace constituents
of NaCl microcrystals (see text for details). Values are expressed

in ppm, unless otherwise indicated.

1
2
3
4
5
6
7
8
9

10

Average

S t d . Dev.

S

0.43
0.39
0.41
0.45
0.40
0.42
0.46
0.44
0 . 4 6
0 . 4 2

0.43

0.02

K

65
112

-
54
32
-

55
-
-

96

41

41

Ca

300
54
14
10
14
71

280
67

125
38

97

106

Fe

14
17
7

19
87
19
32
17
5

14

23

24

Zn

5
2
2
2
1
2
5
1
6
4

3

2

Br

41
87
21

109
50
34

114
45
32
54

59

33

Sr

8
39
2
7
-

. 13
5
3
5
-

8

11

Pb

9
26
24
15
6

11
65
27

150
26

36

43
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Table VI. Calculated maximum Fe concentration in the Fe-rich
inclusion shown in Fig. 11 as a function of the assumed depth of

the inclusion in the mineral (see text for details).

Equivalent
Inclusion Depth

d (nm)
0
10
20
30
40

Maximum Fe
Concentration cr.

(Hg/cm2)
3.9 ± 0.1
5.5 ± 0.1
7.7 ± 0.2
11.1 ± 0.3
15.4 ± 0.4

Absorption Factor
AF, {see Eq.2)

1.0
0.7
0.5
0.35
0.24
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Figure Captions.

Figure 1. Quantum efficiency of photon, electron and proton induced X-ray
emission.

Figure 2. NaCl microcrystals on a Nuclepore filter sampled in the Antarctic.
The diameter of the pores is 8 (im.

Figure 3. Backscattered electron image of microcline perthite. Horizontal
field width is 300 |im. Albite exsolution (dark) lamellae in a K-
feldspar matrix (light) are visible. Dimensions of large lamella
parallel and perpendicular to black line are approx. 140 x 30 Jim.

Figure 4. Energy dispersive X-ray spectra of the NaCl microcrystals shown in
Fig. 2. (a) Electron induced X-ray spectrum, showing characteristic
peaks of matrix elements, (b) synchrotron radiation induced XRF
spectrum, showing trace element lines.

Figure 5. X-ray spectra of soil dust particles obtained by means of (a) EPXMA,
(b) SRXRF.

Figure 6. Cluster diagrams of X-ray data derived from the Antarctican winter
aerosols using (a) SRXRF, (b) EPXMA.

Figure 7. Loading plot of trace elements on the first two principal components
derived from X-ray data on the Cl-rich aerosols found in the summer
sample.

Figure 8. Electron induced X-ray maps of the large exsolution lamella shown in
Fig. 3. (a) Na-KOt, (b) K-Ka.

Figure 9. Secondary ion images of major and trace elements obtained from the
same area as shown in Fig. 8. Left to right, top to bottom: 7Li, nB,
"Na, "Al, "Si, "K, "Ca, "Mn, "Fe, lsRb, "*, "Zr, "Nb, "Mo, 13tBa and
"'Pb.

Figure 10. Synchrotron radiation induced X-ray maps of the area shown in Fig.
8. Left to right, top to bottom: K-Ka, Ca-KGt, Ti-Ka, Mn-Ka, Fe-Ka,
Pb-La, Rb-Ka, 3r-Ka.

Figure 11. Electron and photon induced X-ray spectra of the albite and K-
feldspar phase of the microcline perthite. Albite phase: (a) EPXMA
spectrum, (b) SRXRF spectrum; K-feldspar phase: (c) EPXMA spectrum,
(d) SRXRF spectrum.

Figure 12. Surface plot of the Fe-Ka intensity near the location of the Fe-rich
inclusion.

Figure 13. (a) Cross sections of the K-Ka X-ray and "K ion images along the
black line shown in Fig. 3. (b) In-depth model of the structure of
the albite lamella; the position of the photon beam at various
locations, before, at and after the edge is also shown.
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