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OPENING REMARKS

by

R. Martincic
Institute Jozef Stefan, Ljubljana

On behalf of Director General I have the honour and privilege to express a warm
welcome to all of you here at the Agency Advisory Group Meeting on Elemental
Analysis of Extremely Small Samples.

We are now building an instrumental centre on spectroscopic analytical
techniques by the help of the Agency, our Ministry for Science and Technology and
to some extend our industry. Such advisory group meetings as present one represents
for us an excellent opportunity to check our ideas and to learn new experiences on
recent development of techniques used for analysis of airborne particulates as well
as data analysis procedures. During the meeting I believe you will have the
opportunity to see how far we are in this respect.

So for us this meeting is in a perfect timing. All our thanks o to the Agency and
specially to Dr. Valkovic who prepared the meeting from the Agency side.

Last but not least I have to express our thanks to Dr. Milos Budnar who willingly
took the responsibility of local organizer.

Again let me express our welcome to Slovenia, Ljubljana and J. Stefan Institute.
I hope that beside creative scientific atmosphere you will enjoy also in our
environment on "the sunny side of the Alps". As important as the subject of this
meeting itself if not even more is the opportunity to meet old friends again and to
make new. I am sure Milos will take a good care of you. At the same time I would
like to invite you to join us this afternoon at slightly different kind of meeting to taste
some good Slovenian wine.

With that in mind I wish you a fruitful week. Thank you.

Ljubljana, 2 junij 1996
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X-RAY LENS AND ITS APPLICATION IN MICROBEAM XRFA

Yan Yiming

Institute of Low Energy Nuclear Physics (Beijing Radiation Center),
Beijing Normal University, Beijing 100875, CHINA

ABSTRACT In early 1990s, a new X-ray optics - the Kumakhov capillary X-ray lens
has been developed as a new tool for adjusting and controlling wide bandwidth of X-ray
beams. In recent years a new generation of such optics called the monolithic X-ray lens
was reported. Differing from the earlier assembled optics the monolithic lens is a whole
piece optics which composed of a large number of capillaries cohered together. Different
monolithic focusing lenses used for different X-ray energies and other conditions have
been developed in the X-ray Optics Laboratory at Beijing Normal University. The test
results and applications examples of these monolithic X-ray lens in p.-XEJF are very
optimistic.

This article will report some achievement in developing these monolithic lenses,
describe their geometrical and physical characteristics and show their applications in the
fi-XRF carried out in the X-ray Optics Laboratory at Beijing Normal University.

I. INTRODUCTION

In later 1980s and early 1990s a new "high tech" - the capillary X-ray optics and
related X-ray focusing systems ("Kumakhov X-ray lenses") has been reportedfl]. This
X-ray lens consists of hundreds, thousands even hundreds of thousands of capillaries. X-
rays can propagate from one end of this capillaries to another end by multiple total
reflections on inside surfaces of the optical channels. Differing from the earlier focusing
elements, the X-ray lens can collect the divergent white X-rays emitted from a divergent
X-ray source and focus it to a very small spot. As an effective method for adjusting and
controlling powerful wide bandwidth X-ray beams, the X-ray lens has a broad
application range in both pure / applied sciences and X-ray industry.

Since 1990 the X-ray optics laboratory of Institute of Low Energy Nuclear Physics
(DLENP) at Beijing Normal University has been engageing in the field of development
and application of such X-ray capillary and X-ray lens [2,3]. In recent two years the
monolithic X-ray lens in X-ray Optics Lab of ELENP has been developed to a new level.
Several prototypes of focusing X-ray lenses were designed and manufactured, their main
physical characteristics were studied and they are used in different fields. In this report a
brief review of such activities is presented.

2. THE MONOLITHIC X-RAY LENS

The monolithic X-ray lens is a whole-piece of glass optics which comprises thousands
or hundreds of thousands of capillaries cohered together. It could be made by single
composition or multiple composition processing of drawing a bundle of glass capillaries
with a drawing tower. In a single composition processing, a bundle of mono-capillaries
which were made by drawing glass tubes in the drawing tower previously is drawn
through the oven to form a monolithic optics. This process is suitable for making optics



used at low X-ray energies which has larger channel diameter and smaller number of
channels than that of the optics used for high energy X-rays. For example, the optics
used for X-ray lithography (X-ray energy is around 1 KeV) usually has few tens of
thousands of capillaries. For optics used in XRF or XRD in energy ranges of 8-40 KeV
the channel diameter has to be in the order of few micrometers and the number of
channels in a single optics is usualy in the order of hundreds of thousands. Therefore, for
making such an optics, multiple composition processess must be made. This multiple
composition process is simply repeating the process of making a single composition
optics for two or more than two times.

Design of X-ray lens is based on the principle of transmission of X-rays in a X-ray
capillaries waveguide by multiple reflections on the inner surface of the waveguide[1,4].
Generally speaking, the lens transmission efficiencies dependes on the photon energy and
geometrical parameters of lens such as the sizes of channels (diameters and lengths), the
focal distances (distance from X-ray source to lens input and distance from lens output to
the focal spot), the radiuses of curvature of channels, the overall shape of lens and so on.
Using Fresnel reflection and refraction formula with Waller roughness correction and
differential geometry one can simulate the X-rays inside the channels, calculate the
transmission efficiencies, track the directions and positions of X-rays outgoing from the
lens[5]. Summerizing the calculated results for all channels one can get the basic physical
characteristics of the lens. In fact the calculated values are often better than the measured
results. One reason is the difficulties in controlling the processing conditions when the
polycapillaries are drawn inside the oven. In genarall, defects and distortions in channels,
broken walls and other problems often exist. A more detailed description of focusing lens
will give bellow:

1. The Focusing lens
The focusing lens can collect X-rays emitted from a divergent X-ray source and focus

it to form a very small focal spot. Fig 1 shows the basic structure of this lens. The X-rays
5 emitted from source 1 are captured by lens 2 with a capture angle co, these X-rays
propogate through the lens by the totall external reflection of X-ray photons on the inner
surface of the channels with a certain degree of losses. The X-rays 6 exit from lens and
are focused to a small spot 4. 3 is the longitudinal axis of the X-ray lens. 7 is the X-ray
receiver./i is input focal distance,^ is the output focal distance, / is the length of lens,

Fig. 1 .The principal construction of focusing lens

1 - X-ray source, 2 - lens, 3 - axis of lens, 4 - focal spot,
5 - captured X-rays, 6 - focused X-rays. 7 - X-ray receiver.



Dm is the diameter of input cross-section, Dmax is maximum diameter of lens, Z>out is the
diameter of output cross-section.

Focusing X-ray lens has following main characteristics:
A. Lens transmission efficiency T](E)
The transmission efficiency of lens for photons with energy is(keV) is

(1)

where /i(E) is the entering flux of X-ray photons with energy E and 72(E) is the leaving
flux of X-ray photons with energy E. The transmission efficiency is a very important
parameter which indicates the overall performing quality of the lens. Each lens has its
own energy-dependent transmission efficiency spectrum which usualy lowers down at
both ends of the energy bandwidth.
B. Size of the focal spot fy(iim)

Focal spot is usually a circle, the radial distribution of X-ray power density is usually a
gaussian. Size of the focal spot can be defined as the FWHM of this gaussian
distribution. FWHM gives 93.94% of the normalized area of spot. The method of
measurement of spot size will be described later. One main goal in fabrication of the
focal lens is to make the spot size smaller.
C. Gain of lens power density K(E)

The gain of lens for photons with energy E is

H (2)

where y3(E) - the power density of X-ray beam on the focal spot without the lens,
the power density of X-ray beam on the focal spot with the X-ray lens. For isotropic X-
ray source K(E) and r/(E) is linked by the following relation.

(3)
'spot

Where L-fi+l+f2 is the distance from X-ray source to X-ray receiver, S^ is the input area
of lens, S ^ is the area of focal spot.
D. Equivalent distance L«,

For isotropic X-ray source the equivalent distance is

<4>

LM is the distance between the X-ray source and a point where the power density of X-
rays equals to the X-rays power density on the lens focal spot. This value implies
usefuUness of the lens and used in certain practical applications.
E.Open area of lens
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The open area is a ratio of lens totall channel (open holes) area vis lens totall cross-
section area. This ratio is kept approximately constant over all cross-sections along lens
axis. The larger the open area is ( or the thinner the walls of capillaries is), the higher the
transmission efficiency of lens will be.
2. Measurements of lens physical parameters

Method for measuring lens properties has been developing for five years in our lab.
There are four measurement lines now in our lab, one is for soft X-ray optics and three
for hard x-ray optics. The detailed description of these setups can be found in [6-9]. Each
beam line has an optical table, an optical track, several holders for holding X-ray source.
X-ray lens, detectors and aperture etc.. The precision of these holders is 1 ^m for
dementional movement and 0.001° for rotating. All parameters of lenses (spot sizes,
transmission efficiencies, gains and angular divergences) were measured on these setups.
(1) Measurements of focal spot size

Before measurement one should adjust carefully whole system for accurate alignment
of X-ray axis, X-ray lens and detector system. X-ray intensifier with CCD and video
monitor can be used for quick alignment and scintillator or propotional counter can be
used for final alignment.

Several methods for determining the focal spot size can be used. One method is to
measure the spot image by photographic film (1:1), another is by X-ray intensifier, CCD
camera (with an amplification) and video capture card plugged in a PC . There are some
factors influencing the accuracy of measurement. One should do the linearity calibration
on blackness of films and greyscales on computer image monitored by CCD camera vis
X-ray intensity. There are some difficulties in doing such calibration since the
technological imperfection or lack of fine equipment, ^-electrons could also give larger
spot size than the real one, this becomes a main problem in determining very small spot
size. More accurate method is to determine the spot size by measuring the space
distribution of power density by knife or wire scan with usage of X-ray spectrometer. In
our laboratory both methods were used. Scanning by a thin Ni-wire across the X-ray
beam and registering the Ni-Ka line by a HP Ge detector gives the distribution directly
and accurately. The knife edge scanning by a lead or molybdenum knife gives integrated
results of distribution, these results are fitted and differentiated to give the power density
distribution. This beam profile measurement is performed at different distances for each
lens after it has been fibracated, then the position of focal spot is determined.

Fig. 2 gives the intensity distributions of lens F8 measured at three distances from lens
exit by Ni-Ka Hue excitation[9]. The integrated and differentiated intensity distributions
measured by molybdenum knife and their fitted curves are shown in Fig. 3.

(2) Measurement of transmission efficiency and gain of power density
A detailed description of method for measuring transmission efficiency of X-ray

capillary was given in [10]. Same method was used to measure transmission efficiencies
of the monolithic lens. Main source for producing errors in determination of efficiency is
the inaccuracy in measuring aperture areas on lens input and on detector and the
influence of X-rays scattered at the edge of aperture. In order to guarantee the reliability
of obtained results, these areas were pre-determined carefully by microscopic projecting
apparatus. The total error in determination of transmission is less than 10%.

The gain of lens can be calculated directly from formula (3).



As it has been pointed earlier, the calculated transmission efficiencies were usually
larger than the experimentally measured value.
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Fig.4 gives an example of comparison of measured transmission efficiencies with
theoretically predicted results for lens F13, where/i = 64.5 mm, / = 56 mm, f2 = 51.5
mm, An= 6.01 mm and Doat= 5.96 mm. The results of FWHM of beam profile for lens
96-FA-3# are shown in Fig. 5.

In Table. 1 and table.2 main characters and properties achieved in X-ray Optics
Laboratory of ILENP at Beijing Normal University are presented. It is worth to point out
that some prototypes of lens have been used in practical experiment already.

Table. 1 The main characters of Lens available in X-ray Optics Lab. of ILENP

Type Application

area

X-Ray

Energy

(keV)

Incident

focal distance

A W

Exit focal

distance

Lens length

(mm)

Distance from X-

Ray source to

specimen (mm)

Lens maximum

diameter

Dmax (mm)

FA-1 XRD, XRF 8-25 30-100 25-100 40-80 95-250 10

FB-1 XRD, XRF 0.6-2 30-100 25-100 40-80 95-250 15

Table.2 The main properties of lens available in X-ray Optics Lab. of ILENP

Type

Collect angle for

incident X-Rays

(10'3rad)

30-200

30-200

Focal spot size

FWHM (urn)

60-300

500-1000

Transmission Coefficient of power Equivalent

efficiency r/ density amplification distance Leq

(%) k (mm)

FA-1

F B I

3-20

3-20

100-2000

10-300

3-8

<30

3. Application in microbeam XRF
The application of X-ray lens has been developed synchronously with the lens

development in our lab.
The XRF analysis is one of the most important analyzing techniques. It is used in pure

and applied sciences and industries for element content analyses and mapping. For recent
twenty years many improvements have been made in the XRF. The detection limit has
been reduced, the ratio of signal to background has been raised. The microbeam XRF in
material science, life science, earth science and some industrial branches has been
developed. Using synchrotron radiation and X-ray optics one can get X-ray beam with
spot sizes of several microns. In recent years the monocapillary optics have been applied
in microbeam XRF[11]. The cylindrical and tapered capillaries were used[12].

In X-ray Optics Laboratory of ELENP the microbeam XRF with usage of focussing
lens was developed three years ago[6]. The assembled focusing lenses can produce a X-
ray spot with diameters of (0.3-0.5) mm, the power density can be raised to hundred
times higher and the detection limits can reached 10"9 ~ \0'u g for medium and heavy
elements. Since last year the monolithic focusing lenses have been developed and applied



to (J.-XRF. The properties of monolithic lenses, as listed in tables 1 and 2, are much
better than the assembled one. A monolithic lens can be composed of more than 500
thousands channels which inner diameter can be as small as 5 JUD. The smallest focusing
spot size obtained till now in this laboratory is —50 fim. The best value of transmission
efficiency for Cu K« line is more than 30 % and the largest gain of is more than 1300, the
shortest equivalent distance is less than 4 mm. Application of monolithic lens has serial
advantages. First, the lens can produce very intensive X-ray microbeam (tens of microns)
with usage of relatively week X-ray source. For example, combination of a 9 KW-
rotating anode generator (in University of Antwerp) and a focusing lens HB01 (made in
this lab) can produce a X-ray power density comparable with the X-ray density obtained
by a monocapillary with a powerful synchrotron radiation source. Second, the lens has a
definite bandwidth of transmission, so it can cut off the background induced by the high
energy photons, therefore the ratio of signals to background can be higher and detection
limit can be improved. Besides the monolithic lens has a small size (tens mm in lengths
and less than 20 mm in widths), so that it is very convenient to installed it into a
spectrometer, either newly designed or exist one. In Fig.6 the comparison of detection
limits of assembled lenses and monolithic lens F8 is shown[9]. Improvement is obvious.

ioor
i assembling t5-1 b2
I assembling t5-lbl
I monolithic f8

0.1 F

0.01 V

0.0011

Cu ZnMn Fe Ni
elements

Figure 6. The detection limits for elements in mixed standard
sample obtained with monolithic and assembled lenses

RHS-I X-ray source, Cu anode, 36kV, 40pA, lOOOSec

In a serial of tests the combination of the focusing lens with aperture (pin-hole) was
adopted for n-XRF. The lens F15 was chosen for these experiments. F15 has following
characteristics:/i = 95 mm,fo= 44 mm, / = 64 mm Dm — 5.35 mm Doat = 5.25 mm, L =
203 mm, FWHM of focused beam = 110 jun, 77(8 keV) = 12%, K(S keV) = 1200, Lcq = 6
mm An aperture of <J)50 urn was put on the center of focal plane. In this case only
central part of X-ray beam denned by the aperture was used for ^-XRF. For this part of
beam K(S keV) = 2760 and L^ = 3.9 mm. This means that the specimen excited at the
focal spot ( about 200 mm away from anode) is equavalent to that as it is located at 3.9
mm away from anode.
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Fig.7 Comparison of detection limits for elements in mixed standard sample obtained using
assembled,monolithic lens and combination of monolithic lens with aperture

Fig.7 gives the comparison of detection limits for some medium elements obtained
with usage of assembled lens, monolithic lens and combination of monolithic lens F15
and aperture[13]. It can be seen that the detection limit for Mn is ~1 pg. No doubt that
the detection limits can be improved significantly if a much intensive X-ray source is
used.
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Studies of Prehistoric Flint Tools by PIXE

2. Smit

J. Stefan Institute, University of Ljubljana, Ljubljana

Abstract

The trace elements preserved on sharp edges of stone tools may provide some information
about the worked material, which in turn may serve for the reconstruction of users way of life.
Since the amount of the deposited worked material is minute, it can only be detected by sensitive
fluorescence techniques, induced by electrons in the electron microscopes, or by light ions from
the particle accelerators (PIXE). The trace element deposition was studied by PIXE for a set of
experimental tools used for working bone and wood, and for a set of archaeological artefacts
dating from the late paleolithic till neolithic period.

Introduction

The wear traces on stone tools were initially studied by optical microscopy, introduced by
Semenov (1964), and further developed by Keeley (1980), as well as other authors. There are two
types of wear traces on flint tools: the accidental retouches and small flakes produced by direct
pressure on the tool working edge during use, and the polish which is found mostly on the working
edge but which may also extend to the flint surface. Mechanisms to explain the origin of this polish
are still being debated. It may be produced by surface abrasion (Meeks 1982, Yamada 1993), or
by deposition of an amorphous silicate gel (Witthoft 1967, Anderson and Whitlow 1983).
According to Christensen et al. (1991), the worked material simply fills the hollow irregularities
on the working edge, the deposit being of the same composition as the worked material itself.

The relation between wear traces and worked material is usually determined by comparison of
wear traces on archaeological samples and on experimental tools which were used to work known
materials (Semenov, 1964). It is assumed that similar wear traces on the experimental and
archaeological tools also indicate the same type of worked material.

The limited resolution of optical microscopes stimulated the use of electronic ones, mainly with
the aim of attaining greater magnification. Beside that, irradiation of the sample with a charged
electron beam enabled the use of elemental analytical techniques, notably fluorescence analysis and
elastic electron scattering. In parallel, techniques connected with the charged ion beam from low
energy accelerators have also been used for stone tool investigation, initially to study the
concentration profiles of light elements by resonant nuclear reactions (Andersen and Whitlow
1983). An important step in the stone tool investigation was made by M. Christensen and
coworkers (1991-1993) from AGLAE in Louvre, who demonstrated that observable traces of
worked material are deposited on the tool working edge. As claimed by these authors, the worked
material may be identified from the elemental composition of the working edge deposit. The
technique they used was Rutherford backscattering spectrometry, and microbeam PIXE.
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In the present work, the elemental composition of the deposit was studied by the PIXE method,
in order to find a correlation between the deposit composition and that of the worked material for
several sorts of wood and bone. The deposits were produced by working different materials with
experimental tools. Our main interest was to examine if these experimentally produced deposits are
characteristic of those on archaeological artefacts. So we also analysed deposits on a set of
archaeological artefacts with optically determined microwear polish.

The Method

For the deposit investigation, the PIXE method was selected for the following reasons: The
thickness of the deposit as determined by Rutherford backscattering (Christensen et al. 1992) and
present PIXE measurements is typically 0.1 um. The range of 1-3 MeV protons in SiO2 is 12-75
urn. The deposits then represent a thin target for -MeV protons and the measured X-ray intensities
are easily converted into the respective surface densities. For normalization, the silicon X-rays from
the underlying material can be used since they are negligibly attenuated in the deposit layer. Low
bremsstrahlung, greater sensitivity, and a well defined geometry makes the PIXE method
advantageous with respect to electron excitation, as the electrons diffuse in the target. In
comparison with Rutherford backscattering spectrometry, the X-ray yields are practically
independent of the elemental depth distribution. The respective ratios of X-ray yields are then well
related to the chemical composition of the deposits.

The investigated samples comprised a set of experimental tools, and a set of archaeological
artefacts. The experimental tools were flakes of chert of various origin, and used for working bone
and wood. Three types of fresh bone were used, bovine, wild boar and deer, and wood of willow,
birch, oak, ash, and pine. Polish was produced by a sawing and scraping movement, and the
working time extended between 10 and 60 minutes. Before measurement, the tools were cleaned
by soapy water and alcohol. The grease after working bone was removed by acetone.

The proton beam should hit the tool surface at the point where the polish is most intense and
thick deposits of the raw material are expected. For this reason the tools have to be microscopically
pre-examined. We used a reflective optical microscope with magnifications between 100 and 200.
The areas exhibiting use-wear were marked to facilitate subsequent ion beam analysis. The
use-wear traces on the archaeological tools were also compared optically to those on the
experimental tools and the material worked by the archaeological artefacts thus inferred.

The lateral extensions of the deposits were measured by microbeam mapping and lateral scans
on three archaeological artefacts chosen at random. The measurements were performed at the
Oxford microbeam facility using a spatial resolution of 2 um. Lateral variation of concentrations
was observed for one artefact only. The deposits extended laterally for 30 urn which implies that
the elemental composition of the deposit may be effectively studied by a proton beam of 10-100
um diameter.

The compositional studies were performed by a 1.3 MeV proton beam of the Van de Graaff
accelerator in Ljubljana. The beam size used was 100 x 100 um which was attained by the use of
collimation slits. Such a beam area meant that the effects of the grain structure of the flint were
smeared out. Each artefact was measured at at least two points. One point was selected at the most
exposed part of the tool where the thickest deposits were expected. The second point was on the
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unused area and served as a reference. The aiming procedure of the beam was greatly facilitated
by the fluorescent properties of quartz.

The induced X-rays were detected by a Si(Li) detector with a 7.6 (im Be window. The detector
resolution was 155 eV at 5.9 keV. The high counting rate of silicon X-rays from the flint target was
suppressed by an aluminum diaphragm of 0.9 mm diameter, and in a few cases, by a 50 [im kapton
absorber. The elements detected by their K X-rays extended up to iron. The elements lighter than
silicon were screened by the extensive production of aluminum X-rays, induced by scattered
protons in the aluminum housing of the measuring chamber. The aluminum X-ray yield was partly
reduced by a teflon collimator.

In the evaluation procedure, the X-ray intensities from the reference point, after proper
renormalization, were subtracted from the intensities of the usewear area. The elements other than
silicon detected in the reference point, belong partly to the homogeneous mixture in the flint, and
partly to the surface contamination induced by various mechanisms. The remaining X-ray intensities
were then recalculated into surface densities, using the thick target X-ray yield of silicon for
normalization (Smit et al. 1990).

The accuracy of the deduced surface densities was about 30%. The main source of error
probably arises in the subtraction procedure itself, due to the inhomogeneity of the flint. For P, the
spectrum fitting also contributed about 10% to the error.

Results

During the working process, a polish was formed on all our experimental tools. For both bone
and wood, calcium was the most abundant deposited material. Its surface density may reach 10
ug/cm2 for working bone, but it can be as low as 1 ng/crn for working specific woods (ash,
willow). The second element of interest is P, which can amount several ug/cm2 when working bone
or a specific wood (oak). The elements S, Cl, and Fe may
originate from the organic substances. Traces of Ti, Cr, and Mn were also detected, but no definite
conclusion can be drawn upon their origin due to the small number of investigated samples.

One of the samples was totally covered with macroscopic polish, known as sickle gloss. The
reference point was then selected at its proximal end. The weak deposits of S and Cl determined
are close to their detection limits and they cannot be reliably connected with worked material of
organic type. There is a high content of iron in the blade which gives it a dark red colour. Since the
iron X-ray yield (and also that of K and Ca) was higher at the proximal end than in the polish area,
it may be understood that the polish consists of relatively pure quartz from the plants
(Unger-Hamilton 1988).

The worked material maybe identified by comparing the elemental composition of the deposit
with that of the raw material. For this reason we measured the bulk concentration in several sorts
of wood and bone. For wood it was only possible to determine the relative concentrations.
However, our measurements on different pine samples, picked at the same time (February 1996)
in different parts of Slovenia, show large trace element variation, by an order of magnitude. Since
this variation relates to the same species, the trace element concentration is not necessarily
characteristic for a specific sort of wood, as suggested by Christensen et al. (1992). Two bone
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samples were measured, a fossil one from a paleolithic site, and a recent deer bone which we used
as the worked material in our experiments. Both measurements gave similar results, since the
material was evidently apatite in both cases, though more traces of organic elements (Cl, K) were
detected in the recent bone.

We therefore expect that working bone and wood can be distinguished according to the P/Ca
ratio in the deposit. In Fig. 1, the surface density of P and Ca are shown in a two-dimensional plot.
Data with the same P/Ca ratio are connected by a straight line. The values related to working bone
are scattered around the line P/Ca=0.42 which was obtained for human bone (Leonhardt 1977).
Scattering of the data implies the accuracy of our method is about 30\%. The values related to
working birch wood lie systematically above the bone data (P/Ca ~ 1). The P/Ca ratio for certain
woods may approach that for bone, as is the case with willow, but this wood produces a thin
deposit of only ~ 1 ug/cm2. Hard wood (oak) produces thicker deposits comparable to that of
bone, but with a higher P/Ca ratio of about 0.7.

Figure 1 also displays data for the archaeological tools containing phosphorus. The data for
three tools lie in the vicinity of the P/Ca=0.42 line. On one tool, the deposit is so thin that we
cannot distinguish between wood and bone, but for the other two (one was measured in two
points) the worked material was most probably bone. One tool (Bab.gor. 667/9) was used for
different purposes, on one occasion probably for working birch or soft wood, but for one artefact
the worked material cannot be determined since we have not produced a corresponding
experimental tool.

Conclusion

The elements deposited on the working edge of stone tools are characteristically related to the
worked material, though some overlapping may occur. For working bone, the deposits consist of
the same osseous material which may be identified by the respective P/Ca ratio of 0.42. For
working woods, the ratios of the elements (P-Fe) are not reproduced in the deposit, though the
P/Ca ratio seems characteristic of specific woods. Further measurements of deposit composition
are suggested which should investigate the variation of the P/Ca ratio
for particular wood species.
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1. Introduction

In microprobe work there are three different sets of experimental

parameters which need to be calibrated, respectively verified:

- basic instrumental parameters such as the size of the beam spot and its

halo;

scanning parameters such as the scan width (related to magnification),

linearity in scanning, influence of the beam deflection amplitude on the

beam spot size;

- calibration for quantitative microdistribution analysis.

As far as beam focus and scanning parameters are concerned, several

calibration methods have been developed during the past years. They will be

discussed in the following. However, linearity of the scanning systems and the

influence of beam rastering on its spot size have not found too much attention yet.

Rather poor is the literature with respect to calibration for microprobe

elemental analysis. Whereas a basic calibration can be obtained with thin layers,

comparable to standard procedures in broad beam analysis, special precautions

a.o. related to the low beam currents have to be observed for quantitative

microdistribution analysis.

2. Calibration of basic instrumental parameters

Beam spot size

The most widespread method used to determine the beam spot size is to scan

over a metal grid for transmission electron microscopy, e.g. a copper grid with up

to 2000 grid bars per inch (2000 mesh). To deduce the spot size two-dimensional

images or line scans are acquired using the detected signals of the respective
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technique. Such grids are most useful for quick qualitative checks, they are

commercially available and can withstand considerable beam power. For a correct

quantitative interpretation of line scans over a grid bar, however, the microbeam

profile has to be deconvoluted from the scan taking account of the edge profile of

the grid bar. This, however, is irregular and largely unknown. Furthermore, edge

effects in the absorption of X-rays, in the scattered particle or secondary electron

signals themselves may complicate the appearance of the line scan.

As alternative means for a straightforward and correct determination of the

beam spot size, the use of strip patterns of negligible thickness and step height

were advocated as early as 1989 [1] in order to remove the convoluting edge profile

of a grid bar from the measurement. With the advance in microelectronics circuit

production such devices have become available. Convincing applications of such a

multilayered integrated circuit with narrow and sharply resolved buried tungsten

metallisation strips document unequivocally the excellent lateral beam resolution

of 0.33 urn (FWHM), achieved at the Oxford SPM facility [2] (Fig. 1). Similar

samples of metallisation strips can be used with any other microbeam technique.

Beam spot halo

A complementary test object is proposed here, which will especially allow to

test for the halo of any microbeam. In distribution analysis, the low ion fluence in

the halo of the beam can still contribute to a considerable signal due to the large

area which may be covered by a halo. Next to the FWHM the areal extension of

the halo below 10% of the maximum fluence is very important. A specimen

sensitive to such low ion fluences would ideally be a bulk material having a sharp

edge. Since mechanically produced knife edges are known (just as grid bars) to

have imperfect and non-constant edge profiles, we resort here to test objects

fabricated by microstructural techniques [3]. Fig. 2 displays such an object,

consisting of aperture slits of 3 um wide and 17 um long, regularly positioned
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(with a spacing of 1.5 um) in a 20 um thick Cu bulk material, sufficiently thick to

stop or absorb the incoming beam. Its regular microstructure in thickness of the

bulk and width and linearity of the slits is striking and far superior to the known

grids. In probing the halo, the challenge is then to "aim" the microbeam through a

slit without receiving signals from the walls with any part of the halo (of course

automated by scanning the beam). The slits can be produced in virtually any

width. Since these objects have considerable step heights again, we propose them

only as test specimens complementing the metallisation strips mentioned above.

Using the same microstructural production techniques (deep-etch X-ray

lithography coupled with electroforming and plastic molding - LIGA process) the

intrinsic drawbacks of the TEM grids could also be overcome. Real grids of about

25% transmission could be produced, having a thickness of 10-20 um with well-

defined edge profiles, the grid bars being straight within < 0.1 um. With such

grids the beam resolution could be measured in transmission comparable to the

metallisation strips on thick substrates.

3. Scanning parameters

The absolute position of the microbeam on target with respect to the viewing

frame of, for example, an optical microscope needs to be established in any

microbeam facility. A very thin fluorescing target or one which shows the impact

of the beam after irradiation, for example a greased plastic foil, can be used for

that purpose.

Less obvious is the calibration of the scanning width (or scanning frame in

two dimensions) and the verification of the linearity of the scanning system. To

supply useful test objects for this purpose would be of great advantage. A series of

very elaborate SEM magnification prototype standards was developed at NIST

[4,5] by electron beam lithography. Structures with a pitch between 0.2 um (0.4

21



um) and 3 mm are available on these standards (Fig. 3). They are made from

molybdenum-silicide respectively titanium/palladium on a silicon substrate. The

layout of the structures as well as the choice of materials make this standard,

intended for SEM work, also very suitable for calibration of other scanning

microprobes. The scanning width can be easily measured in two directions, which

translates into magnification on a scanning probe.

Unfortunately, the NIST structure does not contain objects distributed over

the complete surface. But such regular structures over large areas are needed in

order to test for the linearity in scanning. Any non-linearity of the scanning

system, i.e. a deviation from the constant step width or distance between adjacent

pixels, will show up as distortion or irregularity in the image acquired when

scanning over the specimen. The regular pattern of, for example, the aperture

slits shown in Fig. 2 demonstrates clearly the suitability of such a test object.

Furthermore, checking for the influence of the beam deflection amplitude on

the beam focus size has not found too much attention so far. The same regular

pattern proposed in Fig. 2 can serve for this purpose as well. In scan positions,

where the beam spot size is increased, the images of the aperture slits will be

narrowed down.

4. Calibration for quantitative analysis

In the following, only analytical methods which are relatively free from

matrix interferences are considered. Calibration of the analyte yield YA from a

sample

YA =Q-o(E )-(Nt) Acos^)'1 -AO-e. ,
A A p A int

is performed in either of two ways:

using cross-sections and calculated or experimentally determined detector

characteristics;
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using calibration standards of known thickness (Nt)s in order to determine

empirically the calibration constants Cs describing the dependence of the

yield on the sample thickness:

Depending on the chosen procedure, the accuracy of

C = o-{cos$)~l AQe
int

depends on

how well the cross-section a, the solid angle Afi and intrinsic efficiency e int

of the detection system are known, or

how well the calibration standards are characterized.

Conventional thin layers

The basic calibration for elemental analysis can be obtained by averaging

with a rastered beam over conventional calibration samples of evaporated metal

films, which can be obtained from several sources. Summing over all pixels in the

scanning frame eliminates the possible inhomogeneity on this scale. As

alternative to complete scanning, static analysis with different spot sizes in

several positions on such thin layers can be applied [6]. This way it was shown in

Ref. [6] that the chosen calibration layers were homogeneous enough at the scale

of 10 x 20 um2. If - for example in the case of PIXE analysis - the intrinsic

efficiency of the X-ray detector has been determined with calibrated radioactive

X-ray sources or its relative efficiency is known from a yield calibration in a

conventional (broad beam) PIXE facility, only the solid angle or a scaling factor

applicable to the microbeam setup needs to be determined, taking account of X-ray

attenuation in chamber windows or alike. This can be done by employing only one

or very few calibrated metal layers.

Unfortunately, instrumental descriptions of microprobe analytical systems

seldom document the means applied to calibrate for elemental analysis. But the
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achievement of accurate analysis has to be proved with those methods, generally

accepted by the analytical community. This means: proper documentation of the

calibration and its verification with suitable reference materials (RMs) are

necessary. Campbell et al. dwell upon the accuracy achievable e.g. in

microdistribution analysis with PIXE, especially for thick target analysis in

geochemical applications. They give a detailed account of the proper use of RMs

for this task [7].

Verification for distribution analysis

In distribution analysis the elemental mass of a given structure in the

scanned sample needs to be determined. The normalization
YA

(Nt)A =
A C Q

to the number Q of incident photons or particles turns out to be a challenge. We

have to perform a "differential normalization", the accumulated number of

particles in every pixel must be correctly measured. Not only do we face low beam

intensity, but also do we have to cope with short dwell times per pixel of only a few

ms or some 10 ms, rendering the accumulation of sufficient statistics very

difficult. Relying on a stable microbeam only is not an option for quantitative

analysis with most analysis systems.

While averaging over a uniform calibration sample, any incorrect

differential normalisation is compensated. Thus, the basic calibration is not

affected. Only when applying microdistribution analysis to structured samples

will errors become apparent. Again, due to the high dimensional precision needed

in microelectronics and microstructuring fabrication, these processes lend

themselves for the preparation of test samples for distribution analysis as well. A

test pattern may be conceived which consists of heavy metal deposits of well-

defined thicknesses (for example in a series of 0.1, 0.2 and 0.5 um) and varying,

24



but precisely known surface areas at prescribed positions (Fig. 4). The spacing of

the heavy metal structures on a pure substrate (e.g. silicon) should be such that

beams up to 20 um in diameter should "see" only one deposit at a time.

5. Conclusions

In order to complement existing calibration standards for use in microprobe

systems, new test objects fabricated by microelectronics and other microstructural

production techniques are proposed (Table 1). They should fill an important gap.

Their production is presently explored in several institutions.
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Table 1: Proposed RMs and transfer standards for microprobe work.

material

two-dimensional
metallisation
strips on Si

real transmission
grid

metal membrane
with recurring
microstructes
(series of holes,...)

metal islands on
Si substrate

measured quantity

beam spot size and profile

beam spot size and profile

- beam spot halo
- scan width and linearity
- influence of beam

deflection on spot size

calibration of elemental
microdistribution analysis

advantages/disadvantages

+ no edge effects in detected
signals

- on thick substrate only,
no measurements in
transmission

+ measurements in
transmission

+ regular grid bars
- fragile

+ regular, well-defined
pattern

+ accurate element
distribution

- difficult to fabricate at
required accuracy

- no measurements in
transmission
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Fig. 1. Tungsten L a X-ray profile obtained by scanning the
beam over the edge of a metallisation region on a multi layer
semiconductor device. The inset shows a 25x25 fj.m2 W
X-ray map of the device, showing the path of the line profile.
The solid line shows a fit to the data assuming a beam
full-width a; half maximum of 0.33 urn. The data were taken

with a beam current of 100 pA.

(Reprinted from Ref. [2] with kind permission of Elsevier
Science - NL, Sara Burgerhartstr. 25, NL-1055 KV Amsterdam.)

i?
f

&^_

Fig.2. Copper membrane with cross-shaped apertures (width: 3ym, distance: 1.5ym)
(Courtesy of Kernforschungszentrum Karlsruhe [3]).
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Fig. 3 . Micrographs of the SEM magnification prototype
sample of NIST [ff] (Courtesy of M.T. Postek. NIST. Repro-
duced with the permission of the publisher), (a) low magnifica-
tion, line scale = 500 nm; (b) high magnification showing the
0.2 urn pitch structures, line scale = 1.76 urn.
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Fig. 4 r Schematic view of metal islands of different thickness and size laid down on a clean substrate for verifying quantitative
microdistribution analvsis.
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Introduction
The analysis of small, this is micrometer or even submicrometer sized, particles
represents a challenging problem. The whole analytical procedure, including quality
assurance and control needs careful planning. Even the sampling itself is in many cases
not trivial at all and the question as to whether the sample is representative for the
suite of particles one wants to measure is sometimes difficult to assess. If one wants
for instance to measure the fine fraction of aerosols, the selection of various particle
sizes (mostly done during the sampling) may create unwanted chemical differentiation.
The question of representativity is even more important if one performs single particle
analysis. Only large numbers of such analyses will lead to meaningful and interpretable
results.
In this contribution a few aspects of the various steps in the analytical protocol will be
described. Starting point is that it is the elemental composition of the particle that is of
interest.

Sampling
For all air-born particles, sampling devices in use consist of some sort of filter material
on which the particles are deposited. Normally air is sucked through these filters. The
first problem here is that the velocity of this air may favour a given size fraction. More
sophisticated devices use size fractionaters in the form of cyclones or impactors. The
available sample is a filter on which particles are sitting. Major problem in collecting
the very small particles is that the position of the sampler becomes very imporant
indeed. The transport routes of aerosols from this size may well be different than for
larger particles as the deposition rates are quite different and vary depending on wether
conditions. If the interest goes towards long distance transport of particles it might be
necessary to perform sampling with air-crafts or balloons.

The analysis
The very small amount of sample available, in case of single particle analysis in the
pico-gram range, prohibits the use of wet chemical analysis. Destruction of the particle
in a very small volume of acid, say 0.1 ml, will lead to concentration from the major
elements of 0.1 ppb and much lower for trace elements. These concentrations are out
of reach of the most sensitive techniques such as ICP-MS As a consequence, beam
techniques applied directly on the solid material should be used. These beam-
techniques can be divided according to the incident beam used.
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Photons at low energy
Laser beams can be used to perform elemental analysis. The methods in which sputter
fragments are detected is called LIMA, Laser Induced Mass Analysis. Problems will be
that one easily sputters away the whole particle or in case of a low intensity laser
beam, one performs a static type of analysis analysing essentially the surface. In both
cases it will be virtually impossile to extract quantitative information from the recorded
mass spectrum. The technique of electron detection (photo-electron spectroscopy) is
not very suitable for elemental analysis.

Photons at high energy
X-ray are very frequently used for elemental analysis. For bulk analysis, meaning in this
case that sufficient small particles are selected and brought together, the method is
very powerful and one can obtain a quick and accurate assessment of the elemental
composition. If a smaller sample is present or if one wants single particle analysis; the
count rate of the emitted characteristic X-rays will become very low. Focussed X-ray
beams, using capillary optics or other focussing devices may help. Even better of
course is the use of the very high intensity of synchrotron radiation sources with their
natural collimation, but these sources are not always easily accessable. Quantification
is possible with (S)XRF, but if one performs single particle analysis, the geometry may
cause problems, especially for low Z-elements, where, even in these very small objects,
self absorption is not negligible. If the backing causes unwanted background, one can
deposit particles onto a reflector surface (perspex, quartz) and apply total reflection
XRF, although the very small incident angle of the beam (a few mrad) will hamper
proper focussing on the particles. These geometrical considerations will be treated in
more detail below.

Electrons
Electrons of about 10-30 keV are in use for decades already for material analysis.
Apart from imaging the object with very high magnification, elemental analysis is
possible by equipping the apparatus with X-ray detection systems. Both wavelength-
dispersive and energy-dispersive systems are in use; the former system with a much
better energy resolution at the price of efficiency. Wavelength-dispersive systems can
be used if one can allow high beam intensity. Radiation sensitive objects however
should be measured in the energy-dispersive mode so as to reduce the radiation dose
delivered to the specimen. These so called electron microprobes are commercially
available from a number of companies, are user friendly and suitable to fully
automatize the analysis. The electron-beam can easily be focussed to sub-micrometer
dimensions and single particle analysis is feasible even on high numbers of particles.
Quantification is not completely trivial here. First of all the electrons of the beam will
scatter in the particles and loose energy which causes uncertainities in the cross section
of the X-ray production process and secondly X-ray absorption processes have to be
taken into account. Just as for XRF, there is a need for "standard" particles of given
chemical composition to calibrate the process, although serious inhomogeneities in
sample particles are difficult to tackle.
With electron beams, much work has been done on particles. Most illustrative are the
enormous amounts of cosmic dust particles that can be found in catalogues published
by NASA, Houston, USA. Very fast analysis serves to divide these dust in various
categories, such as chondritic aggregates. All this work has been done with electron
microprobes in a fully automatic mode.
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Disadvantage of the electron-beam is the production of bremsstrahlungs background
due to interaction of the electrons with the sample atoms. This continuous background
in the X-ray spectrum prohibits the measurement of minor and trace elements in the
particles. If one wants a full chemical analysis, including elements present in low
concentrations, the electron-beam is not suitable anymore.

Ions at low energy
SIMS (Secondary Ion Mass Spectromety) is the method in which the sample is
bombarderd with low energy (kV) ions, often Ar or O. Sample atoms and ions are
sputtered away and caught into a mass spectrometer for analysis. To enhance the
ion/neutral ratio, sometimes post-ionization is applied by means of a laser beam that
shines just above the sample surface. Comparable disadvantages exist as described
above for the laser induced mass spectrometry. The sputter process itself is poorly
understood and sputter yields are greatly dependent of the chemical form of the
elements present. Although SIMS is very sensitive, quntification is cumbersome and
very small particles are not easily analysed as SIMS is basically destructive.

Ions at high energy
Ions, mainly protons, in the MeV range are used for a suite of techniques known as
Ion-Beam Analysis (IB A). For the analysis of small objects, the beam can be focussed
down to sizes of about 1 jam, sufficiently small to analyse single particles. The
instrumentation needed is a small accelerator (Van de Graaff, tandetron, pelletron etc.)
and a beamline that is capable of focussing the beam down. The instrument is known
as a nuclear microprobe, it is a more complex appartatus than the electron microprobe
and therefore less user-friendly. On the other hand the instrument has rather unique
features, mainly because these MeV-beams allow several methods to be used
simultaneously.
• Imaging the particle.
With the technique called STIM (Scanning Transmission Ion Microscopy) one can
image the particle, determine its size and aerial density. This is done essentially by
running the beam through the particle and measuring the energy loss of the beam. A
more proper name would therefore be energy loss spectroscopy as also is done with
electrons on very thin objects. The nice feature of STIM is that one needs only a very
low intensity beam (in the fA range) allowing to squeeze down the beam to nm-sizes
so as to really get a very detailed picture of the particles shape.
• Measuring the elemental composition with PIXE.
Particle Induced X-ray emission is essentially the same process as used with the
electron microprobe. In both cases a charged particle is used to create inner-vacancies
in the electron cloud of the sample atoms. The subsequent emssion of characteristic X-
rays is used as the analytical signal. Cross sections of the inner-shell ionization depends
in first order on the velocity of the charge particle used (the process is Coulomb
excitation) and therefore protons need to have a much larger energy to be accelerated
to the same velocity as electrons. The major advantages of using protons are the fact
that protons do not scatter in the sample which gives a much better definition of the
detection volume and the fact that the bremsstrahlungs background is considerfably
reduced. The PIXE-background is caused by bremsstrahlung of secondary electrons
and is a second order process, whereas in case of electrons the beam itself is
responsible for the background.
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This reduced background allows analysis of small objects down to the level of trace
elements in the ppm-range. Because the PIXE-signal shows a good linearity with the
elemental concentration over many decades, also major and minor elements can be
measured simultaneously, although spectral interferences may obscure some of the
trace element peaks.
Matrix effects are not due to energy loss of the beam as cross sections will not
seriously change during passage of the beam through very small particles. Self
absorption of low energy X-rays of course remain and the geometry, normally a
perpendicular incident beam and a detector viewing at 13 5° complicates full
quantification. For very small particles however, and if the irradiated mass has been
determined by f.i. STIM, quantification should be very reliable. Fortunately, very light
elements, which suffer most from matrix effets, can be measured with an additional
method if they are present in higher concentrations.
• Measuring major and minor elements with PIGE.
MeV-ions (energies between 2 and 3 MeV are commonly used for PIXE) have
sufficient energy to excite nuclear levels from low Z-elements. The de-excitation of
these levels lead to the emission of y-rays (Particle Induced Gamma-ray Emission).
Nuclear reactions of the type (p,p'y) have the highest probability and elements such as
Li, F, Al and Si can be determined in this way. The high penetration of both the beam
and this y-radiation results in the absence of matrix corrections. Especially for cosmic
dust, where normally trace element concentrations are normalized on the Si content,
this additional information is very helpful and it is worthwile to add a y-detector to the
set-up. Heavy elements are not excited due to the increasing Coulomb barrier, even for
Si it is recommended to increase the beam energy to 3.5 MeV.

• Measuring high Z-elements with RBS.
Rutherford Back Scattering cross sections increase with Z2, contradictory to the
decrease with Z of PIXE-values. Therefore it is sometimes beneficial to analyse very
heavy elements, such as Pb in aerosols, with RBS. Mass resolution is rather poor for
these elements but if Pb is the only very heavy element present, which often happens in
environmental samples, the technique is feasible. RBS is by its nature very quantitative
and also allows determination of the irradiated thickness.

High energy ions at glancing incident angles
If one analyses micro-meter sized particles, the main contribution to the background is
caused by the backing material. Even if very thin filters or backing foils are used, the
major part of the bremsstrahlungs background will be produced in this material. We
therefore developed in our insitute a technique which we called TPIXE (Total
refllection PIXE) and which is essentially the same improvement as TXRF is over
conventional XRF. Unlike electrons, protons are also reflected from a perfect surface
at low incident angles. Critical angles for 2.5 MeV protons are a few mrad, not very
different form critical angles known for X-rays. The mechanism of reflection is
Coulomb interaction, comparable to surface channeling. Advantages over conventional
PIXE are very similar to advantages of TXRF over XRF.
1) If a perfect backing (mirror) is used, the particles are irradiated virtually "backing-
free", background in the PIXE-spectrum is therefore considerably reduced and the
detection limits lowered.
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2) The geometry allows an X-ray detector to sit very close to the sample. We have
realized a solid angle of more than 1 sterradian, a factor 50-100 more than normally
used during PIXE with a normal incident beam.
Not many results are available upto now with this new version of PIXE The
requirements on the stability of the accelerator are high and the experiments are not
very easily done. It is our expectation however that TPIXE will evaluate to a very
powerful method capable of measuring at the ultra-trace level. Especially for single
particle analysis of a relatively small number of particles, one may benifit from TPIXE.
The afvantage of TPIXE over TXRF in this case is that protons do not seriously
scatter in the small particles therefore maintaining full reflection conditions unlike
incident X-rays that will Rayleigh- and Compton scatter.

Conclusions
There are several complementary techniques available to characterize small particles
according to their elemental composition Large numer of particles can be
characterized according to their major- and minor elements with electron-probes.
MeV-ion beams are in our view the best option if one wants to extract as much
information as possible from the particle. These instruments are, however, still under
development and high skilled operators are required The analysis of many particles in
a fully computerized mode is not possible yet, but their are no technical or physical
limits that prevent such a development. It remains to be seen if nuclear microprobes
will become available in a comparable user friendly form as the electronprobes.
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Chemical characterization of atmospheric particles

F. Adams

Department of Chemistry, University of Antwerpen (UlA.) B-2610 WELRJJK, Belgium

Abstract In the characterization of complex environmental materials such as atmospheric particulate
matter, analytical specificity is required to account for the many dimensions of information present in
the sample. These dimensions include size, morphology, elemental composition, inorganic and organic
chemical speciatioa, all to be performed on either single panicles or on the population (or bulk sample)
basis. Various techniques were developed for such measurements, including a number of bulk analysis
procedures, methodologies for microscopical analysis of individual particles, and a variety of procedures
for organic/inorganic chemical speciation.

1. INTRODUCTION

The air is a complex mixture of gaseous, liquid and solid components. The solid component of this
aerosol is referred to as airborne particles or dust. It can be of natural or anthropogenic origin and it
varies widely in respect to its concentration in the environmental air, its overall chemical
composition, the homogeneity, the size, shape and morphology of the particulate constituents. The
particulates in the air have a profound influence on environmental health, on corrosion and
conservation of man-made materials, on the atmospheric visibility, and finally on the earth's climate.
They act effectively as condensation nuclei or as catalysts for reactions taking place in the
atmosphere, hence they influence the presence of a number of chemicals.
Assessment of the potential environmental and toxicological effects of particulate matter in the
atmosphere requires a detailed chemical and physical characterization of the particles. The most
important distinction between individual particles is their size; it ranges from well into the
submicroscopical size range to "giant" particles of several hundred micrometer in diameter. It are
the smallest particles, with the highest surface-to-volume ratio, that are the most important entities
in many respects.

In this chapter we will treat, without going into any detail, some aspects of the paniculate
component of the air, its characteristics such as size and morphology, then the sampling of particles
from the atmosphere for detailed study in the laboratory and finally some aspects of the analytical
chemistry. The analytical study includes the determination of elemental composition, inorganic and
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organic chemical speciation on particle collections and the characterization of individual
particulates. A detailed description of this subject can be found in a number of textbooks (Buffle
and van Leeuwen, 1992, Spumy, 1986).

2. COMPOSITION OF AER PARTICULATE MATTER

2.1 Classes of atmospheric particles.

The environmental impact of atmospheric particles is dependent on their chemical and physical
properties, and on their lifetimes and abundances. A number of particle formation processes occur
that result in the direct release of particles, e.g. dusts storms (e.g. mineral dust) or emissions by
vegetation (e.g. pollen).

These generate predominantly "large" particles (with diameters 10 jxm or more) which tend to
give rise to rapid sedimentation, hence the effects tend to be geographically localised. On the other
hand, particles formed indirectly in combustion processes or in secondary gas-to-particle conversion
reactions (e.g. in photochemical smog or in the condensation of plant emanations), are small (1 u.m
or less); they have long lifetimes (up to several weeks) and hence may travel over large distances
(up to 10,000 km) and to high altitudes (ca. 20 km). They may be of a more general, even a global,
concern. Small particles tend to coagulate to micron sized dimensions, larger particles (above a few
micrometers) tend to disappear from the gas phase through sedimentation. The residence time of
particles in the atmosphere, hence, is related to their size, the particle size of greatest importance is
that between 0.1 and 10 )im.

An input/removal diagram for aerosol mass as constructed by Whitby and Cantrell (1976) is shown
in Figure 1. It shows the major formation mechanisms of small particles from high temperature
processes (volcanism, natural fires, anthropogenic and industrial processes); the composition of
these primary aerosol particles is quite diverse. Small particles also result from homogeneous
nucleation from gases an vapors e.g. by photochemical conversion of reactive hydrocarbons (natural
or industrial emissions), or oxidation of precursors such as sulfur dioxide. Coagulation quickly
transforms these fine aerosol particles to larger particles. The coarse particles and their formation
mechanisms and its sink through sedimentation are also shown with a peak around 10 UJTI. Large
particles are easier to allocate to specific origins than the small ones as they usually preserve at least
partly the original structure and composition of the source material.
Figure 1 also shows (in an idealised way) the resulting particle size distribution with a typical three
humped distribution. Many realistic aerosol size distributions follow a log-normal distribution.
Junge (1955) established his famous power law in 1955 describing particle number concentration
by:

The constant C depends upon the number of particles and (3 is the slope of the size-distribution
curve. There are many studies in which researchers have tried size-distribution fits and also related
aerosol sizes with their source of origin. Noll and Pilat (1971) observed complete size distribution
in the size range 0.1-100 u.m radius and found average slopes of 2.3 between 5 and 25 Jim and 6.7
between 40 and 100 fim. The general applicability of the power law concept follows from Figure 2
where the particle distributions with size is compared between typical city air and several classes of
clean room facilities.
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Figure I: Idealization of the atmospheric aerosol surface area distribution showing the principal modes, main
sources of mass for each mode, and the principal processes involved in injecting mass in each mode as well as
primary removal mechanisms (Buffle and van Leeuwen, 1992).

Monomodal with one maximum, or polymodal distributions with two or more maxima occur.
The size distribution can also be expressed as a mass distribution or as the distribution of a riven
component. Common ways to summarise the distribution are the arithmetic mean radius, rm, (half
the particles have a radius smaller than r^), and the mass median diameter, Dm (the dividing point
50 % above 50 % below in mass).

For direct particle production the natural component (sea salt particles produced by the bubble
bursting in the ocean, windblown dust, volcanic emissions and forest fires) dominates the man-made
production processes (various industrial processes, power consumption and transport related
activities) on a global scale. Manmade production of particulates through secondary processes is of
more or less the same order of magnitude as the natural production. The combined global
production particles from sulphates, nitrates and hydrocarbons as gaseous precursors is a few
megaton per year (Prospero, 1984).
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Figure 2: Upper limit to permitted number of particles N(d) per cubic foot (contamination level) as function of

particle site d, in various cleanroom categories. Class 100 (0.5 nm) means that not more than N = 100
particles, with d = 0.5 p.m or greater, and not more than, for instance, about 20 particles with d = 1 urn or
greater may occur per cubic foot. The proximate contamination level in a large city's atmosphere is included.

2.2 Composition of air particulate matter

The atmospheric aerosol has a very complex and variable composition. Particulate matter amounts
to more than 50 % of all air pollutants. More than 70 elements as well as a whole range of organic
compounds have been identified in it using a number of advanced analytical methods.
Anthropogenic emissions are dominated by sulfates (as a secondary aerosol), while natural
emissions are dominated by sulfates, sea salt and dust.
Carbonaceous aerosol derives primarily from hydrocarbon emissions and from combustion
processes, both of which have significant natural and anthropogenic sources. The elemental (non-
organic) composition of particles from combustion of coal, fuel oil, gasoline and wood (gaseous
fuel generates little aerosol) and various industrial processes have been intensively studied.
As is evident from the previous comments that air particulate matter is by no means an
homogeneous batch of particles with a closely similar composition. Airborne particles have a
widely varying composition, aerodynamic dimension and shape. This suggests the analysis of
particles as a function of particle size following the separation of the particulates in several particle
size categories. The ways to separate particles according to their size will be discussed briefly in a
following paragraph. Alternatively analysis may be attempted on single microscopical particles. A
number of microanalytical techniques are used for single particle characterization. Sometimes even
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the surface predominance (or depletion) can be inferred by using surface sensitive methods. In fact,
particles of microscopical dimensions when studied in detail may show that they are complex
aggregates with locally differently composition and structure, result of complex formation
processes.
Atmospheric particles collected near the earth's crust may be expected to have the earth crust or the
sea as a major natural source and reflect the composition of them. Particles emitted in various
industrial processes may contain information on the source composition. Comparison of the aerosol
composition with that of the source is, hence, relevant and the enrichment factor (EF) is used for
such comparisons, as for example :

£Fcr = (X/Al)JQC/Al)a

where X is one element in the aerosol (subscript a) or in the crust (subscript cr). Aluminium is
chosen in this example as a normalisation element with high abundance and negligible enrichment.
EF can be identified for any given element in a system comparing the aerosol with the ocean (e.g.
with Na as reference), a particular emission process (e.g. coal burning), etc.
Figure 3 shows an example with the enrichment of a number of elements in the urban aerosol and
the emissions from different power plants. The enrichment of a number of elements is striking.
Some of them might be used as a tracer : e.g. Se with an high EF in the power plant emissions looks
attractive for this purpose in Figure 3. As a result of condensation from the gas phase the more
volatile elements are enriched at the particle's surface.
Elemental carbon or black carbon (BC) has long been recognized as an important component of the
total atmospheric aerosol. Marine and terrestrial particulate matter have been found to contain
these carbonaceous particles with the largest concentrations being obtained from urban air samples,
where it normally resides in the smaller size fractions. The ratio of elemental to total carbon
(elemental + organic, OC) have been found to be strongly dependent on the source.
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Figure 3: Enrichment factors with respect to crustal abundances for elements attached to urban particles from
(•) Washington, D.C. (O) Tucson, AZ (x) St. Louis, MO, (A) Charleston, WV (£) Portland, OR, and ( • )
Boston, MA. (Gordon G.E. et al. , 1981).
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Elemental carbon is a significant cause of light extinction. With its high specific absorption of solar
radiation black carbon has important direct and indirect radiative and possibly climatic effects. The
relative chemical inertness of carbon coupled to its predominantly submicrometer size suggests that
it may act as a tracer for sources of combustion-type aerosols over long path distances in the
atmosphere.
Paniculate organic carbon {carbonaceous particles) retains structural clues of source specific
biosynthesis processes ("molecular markers"). In contrast combustion carbon, which passed
through a gaseous/free radical state generates a specific imprint for combustion processes with
polymerization reactions leading to polyaromatic hydrocarbons (PAHs) as shown in Figure 4.
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Figure 4 : PAHs found by laser microprobe mass spectrometry in oil retort soot. (Mauney T. et al., 1984).

2.3 Data treatment

In order to develop rational and effective strategies for improving air quality, it is necessary to have
an understanding of the relationship between the pollutant sources and their impact at receptor sites.
Source or dispersion models predict the concentrations of pollutants at a receptor site using
diffusion models with emission inventories and meterological data. Receptor models infer source
contributions at receptor sites using statistical models with data taken at the receptor site (Gordon,
1988).
Receptor modelling has frequently been used to determine possible sources of pollution in many
sites. E.g. Gray et al. (1986) developed and operated a fine-particle monitoring network in Los
Angeles in 1982. They found that paniculate carbon emissions were the principal contributors to
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fine carbonaceous concentrations and accounted for about 40 % of the total mass. Pratsinis et al.
(1988) found that about half of the fine aerosol mass and two-thirds of the carbonaceous aerosols
can be attributed to motor vehicle emissions during high pollution days in 1983 at Duarte, a
residential Los Angeles site. In addition, they showed atmospheric chemistry and even background
aerosol (e.g. soil dust) can have significant contributions to the non-black carbonaceous aerosol.
The complete set of observations (samples), as well as seasonal subsets of the data were examined
using correlation coefficients and principal component analysis (PCA). PCA is frequently used for
identifying pollutant sources affecting the air quality. PCA attempts to explain the variance of a
large set of interconrelated variables (the observed air quality data) with a smaller set of independent
variables (the principal components). This procedure is advantageous because detailed information
regarding atmospheric chemistry and meteorology is not required. The initial set of principal
components generated by PCA are not readily interpretable. The first principal component is
created to explain as much of the variance as possible. The second principal component tries to
explain as much of the remaining variance as possible and so on. This analysis results in a number
of possible distinct sources being grouped together. PCA is one method of a collection of
qualitative and quantitative techniques for data analysis which collectively termed factor analysis
(FA). There is a considerable literature on this topic (Martens and Naes, 1989). Chemical mass
balance (CMB) methods are designed to apportion aerosol mass of each sample quantitatively
amongst a number of contributing sources. This is possible if each source is characterized by a
specific chemical pattern (as in Fig. 3) and provided there are at least as many variables as sources.
Table I shows the results obtained by principal component analysis on a 34 sample set of trace
elemental data for 6 fractions of size separated air particulate matter in the altiplano in Bolivia. Five
distinct components explain the variability of the concentrations : soil derived dust, particles related
to biological processes (forest fires or agricultural burning?) plus three components with unknown
origin labelled as sulfur, lead and calcium because of the predominance of these elements.

Table I : Percentage variance in the data of the different size fractions of remote aerosol explained by the
identified components (F. Adams, 1983).

Variance explained by component

Fraction |im Soil Sulphur Lead Calcium Burning

8.4

7.7 18.5

3. SAMPLING OF PAJRTICULATE MATTER FROM THE AIR

Different methods of separation of particles from the air use sedimentation, electrostatic or inertial
collection, centrifugation, or filtration. Filter sampling in so-called high volume samplers, is often
used and is still prescribed in most official standard procedures at is easy, straightforward and cheap.
Filters can collect almost all sizes of particles. The simplest filter materials are porous filters (e.g.
cenulose) which can be extracted after sampling with organic solvents, water and acid solutions for
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subsequent organic and inorganic analysis. Alternatives are membrane filters composed of thin films
of porous polymers (e.g. Millipore and Nuclepore with a controlled pore size). The bulk aerosol
collected with filtration samplers depends, however, on their design characteristics; the cut-off
diameter of the larger particles is especially poorly defined. It has become common to equip such
samplers with a special inlet system, so that an upper cut-off (e.g. 15 (im or 10 ^un) is established.
To provide such cut-off values or even lower ones e.g. 5 urn, cyclone preseparators are often
employed.

The diameter of non-spherical particles is operationally defined as the aerodynamic particle
diameter (dx), the diameter of an hypothetical sphere of unit density with the same settling velocity
as the particle under consideration.
Any discussion of environmental standards and measurements implies the use of terms such as total
dust or total suspendedparticulate material (TSP). Common bulk samplers do not collect all sizes
with equal probability and accidental selection characteristics depend strongly on the speed and
direction of any external wind. Actual sampling conditions thus play an important role in defining
the aerosol sampled. Filter sampling is also affected by various sources of error : direct errors in air
volume or flow rate, air leaks in the sampling train, wrong calibrations, sample losses during and
after sample collection, wrong estimates of filter blanks, contaminations. Sampling errors are often
more important than analytical errors.
Filter materials are often selected on the basis of their purity as blank problems otherwise would
affect the analytical results unless the particles are removed from the filter substrates. Hence, for
inorganic analysis a pure (from trace elements) cellulose type filter material is often preferred for
routine applications whereas glass fiber filters are used for organic analysis because they are free
from organic contaminants. Cellulose or glass fiber filters tend to sample the particulate matter into
the inside of the filter. Membrane filters, on the other hand, act as screens and collect the particle at
their outer surface. Filter collection systems have practically no capability of resolving the particle
size distribution. "Two filter" sampling trains exist but have a limited use. They consist of e.g. a
combination of a Nuclepore filter with pore size in the range of 5-8 UJTI, and in series another filter
with much smaller pore size (e.g. 0.4 Jim). This difficulty in sampling according to size precludes
measurements in terms of the "inhalable particulate matter" i.e. the fraction of the size population
likely to penetrate the human respiratory tract. Technological advances towards increased burning
efficiency of fossil fuel and better control mechanisms for stack emissions decrease large particles
emissions considerably, hence, increase the relative importance of the particles in the respirable
range.Of the collection systems with capability of size classification, inertial impactors are most
popular. The schematic working principle is shown in Figure 5. There are many designs base on
the same underlying principle : an aerosol jet is forced to change its direction and particles too large
for following the streamlines are collected by impingement on a collection' plate. In virtual
impactors the same principle is used to separate particles according to their inertia in two parallel
streams where they remain airborne and can be separated by e.g. filtration. Cascade impactor
arrangements use this principle repeatedly to collect particles in several (typically 6-8) size fractions.

The cut-off size of any impactor stage can be calculated from the geometric, fluid and particle
diameters. Theory shows that properly designed impactor stages will provide sharp classification
between particles above a certain dx which are collected an smaller particles which are not.
Disturbing effects may be due to interstage losses (particles deposited on surfaces other than the
impactor plates), particle re-entrainment (bounce-off an blow-off in the airstream) and inlet losses.
Table II shows a practical example of the importance of particle size classification where the mass
median diameter is used to calculate the fraction deposited in several respiratory regions of the lung.
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Figure 5 : Design of a cascade impactor. Three stages of aerodynamic flow are shown. The last stage is usually
a membrane filter.

Whereas normal impactors are designed to provide sharp cut-offs, in some cases it is desirable for
the cutoff to be a specific function of particle size e.g. simulating the retention of the human lungs
of respirable dust. Figure 6 shows an example. Another commonly used concept is "PM 10" (a US
Federal Reference of inhalable dust) to sample particulate matter below 10 |im. In the same way
e.g. PM 2.5 refers to the atmospheric aerosols with dx<2.5 (xm; TSP is commonly defined ad
dx<30 ujn. Particles with <4>30 |xm are giant particles. Artifacts observed in sampling atmospheric
trace components employing filter techniques were originated in the development of the clearcut
separation between gases and particulate matter with denuder systems. In its most elementary form
a denuder is a cylindrical tube coated with a reagent which selectively samples a specific gaseous or
volatile component from an aerosol. The concept is schematically shown in Figure 7. Thermal
denuders rely on heated tubes in which specific aerosol particles are evaporated and decomposed.
Methods for monitoring or studying air pollution consist in general of several stages : sample
collection, analysis and finally data interpretation. These distinct stages in the entire problem solving
process are interdependent. They also depend on the overall area of concern (ambient, source, or
exposure monitoring, ...), then on the analytical entities under scrutiny (trace elements, speciated
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elements, organic compounds, specific crystallographic structures,...), and finally on the aim of the
study (human toxicology, pollution abatement, meteorology, climatology,...).

Table II : Mass median diameter of iron, lead and benzo[a]pyrene of typical urban aerosol and percentage
deposited in respiratory tract (F. Adams, 1983).
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Figure 6 : comparison of the ACGIH respirable curve to theoretical and experimental collection efficiencies of
impactors (Maple V.A., 1982).

4. ANALYTICAL CHEMISTRY OF BULK AND SIZE FRACTIONATED
PARTICULATE MATTER

Analytical chemistry of the bulk aerosol and size fractionated atmospheric particles have in the past
been performed with many different inorganic and organic analytical techniques. Emphasis needs to
be placed on rapid, sensitive, multi-element (or for organic analysis multi-component) methods.
Not only is rapid and panoramic analysis necessary to handle the large sample loads often
encountered, but also these characteristics help to reveal significant correlations between different
pollution components and different pollution sources. In addition, the ability to measure more
elements or components than just a few ones, often does not significantly raise analytical costs, but
greatly increases the usefulness of the results. Another important factor is specificity. There is a
growing interest in analytical methods capable of identifying the actual chemical compounds in
which potentially toxic trace elements exist in the aerosol. This is the area of speciation analysis
performed often with hyphenated analytical methods (combinations of a separation based on
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chromatography e.g. gas chromatography, with a specific spectroscopical detection method e.g.
atomic absorption spectrometry). Another area of quick advance is in the microscopical or surface
sensitive detection of elemental and organic impurities.
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Figure 7 : DiSusional separation of gases and particulate matter in a denuder tube (Slanina, 1992).

Some of the most successful analytical techniques derive their advantages from the absence of the
need for chemical separations or of dissolution of the solid material. For inorganic analysis
dissolution of the particulate matter for analysis is not aiways a trivial task. It is, moreover, often
quite time consuming. Hence, direct non destructive methods of analysis have a definite advantage.

4.1 Inorganic analysis

The elemental analysis of air pollution particulate samples is a unique problem. The total amount of
material sample is usually small (down to mg amounts); it becomes much smaller still for size
fractionated material (a few tens of ug per size). This small sample contains a broad range of
potentially interesting elements (and compounds) at variable concentration levels. Several methods
are in routine use.
We will present here 6 of them, the most important in routine air particulate analysis: neutron
activation analysis (NAA), X-ray fluorescence analysis (XRF), particle induced X-ray emission
(PLXE), atomic absorption spectrometry (AAS), inductively coupled plasma emission spectrometry
(ICP-AES) and dito mass spectrometry (ICP-MS). The basic principles are explained in Table El.
Three of these methods (XRF, PLXE and instrumental NAA or INAA) allow non-destructive
multielement analysis of solid samples and can be applied on the aerosol particles as they are
sampled on a filter or an impactor surface. 30 to 40 elements are typically observed by INAA (but
not all of them can be considered as relevant data) versus only 15-20 by XRF or PLXE. The latter
two methods offer high speed and the advantage of low cost (in the case of XRF) or small sample
size requirements (in the case of PLXE), so that they are often preferred in programs, where large
sample loads are encountered. INAA also suffers from the limited (and declining) availability of
research reactors. AAS although a single element technique and suffering from the fact that the
analyte element has to be brought in solution before analysis, is perhaps the most widely applied
method for aerosol analysis, especially in the graphite furnace electrothermal (ET-AAS) variety
instead of the technologically simpler flame atomization. It thanks this status to its modest cost, the
simplicity of operation, and its high sensitivity for a number of toxicologically important elements
(e.g. Cd, Hg and Pb). ICP-AES and ICP-MS are now considered as attractive all round methods
despite the fact that the particulate matter needs to be dissolved (or extracted) before analysis.
Their advantage is derived from the panoramic analytical potential and the high sensitivity
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(especially for ICP-MS). Detection limits as ppm in the paniculate material for 16 elements are
given in Table IV for the six analytical methods. They are compared with average concentrations in
urban aerosols. For AAS ICP-AES and ICP-MS the detection limits assume that solutions were
obtained with a concentration of 0.1 % paniculate matter. As a few ml of solution are required in
the ICP methods, this implies that several mg of sample are available for analysis. In ETA-AAS
only 10-100 (il of sample solution is required for a single analysis, but as the determinations are
mono-elemental, mg amounts of sample are necessary. In ENAA the sample size required for
analysis depends on the neutron flux available for irradiation, but is typically of the order of a few
mg of sample. The 100 fig/cm paniculate loading on the filter substrate are samples sizes that can
be readily achieved for filter sampling. For size fractionated sampling with cascade impactors such
loading cannot be achieved. Detection limits of PFXE can be optimised to about a factor of 10
better than in XRF. Detection limits in XRF assume the measurement with an energy dispersive
(ED) system. With wavelength dispersive (WD) systems considerably lower detection limits are
achieved at the expense of a more cumbersome analytical procedure. It is apparent from Table IV
that none of the three non-destructive techniques (TNAA, XRF and PIXE) is sensitive enough to
determine all relevant elements in urban paniculate matter. Besides all methods considered here are
only suitable for metallic elements; non-metals such as H,C,N,0,P,S and the halogens exhibit high
detection limits or cannot be determined at all. Hence, the mass balance cannot be readily obtained.

Table III: Characteristics of inorganic methods of analysis.

NAA Sample with filter are irradiated with thermal neutrons in reactor,
Induced radioactivity is measured after separation (radiochemical NAA) with gamma-
ray spectrometry (instrumental NAA/INAA)
requires reactor ; multi-element, time consuming, easy calibration, accurate

XRF Sample on filter are irradiated with X-ray tube (usually with monochromatic radiation)
Fluorescent (characteristic) X-rays are measure with energy dispersive detector (ED)
or (exceptionally for aerosols) with a wavelength dispersive (WD) spectrometer
easy to apply for filters (more difficult for cascade impactors) quantitation difficult
(absorption effects of radiation)

PIXE Sample on filter is excited with MeV particle beam
Characteristic X-radiation is measured with ED detector.
requires accelerator, more sensitive than XRF, same general characteristics

AAS Sample is brought in solution and is atomised in flame (FAAS) or in graphite
(electrothermal) furnace (ETAAS).
Absorption of characteristic radiation of analyte is measured and related to
concentration
widely available and cheap instrument, time consuming and difficult to apply for many
elements (mono-element);

ICPAES Same preparation as in AAS but solution is aspirated in inductively coupled plasma
and analyte elements are excited
Characteristic emission lines are measured with optical spectrometer moderately
sensitive, large elemental range

ICPMS same as in ICPAES but ions formed in plasma are detected with quadrupole mass
filter or exceptionally magnetic mass spectrometers;
more sensitive than ICPAES and AAS; widely panoramic (all elements), interferences
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Table FV : Detection limits in \ig/g particulate material for 6 analytical techniques. Comparison with average
concentrations in urban aerosol (W. Maenhaut, 1989).

Element

As
Cd
Cr
Cu

Hg
In
Mn
Mo
Ni
Pb

Sb
Se
Sn

Tl

V
Zn

1NAA

40

100

10

1000
5

1

6
2000

500

10

10

10

50

ED-XRF*

40

60

160

60

70

120

50

50

80

80

20

80

200

50

Detection limits

PLXE1

4

100

8

3

10

140

6

19

4

11

140

4

160

11

13

3

ETA-AAS"

0.2

0.003
0.01
0.02

2

0.01
0.02

0.2

0.05
0.1

0.5

0.1

0.1

0.2

0.001

ICP-AESb

35

1.7

4

3.5

17

40

0.95
5.5

6.5

30

20
50
17

25

3.5

1.2

ICP-MS"
0.04
0.06
0.06
0.32
0.02
0.07
0.10
0.04
0.10
0.05
0.05
0.79
0.06

0.03
0.21

Cone, in
urban

aerosols

62

46

150

2000
15

2.5
750

32

200

12000
93

25

200

0.5

500

5200

a A particulate loading of 100 jig/cm2 on the filter was assumed
b For solutions, containing 0.1 % dissolved particulate material

The foregoing remarks pertain for routinely determined impurities in pollution aerosols. Other
methods are often applied in specific situations e.g. anodic stripping voltammetry (ASV) and
various forms of isotope dilution mass spectrometry (IDMS). Laser excited atomic fluorescence
spectrometry (AFS) has an extreme sensitivity as compare with the other spectrometric techniques
e.g. for Pb determinations in the remote environment where femtogram detection limits have been
demonstrated (Bolshov et al., 1989).

4.2 Organic Analysis

Organic compounds reach the atmosphere from widely differing anthropogenic and natural sources.
Estimates of the direct particulate organic carbon emission range up to 50 Mtons/year; gas-to
particle conversion adds another 60 Mtons/year to this number. With an average particle life time
of 4-10 days this implies a total organic carbon burden of l-6Mton. The variety of organic
compounds present in the aerosol must be enormous, and it is an hopeless task to try to devise
methods of analysis for all the individual compounds assumed to be present. The measurement of
low concentrations of organic compounds in the atmosphere has been a subject of research for
many years. Measurement methods are now well established for relatively non-polar volatile
organic compounds (VOCs) such as chlorinated and aromatic hydrocarbons. These compounds are
routinely sampled from the gas phase of the air with stainless steel canisters followed by cryogenic
sample preconcentration, gas chromatographic (GC) separation and measurement with a sensitive
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detector. Fully automated equipment is now available designed to meet standard procedures such
as the U.S. Environmental Protection Agency's (EPA) TOM compendium method. Detection is
based on flame ionization or mass spectrometry (MS) in GC/MS instruments. GC/MS is the
method of choice for analysis but fails for the analysis of about 50 % of extractable organic matter :
only relatively volatile, non-polar and thermally stable compounds can be subjected to GC
separation. More complex separations by liquid chromatography (LC) are necessary for the other
compounds. The less-volatile organic compounds such as those emitted as primary emissions from
gasoline- and diesel powered vehicles are present in inhalable fine particles. They are called
collectively polar VOCs (PVOCs) and their measurement is more difficult than that of the VOCs.
Research to date is guided by the mutagenic and genotoxic potential of certain compounds in this
paniculate phase e.g. polycyclic aromatic hydrocarbons (PAH), oxygenated PAH (oxy-PAH) and
nitroarenes.

GC/MS is used for analysis after high volume sampling or size-fractionation. Methods of
sampling and analysis should take into account partitioning of these compounds between the air and
the paniculate phase. We cannot go in detail on the extremely complex subject of the sampling and
analysis of the organic compounds.

4.3 Speciation Analysis

Each of the many physico-chemical forms (or species) of a given trace element has its own
characteristic environmental distribution and interactive effects -beneficial or toxic- with living
organisms. An increasing awareness of this species-specific behaviour over the course of the past
two decades has triggered the development of new analytical opportunities -commonly referred to
as speciation analysis- and stimulated the creation of techniques combining separation and specific
detection which are now approaching maturity (Broekaert et al., 1990). These methods which
combine a chromatographic technique for separation with a spectrometric technique for detection
are termed hyphenated methods. Thus speciation, in its generally accepted sense, may be defined as
the qualitative (identification) and quantitative determination of the individual forms that together
comprise the total concentration of a particular trace element.
Lead was the first trace metal on which attempts to apply speciation analysis were focused in
atmospheric analysis. This was due to the importance of obtaining information on the fate of
organolead compounds in the environment. Tetraalkyllead (TAL, with alkyl- either methyl or ethyl)
was produced and used in huge quantities (up to 3.5 105 tons annually in the 1970's) as gasoline
additives to prevent premature ignition of the air-fuel mixture in internal combustion engines.
Despite the fact that the specific form in which the compounds entered the atmosphere is largely
inorganic (TALs are unstable compounds which decompose to inorganic lead in the biosphere),
emissions were since long suspected to modify the "total lead" burden considerably.
The use of gas chromatography coupled to atomic absorption spectrometry or atomic emission
spectrometry (GC-AAS and GC-AES) have contributed considerably in elucidating the
biogeochemical cycle of organolead compounds in environmental air and the pathway of its
breakdown products in the environment. Analytical methods for analysing these compounds are
now sensitive enough to detect the organolead at concentrations of a few picogram per gram in
snow and ice in central Greenland, thus providing a proof for the long range transport of these
compounds (Lobinskd R.and Adams F., 1992).

4.4 Isotopic analysis

The measurement of stable isotope ratios can provide information on the aerosol e.g. it can help in
tracing the origin of particulate emissions. Applications are few in the literature and concern either
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source tracing of volcanic emissions, through the accurate measurement of various isotope ratios, or
the characterization of sources of lead using stable lead isotopes. In this case the isotope ratios of
source related materials such as coal and leaded gasoline are measured and compared with the ratios
in airborne lead. Tracer experiments based on the use of lead ores from Broken Hill and Mt. Isa in
Australia were used to investigate the importance of organolead emissions as a predominant lead
source in the environment.

5. CHARACTERIZATION OF INDIVIDUAL ENVIRONMENTAL PARTICLES

Bulk analytical methods suffer from a major limitation caused by the fact that even after size
classification environmental particles are morphologically and chemically quite heterogeneous.
Thus, in such studies it is impossible to differentiate between a high concentration of a given
component present in only a few particles or alternatively a low concentration present in all or most
of the particles. Several microanalytical techniques can be applied to the analysis of paniculate
environmental samples. Such microanalyses can reveal whether a specific element or compound is
uniformly distributed over all the particles of a population or whether it is a component only of a
specific group of particles. Sometimes even the element distribution within a single particle can be
inferred. In this way it becomes more straightforward to assign particles to specific emission
sources (by analyzing particles with a specific composition or shape), while also more refined
information about source mechanisms and heterogeneous surface reactions can often be derived.
This section is concerned with the techniques that are suited for the analysis of individual particles
by means of characteristic physical interactions between electrons, ions or photons and the
specimen.

Table V gives an overview of the main analytical features of the methods considered.

5.1 Electron beam methods

The more conventional analytical electron microscope (AEM) evolved into specialised instruments
such as the scanning electron microscope with x-ray analysis (SEM), the scanning transmission
electron microscope (STEM) and the electron microprobe microanalyser incorporating wavelength
dispersive (WD) and/or energy dispersive (ED) X-ray analysis. In addition there exist the
possibilities of measuring transmitted electrons in the transmission electron microscope (TEM), now
with a lateral resolution at the atomic level. Selected area electron diffraction (SAED) provides
structural information on the microscopical level. In electron energy loss spectrometers (EELS)
possibilities exist for obtaining chemical information through the measurement of the electron
energy spectrum as well as its imaging in electron energy loss imaging (ESI). Auger and
photoelectrons provide surface sensitive information in scanning Auger microscopes (SAM) and X
ray photon spectrometers (XPS, or ESCA, electron spectroscopy for chemical analysis). The
phenomena which arise on electron bombardment are shown in Figure 8.
Four techniques will be briefly reviewed as far as their microscopical potential is concerned (Fig. 8):
electron probe X-ray microanalysis (EPXMA), scanning Auger microscopy (SAM), X-ray
photoelectron spectroscopy (XPS) and electron energy loss spectrometry (EELS). EELS studies
the primary electrons which have impinged and interacted with the sample through the excitation
between a core level and an unoccupied state. EPXMA, SAM and XPS involve de-excitation
processes in which a higher lying electron fills the hole produced by primary electron interactions
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giving rise to the ejection of characteristic X-rays (EPXMA), Auger electrons (SAM) or secondary
electrons (XPS).

Table V: Methods for surface analysis used in studies of microparticulate solids.

Probe

Electrons

X-ray photons

Low energy
ions

keV ions

IR photons

UV photons
(laser)

X-rays
(synchrotron)
Protons

Analytical
signal

Electrons

Electrons

X-rays

Electrons

Electrons

Ions

Ions

Ions

Photons

Ions

X-rays

X-rays

Technique

Auger electron
spectroscopy
Electron energy loss
spectroscopy
Energy dispersive
x-ray spectrometry
X-ray photoelectron
spectroscopy
X-ray absorption near
edge spectroscopy
Ion scattering
spectrometry
Secondary ion mass
spectroscopy (dynamic)
Secondary ion mass
spectroscopy (static)
Fourier transform
infrared spectroscopy
Laser microprobe mass
analysis / Fourier
transform laser
microprobe mass
spectrometry
Fluorescence X-rays

Micro-Proton induced
X-ray micro-analysis

Acromm

AES

EELS

EDXRS

XPS

XANES

ISS

SIMS

SSIMS

FTIR

LAMMA
/FT-

LMMS

SRXRF

micro-
PIXE

Resolution

Lateral
50 nm

10 nm

0.2 urn

10 urn (tube)

1 urn
(synchrotron)

none

0.1 urn

1 um

20\im

1-5 um

1 um

1-10 um

Surface
1-2 nm

thin
sample
2 urn

nm

nm

nm

3 nm

nm

um

50 nm

none

thin
sample

The methods with electron excitation give rise to high spatial resolution as the exciting electron
beam can be focused to a 10 nm diameter probe and then be scanned over the specimen.
EPXMA has been used for many years now for the analysis of micrometer sized particles. Due to
the development of computer controlled analysis, a large population of individual environmental
particles can be analysed chemically and morphologically in a fast and efficient way. Lateral
resolution is limited to about 1 Jim determined by the x-ray emission volume.
AES combines a higher spatial resolution (the analytical volume is several orders of magnitude less
than in EPXMA as only surface generated electrons escape the sample) with a favourable surface
sensitivity of 50 to 200 nm. The strong surface predominance of carbon and suliur on fly ash
particles was first demonstrated with this method.
XPS is a powerful tool for the investigation of the chemical state at the particle surface exploiting
the photoelectron binding energy shifts, while in-depth information can be obtained by ion beam
sputtering. The spatial resolution of XPS has increased (through the progress in X-ray optics) to
lateral resolutions nowadays of 5-20 um.
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EELS and ESI allow the identification of extremely small specific particles e.g. individual asbestos
fibers. Electron microscopes require reasonably high vacuum conditions. It is not at all guaranteed
that composition and shape is retained in vacuum and under intense irradiation. In order to be able
to observe objects in a wet state or in a controlled gaseous environment the environmental electron
microscope (ESEM) was developed.

Backscattered

electrons

Secondary

electrons

\
Primary electrons

\

/

S AMPLE;/'": ^

Transmitted and

scattered electrons

/

X-Rays

Auger electrons

Absorption

Figure 8 : Electron-matter interactions in an electron microscope.

Electron optical instruments of the various types have many advantages in the study of atmospheric
particles (Adams and De Waele, 1988; Van Grieken and Xhoffer, 1992; Berghmans et al., 1993).

5.2 Ion beam methods

Several methods can be used for microscopical particle analysis. They can be divided according to
the energy of the interacting projectile. In the scanning particle (proton) microprobe (SPM), a
focused beam (0.5 to 10 um, current up to lOOpA) of high energy (1 to 3 MeV from an accelerator
source) is scanned over the sample. A wide variety of signals can collected and processed to obtain
unique information on the sample. When the generated X-rays are measured one obtains particle
induced X-ray analysis (PLXE) and elements heavier than sodium can be detected with detection
limits well in excess of those in EPXMA (1-10 ppm). Backscattered particles provide information
on the light elements (carbon, nitrogen and oxygen) through the Rutherford backscattering (RBS)
analysis. The proton beam interaction also generates gamma-rays from nuclear interactions which
can be used in particle induced gamma emission (PIGE).
Low energy primary ions (e.g. A or Cs+ in the keV range) give rise to sputtering of secondary ions
from the target which can be separated in a mass spectrometer in a technique called secondary ion
mass spectrometry (SIMS). Ion microscopes and ion microprobes extend the technique to the
microscopical analytical level with now a submicron lateral resolution. Applications for individual
atmospheric particle analysis are few but will certainly increase in the near future. As a function of
time erosion progresses and deeper inside layers of the material are analysed. The three dimensional
image of a particle can be reconstructed with suitably automated systems.
In static SIMS (SSIMS) the primary ion beam current density is lowered to values corresponding
with a sputtering rate as long as several hours for one monolayer. In such conditions SIMS
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becomes a true surface sensitive technique of the top surface layer with high (sub-monolayer)
detection sensitivity for organic as well as inorganic components

5.3 Light beam methods

Laser microprobe mass analysis (LAMMS) is based on the mass spectrometric analysis of ions
formed by thee interaction of a high power density pulsed laser beam with the sample. LAMMS
has several interesting features as it allows the detection of all elements and in addition organic
material with quite good detection limits in samples as small as a few urn The method has been
intensively applied in single particle analysis. Drawbacks are the fact that the technique is rather
irreproducible and difficult to apply in more or less routine way.

Raman scattering is applied in the micro Raman spectrometer and the potential for single
microparticle analysis was demonstrated for fingerprint identification of species and the
determination of crystal structure. Fourier transform infrared spectroscopy (FTIR) can be exploited
as a microscope. FTIR microscopy can be used for the rapid analysis of particles especially asbestos
fibers.

New possibilities for the sensitive analysis of elementary composition and structure of
microscopical environmental particles are coming to the fore with intense X-ray beams in
microscopical (synchrotron) storage rings.

6. CONCLUSIONS

The analysis of atmospheric particulate matter can be regarded at several levels of complexity.
Present standards for toxic metals in air are mostly based upon measurements of the total ambient
concentration of the metals regardless of the size of the particles which contain them. Bulk filter
samplers which collect all airborne particulates up to a large, rather undefined size are used to
collect material which is analysed with one of the following of analytical techniques, neutron
activation analysis, X-ray fluorescence, particle induced X-ray emission, flame or furnace atomic
absorption spectrometry, inductively coupled plasma with emission spectrometry or with mass
spectrometry. Such methods have proven their utility in many local and regional studies of the
polluted urban and industrial environment.

Air particulate matter is, however, a complex and heterogeneous system and there are many
reasons to study the system in a more detailed way. If one is interested in particle size dependent
measurements the same methods as in bulk analysis are often applied after sampling of the particles
in several aerodynamic size fractions. This separation of the particulates according to size can be
done with cascade impactors for collection in a number of different sizes or with dichotomous
samplers or virtual impactors for a separation in two sizes of specific interest. For such work the
analytical problems become a lot more complex but the reward is undoubtedly a more profound
understanding of the system studied. Generally speaking these methods are too complicated in their
application to analyse large particle collections on a routine basis but analytical methods are rapidly
becoming available. Individual particle analysis is essential, however, in the study of the earth's
atmosphere on a global level e.g. in relation to the issue of global change.
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Abstract
By simultaneously recording X-ray fluorescence intensities and X-ray diffraction
pattern at a microscopic level highly heterogeneous samples of fly-ash particles have
been analyzed. From the data achieved by this combined experiment, the main minerals
in the particles have been identified and the size distributions of these minerals have also
been determined. The distribution of heavy elements, recorded from their fluorescent
intensity, is presented and the impact of sample surface topology and anomalous
attenuation is discussed. Estimates of the concentration of the these heavy elements are
given and correlation analysis has been performed indicating that most of these elements
seem to appear at the surface of the fly-ash particles.

Background
X-Ray Fluorescence (XRF) spectroscopy and X-ray diffraction have been one of the
primary applications in X-ray science and have been used as analytical tools for a very
long time, almost since the time of its discovery 100 year ago. XRF are normally used
as a mean to determine the concentration of the different elements in a sample and is
appreciated for its sensitivity, non-destructivness and because of its simple relation to
the fundamental physics of atom - radiation interaction1. This relation is normally
expressed in terms of so called "fundamental parameter" models used for quantifying
the XRF results2. With the rise of the "fundamental parameter" models in combination
with the energy dispersive solid state detectors in the early 60's, XRF developed into a
multi-elemental method capable of providing analytical results from almost any kind of
sample without any priori analytical information or calibration procedure. However,
every "fundamental parameter" model assumes chemical homogeneity (over the
exposed area) and a "normal" attenuation of both the primary and secondary radiation
within the sample matrix and also that the and beam-sample-detector geometry was well
defined and constant over the exposed area. Thus, collective phenomena like X-ray
diffraction, generating anomalous attenuation, could not be taken into account. Also for
samples with a high degree of surface topology quantification could only be applied
with the assumption that the impact of topological variation over the exposed area in
some way would average out. For macroscopic XRF spectroscopy these limitations are
normally not too serious and there are different ways to avoid systematic analytical
errors.

When analyzing macroscopic amounts of minerals or metals the appearance of ji-meter
sized single crystal can eventually cause an abnormal attenuation of the X-rays in the
sample. However, if the crystals are small compared to the exposed volume and
randomly oriented the effect of crystal diffraction can be handled by selecting a proper
set of calibration samples with a similar crystallinity and chemical structure. By using
white beam excitation, rather then monochromatic radiation, the impact of micro crystal
diffraction can also be strongly reduced.

Strongly inhomogeneous samples are another example where conventional quantitative
models cannot be applied, at least if the typical length-scale of chemical variation is less
than the dimension of the exposed area. However, even here a proper use of standard
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samples will make it possible to achieve accurate results if we can assume that the
inhomogeneous distribution is guided by a sufficiently large number of stochastic
variables that are randomly distributed. The same kind of argument is also valid for
homogeneous sample with a varying surface topology, generating variations of
characteristic radiation over the exposed area due to the change in beam-sample surface
geometry3.

However, if the variation of crystallinity, chemical elements or sample topology (over
the exposed are) is guided by non-stochastic variables (thus representing a real structure
within the sample), then macroscopic XRF cannot be applied not even for determine
average values without introducing systematic errors. The problem can however be
circumvented by introducing models which really describe the internal structure with
some limited number of "free" parameters to be determined from experimental data (like
particle size effects). However, this necessitates some prior information about the
structure and new analytical expressions have to be developed for every new structure
to be analyzed. Within the framework of ray-tracing technique the entire x-ray spectra
can simulate from almost any kind of structure easily4. However, as these kinds of
random models cannot be described in terms of a limited number of "free" parameters it
is difficult to estimate levels of confidence whatever agreement can be achieved between
simulated and experimental data.

By using smaller X-ray beams and scanning over a pre-selected area internal sample
variations can be revealed but only down to a length-scale corresponding approximately
to the beam size and still without the ability to distinguish between for instance chemical
and topological variations. Although, with a reduced beam size we still have to consider
the same problems about the variations within the exposed area as was mention above.
However, if the beam size can be made sufficiently smaller then the penetration depth of
the characteristic radiation then the chemical variation within the exposed area can easily
be averaged without introducing any systematic errors. It has also been shown5 that
with the use of ji-sized X-ray beams, the topological variation can be distinguished
from chemical inhomogenities by looking at the correlations between the intensities
from different elements. Thus, by using (I-beam XRF in a scanning mode in
combination with X-ray diffraction it should be possible to separate the impact of
crystallinity, chemical inhomogenities and sample topology. Diffraction data would not
only give information about the deviation from "normal" attenuation but it might also
give information about the crystallographic state for which the elements, recorded by
their fluorescence, are related to.

Such an analytical combined experiment would demand a monochromatic X-ray beam
with a very small bandwidth and angular divergence and with a beam size of a few ji-
meter. As the experiment is to be carried out in a scanning mode it will also demand a
very high flux for recording a complete and accurate diffraction pattern within a few
seconds. Even with the most efficient system for detecting diffracted X-rays (modern
CCD based X-ray cameras) the flux density needed for such an experiment would be
about 1010 photons/(Xm2/0.1 % BW which is far out of reach for any conventional X-
ray source Even most of the synchrotron based diffraction setups available today will be
inadequate.

However, with the development of the so called 3'rd generation synchrotron radiation
sources and novel techniques for X-ray focusing, |i-beams with a dimension and
intensity close to the estimated demands are now becoming available.

With the introduction of capillary optics at the micro-focused beam line ID 13 at the
ESRF in 1995 a 2 (im monochromatic beam with the intensity of about 1010

photons/|im2 has been achieved. This beam line operates with an energy range of 6-16
keV and it has a sufficient bandwidth and angular divergence for this type of
experiment6-7-8.
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This combined experiment was carried out at the micro-focused beam line at the ESRF
in order to study the intricate structures of p.-sized fly-ash particles as an analytical and
methodological experiment. The aim of this experiment was to determine the analytical
capacity and limitations but also to start to develop algorithms and post-processing
methods for evaluating the combined type of data generated from such an experiment.

The choice of fly-ash particles was quite natural as these types of airborne ji-sized
particles constitute a very important analytical challenge due to its complexity in terms
of chemical inhomogenity, crystallinity and surface topology. The ability to perform
accurate chemical analysis of this type of material is also vital for our understanding of
its formation, dynamic and environmental impact.

Beam line setup
The experiment was carried out on the Microfocus beam line at ESRF (BL1/ID13),
which is equipped with an undulator and is situated on a low-(3 straight section of the
storage ring. The undulator and the liquid nitrogen cooled Si(l 11) monochromator was
tuned to 13.0 keV which was chosen for the experiment. To obtain the required flux a
suitable capillary was used as a post focusing device to the already exciting ellipsoidal
mirror of the beam line. As the divergence of the beam coming from the mirror already
is close to the critical angle of the capillary material, high gain factors of the flux density
should not be expected. The mirror gives a focus of 40 (v) x 20 (h) p.m2 (fwhm) which
was used as a secondary source for the capillary. The size of the beam after the capillary
was 2.3 u.m (full beam) and gave a flux density of more then 1010 photons/sec/(im2

with a band-width of 10"4 (3E/E), which is probably the most powerful monochromatic
(I-beam in the world right now. The increase of flux density in comparison to a 10 Jim
collimator was more than 4 times. The main optical elements are shown in fig.la and b.
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fig. la Schematic representation of the set-up at bll (ID13) during the experiments.

The sample was moved by a M-510.12 x-y stage from Pi-instruments with a
repeatability better then 0.5 |im. The XRF spectra were recorded with a Si(Li) detector
(KEVEX 3206 and preamp 2002A) and had a size of 10 mm2 and a Be window of 8
(im. The energy resolution was about 170 eV for the Mn Ko; line. The signal from the
detector was fed through a (Ortec 572) shaping amplifier a (7411) ADC and
(7328/S/8K) memory buffer from Silena The XRD 2-D images were recorded with a
X-RAY Imager LA from Photonic Science which has a fluorescent screen coupled via a
tapered fibre-optics to a CCD. The camera was operated at video rate and has a sensitive
area of 92 by 69 mm and 768 by 576 pixels. The images were recorded with a SONY
?? video recorder and digitized with a Synoptic i860 frame grabber into 2-bytes per
pixel images.
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fig. lb A close-up view of the principal components in the set-up.

Material
The samples analyzed were fly-ash particles collected from different coal combustion
sources, one power station at Visonta (Hungary) and one industrial furnace in Japan. In
the Visonta power station young lignite originating from an open pit mine not far from
the power station is used for combustion. The Japanese industrial furnace burns
Australian brown coal mined at Saxonvale. The fly ash particles were collected from the
electrostatic precipitator used for separating the fly ash from the flue gas. The particles
were fractionated by their geometrical size and density to 48 groups according to the
method developed by Miyajima et al9-10. Particles from the size fractions below 25 UMn
and each of the density fractions were mounted on Formvar film. These particles
consist of a mixture of small crystals of minerals (like aluminum-silicates) together with
different types of precipitates and nanometer-sized crystallites.

Experiments
The samples were positioned in a sample stage, about 0.1 mm away from the capillary
opening. The sample stage allowed for a remote controlled X-Y movement of the
sample with an reproducibility of less then 0.5 Jim. The fly-ash particles to be analyzed
were carefully selected by means of optical microscopy where a number of close lying
particles was identified from their relative positions in a local coordinate system. The
positions of these particles where determine from the diffracted radiation recorded in the
X-ray camera, and from their relative position an absolute particle to particle
identification could be established. A large number of particles, both coarse and small,
was analyzed, however, in this paper we will limit ourselves to a cluster of coarse
particles from the size fraction of 20 - 25 urn and density fraction of 2.4 - 2.8 g/cm3 of
the Saxonvale fly ash sample.

The experiment was carried out by scanning the beam over the particles while recording
the fluorescent intensities with a Si(Li) energy dispersive detector and, at the same time,
recording the diffraction pattern (in transmission mode) with a Photonics CCD X-ray
camera. From the fluorescent intensities recorded elemental maps were constructed
representing the elemental distribution over the fly-ash particles.

The Si(Li) detector was placed in the plane of the ring about 350 mm away from the
sample in a slightly backward looking position. The signal from the detector was fed
into a standard MCA (Multi Channel Analyzer) and different ROI's (Regions Of
Interest) where defined and used as detector input to the general ESRF data collection
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system (SPEC). Due to technical limitation only a limited number of ROI input could be
defined why, for instance the copper and zinc line were merged into one single ROI
input rather than two (see fig 2 below). Elemental maps were created as standard 2D
scans over pre-defined areas. No corrections for the spectral background were done,
however, the background was in general very low due to the polarization of the primary
beam and the fact that monochromatic excitation was used. Fig. 2 shows the elemental
maps recorded from a cluster of fly-ash particles.

fig. 2 Elemental maps showing the distribution of Ca, Ti, Fe, Cu/Zn and As over a cluster of fly-
ash particles. The fluorescence intensity is represented as a (gray scale or temperature scale) image. Note
the distinct difference between the upper and the lower particles. The high concentration of Ti in the
middle of the image seems to indicate the presence of a third particle.

The CCD camera was placed at 97.4 mm from the sample. Due to the severe image
distortion caused by the optical-fibre coupling a spatial distortion correction was done
by recording an image from a plate with a regular spacing of holes and using
FIT2D11-12 in order to correct each individual image. The spatial distortion correction
was used whenever exact 20 values were obtained from the diffraction pattern.
However, the diffraction patterns presented here as figures and images have not been
corrected. Fine powders of LaB6 was used as "standard" diffraction material in order to
calibrate the X-ray camera.
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The sensitivity and detection limits were determined from standard sample
measurements. It was found that sub-PPM (about 200 PPB) levels of zinc or copper
could be recorded within a few seconds. For thin samples this sensitivity corresponds
to an absolute amount of about 10"16 gram (100 attogram).

Microdiffraction analysis
Microdiffraction analysis has been applied with an increasing interest as a mean of
analyzing, not only crystallographic structures on a microscopic level, but also
crystallite size distribution and preferential orientations of assemblies of crystallites. For
single crystal analysis a white (or at least a broad band) beam is normally used. The
crystallographic structure can then be determined from the Laue pattern in a
conventional way. For the study of crystallites (nano-meter sized crystals) a
monochromatic or narrow band beam is preferential. If the crystals have a dimension
much smaller than the beam size a large number of crystals can be exposed at the same
time. If these crystals (or crystallites) are randomly oriented or their orientations are
distributed in any regular way, the reflections from the individual crystallites (of the
same type) will form ring structures (or at least fractions of rings) rather the localized
spots on the recording device. If the number of exposed crystallites are "small" the
individual reflections might still be identified, however, if the number increases a clear
and continuos ring structure will appear13. Thus, the choose of beam quality and band
width is dependent on what we expect to find; large single crystals or small crystallites.

When using microdiffraction as a complementary micro-analytical method for highly
inhomogeneous samples like fly-ash particles, the problem is that we will have a
mixture of both these types of analytical conditions as well as all intermediate stages.
With the application of white beam single crystal can be identified from a large number
of reflections, however, with the presence of large number of crystallites any diffraction
pattern would be drowned in an almost continuos ring structure. Especially if we
consider that the line broadening is substantial for nano-meter sized crystals.

In this experiment a monochromatic beam was chosen in order to keep the number of
reflections limited when large number of crystals where exposed. When a system of
crystallites is exposed to a highly monochromatic beam the crystallographic structure
can normally be determined easily. Their preferential orientation can be studied from the
azimutal variation of the different reflections. Estimates of crystal size can be obtained
from the line broadening. However, if only a single crystal is exposed to a
monochromatic beam it is not certain there will be any reflection at all. The probability
for yielding any reflections from a single crystal will depend on the beam energy-
bandwidth and the range of reflection angles defined by the set-up geometry and
recording device. If the probability for a single reflection is small ( « 1) it is reasonable
to assume that the number of reflections recorded are related to the number of crystals
being exposed to the beam. The probability for having any reflection recorded from a
crystal is equal to the probability of finding any reciprocal lattice point within a volume
spanned by the spherical surface defined from the Ak (k'-k) range and the bandwidth
AE expressed in terms of dk14. The Ak range is defined from the geometry and size of
the detection device recording the diffracted radiation, and the bandwidth is defined
from the characteristics of the monochromator. The volume spanned by Ak and dk is
equal to:

AF
a 9 )

The ratio between this volume and the volume of the lattice unit cell can be expressed
as:

(-) -(l-cosd)
unit

V..., W) E
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where we for simplicity have assume a cubic lattice with the spacing equal to a. N is the
number of unit cells being intercepted by the spanned volume and thus a is the ratio
between the spanned volume and the unit volume over each individual unit cell which
can also be expressed explicitly as:

_ |Ak| _ a • AE
a~ |A| " X - E
where A is the base vector in reciprocal space. Thus the probability for recording any
reflections can be written:

|-] -(\-cos6)
J

'*-* li w ~x \r X-E
By putting in values for the beam energy (X), the bandwidth (AE/E), the detector solid
angle (6) and some average lattice spacing (a) it is possible to obtain an estimate of the
probability for having a least one reflection recorded in the detector.

In this case a x-ray camera was used to record the diffracted radiation had a view field
of 90x72 mm and was placed at a distance of 97.4 mm from the sample. The
monochromator used was a silicon 111 channel-cut crystal that gave a bandwidth of
about 10"4 at 13 keV. Putting in all these values and assuming an average crystal
spacing of 5 A (reasonable for many aluminum silica crystals) we get a probability of
about 0.7 %. Thus the probability of recording two or more reflections from a single
crystal is very small. The probability of having a reflection at all (although not recorded
in the camera) can easily be calculated by putting 8 = -180 degrees. With the same
assumption as above the probability will be 17 %.

The interpretation of diffraction data - general considerations
In general three distinct features were distinguished from the recorded diffraction
patterns; strong single reflections which can be traced to the surrounding locations
indicating the presence of large single crystals; ring structures indicating the presence of
small crystallites of a specific mineral and; (sometimes) a weak diffuse single ring
which might indicate the presence of more or less amorphous material. Beside these
three different components, which varied substantially over the scanned area, a number
of other reflections, rings and features were observed but have not yet been fully
analyzed. Two "typical" diffraction patterns are shown in fig 3a and 3b. Fig 3a is
recorded from the top particle and shows a typical ring structure. Although, the rings
look fairly homogeneous, individual reflections can be identified. Fig 3b is recorded
from the lower particle and shows, beside the ring system, some strong reflections
from large single crystals. Note the diffuse ring that probably emanates from some
amorphous material.

Figure 4a shows the entire diffraction data collected over a selected part of the scanned
area. Note that the size and shape of large single crystals can be observed from the
strong reflections that appear at the same location in every diffraction pattern over a
connective area. In fig. 4b three such quartz crystals are mapped up from their 101
reflection.
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fig. 3a Diffraction pattern from somewhere in the center of the upper particles. Most of the rings
visible emanate from the diffraction of mullite crystallites. In the "close up" view one can see
individual reflections from single crystallites not more than 30 nm in size.

fig. 3b Diffraction pattern from somewhere in the center of the lower particle. The strong reflections are
most probably reflections from large single crystals of quartz.
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fig. 4a The complete diffraction patterns over a selected part of the scanned area at the edge of the
lower particle. Note that the size and shape of large single crystals can be observed from the strong
reflections that appear at the same location in every diffraction pattern over a connective area.
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fig. 4b The shape and location of three different quartz crystals determined from the distribution of their
101 reflections over the scanned area.

The main ring system seems to emanate from the presence of the mineral mullite which
is an aluminum-silicate mineral. Mullite is not a primary coal mineral and can only be
formed from other coal minerals when subjected to high temperature. Thus, mullite is
expected to be found in fly-ash particles and has been reported from earlier
"macroscopic" diffraction experiments on fly-ash particles15. More than 10 number of
diffraction rings of mullite has been identified with an average accuracy of about 0.2 %.
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Mullite seem to be the predominant mineral in the upper particle while it appears in a
much smaller concentration in the lower particle.

The strong single reflections that appear in locally connective areas are more difficult to
define properly as there is normally only one reflection available. However, most of
these reflections seem to emanate from the same crystal structure and they agree well
with the d-spacing in quartz crystals. Quartz is a primary coal mineral which can
withstand temperatures beyond what is to be expected during the process of burning.
Thus, we would expect to find primary quartz crystal in these particles and quartz has
also been identified from previous experiments.

As is demonstrated by the elemental maps shown in fig 2 the analyzed area seems to
consist of mainly two different fly-ash particles which has agglomerate at a certain stage
in the process forming the particles. These two particles exhibit differences not only in
terms of heavy element content but also from the their diffraction patterns. The upper
particle seems to consist mainly of a mullite powder with almost no single crystals,
while these large crystals are more abundant in the lower particle. We can also see that
the appearence of the diffuse ring (see fig. 3b), indicating the precence of amorphous
material, is confined within the lower particle. The distribution of mullite powder and
amorphous material is represented in fig 5. Note that most of the heavy element seems
to appear at the perimeter of the distribution of the amorphous material.

fig. 5 The distribution of mullite (yellow) and amorphous material (blue). The yellow area indicates
every location where the diffraction rings from mullite are easily identified, while the blue area
indicates any location where the diffuse diffraction ring is easily identified. Note that most of the heavy
element seems to appear at the perimeter of the blue area.

The determination of crystallite size distribution from diffraction analysis
As the primary wave is passing through the crystal lattice a diffracted wave will be
generated due to the interference of the scattered waves generated by the atoms at the
fattice points. If the lattice points exhibits a great degree of regularity, the direction of
the diffracted wave will be limited to a very small angular range. Assuming a perfect
and infinitely large crystal and an incoming monochromatic plane wave, the angular
width of the diffracted wave is only limited by the refraction of the wave inside the

64



crystal (the Darwin width) which in general is very small16. However, for a finite sized
crystal the size, or rather the number of atomic planes exposed to the beam, will
determine the actual angular width of the diffracted beam. In analogy with a simple
diffraction grating, the angular width is directly related to the number of planes being
exposed. This leads to a simple relations between the angular width and the crystallite
dimension;

K-X
t =

A0-cos0
where X is the primary beam wavelength, 0 is the angle of reflection and A9 is the
angular width. K is the Scherrer constant which is related to the shape of the crystallite
but which is always close to unity (see ref. 10). As the natural peak-width in general is
very small in this wavelength region (seconds of arc) the peak-width broadening will be
measurable already for crystal sizes corresponding to several thousands of reflecting
planes. For crystallites much smaller than the beam size the "finite-size" broadening will
be appreciable
Thus, if all instrumental broadening can be kept small, the angular width of the

diffracted beam can be used to determine the size of the crystallite along the direction of
the primary beam. If the crystallites are small enough ( « beam size) we would expect
to see a large number of reflection from crystallites oriented in different directions. By
analyzing the diffraction peak-width from these different diffracted waves the crystallite
size can be determined in different directions related to the crystal axis. Thus, prolonged
or flattened shaped crystallites can be distinguished from more spherically shaped
crystallites. By analyzing the peak-widths from a large number of crystallites a size
distribution can be obtained.

A selected number of reflection peaks from the 220 reflection of mullite crystallites were
analyzed and the corresponding crystallite size were calculated. A typical diffraction
spectra from mullite is shown in fig. 6 and the size distribution from such a calculation
is presented in fig 7.
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fig. 6a A azimutal integration of a sum of diffraction patterns from the upper particle showing the
radial distribution of diffracted radiation. All the significant lines can be attributed to the mineral
mullite.
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This calculation shows that the mullite crystallites have an average size of about 30 nm.
By calculating the corresponding dimensions from other reflections (like 001 and 210)
similar result was obtained. Thus, there is no indication of any prolonged or flattered
shape. The distribution of reflections around the entire rings didn't indicate any
preferential orientation of the crystallites.
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fig. 7 The size distribution from 18 different mullite crystallites as determined from the peak-width
of the 101 reflection. The diffraction pattern was recorded from somewhere in the center of the upper
particle.

Micro-beam X-ray fluorescence spectroscopy
Quantitative analysis of fluorescence spectroscopy is normally fairly straight forward
anywhere the "fundamental parameter" approach can be applied. However, in the
presence of crystal structures the simple relation between fluorescence intensity and
elemental concentration will be affected or sometimes entirely obstructed. The reason
for this is mainly attributed to two phenomena; anomalous attenuation of the primary
beam and the non-isotropic emission of the fluorescent radiation given away from
inside a crystal structure.

When the primary beam is penetrating a regular structure it will be subjected to an
anomalous attenuation due to the interference between the primary wave field and the
scattered wave whenever the Bragg condition is fulfilled. Because of the phase-change
of the scattered wave the primary wave amplitude will be reduced much more then what
would have been expected from "normal" attenuation. This so called anomalous
attenuation is thus a direct consequence of the regular lattice structure and can be
described in terms of an increased attenuation coefficient (see ref 10). However, it can
only be applied when the Bragg condition is fulfilled. In a case where the individual
single crystals (or crystallites) are much smaller then the beam size this anomalous
attenuation can normally be neglected or average out by proper calibration procedures.
However, in ji-beam XRF single crystals, with a size comparable to the beam size, will
appear frequently in a lot of applications and in these cases the anomalous attenuation
can substantially reduce the penetration depth of the primary beam, thus, necessitate a
modification of the quantitative algorithm used.
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The second phenomena related to fluorescence excitation of atoms in a regular lattice
structure is caused by the diffraction of the fluorescent wave itself. If the fluorescent
wave originates from an atom situated inside any regular lattice structure the outgoing
spherical wave will be diffracted in such away that the fluorescent radiation will leave
the crystal only in those directions corresponding to the Bragg conditions for the
different lattice reflections. Thus, the fluorescent radiation will be emitted in directions
representing conical surfaces (one cone for each reflection) corresponding to the Bragg
condition for each set of planes and will appear as ellipses, parabolas or hyperbolas on
any 2D recording device used. These so called Kossel lines where first observed by
Kossel, Loeck and Voges in 193417 and represents a substantial deviation from the
isotropic emission normally assumed for fluorescent radiation in most quantitative
algorithms used in XRF. Even this phenomenon is normally averaged out in
conventional XRF, however, in (i-beam XRF it cannot always be neglected. Thus, in
the case of fly-ash particles or any other type of mineral or inorganic specimen, a
careful consideration of the crystallinity has to be taken into account before any
quantitative analysis of the fluorescent data can be done.

The interpretation of fluorescent data - general considerations
As was mention above the fly-ash particles investigated seem to consist mainly of Jim
sized crystals of quartz embedded in a random distribution of aluminum-silicate
crystallites with an average size of about 30 nm. Due to the small size and the random
distribution of the crystallites we can assume that the anomalous attenuation averages
out reasonably well over the exposed area (the beam size = 2 fim) and that the averaged
anomalous attenuation (the anomalous attenuation x probability for having one
reflection) will not effect the primary beam intensity very much ( 1 - 5 %) over the
sample thickness. The same assumption will of course also be valid for any fluorescent
radiation given off inside such a mullite powder.

However, for the quartz crystals the situation is different. For these fairly large crystals
the reflectivity of the primary beam can become close to 100% if we assume that lattice
distortion and other crystal-defects are small. Thus, in these cases no "normal"
attenuation takes place at all. By calculating the primary extinction of the beam in a
perfect quartz crystal for a 111 reflection, we estimated that the primary intensity has
fallen to 1/e of its original value over a distance of only 3.3 |im. (The primary extinction
was calculated from equation 2.85 in ref. 10 assuming the formfactor was equal to the
atomic number.) For a "normal" attenuated beam the same intensity reduction would
have correspond to 500 |im. Thus, conventional "fundamental parameter" approach
cannot be applied and we have to assume that the fluorescent radiation recorded at these
locations emanates from material in front of the reflecting crystal.

Strong diffraction lines from large crystals of quartz are observed in the area between
the upper and the lower particles, but smaller quartz crystals can also be found
elsewhere (see fig 5) preferentially in the lower particle. Precise quantitative analysis at
these locations can only be performed taking into account the actual size and
orientations of all larger crystals present at the location. The problem is even more
severe as the absence of any single crystal reflection doesn't mean that no such crystal
is present. This is due to the limited view field of the X-ray camera, used for recording
the diffraction patterns, which only covered a fraction of the full solid angle.

However, the number of single crystal reflections recorded can be used to estimate the
total probability for any reflection that would cause a substantial deviation from the
"normal" attenuation of the primary beam. The number of strong reflections from the
quartz crystals in these fly-ash particles indicates that the problem of anomalous
attenuation cannot be neglected when applying |i-beam XRF for this kind of samples.
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Interpretations of fluorescent data - explicit findings
Although, the distribution of fluorescent radiation was deteriorated by the presence of

anomalous attenuation and sample surface topology some particular features can be
observed and some general conclusions can be made. An obvious observation is the
difference between the upper and the lower particles in terms of heavy element
concentrations. For almost all the element (except iron) observed from their fluorescent
radiation, the lower particle has a significantly higher concentration. The lower particle
also seems to exhibit a very inhomogeneous distribution for most of these elements
which is not observed for the upper particle. For the lower particle most of the elements
seem to be concentrated at the perimeter of the particle. This could be caused by the
sample topology, however, in that case we would expect an intensity increase on the
side facing the detector and a corresponding intensity reduction on the other side. Such
a topological structure should also have been more pronounced for the light elements as
compared with the heavier ones. No such observation has been done. The lower
particle seems also to be almost free from any large single crystals in this peripheral area
why we can assume that the fluorescent intensity in this area represents "true"
concentrations.

It might be that the presence of quartz crystals in the center of the smaller particle can
cause reduction of the fluorescent radiation at particular locations, however, it is not
likely that this reduction would occur at every location over an extended area. Neither
could any topological structure generate an overall intensity reduction over a large
connective area. Thus, it is reasonable to assume that there is an actual radial variation
in the elemental concentration for the lower particle. One explanation to this elemental
distribution could be that most of these heavy elements will appear only in a thin outer
layer surrounding the particle. High intensities will then be recorded whenever the beam
is closed to the edge of the particle. Such an elemental distribution does get some
support from the correlation graphs presented below. However, such a simple model
will not be able to entirely account for the intensity variation over the particle.

Although, most of the elements recorded seem to appear in a similar way they all have
specific characteristics.

Calcium is a divalent element which is mainly related to calcite in coal-minerals.
According to Tauber18 calcite is transformed to calcium oxide or calcium sulfate during
the process of coal burning. The presence of calcium sulfate has been reported by
Hokushin (ref 15). Non of these minerals have been observed in the diffraction pattern
recorded here. However, the concentration of calcium in the region where it is most
abundant is still very small why we shouldn't expect to see any strong diffraction lines
from any calcium containing mineral. If we assume calcium to appear as calcium oxide
(CaO) and only in a thin surface layer the thickness of such a layer would only be about
9 nm.

Titanium normally appears as titanium oxide (T1O2) in most titanium containing
minerals however, no such mineral has been identified from the diffraction pattern yet.
From the elemental maps (fig 2) we see that the titanium seems to be most abundant in
the lower particle but also concentrated into a localized area between the upper and the
lower particles. The titanium seems to coincide almost exactly with the presence of a
large quartz crystal (see fig. 5) indicating that there might be three distinct fly-ash
particles rather then two. However, no general correlation between titanium and large
primary quartz crystals has been observed. Assuming that titanium appear as titanium
oxide (there is no reason to assume that the titanium will appear as an interstitial element
inside the quartz crystal) on the front of the quartz crystal, the amount of titanium oxide
at this central position would correspond to a layer of about 8 nm.

Iron normally appears as pyrite (FeS2) in coal minerals which later are transformed into
hematite (Fe2C>3) or magnetite (Fe3C>4) during the process of burning (see ref 18). The
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presence of hematite and magnetite in fly-ash particles has previously been reported by
Hokushin (ref 15). Non of these minerals have been identified in any diffraction pattern
here so far. However, the amount of iron in these particles is still fairly low. Iron is the
only element that appears at comparable level in both particles (the upper and the
lower). Average level of iron fluorescence intensity would correspond to a layer of 1.3
nm of iron oxide (Fe2C>3). Iron also exhibits the same radial distribution in the lower
particle as calcium and other heavy elements.

Copper, zinc and arsenic show a very similar distribution as titanium and calcium,
however, the radial distribution in the lower particle is even more pronounced for these
heavy elements. As these elements appear in rather low concentrations we wouldn't
except any of them to form any regular crystals but rather appear as precipitates. The
amount of copper/zinc was estimated to about 1.5 ng/cm2 and for arsenic it was
estimated to 0.5 ng/cm2 for those locations where maximum intensity was recorded.
Beside the lower particle, these elements are also present at the same location where we
found the high titanium concentration (see fig 2). This is a further indication that we
might have to consider three distinct particles rather then two. No copper, zinc or
arsenic containing mineral in fly-ash particles has been reported as far as we know,
however, the distribution and valence state of arsenic in fly-ash particles have been
studied by Osan et al19.

Correlation analysis
By looking at the correlations between fluorescence intensities from different elements it
is possible to distinguish between variations induced by sample topology from real
chemical variations (see ref 5). Thus, for any sub-area where two elements appear at a
constant ratio but where sample topology would induce a variation in the intensity ratio,
we would still expect that their intensity correlation graph would form a well-defined
polynomial. Correlations between elements, recorded by their fluorescent radiation, in
the fly-ash particles has been studied and a few examples will be given here. In fig 8 a,
b and c we see a correlation between calcium and titanium from three different parts of
the scanned area; the lower part the middle part and the upper part. In the lower and
upper part the correlation fall along an almost straight line but with significant different
slope values. In the middle part we see two distinct correlation lines; one with the same
slope as the lower part and one with a much higher slope value. This last correlation
line corresponds to the area where high concentration of titanium was found (see fig 2)
somewhere between the lower and the upper particles. These three distinct correlation
lines further indicate the presence of three different particles rather then two. As the
correlations doesn't seem to be affected by the presence of any strongly reflecting single
crystal, it might be that both of these elements mainly appear on the surface of the
particles.

The correlation between the heavy elements copper/zinc - arsenic is presented in fig. 9.
These elements seem to form just one straight line indicating that these elements appear
in a constant ratio over the whole cluster of particles. This could be possible if these
elements have precipitated on the particle surface after the particles have been formed.
Second order polynomial fitting of the correlation data shows that the second order
coefficient is positive which is what to be expected for elements in a surface layer,
while bulk elements would have had a negative second order coefficient (see ref 5). No
significant correlation between iron and any other element has been found. As most of
the other heavy elements seem to appear as surface elements, this might indicate that
iron doesn't appear as a surface element at all.

Conclusions and discussions
The coal minerals change radically during the burning of the coal. The physical changes
include melting, agglomeration, evaporation and condensation processes etc. The
chemical changes include thermal decomposition, oxidation processes, and other
intermediate reactions that leads to the formation of new crystal phases and amorphous
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minerals. All of these processes are related to the chemical and thermodynamical
conditions that are prevailing in the mineral and later in the fly-ash particles them self s.
Even after the primary solidification of the fly-ash particle phase changes and
crystallization processes can still go on. Thus, the ultimate structure of these particles
can be characterized as extremely complicated and the inhomogenity is apparent at all
different length-scales, from the particle diameter down to the smallest nano-meter sized
crystallites.

Clearly, no conventional "simple" micro-analytical method can reveal all the different
chemical aspects of such a complicated system, however combined analytical methods
might be able to give some relevant analytical information. This experiment was a first
preliminary attempt to combine XRF and XRD on a micro-scale level in order to be able
to reconstruct the micro-chemical structure of such a heterogeneous system. Thus, the
reconstruction presented here is only preliminary and is only based on a limited number
of analytical aspects available from the complete data set achieved. It is also based on a
set of assumptions that, although reasonable, have not been verified within the
framework of the analytical technique itself, thus, any quantitative numbers have to be
regarded as reasonable estimates rather than precise numbers.
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fig. 8 Correlation between calcium and titanium fluorescence intensities recorded in the lower part,
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three graphs, thus the different slopes can be compared on an absolute level.
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fig. 9 Correlation between copper/zinc and arsenic fluorescence intensities recorded over the entire
scanned area.

The primary result from diffraction data shows that the fly-ash particles analyzed seem
to consist mainly of ^im-sized crystals of quartz embedded in a powder of nm-sized
mullite crystallites. The complexity and inhomogenity of these particles are apparent
from all the elemental maps shown in fig. 2. These maps indicate not only a difference
between different particles but also gradients within individual particles. For some of
the heavy elements the fluorescent intensities varied over a factor of ten over the particle
surface. However, the actual variation in terms of concentration is difficult to determine
as the quantification of the fluorescent intensities is complicated, not only because of the
sample surface topology, but also by the amount of diffracted radiation inside the
sample. This phenomenon is normally not taken into account in standard quantitative
models. Any correction for the anomalous attenuation caused by the diffraction of the
primary beam, will have to rely on precise information on the crystallographic structure
in the sample. For elements appearing on the surface of the sample standard quantitative
models can be applied if the sample topology is well defined. However, for complicated
samples like fly-ash particles this is not the case.

However, with a reasonable knowledge of the sample crystallinity estimates of the
probability for anomalous attenuation can be done and the reality of elemental
concentration gradients and distributions can be assessed. In this case we can thus
conclude that there is a real difference in heavy element concentration between the upper
and the lower particle. We can also conclude that the radial gradient within the lower
particle has to be related to a "real" variation of the elemental concentrations.

Correlation between close lying elements can give indications of whether any pair of
elements really appears as surface elements or bulk elements. Correlation analysis can
also give precise information about their relative concentrations. Preliminary analysis of
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pair-wise correlations between different elements has revealed the existents of different
connective areas within the scanned area where the correlations between different
element stay constant. Especially for the Ca/Ti correlation three distinct areas were
identified corresponding to the upper and lower particles and a third area in-between.
The correlation analysis also indicates that these elements appear as surface elements
while iron might appear as a bulk element. The correlation between As and Cu/Zn
seems to be constant over the whole area indicating that these elements appear at
constant ratios in a thin layer covering the hole cluster particles. However, further
analysis and "post-processing" of the result has to be undertaken before any accurate
chemical reconstruction can be performed.
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INTRODUCTION
The extraction of elemental information from single cultured cells using nuclear

microscopy is an area of great potential, because it can provide both quantitative
information on the uptake of elements by the cell, and also its elemental response to a
wide variety of external stimuli. A recent technique based on nuclear physics
technology enables the analysis of single cells down to the parts per million level to be
achieved. Nuclear microscopy (or nuclear microprobe analysis (1)) is a technique based
around a small nuclear accelerator and a high energy ion focusing system (see figure
1). The many interactions between the high energy ion beam (typically a 100 pA beam
of 2 MeV protons) and the sample can be utilised in order to extract structural and
analytical information from the cell. We can employ the technique of Scanning
Transmission Ion Microscopy (STIM) (2) to image the cells, the technique of Particle
Induced X-ray Emission (PIXE) (3) to determine the elemental concentrations down to
the parts per million level, and Rutherford Backscattering Spectrometry (RBS) (4) to
determine the matrix elements C, N and O. In addition, if off-axis STIM is employed
(ie the transmitted protons are detected at an angle to the beam axis) then scattered
ions from sample hydrogen can be observed, and thus hydrogen levels can be
determined.

METHODS
The NUS nuclear microscope facility, which comprises an HVEC 2.5 MV

single ended Van der Graaff accelerator (AN2500), and an Oxford Microbeams
OM2000 nuclear microscope endstage (5) has been used to provide elemental
concentrations from a single Kb cancer cell. These cells are from a cell line which is
capable of being cultured in a suitable growth medium. A mono-layer of the cells were
grown in a Dulbecco's modified Eagle's medium (DMEM) on submicron thick freshly-
made pioloform film. The cells were rinsed in ice cold isotonic sucrose solution to
remove the excess growth medium, blotted with polysulfone membrane to remove the
excess sucrose, and freeze dried. This method was observed to be the best method of
preparation in order to preserve the ionic integrity of the cells, as determined by a high
potassium to sodium ratio, and a relaxed polygonal shape.

RESULTS
The results were obtained using a lOOpA 2 MeV proton beam focused to 1

micrometre from the NUS nuclear microscope, and the type of data which can be
extracted from a single cell is shown in figure 2. All elemental concentrations down to
the parts per million level can be imaged. In addition, using the Oxford DAQ data
aquisition system, quantitative analyses can be extracted from the cell. Of note is that
the important trace elements Ca, Fe, Cu and Zn can be measured in a single cell, down
to the 10~18gm level.
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Further investigations on the damage to the cell from the proton bombardment
during the analysis revealed that some mass loss occurred. The levels of oxygen and
hydrogen (monitored through RBS and off-axis STIM) were observed to decrease by a
factor 2.5, thought perhaps to be due to release of trapped water molecules in the cell
matrix. All other elements, including carbon, were not significantly affected. However,
measurements of the shape of the cell showed that the cell shrunk 20% during the
analysis.

CONCLUSIONS AND DISCUSSION
The Nuclear Microscope (or scanning nuclear microprobe) has the capability of

extracting elemental information from single cultured cells down to the parts per
million level. This has important consequences in the measurement of the trace
elements calcium, iron, copper and zinc. Damage suffered by the cells during the
analysis is not a limiting factor for state-of-the-art focused proton beams; only a loss of
hydrogen and oxygen was observed, thought to be due to trapped water in the cell.
The cell however suffered structural changes during the proton bombardment, with a
20% reduction in area. The apparent shrinkage may place severe restrictions for the
future imaging and analysis of localised subcellular features in whole cells. The contrast
for both imaging and analysis of a subcellular organelle, which is necessarily reduced in
a whole intact cell because it is buried within cell membranes, is further reduced by the
tendency for the cell to shrink and distort during analysis. The measurement of
elemental concentrations in cultured cell organelles may require freeze substitution,
embedding and cell sectioning.
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FIGURE CAPTIONS

Figure 1: A schematic diagram of a nuclear microprobe (or nuclear microscope). High
energy ion beams (typically several MeV) from a small particle accelerator illuminate
an object aperture. The beam defined by the object aperture dimensions is focused into
a demagnified spot on the sample by means of a system of strong focusing lenses
(usually quadrupoles).
Figure 2: Off axis STIM, RBS and PIXE maps of a single kb cancer cell.
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FIG. 1. ANALYSIS OF SINGLE BIOLOGICAL CELLS
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FIG. 2 ANALYSIS OF SINGLE BIOLOGICAL CELLS
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5. SUMMARY OF DISCUSSIONS

5.1. INTRODUCTION

The detailed and comprehensive analysis of small samples is of increasing importance.
There is an increasing awareness that in order to understand the workings of a macrosystem, we
require information of microscopical details since most natural and technological systems are
intrinsically heterogeneous.

One example of this is in the workings of the body, where in order to understand diseases,
aging, growth etc, we require information at the cell and molecular level. This information takes
the form of elemental, chemical and structural characterisation. As another example, it has been
generally accepted that airborne paniculate matter (aerosol) which is transported over long
distances may impose a health hazard, especially if it is from an industrial source.

From the analytical point of view, the analysis of small samples represents a challenging
problem. In virtually all cases, probes of various kinds (e.g. photon, ion, electron) are used to
interact with the sample and to generate useful analytical information. The full understanding of
these interactions is necessary in order to extract meaningful data. This document is concerned with
a brief description of the instrumentation which is both currently available and useful in the analysis
of small samples.

5.1.1. Definition of small samples

In the realm of this document, small is considered as to be the dimensions of a sample, or
a relevant region within a larger sample, which are smaller than 10 micrometers.

As examples, aerosol particles of sizes significantly larger than 10 micrometres do not stay
in the atmosphere for long time periods, and also tend not to be a significant health risk because
they are deposited in the nasal regions of the head and do not find their way into the more sensitive
regions of the body such as the lungs.

In medicine, the increasing interest is now focused on the workings of cells, which average
about 10 micrometers in size (although some cells such as nerve cells can be extremely long). In
addition, the cell is made up of a complex array of substructures ranging from the nucleus
(approximately 5 microns) down to nanometre sized organelles.

In microelectronics, the dimensions of structures in many integrated circuits are currently
smaller than 10 microns, with advanced high density ICs now being produced with submicron
features.

Catalytic materials are now being produced with dimensions of 10 microns and below, in
order to increase the effective surface area.

The analytical techniques considered in this document are therefore limited to those which
have the capability of extracting analytical information from such samples. This information will
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therefore provide vital insights into the processes of dynamics and formation.

5.1.2. Sample collection and handling

Sampling small samples in a proper way is not a trivial task. During sampling procedures,
contamination should be kept to a minimum. It is necessary that prior to sampling, a good
definition of the scientific problem one wants to address is required for developing a proper
sampling strategy. It should be realised at any time that no matter how accurate or precise the
analysis might have been, the final result always is limited by the integrity of the sample under
consideration.

In all analytical work, contamination risks should be minimised; in case of small samples this
risk is even more serious as very small amounts of foreign material can represent relatively high
concentrations of impurities. All handling, mounting etc. should therefore be performed in a clean
environment, such as a clean room, clean bench etc.

5.2. ANALYTICAL TECHNIQUES AND INSTRUMENTATION

This section is concerned with the techniques that are suited to the analysis of small samples
by means of characteristic physical interactions between electrons, ions or photons and the
specimen.

Table 1 gives an overview of the main analytical features of the methods considered.

Following is a brief overview of these techniques.

5.2.1. Electron beam methods

The more conventional analytical electron microscope (AEM) evolved into specialised
instruments such as the scanning electron microscope with x-ray analysis (SEM), the scanning
transmission electron microscope (STEM) and the electron microprobe analyser incorporating
wavelength dispersive (WD) and/or energy dispersive (ED) X-ray analysis. In addition there exist
the possibilities of measuring transmitted electrons in the transmission electron microscope (TEM),
now with a lateral resolution at the atomic level. Selected area electron diffraction (SAED)
provides structural information on the microscopical level. In electron energy loss spectrometers
(EELS) possibilities exist for obtaining chemical information through the measurement of the
electron energy spectrum as well as its imaging in electron energy loss imaging (ESI). Auger and
photoelectrons provide surface sensitive information in scanning Auger microscopes (SAM) and
X ray photon spectrometers (XPS, or ESCA, electron spectroscopy for chemical analysis). The
phenomena which arise on electron bombardment are shown in Figure 8, page 52.
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Table 1 : Methods for analysis

Probe

Electrons

X-ray photons

keV ions

IR photons

UV photons
(laser)

X-rays
(laboratory)

X-rays
(synchrotron)

Protons

Analytical
signal

Electrons

Electrons

X-rays

Electrons

Electrons

Ions

Ions

Photons

Ions

X-rays

X-rays
X-rays

X-rays

Technique

Auger electron
spectroscopy
Electron energy loss
spectroscopy
Energy dispersive
x-ray spectrometry

X-ray photoelectron
spectroscopy
X-ray absorption near
edge spectroscopy

Secondary ion mass
spectroscopy
(dynamic)
Secondary ion mass
spectroscopy (static)

Fourier transform
infrared spectroscopy

Laser microprobe mass
analysis / Fourier
transform laser
microprobe mass
spectrometry

Micro X-ray
fluorescence

Micro SR X-ray
fluorescence

Micro-particle induced
X-ray micro-analysis.
Rutherford backscatter-
ing spectrometry**

Acronym

AES

EELS

EDXRS

XPS

XANES

SIMS*

SSIMS

FTIR

LAMMA
/FT-
LMMS

u-XRF

SRXRF

micro-
PIXE

micro-

Lateral
resolution

50 nm

10 nm

0.2 urn

10 um(tube)

1 urn
(synchrotron)

0.1 urn

70 nm

20 urn

1-5 um

10 um

lum

lum

lum

Interaction
depth

1-2 nm

<100nm

2 um

nm

nm

3 nm

nm

um

500 nm

l-100um

l-100um

l-30um

l-20um
RBS

* Dynamic SIMS is capable of depth profiling up to several micrometres
** RBS is capable of non-destructive depth profiling with a nm depth resolution.
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Four techniques are particularly important as far as their potential is concerned for the
characterization of microscopical objects: electron probe X-ray microanalysis (EPXMA), scanning
Auger microscopy (SAM), X-ray photoelectron spectroscopy (XPS) and electron energy loss
spectrometry (EELS). EELS studies the primary electrons which have impinged and interacted
with the sample through the excitation between a core level and an unoccupied state. EPXMA,
SAM and XPS involve deexcitation processes in which a higher lying electron fills the hole
produced by primary electron interactions giving rise to the ejection of characteristic X-rays
(EPXMA), Auger electrons (SAM) or secondary electrons (XPS). The methods with electron
excitation give rise to high spatial resolution as the exciting electron beam can be focused to a 10
nm diameter probe and then be scanned over the specimen.

EPXMA has been used for many years now for the analysis of micrometer sized particles.
Due to the development of computer controlled analysis, a large population of individual
environmental particles can be analysed chemically and morphologically in a fast and efficient way.
Lateral resolution is limited to about 1 um determined by the X-ray emission volume. AES
combines a higher spatial resolution (the analytical volume is several orders of magnitude less than
in EPXMA as only surface generated electrons escape the sample) with a favourable surface
sensitivity of 50 to 200 nm. The strong surface predominance of carbon and sulfur on fly ash
particles was first demonstrated with this method.

XPS is a powerful tool for the investigation of the chemical state at the particle surface
exploiting the photoelectron binding energy shifts, while in-depth information can be obtained by
ion beam sputtering. The spatial resolution of XPS has increased (through the progress in X-ray
optics) to lateral resolutions nowadays of 5-20

EELS and ESI allow the identification of extremely small specific particles e.g. individual
asbestos fibers. Electron microscopes require reasonably high vacuum conditions. It is not at all
guaranteed that composition and shape is retained in vacuum and under intense irradiation. In
order to be able to observe objects in a wet state or in a controlled gaseous environment the
environmental electron microscope (ESEM) was developed.

Characteristics of the electron microprobe analyser:

Analytical features: simultaneous measurement of characteristic X-rays with energy dispersive
detector or sequential measurement with wavelength dispersion. Well established method for
quantitation (ZAF correction procedures).

Detection limits 0.1-1% with energy dispersive detectors, 0.1-0.01% with wavelength dispersion.
Wide coverage of the elements, down to C with windowless detectors.

Spatial resolution: dependent on electron energy and material, ca. 0.1 um.

Instrumentation: automated instrumentation available from several manufacturers.
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5.2.2. Low energy ions

In secondary ion mass spectrometry (SIMS) ion production results from the interaction of
an energetic and intense primary ion beam (Cs+, Ar+... at 5-20 keV energy) with the sample. This
bombardment causes sputtering i.e. the ejection of secondary particles such as positive or negative
elementary ions, neutral atoms, cluster fragments and electrons. The (secondary) ions are
separated in a mass spectrometer (double focusing or quadrupole) and detected with an electron
multiplier or a Faraday cup. The escape depth of the secondary fragments is only a few Angstrom,
which results in an excellent depth resolution, but depth profiles can be obtained as a function of
time because of the continuous erosion process of the surface. In its basic form the instrument is
a non-imaging ion probe which can be used for depth profiling of laterally homogenous samples.
If combined with ion optics in the mass spectrometer the instrument becomes an imaging ion
microscope which allows the determination of the three dimensional distribution through
sputtering away material depth. Alternatively a focused ion beam can be employed to obtain the
three dimensional information in an ion microprobe e.g. the range of Cameca ion microscope/ion
microprobes (Cameca 3F to 5F). Due to the continuous sputtering of the material as a function
of time during measurement when using a sufficiently intense primary beam the instrument is
called a dynamic SIMS instrument.

If, as an alternative design goal, the primary ion beam is used at very low intensity (and at
high vacuum conditions) the sputtering and dynamic character of the measurement disappears
which leads to a distinctly different range of instrumentation called static SIMS (S-SIMS). These
latter SIMS instruments when used in a pulsed primary ion beam mode uses a high resolution
TOF (ion TOF-SIMS, resolving power of 10,000) are now available commercially from two
distinct manufacturers. Applications for the analysis of particles are largely unexplored.

Characteristics of SIMS

Analytical features: sequential measurement of mass spectrum over entire periodic system.
Requires conducting samples but methods exist to circumvent charging problems (nconducting
layer on sample, electron flooding ...)

Detection limits: ppb-ppm with strong variation of sensitivity for the different element.

Quantification: difficult because of strong matrix dependent variations of the sensitivity.

Lateral and depth resolution: ca. 150 nm (dynamic microprobe), ca. 50 nm (static SIMS). Depth
resolution of 3-10 nm over a depth of several |im (dynamic SIMS). Surface analysis and shallow
depth profiling (0-100 nm) with SSIMS.

Instrumentation: Commercial and reliable instrumentation available from several manufacturers.
The measurements require an experienced operator.

5.2.3. High energy ions

The nuclear microscope (scanning nuclear microprobe) is a composite instrument which
utilises high energy ion beams (eg 2 MeV protons, alpha particles, deuterons etc) from a small
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nuclear accelerator. The ion beam illuminates an object aperture and a demagnified image of the
aperture is formed in an image plane (microbeam formation). Unfortunately, because of the high
momentum of the ion beam, electron microscope lens technology cannot be utilised, and therefore
strong focusing lenses are required. The lens systems most commonly used are combinations of
magnetic quadrupole lenses, which have inherently more complex and in general higher ion optical
aberrations than the corresponding electron lenses of cylindrical symmetry. This results in spatial
resolutions inferior to electron microscopes.

The nuclear utilises the many interactions between the high energy ion beam and the sample
under investigation. For elemental analysis of small samples the most commonly used nuclear
microscope techniques used are

a) Particle Induced X-ray Emission (PIXE): Measurement of characteristic X-rays following
inner shell electron ejection allow sample elements to be identified and quantified down to
the parts per million level. This is particularly effective for elements from sodium and above
in the periodic table.

b) Rutherford (or Nuclear) Backscattering Spectrometry (KBS): There is a small but significant
probability that the incoming ion suffers an elastic collision with a sample atomic nucleus. In
a fraction of these collisions, the ion will be scattered back out of the sample and the
measurement of the energy of the backscattered ion allows not only the atomic nucleus to
be identified but in many cases its depth in the sample. RBS is a standardless technique, and
is very effective for measuring the concentrations of elements below sodium in the periodic
table, thereby providing a complementary technique to PIXE.

c) Scanning Transmission Ion Microscopy (STIM). For small (thin) samples the high energy
ion beam will pass through the sample, and in doing so lose energy mainly through electron
collisions. Measurement of the energy loss of transmitted ions gives information on electron
density and therefore provides structural information. By monitoring the energy loss of
transmitted ions which have also suffered small angle nuclear (Rutherford) scattering (Off-
axis STIM) we can obtain similar structural information but at lower count rates. This makes
Off-axis STIM compatible in count rate to PIXE and RBS.

With suitable detectors and a flexible data acquisition system, signals from PIXE, RBS and
Off-Axis STEM can be handled together, giving a powerful combination of techniques which can
be applied simultaneously. In practice off-axis STIM is used to identify and position the sample
or a specific region of the sample for analysis, PIXE is used to measure the elemental composition
down the parts per million level, and RBS is used to determine the sample matrix composition
which is useful for calculating quantitative trace element data.

Characteristics of nuclear microscopy for small samples:

Analytical features:

Multi-elemental (simultaneous measurement of elemental composition from H and upwards in the
periodic table).
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Measures only elemental composition: No direct chemical information is obtained.

In most cases the sample is mounted into a vacuum chamber. It is possible however to bring an
MeV proton beam out into the air, although the spatial resolution is significantly reduced due to
proton/air molecule collisions.

Detection limits: Na-K: 1-10 parts per million.
K-Zn: 1 part per million,
above Zn: 1-10 parts per million.

C, N, O using RBS (sensitivity is sample dependent, but
typically parts per thousand)

H using Off-axis STIM (down to ppm)

[the analytical sensitivity may be reduced when analysing particles with a high atomic mass matrix]

Minimum Detectable Amount:

Down to 10-18g

Elemental Quantification: 5% accuracy with care

10% accuracy routinely

Spatial resolution: [State-of-the-art performance:]

Elemental analysis 400nm for PIXE, RBS using 3 MeV protons
Imaging lOOnm for STIM and off-axis STIM using 2 MeV protons
Complexity of instrumentation:
The nuclear microscope is not commercially available as a complete package, and is a composite
of various technologies. This makes the instrument relatively complex and is the primary reason
why most instruments are sited in a laboratory with nuclear expertise coupled with a high degree
of infrastructural technical support.

Operating skills:

Although ion accelerators, focusing systems, supporting detection systems and data acquisition
systems are becoming more user friendly, the operation of the nuclear microscope requires
adequate experience or training.

5.2.4. Low energy photons

Laser microprobe mass analysis (LAMMS) is based on the mass spectrometric analysis of
ions formed by the interaction of a high power density pulsed laser beam with the sample.
LAMMS has several interesting features as it allows the detection of all elements and in addition
organic material with quite good detection limits in samples as small as a few urn. Raman
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scattering is applied in the micro Raman spectrometer and the potential for single microparticle
analysis was demonstrated for fingerprint identification of species and the determination of crystal
structure. Fourier transform infrared spectroscopy (FTIR) can be exploited as a microscope.
FTIR microscopy can be used for the rapid analysis of particles especially asbestos fibers.

Laser microprobe mass spectrometry was developed and commercialised from the late
1970s onwards. In this method focused UV laser pulses are used for the desorption and the
ionisation of solids in one single step. Although a lateral resolution near the diffraction limit could
be obtained, in practice 1-3 (im was a practical limit of lateral resolution. In a first commercial
instrumentation a time-of-flight mass analyser provided the high transmission necessary for high
sensitivity and a panoramic registration of the spectrum obtained from one single laser pulse. Two
different commercial instruments became available around 1980, the laser microprobe mass
analyser (LAMMA) with instruments to be used in transmission (LAMMA 500) and reflection
(LAMMA 1000) and the laser ionisation mass analyser (LIMA). The method has been intensively
applied in single particle analysis. Drawbacks are that the technique is rather irreproducible and
difficult to apply in more or less routine way and that the mass resolution of these instruments,
based on TOF mass analysis is limited, giving rise to interferences and erroneous attributions of
mass peaks. With detection limits in the ppm range for the detection of all elements and in
addition organic information on ^m size objects, the method was used extensively for
environmental analysis.

A more recent alternative based on Fourier transform mass spectrometry (FTMS)
circumvents this limited resolving power and provides very high mass resolution (in excess of
100,000) and a very extended mass range. The method is able to provide elemental information
and molecular data including organic compounds.

Another interesting developments is the as yet not commercialised systems which attempt
the analysis of atmospheric particles in situ (the air environment). Here, a laser detects a particle
of suitable dimensions and fires the UV laser to vaporize it and analyse it in a mass spectrometric
system. The obvious advantage is that the particle is analysed undisturbed from possible
deleterious effects induced by sampling.

5.2.5. High energy photons (X-rays)

Microbeam X-ray spectroscopy has developed rapid during the recent years due to the
increase accessibility of high flux synchrotron sources but also by the development of X-ray
focusing optics. Today, capillary optics devices are the most frequent used optical technology for
generating high flux microbeams of X-rays.

There are basically two types of capillary optical devices used today; polycapillary devices
and monocapillary devices. Polycapillary devices consist of bundles of capillary and operates in
principle as an optical lens. The focal spot is normally in the range of 500 - 50 micrometers
(depending on the energy and the focal length).

Monocapillary operates as a beam concentrator and no focal lengths exist. Thus, the sample
has to be brought very close to the capillary outlet which sometimes can be difficult.
Monocapillaries are very efficient for generating beams in the range 50-0.1 micrometers. For
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tabletop applications the minimum beam size useful for spectroscopy is about 10 micrometer (due
to flux density limitations) but for synchrotron sources 0.1 micrometer beams has already been
achieved. However, such an extremely small beam can only be utilized for very thin samples and
normally the practical limit is about 1 micrometer.

X-ray fluorescence spectroscopy is a multi-element method however, no information on the
chemical state can be obtained. The main advantages of X-ray fluorescence spectroscopy is its
simplicity, the ability to operate at room temperature and pressure. The photon interaction doesn't
create any charging on the sample surface and the power impact is small in relation to the
spectroscopic information yield as the photoionization normally is the dominating process. All of
these characteristics means that the sensitivity is high and that the sample preparation can be kept
on a minimum level. However, light elements are normally not accessible for any quantitative
analysis due to the low fluorescence yields and air-attenuation. For thick samples the attenuation
of the fluorescent radiation in the sample itself has to be taken into account which will limit the
precision of the analysis.

Complexity and operator skill.

Microbeam x-ray spectroscopy can be performed on a X-ray tube instrument which makes it a
simple lowcost instrument that is easy to handle for any operator experienced in standard X-ray
spectroscopy. The synchrotron setup are normally more complex and takes trained experts to
operate. However, today there exist a lot of user-friendly software for spectra evaluation and
other types of system that will generate data presentation (like element maps etc.) which can easily
be implemented.

Sensitivity and accuracy

In general the sensitivity for X-ray fluorescence is high and trace element concentrations down
to 10 -1 ppm can be reached. For a tabletop setup this sensitivity would correspond to an MDA
(Minimum Detectable Amount) level of about 10'12 -10'13 g for polycapillary beams and about
10*14 g for the very smallest monocapillary beams.

For the synchrotron based X-ray microbeams a sensitivity of 1 - 0.1 ppm can easily be achieved
(due to the polarization of the beam) and a MDA level below 10~17 has already been reported.

For well prepared, homogeneous samples quantification can be obtained with an accuracy of
about ± 5% but relative concentrations can be established at a level well below 1%. However,
most microbeam applications deals with very small, irregular and inhomogeneous samples where
the fluorescence intensity is no longer a simple function of the concentration in the exposed
volume of the sample. Surface topology might give rise to substantial variation and the presence
of microcrystals will generate anomalous attenuation of the beam. Thus, precise quantification
(<±10%) cannot be done, however, gradients and other systematic variation of elements can
normally be established at an accurate level.

Chemical speciation and structural information

The possibility to combine fluorescence spectroscopy with other analytical techniques will
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improve the possibility for chemical speciation and structural information. Simple transmission
measurement by x-ray microbeam will give very precise information on density variations and the
combination of fluorescence and diffraction will enable a simultaneous determination of the
mineral content trace element distribution.

5.3. Reference materials and quality control

5.3.1 Introduction

As with any other analytical procedure the analysis of extremely small samples needs to be
verified for the reliability of its results. These results in whatever form given (elemental maps,
mass content at a certain position, of a given particle, etc.) encompass more than just the
elemental content. They contain also the specification of the analysed sample area or volume,
whether explicit or implied. Employing accepted principles of analytical chemistry calls for the
verification of

elemental mass or content found in known samples (reference materials) or in samples used
in the course of intercomparisons,
all basic instrumental parameters defining the analysed sample volume.

As far as beam spot size and scanning parameters are concerned, several calibration and
verification methods have been developed. Available test samples are listed and ways to meet
increased demands with higher lateral resolution of the probing techniques are indicated. The
verification of the elemental quantification, however, is hindered at this moment by the lack of
reference material, certified for elemental masses in micro structures. New materials for this task
are proposed.

5.3.2 Control of basic instrumental parameters

In the following we briefly describe some test structures and transfer standards, which are
useful for measuring the beam profile and the characteristics of a scanning system. Since the
underlying physical principles of the analytical techniques covered in this report are widely
different, the various techniques require different sample properties. Therefore not all of the
samples listed here may be applicable or even useful with all of the analytical techniques. It should
also be noted that existing materials should be complemented by new ones fulfilling specific
criteria.

Beam spot size and profile:

- Scan over metal support grids used in TEM, e.g. Cu grid of 2000 mesh (repeat period 12.7
urn).
Advantages: readily available; withstand dissipated beam power; transmission of 10 to 40%;
sufficient for beam spots > 2 urn.
Disadvantages: irregular and largely unknown profile of grid bar, convoluting the measured signal;
thickness of grid bars induces edge effects on signals.
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- Scan over metallisation strips on open, unpackaged microelectronics chips.
Advantages: negligible thickness and step height, no signal convoluting or distorting edge effects;
regular and straight; sufficient for beam spots down to 0.1 um.
Disadvantages: laid out on thick substrate, no transmission; not readily available.

- Proposed material: well-defined metal grid, to be produced by deep-etch X-ray lithography
coupled with electroforming and plastic molding (LIGA process).
Advantages: transmission of about 20%; sharp edge profile; regular and straight; sufficient for
beam spots down to 0.1 um.
Disadvantages: not available yet; 10 to 20 urn thick inducing edge effects.

- Proposed material: metal membrane with regular microstructure (series of holes), to be
produced with the LIGA process.
Advantages: determine halo of the beam spot in direct measurement.
Disadvantages: not available yet.

Scanning parameters:

- SEM magnification prototype standard of NIST.
Advantages: pitch structures down to 0.2 um; heavy metal on silicon substrate; very regular
structures.
Disadvantages: not available as SRM yet.

- Various materials offering topographic structure in a substrate, to measure scan width,
magnification, linearity.
Advantages: very regular, repetitive structures; commercially available.
Disadvantages: no elemental contrast.

- TEM metal support grids to measure scan width, magnification.
Advantages: commercially available; repetitive structures; topographic and elemental contrast.
Disadvantages: irregular; not certified.

- Proposed material: metal membrane with regular microstructure (series of holes), to be
produced with the LIGA process (see above), to measure scan width and magnification, scan
linearity, influence of beam deflection amplitude on beam spot size.
Advantages: regular, repetitive structures; topographic and elemental contrast.
Disadvantages: not available yet.

5.3.3. Control of quantitative microdistribution analysis

To our knowledge no reference material certified for elemental content at the level of
micrometer structures is presently available. We propose in the following several pathways to
obtain such materials.

- Proposed material: elemental content in microorganisms harvested in a given moment of the
life cycle.
Advantages: multielemental; large number of reproducible samples.

87



Disadvantages: possible instability; possible problems in separation of individual algae and in
fixation on sample holder; no vmcrodistributional information.

- Proposed material: elemental content of synthetic individual aerosol particles.
Advantages: multielemental; large number of reproducible samples.
Disadvantages: possible instability; possible problems of fixation on sample holder; no
micTodistributional information.

- Proposed material: heavy metal structures of different height and area on silicon substrate.
Advantages: stability; regular, defined positions of structures; allowing for analytical information
given as areal density (mass/unit area) or as mass depending on beam spot size versus structure
size.
Disadvantages: monoelemental; thick substrate.

The feasibility of any of the proposed materials in this section needs to be investigated. For the
first two of these the reproducibility of multielemental content and its stability is of major concern.
For the last material the optimum fabrication process needs to be established yet.

5.4. Conclusions

Microscopical analysis and characterization is extremely important in many scientific areas
and technological problems: environmental studies and remediation, geochemistry and cosmo-
chemistry, biochemical and biomedical sciences, materials science A few general remarks can
be formulated for the analytical chemistry and the application of microscopical techniques :

1. There are at present a wide number of analytical techniques available for the analysis and
characterization of extremely small samples.

These methods can be divided according to the primary analytical characteristics such as
analytical sensitivity, surface discrimination capability, lateral resolution and the range of
information that is provided (e.g. elemental analysis and the range of coverage of the
elements, the ability to obtain both inorganic and organic, structural and speciation
information of chemical state of the elements). There has been a rapid evolution in their
analytical potential especially in their sensitivity and their lateral resolving power over the
last decade. Nevertheless, no single technique can provide a general solution to the many
problems in which the microscopical characterization is important.

2. There are needs for further analytical development in all of the different methodologies.
Some methods are far from quantitative with little hope that a really quantitiative analysis
will be possible in the near future. Their application will depend on the reliance on (i) the
availability of standard reference materials (ii) calibration with more quantitiative
methodologies. X-ray techniques (u PIXE and u XRF) have a large potential as reference
techniques for the calibration of other techniques such as SIMS.

3. Many methods are not able to obtain molecular information e.g. the chemical state of the
element at a particular location of microscopical sample (speciation analysis). Speciation,
in its generally accepted sense, may be defined as the qualitative (identification) and
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quantitative determination of the individual forms that together comprise the physico-
chemical forms (or species) of a given trace element. An increasing awareness of this
species-specific behaviour over the course of the past decade has triggered the development
of new analytical opportunities, commonly referred to as speciation analysis. This has
stimulated the creation of techniques combining separation and specific detection which are
now approaching maturity for bulk samples. These methods which combine a
chromatographic technique for separation with a spectrometric technique for detection are
termed hyphenated methods. Similar analytical methods for extremely small samples need
to be developed. Some existing laboratory based methods offer a potential for this (laser
mass spectrometry, static SIMS...) but synchrotron based analysis by absorption edge
spectrometry (EXAFS, XANES) with a microscopical X-ray beam offer the largest
potential for sensitive determinations on microscopical samples.

4. Many of the beam analytical methods require a sample to be introduced in a high vacuum
environment which might modify its surface condition and composition. Some methods also
subject the sample to an intense radiation which could modify its composition and structure
during the analytical process. Care must be taken in the interpretation of the data in such
circumstances. Methods which operate from a non-vacuum environment and lead to a mild
exposure of the sample to radiation have a definite advantage for the analysis of delicate
samples. Studies aimed at determining sample deterioration in vacuum or severe irradiation
conditions should be undertaken.

5. The analysis of extremely small samples is a complex process and therefore it requires a high
level of quality assurance procedures.

6. Sample contamination is not an unlikely occurrence. Care must be taken in sampling, sample
storage and during analysis to prevent contamination of the sample with e.g. atmospheric
particulates.

7. Many important scientific problem areas (environmental, biomedical...) require
multidisciplinary collaboration between specialists from different scientific disciplines.
Moreover, they can be best solved by a combination of several microanalytical techniques.
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