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SUMMARY

Introduction

The development of X-ray methods for elemental analysis started

when characteristic X-rays were discovered In 1913» In the late

19^0's X-ray methods, using X-ray tubes for excitation and

crystal spectrometers for detection, began to spread as a

technique for quantitative analysis of both major and trace

elements. The fields of application and the diversification and

refinement in instrumentation of X-ray methods has since then

been continuously developed and modern X-ray techniques

consists of several different approaches, which differ greatly

in their ways of producing and detecting the characteristic X-

rays.

In geological research and in the processes of prospecting and

exploration large number of samples often have to be analysed

for many elements before an interesting area can be fully

evaluated. Thus it is important to be able to use rapid multi-

elemental methods with high sensitivities. In mineral prospec-

ting the indication of rare unexpected elements is important,

as is the possibility of making quantitative analyses without

time consuming sample preparation, e.g. direct analysis of

drill cores. The demand for high accuracy and precision is

especially important in geological research work since small

changes in the concentrations of the major elements may also be

of significance.

Another large field of application is the analysis or

biological materials, where minor elements play important roles

in the basic biological processes and trace metals are interes-

ting both as essential elements and when they appear in toxic

concentrations. Applications in this field often place high

demands on both spatial resolution and elemental sensitivities.

One of the latest X-ray techniques employs accelerated protons

or helium ions for the production of inner-shell vacancies and

an energy dispersive solid state detector for the measurement

of the characteristic X-rays. This method, called Particle-

Induced X-ray Emission (PIXE) analysis was shown to be capable
— l?

of multi-elemental determinations down to the 10 gram level
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In a thin sample by Johansson, Akselsson and Johansson in 1970

(1).

The use of highly collimated and focused particle beams became

an important field of PIXE analysis in 1972, when Cookson et

al. (2) carried out PIXE analysis with a proton beam diameter

of three to four micrometres. With such a proton microprobe low

elemental concentrations in fine structures can be measured and

elemental maps with high spatial resolution may be obtained.

The PIXE technique is now in use at many laboratories with

small or medium-sized accelerators all over the world, and

three international conferences wholly devoted to PIXE analysis

and its analytical applications have been held in Lund in 1976

(3), in Lund again in 1980 (4) and in Heidelberg in 1983 (5).

Properties of PIXE

The PIXE method has several properties, which together make it

a unique tool in many analytical applications.

The truly multi-elemental behavior of PIXE allows for the

determination of an amount or an upper limit for about 80

elements of the 92 existing in nature with one short irradia-

tion. The lightest elements have X-ray energies too low to be

measured.

The analysis is non-destructive, though the analytical condi-

tions are often close to the levels where the effects of

heating or radiation from the beam are visible.

Using beams of protons high excitation intensities are

available and the level of the X-ray background is low. Thus,

it is possible to detect elemental masses down to 0.1 ng in a

10 ug sample deposited on a thin backing. In samples thicker

than the proton range (>0.1 mm) the concentration detection

limits attainable are typically in the 0.5 to 50 ug/g range

depending on sample type.

The analysis times needed to reach these detection limits lie

typically in range of one to five minutes, though for

applications where ten times higher detection limits are
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sufficient times below ten seconds can be used.

The sensitivity over the whole elemental range Is a smooth and

only slowly varying function of atomic number and can be

described quite accurately by both theoretical and semi-

empirical expressions. Thus, In many applications very simple

calibration procedures can be used and no tedious element by

element calibration has to be performed.

Proton microprobe

Elemental analysis with high spatial resolution and detection

limits down to about 5 ME/K a r e unique features of the proton

microprobe. Beam diameters between one and five micrometres

have been obtained at several laboratories (6). The small

proton beam is produced by first colllmatlng the beam to about

0.1 x 0.1 mm and then focusing with a magnetic or electrosta-

tic lens system. In fig.1 the main features of a proton

microprobe can be seen.

Scanner

Accelerator

Figure 1. The principal components of a proton microprobe.

Topographical pictures of elemental concentrations In a sample

can be determined by either mechanical scanning of the sample

or by electrostatic or magnetic scanning of the proton beam.

There are several fields of application where the proton

microprobe can find its use as an analytical tool, e.g.

biology, mineralogy and materials analysis.



Complementary methods

In its Interaction with the nuclei of the sample atoms the

proton beam can be scattered or induce nuclear reactions. These

reactions may be used for the analysis of nuclides and are

especially sensitive to the lighter elements, which cannot be

detected by their X-rays. The detection of particles or gamma-

rays from these processes can be carried out simultaneously

with the X-ray measurements.

In thick samples the Proton-Induced Gamma-ray Emission (PIGE)

analysis, where gamma-rays from nuclear de-excitation processes

are measured in a solid-state detector, is favourable for the

analysis of elements with atomic numbers 3,5,9,11,12 and 13. In

thin samples protons scattered in forward and backward angles

from the beam can be measured and from the proton energy

spectra, in principle all of the light elements may be

determined.

Thesis

The aim of this work has been, firstly, to develope and apply

the thick-target PIXE technique to the analysis of geological

material and, secondly, to create a set-up for proton

microprobe analysis.

The work on geological samples was started in 1978 with an

investigation of the capabilities of X-ray and nuclear

techniques in scanning drill core analysis (7). This investi-

gation was initiated as a project in cooperation with the

prospecting department of Boliden Mineral AB, Boliden. It was

shown that the PIXE technique with the aid of simultaneous PIGE

analysis, could give sufficiently low detection limits for all

elements but gold and the platinum metals and that the errors

in the analysis due to the heterogeneity of the drill core

matrix were relatively low (see paper II). The PIXE-PIGE

technique could also be shown to be capable of rapid analysis

with high accuracy of practically all major and many trace

elements in pellets of silica-based rock material (see papers I

and III).
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The work on the production of a proton microbeam with

resolution down below the ten micrometre level was started In

1978 with the Installation of a quadruplet lens system and

target chamber made by Scandltronlx AB In Uppsala. The system

was kindly lent to us by the Gustaf Werner Institute,

University of Uppsala. After many experiments with different

approaches to the experimental parameters the system in 1962

was capable of producing a beam spot with a minimum width of

four micrometres. The use of this microprobe in dorrnatologied

research Is demonstrated in papers IV and V.

Paper I

The simultaneous use of X-ray and gamma-ray detection from th>:

irradiation of geological material with 2.5 MeV protons has

been applied to the analysis of silica-based rock material. The

elements with atomic numbers 3,5,9 and 11 to 13 are detectable

by gamma-ray analysis and all heavier elements by X-rt-y

analysis. In the analysis of geological material it is

important to make accurate analysis of all major elements 1;

the sample as well as determining as many minor and trace-

elements as possible. The PIXE analysis could be ea3lly applies

to this problem since major elements usually have low X-ray

energies which can prevented from reaching the X-ray deteoto*-

by the insertion of c filter. With a very small hole In tne

filter the signals from the lighter elements nan be k^pt at, *.

level suitable for analysis, with such an arrangement niu;vr.

higher beam intensity can be used which increase? the

sensitivity in the analysis of heavier element?- and t-.h-:

elements determined from gamma-r*ay analysis.

Paper II

The use of the PIXE method for drill core analysis ir ai

atmopsheric environment was investigated. The anu't.yslrs of dvf.ll

cores is an important tcol in mineral prospecting and a '-outing-

method for automatic elemental scanning could prov!^e

significant improvements to the process of prospecting. A set-

up for proton beam irradiation in air ws& designed no that th~

number of protons hitting the sample could be monitored r.y

measuring the number of protons back-scatnered in the exit
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window with a surface barrier detector.

The PIXE technique was compared with secondary-target mode X-

ray fluorescence (XRF) analysis and it was found that both

systems give similar detection limits. The PIXE technique,

though, has the advantage of simultaneous light element

analysis from the gamma-ray detection also with the samples in

air. The errors introduced by performing matrix corrections on

heterogeneous samples were calculated for both systems and here

the PIXE method was shown to be much less sensitive to

variations in the matrix.

Paper III

By repeated analyses of international geological standards

during a six-month period the average reproducabiblity of the

results of the PIXE analysis was determined to be 1.6 % (one

S . D . ) . For each of the standards the concentration sensitivity

(pulses/uC per ug/g) was determined from the absolute X-ray

yield and the given reference values. Matrix corrections

calculated from fundamental parameters were applied to these

sensitivities, thus forming apparent thin-target yields

(pulses/jiC per ug/cm ) , which have built into them corrections

for systematic errors in the thick-target matrix calculations,

and are, in principle, only valid for the analysis of samples

with a matrix similar to the ones of the standard samples used.

The accuracy of the analysis of silica-based rock material

using this calibration was determined to be better than 3 %•

Paper IV

Corrections for X-ray self-absorption and proton stopping power

were performed on samples with one to four layers of metal-

doped polymer foils with total thicknesses ranging from 1.5 to

11 mg/cm . These matrix corrections were based on fundamental

parameters with the sample thicknesses determined from X-ray

transmission measurements. The accuracy of the results after

the matrix corrections was better than about 5 % even for the

thickest layers, which implies that the errors in matrix

corrections for samples with a light element matrix are lower

than about 5 %•
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Paper V

The elemental content of dermatologlcal material has been

determined in iitu with high spatial resolution by scanning with

a proton microprobe. The samples were thin (about 0.5 mg/cm^)

frozen hydrated or freeze-dried sections obtained after freeze-

quenching. A hair sample was scanned with a proton beam size of

h x 15 um and a sample of human skin was analysed with a 10 x

100 um beam. In the hair section steep gradients of some trace

elements were found.

The analysis of trace metal variations along a hair strand is

also a suitable task for the PIXE method. Results obtained

earlier from longitudinal scanning along the hair with a

millimetre beam was presented. In this analysis the sample was

kept In a helium atmosphere to diminish the heating in the

hair.

Paper VI

The proton microprobe (PMP) was compared with the electron

microprobe (EMP) in the analysis of duplicate thin sections of

human skin. The results from adjacent sections were highly

reproducible (typically better than 20 %) for both methods.

The quantitative procedure with the PIXE method uses general

semi-empirical sensitivities verified by a thin-target

calibration. The samples ar^ transparent to the proton beam and

thicknesses needed in the quantitative process were determined

by using the yield of bremsstrahlung from the sample. In the

electron microprobe the samples stop the electron beam and

concentrations are determined oy the use of peak to background

values from a standard sample. The results from the PMP werer

systematically a little lower than the EMP values, though the

differences were typically smaller than 30 %.

The higher sensitivity obtained with the PIXE analysis revealed

interesting gradients of calcium, iron and zinc on the borders

between different strata of the skin. Though the EMP has a

superior resolution for very thin samples the proton microprobe
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can be considered to be a reliable and powerful complement to

the existing tools of dermatological research.
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