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FOREWORD

X—ray fluorescence as an analytical tool for element analysis
is basically as old as the recognition of the significance of the X-ray
line spectra (wosley 1913)» The techniques employed to measure these
spectra have developed along two paths. Wavelength dispersive X-ray
fluorescence analysis is the older and still most widely used at this
particular time; however, energy dispersive X-ray emission spectrometry
(EDXES) presents an increasingly powerful alternative»

In 1968, the International Atomic Energy Agency held a Panel
Meeting in Vienna on Radioisotope X-ray Fluorescence Spectrometry, The
technical report of this meeting was published in 1970» Since then,
the considerable development of instruments such as solid state detectors,
multi-channel analyzers with microprocessors, mini-computers, etc, has
provided a strong incentive for refinements and progress in EDXES techniques
using radioisotopes, small low-power X-ray tubes, or charged particle
accelerators. Such development has made these techniques more acceptable
for practical use.
In recognition of these advances and the increasing importance
of these techniques, the Agency convened an Advisory Group Meeting
(Vienna, May 29 - June 2, 1978; on Practical Aspects of Energy Dispersive
X-ray Fluorescence Analysis. The main purpose of the meeting was to
discuss the current status and development of EDXES and its applications

in manufacturing industries, mining, and pollution assessment and control.
Included in this publication are the papers presented, a summary of the
meeting, and the recommendations made by the participants.
The Agency is grateful to all the experts who contributed papers
and who took part in the discussions, and to the Chairman, Mr. G.G. Clayton,
AERE, Harwell, U.K.

Please be aware that all the Missing Pages
in this document were originally blank pages
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A SURVEY OF COMMERCIAL EDXRF AND NDXRF INSTRUMENTATION

D. K. Donhoffer
Österreichische Studiengesellschaft
für Atomenergie Ges.m.b.H.

ABSTRACT

A survey was made on commercially available Energy-Dispersive
and Non-Dispersive X-ray Fluorescence instrumentation. The
state-of-the-art of this equipment is given for laboratory,
field and mining applications. In the appendix a list of
manufacturers is provided.
1. INTRODUCTION

Almost exactly ten years ago the International Atomic Energy
Agency held a Panel Meeting on Radioisotope X-ray fluorescence
spectroscopy [1]. At that time Radioisotope X-ray fluorescence
was one of the more recent techniques developed as a result of
the general availability of sealed radioisotope sources.Nondispersive techniques (NDXRF) utilizing absorption characteristics of selected filters and energy-dispersive methods (EDXRF)
using the energy-proportional conversion in appropiate detectors from X-rays to electric pulses were developed to cope with
the lower intensities of primary radiation available from isotope sources as compared to X-ray tubes. As a result portable
analysers were designed for field, base camp and factoryfloor
use thus opening the X-ray fluorescence technique a completely
new field of applications.
As far as laboratory use was concerned, the EDXRF could not
compete against Bragg spectrometers until the arrival of highresolution lithium-drifted solid-state detectors. Therefore a

very clear-cut boundary existed between the dispersive technique
using an X-ray tube together with a crystal spectrometer and
EDXRF. The applications of the latter lay always there where
the necessity of rugged equipment operating in an adverse
environment was stronger than the need for the ultimate in
sensitivity and accuracy. With the rapid development and
continuous improvement of solid-state detectors EDXRF has been
extending its field of application into that traditionally
domained by dispersive X-ray spectrometers. Working now in
clean laboratory environment the use of X-ray tubes became
attractive with EDXRF. Due to the originally small size of
the high resolution detectors higher intensities of primary
X-rays were desirable which could not be obtained from radioisotope sources.
EDXRF and NDXRF instrumentation is nowadays offered for a very
wide range of applications which starts with portable instruments for field or factory-floor applications and goes all the
way up to highly specialized systems with integrated computer
for multi element determination of laboratory samples.

2. MARKET SURVEY

A questionnaire was sent to 45 companies known to manufacture
or having manufactured EDXRF or NDXRF instrumentation. Although
the return has been not nearly complete, a quite valid picture
of the market may be derived. The impact that solid-state
detectors have brought is clearly shown by the fact that 2/3
of the instruments offered are laboratory equipment for high
resolution/high accuracy measurement. The remainder is split
evenly between on-stream analysis systems and portable units.
Only two suppliers offer borehole probes commercially as yet.
On the detector side the same prevailance is obvious. Again 2/3
of the systems available are using solid-state detectors. The
rest is split evenly between Nal-scintillation detectors and
proportional counters. A strong correlation is of course found
between the Nal-detectors and the use of filters for NDXRF.
Although filters are also offered along with proportional counter
systems, quite frequently the proportional counter is used in
an EDXRF system using a single channel analyser.

For the excitation of fluorescent X-rays 50 % of the instruments
use radioisotope sources, 50 % offer X-ray tubes. Among the most
expensive and highly developed instrumentation there is obviously a trend towards the use of X-ray tubes.
As far as prices are concerned one can identify quite well three
categories. There are the portable and simple laboratory instruments which sell for prices in the order of $ 10.000. Systems
including a solid state detector and a simple data evaluation
system, although already including small computers, sell in the

order of $ 50.00O. The highly sophisticated analysis systems
using solid state detectors and X-ray tubes are priced at
about $ 100.0OO.

3. COMMERCIALLY AVAILABLE INSTRUMENTATION

3.1 Portable Instruments

The typical portable instruments which are now familiar for more
than ten years are using radioisotope sources for excitation and
proportional counter or Nal scintillation detectors for detection
of fluorescent X-rays. The basic features include single channel
analysers either for energy resolution or at least for discrimination against backscatter radiation. Up/down counters are
supplied for easy determination of difference count rates obtained from the balanced filters. Filters have to be changed
manually at the end of the first counting period. Digital counting
techniques and LCD display are standard on most instruments.
Only one manufacturer offers an instrument built for a special
purpose which allows display of the result of the measurement
directly in the units wanted. The instrument is designed for
measuring lead in paint and displays lead content direct digitally in mg/cm2. it also uses a quite unusual configuration.
The hand-held probe also contains the electronics and display
unit. The battery pack is separate and may be carried on the
belt. Altogether this instrument seems to be the only portable
instrument of a new generation and it is surprising that is has
not been offered for other measurement as well.

Another newcomer in this field is offering a portable solid-state
detector spectrometer. Its measuring unit consists of a lithiumdrifted silicon detector housed in a 3 litre cryostat. The availability of intrinsic Germanium detectors for low energy detection
should in the future facilitate the application of high resolution EDXRF to portable instruments. These detectors only need
cooling during operation. However, a different situation exists
for the measurements due to the high sensitivity to the higher
energy part of the spectrum. Interferences from scattered
primary radiation which are not critical with Si-Li detectors
may become serious if a Ge-detector is used.

It might be worth mentioning that the number of manufacturers
offering portable instruments decreased over the past years. The
reason for this may either be the fact that there is a limited
number of potential applications for portable instruments as
well as the experience gained in the past decade which did not
always prove the portable instruments to be as useful or as
accurate as stated in the beginning of this technology, or
strictly the commercial fact that there is a very limited
profit margin in this type of equipment. Almost all portable

instruments sell at less than $ 10.000 and there seems to
exist very strong competition on the market.
3.2 On-Stream Systems

The main field of application of EDXRF for on-stream analysis
is the analysis of mineral slurries in the processing of ores.
It is for this purpose that a variety of instruments has been
developed. At least four different suppliers are known who
have on-stream installations of EDXRF equipment.
The real advantage of EDXRF for on-stream analysis lies in the
fact that the measuring unit is just a small part of the entire
system and may be duplicated without extraordinary cost. This
led to the concept of multiple sensing heads distributed at
various interesting points in the plant as compared to one
central analyser to which sample streams had to be carried.
This concept which was originally developed in Australia [2,3],
is now standard. Discussion still seems to be going on as to
whether the use of probes that are submersed in the main slurry
stream should be used or if sample streams even with distributed
measuring heads are to be preferred. Some suppliers therefore
offer probes that may be submersed or may be equipped with a
flow cell and be used on the mill floor.
The techniques used for on-stream mineral analysis are all based
on radioisotope sources as means for primary radiation. No EDXRF
system based on X-ray tube excitation is known. So it is primarily
this field where radioisotope sources are used exclusively due
to their compactness and ruggedness. Stability is certainly one
more reason why radioisotope sources are preferred over X-ray
tubes for on-stream applications.
On the detection side the three main techniques are almost
equally present in on-stream systems. Nal-detectors and filters
are used in the submersible probes developed in Australia. Proportional counters are used in on-stream equipment developed in
Finland and seem to work well. A submersible probe using a
solid-state detector has been developed in the USA and is in
successful use there [4].

All systems use small computers or microprocessors in order to
make the necessary calculations and matrix corrections and to
evaluate the data obtained from the individual sampling points.
There are a few instruments offered for on-stream analysis purposes other than mineral analysis. Most of these instruments
are, however, adapted laboratory or even portable instruments.
Applications are in the chemical and oil industry. A typical
example is the analysis of sulfur or lead in oil and gasoline.

3.3 Laboratory Equipment
The range of laboratory equipment is by far dominated by instruments using high resolution solid-state detectors combined with
multi-channel analysers and small computers for evaluation of
the measurements. So the field previously being a domaine of
the crystal spectrometer has been entered by EDXRF and the
instruments are in direct competition. From a commercial
standpoint it is certainly easier to enter a market which already is used to very specialized and expensive equipment. The
price advantage of EDXRF equipment and the versatility of the
method made the entrance even easier once the speed and the
accuracy of the dispersive technique could be matched.
Almost every manufacturer of this top level equipment is offering
a series of models all based on a lithium-drifted silicon
detector spectrometer including the necessary amplifiers and
multi-channel analyser. The excitation sources may be chosen from
a range of radioisotope sources ( ^Fe, 109cd, 147pm/ 238pUf
24lAm, 244^m^ 5?co) or j-,e an x-ray tube system. The tubes normally
are rated at 10 to 250 W with only a few systems going up to
3000 W. The high power systems use secondary targets in order to
generate a monoenergetic primary radiation for reduction of
scattered background radiation. A special low power tube also
providing mono-energetic X-rays has been developed at Harwell [5].
Starting from this basic equipment all sorts of features may
be added according to customer requirements. On the sample handling side automatic sample changers of various sizes are offered.
On the data handling side starting from the multi-channel analyser
almost any data handling up to pushbutton operation for elemental
analysis and CRT-display is available. Computer software is
usually offered as a package to go along with the spectrometer.
The usual matrix correction formulae are included just as well
as spectra treatment techniques to 'enhance resolution, integrate
peak areas and correct for interfering peaks. Correction for Kß
lines and overlapping parts of Ka lines is sometimes done by
either stripping of standard spectra stored on magnetic tape or
by least square curve fitting programs. The latter method is
particularly interesting for routine analysis of certain samples
in which the elements which are present are known. In that case
of course extremely good results are obtained. Typical analysis
times are still in the order of 100 to 1000 seconds. A new
technique aimed at increasing useable solid-state detector
count rates without loss in energy resolution is utilizing a
pulsed X-ray tube. Using a grid the X-ray primary beam is turned
off whenever a busy signal from the solid state detector system
is received. That way any unnecessary overloading of the spectrometer is avoided and useful count rates which may be processed
without distortion of the spectrum are reported to be doubled.
At low concentrations detection limits and accuracies are limited
by the background of scattered radiation. Attempts are therefore

made to overcome this problem. A very promising method in this
direction is the use of Bragg reflected polarised primary X-rays
[6]. Detection limits of a few nanograms have been reported
recently for this technique [7], This technique, however, is not
available commercially as yet.
A second group of laboratory instruments is based on EDXRF
using proportional counters or scintillation detectors.

Usually radioisotope sources are offered and the equipment
is in the form of a compact instrument rather than a system
which can be put together according to customer requirements.
The instruments are designed and built to suit certain requirements, i. e. analysis of one or at least a given set of elements
for which they are equipped. The place seems to be in the
laboratory for routine analysis of one type of samples. Analysis
times are rather short, ranging from 10 to 100 seconds. Built
in factory tuned discriminator circuits allow measurement of
selected elements without further energy calibration by the
user. The instruments seem to be very easy to operate without
any training of the operators. Direct conversion of count rates
to elemental concentration is provided on some instruments.
3.4 Borehole Probes

Borehole logging equipment using X-ray fluorescence techniques
has become available only recently [8]. The low energies involved in X-ray fluorescence analysis, especially for elements
of low and medium atomic number result in a low penetration
depth and furthermore restrict the application to dry boreholes. For measurement of tin and other high atomic number
elements the situation is better. It was for these elements
that probes were developed at first. However, the success obtained encouraged the use also for lower atomic number elements
and good results are reported even for elements like Cu, Zn.
The first instruments have been using a probe with two detectors
measuring simultaneously the fluorescent radiation filtered by
either one of a pair of balanced filters. In more recent
instruments the two measurements are made by the same detector
successively. The change of filters is done by remote control
from the electronics unit. Probes of this type are now available that will operate in a 5 cm diameter borehole.
Just very recently a probe using a solid-state detector became
available. It is using 238pu as excitation source and it is
designed for use in 10 cm diameter holes. It is not known what
type of cooling is used in the probe. However, the use of a
solid cryogen as used in other field applications is most
likely [9,1O].

As an alternative, an instrument was developed in the UK to
analyse borehole cores in the laboratory. Although the advantage
of in-situ information is lost, the more precise and still

rapid analysis seems to make the instrument a very useful tool
for mining operations.
4. CONCLUSION

Commercial equipment nowadays covers the entire range of applications of NDXRF and EDXRF for analytical purposes. The availability of high resolution solid-state detectors has opened
EDXRF a field of applications in the analytical laboratory
which was so far restricted to dispersive instruments. Borehole
probes and portable instruments are the areas where EDXRF or
NDXRF is nearly without competition. For on-stream applications
there seems to be a growing interest and it is very likely that
EDXRF installations will exceed the number of dispersive units
within short.
The use of EDXRF for borehole investigations is a relatively
new technique and it should have growing potential, too.
Once the technology is developed to use solid-state spectrometers
routinely for borehole logging this will be an excellent tool
for the prospecting geologist.

Two areas where improvement still is possible are methods for
reducing background from scattered radiation and improving the
count rate capacity of high resolution systems.
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APPENDIX

List of manufacturers of EDXRF and NDXRF instrumentation
The list contains names and addresses of known manufacturers
of EDXRF and NDXRF equipment. The author cannot take any responsibility for the completeness and/or correctness of the list.
Where information could be obtained about the products, numbers
following the company name indicate the availiability of certain
types of equipment:
1
2
3
4
5
6
7
8
9
10

Laboratory equipment
Portable equipment
On-stream systems
Bore-hole instrumentation
Radioisotope source for excitation
X-ray tube for excitation
Solid-state detector system
Proportional counter
Nal-scintillator detector
Computer supported system.

AMDEL

3, 5, 9, 1O

Flemington Street
Frewville, South Australia 5063
AUSTRALIA
APPLIED RESEARCH LABORATORIES

9545 Wentworth Street
Sunland, California 9104O
USA
ANALEX LTD.

1,5,8

Upper Basildon
Reading RG8 8LS
ENGLAND
COLUMBIA SCIENTIFIC INDUSTRIES

11950 Sollyville Rd.
P.O.Box 9908
Austin, Texas 78766
USA

1, 2, 5,

DAINI SEIKOSHA CO

2, 6, 8, 10

6-31-1 Kameido, Kato-ku
Tokyo
JAPAN
EDAX INTERNATIONAL INC.
P.O. Box 135

1,6,7,10

Prairie View, 111. 6OOO9
USA
HORIBA LTD.

1,6,8

Miyanohigashi, Kisshoin, Minami-ku
Kyoto 601
JAPAN
INAX INSTRUMENTS LTD.

306 Moodie Dr.
'Ottawa, Ont. K2H 8G3
CANADA
INSTRUMENTS S.A. (C.G.R.)

1, 2, 3, 6, 7

FRANCE
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FRANCE
KEVEX CORPORATION

11O1 Chess. Dr.
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MINTEK DIVISION
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ENGLAND
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1,5,7

Laben Division
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2O133 Milano
ITALY
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NORTHERN SCIENTIFIC

1, 6, 7, 10

2551 West Beltline HWY.
Middleton, Wise. 53562
USA

NUCLEAR ENTERPRISES LTD. 1, 2, 4, 5, 6, 7, 8, 9

Bath Road
Beenham
Reading, RG7 5PR
ENGLAND

NUCLEAR EQUIPMENT CORPORATION

1, 3, 4, 5, 6, 7, 10

963 Terminal Way
San Carlos, ÇA. 94070
USA
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FRANCE
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FINNLAND
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221 Crescent Street
Waltham, Mass. 02154
USA
PANAX EQUIPMENT LTD.

Willow Lane
Mitcham, Surrey
ENGLAND
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PHILIPS INDUSTRIES

Scientific & Industrial Equipment
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Princeton, N.J. 08540
USA
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San Carlos, ÇA 94070
USA
RIGAKU-DENKI

9-8, 2 Chôme
Sotokanda
Chiyoda-ku
Tokyo
JAPAN
SCHLUMBERGER ENERTEC

1, 2, 7, 10

Velizy
FRANCE
SEFORAD

1, 6, 7, 10
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Emek Hayarden
ISRAEL
SIEMENS AG
Abt. E 689

1,6,7,10

Rheinbrückenstraße 50
D-75OO Karlsruhe 21
FRG
TELSEC INSTRUMENTS LTD. 1 , 5 , 8

Sandy Lane West
Littlemore, Oxford 0x4 5JX
ENGLAND

TENNELEC INC. 1, 5, 6, 9

6O1 Turnpike
Oak Ridge, Tenn. 3783O
USA
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TEXAS NUCLEAR DIVISION

Ramsey Engineering Co.
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Austin, Texas 78766
USA
THE HARSHAW CHEMICAL CO.

6801 Cochran Rd.
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USA

UNITED SCIENTIFIC CORP.
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Analytical Instruments Division
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Computer Techniques In EDXRF Analysis
D.Schünemann
ORTEC G.m.b.H.

Herkomerplatz 2
8000 München 86
Federal Republic of Germany
Abstract

Different computer techniques presently used In EDXRF analysis are discussed.
A comparison of the formerly used hardware structure with a modern multibus
system with distributed functions, firmware capabilities and a floppy disk
system is given. Software methods described include the language, the qualitative analysis, different background subtraction and peak deconvolution
techniques and quantitative analysis approaches. Finally the typical software requirements for the industrial laboratory and the solutions available
are surrmarized.
Introduction
Energy-Dispersive x-ray fluorescence (EDXRF) Is a relatively new technique,
which is now being used extensively as a routine analytical tool for quality
control, process monitoring, geological survey studies, research, environmental monitoring, forensic studies etc. The analytical versatility of the EDXRF
method is due primarily to the ability of the Si(Li) detector to detect most
of the elements simultaneously and to the fact that the data are stored in
digital form and are easily available for computer treatment. While the analytical methodology used for EDXRF analysis is the same as for the wavelengthdispersive x-ray fluorescence (WDXRF) analysis, there are distinct differences in the hardware and software requirements for both types of spectrometers.
The purpose of this paper Is to review the different computer techniques presently used to EDXRF analysis.
Hardware
A typical configuration of an EDXRF system is shown by the schematic diagram
in Figure 1. The data acquisition and reduction block consists of the multichannel analyzer with its data storage memory and display and a minicomputer,
connected to the multichannel analyzer by a bidirectional interface. Input/
output peripherals like a "Floppy Qisk and a page printer are coupled to the
computer. The whole assembly integrates many stand-alone subsystems each
having its own chassis and own power supply.
Most of the suppliers of EDXRF systems are now using a slightly different
approach within their latest generation of instruments. Instead of using a
separate multichannel analyzer and computer, the whole system is built around
the data processor. The data acquisition/reduction part of such a spectrometer
Is shown In Figure 2.
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Figure 1. EDXRF system with separate multichannel analyzer and computer
system.

Figure 2. Modern energy dispersive x-ray spectrometer with uni t i zed data
acquisition and reduction system. Based on a microcomputer
different functional blocks are connected by multibus structure.
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A multibus structure connects the microcomputer, the processor memory, different input/output peripherals, a front panel with built in ASCII keyboard, a
large display'with character generator, ROM memories for firm ware programs,
a separate data storage memory, the main amplifier and the ADC. The electronics
in such configuration can be reduced to printed circuit boards and there is
only one power supply needed. This kind of architecture offers a lot of benefits to the user. First a substantial cost reduction is achieved since complete subsystems are reduced to boards. The firm ware programs written on
ROM's offer computational capabilities like linear calibration curves even
for the basic systems without the need of input/output peripherals. The
systems are more reliable and easier to service since a lot of connecting
cables are not used anymore and the on-site service can be done by exchanging
boards in most cases. Functional distribution can be used within the system
in order to have the computer free for data reduction and system control.
The standard input device to the computer in EDXRF systems is the floppy disk.
It is an attractive price and performance balance between low cost cassette
tape storage systems and more expensive core memory systems. The major disadvantage of a cassette tape system is the long access time (sometimes > 30
seconds) required to randomly access a file. In contrast, the average time
for a file on the disk is 90 milliseconds. The floppy disk is price-competitive with cassette tape systems on the market while offering some of the
speed advantages of more expensive disk storage systems.
The floppy disk uses relatively small, inexpensive
disk is removable; therefore, each user can have a
data at relatively low cost. E.g. the new double
a capacity of 256000 16-Bit words on each side of

flexible mylar disks. The
"library" of programs and
density floppy disks have
the disk.

I n computerized systems, the floppy disk w i l l be used for data storage as
well as program storage. Entire spectra of data or programs can be stored
on the disk for future reference. One of the nicest features of use in the
system is the ability to "overlay" programs in core, thus making it possible
to run relatively long programs without requiring the computer to have a
large amount of core memory. This is done by writing a program in segments.
A segment is read into core and executed. Any information needed by other
segments is saved for future reference. The next program segment is now read
into core "overlaying" the previous one. This continues until the entire program has been executed.

Computer languages
There are basically four types of computer languages: machine language,
assembly language, compiler languages and interpretive languages. Very few
programs are written in machine language because the statements are made up
of O's and 1's and it is difficult to use even for experienced programmers.
The next higher level language is assembly language. This is a symbolic language where there is nearly a one-to-one conversion from symbolic statements
to machine language.

Because programming in assembly language can become very tedious, higherlevel languages are normally used for EDXRF systems. These languages enable even an inexperienced user to write computational programs. Instead of
writing several assembly language instructions to do a task, one writes
single statements which can be translated into large blocks of machine-language statements.
17

There are two main types of high-level languages. One is compiler-based languages, such as FORTRAN or COBOL. The second Is interpreter-based languages
like BASIC. A compiler-based language requires the use of a translating program called a compiler, which takes a complete program expressed in high-level
statements, such as SET C=A"B+Df2, and translates it into a unique and selfcontained mach Ine-language type program. The resultant compiled program can
then be executed after it is loaded into the computer. The Important point
is that the compiling and executing processes occur In two distinctly separate
steps.
The interpreter-based languages have the characteristic that translation and
execution are simultaneous processes. The interpreter program, unlike the
compiler, remains core-resident during execution. The interpreter translates
and executes the program line by line. Because the interpreter Is core-resident, on-line editing and inmediate execution of programs is possible. However, because each program statement must be translated, as well as executed,
during the execution state, execution time is relatively slow. In addition,
memory space Ctypically 4K-6K) must be allocated to the interpreter itself
at al1 times.
EDXRF systems are either supplied with standard languages like BASIC or
FORTRAN, modified to ccrrmunicate with the system hardware, or with own interpreter languages developed by the company. In the latter case it is important
that the language can support a mass storage system, various computer peripherals and has the ability to perform software overlays. Special time consuming operations like matrix conversions should be made to run faster by rewriting them into assembly language and combining them with the rest of the
program. Some systems are offered with operating systems under which different
languages can be used. This certainly is the most attractive choice, since it
offers to the user the possibility to adapt more easily new programs as they
become available.

Analysis of energy dispersive spectra
The analysis of energy dispersive x-ray spectra can be divided into three
main parts:

1. Qualitative analysis for the determination and Identification of
the x-ray 1ines present In the spectrum.
2. Spectrum analysis for calculation of the area above background in
order to determine the intensities of all peaks of interest.
3. Quantitative analysis for determining the concentrations of the elements present including the corrections for interelement effects.
A lot of different programs or program modules are necessary to solve these
problems. The solution of each problem Is dependent upon the type of analysis being performed (qualitative, quantitative or both), the type of sample
being analyzed (cement, stainless steel, geological, etc.) and the number,
type and availability of standards.
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System Cal i brat Ion
If good results are to be obtained from an analysis, a system must be
properly calibrated. Three types of calibration are typically necessary.

Hardware Calibration - This step is performed during the system installation.
Assuming a linear relationship between energy and channel number, the calibration is performed to assure that the energy readout of the multichannel -analyzer is correct.
Software calibration for Integral Nonlinearity and Gam - Periodically the
system must be calibrated to determine the relationship between channel number and energy. The relationship must be accurately defined in order to properly locate the peaks present In a spectrum.

Software Calibration for Peak Shape - The peak shape of the x-ray lines in
a spectrum varies as a funtion of energy. In order to calculate the intensity
above background for the peaks present in a spectrum, using a mathematical
peak shape, the relationship between peak shape and energy must be accurately
determined. Since the peak shape is a function of the system hardware, this
calibration need not be repeated unless the characteristics of the detector
counting system change or a different detector is used.
If a multiple least squares Fitting program is used to determine intensities
with the help of pure element spectra, it is necessary to accumulate new
spectra or make proper adjustments if the detector system has changed its
characteristics.
Qua1i tat Ive Analysis

The first step In the analysis of any x-ray spectrum is the location and
Identification of each peak present. For the user always running the same
type of samples, manual identification of the lines is usually sufficient.
For a service laboratory or the user who runs many types of samples, an
automatic peak finder with element and x-ray line identification is desirable
if inexperienced people are operating the system. For many applications,
manual identification of the peaks present In a spectrum can be obtained quickly
and easily using the energy readout of the multichannel analyzer and a table
of x-ray energies <1>.
Special care is needed to avoid misinterpretation of non-element related lines
like sum-,escape-,scatter-,diffraction- and detector generated peaks <2>.
Another technique for qualitative analysis of a spectrum is the use of a
KLM-Marker, which is available from all EDXRF system manufacturers.
When the user selects an element, all x-ray lines of that element are displayed simultaneously on the multichannel analyzer display. The user can
then determine if the x-ray lines associated with the selected element are
present in the spectrum.

An automatic peak location and identification program can also be used for
qualitative analysis. Certain problems are associated with this method:
1.

Unless a least squares fitting techniques is used, a small shoulder
on the side of a larger peak is diff.icult to locate. In general,
multiple least squares fitting programs require a lot of computer memory
and 1 ong execut i on times.
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2. Very small trace element peaks are difficult to distinguish from
background.
3. The logic required to identify peaks is very complex. In some cases,
only the user can resolve an identification conflict.
The best approach to automatic peak location and identification is probably
a user-aided technique. In this case, the user may examine the final result
and add or delete peaks from the identification resolving any conflicts which
may have occurred.
Intensity Calculations

One of the most difficult problems encountered in the analysis of energy dispersive x-ray spectra is the accurate determination of peak intensities. The
two main problems which must be solved are:
1.

Calculation of the background under the peaks.

2.

Extraction of elemental intensities from both single peaks and severely
overlapped multiple peaks.

Several methods for background subtraction can be used. The method chosen should
depend on the type of analysis being performed. Some of the techniques currently
being used by various people are:

1.

Linear fit over a given region.

2.

Digital filtering and shape fitting techniques.

3. Mathematic modeling using a normalization and smoothing procedure.
4.

Subtraction of a blank spectrum.

A linear background calculation is often sufficient in spectra which do not
have large regions of overlapped peaks and when both the standards and unknowns are similar in composition. This technique has been successfully employed in many analyses . <3> <4>
The method of digital filtering has the advantage, that no user input is required and peaks are located automatically <4>. The drawback is that the
method tends to oversubtract the background. In particular this is true in case
of L-lines and when small peaks are located in the neighbourhood of large
peaks <&>. A direct peak analysis method is described in <5>. The background
is subtracted by linear interpolation between the end points of the window set
across the peak. This method is expected to be advantageous especially in
case of crowded EDXRF spectra.

For very complex spectra of unknown composition a normalization and smoothing
procedure is used within ORTEC's Seek program. The method works well both
above and below the 3keV energy region . Once the background has been calcu-,
lated, the result is displayed for user inspection by showing the background
superimposed on the spectrum. Figure 3 shows as an example a step within the
Seek program, where on top of the calculated background a peak is generated
in order to solve an overlap problem in the difficult 0~3keV energy range.
This kind of complex mathematical treatment will be necessary in case of
complex spectra like in Figure k, when the shape of the background hardly
can be seen, peaks overlap each other severely and when there is a large
variation in the composition of different samples.
20

o O/.O5

L

O/.O5

Co DOOHbb

Figure 3 . User aided peak intensity calculation using a mathematical
peak shape with exponential tails. Accumulated spectrum and
calculated backgrounds plus one peak as seen on MCA-display.
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The method. of subtracting spectra obtained from blank samples is useful
in the case of filter samples when the specimen is thin enough not to
produce substantial background and when the absorption of the background
radiation from the substrate by the specimen can be neglected
After the background has been subtracted, peak intensities must be calculated. Again, the method chosen should depend on the type of analysis
being performed. Some of the techniques currently being used by various
people are:

1. Mathematical integration of the peaks using user-selected regions.
2. Least-squares-fitting of the spectrum to reference pure element spectra.
3. Spectral deconvolution using a mathematical peak shape.
Mathematical integration of peaks over given energy regions is the standard
method in conjunction with the linear background subtraction routine. This
technique is used primarily when the standards and unknowns are similar in
composition and do not vary over extremely large concentrations such as in
qua 1 ity control applications.
For more complex spectra with severe overlaps, such as stainless steels, a
peak deconvolution routine is needed.
The multiple least squares fitting program was first introduced by Tracor
Northern. It uses stored pure element spectra in order to deconvolute overlapping lines. No background subtraction is necessary and anomalies in the
detector response are automatically compensated.

When using a mathematical peak shape, the success of the method is very dependent upon the accurate determination of the peak shape.
Detailed studies of x-ray spectra from many detectors show that the peaks in
a spectrum can be described mathematically as a function of energy for a
particular detector and counting system. The use of a calibrated peak shape
eliminates the need for storing pure element spectra for the elements being
analyzed. This reduces the number of samples which must be run in order to
perform an analysis and eliminates the need to find hard (or impossible) to
get pure element standards.
The studies of x-ray spectra show the need for a complex peak shape rather
than simply a Gaussian peak shape. The low energy tailing in the spectrum must
be accounted for în order to accurately determine intensities, particularly in
areas where a small peak overlaps a large peak of higher energy. Therefore,
a peak shape consisting of a Gaussian plus a low energy tail has to be used.
Since the peak shape parameters for both the Gaussian and the low energy tail
vary as a function of energy, the peak shape versus energy relationship is
measured by taking spectra from a few selected elements and stored on the
floppy disk for later use.
The total peak shape is given by many lines which are not necessarily resolved by the Si (Li) detector but have to be used for the calculation in order
to get a good fit especially in case of complex L-spectra. Table 1 shows the
output of the Seek program for a stainless steel sample. The small Mn-intensity was totally overlapped by the Cr-Kßand Fe-Ko^ peaks. A goodness of fit
estimate is possible by the chi -square values shown.
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Table 1 . Printout of Seek, a computer aided background subtraction and
intensity calculation program. Severe overlaps problem solved
for the case of a stainless steel sample.

«** REPORT *•»
STEEL
3-28-76
DAT« COLLECTION TIME (SEC)!
ENERGY
<KEV>

INTENSITY
. <CPS>

KA2
KB I

A. 510
4.304
4,931

1.130
0.590
0.241

CR

<A1
KA2
KÏ1

5.414
5,405
5.946

151. 9B6
75.961
28.028

2.757
2,757
5.646

NN

KA1
KA2
KB1

5.898
5.8B7
6.489

15.233
7.613
3.12«

0.461
0.461
3.771

KA1
KA?
KB1

6.403
6.390
7.057

451.935
225.842
92.877

2.417

KA1
KA2
KB1

7.477
7.460
8.263

43.150
21.561
8.891

0.666

1,721
0.860
0.355

2.796
2.664
I.9B1

Lint

ELEMENT

>'A1

•

FE

NI

CU

KA1
KA2
. KE1

8.046

8.026
8.904

I«ESIDUAL ERROR
(CHI-50)
3.190
3.1»0
0.665

4.329
6.329
9.862
2.564

TOTAL CHI-SQI
»•* REPORT COMPLETED ***

Table 2 . Printout example of SNAP, a quantitative fundamental parameter
program with minimal standard requirements.

*** REPORT *#*
SAMPLE *

ELEMENT

ID: *4
WEIGHT
PERCENT

OXIDE

1.52
MGO
3.52
A.L203
7.09
SI02
0.20
S 03
1.33
K 20
26.04
CAO
1.94
FE203
58.34
0 *
* DETERMINE!" BY ÜIFFERENCE
#
MB
AL
SI
3
K
CA
FE
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PERCENT
2.52
6.65
15.16
0.51
1.61
36.44
2.77
34.35

Quantitative Analysis

The problem of converting measured intensities into mass concentrations
arises from the fact that the measured intensity from a characteristic
x-ray line of an element depends not only on the mass concentration of
that element but also on the nature and abundance of the other elements
1n the sample. Therefore, to obtain the most accurate concentration of the
element in a sample, the effect of the other elements in the matrix must
be taken into account and corrected for.
Methods of calibration effects fall into two categories. One uses equations
theoretically derived from first principles and certain physical constants
and parameters (including absorption coefficients, fluorescence yields,
excitation spectrum, and geometric factors) <6>. The second method is empirical and uses standards similar in composition to the unknown to quantitatively
define the extent of the interelement effect. The program selected for analysis is dependent upon the particular application and the accuracy desired.

Some of the more common techniques being used are summarized below.
CORSET is a program which computes concentrations using fundamental parameters
approach <7>
Rasberry-Heinrich calculates concentrations using a regression technique <8>.
Lachance-Trai11 calculates concentrations using a regression technique <9>.
Linear or quadratic working curves.

Exponential interelement correction technique. (ORTEC)

A drawback of the CORSET program is that it requires a large amount of core
memory and therefore is unsuitable for minicomputer operation. A modified and
simplified version is available for a minicomputer <10> and commercially
available <11>. Table 2 shows a printout of the ORTEC version.
The Rasberry-Heinrich program represents an empirical method for the calibration
of x-ray fluorescence analysis In the presence of interelement effects. It
differs from previously proposed methods in that the effects of secondary
fluorescence and of absorption are considered separately, with different
expressions, in the calibration equation. This approach has been shown to
be accurate and applicable over wide ranges of composition. In their experimental work, Heinrich and Rasberry have shown their calculations to have less
than 4% relative error in most cases and less than 1% in many cases. The absolute error in the correction has been shown to be not more than 2%.
Lachance-Trai11 is widely used in x-ray fluorescence analysis and for much
of the work gives results sufficiently accurate for the type analysis being
done. It is somewhat less complicated for an inexperienced operator because
he does not have to determine whether the effect of one element on another is
absorption or enhancement. Using the Heinrich-Rasberry program he must deter—
mine which effect is present.
The programs are quite similar. Examination of the equations shows that
Heinrich-Rasberry is an extension of Lachance-Trai11 — the only difference
being the B coefficients for enhancement in Heinrich-Rasberry.
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Both programs allow the use of either mixed element standards or mixed
element standards plus pure standards.
Linear or quadratic working curves are available for most corrmercial
systems and adequate for many analyses. Even when corrections for interelement effects are necessary a linear least square fit Is useful to decide which matrix corrections could improve the results.
An exponential interelement correction technique is used in ORTEC's FLINT
program. In this model the concentration C. of the Î th_ element is given by
CpBj+Bgl,

. exp CB3 Clj-B^))

The interaction coefficient B for element j on element I can be either
positive or negative to reflect an enhancement or absorption effect. I. and
I. are the observed x-ray intensities for the Î th and j th element.
J
—
—
The interaction coefficients are determined by a nonlinear multiple least
squares fit of the standards concentrat ion-intensity data. This requires
a minimum of n+3 standards where n is the number of interferring elements.
It has been observed that when every element in an assay scheme is corrected
for every other element present, unreliable concentrations result <12>
Therefore, the FLINT program allows one to perform interelement corrections
for only those elements where corrections are necessary. That is, one makes
interelement corrections to provide concentration curves only to the accuracy
required. The program generates an error factor (similar to a reduced chl value)
that helps one decide whether that particular interelement correction improves
the calibration curve.
Table 3 shows a comparison of the FLINT results and the standard values for
the case of cement analysis. For major elements an accuracy of 0.2 weight %
can be achieved.
Different fundamental parameter programs with some sort of simplification or
combination with the influence coefficient method can be found, <13>, <14>,
<15>. The accuracies achieved vary between 0.3% absolute and 2-10% relative
for major elements.
Criss and Birks, who have introduced the fundamental parameter method in
1968 <16> recently have developed a new program combining the fundamental
parameter and empirical coefficient method <17>. In this program the disadvantage of the fundamental parameter method, that the accuracy of the available
paramters is not sufficient, Is compensated by using one multÎcomponent standard. If more than one complex standard is available the fundamental parameters
are adjusted in a weighted average fashion. The accuracies achieved are reported with 1.2% relative for major elements and 1.6% relative to minor elements.
The program is written in FORTRAN and needs a large computer in the moment.
However, with some simplifications it is expected to run in a mincimputor/
floppy disk environment as well.

Special programs are developed to handle environmental filter samples <18>,
<19>. A very desirable feature for this kind of analysis is a particle size
correction calculation <17>,<18>.
Software requirements for the industrial laboratory
There are a number of programs available for different problems to be solved
by EDXRF. No single approach is known to solve all problems.
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Table 3 . Comparison of standard concentrations for portland cement
with values achieved by FLINT, an empirical coefficient
program with exponential interelement correction.
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Table 4 . Printout of an automated program with matrix correction
and calculation of process control parameters.

14 HOURS
l« HINUTE9
RAUmx
TIHt!
10 SEC
ELEMENT

INTENSITY
CPS

2- 14- 77

lCONCENTRATION
X
13.774
2.927
1.335

2I83.VSO
220.950
J S3. 973
10377.700
72.300
244.130
2M.730
29. 250

81
M.
FE
CA
NO
S
K

NA

SAMPLE

41.748
2.45B
0.416
0.441
0.124

L.088 FREE OXIDE
(:ONCENTRATION Z
21.803
4. 433
2.114
6&.O8«
3.8V1
0.462
1.014
0.174

FE IS OUT OF THE INTENSITY RANGE OF THE STANDARDS

C3S
C4AF
A/F

-

47.30
4.43
2.1»

11.74
0.77
3.42

C2S
LS
BI

100.40
74.44

TOTAL PLUS LOSS
OXIDE TOTAL

END OF ANALYSIS
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C3A
S/R
L

-

8.70
3.23
18.37

The software requirements for the industrial chemist are derived from his
analytical needs : elements or oxides of interest, precision, accuracy,
concentration range, cost and time for analysis. The computerized energy
dispersive spectrometer often fulfills these needs when appropriate software is a part of this x-ray system.
The software requirements for the setup of an assay procedure are quite
different from the requirements for the routine use of the assay procedure. The setup software must be flexible, have convenient means of finding
and correcting error sources in the assay procedure. Whereas the assay or
process monitoring software must be similar enough, that is, rigid enough,
to be operated by a semi-skilled technician. Therefore, it is useful to
have separate programs for standardization and assay. When performing standardization, we normally use a Marker program for elemental identification,
a program for spectrometer automation, peak intensity calculation and generation of working curves and a program of making interelement and normalization calculations. It helps a lot if each program has built-in aids for error
analysis. The errors in the x-ray analysis include random errors such as
counting statistics, speciment errors such as interelement effects and contamination, and equipment errors such as long term electronic drift.
These three programs are linked together so that they may be easily used.
The procedural steps and parameters are automatically stored for later
use. Thus, when assaying unknowns, the input to the software is merely the
filename of the assay procedure. The output of the program is the concentrations of the assayed elements.
When the qualitative analysis has been finished with the help of the marker
the most intense 1 Inès with the least spectral interference are chosen for
measurement. Then we generate linear working curves for each assayed element
and calculate intensities for suspected interfering elements.
Frequently we do not have a standard value for an element for one of the
standards. In this case, we input a minus one concentration for that element
for that standard. The program omits that standard in generating the working
curve for that element.
The program lists the statistical error and standard deviation for the standards,
prints an optional element by element analytical summary report and plots on
the multichannel analyzer display the working curve for each element.

At this point in the standardization procedure we often discover a data point
that is far off the working curve. This may be due to one of several reasons:
poor sample preparation on that sample, poor standard value, typing error, etc.
The working curve is quickly redefined since Intensities of the standards as
well as the listed concentrations are retained.
We change the concentrations for the poor standard to its proper value or
minus one If we want to drop it from the working curve.
Occasionally, one standard has an unsuspected element In sufficiently high
concentration to cause a spectral or matrix effect on an assayed element.
This effect can be evaluated since each standard spectrum can be stored, recalled and displayed on the multichannel analyzer for examination. The working
curve may then be redefined by using alternate peak region definitions or an
intensity measurement may be made on the interfering elemental lines.
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Figure 5 . SiCL determination in portland cement. Uncorrected linear
calibration curve for standards (top) and calibration curve
after interelement corrections with FLINT (bottom). Same
curves can be compared on the display of the multichannel
analyzer.
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Thus it Is unnecessary to reprepare perishable standards nor to reaccumulate
x-ray spectra for the suite of standards. Next we use the matrix correction
program to reduce interelement effects. Here we are occasionally plagued with
a poor standard or a poor standard value on one element in a standard. We have
often found that the standard with the largest deviation is not the poor standard.
Therefore, an optional search for a poor standard is very helpful. The elemental
value of that standard may then be omitted from the standardization curve.
Normalization corrects for long term drifts in the x-ray system. A durable
sample is assayed (reference normalization) at the time of standardization.
This durable sample Is reanalyzed (renormalIzation") on a routine basis. The
ratio of reference normalization intensities defines the normalization factor
for each assayed element or a small number of normalization factors for subsets
of the assayed elements. This normalization procedure is established at the
time of standardization.
A useful routine is the option of drawing on the multichannel analyzer display the working curvte of each element. In the first half of the display
is the linear uncorrected curve and data. In the second half of the display
Is the working curve and data Interelement corrected data. The curves and data
may be examined s Ide-by-si de or overlapped.
Figure 5 shows these curves for the case of SiCL determination in Portland
cement. As the assay procedure Is generated, the program records onto the
floppy disk each step in the procedure and the parameters associated with
that step. Thus, when we assay unknowns, we merely type In the name of the
file where the assay procedure is stored. The program then sets up the energy
windows for each element assayed, takes the data, and performs the normalization
and Interelement corrections automatically.
For specific applications special calculations are added to the standard
program in order to get some important process control parameters additionally
to the weight percent values.
Table 4 demonstrates this kind of capability by a sample printout for the
rawmix control In a cement plant.
The same procedure was used successfully in diverse applications like the analysis of soil, fertilizers, ores, rocks, sediments, steels, slag, air filters,
nuclear fuel, pharmaceuticals etc. <3>, <21,22,23,24,25,26>
Conclusion
Complete sets of software for EDXRF analysis are available, fulfilling the conflicting requirements or flexibility for standardization and simplicity for
the assay routine work. The availability of fundamental parameter approaches
furthermore extends the applicability to those .cases, where complete sets of
standards are not available.
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TECHNIQUES FOR MINIMIZING INTERFERENCE IN

ENERGY-DISPERSIVE X-RAY EMISSION ANALYSIS
J. R. Rhodes
Columbia Scientific Industries
P. 0. Box 9908
Austin, Texas 78766 U.S.A.

ABSTRACT
Techniques for minimizing interference in energy-dispersive X-ray
emission analysis are reviewed. A total of 71 references covering the
time period 1968 to 1978 describe developments in spectrum acquisition
and analysis, and correction methods for absorption, enhancement and
particle size in the sample. Relevant sample preparation and calibration
methods are included.

1.

INTRODUCTION

The strategy in X-ray emission analysis can be summarized as the
optimization of three stages of analysis so as to yield the desired results in terms of number of elements, sensitivity, accuracy and sample
throughput. The three stages are sample preparation and presentation;
spectrum acquisition and analysis to yield the net characteristic X-ray
intensities, and conversion of the latter to element concentrations.
Calibration interacts with all three stages but mainly with the first and
third.
The use of techniques for minimizing interferences represents a major
part of the analysis strategy and touches on all aspects of it. Selection
of a particular technique depends on the type of sample to be analyzed
(e.g., alloys, powdered solids, solutions, "thin" specimens), the calibration procedure, the characteristics of the spectrometer (method of excitation and detection), the available computing power and, not least, the
objectives of the analysis. It is not surprising, therefore, that almost
every leading X-ray emission analytical laboratory has evolved its own
analytical procedures and that there is a continuous spectrum of techniques
for minimizing interferences.
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Energy dispersive X-ray emission spectrometry has developed mainly in
the last eight years, starting after the wavelength dispersive technique
had already matured. Where possible, established methodology has been
carried over. This is particularly the case with preparation and presentation of thick samples such as alloys, powders, fused beads and solutions.
Two books [1,2] describe current technology in this area. They also serve
as good introductions to the physics of X-ray spectrometry. Established
methods are also carried over from wavelength-dispersive X-ray analysis
for the conversion of characteristic X-ray intensity to element concentration. These are reviewed herein. Even in the case of spectrum analysis,
where much original recent work has been done, a good deal of technology
has been acquired from neutron activation analysis and adapted to energy
dispersive X-ray spectrometry.

Energy-dispersive X-ray spectrometry differs from the wavelength dispersive technique in three main respects and these differences have resulted in the bulk of the new literature, the new technology and the new
applications. First, the energy-dispersive spectrometer collects the whole
spectrum quasi-simultaneously, so that at the end of the spectrum acquisition period all the characteristic X-rays excited are available for observation and analysis. This makes it a true multielement technique.
Secondly, the total detector count rate is limited (to about lOVs) so that
in practical analyses lost counts through dead time, and spectral distortion through pulse pile up, are significant problems. Thirdly, the barely
adequate energy resolution (10% to 2%) in the energy range of most interest
(2 keV to 10 keV) makes accurate spectral peak deconvolution and background
subtraction of major importance. The rapid growth of applications to
multielement qualitative and quantitative analysis of pollutants in the
form of thin specimens has followed directly from the first two properties.
On the one hand the multielement nature almost eliminates the danger of
"missing" an unexpected pollution element and on the other, the thin
specimen minimizes dead time and pile-up problems [3,4].
2.

2.1

SPECTRUM ACQUISITION AND ANALYSIS

Spectrum Acquisition

In almost all instruments the detector is a lithium-drifted silicon
diode (Si(LI)) whose output pulses must be amplified and shaped before
being sorted according to pulse height in a multichannel analyzer. The
constraints on the amplifier are severe because the (random) input pulse
rate is of the order loVsec and each pulse must be handled with negligible
degredation in pulse height resolution. Sophisticated pulse pile-up rejection and baseline restoration circuits are included to eliminate resolution loss and pulse height (i.e., gain) shift with count rate.
This imposes a significant pulse processing (dead) time which can be as
high as 100 yS. A trade-off exists between dead time and resolution.
Automatic dead time correction Is now provided in most commercially
available instruments.
The state of the art of this electronic circuitry is very good and
has reduced spectral distortion to a low value which is negligible in
many applications. However, it is a fundamental limitation of the technique and a source of interference, especially for thick samples and

34

when the low energy end of the spectrum is relatively intense. Statham [5]
and Gardner [6] have analyzed the problem in some detail. Statham suggests
a correction scheme involving measuring the efficiency of the live-time
correction circuits and including an empirical loss constant to account
for less than 100% efficiency. Similarly an empirical factor can be
included to reduce errors due to pulse pile up. Gardner has developed
methods of calculating the sum spectra from true spectra and vice-versa.

ters
line
good
ful.

Normally the gain and resolution of energy-dispersive X-ray spectromeremain quite stable over both short and long time periods. The baseis slightly less stable. The stability of these parameters must be very
for all but the the simplest spectral analysis methods to be successIt must be excellent when the methods of library spectra fitting are

used (see Section 2.2). Gain and baseline are usually monitored via pre-

determined X-ray peaks using a subroutine in the computer program. Sometimes a provision in the instrument hardware is made for including stable
reference sources. Also electronic gain and baseline stabilization may be
incorporated in the instrumentation.

2.2

Spectrum Analysis
Spectrum analysis involves some or all of the following steps.

Peak Search - This can be done at any stage for the purpose of qualitative analysis of unknown samples, or as the initial stage of quantitative
analysis. Since characteristic X-ray energies are accurately known and
relatively few in number it is practicable to store a list in a computer.
Since they follow Moseley's Law it is also practicable to store an equation
and generate the energies and relative intensities, thus using less memory.
A peak must be distinguished from background and from artifacts such as
Si escape peaks and pile-up peaks. Its characteristic shape (Gaussian or
approximately so) is useful in this respect.
Background Subtraction - The different methods of excitation —

electrons, positive ions, monochromatic X-rays and bremsStrahlung each
produce characteristic background shapes which often lead to different
methods of background subtraction. Electron and positive ion excitation
yields relatively high and sharply curved backgrounds that peak at a few
keV and tail off roughly exponentially with increasing energy. They are
due to bremsstrahlung and Compton scattering. Excitation by X-ray lines
(from radioisotope sources and X-ray tubes with secondary fluorescers or
transmission targets) yields a low intensity, slightly concave background
under the characteristic X-rays with an intense backscatter peak near the
source energy composed of one coherent and one Compton scatter peak per
incident line. Excitation by a continuous X-ray spectrum yields a medium
intensity, convex background spectrum due mainly to Compton and coherent
scattering of the incident bremsstrahlung.
Resolution or Deconvolution of Peaks - Most of the interferences
arise from the KQ line of one element being unresolved from the Kg or La
or Mag lines of another element (e.g., CoKa-FeKg, AsKa-PbLa, SKa-PbMag
VKct-TiKg-BaLg). In thin specimen analysis the self-absorption in the

sample can usually be assumed to be constant so the Kß/Ko, Kß/I^ or I-
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intensity ratio of a given element will not change with sample composition.
Thus a table of experimental "overlap factors" of one element line on

another can be set up using non-interfering standards. This is perhaps
the simplest method of peak deconvolution. Other methods in use include

stripping of experimentally obtained or analytically derived spectral
shapes and fitting of library spectra which have been experimentally
obtained or analytically derived.

Peak Integration - The last stage in finding the characteristic X-ray
intensity from the sample may be implicit in the deconvolution method or

may have to be done as a separate step. The possible need to subtract
peaks found in a blank or control sample should not be overlooked.

These

may arise from materials or contamination in the spectrometer and from
impurities in the sample substrate or holder.

Statham [7] reviews methods of background subtraction and peak deconvolution/integration with special reference to electron-excited spectra
from thick specimens. He discusses background subtraction by linear or
non-linear interpolation under the peak, fitting of a calculated shape,
and filtering a fourier transform of the spectrum, taking advantage of the
fact that the "frequency" of the peaks is higher than that of the background. He also covers peak integration using deconvolution by "overlap
factors"; least squares fitting using peak profiles from standards or

calculated peak profiles; and iterative spectrum stripping which involves
repeated subtraction until no peak is detectable according to a pre-

determined criterion (usually based on the statistical error of the background) .

Russ [8] also reviews methods of spectral analysis, with special
reference to bremsstrahlung excitation of thick samples. A significant
feature of this spectral background is the presence of absorption edges
corresponding to major elements in the sample. He concludes that no
method is a panacea, that each method is most appropriate to a given

subset of applications and instrument properties, and that the user must
decide which is best for him.
2.2.1

Smoothing, Stripping and Filtering
Tominaga [9] compares various methods of spectral smoothing including

Savitzky's 5 point quadratic fit [10] (perhaps the simplest) and several
Gaussian filters, with least squares fitting of standard peaks and a
polynomial background, and with peak integration using Covell's method [11].

He concludes that if the background is fairly linear near the peak Covell's
simple method of peak integration is satisfactory. Savitzky's method for
smoothing is also satisfactory if only light smoothing is attempted.

In

a discussion of the application of the radioisotope-excited method to
alloy analysis, Marr [12,13] describes the location of peaks by the
Savitzky method, followed by linear interpolation for background sub-

traction and peak integration. Nielson [14] describes the use of Covell's
method of peak integration, modified by finding the exact integration

window boundaries. Prior to the Integration Savitzky's 5-point leastsquares quadratic smoothing is done. This approach is analyzed in detail
and it is concluded that the independence from background is a significant
advantage for analyzing crowded spectra; peak overlap errors are adequately
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corrected for using "overlap factors" and the method is very suitable for
use with a small computer.
Harrison [15] describes a method in routine use where the excitation
source is an a-particle beam. He subtracts background by multiplying a
stored blank spectrum until it fits the unknown at several preselected
points. After background subtraction the Savitzky 5-point smooth is used,
followed by a Gaussian fit to locate peaks. Experimental overlap factors
are used to sort out unresolved peaks. The majority of samples analyzed
are "thin" specimens. Semmler [16] discusses the problem of background
subtraction from proton-excited X-ray spectra without the use of blanks.
In the analysis of spectra from one-of-a-kind, thick specimens a characteristic blank is not available. He points out the disadvantages of
stripping or fitting library spectra — the need for a prior knowledge
of all the components and a highly stable instrument gain. Fitting of a
polynomial function to the background is considered unsuitable because of
the high degree required (at least ninth degree). Note that we have found
fourth degree polynomials to satisfactorily fit the background from a thin
specimen excited by monochromatic X-rays. He concludes that the best
technique for his case is to perform a Fourier transform and then use
filtering techniques to extract the peaks. The frequency of the statistical noise will be much higher than the peaks (being approximately equal
to the reciprocal of the channel width), whereas the frequency of even the
highly curved proton-excited background is lower than that of the peaks.

2.2.2 Least Squares Fitting of Library Spectra
Arinc [17] and Gardner [18] point out that the method of linear least
squares fit of library spectra to the unknown a), has the most fundamental
basis, b), is capable of yielding the most accurate results possible
(because it sacrifices no statistical accuracy) and c), provides an estimate of the statistical error on the determination of each component in
the presence of all the other components. The method is derived and
explained clearly. The main fundamental problem is whether or not the
background spectrum can be considered to be a true linear component. If
its shape does not change from standard to sample, it can. For analysis
of air particulate filters using monochromatic X-ray excitation this
assumption is closely adhered to In practice and the quality of fit using
an experimental blank spectrum is good. We have employed this method
routinely for six years using this type of source and sample, with very
satisfactory results, although we obtained even better fits using a fourthdegree polynomial for the background spectrum (unpublished). The capability of the library least squares fit approach to accurately unfold
unresolved spectra is often quite outstanding.
Gardner [19] goes on to examine the effects of gain shift, baseline
shift and missing library components. A gain shift of 1% or a baseline
shift of 0.2 channels (in the channel region 50-130) each yield significant
fitting errors. A missing library component appears in the "residual
spectrum" and causes a very bad fit close to the main peak of the missing
component.

Gardner [19] also considers Monte Carlo simulation methods to study
possible ways of correcting for the second-order non-linear effects of
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pulse pile up, changes in background shape and sample heterogeneity. He
also investigates the possibility of using generated analytical functions
for all the library spectra, composed of a Gaussian peak, an exponential
low energy tail and a flat portion going to zero energy.
Schamber [20] has developed a "filter-fit" technique in which a digital
filter is applied to all library spectra and unknowns prior to the least
squares fit. The source in his apparatus is bremsstrahlung and the samples
are in general thick, so the background shape is a more significant factor.
He uses a rectangular filter symetrical about zero and having a width about
equal to a characteristic X-ray peak. This eliminates linear and slightly
curved backgrounds. An added advantage is that the continuum part of each
elemental spectrum is also eliminated.

Gehrke [21] examines the application of least squares fitting to
electron-excited spectra. He uses an empirical background spectrum from
graphite. To minimize gain drift errors he repeats the fit for slightly
different values of gain above and below the experimental value, until the
best fit is found.
Kaufmann [22,23] reports the development of the least
to proton-excited spectra. The background is described by
components, bremsstrahlung (using an exponential function)
scattering (using a linear function). A Gaussian shape is
element X-ray peaks.

squares method
two independent
and Compton
used for the

Willis [24] describes another approach to analysis of proton-excited
spectra. In this, the operator uses an interactive light pen to manually
select a set of data points on the unknown spectrum to which the computer
must fit its background (using a 5-term function). Gaussian functions are
fitted to characteristic X-ray peaks. Good results have been obtained for
thick and thin biological specimens containing nothing but trace elements.
Escape peaks, pile up and low energy tailing are not accounted for. The
consequent error is negligible. This is thought to be due to there being
no intense peaks in the spectra.
Finally, one should be aware of the usefulness of limiting the region
of the spectrum over which the fitting is done. With monochromatic excitation the backscatter peak can be excluded from the fitted region and the
influence of background reduced one to two orders of magnitude. Also
unwanted element peaks can be omitted from the fitted region, even if they
are in the middle of it, by splitting up the region.
3.

CONVERSION OF CHARACTERISTIC X-RAY INTENSITY TO CONCENTRATION

The basic method of finding the element concentration from its X-ray
intensity Is to compare the measured intensity for that element with the
corresponding intensity from a standard, or with a calibration curve
generated using a suite of standards covering a range of concentration of
the measured element. For many specific applications, where only one or
two elements per sample are being determined, it is as simple as that, and
earlier books [1,2] and reviews [3,25] cover this basic approach with
special reference to energy dispersive X-ray emission analysis.

38

However, complications, arise because of self-absorption of incident
and characteristic X-rays in the sample ("matrix absorption effects"),
secondary excitation of elements in the sample by characteristic X-rays
from other elements ("matrix enhancement effects"), and effects of sample
heterogeneity (e.g., particle size effects). When many elements are
measured in the same sample the unfolding of the resultant interelement
effects can become a challenge. Moreover, the idea of comparing X-ray
intensities from the sample with those from standards has a practical
drawback in that thousands of standards of different types and materials
would be needed as a result of the very versatility of the technique. So
a lot of effort has gone into developing calculation methods that need
only a few pure element standards or no standards at all. This approach
is called the "fundamental parameters" method and has only recently become
feasible. It relies on accurate knowledge of X-ray absorption coefficients,
emission cross sections and source spectra.
Over the last 15 years, more or less concurrently with the development
of small computers, a number of methods for solving the matrix of simultaneous equations that arises from a multielement comparison of a sample
with standards have been evolved. These are called "empirical coefficients"
methods and have found wide use In multielement wavelength dispersive X-ray
fluorescence analysis of thick samples such as metals and ores. The
applicability of both fundamental parameters and empirical coefficients
methods to energy dispersive X-ray emission spectrometry has been examined
more recently.
The so-called matrix effects are absent in the analysis of ideally
thin samples 13,4] and the element concentration (expressed as mass per
unit area] is a linear function of characteristic X-ray intensity over
several orders of magnitude. Interelement effects are also absent, so a
single suite of elemental standards should suffice for calibration of all
thin sample analyses. In practice, however, absorption and particle size
effects are significant for light elements (up to about Fe in the Periodic
Table) when analyzing particulates deposited on filters, which for reasons
already mentioned, is a major area of application of energy dispersive
X-ray spectrometry.
3.1

Thick Samples

Essentially all solid and liquid samples (alloys, glasses, ores,
solutions) that are not deposits on filter paper are "infinitely thick"
for their own characteristic X-rays. Rasberry [26], Jenkins [27], Marr [28]
and Tertian [29] review the various empirical coefficients models, and
Rasberry [26] and Tertian [29] propose new ones. These papers discuss the
basic assumptions of each model (there are some 14 models), compare the
mathematical formalisms and describe the ranges of applicability. Although
their treatments have special reference to wavelength dispersive X-ray
analysis, the papers are entirely relevant to an understanding of applications to the energy dispersive method. In fact all the models are
directly applicable to energy dispersive X-ray spectrometry after minor
modifications to take care of any differences in data acquisition and
sample geometry. To date only Rhodes [30] and de Jesus [31] appear to have
experimentally verified the use of an empirical coefficient method in
energy dispersive X-ray analysis. In both cases radiolsotope source
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excitation was employed. Rhodes demonstrated good accuracy for several
elements in steels while de Jesus did the same for iron, copper and zinc
in ores. Marr [13] has discussed the application of empirical coefficients
to non-ferrous alloy analysis But did not present any experimental data.
The fundamental parameters method has had more attention and may be
better suited to energy dispersive spectrometry than it is to wavelength
dispersive spectrometry because the relative stability of the source
(especially if radioisotopes are used) and spectrometer prevent stored
spectral parameters from becoming out of date. In addition when monochromatic excitation is used a major problem with the fundamental parameters
method is removed. This is the need to calculate sample mass absorption
coefficients and emission cross sections for continuous incident X-ray
spectra. Monochromatic excitation is generally not practical in wavelength
dispersive X-ray spectrometry. Shen [32] describes a pseudo fundamental
parameter method adapted to energy dispersive X-ray analysis. Empiricallyderived curves of pure element intensity vs atomic number are stored
together with absorption coefficient and emission cross section data.
The unknown sample composition is calculated using an iterative procedure
on a 16 K minicomputer. Reasonable accuracies were obtained for cement,
rocks, stainless steels and glasses. Otvos 133] describes a version
simplified for use with monochromatic excitation. One standard per element
is employed to establish the instrument response. Preliminary results for
steels and alumina-based catalysts showed excellent accuracy. Sparks [34]
also describes a method for monochromatic sources which requires only

single element standards. He reviews the fundamental parameters method in
detail and discusses methods of measuring the required absorption coefficients. Finally, Criss [35] describes a combined fundamental parameterempirical coefficients method which is available in the form of a computer
program, "NRL XRF", on magnetic tape and suitable for running on a large
computer such as, a PDP-10, IBM 360 or CDC 6400. It takes advantage of any
data available on standards whether single element or multielement. It
has all the relevant X-ray cross sections stored. A particle size effect
correction is included. Thick or thin, homogeneous or heterogeneous
samples can be analyzed. In its present form it is designed for use with
wavelength dispersive X-ray spectrometers.

3.2 Thin Samples

3.2.1 Calibration
In most applications the thin sample model [3] applies directly so the
main need is for calibration standards and methods. Since most analytical
samples are partlculate deposits on cellulose fiber or membrane filters it
is natural to try and make calibration standards in the same form. The
standards should have values of element mass per unit area In the range
1 to 100 yg/cm2, with an area of approximately 10 cm^. It is clear that
pure powdered elements or salts cannot be weighed accurately enough on
filters. Pradzynski [36] and Rhodes [37] developed two types of calibration sample; standard solutions deposited on filters and dried, and fine
particulates deposited from air suspension on preweighed filters, weighed,
and fixed with a layer of paraffin wax deposited as a solution and dried.
Solution dilution and microplpetting preserve the absolute accuracy of the
solution deposits. Homogeneous deposits are obtained by adding a water
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soluble organic polymer to the solution to hinder ion migration, and by
using a carefully planned wetting and drying procedure. Almost all elements
are available as well as several multielement standards with non-interfering
characteristic X-rays. Particulate standards of light elements are made by
grinding and sizing pure minerals. Spiked particulate reference material
has also been developed containing 8 trace elements spiked from standard
solutions onto pure, sized quartz which is then homogenized and baked. In
these cases enough of the particulate can be deposited on the filter to
weigh accurately. Baum [38,39] describes a method of depositing standard
solutions on filters and freeze drying to yield good homogeneity.

Semmler [40] describes a method for depositing fine particles from
liquid suspension uniformly onto membrane filters and fixing them with
collodion. The particulates used were pure element oxides and the problem
of weighing small quantities was circumvented by quantitative dilution of
the suspensions, which were assumed to be homogeneous and stable.
Evaporated metal films [41] are perhaps the obvious candidate for
making thin calibration standards. In practice, however, they are just as
difficult to make uniform as are the solution and particulate deposits.
Also relatively few elements can be vacuum evaporated to produce chemically
stable films and multielement standards are not feasible.

Dzubay [42] describes a method of making polymer film standards and
showed that their precision and uniformity is better than one percent.
Also, their ability to withstand repeated handling and X-irradiation
should be considerably better than that of the filter standards. An
organometallic salt is made into a homogeneous solution with a suitable
polymer and mutual solvent. A uniform film is made with a film casting
knife, allowed to dry, cut up and weighed. Unfortunately the stoichiometry
of the organometallic salts can be in error by a few percent so the element
content of the standards has to be determined by another analytical method,
making the standards non-absolute. An interlaboratory comparison of a
large batch of these standards is at present underway.
Pella [43] describes a method of preparing thin stable deposits of
the NBS SRM Orchard Leaves so as to provide a standard reference material
(as opposed to a calibration standard) in a form suitable for thin specimen analysis. The orchard leaves are reground, deposited from liquid
suspension, fixed and covered with a thin polymer film.
Most papers on air particulate analysis mention the calibration procedures used and it is not our purpose to review all these. However,
Camp [44] and Giauque [45,46] discuss in some detail calibration methods,
the use of different standards and the types of corrections to be made to
the X-ray intensities from the standards. Camp uses both vacuum evaporated
elements and dried solution deposits, and plots the element response factor
(counts/s per yg/cm2) against the log of atomic number to obtain a smooth
curve. Good values for missing and erroneous points can be interpolated
from this curve. Giauque [45] does the same but relies more on theoretical
X-ray cross sections and fluorescent yield data to provide interpolated
element response factors. In his second paper Giauque [46] discusses four
calibration methods: 1) evaporated metal thin standards, 2) multielement
solutions nebulized and deposited on filters for relative intensity
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standards, 3) the semiempirical approach described above and 4) thick pure
element discs for light elements whose response factors are low.
Akselsson [47] discusses methods used for calibration of a proton-

excited system for analysis of thin samples smaller than the proton beam,
thin samples larger than the beam and thick samples larger than the beam.

Finally, three papers describe intercomparisons. Camp [20,21] describes two interlaboratory comparisons in which each analyst was supplied
with a similar set of samples comprising a multielement dried solution

deposit, a particulate mineral of known composition deposited from air
suspension and a real air particulate deposit. The main conclusion was
that the agreement between the various energy dispersive X-ray emission
analysts (other techniques were represented) was very good indicating that
1) the synthetic samples were uniform and reproducible and 2) each analyst's
calibration method was satisfactory. However, these intercomparisons did
not really address the problems of substrate absorption and particle size
that cause errors at low atomic number.
Stiles [50] compared vacuum evaporated metal deposits with dried solution deposits and found significant systematic discrepancies. The precise
cause of these discrepancies was never found. It may have been inherent
in this particular experiment since implicit agreement existed before and
since between these two types of standard.
3.2.2

Substrate absorption

For elements below about iron in the Periodic Table, practical air
particulate deposits are no longer ideally thin. Between Fe and the limit
of the method, which is about Al, absorption effects increase. However,
interelement effects do not appear to become significant. The probable
reason for this is that the density of individual particles in or on the
substrate is insufficient to exceed certain limits where interparticle

absorption effects become significant. Rhodes [51], Hunter [52] and'
Giauque [53] discuss this point. The main absorption effects that occur
in air particulate filters are due to the thickness of the filter substrate
rather than the size of the particulates. Particle size can be a problem,
however, and is discussed separately.
Substrate absorption in homogeneous filter standards is easily and
precisely corrected for by measuring the standard with and without another,
similar filter in front of it [34,44,45].
Substrate absorption in air particulate samples depends on the depth
distribution of the particulates in the filter. For membrane filters it
is fairly safe to assume that the particles stay on the surface of .the
filter. Cellulose or glass fiber filters allow depth penetration of the
particulates and the X-ray intensity correction problem is insoluble unless

the depth concentration distribution is known. Fortunately an exponential
depth distribution appears to be a good assumption and, as long as the
corrections are small, any error is rather insensitive to variations in
depth distribution. It is quite possible that a change in analytical
strategy will remove this problem (as well as that of particle size
effects). This is the proposed introduction of dichotomous samplers with
membrane filter collectors.
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Camp [44] first discussed the problem of substrate absorption in cellulose fiber filters and derived equations for X-ray intensity from the
"front" and from the "back" of the air particulate filter, assuming an exponential depth distribution of particulates. He also noticed that different elements could have different depth distribution coefficients.
0'Conner [54] independently derives the same equations, compares fiber
glass and cellulose fiber as collectors and points out that the front-toback ratio measurement yields a determination of collection efficiency.
Adams [55] derives similar equations and also studied the effects of different depth distributions. He also points out that the front-to-back
ratio measurement yields some information on the particle size distribution
for that element. This is of course very important from the point of view
of health effects.
Kemp [56] discusses the same problem from the point of view of protonexcited X-ray spectrometry and experimentally measures the front-to-back
ratio for real aerosol samples collected in parallel on cellulose fiber
and membrane filters. In this way he makes a rough test of the exponential
assumption and finds that the depth distribution is at least as steep as
his assumed exponential.

Adams [57] uses the PbLa/^, intensity ratio, and the fact that the
energies of PbM,^ and S ^ are almost equal, to measure the depth distribution for sulfur and lead particles and verify that it is exponential.
He concludes that the front-to-back ratio method works well down to sulfur
but that the depth penetration coefficient varies significantly from filter
to filter. We note that his results would be invalid if the particle size
distribution for sulfur-containing particles is different from that for
lead-containing ones. Fortunately this is probably not so in an aerosol.
Van Grieken [58,59] proposes that folding the filters, loaded side
inwards, makes for simpler absorption corrections and improves (but by less
than a factor of two) the sensitivity for elements K and above

In order to minimize effects of both substrate and particle size
Dzubay takes into account the bimodal aerosol size distribution, proposes
the use of dichotomous samplers and analyzes the possible X-ray absorption
and particle size effects. The dichotomous sampler collects the 3 to 20
micron aerosol fraction on one membrane filter and the 0.2 to 3 micron,
respirable fraction on a second filter. Loo [61] analyzes the particle
penetration problem for cellulose membrane filters and tests the depth
distribution using an aerosol generator, X-ray spectrometer and scanning
electron microscope. He concludes that the exponential depth distribution
is modified by a surface layer of particles which in the case of sulfur
aerosols and cellulose membrane filters of 1.2 micron pore size, dominates
the exponential distribution.
Davis [62] recently compared the front-to-back ratio method with wet
chemistry determinations and concluded that for sulfur the surface particulate distribution on membrane filters does indeed dominate the exponential
depth distribution and that, if cellulose membrane filters are used, the
X-ray correction procedures are accurate. If Teflon filters are used the
increased X-ray attenuation coefficient of the substrate increases the

errors.
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We note that the front-to-back ratio method fails when insufficient
signal can be obtained from the back of the filter. This happens when the
X-ray penetration and the particle penetration are much less than the
filter thickness, which occurs for elements below about phosphorus in
the Periodic Table.

Hawthorne [63,64] in a series of Monte Carlo simulation studies, has
investigated substrate absorption, and particle absorption and enhancement
effects. The eventual application of this work might be to providing more
accurate absorption correction factors and particle size correction when
the particle size is greater than 20 microns and the deposit thickness
greater than a monolayer.
The thin sample model can be extended to deal with thin pressed
pellets (^ 1 mm thick) which is a convenient form for many biological and
plant materials. Giauque [45] points out that the self-absorption corrections for such homogeneous specimens can be measured in separate experiments using element standards behind the samples. Also, measurement of
the coherent to total scattered radiation (monochromatic X-ray excitation
must be used) is employed to determine the background under the characteristic X-ray peaks. Bonner [65] demonstrates a linear relationship
between the absorption coefficient of a particular element and the incoherent to coherent scatter ratio from the sample containing the element.
The samples are thin pressed pellets and the source is monochromatic. He
points out that this relationship can be used to calculate the selfabsorption in similar samples and so reduce the number of measurements per
sample. Nielson [66] employs a similar approach and tests a numerical
method for computing the matrix absorption effects on thin pelletized
samples using the measured coherent/Incoherent scattering ratio and monochromatic excitation. Errors due to particle size effects unfortunately
tend to be magnified by this approach 125]. Nielson [67] also discusses
the application of- 'this and a related technique to calculate absorption
corrections in air particulate filters. He considers the effect of different depth distributions of,the aerosols.

3.3 Particle Size Effects
The general problem of particle size effects in bulk specimens is
perhaps the most intractable source of interference in X-ray fluorescence
analysis. The last'analytical study which included a review of earlier
models was in 1969 [68]. Criss'.'s all embracing program NKL XRF [35]
corrects for particle size effects in thick samples numerically. Rhodes [51]
and Hunter [52] simplified (without loss of rigor) the thick sample formulae
for application to thin specimens and concluded that if the sample obeyed
any one of three eriterla, interparticle interlement effects would not
occur and particle size effects would reduce to a straightforward correction to each demerit's tesponse factor. This is what occurs in practice
for air particulate samples except in the case of compound particles such
as FeS2Giauque [53] suggested the use of two exciting energies which, coupled
with the monolayer particle size model [51], can yield corrections for
unknown particle sizes.
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Criss [69,70] has proposed a very simple empirical correction factor
for air participates and Wagman 171] has verified its accuracy using
synthetic aerosols generated in the laboratory.
Thus, if the particle size of an element is known, an appropriate
correction factor to its X-ray intensity can be found, unless the element
is combined with other absorbing elements in different size ranges. The
major problem remains that measuring particle size is not easy. As a
result, the most popular methods of minimizing interferences are to remove
the particles. Thick samples are fused to form homogeneous glass beads
or ground so fine that the size effects are made negligible. Respirable
aerosol samples (< 5 micron particle size) are already fine enough that
errors due to particle size are confined to the lightest elements (Al and
below) where X-ray fluorescence may not be practicable in any case. The
coarser aerosol size fraction would present a problem but can be separated
by a dichotomous sampler in which case its particle size would be known
well enough to make corrections.
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ABSTRACT

At the present time there is an increasing awareness of the value
and need for in-situ analytical methods throughout the general area of
mineral exploration and mining.
Of the alternative techniques, the measurement of natural gamma
radiation is well established for uranium exploration and it is now
being developed for sea-bed and lake-bed surveying.
Energy dispersive
X-ray fluorescence equipment is becoming more generally accepted,
especially for mine control.
Neutron techniques, for so long used
routinely in oil well logging, are now being developed for a wide range
of applications in all aspects of exploration and mining.
It is believed
that these techniques will result in major applications in the future.
The present paper compares the principal characteristics of energy
dispersive X-ray fluorescence and neutron techniques in particular, with
special emphasis being given to those factors which affect the accuracy
of analytical content} such as elemental resolution, matrix effects,
material heterogeneity and neutron transport.
A generalised comparison between the techniques is difficult to
achieve because of the different nature of radiation interactions, but a
range of applications is described and these show the complementary
nature of the methods and point to the areas for more active developmentin the future.
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1.

INTRODUCTION

There is increasing interest at the present time in the use of
nuclear techniques in minerals exploration and mining. Applications
such as level measurement in closed containers, density measurement
of liquids and slurries in pipes and the continuous weighing of
materials on conveyer belts are elementary and well established.
They have the advantage of simplicity and reliability compared with
alternative devices. More recently analytical techniques have gained
increasing recognition.
They offer possibilities for rapid, in-situ
multi-element analysis during geochemical prospecting in borehole
logging, for mine control by direct analysis at the working face and
during sea-bed and lake-bed surveys. Many of the techniques are
unique: they provide a route to elemental analytical specificity in
the difficult and often hostile environments often found in exploration and mining locations.
A wide range of techniques are now in use and a summary of these
with an indication of the most important applications is given in
Table 1.
There is relatively little development at present in y-ray
absorption and scattering techniques and the improvement in equipment
based on these techniques is largely the result of changes in design
and in the adoption of modern electronic systems, especially for data
analysis and presentation.
Currently, there is some research interest
in the selective (y-y) method for identifying the mean atomic number of
formations and for elemental analysis in borehole logging: but only to
confirm some of the claims made for the method.
The measurement of natural-y radiation, although for many years
the basic technique in the exploration for uranium, is now being
re-examined, especially in relation to avoiding errors due to variations
in topography in airborne and in ground surveys and to formation heterogeneity in borehole logging.
Instruments incorporating high resolution
solid state detectors are now being developed for borehole logging
applications and for use in geochemical surveys: they are aimed at
establishing true uranium concentrations directly and without inference
and providing rapid information on the degree and pattern of disequilibrium within an ore body.

Equipment based on Energy Dispersive X-ray Fluorescence techniques
(EDXRF) is beginning to find increasing application.
The use of small
portable analysers capable of determining the concentrations of up to
four elements is well established and the same techniques, using
differential filters for energy selection, are now being us'ed with
success in borehole logging equipment and in core analysers. Multielement systems based on high resolution Si(Li) detectors and large
activity radioisotope sources or small, low-power X-ray tubes are
finding increasing application, since limits of detection for this type
ot equipment generally equate with requirements for detecting anomalous
concentrations of most elements of interest in geochemical exploration
surveys. A wider acceptance of multi-element analysers can be anticipated following the development of more useful computer programs for
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overcoming interelement effects and the development of microprocessors
for rapid on-line data analysis and presentation.
The strongest current developments, though still predominantly at
the laboratory stage, are in neutron techniques, and these are aimed
at a better understanding of the borehole problem (effects of borehole
diameter, borehole fluid, probe dimensions and materials, for example)
the important formation parameters (density, porosity, lithology) and
the physical state of materials in closed containers so that, in
specific applications, a more accurate measurement of the concentrations
of important elements can be made. The prospect of neutron tubes
becoming available with characteristics compatible with the requirements
for in-situ measurements in severe environments is also focussing attention on the relative merits of 14 MeV compared to lower energy (radioisotope) neutron sources, as well as on steady-state and pulsed methods
of operation.
The present paper is aimed at comparing and contrasting Energy
Dispersive X-ray Fluorescence techniques with other nuclear analytical
methods for in-situ analysis. However, most emphasis is placed on a
comparison with neutron techniques since these are regarded as being
of increasing importance in this area of application.

Because of the very different nature of the interactions of low
energy X-rays and neutrons within natural materials, a generalised
comparison is difficult if not impossible to achieve, and most emphasis
has therefore been given to identifying the principal characteristics
of the techniques and to providing a brief description of the most
important current and potential areas of application so as to identify
the mutually similar and divergent characteristics of the methods.
2.

PRINCIPAL CHARACTERISTICS OF THE TECHNIQUES

Discussion of the most important characteristics of the techniques
is strongly conditioned by operational and environmental requirements.
The dominating considerations are probably the heterogeneity of the
material to be analysed, its physical state and the environments which
are encountered which are often hostile to accurate analysis. Also
important are the increasing number of elements which are required to
be analysed in the early stages of the ore-winning process so as to
forewarn the mining and process engineers and enable optimum conditions
to be established at the mine and in the process plant.
2.1

Elemental specificity

Both EDXRF and neutron techniques have a high inherent elemental
specificity which can be realised by using equipment incorporating
solid-state detectors. However, high resolution EDXRF techniques
exhibit an elemental cut-off at Z<11 (Na), approximately and low
resolution systems (relying on Nal(Tl) or proportional counters) at
Z<20 (Ca), approximately.
For higher atomic numbers, virtually all
elements can be analysed. However, low resolution systems may exhibit
substantial errors when high concentrations of interfering elements of
adjacent atomic number are encountered, whereas high resolution equipment does not have this limitation*
although the energy resolution of
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presently available detectors (^160 eV) is not sufficient to resolve
completely adjacent K X-rays for Z<17 (Cl). One of the consequences
of this limitation is that whilst this technique can be considered for
deriving a multi-element analysis of the ash content of coal, it cannot
be considered for measuring the concentrations of the principal
elements (carbon, oxygen, nitrogen) in the combustible content.

There are several neutron interaction techniques which can be
considered for elemental analysis in the conditions normally prevailing
in the field or at the mine.
The most important are (n,n'y)r (n,Y ^
and (n,Yact)•
Other reactions such as (n,2n), (n,p) and (n,a)
may be important in the measurement of some low-Z elements.
Although
there is no low-Z cut-off, as in EDXRF analysis, limits of detection
vary dramatically over the range of elements because of the wide
variation in the magnitude of reaction cross-sections.

In general, the choice of interaction depends on the absorption
and scattering cross-sections and relative abundances of all the
elements within the range of source neutron interrogation, and on the
neutron transport properties of the material.
Enhanced elemental
specificity is the bonus for choosing the right interaction as the
basis of the analytical method.
When considering neutron methods it is convenient to group possible
reactions into those associated with fast and slow neutrons and with
steady-state or pulsed neutron sources.
Methods may also be grouped
into activation or prompt according to whether the resultant Y~ravs (°r
neutrons) which are measured are associated with the neutron source
being absent or present during the measurement.
Emphasis on fast or
thermal reactions can be enhanced by choice of neutron source: (e.g. 252Cf^
2
4lAm-Be, ^-^Sb-Be or 14 MeV neutron tube) and on source encapsulation
material. When using a pulsed source, the prompt group may be further
sub-divided into fast reactions (within <lys of the neutron being emitted)
and prompt thermal capture reactions (within a few 100 ys and following
neutron slowing down and diffusion). By suitably time-sequencing neutron
source and detector, isolation of the Y~raYs from (n,n'Y), (n»Ycapt^ an^
(n,Yact) reactions can be arranged with significant improvement in
signal/noise ratios.
However, the use of a pulsed neutron tube is not
without its operational difficulties.

An important factor affecting elemental specificity when using
neutron techniques for multi-element analysis is the large number of
nuclear transitions and the corresponding primary and subsidiary spectral
pulses which need to be resolved.
A typical Y~raY spectrum for coal is
shown in Fig. 1.
The possibility of using Y~ray resonance scattering for the analysis
of specific elements has also been considered^ »2) an<j £s believed to
have a limited number of applications. The principal advantage of this
technique is that the resonance process is completely specific to the
element of interest so that interference effects are negligible.
However,the Y~raY source must be in a gaseous state and the number of
elements which can be analysed is small, as indicated in Table 2, although
the economically important elements, Cu and Ni are included.
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The spectral analysis of scattered y-radiation (e.g. in Selective
(Y~Y) logging)has been used to measure concentrations of single known
elements, but the method has zero elemental specificity and has
relatively high limits of detection (approximately 0.1 to 1%).
2.2

Interelement effects in energy dispersive X-ray
fluorescence spectrometry

Although interelement effects are the main source of error in
EDXRF techniques, there are many applications(^-6) in which simple
methods of correction have been used successfully.
The most widely used technique is based on measurement of the
Compton scattered primary radiation. It is particularly effective
when near-monochromatic X-rays, with an energy just above the
absorption edge of the wanted element, are used as the exciting
radiation.
Matrix absorption, including self absorption, is the most important
interelement effect and this arises from differences in the mass
absorption coefficients of the different elements in the sample for the
incident and excited characteristic X-rays.
Matrix enhancement is less
important but occurs if an excited characteristic X-ray of an interfering element lies just above the absorption edge of the wanted element.
In general, the magnitude of matrix absorption effects vary
considerably depending on whether the absorption coefficients for the
exciting and characteristic radiations of any interfering elements which
might be present are significantly different from the absorption
coefficients of the principal rock forming elements.
Significant
differences in the magnitude of matrix absorption effects also arise
according to whether the absorption edges of the interfering elements
are above or below the absorption edges of the wanted element.
This
type of absorption effect is intrinsic to the sample and cannot be
avoided: it can be allowed for by compensation methods.
Strong matrix absorption effects arise if the absorption edges of
the interfering elements are below the energy of the exciting radiation
and above the absorption edge of the wanted element. This type of
effect is extrinsic to the sample and may be avoided by suitable
selection of the energy of the exciting radiation.
Such a choice is
rarely possible using a radioisotope source but is usually possible
using an X-ray tube with energy selection(3,7)_
Figure 2 illustrates the situation in which Ni K X-rays are

excited in turn by Ga K X-rays and Mo K X-rays in samples containing
variable concentrations of iron, zinc and lead as sulphides in a
silica matrix. As the energy of the K absorption edge of zinc and the
L absorption edges of lead are above the energies of Ga Kß X-rays and
below the energy of Mo K X.-rays, the use of Ga Kcj X-rays as the source
of exciting radiation will reduce the magnitude of matrix absorption
effe.cts.
It will also reduce the magnitude of matrix enhancement
effects as only Ga Kg X-rays excite Zn K X-rays. This is illustrated
in Figs.3(a) and (b) where it is also seen that the presence of iron
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in the sample, which has an absorption edge below the absorption
edges of lead, zinc and nickel, produces a large matrix absorption
effect when exciting with both Ga and Mo K-X-rays.
It should also
be noted that Ga K X-rays are more efficient for exciting Ni K
X-rays.

Figures 3(c) and (d) show the corresponding theoretical calibration lines expected when the intensity of excited Ni K X-rays is
corrected by dividing by the number of Compton scattered incident
X-rays.
It is seen that a good correction is achieved when exciting
with Ga K X-rays for all interfering elements.
However, due to the
different relative mass absorption coefficients of zinc and lead for
the excited Ni K and Compton scattered Mo K X-rays, (their K and L
absorption edges are between them) overcompensation occurs.

In order to achieve the best correction it is necessary to
isolate the Compton scattered X-rays from the coherently scattered
radiation.
This can readily be achieved by using a high resolution Si(Li) semi-conductor detector which also allows partial
separation of Compton and coherently scattered Fe K X-rays.
However,
adequate compensation has also been obtained by using the intensity of
the total scattered X-rays as the means of correction.
This method
has been shown to be particularly successful when using low resolution
detectors and balanced filters for isolating the wanted characteristic
X-rays from other radiations.
This is illustrated in Fig. 4 which shows the effect of the
presence of variable concentrations of iron in samples in which
characteristic Ni K X-rays are excited by U L X-rays emitted by a
238pu radioisotope source.
Figure 4 also shows the calibration line
obtained when the difference between the two filter readings is divided
b"y the intensity of scattered X-ray counts in the top level when
using a pulse amplitude selector.
2.3

Matrix effects associated with neutron techniques

Matrix effects in the use of neutron techniques arise mainly from
factors which affect fast and thermal neutron transport. The most common
are variations in bulk density, in moisture (hydrogen) content and in
the concentration of the matrix elements: especially those which
exhibit high neutron interaction cross sections.
The effect of
varying moisture content, for example, can be seen in Fig. 5 which
shows the spatial distributions, derived by Monte-Carlo calculations,
of the fast and thermal neutron flux surrounding a 252c;f source in a
silica matrix containing zero or 15 per cent water. As expected, both
fast and thermal flux distributions exhibit severe spatial contraction
at the high water content.
The presence of water (hydrogen) is
clearly a key factor in controlling the range of the neutron flux.
In practice, the effect of variations in thermal neutron flux
distributions may be allowed for by monitoring the hydrogen content
separately through the 2.23 MeV y-ray following thermal neutron capture.
In the analysis of coal, for example, this is important since such a
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measurement can be used to correct for both variations in moisture
content and for variations in bulk density.
The thermal neutron flux is also sensitive to variations in the
concentration of elements of high neutron absorption cross section in
the matrix and the magnitude of this effect can also be allowed for
by monitoring the intensity of the hydrogen capture j-ray.

In general the number of Y~raYs detected (N^) for a particular
element i in the matrix is given by:

N

i

=

(r

i ai bi

where r. = concentration of the i th element
b^

= branching ratio

<j£

=

C^

= efficiency for y-ray detection

thermal neutron cross section

ot

=

numerical constant

<f>

-

thermal neutron flux

For an on-line measurement (in bunkers, conveyer belts or boreholes) the neutron flux distributions may vary widely in time for the
reasons indicated above.
However, as can be seen from the equation,
by considering ratios of peak amplitudes corresponding to the identified elements in a Y~raY spectrum, sensitivity to variations in the
neutron flux intensity can be avoided since the flux integral is the
same for all elements.
The nature of the matrix is also a major factor in determining
whether fast or slow neutron reactions are most suitable. Coal, for
example, has very good neutron moderating properties due to a
relatively high hydrogen content and it also has a fairly small neutron
absorption cross section.
It is therefore a favourable matrix far
analytical methods based on thermal neutron capture. On the other
hand halite (NaCl) and sylvite may be totally anhydrogenous and therefore have very poor moderating properties.
Since chlorine has a very
high thermal absorption cross section (<?a(C]\ = 33b) , these minerals
present a very hostile environment for thermal neutron methods of
determining the concentrations of other foreign elements in the matrix.
However, they are favourable for analysis by fast neutron techniques.
This can be more clearly seen by reference to Fig. 6 which shows the
variations in neutron cross-sections of the most important elements in
a halite-sylvite mixture invaded by clay. The dominance of chlorine,
present at high concentration,is clearly seen for thermal neutrons.
For fast neutron reactions, although cross-sections are smaller,
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the range of magnitude of cross-sections, and hence the interference
problem, is greatly reduced.
2.4

Particle-size effects

In EDXRF analysis, the intensity of X-rays excited in a physically
heterogeneous sample depends on the particle-size distribution.
The
magnitude of the variation also depends on the energy of the exciting
radiation, on the energy of the excited X-rays and on the matrix
composition.
Figure 7 gives the theoretical variation in the
intensity of excited Pb K X-rays (^80 keV) and Cu K X-rays (8 keV)
corresponding to approximately 1 per cent concentration of Pb and Cu
in a matrix of SiC>2.
Figure 8 shows the curves obtained experimentally
for copper particles of size < 250 ym and < 50 ym in a silica matrix
containing iron particles of the same size distributions. As predicted,
it is seen that the intensity of excited Cu K X-rays in the larger size
particles is only approximately 40 per cent of that in the smaller size
samples.
However, matrix absorption effects due to the presence of
iron are smaller in the larger particle-size samples.
Figure 8 also shows the curves obtained when the difference count
between the two filter readings is divided by the top level (scattered)
count. Corrections for matrix absorption effects are obtained for the
two different size particles although the effect of particle-size is
still apparent.

In many geological and mining applications where in-situ measurements are made, the particle size distribution of the sample may be
variable, but within well-defined limits: effects can then be partially
controlled. For powdered samples produced under similar conditions,
errors due to particle-size variations are often not very serious.
Particle-size effects in neutron techniques are generally not so
restrictive as with EDXRF methods. The size of particles which become
important with neutrons are much greater than with EDXRF and approximately in the ratio of neutron to characteristic X-ray ranges.
Particles of this size (linear dimensions of several cm) are not
normally encountered in practice with heterogeneous composition, except
in coal mining and in coal preparation. An exception, is the occurrence of boracite modules which may occur in halite- sylvite formations
and have to be allowed for in any analysis of minor elements'in the
matrix.
2.5

Limits of detection

The limits of detection of the various techniques depend strongly
on the nature and elemental content of the material7on its physical
form and on the energy resolution and stopping power of the detector.

For example, high resolution EDXRF equipment has now been developed
for analysing soil and stream sediment samples in geochemical surveys to
detection limits of about 5 to 50 ppm, depending on the element. On
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the other hand, low resolution equipment, such as portable analysers,
borehole loggers and core analysers generally exhibit limits of
detection within the range 0.01 to 0.1 per cent.
Such systems
normally find their main application in mine control rather than in
exploration applications.
Limits of detection for neutron techniques also depend strongly
on the elements of interest, on the physical environment (in borehole
logging, the condition of the borehole, for example), and the
magnitude of matrix problems.
In practice, limits of detection may
vary widely, from a few ppm to 1 per cent, approximately.
2.6

Penetration depth

One of the main disadvantages of EDXRF for in-situ analysis is
the limited penetration (a few mm max.) of the low-energy incident and
characteristic X-rays.
In consequence, the physical environment is
important.
Borehole logging based on EDXRF techniques, for example,
is generally restricted to use in dry boreholes.
When measurements
can be made, and these include important applications on rock faces
and on borehole cores, the significance of the low penetration depends
on the nature of the deposit and on the heterogeneity of mineralisation.
In general, effects of heterogeneity are avoided by averaging
a large number of measurements.

Low penetration becomes an advantage in the analysis of small
samples in the field (for example, soils and stream sediments) since
it is generally possible to arrange for the measurement to be independent of sample size. The degree to which the sample is representative
of the host rock is then the only consideration.
The range of neutron techniques is about 30 cm in most natural
materials and hence heterogeneity is not so important. Neutron
techniques are also less sensitive to borehole conditions (although
they have to be allowed for to achieve highest accuracy) and they can
be used for measurements through the walls of closed containers (cased
boreholes, bunkers and moving wagon walls).
Techniques based on natural y-ray measurement tend to equate with
neutron techniques in their relatively low (compared with EDXRF)
sensitivity to environmental conditions.
However, with the increasing
use of solid-state detectors in the field in uranium exploration, there
is a growing interest in the low energy end of the y-ray spectrum with
consequential concern about environmental influence and restricted
penetration.
Selective (y-y) logging can be shown to have a somewhat higher
penetration than EDXRF, but this appears to be one of the few advantages
of this technique.

2.7 Radiation damage to the detectors
This is not a consideration when using X- and y-ray sources but it
is an important factor in neutron techniques and careful shielding
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design is required to ensure that the neutron flux at the detector
is as low as possible.
The problem is not only related to radiation damage but also to reducing the background count due to
neutron interactions in the detector.
2.8

Radiological considerations

The limited penetration of low energy X- and y-ray sources
used in EDXRF analysis is reflected in the simple operating procedures relating to equipment in which these sources are installed.
On the other hand, neutron sources having a typical activity for
in-situ field applications (generally >100 mCi neutron output)
require careful shielding and radiological protection is an important
factor in their design and in their use: but it should not be
inhibiting.

3.

EXAMPLES OF APPLICATIONS

3.1

Energy dispersive X-ray fluorescence analysis

Portable mineral analysers, based on EDXRF techniques, in which
characteristic X-rays are excited by X-rays from radioisotope sources,
detected by low resolution scintillation or proportional counters
and isolated by balanced filters have been used for analysing
geological samples for mine control for many years.
Measurements
are made on the rock face, on borehole cores or on powdered core or
channel samples.
The introduction of high resolution Si (Li) semi-conductor
detectors and X-ray generators capable of producing near-monochromatic

X-rays has enabled limits of detection to be reduced to a few ppm and
applications to be extended to the analysis of stream sediment and
soil samples and crushed rock samples collected during geochemical
exploration surveys.
3.1.1

Applications in geochemical prospecting

The analysis of stream sediment and soil samples is an important
requirement in geochemical prospecting and highest benefit can be
achieved if analyses can be carried out and results made available
during the surveys.
To meet this application, an EDXRF analyser
based on a high
resolution Si(Li) semi-conductor detector, low power X-ray source
and multi-channel analyser, capable of operation from a portable power
generator, has been designed for operation in the field.
It can be
used to carry out rapid simultaneous analyses with zero or with little
extra sample preparation.
It has limits of detection consistent with
accepted anomalous concentration levels of the important elements
found in soil and stream sediments, a summary of which is given in
Table 3.
In this equipment the X-ray generator is coupled to a
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secondary target excitation energy selector which enables near
monochromatic radiation to be generated. The selected energies
can be made near optimum for exciting characteristic X-rays in a
number of elements. The overall range of the equipment is from
aluminium (Z = 13) to barium (Z = 56) by excitation of K X-rays,
and above barium by excitation of L X-rays.
Major restrictions to achieving the lowest limits of detection
imposed by matrix absorption effects caused by other elements in
the sample in addition to the principal elements being analysed,
are corrected as described in Section 2.2.
Some examples are now presented showing the results obtained
when using near mono-energetic X-rays of optimum energy to excite
three adjacent elements and also when using the analyser for
carrying out simultaneous analysis of 19 elements in 200 soil and
stream sediment samples.

When it is only required to determine the concentration of a
few adjacent elements it is possible to use exciting radiation of
near optimum energy and hence obtain the lowest limits of detection.
This is illustrated by considering the analysis of nickel,
copper and zinc (K<j( 8.33, 8.98, 9.66 keV respectively) in thirty-four
stream sediment samples containing up to 300 ppm of each element with
higher concentrations (up to 15%) of iron oxide and calcium oxide.
For this application the characteristic X-rays were excited by Ge K
X-rays (9.88, 11 keV) and the measurement time was adjusted so as to
record 100,000 Compton scattered Ge K_ X-rays and this varied from
approximately 200 to 300 seconds, depending mainly on the iron oxide
and, to a lesser extent, on the calcium oxide contents of the samples.
A calibration curve for nickel showing the variation in intensity of
the excited characteristic Ni K X-rays as a function of nickel
content is given in Fig. 9(a).
Table 4 gives the slopes of the three corrected calibration
curves, the errors due to counting statistics and the total errors
(including errors present in the chemical analyses of the samples)
for the three elements, obtained by regression line analysis. The

very low magnitude of these errors, respectively 14,12 and 18 ppm
for the nickel, copper and zinc concentrations emphasises the fact
that good compensation for matrix absorption effects can be obtained
as these errors are only a factor of two, approximately, greater than
the errors directly due to counting statistics.
Although highest excitation efficiency is only achieved when the
energy of the exciting radiation is just above the K or L absorption

edge of the element being analysed, it is possible to excite many
elements reasonably efficiently by careful choice of energy of the
exciting radiation.
However, the intensity of the Compton scattered
X-rays can then only be used to compensate for matrix absorption
effects within the limitations given in Section 2.
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The use of the analyser for carrying out simultaneous multielement analyses is illustrated by considering the problem of
analysing molybdenum, niobium, zirconium, yttrium, strontium, rubidium,
arsenic, zinc, copper, nickel, iron, manganese, chromium, vanadium,
titanium, calcium, uranium, lead and tungsten by excitation of
characteristic X-rays with Rh K X-rays in 200 soil and stream sediment
samples.
The measurement time was adjusted so as to obtain a constant
number (100,000) of Compton scattered Rh KQJ X-rays. The measurement
times varied from approximately 300 to 600 seconds, depending mainly on
the concentrations of iron oxide and calcium oxide in the samples.

Calibration curves of the intensity of excited characteristic
X-rays as a function of elemental content were constructed for all

elements but only the one showing the variation of the intensity of
U La X-rays is included here; Fig. 9(b) .

The slopes of the calibra-

tion curves are given in Table 5, which also includes the approximate
errors due to counting statistics expected at concentrations of up to
200 ppm, the highest concentration normally encountered in geochemical
samples.
It can be seen that the efficiency of excitation is reduced as
the absorption edge of the excited element falls further below the
energy of Rh Kß X-rays (20 keV). For instance, the slope when
exciting Mo K X-rays (Mo K absorption edge 20 keV) =19.3 c/ppm Mo,
whereas the slope when exciting Ti K X-rays (Ti K absorption edge
4.9 keV) =0.3 c/ppm Ti.

It should also be noted that the slopes of the calibration lines
obtained when exciting L X-rays are lower than when exciting K X-rays
of similar energy (i.e. slope when exciting U La < Rb K^: slope when

exciting W Le < Zn Kß) due to the lower photoelectric absorption and
fluorescence yields.
These examples illustrate that the use of near-monochromatic radiation with an energy just above the absorption edge of the wanted
element permits high excitation efficiencies to be obtained and in
addition allows an effective correction for matrix absorption effects
to be made by a separate measurement of the intensity of the Compton

backscattered radiation.
The combination of these two advantages, resulting from the use of
near-monochromatic radiation, provides a valuable method for single and
multi-element analyses of stream sediment and soil samples in geochemical
surveys where limits of detection of approximately 5-20 ppm are normally
required.

3.1,2

Applications in mine control

In general, equipment used for grade control is characterised by
a need to measure the concentration of only one or two elements at
concentrations higher than 0.1 per cent, approximately. Samples may
be in a powdered form or they may be solid samples on the rock face:
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analyses may be required of borehole walls or borehole cores.
If
substantial elemental heterogeneity occurs in the solid mineral,
powdered samples are preferred for highest accuracy and reproducibility.
For this type of application portable energy-dispersive mineral
analysers using radioisotope sources, low resolution proportional or
scintillation counters, generally incorporating balanced filters for
energy selection, are normally used. Two readings, one with each
filter are required at each position. The measurement time is generally
between 10 and 30 seconds and limits of detection are approximately
0.1 per cent.
Thus, it is normal to make a number of measurements in
order to obtain a representative analysis.
A photograph of portable equipment designed to operate in boreholes
is shown in Fig. 10.
The main electronics unit in this equipment can
also be used in portable instruments for measurements on rock faces or
on borehole cores: it can also be used in equipment for analysing
powder samples in a field laboratory.

(a) Measurements on the rock face
Equipment for carrying out measurements on a rock face needs to be
small, battery operated and simple to use: it is normally restricted
to the measurement of a single element.

Figure 11 shows the results of using this type of equipment to
measure the variation in zinc content across a working face in a mine in
Bolivia; the high spatial resolution from individual measurements should
be noted. Also shown is the average difference countrate obtained along
the channel compared with the relative zinc content of samples taken from
the channel and determined using a high resolution EDXRF analyser.
It
is seen that good correlation between the two assays was obtained.

(b)

Measurements in boreholes

Measurements in boreholes are normally restricted to a single
element, although it has been shown that by changing filter pairs the
same probe can be used for determining the concentrations of nickel,

copper, zinc and lead in the same borehole.
Figure 12 shows the difference countrates obtained along the borehole and corrected for matrix absorption effects due to copper: again
the high spatial resolution should be noted. Also shown is the average
corrected difference countrate over lengths of the borehole from which
core samples have been removed and analysed.
Good correlation between
the two sets of readings is apparent.
(c) Measurements on borehole cores
Portable mineral analysers have been used, with a modified
measuring head, to determine the elemental content of a borehole core.
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However, due to the small area sampled it is necessary to make several
measurements around the core in order to obtain a representative sample,
Nevertheless, good spatial resolution and analytical accuracy can be
obtained, as can be seen in Fig. 13 which shows a comparison of the
average of four measurements made around a core using a modified
portable mineral analyser with the tin content determined by chemical
assay along the core.
Recently
a special laboratory borehole core analyser has been
developed and this is currently being used* with success for analysing
the concentrations of tin in cores 22, 27 and 36 mm in diameter.
A photograph of this analyser is shown in Fig. 14.
The measuring head has been constructed so that nearly half of
the core is analysed simultaneously over a length of 20 cm.
In
addition, the measurement time is automatically adjusted so that
matrix absorption effects are corrected and the average tin content
over the measured area is printed automatically. This enables average
tin values over the entire core to be calculated readily.
By changing the radioisotope sources and filters, the same technique could be employed to determine concentrations of nickel, copper,
zinc and lead.
(d) Analysis of powdered samples

In mine control it is often necessary to determine the concentration of several elements whose characteristic X-rays are of very
different energies. Although it is possible, by selecting the
optimum source of radiation and suitable balanced filters, to measure
the concentration of each element in turn using the portable mineral
analyser, it is sometimes preferable to make simultaneous measurements.
This can be accomplished by using an analyser based on a high
resolution Si(Li) semi-conductor detector and X-ray generator; as
described in Section 3.1.1. above.

The use of such an analyser for mine control purposes can be
demonstrated by considering the measurement of the six elements:
sulphur, iron, copper, zinc, arsenic and tin, in 15 samples of powdered
borehole core. The concentrations of sulphur, iron and tin were very
variable and approached 34 per cent, but the concentrations of copper,
zinc and arsenic were below 2.5 per cent.

At the Renison Mine, Tasmania.
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The X-ray tube was connected to a composite secondary scatter
system which generated Ti K, Mo K and Cs K X-rays simultaneously,
so that all elements were excited efficiently.
In each case matrix
corrections were made by adjusting the measurement time for each
sample so that a constant number of Compton scattered Mo K X-rays
were detected.
Measurement times varied from 10 to 30 seconds
depending on the matrix.

Figure 15 gives the calibration curves obtained when simultaneously exciting S K X-rays (2.3 keV), Cu K X-rays (8 keV) and
Sn K X-rays (25 keV). Table 6 gives the errors due to counting
statistics.
Apart from sulphur, errors are < +10% (relative) and
well within those allowed operationally.
(e) Environmental pollution analysis
There is an increasing demand for instruments, to monitor continuously the level of pollution in mines and processing plants and
especially in the environment surrounding concentrate handling equipment.
For this application, it is possible to use modifications of the
high resolution EDXRF analysers described above.
Samples foz measurement are normally collected on thin filters through which air is forced
by means of a pump. The particular design of the analyser will depend
on the nature of the pollutant, the level of pollution and the time
allowed for measurement.
Figure 16 shows an EDXRF analyser developed for monitoring the
levels of zinc and lead dust in the air on a dockside when concentrates
are being loaded on board ship. The samples were prepared using a
small throughput (M litre/s) air sampler, pumping times of twenty
minutes being used during loading and up to twelve hours when a higher
sensitivity is required between loading operations. Characteristic
Zn K and Pb L X-rays were excited by Pu L X-rays emitted by 244Cm
radioisotope sources.
The use of a high resolution Si (Li) semi-conductor detector
allowed the concentration of both zinc and lead to be determined
simultaneously and by using the intensity of scattered Pu L X-rays
it was possible to display automatically the concentration of zinc
and lead in the air on both digital panel meters and on a twin pen
recorder.

X-ray tube excitation
An advantage of using an X-ray generator emitting radiation
of optimum excitation energy in this type of application is
given in Table 7 which indicates the errors due to counting
statistics obtained when characteristic X-rays of different
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elements were excited by radiation emitted by scatter-type and
transmission-type secondary targets and also by Ag K X-rays
emitted by a 109cd Radioisotope source. The advantage of using
exciting radiation of the optimum energy should be noted, especially
when exciting Cr and Ti K X-rays.
It is necessary to use the highest
excitation efficiency when the volume of air sampled is restricted by
the presence of other non-polluting elements present at high concentrations .
3.2

3.2.1

Neutron techniques

Measurement of the sulphur content of coal in a closed
container

This is an important application because of the increasing
reliance on coal as a source of energy and because of the general
concern for reducing environmental pollution and, in some areas,
because of the legislation which exists to control the amount of
sulphur released into the atmosphere when coal is burnt.
In addition,
in metallurgical coals, the sulphur content needs to be maintained at
the lowest possible level so as not to reduce the efficiency of the
steel making process.
Neutron techniques offer the only approach to a rapid in-situ
measurement of the sulphur content of coal and the preferred technique is based on the measurement of prompt capture y-rays from the
reaction
S(n,y)33s.
Some relevant characteristics of this reaction
compared with those of some other major elements in coal are given in
Table 8.
Some energy resolution is required but a Nal(Tl) detector
is adequate to achieve the target accuracy for sulphur measurement of
approximately 0.1 per cent.
Errors in the measurement may arise from several sources including
variations in bulk density, in moisture content and in mineral composition. Chlorine is an important element because of its high thermal
neutron absorption cross-section and high capture Y~^aY emission
efficiency.
The consequences of adding chlorine to a typical coal
can be seen from the change in macroscopic cross-section data presented
in Table 9.
Using this data, it can be shown that for a 1 per cent
increase in chlorine content there is a 30 per cent reduction in the
intensity of the 5.42 MeV y-ray from 33s. However, this effect can be
allowed for by normalisation based on measuring the intensity of the
2.23 MeV capture y~raY from hydrogen.
3.2.2

Measurement of the ash content of coal in moving wagons

A method has been developed for determining the ash content of coal
in moving wagons by measuring the aluminium content by neutron activation. The accuracy required is about +_ 5 per cent ash for each wagon
and an investigation into the correlation between aluminium content and
total ash of 93 analysed coal samples from a wide range of coal seams
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showed that the correlation was accurate to better than +_ 2 per cent
absolute at the la limit.
The effects of varying a number of key operational parameters
have been studied theoretically for a 252Cf source using Monte Carlo
techniques. These parameters include ash content, water content
and bulk density, the design of source mounting, wagon speed and
source to detector spacing. The results, which were supported by
selected experiments, have shown the technique to be operationally
viable.
Because coal is a good material for thermal neutron reactions,
since it has high hydrogen content and a relatively low concentration
of elements of high absorption cross-section, thermal neutron capture
is a favourable technique. The aluminium content can be measured
unambiguously by the reaction 2^Al(n,y) Al because of the absence
of other elements such as vanadium which might interfere. By using
a 252Cf source, silicon is not activated significantly since the
threshold of the 2^Si(n,p)2OAl reaction (V3 MeV) is higher than all
but a small fraction of the source neutrons. Although the silicon
content of coal correlates well with the total ash content, and
aluminium and silicon together would exhibit a higher correlation
coefficient, the use of a higher energy neutron source (e.g. 2^^A
would reduce the effectiveness of using variations in the hydrogen
capture Y~ray intensity to correct for changes in matrix absorption
and in bulk density of the coal.
3.2.3

In-situ analysis of clay minerals in halite-sylvite
formations

Clay is generally a minor constituent in halite-sylvite deposits
but if the clay content should increase above some well-defined level,
early warning at the working face in the mine is valuable so that
material can be diverted away from the processing plant.
The halite-sylvite matrix contains a very low hydrogen content
and hence is a weakly moderating medium.

In addition, due to the

high chlorine content, it exhibits a high macro-absorption crosssection for thermal neutrons.
Thermal neutron techniques are
consequently unsuitable and the Al-clay correlation used to determine
the ash content of coal cannot be used in this application.
op

Oft

However, the Si(n,p) Al reaction permits a specific measurement of silicon content by detecting the 1.78 MeV y~rays from the
decay of 2^i (is = 2.3 min) provided that a neutron source with
adequate fast neutron content, such as 2^^Am-Be, or a 14 MeV neutron
tube source is used. The preference for a fast neutron reaction can
be appreciated by comparing fast and thermal neutron cross-sections
for the major and minor elements in the halite-sylvite matrix, as shown
in Fig. 6. When the silicon content has been established, the
"correlation between silica and total clay can then be used to estimate

the clay content.
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3.2.4

Determination of the concentration of metalliferous
minerals by measurement of capture gamma-rays in
borehole logging

A number of attempts have been made to measure the concentrations
of copper, nickel and iron in borehole conditions, but with varying
degrees of success.
From the point of view of neutron interrogation
and of minimising errors due to variations in neutron transport, the
problem resembles that of measuring the concentration of sulphur in
coal.
However, the hydrogen content is more variable over the
different parent rocks which may be encountered, so that normalising
to hydrogen is not acceptable.
However, measurement of the intensity
of the 2.23 MeV capture y~ray from hydrogen, combined with a measurement of the thermal neutron flux in the borehole, enables both the
influence of hydrogen and of other neutron absorbers to be monitored.
Correction for variations in borehole size by caliper measurement is
needed.

The use of Nal(Tl) detectors is satisfactory for determining the
concentrations of one or two elements, but for simultaneous analysis
of several elements high resolution solid-state detectors are required.

The developments of these detectors (especially intrinsic-Ge) for use
in borehole conditions is now receiving considerable attention.
3.2.5

Measurement of the concentration of uranium directly

in a borehole
Uranium is unique among naturally-occurring elements in that it
is fissile by thermal neutrons.
Also, of the naturally-occurring
elements, only uranium and thorium are fissile by fast neutrons.
Several methods have been described and are currently under development for measurement of uranium directly by neutron fission methods
in borehole logging. These vary as to the type of neutron source,
and include 14 MeV pulsed tube sources and mechanically-pulsed 252^f
sources, and the measurement of delayed or prompt fission neutrons.
In all cases, the neutrons produced by fission are detected in the
absence of neutrons from the source: by using a pulsed-neutron tube
source or by mechanically moving a steady-state isotopic neutron
source. Prompt fission neutrons can be measured in the presence of
residual thermal neutrons from the source (in the few 100 ys after
the neutron pulse) by detecting epithermal neutrons only.

As expected, corrections for variations in neutron transport
patterns due to variations in the intrinsic hydrogen content of the
formation, moisture content, the concentration of absorbing elements
in the matrix and water in the borehole are important.
Several
approaches to this problem are being considered and compensation,
based on measuring the 2.23 MeV y-ray from hydrogen with simultaneous
measurement of thermal neutron flux and borehole dimensions appears
to offer some solution. At the present time the limits of detection
for these techniques are approximately 100 ppm.
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3.2.6

Measurement of an oil-water interface by borehole logging
The neutron-die-away technique is used routinely for monitoring

the oil-water interface in producing oil wells.

It is based on a

measurement of the mean neutron lifetime in the formation surrounding
a probe following a short pulse (^5 ys) of fast neutrons from a sealed

neutron tube. The high macro-absorption cross-section of saline
water compared with oil results in~a shorter mean neutron lifetime
when the probe is within the water-bearing formation and this can be
observed by suitably time-gating a Nal(Tl) detector after the initial
neutron pulse.
3.2.7

Measurement of carbon/oxygen ratios in oil well logging
»

Measurement of the carbon/oxygen ratio is an important measure-

ment in oil well logging for determining the oil-water interface when
the formation water is non-saline.
The technique is based on
measuring the intensities of the 4.43 MeV and 6.13 MeV y~rays from

inelastic neutron scattering on carbon and oxygen by using a Nal(Tl)
detector.

To achieve an acceptably high signal/noise ratio a pulsed

neutron tube is used, the detector being inhibited for M ms after
each pulse to avoid detecting Y~ravs from thermal neutron capture.
3.2.8

Multi-element analysis by neutron techniques

The use of a high resolution semi-conductor detector can greatly
increase the number of elements which can be analysed as well as

improving the accuracy of measurement.
By using a steady state neutron source fast prompt, thermal prompt

and activation y-rays, corresponding to the various interaction crosssections of different elements present in the matrix will appear in the
spectrum.
However, by changing the neutron energy of the source
(e.g. 241^m_Bej 252cf/ 14 MeV neutron tube) or by pulsing the source

(mechanically for an isotope source -, electrically for a neutron tube)
y-rays from the different reactions can be wholly or partially separated
in time, thus increasing the elemental discrimination and accuracy of
the method.

This approach is currently being used for direct uranium measurement in the field, for the measurement of chlorine migration into
concrete and for the analysis of coal.

In suitable operating environments neutron transport problems can
be overcome by analysing all major elements (determined by the magnitude of the macro-cross-sections). Accurate ratios of elemental
concentrations can be obtained, at least for one (e.g. thermal) neutron
energy group. When non-thermal neutron interactions are involved,
more complex corrections are required, but generally the technique

provides the necessary data.
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3.3

Measurement of natural gamma radiation

The most important applications of natural y-ray measurement
occur in uranium exploration and in mining for ore grade evaluation.
Marine geochemical exploration- using a towed sea-bed spectrometer is

of increasing importance and the technique is currently being
considered for delineation of off-shore placer deposits of monazite
sands and of other heavy minerals which contain aggregates of the
radioactive minerals. Towed spectrometers are now in routine use
for lake-bed surveys in uranium exploration.
In general, the recent introduction of reliable probes incorporating solid-state detectors has greatly increased the information
content in radiometric surveys and is sustaining a renewed interest
in further developments of the method.
4.

CONCLUSIONS

Energy dispersive X-ray fluorescence and other nuclear techniques,
especially those based on neutron interactions, are becoming increasingly
used in mineral exploration and mining.
The techniques are complementary and in general have their own
particular areas of application. Acceptance of one nuclear technique
is likely to provide encouragement to the introduction of further
techniques of a more sophisticated but beneficial nature.

The scope for further development, for widening the areas of
application and for improving the range and accuracies of the techniques,
appears to be considerable.
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TABLE 1

Techniques and applications

Applications

Principal technique

y-absorption

y-scattering
(Y-Y) unselective

Level and density measurement in closed containers. Continuous measurement of material
on moving belts.
Density measurements in pipes.

Formation

density measurement by borehole probes.
Measurement of ash content of coal. Roof
thickness control in long wall coal mining.

(Y-Y) selective

Formation Z.mean determinations;

principal

Energy dispersive
XRF

Simultaneous multi-element analysis of soil,

formation element analysis by borehole logging.

stream sediment and crushed rock samples in
geochemical prospecting: mobile equipment
now available. In-situ sample measurement for
mine control. Shallow borehole logging for
mine control.

Natural-y

Measurement of U, Th, K content of rocks
in geochemical prospecting on land and on the

sea-bed. Uranium exploration - airborne and
ground surveys and borehole logging. Mine
control in uranium mines. Ore sorting.
Neutron

Borehole logging in exploration and mine
control, e.g., Fe, Cu, Ni in ores; S in
coal; Fe, Ca, Si in rocks in sea-bed

surveying.
Measurement of the ash content of coal and
clay content of potash; Mn, Ca, Al in rocks
in sea-bed surveying; F in rocks in borehole
logging.

(n, n'y)

C, O measurement in oil well exploration.

(n-die-away)

Gas/oil, oil/water interface measurement in
oil reservoir exploration and production.

(n,nth); (n, n

Formation porosity in oil exploration.
Determination of the B content of ores.

' nfiss)

(Y»n)

Uranium exploration: measurement of U
directly.
Exploration for Be.
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TABLE 2

Elements possibly suitable for analysis by gamma-ray
resonance scattering

Element

Source
characteristics

Radioisotope
source

Half-life

y-ray energy
(MeV)

Relative
Y-ray
resonance
crosssection (a)

1980. (b)

Li

7

Be

53d

0.48

Ca

46

Sc

84d

0.89

4.2

16d

0.98

39.4

Ti

48

v

6C

Ni

UCo

5.3y

1.33

19.4

Cu

65„
Zn

245d

1.12

24.1(b)

Ge

74

18d

0.60

25.6

As

75

120d

0.27

6.8

2.1(b)

AS

Se

Cs

133,,
Ba

10. 7y

0.38

W

184
Re

38d

0.90

Tl

20 3_
Hg

47d

0.28

15.9 (b)
5.8

(a)

Product of resonance cross section (mb) and the natural
abundance of the stable isotope»

(b)

Electron capture decays for which the resonance crosssection was calculated assuming a 1% overlap per eV of
the emission and absorption lines»
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TABLE 3

Average abundance of minor and trace elements in
soil and stream sediments
Lowest significant
anomalous concentrations for some elements are
indicated in the final column.

Element

Abundance
(p„P„m„)

Ag

0.1

As

1-50

Ba

Lowest
Anomalous
Concentration
(p. p.m.)

1

100-3000

Cd

1

Co

1-40

Cr

5-1000

Cs

6

Cu

3-100

Ga

15

Ge

1

Hg

Oo03

30

Mn

850

Mo

2

Ni

5-500

50

Pb

2-200

75

Fb

20-500

4

Sb

5

Se

0.2

Sn

10

Sr

50-10000

Th

13

Ti

5000

Tl
U
V
W

Zn
Zr

50

0.1
1

20

20-500
50

5
10-300
300

74

150

TABLE 4

Errors due to counting statistics when exciting with Ge K X-rays.

Element
being
determined

Number of
samples
below
200 p. p.m.

Slope
c/p.p.m.

Errors due to counting
statistics (95% c.l.) in
measurement times varying
from 220 to 330 seconds
depending on the
iron oxide content
(p. p.m.)

Error by
regression
analysis
(95% c.l.)
(p. p.m.)

Nickel

25

18

2-7

14

Copper

32

20

3-7

12

Zinc

32

24

3-7

18

75

.

TABLE 5

Errors obtained when characteristic X-rays of the
elements are excited with Rh K X-rays.

Element
being
determined

Errors due to counting
statistics* (95% c.l.) in
measurement times varying
from 300 to 600 seconds**
(p. p.m.)

Slope
c/p.p.m.

Molybdenum

19.3

6 -

Niobium

14.2

7-10

Zirconium

14

9-12

Yttrium

13.7

6 -

Strontium

13.3

6-10

Uranium (L)
Rubidium

14 -

5.5
11

8

9
19

6-10

Lead (L)

4.3

19 -

23

Arsenic

3.5

18 -

24

Tungsten (L)

0.6

62 -

75

Zinc

2.4

16 -

24

Copper

2.3

16 -

24

Nickel

2.5

16 -

24

Iron

1.1

300***

Manganese

0.9

80 - 100

Chromium

0.7

34 -

48

Vanadium

0.5

50 -

70

Titanium

0.3

*
**
***

120 - 130

Estimated at elemental concentrations of up to 200 p. p.m.
Measurement times of between 120 to 240 seconds operating
at 45 kV 1mA.
Estimated as 8%

.
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TABLE 6

Multi-element analysis of mine samples.

Element

Error due to
counting
statistics
(95% c.l.)
%

Concentration

S
Fe

2

0.6

10

0.1

Cu

0.1

0*008

Zn

0.1

0.008

As

0.1

0.008

Sn

1

0„04

X-ray tube operated at 45 kV, 1mA.

Counting times varied from 10-30 seconds depending
on the matrix.
TABLE 7

Comparison of the most sensitive "Transmission type" and "Scatter type"
energy selectors with a 15 mCi Cadmium-109 source for analysis of thin samples
Errors due to counting statistics (95% c.l.)
in 1000 second measurement time.
lig/ccar
Element being
determined

Exciting radiation source
X-ray tube with
"Transmission type"
energy selector

X-ray tube with
"Scatter type"
energy selector

Cadmium- 109
source

-

0.40

Ti

0.07

Cr

0.056

Fe

0.021

-

-

Ni

0.01

-

0.05

Cu

0.009

0.01

0.04

Zn

0.009

-

0.04

Pb

0.017

0.007

0.028

77

0.14

0.05

TABLE 8

Energies and intensities of gamma rays following
thermal neutron radiative capture by some major
elements in coal
*

Element

Product
isotope

C

13

4.945
3.684
1.261

H

2

2.223

O

17

3.271
2.180
1.088

*
¥
¥

N

15

10.828
8.309
7.299
6.321
5.560
5.532
5.297
5.267
4.508
3.675
3.531

15.0
4.22
8.36
16.65
9.05
17.79
18.58
25.41
15.81
15.52
9.58

S

33

8.641
7.800
5.420
5.047
4.870
4.639
4.431
3.723
3.370
3.221

1.91
2.81
42„44
2.26
8,24
1.49
3.16
2.03
3.78
19.46

EY

(MeV)

T

Y

67.0
31.8
29.2
>9V

CY = number of gamma rays/100 neutrons captured.
Data not available.
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TABLE 9

Thermal neutron macroscopic cross-sections

for a typical coal

weight %
Coal substance

79, 78

Mineral matter

10

Moisture

10

Sulphur

1

Chlorine

0, 1 -

Z (total)

Z (absorption)

Coal Substance

0.8505

0.6942 x 10~2

Mineral Matter

0.0087

0.0800 x 10~2

Moisture

0.1808

0.1594 x 10~2

Sulphur

0.0002

0.0070 x 10~2

Totals without Cl

1.0402

0.9406 x 10~2

Chlorine

0.0062

0.4047 x 10~2

Totals

1.0464

1.3453 x 10~2
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FIG.

10.

X-ray Fluorescence Borehole Logger
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X-ray Fluorescence Borehole Core Analyser
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FIG. 16.

An EDXRF analyser developed for the determination of
the concentration of zinc and lead dust in the air.
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A COMPARISON OF EDXES TECHNIQUES WITH OTHER NUCLEAR
ANALYTICAL TECHNIQUES IN MANUFACTURING INDUSTRY
P. MARTINELLI
Centre d'Etudes Nucléaires de Saclay
B.P. N° 2
91190 GIF SUR YVETTE
FRANCE

Abstract
New developments observed these last years in the technology of
Energy Dispersive X-ray Emission Spectrometry (EDXES) instruments and in
their applications to the analysis of industrial products, justify a comparison with other methods of analysis. Among these methods Wavelength
Dispersive X-ray Emission Spectrometry (=WDXES) is in direct concurrence
with EDXES. Activation Analysis by means of 252cf sources has an increasing
number of applications and offers particular advantages.
Methods involving the use of a heavy equipment, such as Proton
Induced X-ray Emission Analysis (= PIXEA), Proton Elastic Scattering
Analysis (PESA), Activation or prompt y-ray emission induced by y rays
or by heavy particles, represent relatively new developed tools available
for investigation of industrial problems.
1.

INTRODUCTION

The development of less expensive and more sophisticated electronic equipment opens new possibilities to the extension of nuclear XRF
analytical techniques in the manufacturing industry. These perspectives
are strongly enhanced by the development of high resolution X-ray detectors. From this point of view it is interesting to compare EDXES and
NDXES techniques with other analytical ones.

Instrumentation, applications and economic aspects, computer
techniques, pollution, and applications to industrial process control are
presented and discussed in other papers, and will not be developed here.
Because potentialities are large for the manufacturing industries,
we shall discuss mainly
various aspects of analytical problems ; then a
comparison with other techniques will be made, and some typical applications
will be reviewed.
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2.

NUCLEAR ANALYTICAL TECHNIQUES

2.1.

They can be divided into 2 categories :

2.1.1.
Techniques which are based on interaction of radiations with the
matter of the sample. Radioactive sealed sources or generators can be used
for this purpose. Among these techniques we shall distinguish :

1°) the cases where a response which is characteristic of the
elements or compounds to be determined, is delivered by the irradiated
sample. This response may consist
a) in the emission
- of atomic radiations such as K-or L-X rays (XES),
Auger electrons,

- of nuclear radiations = a, ß, y, neutrons, protons
(Activation Analysis by means of neutrons, protons,a or X - rays ; nuclear
reactions),
b) in characteristic interactions of radiations with
nuclei, atoms, crystals, or compounds ; such are techniques bases on
nuclear resonance phenomena, Mössbauer effect, photoelectron spectroscopy,
scattered proton spectroscopy...
2°) the cases where the useful response of the sample depends
only on differences in the magnitude of the interaction of a particular
radiation with the various atoms or compounds in the sample : it is the
case for methods based on the measurement of a, 3, Y> n,... radiations,
scattered or transmitted by the sample (preferential absorption of photons
for instance). It is also the case for neutron thermalization.

2.1.2.
Techniques which make use of stable or radioactive isotopes as
tracers or reagents. It is the case, for instance, for natural radioactivity, "f-ray spectroscopy, the various methods of Isotope Dilution Analysis,
radiometric titrations,...

Most of commercial analytical instruments are based on
techniques of the above first category.
2.2.
Description and applications of the nuclear analytical techniques
can be found in several books [1 to 5] or proceedings of symposia
[6].
Applications in the manufacturing industries have been described
in publications such as the proceedings of IAEA or ERDA Symposia
[7 to 13],

Particular aspects and applications of NDXES analysis have been
discussed in a Panel held in VIENNA in 1968 [.14]. EDXES and NDXES principles and applications are now found in many reviews or proceedings of
periodic meetings. EDXES instrumentation is described in another paper of
this meeting (see O.K. DONHOFFER).
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3.

PARTICULAR FEATURES, ADVANTAGES, AND LIMITATIONS OF EDXES AND
NDXES TECHNIQUES OF ANALYSIS

3.1.

Preparation of samples for analysis

3.1.1.
Requirements : samples for analysis can be in the form of gas,
liquids, slurries, powders, pressed discs, fused beads or solids. Thin
samples can be done for instance by deposition of liquids on filters.
Homogeneity of the sample is one of the main requisites. Attention must be paid to reproducibility of grain-size, and to classification
of components by density and grain-size effects. Eventual corrosion effects
on the thin windows of sample - holders and of the detector must be
overcome.

Surface state of the sample which is examined must be rather good.
Asperities should be avoided for solid samples.
For slurries special sample presenters must be used.
3.1.2.

Advantages of EDXES and NDXES techniques :
- weighing of the sample i's not necessary if no internal standard
is used and if the thickness is sufficiently large. This represents sometimes a significant advantage for analyses that are
carried out outside the laboratory,

- simplicity of preparation of the sample in most ca,ses. Chemical
operations are often unnecessary, and then the preparation of
the sample requires more professional attention than particular qualification,

- commercial equipment for preparation of samples is available,
due to the large and already common use of XRF analysis,
- time of preparation does not usually exceed 20 minutes and can
be much shorter, provided no chemical manipulation, such as
preconcentration, is necessary. When drying of solid samples is
required, the total time is about 1 hour.

3.1.3.
Reversibility of the usual procedure. In some particular applications, instead of the sample coming to the apparatus, it is possible
to bring the apparatus to the sample.
3.2.

Representativity of the sample :

This is a problem for every method of analysis. For this reason,
in industrial practice, the price of sampling installations is sometimes
much more important than that of the analytical apparatus.
3.2.1.

Particular features of XES analysis
- Thickness of the sample : according to the matrix and to the
atomic numbers of elements to be determined, the thickness
that effectively contributes to the measurement can vary from
about 1 micron to 1 centimeter ; for solid products this effective thickness is usually
10 to 100 microns.
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- Surface of sample interested by analysis. According to the geometric arrangement of source, sample and detector, this area
can be varied from about 1 mm diameter to about 50 mm diameter.
- Radial uniformity of sample composition is necessary when the
measurement is made on a large surface diameter. For instance,
in the usual coaxial compact geometry used in many NDXES apparatus, the "weight" is not the same between the center and the
periphery of the surface of sample under examination.

3.2.2.

Advantages of EDXES and of NDXES techniques :
- Large areas of sample are submitted, if necessary, to analysis.

- Very small representative weights of samples are not to be
prepared as it is the case for some other techniques.
- A good statistical representativity can be obtained with the
possibilities of continuous control and of presentation of
numerous samples to analysis, because of relatively short
preparation and analysis times.

3.3.

Geometry :

Accuracy, reproducibility of results, access considerations, are
important parameters for non-destructive assay.

3.3.1.

Particular feature of XES analysis :
- Backscattering geometry is generally used. Thus it is not
necessary to weigh the sample.
- Source-to-sample distance has relatively little influence on
the counting rates when fixed at an optimum value.

- Two geometric arrangements are generally used :
a) uncollimated coaxial or nearly coaxial arrangements and,
b) collimated V shaped systems.
In the second case the yield is much poorer than it is for the
first one, and source-to-sample distance influence on counting
rates is more important. But the mean free path of exciting and
of emitted radiations is better defined ; thus corrections for
density or for absorption effects are easier and more accurately predictable by theoretical considerations.
- A protective cover or window can be put on the measuring heads.
- Volume of the measuring head can, if necessary, be minimized.
This allows analytical measurements in difficult access conditions if the apparatus must "go to the sample".
3.3.2.

Advantages of EDXES and NDXES techniques :

- Easiness of sample presentation or of sample approach.
- Low influence of source-to-sample distance on the measured
radiations intensities.
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- New possibilities offered by the development of Te Cd semiconductor detectors which allow the construction of small
diameter probes, as it has been proved in other fields of
applications.
3.4.

Matrix effects :

3.4.1.

Particular features of XES analysis
- Heterogeneity and grain-size effects : The size of the particles
in a powder or in a pressed specimen has an influence on the
intensities on the K - or L - X ray lines emitted by the sample.
This influence has been theoretically and pratically studied.

The curve of the X-ray intensities versus grain-size shows a
"transition zone" for a given range of grain-sizes, inside which the
intensity of a given X-ray line can vary substantially. Attention is often
paid not to be in the transition zone, and consequently to have a proper
preparation of the sample. Heterogeneity between grains has also an influence. In practice, the mean grain-size of the samples does not vary much for
a given control, and a good calibration, using standard of the same grainsize, gives acceptable accuracy.
- Matrix absorption effects : The intensity of the K (or L)
X-ray line of interest is influenced by the absorption power of the matrix,
that is mainly by variations in the content of the other major elements.
This effect can be overcome either by dilution of the sample in a properly
chosen matrix, or by complementary measurements and mathematical
corrections.
There can exist a particular problem for the evaluation of absorption due to low atomic number elements when no assumption can be made on
their content in the matrix or on chemical composition of the major compounds in the sample. Here again a combination of methods can be applied,

- Matrix enhancement effect : This effect is due to secondary
fluorescent excitation of the measured element by X-ray lines of higher
atomic number elements excited in the sample (see paper of J.R. RHODES).
3.4.2.

Advantages and limitations of EDXES and NDXES techniques :
- Corrections can be brought to the matrix effect
- by multielement analysis,
- by comparison of balanced filters response,
- by use of the intensity of y-rays backscattered by
the sample.

- Low moisture content of solid samples does not influence
significantty the determination of elements with Z > 24.
- Main limitation is encountered when it is necessary to measure
C, 0, N, or S in order to calculate the contents of major elements. It is
the case for solutions for instance : water and organic matrix give
completely different intensities for X-ray line of elements in solution.
When analyzing natural ores containing Zn or lead, we have to know the
sulfur content of the sample. In other cases, the degree of carbonation
of calcium in a matrix, can also have an influence on analytical results.
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Though less easily than for higher atomic number elements Mg, AI,
Si, S, P, Cl can be measured if necessary.

In the case of direct excitation of characteristic X-rays by means
of low energy electrons, elements down to boron can be determined.
Moreover industrial products have relatively known matrix
composition ; this allows theoretical calculation of absorption effect, or
in simplest cases the use of calibration results. The errors resulting from
uncontrolled variations of light matrix composition are often acceptable
but not in every case.
3.5.

Time of analysis :

Duration of the analysis can vary from less than one minute to
about 20 minutes according to the problem and to the chosen XES equipment.
It can be of the order of a few seconds in favourable cases. This compares
favourably with other methods.
3.6.

Information treatment.

3.6.1.

Simplest cases :
- calibration curves or nomograms can still be used for simplest
applications,
- pocket programmable computers of negligible price can be used
for manual calculations of element contents in many cases of
applications,
- simple electronic devices can also be sufficient for particular
corrections such as combination of y-ray backscattering with
X-ray fluorescence,

3.6.2.
Medium-size programs sufficient for most applications can be
operated by :
- minicomputers either distinct from the measuring head or
incorporated in a fully automatic system of analysis,
- central units.

3.6.3.
Microprocessors can be integrated in small units allowing the
multielement analysis in the case of peak overlaps (see paper of P. RAUTALA
et al.).
3.6.4.
Several measuring heads, each including an analogic electronic
part, can be operated by a single unit, eventually coupled to a central
processor.

These possibilities give a new dimension to XES analysis,
(see the paper of D. SCHÜNEMANN).
3.7.

Economic and facility considerations

3.7.1.
The price of an XES system can vary from less than 10 000 $
to 100 000 $. The first price is for portable analyzers and the upper one
for most elaborate automatic EDXKF instruments using X-ray tubes as a
means of excitation.
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3.7.2.
Charged particles accelerators require the necessity to send the
sample to a specially equipped laboratory. But it has been proved that for
important programs of analytical research, the price per element can be
very low.
3.7.3.

Non-specialized people

can operate the simplest instruments.

3.8.

XES Analysis of elements with 5 < Z < 11

3.8.1.

Particular problems :

- Excitation of K-X rays of these elements is best realized by
heavy particles such as at or protons and by beams of low-energy electrons.
Radioactive o< -ray sources have been used down to carbon ; but 210po sources,
which have the advantage to be pure et emitters, must offer particular guarantees against the risk of contamination ; many other o(-emitters deliver
other radiations which tend to give an important background.

High power X-ray tubes with Al target and electron beams have
proved to be efficient down to boron. In this case analysis of characteristic X-ray lines is made by wavelength dispersion and detection by
means of gas proportional counters. A low power X-ray tube has been reported to permit the determination of elements down to boron.
- Attenuation coefficients for these X-ray energies are so high
that it is necessary to minimize the thickness of matter which is interposed between the sample and the active part of the detectors : vacuum
or helium atmosphere and a thin detector window are used.

- Surface contamination and irregularities must be avoided,

- Matrix effects = grain-size, self absorption, are responsible
for large errors.
- Filters are difficult or impossible to make in the convenient
thickness and nature.
- L or M lines of high Z elements can interfere with the peaks
of interest.

3.8.2.
Applications = Few applications have been made in this field with
the exception of
^ or Na
measurements. But potentialities do exist
as has been shown by the use of radioactive X-ray sources and of low energy
electron excitation.
3.9.

XES Analysis of elements with 11 < Z < 18
Particular problems :

- Though a particles or protons excitation (PIXEA) are often used
in this field, radioisotopic X-ray sources,electrons accelerators, and
X-ray tubes have largely been applied to practical problems.

- Attenuation coefficients are large = vacuum, or He atmosphere is
often used between sample and detector. Windows must be thin and made of
low atomic number materials.
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- Detectors = proportional counters and semi-conductor detectors
are mainly used, but scintillation counters only for Z ^ 16.
- Care must be taken to prepare a specimen with a good surface
state. Windows of sample-holders must not be polluted.

3.10.

XES Analysis of elements with 18 < Z < 60

This range of atomic numbers corresponds to the field of K-X ray
lines in which conventional X-ray apparatus have been used since 1950, when
no vacuum channel is necessary (with vacuum the range is approximately
5 <Z < 60 in the case of WDXRF).
3.10.1. Multielement analysis : This classical equipment has been largely
developed and used in industry. Advantages have been described in § 3.1
to 3.3.
Some years before 1970, high resolution solid-state detectors were
able to be incorporated in new X-ray fluorescence instruments, Energy Dispersive Analysis of X-ray lines replacing the Wavelength Crystalline Dispersion. The whole spectrum of pulses coming from the detector can be stored
at a time. Since that time, improvements in resolution and surface of
semi-conductor detectors, and an increase in the admissible counting rates
have made these apparatuses operational for industrial use. Computers (see
the paper of D. SCHÜNEMANN) have been incorporated into them in order to
deliver and display the contents of analyzed elements. It must be pointed
out that the energy resolution of EDXRF instruments is not as good as it
is with crystal diffraction, but sufficient in most cases for analysis of
elements with Z > 14.

Direct excitation by accelerated electrons has also been applied
to cover the range from Z = 5 to Z = 60 in conventional apparatuses.
Heavy means of irradiation, such as electron synchrotron delivering X-rays produced in a target are also practically used.

Proton generators are intensively applied in Proton Induced
X-ray Emission
Analysis (PIXEA). Compared with conventional X-ray
apparatus, PIXEA gives minimum detection limits (MDL) which are about 1
order of magnitude smaller, but for a longer time of irradiation. For
lower atomic numbers, this method suffers of background due to bremsStrahlung
of secondary electrons.
The situation at present is that an extensive study of every means
of excitation is carried out. But EDXES is the technique whose practical
development is the most remarkable. Radioisotopes and X-ray tubes are used
for this purpose.
3.10.2.
Simple routine problems of analysis : Since about 1960, radioisotope instruments have often been used for this purpose, including
sometimes , sources of a or 3 rays, but mainly sources of y or X rays.
Applications have been made for portable and for on-line instruments.
Laboratory apparatus have also been developed for routine control. These
instruments make use of energy selection when thereare no interfering
peaks, and of balanced filters when there is interference.
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3.11.

XES Analysis of elements with Z > 60.

In WDXES techniques these elements are determined from their L
or M X-ray lines intensities.
With EDXES and NDXES, it is possible to measure the, K JX-ray lines
intensities of these elements. In this case matrix effects, sç&ciâlly1.
grain-size are attenuated. Thicker walls can be used fdr ^ample-holders,
and the measurement can be sometimes made on a rather large volume of
sample (several cm3).
241
Low energy radioactive photon sources such as
Am for elements
up to Z = 69, 5?co for elements up to the maximum can be used.
Medium energy yray sources such as
used with profit for Z > 69.

192

Ir and

137

Cs can also be

Detector generally used for thas purpose is now a planar high
purity Ge diode (HPGE).

4.

GENERAL COMPARISON

4.1.

How to choose an equipment ?

When a potential user wants to buy an equipment, several cases
must be considered :
1. If it is for a particular application, the problem is well
defined : for instance a) measurement of sulfur content in gasoline on-line
or at the laboratory, or b) measurement of impurities in aluminum products
at the laboratory.

In this case a reliable apparatus is needed, meeting the requirements concerning sensitivity, accuracy, response time, cadence of analysis, or perhaps a little better. He will not try to have the best possible
performances : this is of no value.
After that, the potential user wants

- the greatest possible simplicity of use, for sample preparation'
as well as for practical operation,
- the least possible servitude, maintenance included,
- the lowest possible qualifications for the operator.
Perhaps the system will have to be manual or automatic, or
controlled by a processor. He will have to satisfy all the aspects of the
problem.

If the apparatus meets all these requirements, the user will
want to buy the least expensive apparatus, repairs included.

2. If it is for several well defined applications, it will be
either to control the products in a central laboratory, or. to have several
apparatuses in various utilization places ; in this latter eventuality, the
problem of standardization and of price appears.
The apparatus will have to meet all the requirements of the
various utilization cases. The same questions will be considered.
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Another criterion can be the particular specialities of the
available operators, and utilization of local means concerning programmation and computers.
3. If he has the possibility to send his samples to an external,
well equipped laboratory, he will be interested in having guarantees for
reliable results, and in the total price of the analysis.
4. If he has himself such a laboratory selling analyses, he will
try to satisfy the greatest number of possible customers at the lowest
possible price.

On the whole, it is sometimes difficult to say = you need such
an apparatus for such a problem. All depends on existing means and equipment already in operation. Comparisons will be made in this optic.
4.2.

Comparison of NDXES and EDXES instruments with other commercialy
available nuclear instruments for analysis.
We must compare comparable things.

4.2.1.

Equipment for general use in elementary analysis.

1. When a small, low-cost apparatus is wanted for the laboratory
or when there is a need for a portable equipment, NDXES offers the advantage of versatility ; these apparatuses can often be adapted to new
problems. Beta-ray back scattering is less expensive, and possesses its own
advantages ; but, being a method which cannot isolate a characteristic
character of an element in a complex mixture, beta-ray back scattering
can be applied only to the control of binary mixtures, or the equivalent,
and provided two conditions are satisfied : the atomic number of the
element to be determined must be sufficiently different from the atomic
number of the matrix, and its concentration must be > 1 %.

Now, radioisotopic portable apparatuses based on EDXES are
serious concurrents to NDXES instruments.
2. Medium-size equipment = High resolution EDXES is a very
powerful and versatile method which is comparable essentially with
wavelength dispersive X-ray emission spectroscopy (= WDXES) or with
Atomic Absorption or Optical Spectrometry.
a) WDXES instruments have a far better resolution for X-ray
lines than EDXES ones. For instance for the Mn Ka X-ray line, the best
resolution is between 140 and 150 eV for EDXES and better than 30 eV
with current WDXES apparatuses (around 3 eV for the best cases)D5]. This
superior resolution allows a better selectivity which is interesting for
low concentration measurements and eliminates many line interferences.
Minimum detection limits (= MDL) are as a consequence lower for WDXES
than for EDXES, but the difference is small in most practical applications.
Another feature of WDXES is that, when using low energy photons
or electrons as excitation sources and a proportional counter, as a
detector, X-ray of elements down to carbon can be detected and resolved.
This is commercialy available. In the other hand EDXES equipment is, for
the present time not really satisfactory for the measurement of elements
with Z <12.
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High resolution EDXES instruments have the following advantages
over WDXES ones = simplicity, ease of use and maintenance though liquid
nitrogen is necessary, compactness mainly when they are equipped with a
radioactive source of excitation ; they allow simultaneous measurement of
a large number of element concentrations, and no delicate crystal alignment
is necessary. Because the yield of collection of photons emitted by the
sample is considerably better than with WDXES, they allow the use of lowenergy X-ray tubes, and of nearly monochromatic excitation by means of
filtered X-ray tubes or by radioactive sources.
Another significant advantage of high resolution EDXES systems
is their relatively low price for the simplest ones, and this is an
important aspect of the problem for the development of these instruments
in industry.
Comparisons between WDXES and EDXES instruments has been done
by LANGHEINRICH et al. in 1972 [16], and more recently in the book
edited by T.G.DZUBAY in 1977 [17].
A comparison was made in 1977 by R. GAST, between WDXES, EDXES,
and optical emission spectroscopy in the case of chemical control at iron
foundries [18]. Except for carbon that could be measured only by optical
emission spectroscopy, and for magnesium that could not be determined
satisfactorily by EDXES method, comparison can be made for elements P, S,
Ti, Cr, Mn, Ni, Cu, Mo, Sn. For concentrations ranging from 0,107 to 0,60 %
according to the element, the r.m.s deviation ranges from 0,003 % to
0,020 % for optical emission, from 0,003 % to 0,030 % for WDXES, and from
0,030 % to 0,028 % for EDXES. For silicon at 2,40 % Si concentration, the
r.m.s. deviations are respectively 0,026 %, 0,030 % and 0,049 %. For most
foundries, direct reading optical emission is still the system of choice ;
but in some cases XES can be preferred or used as a complementary method,
because of its adaptability to non-routine work and of its large sample
capacity, (see the paper of P. RAUTALA et al.).

b) Neutron methods involving the use of radioactive neutrons
sources, mainly 252cf, have now an increasing number of applications.
Activation analysis in an ordinary laboratory is less universal
than high resolution EDXES methods, adjustment to new analytical problems
requires more qualification and time of research if we consider the possible
interferences. About 30 elements of the table of Mendeleev can be analyzed
by activation with 252cf thermalized neutrons. Among them the most favorable to be determined by this means are Si, Al, P, F and Cr.

Thermal capture y~rays can be measured to determine some elements
such as hydrogen.
Neutron inelastic scattering by means of a ^^°Pu-Be source can
be used to evaluate carbon contents in samples.
3. Heavy equipment can generally be found only in research
centres where its use is not necessarily limited to routine analysis.
It is the case for nuclear reactors, and for heavy particles or high
energy electrons generators. An exception is made for the electronic
or ionic microanalysers.
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4.2.2.

Equipment for the analysis of chemical compounds.

If there is no correlation between the compound and particular
elements,XES techniques cannot solve this kind of problem. Methods such as
crystalline^diffraction, proton backscattering, ESCA (photo electron
spectroscopy)can be applied to the solution of a wide variety of analytical
problems, -i
Mössbauer effect can be applied only to the compounds of a
restricted number of elements, essentially iron compounds. But already
interesting practical applications, such as austenite content of steel,
have been proved to be feasible.
4.2.3.

Equipment for a particular application of elementary analysis.

1. In this case the choice depends much on the economic interest
of the problem and on its specific requirements ; many methods can be in
competition.
Absorption of a particles emitted by radioisotopes is limited
to the examination of binary samples of mass per unit area less than about
?0 mg/cm2. It has been applied to the measurement of heavy gas concentration in the air and to indirect
humidity measurement evaluated from the
transmission through an hygroscopic sheet.
Backscattering of beta particles can be applied to the content
control of an element or of a complex component present in a matrix of
different mean atomic number. If the thickness of the sample cannot be
considered as infinite, which is practically less than 500 mg/cm2, it is
sometimes necessary to correct the results by the measurement of the total
mass per unit area ; this is ordinarily made by transmission of ß-rays or
of low energy photons. The method is attractive for on-line measurements
because low time constants can be used and that the equipment is rugged,
non expensive and well developed.
Transmission of ß particles is practically limited to the measurement of hydrogen content in homogeneous samples of mass per unit area
less than 1 g/cm2 : we can mention the well known measurement of C/H ratio
in liquid hydrocarbons.
Transmission of photons emitted by X-ray tubes or rather by Y~ray
sources must be considered every time there is a problem of systematic
or of on-line control of a binary mixture. The advantage is that the
volume of sample submitted to analysis is rather large ; grain-size and
edge effects become less important than in other methods. Two main cases
must be considered :

a) Density measurements by means of medium energy gamma-rays
emitted by sources of 192ir,'3/Cs, or 60Co. The thickness of the sample
can range from some centimeters to 50 cm, and it can be contained in thick
walls, such as in steel pipes. This method has been used for instance for
separation of refinery products in distribution plants.
b) Preferential absorption of low energy photons emitted by
X-ray tubes or radioisotope sources. This method is applied when there is
a large difference in the attenuation of photons by the element of interest
and by the matrix. The sensitivity can be fair in favorable cases such as
the measurement of sulfur in gasoline with an error between 100 ppm and
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300 ppm. Among numerous applications of this method we can mention the
measurement of uranium content in solutions. Preferential absorption must
be sometimes complemented by a density measurement of the sample.
Critical edge absorptiometry of photons compares the transmission
of photons having energies situated on either side of the K absorption jump
of the element to be measured.

Gamma-ray backscattering can be applied to distinguish a very low
atomic number component in a matrix of higher Z, It is the case for some
procedures of ash in coal measurements.
Thermalization of neutrons emitted by radioactive sources is
used for moisture measurements in bulk products.
Absorption or thermalization and absorption of neutrons can be
used to measure the content of neutron absorbing elements in a matrix.

Activation analysis, and other neutron methods such as thermal
capture Y~rays or neutron elastic scattering, are proposed either using a
radioisotopic neutron source or a 14 MeVneutron generator. Activation
analysis by means of thermal neutrons is applied to determination of elements giving short period radioactive isotopes. It has been also used as
a complement of XES methods for the measurement of Si and Al in crude
products for cements. Activation by fast neutrons has some applications such
as oxygen determinations. Prompt gamma-ray following capture of thermal
neutrons could be more used in the future because of the richness of the
information collected by this means ; we can mention hydrogen analysis.
The so called "Neutron Interrogation" methods and natural
gamma-ray spectrometry are used in the nuclear fuel industry.
2. By comparison with these nuclear methods XES offers generally
the advantage of selectivity and of a greater contrast between two different compositions of samples. Nevertheless activation analysis and nuclear
reactions can compete in a number of cases, mainly when a measurement is
needed on a relatively large mass of bulk product.
Drawbacks of XES methods have already been mentioned.

4.3.

Comparison of EDXES techniques with other nuclear methods of
analysis involving the use of a heavy equipment.

The problem arises mainly when a high sensitivity is required
for instance for traces or microanalysis. These heavy pieces of equipment
are also the only means available for the precise determination of light
elements, particularly at trace concentrations, and for ultra superficial
analysis.
4.3.1.

The techniques involved are :
- Activation analysis with thermal, epithermal, and fast neutrons
- by means of nuclear reactors
- by means of other neutrons generators
Characteristic radiations emitted by radioactivated elements
are measured after irradiation.
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- Activation analysis by means of high energy X-rays specially
applied to light element determinations. Among the radiations emitted by
radioactive decay, delayed neutrons can also be counted.
- Activation analysis by means of charged particles : protons,
deuterons, helium-3, helium-4.

- Analysis by direct observation of reaction products.
- by means of neutrons = prompt y-ray or y-rays from n, n'y
reactions
- by means of charged particles irradiation = products of p,y ;
p,oty ; p,a ; d, p reactions
- Proton induced X-ray Emission
analysis (PIXEA) (see paper
of A.E.JOHANSSON)
- Proton backscattering (PESA)
4.3.2.
Comparisons of minimum detectable limits obtainable among X-ray
spectrometers and systems have been done by J.M. JAKLEVIC et al. [19],
F.S. GOULDING and J.M. JAKLEVIC [20], J.S. SCHEER et al. [21] , and by
B.E. ARTZ and M.A. SHORT [22],They concern essentially pollution measurements, (see papers of J.R. RHODES and of A.E. JOHANSSON).

PIXE analysis is in full development. MDL below 0,1 ppm can be
obtained at the optimum atomic number Z = 38.
Activation analysis by means of nuclear reactors has solved a
considerable number of industrial problems and is still widely used. The
use of radiochemical separations allows the best sensitivities. In recent
years much effort has been devoted to Instrumental Activation Analysis.
Activation analysis by means of high energy photons, 30 to 40 MeV
allows the analysis of C, N, 0, F with MDL of 0.3 ppm or less.
Activation analysis by means of neavy particles is convenient for
elements B, C, N, O, F.
Direct observation of the products of nuclear reactions induced
by charged particles has been used for superficial determinations of oxygen.
5.

TYPICAL APPLICATIONS OF EDXES AND OF NDXES TECHNIQUES IN THE
MANUFACTURING INDUSTRIES.

5.1.

Petroleum Industry :

On-line and laboratory sulfur content in hydrocarbons has for a
long time been determined through conventional X-ray equipment, but now
radioisotopic instruments are preferred because they are compact, stable
and inexpensive.
Transmission measurements by means of photons, emitted by
or 3n/Zr sources have first been used. But in order to minimize the influence of C/H ratio on the measurement of sulfur content, photons with energies near 22 keV have been used = sources were lO^cd, '47pm/Al, or 241 Am
with a silver target. These last techniques are still in use. But the
density of the hydrocarbon has to be measured. The radiation detectors are
Geigers, twin ionization chambers, or scintillation detectors. The sensitivity of these measurements is about 0,01 to 0,03 %.
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Low resolution X-ray fluorescence equipments are commercially
available for sulfur content measurements on-line or in the laboratory
(see ENOMOTO). We know that it is possible to achieve this control with
a sensitivity better than 25 ppm, the influence of C/H ratio is compensated by the measurement of backscattered photons.
Sulfur in crude oils can be measured by means of an immersed
probe based on transmission and backscattering measurements with the use of
a fluorescent reflector. The precision is 0,02 % for sulfur. Lead can also
be measured with an error of 20 ppm.

The use of an X-ray tube instead of radioactive sources has
been recently mentioned for sulfur measurement in hydrocarbons.
Comparison of XRF and transmission methods suggests that XRF
analysis gives a better accuracy, but that transmission techniques are
simpler and less expensive when density does not need to be controlled and
when an accuracy of 300 ppm is sufficient.
Lead, cobalt or chlorine have also been measured in hydrocarbons
by means of photon transmission. But XRF techniques can be applied to these
determinations.

Vanadium and sulfur measurements in crude oils by means of
EDXRF and a semi-conductor detector has been reported.
Iron in oil has been determined by X-ray fluorescence analysis.
Cobalt and molybdenum have been measured in hydrodesulfurization
catalysts by means of an EDXES method.

5.2.

Chemical Industry :

XRF techniques of analysis are very attractive for the quantitative measurement of elements in aqueous solutions ; in this case the matrix
is easily controlled. In simplest cases low expensive NDXRF analyzers are
used. For multielement analysis EDXES techniques with semi-conductor
detectors are sometimes replacing conventional XRF methods. Typical examples
of applications are :
- Control of Co, Ni, Fe in acid solutions by means of a NDXRF analyzer,
- Determination of noble metals in aqueous solutions by means of
a radioisotope X-ray fluorescence apparatus,
- Determination of elements Zr, Hf, Nb, Tl, Mo and W in aqueous
solutions, by means of EDXES with a Si (Li) detector,
- Determination of Uranium content in solutions.
In favourable cases sensitivity at low concentrations ranges
from 20 to 100 ppm for the NDXES techniques, and about 10 times less with
EDXES. When possible preconcentration lowers considerably the minimum
detection limits.
Powders, pelletized samples, solid products can also be controlled
by this means, and several applications have been reported in the literature.
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Concurrent methods of NDXES and EDXES techniques, include WDXRF,
but mainly non-nuclear physical methods of analysis : automatic chemistry
followed by a physical measurement, atomic absorption spectrometry, Chromatographie methods, amperometry, colorimetry,...
Expansion in the use of high resolution EDXES techniques in the
chemical industry is probable in the near future.
5.3.

Paper industry :

On-line measurement of filler content - or ash content - in
paper in an important problem of this manufacturing. The filler is ordinarily clay, but among other materials, titanium dioxide and calcium carbonate
can be added to clay. This problem has been solved by transmission of lowenergy photons emitted by a ^H/Zr source, or by preferential absorption of
X-rays emitted by a radioactive source. For cardboard, preferential ß-ray
backscattering is used. Little effort has been made to exploit X-ray fluorescence techniques, because of the uncertainty due to the presence of
Si (>2 and Al2 03 in clay. At now an attempt is made in order to continously
measure the Ti 0g additive content in paper ; Ti K-X rays are excited by
a 55]?e source and detected with a proportional counter ; a correction for
basic weight and for clay content is necessary but these informations are
generally delivered on a continuous basis. Conclusion is that this method
can be applied.
5.4.

Printing Industry :

The thickness of copper deposited on iron lithographic printing
plates has been measured by fluorescence X-ray excitation of iron K-X rays.
But for offset printing, the thickness of chromium deposited on copper cylinders is preferentially measured by ß-ray backscattering.

The thickness of ink on papers has been tested by means of X-ray
excitation of iron contained in the ink.
5.5.

Textile Industry :

Wool has been distinguished from the mixture of wool and synthetic
fibers by X-ray fluorescent excitation of sulfur which is present in the wool,
Other potential applications of radioactive XES techniques do exist
such as the detection of fibers which have been labelled with an excitable
element during the manufacturing of materials.
5.6.

Cement Industry :

A typical application of NDXES analysis is the on-line measurement
of calcium and iron in liitia-stone and in crude products for cements.
Off-line, sequential measurement of Al, Si, Ca, Fe in cement raw
mix is made since 1964 in a Japanese plant by means of X-ray excitation
with radioisotopic sources and detection of characteristic X-rays with proportional counters'the content of these elements is evaluated from results
of counting rates obtained in different channels of the pulse-height
distribution.

An interesting combination of a neutron activation analyzer and
of a radioisotopic XRF apparatus is operated in Finland.
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Comparison with other nuclear techniques of analysis is nevertheless
now in favor of WDXRF control.
5.7.

Glass Industry :

Application of an XRF technique to the determination of the chemical composition of glass bath raw materials has been reported.

5.8.

Basic Metals Industry

Control of sinter-mix is made on-line by an NDXES instrument measuring Si, Ca and iron. Sources of 3n/Zr and 55pe are used for this purpose;
the detector is a proportional counter.

Control of iron smelting processes is made rapidly by NDXES
analysis, by dipping an iron bar in the molten slag, cooling, grinding and
presentation to the apparatus. The total time is 5'. Other controls of
metals in slags have been reported.
Tungsten control in steel melts of electric furnaces can be made
either by beta-ray backscattering for high W contents, or by NDXES analysis
for low contents.
Isotopic NDXES analyzers are routinely used to measure Fe, Ca, Zn,
Sn and Cu in smelting operations.

Scrap metal sorting according to Mo, Cr, Ni, Mn
is done by NDXRF portable instruments.

or Fe contents

EDXES possibilities for the analysis of Cr, Mn, Ni, Mo in lowalloy steels and for the analysis of slags have been demonstrated.
5.9.

Analysis and control of metallurgical products

Steels = Analysis and sorting of carbon steels and of low-alloy
steels, according to their V, Cr, Mn or Mo content is currently made by
portable NDXRF equipment. Isotopic sources were first used for this purpose.
But the advent of compact, transportable low-power X-ray tubes has improved
the performance of this equipment, especially for Mn content measurements.

Identification of metals is performed by the same apparatus.
Copper and copper alloys: NDXES radioisotopic analyzers have been
used for the measurement of Sn and Pb in bronzes. Rare earth determinations
in copper alloys have been made by this method.

Impurities in metals can also be determined by XRF methods.
Nuclear fuel elements are analyzed mainly by neutron interrogation, by natural gamma-ray spectrometry and by WDXES spectrometry. Applications of EDXES techniques in this field have been studied or are under
investigation.
Thickness measurements of metal coatings : Concurrently with
ß-ray backscattering, EDXES techniques are used for this purpose, either
in the laboratory or on-line. On-line measurements of Zinc or of Tin coatings
on steels are typical examples of industrial applications of EDXES (see
paper of J.S. WATT).
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5.10.

Food Industry

Large possibilities of application of NDXES and of EDXES
techniques of analysis exist in this field. A typical example is the
measurement of traces of impurities in milk by isotopes or X-ray tube
excitation.

5.11.

Miscellaneous

- Photographic materials : the surface density of silver emulsion
in the production of photographic films has been measured by NDXES with the
advantage of speedness and without exposing the film. It is now a typical
field where EDXES techniques can be applied.
- Wear control : practical applictions have been done such as the
determination of iron, copper, zinc in lubricating oils in order to investigate the wear of ball bearings of airplane turbines.
- Various types of controls of industrial products are made by
NDXES or EDXES instruments but must be classified in pollution control
rather than in the manufacturing industry ; such is the case of the control
of exhaust automotive catalysts, of lead in paints, and of chlorine in
plastic wastes (see papers of J.R. RHODES and of S. ENOMOTO).

6.

FUTURE TRENDS

Though little can be expected in the field of resolving power
of the best semi-conductor detectors, new developments in the practical
industrial use high resolution EDXES analysis techniques are made possible
by recent improvements concerning :

- availability of portable and of filtered X-ray tubes,
- advances in the use of electron excitation,
- compromise between WDXES and EDXES techniques of analysis by
the use of position sensitive proportional counters,
- commercial availability of twin proportional counters and of
twin scintillation crystals operated with a single photomultiplier, these detectors allowing the simultaneous use of two
balanced filters,
- better resolution of proportional counters,
- availability of new solid state detectors that can be operated
at room temperature, and despite their rather poor resolution,
permit the construction of small diameter sensing heads,
- availability of high purity Si and Ge detectors that can be
brought without damage at room temperature when not in use,
- availability of semi-conductor detectors cryostat assemblies
that can be used in every spatial orientation,
- increase of surface of available Si and Ge detectors,
- electronic improvement (suppression of pile-up),
- computer technology, improvement in reliability and in miniaturization having opened new perspectives particularly for the
field use of proportional counters with spectral analysis of
mixed peaks,
- studies on background and on information treatment,
- evolution in the price and reliability of electronic equipment,
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- techniques to minimize the background in order to improve
detection limits, as it is the case for the use of polarized
photons and of reflexion of X-rays,
- use of Rayleigh scattered photon intensities as an additive
information useful for interpretation of results,
7.

CONCLUSION

Compared with other instrumental techniques, NDXES and EDXES
techniques of analysis offer the advantage of simplicity of use, of speed
and versatility for portable equipments, and of simultaneous multielement
analysis for EDXES instruments. They have been largely used for on-line
control, field measurements and for laboratory analysis.
For analysis of bulk products activation analysis, prompt y-ray
intensity measurements, resonance
Y~raY scattering, y-ray transmission
methods are sometimes prefered because the volume of sample which is tested
is larger and more representative of the product to be controlled.
Activation analysis by means of isotopes or of low power generators
is proposed as a complementary method to the EDXES techniques for the
determination of light elements.

Though WDXRF techniques of analysis offer a far better energy
resolution, and lower detection limits, EDXRF techniques will probably take
the place of WDXRF ones in many applications because of their simplicity,
and ease of operation.
Progress has been made in the possibility of analysis on
small diameters of spots and on superficial analysis. Generally speaking,
the practical use of PIXEA is one of the major events of these last
10 years, though its use is restricted to very superficial analysis and
to trace determinations, and applications can be found mainly in pollution
research.
Improvements in components, techniques, ruggedness, and theory
will contribute to the expansion of EDXES techniques of analysis.
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WDXRF AND EDXRF TECHNIQUES IN INDUSTRY
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Espoo, Finland

ABSTRACT
APPLICATION AND ECONOMICAL ASPECTS OF WDXRF AND EDXRF TECHNIQUES
IN INDUSTRY.

The wave dispersive X-ray fluorescence analyzers are in general use
in laboratory and process applications. Partially they have been replaced
by spectrometers using semiconductor detectors. Advances in the design
of the gas filled proportional counter and in the computation technology
offered by the microprocessor have made practical the construction of
compact energy dispersive analyzers. The performance of such units compares satisfactorily with the expensive WDXRF units.

1.

INTRODUCTION

X-ray fluorescence has found widespread applications in the chemical
analysis of matter. The atoms in the sample are excited by primary radiation and the secondary radiation fluorescing by the atoms is characteristic
to the elements. In wave dispersive X-ray fluorescence, WDXRF, a diffraction grating, usually a crystal, is used to separate the various wavelengths. Because much power is lost in diffraction, the primary source
must be strong, such as an X-ray tube. No hard requirements are set for
the detector.
In energy dispersive X-ray fluorescence, EDXRF, the detector has so
high energy resolution that the analyzer can be removed. In this case the
loss of power is much smaller, and the primary power source can be weak.
Usually a small isotope source is used.
Both methods can be applied to the analysis of samples in laboratories
as well as in process environments. WDXRF is faster and is considered to
have an edge on accuracy, but EDXRF also offers high performance and has
great flexibility.
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1.1.

Energy dispersive X-ray detectors

The most important energy dispersive X-ray detectors are the cooled
Si(Li) and Ge semiconductor detectors. Their resolution, FWHM, is about
150 - 200 eV at 5.9 keV depending on the quality of the detector, properties of the amplifiers and the counting rate.
X-ray detectors operating at room temperature would be very practical.
A very promising semiconductor detector of this type is Hgl2. So far the
best published resolution value is 490 eV FWHM at 5.9 keV measured with a
2 mm2 x 150 ym Hgl2 detector [1], This detector is so new that any reports
about its applications to the EDXRF have not been found.
The proportional scintillation counter has the best resolution of the
gas filled detectors. The best reported [2] resolution for them is 472 eV
at 5.9 keV. This detector type is particularly developed for X-ray astronomy. Its application to the EDXRF is probably not very practical. The
detector has a relatively complicated construction and it may be expensive.
The oldest energy dispersive detector is the gas filled proportional
counter. It is mostly used to replace the Geiger counter or the scintillation counter and its energy dispersive properties are not very often in
full use. The use of the proportional counter has been limited because of
some of its disadvantages. The detectors have "aged", i.e. have changed
their properties due to the radiation load. Another reason is that the
counting rate has an effect on the pulse height and on the resolution.
However, it has been possible to reduce these disadvantages significantly.
In the EDXRF both the short and long term stabilities are important
properties. The ageing problem can be removed by replacing CH4 with C02
as quenching gas [3] or by using counters without quenching gas [4, 5].
The change of the quenching gas does not necessarily guarantee a long lifetime for the detector. It is essential that detectors are produced using
ultravacuum technology and gases are purified very carefully from electronegative impurities. The use of epoxies or other organic materials is not
recommended in the construction of high resolution detectors.
A low gas gain is the key to the high resolution. Difficulties in
the counting rate dependant gain shifts will decrease [6]. Using a very
low-noise room temperature preamplifier the resolution of 630 eV at 5.9 keV
has been measured [7] for a Ne-Ar filled detector. In Fig. 1 the resolution
for this detector is presented as a function of the gas gain. In Fig. 2
the Ag K-lines are presented as measured with a detector with the Ar-Xe
fill. It can be seen that KQ and Kg are clearly resolved. One advantage
of the proportional counter is that the detector area does not have a
significant effect on the resolution. This property is important for the
construction of an analyzer for samples with a very low content of elements.
There are two effects which are significant to the short term stability of the proportional counter. A sudden change in the counting rate is
the cause of the gain transient [8] which has a time constant of some ten
seconds. The magnitude of this phenomenon depends on the detector type
and on the gas gain. When a low-noise preamplifier is used, this shift
is about 0.1 - 0.5 %. Another short term effect is the temperature coefficient of the gas gain. A positive temperature coefficient has been
found, the magnitude of which depends on the detector type. This coefficient varies in the range of 50 - 500 ppm/°C. There is some evidence
that the above mentioned two short term phenomena can be used to predict
the long term stability.

120

1.2. Processing of EDXRF spectra
In the WDXRF analyzers the resolution in the spectra is usually so
good that there is no interference between neighboring energy lines and
the only major disturbance is due to scattering.
In the EDXRF analyzers the resolution of the detector is insufficient
to fully separate neighboring energy lines. For this reason the measured
spectrum must first be processed to obtain line intensities. For solid
state detectors different methods have been reported [9, 10],
In proportional counter EDXRF analyzers the overlapping of the neighboring lines is still higher. The spectrum stripping method can be based
on frequent measurements of reference samples. This also stabilizes the
analyzer due to changes in resolution and gain.
The pulse height spectrum as measured can be shown to be
/ m(s) ds = L £[/g(s,E.)dsll.
J
J J
k
jLk

(1)

where the kernel g(s,Ej) is the instrument function and Ii are the line
intensities. In Eq. (1) the linearity is of course assumed, and it can be
written as matrix equation
M = G I

(2)

Here the columns of G can be determined by measuring pure samples each consisting of one element of interest alone, because I is a delta function. The shape of the background is supposed to be constant and is first
subtracted from all measurements. Since the matrix G has thus been determined for a set of pure elements it can be said to represent the instrument
with minimum interference from the sample. This instrument matrix G can
be used to compute the fictitious intensities I for the measured spectra M.
It is advantageous to measure more elements of M than there are unknown
I:s [11]. In that case G is not square but the equation (2) can be still
solved. The solution depends on a generalized method according to the
least squares:
I = (G'O'-'-G'M

(3)

These intensities are comparable with the intensities measured directly
by WDXRF.

To measure the chemical contents of a sample a calibration is needed.
If the content matrix of known samples is C and the corresponding measured
intensity matrix I and linearity is assumed
I =A C

(4)

Equation (4) solved for A is
A = I C'CCC')'1

(5)

The whole measuring chain is then
M = GA C

(6)

where G controls the instrument and A the sample and both can be determined.
Then concentrations for unknown samples are
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C = ( A ' A r t G ' O G ' M -TM

(7)

In practice Eq. (4) is written C - B I plus constant vector where I also
includes scattering. The elements of matrix B and constant vector are
solved by standard multiple regression programs into which independent
variables of I are selected by using stepwise regression. Of course a
physical model can also be included in the calibration, if it exists.
Because unlinearities are omitted, background effects are not correct.
They can to some extent be taken into account by adding a dummy variable
into every equation of (2). In Eq. (3) this variable is also solved and
it is used in the regression model as variable.
In portable analyzers the calculations have to be simpler because of
the restrictions in the data processing capacity of microprocessor. The
intensity distribution of one element only is taken into account in the
channels of the neighboring elements. The distribution of the strongest
fluorescence line and the backscatter lines are observed in all measuring
channel s.
2.

2.1.

INDUSTRIAL APPLICATIONS OF X-RAY FLUORESCENCE ANALYZERS

Process applications

for WDXRF analyzers

The automatic control in process industry needs fast measurements.
The XRF-technique is a suitable tool for many chemical analysis problems
and truly on-line analyzers can be built.
Especially in mining industry the WDXRF on-line analyzers are widely
accepted in concentrators. Typically such an instrument is located in
a separate room and the samples are pumped to the analyzer. In Fig. 3
a typical installation is shown. The analyzer itself consists of a high
power X-ray tube which excites in the sample fluorescent radiation, which
is analyzed with fixed crystal spectrometers and detected with scintiLr
lation counters. The measuring head can move from slurry to slurry and
a typical measuring time per slurry is 20 seconds.
The sample to be measured must be representative and that is why good
sample taking systems and measuring cells are very essential for the analyzer. The chemical analysis is computed with a minicomputer by using
fluorescence intensities and backscatter intensity at 0.7 A or 1.4 A
Calibration is done as explained in section 1.2.
Several such analyzers are in process control and experiences have
been reported [12].
2.2.

Process applications for EDXRF analyzers

The state of art in data processing and modern electronics allows one
to control the complex information from EDXRF probes. EDXRF analyzers can
be constructed quite compact. This allows them to be installed very near
the process or even immersed directly into the process flow. Such systems
are very flexible if compared with typical WDXRF analyzers where the sample
taking systems are rigid and need much maintenance.
In process applications solid state detectors have some disadvantages,
because they are very delicate instruments and need liquid nitrogen cooling.
Gas filled high resolution proportional counters are more rugged and
cooling is not needed. The resolution is for most cases sufficient for
process control applications.
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An EDXRF analyzer is illustrated in Fig. 4. These probes may be
immersed into the slurry. The probes are connected to each other and to
the minicomputer with a loop consisting of a pair conductor carrying
ASCII signals. The computer commands all actions in the system and
processes the measured spectrum and calculates assays. Instrument calibration is done with pure element references completely automatically.
More details can be found in [13].
2.3.

Portable analyzer

A minimum weight of about ten kg including the power source has been
reached so that such analyzers are truly portable. They can be designed
to be immersed in process slurries or inserted into bore holes. Because
most elements including the light ones down to aluminium can be measured
without vacuum, the application range is rather broad. Calibration for
new applications requires effort but with increasing computational powers
this can be done by less trained personel. The basic cost of the new
units is only a fraction of the older equipment. Limitations of the XRF
method itself set the limit for the applications. The low penetration
depth usually requires careful specimen preparation, but naturally homogenous specimens such as metal sheets or surface layers such as paints can
often be analyzed without difficulties.
A probe has been developed for powder samples. It is shown in Fig.
5 . The measurement of copper content in the tailings of a small concentrator is represented in Fig. 6. The interfering substances are iron
(7-10 %), zinc (0.2-2.5 %) and lead (0.1-0.3 %) which have been measured
s itnul t aneou sly.
A probe has also been developed for scrap metal sorting. With this
equipment (Fig. 5 ) Cr, Fe, Ni and Mo can be measured simultaneously in
15 seconds. This probe is easily calibrated with samples fixed on the
analyzer. Results are directly seen in percentages.
One application is the bore hole probe, Fig. 7. It can be pushed into
bore holes over 45 mm in diameter with extension rods. The preliminary
measurements with this instrument have been performed at the mines of Outokumpu Co. The simultaneously measured profiles are in good agreement with
the chemical analyses of the core removed from the hole [14], Fig. 8 represents a comparison between the chemical analysis of the core and the X-ray
analysis of the bore hole. The results of the analyzer of this type can
mainly be used for the planning and controlling of mining.
It is evident that plenty of applications of this type of an analyzer
will be available in the industry. In certain applications, a very good
sensitivity can be reached with an analyzer based on the proportional counter. For example, it has been tested that a sensitivity of two ppm is
possible when uranium is measured from peat. Biogeochemistry can be used
in mineral exploration.
The fourth type of the probe for this analyzer is now under development. It is designed for the light element analysis. As a detector a
sealed proportional counter is used. 25 ym or 50 y beryllium windows are
transparent enough to measure aluminium K«. The transmission of the 25 ym
beryllium window for the Al Ka is ^ 50 %.
Ne-CU2 is a convenient detector gas or, if a better resolution is
wanted, Ne-Ar or Ne-Kr mixtures can be used. However, the latter mixtures
set higher requirements for the production techniques of the detectors
because pure noble gas mixtures are more sensitive to impurities. As the
X-ray source a thin circular Fe-55 is used. It is mounted right on the
detector window. For that reason the measuring geometry is very compact
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and the air path from the sample to the detector is less than 4 mm. In
this case the transmission of the air path to the Al KC, is about 50 %.
The overall measuring efficiency for the Al KO is thus 25 %.
For the portable analyzer it is easy to design different probes
according to the application. The distance between the probe and the
analyzer can be as high as 50 m.

3.

A COMPARISON BETWEEN EDXRF AND WDXRF TECHNIQUES

3.1. Technical comparison
The equipment in the WDXRF and EDXRF differ in many well-known
respects. The performance also has characteristics due to somewhat different operation principles. Some of the advantages and disadvantages
are compared in the Table I.

TABLE I.

TECHNICAL COMPARISON OF WDXRF AND EDXRF

Property

WDXRF

EDXRF

Low excitation power
Good resolution
High peak to background ratio
High counting rate capability

Simultaneous measurement of many
energy lines
Heavy element K-line analysis

Short air path in the spectrometer
Rapid qualitative analysis of an
unknown sample
Sensitivity limit not often dependant
on the sample type

X-rays can be turned off

The choice between WDXRF and EDXRF depends in the first place on
technical requirements and environment of the operation and economy.
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In the qualitative and quantitative analysis of unknown samples the
EDXRF with semiconductor detectors is most practical. In the analysis of
a known type of samples the EDXRF with gas filled proportional counter may
be feasible. If the best possible sensitivity is needed in the minimum
time, the WDXRF is the best choice.

3.2. Performance comparisons between EDXRF and WDXRF analyzers
The comparison between the performance of EDXRF and WDXRF is rather
complicated. The performance depends on the sample, detector resolution,
signal to background ratio, overall stability, counting rate etc. The
economic performance price per analysis is also important. Some measuring results between WDXRF and EDXRF analyzers are presented here.
In the first example two proportional counter EDXRF analyzers were
installed on the slurry line of one existing WDXRF analyzer. One of them
had an identical measuring cell with the WDXRF analyzer and the other was
immersed into an open tank in free stream. The comparison was slightly
disturbed by different measuring periods (20 s in WDXRF and 2-3 min in
EDXRF). In Fig. 9 the measured Cu-intensities from copper concentrate
slurry are drawn into the same scale. À typical sample analysis was
Fe 34 %, Co 0.3 %, Ni 0.15 %, Cu 19 % and Zn 1.7 %. The slurry density
was about 30 %.
Another comparison shows results from a closed slurry circuit where
the analyzed samples were circulated. The measurements for WDXRF and
EDXRF analyzers were not made simultaneously but with the same samples.
There were 12 different tailing samples and 8 different concentrate samples.
Each of them were measured in three slurry concentrations. Fig. 10 shows
the average chemical assays and the 1 a standard errors of estimates from
the regression lines.
As a third example, the measurements between WDXRF and portable EDXRF
analyzers are presented. As samples were powders of eight Zn-concentrates
with assays Fe 11.5 - 14 %, Cu 0.3 - 1.2 %, Zn 47.5 - 50 % and Pb 1 - 2.5 %.
Measuring time in WDXRF was 20 s and in EDXRF 4 min. The EDXRF counts
versus WDXRF counts in Cu-channels are shown in Fig. 11 and in Pb-channels
in Fig. 12. In Table II the standard errors of estimates from the regression lines against chemical assays are presented.
TABLE II. STANDARD ERRORS OF ESTIMATES FOR EIGHT ZN CONCENTRATE SAMPLES
FROM THE REGRESSION LINES FOR EDXRF AND WDXRF ANALYZERS

EDXRF

WDXRF

Fe

0.27 %

0.33

Cu

0.13

%

0.07 %

Zn

0.38

%

0.42 %

Pb

0.19

%

0.18

%

%

These examples show that WDXRF and EDXRF analyzers in many cases give
very similar performance. General conclusions can not be drawn from the
above data. However, the better resolution of WDXRF analyzers has advantage in complex cases.
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3.3.

Economical aspects

Chemical laboratories are expensive units to operate, so every effort
should be made to replace the old methods by modern instrumental techniques. XRF analyzers have been widely accepted to accomplish this.
They are ideal for fast and economical analyses in laboratories and lately
they have been installed for direct in-stream operations. The basic investment necessary for XRF operation varies widely according as WDXRF or
EDXRF is selected. A portable unit can be purchased for less than
$ 20000 whereas an installed WDXRF with complete samplers starts at a
figure ten times higher.
It is possible to show savings due to installations of XRF, but it is
still too early to generalize. In certain applications systematic improvement, such as smaller metal losses in tailings, have been shown. But the
biggest improvements are the indirect ones.
Automation in general requires certain basic process knowledge which
very often is not available. Installation of instruments deepens the
understanding of process phenomena and technical operations, often to the
extent that changes are made in the process. Especially true this has been
in connection with the WDXRF analyzers which require extensive sampling
devices. Much has been learned about the handling of mineral slurries with
corresponding technical and economical improvements in the process itself.
WDXRF and EDXRF analyzers in process applications are based on different principles of operation. Because the previous units have been quite
expensive, they have been centrally located and samples have been transported. In EDXRF the less expensive probes can be distributed about the
process and information only needs to be transmitted to the terminal.
Such a terminal may need a computer, but the microprocessor technology
will eliminate this need in the future. Today the investments in the two
systems break even when the number of probes is three or four. But the
wear in WDXRF samplers, which cannot be completely eliminated, keeps the
service costs of EDXRF much lower. Of course this situation does not need
to be so in the future, since with smaller and less powerful WDXRF units
the instrument costs can be reduced and the same principle of operation
applied to both systems.
In small works many operations can be handled with portable units
which can be carried around the plant or can be placed in a small control
laboratory. Experiences in a remotely located small concentrator in

Ecuador prove the usefulness of such a practice.
The service and maintenance costs of EDXRF analyzers are quite insignificant. The wear and need for replacements are low. There are no
consumable X-ray tubes, high voltage supplies or cooling units. The energy
sources, i.e. the isotopes, have limited lifetimes, but often these are
several years and their price is not inhibiting. The costs of extensive
laboratory buildings and personnel can be eliminated. It is a fact that
with portable units first class control and research activity is made
possible in quite primitive circumstances. This is a significant point
in developing countries with no traditional research structures.
The one expense hard to eliminate is the application work needed to
calibrate the analyzer for a particular application. As time goes on,
more feasibility studies and wider experiences become available but as yet
this is not so. The calibration problems are technically the same for
WDXRF and EDXRF but economically quite different. In connection with the
sale of an expensive WDXRF unit the supplier can organize training courses,
perform feasibility studies and often calibrate the analyzer for customers
needs. The sales budget for an inexpensive EDXRF can not carry such extra
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expenses. In many cases calibration is not a problem, in some others it
can lead to extensive research, so it either has to be charged separately
or done by the customer. With time, as the operation instructions improve
and the microprocessor becomes more clever, this rigor will be releaved.
Only todays limited capacity of microcomputer memory prevents the construction of a fully automatic calibration system for portable analyzers.
In conclusion it can be said that the previously expensive chemical
analyses needed to beneficiate the mineral resources are today in the
reach of every entrepreneur. The usefulness of their applications in
far-off places, where natural riches are still expected to be found, can
hardly be exaggerated.
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FIG. 3. Process WDXRF analyzer.

FIG. 4. Process EDXRF analyzer.
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FIG.

5.
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element probe and surface probe.
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Abstract
Radioisotope X-ray fluorescence (XRF) techniques are widely used for
analysis in Australian science and industry. From the economic viewpoint,
the most important applications are continuous on-line measurement of tir.
and zinc coatings on steel, and on-stream analysis of mineral slurries.
These measurements are used to improve control of plant operations.

Better control of metal coating operations is currently saving the
Australian steel coating industry about US$4,400,000 per year because of the
reduced consumption of coating metal. Current savings from improved control
of mineral concentrators by on-stream analysis are more difficult to
establish except for the case of one company which has increased metal
recovery and consequently saved about $450,000 per year. Reduced need for
shift assay staff has saved an average of $50,000 per year per plant. This
saving alone corresponds to payback of cost of the analysis system within
2.7 years.
Rough assessments, based on Australian experience, have been made of
the minimum size operations for which radioisotope XRF analysis is profitable. These correspond for coating operations, to an annual use of
US$1,000,000 zinc or $3,000,000 tin per coating line. For mineral
concentrators it corresponds to plants producing metal concentrates valued
at $4,500,000 per year.

INTRODUCTION

Radioisotope techniques have for many years been used to monitor
continuous process lines in industry. Early applications of $ and ytechniques included determination of the thickness of materials (such as
steel strip) during rolling operations, and of the density of such
materials as tobacco during cigarette manufacture. These radioisotope
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techniques measure continuously on-line, providing accurate determinations
within a few seconds or less. More accurate control of rapidly changing
plant processes and improved final product can thus be achieved.
Radioisotope X-ray fluorescence (XRF) techniques have made possible
the continuous on-line determination of the coating weights of such metals
as zinc and tin on steel, and of the concentration of specific elements in
mineral slurries. Since metal coating and mineral processing are major
industries in Australia, it is not surprising that Australian research
[1,2,3] in the early 1960s was directed towards application of radioisotope
X-ray techniques to these industries.

This paper describes applications by Australian manufacturers of
radioisotope XKF techniques in process control of metal coating operations
and mineral concentrators, and discusses their economic benefits.
ON-LINE DETERMINATION OP METAL COATING WEIGHT

Metal coatings are continuously applied to hot and cold rolled steel
either electrolytically or by passing the strip through molten coating metal.
To maintain product specification of minimum coating weight per unit area,
Australian manufacturers have in the past applied generous safety margins
by overcoating. This has been necessary because of difficulty in maintaining uniform and constant coating weight because of frequent changes in
coating weight to be applied and because of variations in processes controlling the coating weight. The time for sampling and off-line determination
of coating weight was far too long for accurate product control.
With the introduction in the 1970s of modern coating weight gauges
based on radioisotope XRF techniques, coating weight can be accurately
determined on-line within a few seconds. Control based on this determination
has resulted in a product much closer to specifications and consequently,
large savings in metal consumption.
On-line gauges measuring coating weight
Nucleonic Data Systems Inc. of Irvine, California, have supplied all
the coating weight gauges currently being used on Australian galvanising and
tinplate lines. The measuring head geometry is shown in Fig. 1. X-rays
from an
Am source cause the coating layer and the base to fluoresce,
emitting x-rays of energy characteristic of the element excited.
For zinc coatings on steel, the zinc K X-rays are detected and resolved
from iron K- and backscattered X-rays by the proportional detector used with
a single channel analyser. The intensity of zinc K X-rays detected
increases with weight of the zinc coating (Fig.2) [4]. A proportional
counter is superior to an ion chamber for this application because it can
resolve zinc K X-rays from iron K- and backscattered X-rays [4,5]. Both of
these XRF techniques are superior to $-ray backscatter techniques which
have much lower sensitivity (Fig.2) and accuracy.
For tinplate, iron K X-rays from the steel base are detected by the
proportional counter. The intensity decreases with coating weight because

of absorption of X-rays in the tin coating.
Both sides of the continuous sheet are scanned by movJng head units,
providing not only mean coating weight but also distribution across the
sheet on both sides of the line.
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John Lysaght (Aust.)
This company produces all of Australia's output of galvanised iron
sheet in plants at Port Kembla, N.S.W. and Westernport, Victoria. At Port
Kembla, three galvanising lines are in continuous operation, with a
potential total output of one million tonnes/y, and present output of
450,000 tonnes/y. The zinc coating averages 5.1% of the total weight. At
Westernport, one galvanising line is in operation with potential and present
outputs of 300,000 and 250,000 tonnes/y respectively.
In 1962 the company purchased a beta backscatter gauge to measure zinc
coating weight on-line T6].
The accuracy of this gauge proved to be
unsatisfactory. In 1969 the company installed an XRF gauge with radioisotope
X-ray source and balanced ion chambers [6].
This determined zinc coating
weight to within ± 5% which was useful but not as good as desired; it is no
longer used. The company now has gauges from Nucleonic Data Systems on all
of the Port Kembla and Westernport galvanising lines. These gauges have
provided very stable and consistent results, with long-term accuracy on-line
of within ±1% [6].
The improvement achieved by control based on the continuous measurement
of zinc coating weight can be seen in Fig. 3 [7,8], The coating target is
300 g/m2.
Before introduction of the radioisotope gauge, it was necessary
to overcoat averaging 345 g/m2 to meet target specifications. With manual
control of coating based on gauge measurements, the mean coating weight was
318 g/m2, dropping to 309 g/m2 with the automatic control of the coating
process. This represents a 10.4% decrease in consumption of zinc. Since
US$34,000,000 of zinc is used annually on galvanising lines at the Port
Kembla works, total savings for the three lines are $3,500,000 per year.
Australian Iron and Steel Pty Ltd (AIS)

AÏS produces all of Australia's output of tinplate at a plant in Port
Kembla, N.S.W. Two electrolytic lines are in operation producing 350,000
tonnes of tinplate per year, and with capacity for 500,000 tonnes per year.
The tin coating averages about 5 g/m2 on each side of the sheet. The company
produces a wide range of tinplate products, changing tin coating weight about
ten times per day [9].
Before installation of the radioisotope XKF gauges, tin coating weight
was determined by sampling followed by laboratory analysis [9].
This
introduced a time delay of about 20 minutes. In practice it took about
40-60 minutes of line operation before the current in the electrolytic cells
was trimmed sufficiently to achieve close adherence to product specifications.
At each change of product, overcoating by 6-10% was initially necessary [9] .
It was necessary to overcoat also when anodes of the electrolytic cells, and
line speed, were changed.

In August, 1976, Nucleonic Data Systems gauges were installed on one of
the two electrolytic tinning lines 19] . The precision of the gauges was
equivalent to 1% (2a) of the mean tin coating weight. The accuracy was
determined to be better than 0.17 g/m (2a; [9]. The gauge has operated
with high reliability with on-line operation time of greater than 99%.
The improvement in control of tin coating weight can be seen in Pig. 4
[9].
The overall tin consumption dropped 0.2 g/m2 in the six months after
gauge installation, equivalent to a 3.2% reduction in coating weight. This
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improvement has been the result of manual control of the plant based on
gauge determination of tin coating weight.
Savings which have already occurred (because of less overcoating) can
be calculated from published data from AIS [9]. Seven tonnes/day of tin

is used on the one line, and the reduction in tin consumption is 3.2%.
With the price of tin currently at US$11,200 per tonne, total savings for
the one line are $916,000 per year.
ON-STREAM ANALYSIS OF MINERAL SLURRIES

Mineral concentrators
After ore is mined, it is crushed and ground to particles small enough
to be separated into particles of valuable mineral and particles of waste
or gangue. The valuable mineral is then concentrated from the ore slurry
by various processes, the most important of which is froth flotation.

Grade of ore varies because of changing mineralisation and gangue
material. Optimum control procedures for the mineral concentrator depend
on ore grade a'nd other factors including ore throughput, extent of grinding,
recirculating loads, addition rates of various reagents, and air flow rate
to the flotation cells. Control of a mineral concentrator is far more
complex than that of a metal coating plant. Consequently improvements in
control which use continuous analysis of process streams are likely to

occur more slowly.
Before the introduction of on-stream analysis systems, samples were
taken from various plant streams, dried and then analysed by XRF (tube) or
atomic absorption techniques. A minimum of 20 minutes delay occurred
between sampling and receipt of the analytical results, far too long for
accurate plant control because by then the ore had passed through the plant.

Radioisotope techniques
The radioisotope X-ray techniques used in Australian on-stream analysis
applications are based on use of radioisotope X-ray sources and scintillation detectors [10,11] . Energy analysis with these relatively poor
resolution detectors is used to separate fluorescent X-rays from X-rays
backscattered from the slurry (Fig.5) . This improves sensitivity to the
wanted fluorescent X-rays and also makes possible the use of backscattered
X-ray intensity to compensate for variations in absorption by matrix
elements of the slurry and hence yield a more accurate analysis. The
intensities of fluorescent X-rays from matrix elements are suppressed
relative to those from the wanted element by choice of incident X-ray
enerqy, and by use of filters and radiators between sample and detector [10].
y-ray transmission techniques are used to determine slurry density and
solids weight fraction.

Plant installations and accuracy of analysis
The Australian Mineral Development Laboratories of Adelaide, South
Australia, manufacture and market the on-stream analysers developed in

Australia. They have installed most of the eight systems in Australia
[11,12], and have exported analysers to Zambia, the USSR and Greenland
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[13].

The radioisotope on-stream analysis systems in routine use in

mineral concentrators throughout Australia [11] determine valuable metal
concentration of ore slurries in various plant streams. The metals include
iron, nickel, copper, zinc, tin, lead and uranium.
Probes containing the radioisotope X-ray source and scintillation
detector (Fig.6) are immersed directly into the plant process streams
( Fig. 7). Electrical signals from the probes are routed to a centrallylocated computer which calculates metal concentration, density, and solids
weight fraction of the various plant streams. Probes are usually installed
in 3 - 6 streams in a plant, the number depending on the size of plant and
number of valuable metals being recovered from the ore.
Typical accuracies of on-stream analysis are 1 - 5 % (lo) of the mean
metal concentration in the slurry solids for concentrate streams, 5 - 10%
for flotation feeds, and 8 - 14% for residues. These accuracies are quite
sufficient for plant control.
The results for determination of zinc in residues at two plants in
Broken Hill, N.S.W. are not included in the 8 - 14% for residues quoted
above. The errors were 21 and 26% of the mean zinc concentration [11].
This large error was previously thought to be caused by lack of sufficient
isolation of zinc K X-rays from other fluorescent X-rays emitted by the
slurry [11]. It has, however, been established recently that, for at
least one of these plants,the errors are caused by variations in particle
size [14] . The zinc sulphide particles in the residue stream are of size
mainly greater than 100 y and the half thickness for zinc K X-rays is about
20 y. It has not proved possible to reduce the errors in analysis
significantly by use of higher energy X-rays to excite the slurry. This is
the first case in the author's experience that variations in particle size
have caused large errors in analysis in a mineral processing plant.
Plant operation of the radioisotope on-stream analysis system is
described in an AAEC film [15].
Savings

On-stream analysers have been in routine use in Australia since 1973.
Economic benefits have resulted from increased metal recovery, reduction in
shift assay and sampling staff, reduction in reagent consumption, shortened
time for training of mill operators, and lower transport charges for
concentrates because of their higher grade.
North Broken Hill Pty Ltd has recently reported savings directly
attributable to introduction of a radioisotope on-stream analysis system
[16]. In the first year after installation, zinc recovery increased by
1.26 wt.% from 89.66 to 90.92 wt.%. This was mainly due to reduction in
the amount of zinc in the lead concentrate. The extent of this increase is
regarded as conservative for reasons given in their publication. If the
last three months of operation of 1976 are compared with the average for
the two years before installation of the on-stream analyser, the zinc
recovery has increased by 3.21 wt.%. Total yearly savings are approximately
US$450,000, most being due to increased recovery of zinc.
Detailed information on savings from the other seven Australian
companies with on-stream analysis installations is not available. It is

not easy to isolate the increase in metal recovery resulting from the use
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of on-stream analysers because recovery varies from year to year owing to
many other factors including changes in ore grade and hardness.
Various companies with on-stream analysis installations have reported
a reduced need for shift assayers and samplers. The reduction is between
two and four per plant. For example, a total staff reduction of seven has
occurred in the joint analytical laboratory of the two Australian Mining
and Smelting plants at Broken Hill, N.S.W. The average savings (salaries
+ overheads) per plant for all Australian plants is about US$50,000 per
year.
MINIMUM SIZE OPERATIONS FOR WHICH GAUGE USE IS PROFITABLE

Prom Australian experience, it is possible to make a rough estimate of
the minimum size of operation for which profitable use can be made of

coating weight and on-stream analysis gauges.
Metal coatings
Essentially all the savings resulting from use of coating weight
gauges comes from reduction of coating metal required. The annual cost of
coating metal per line in Australia is about US$11,000,000 for zinc and
$29,000,000 for tin. F,or manual control of plant, coating metal savings
per line per year are about $1,000,000. The current cost of the coating
weight gauges used in Australia is about $280,000. Assuming that the
required pay back period for the gauges is three years, the minimum size
of operation for profitable use of the gauges corresponds to coating lines
using about $1,000,000 per year of zinc or $3,000,000 per year of tin.
This assumes an overcoating, before gauge installation, of 15% for zinc and
6% for tin, as was the practice in Australia.
Mineral concentrators
The main savings from use of on-stream analysers in mineral concentrators are from increased metal recovery. It is difficult to establish the
extent of this recovery. The author's estimate of potential is about 1%
(based on manual control). This is in line with estimates based on use of
X-ray tube analysers 117] . The cost of radioisotope on-stream analysers
for a typical plant is US$135,000. Hence if we assume a payback period of
three years, the minimum size operation corresponds to one producing
$4,500,000 of metal concentrate per year.
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30

Fig.6. Probes for on-stream analysis of mineral slurries- and incorporating radioisotope X- or Y~raY source and scintillation detector.
From
left to right, a density probe based on j-ray transmission, two XRF probes,
and a j-ray preferential absorption probe.
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Fig.7. Arrangement of radioisotope immersion probes in plant stream.

THE PLACE OF ENERGY-DISPERSIVE X-RAY EMISSION
ANALYSIS IN POLLUTION ASSESSMENT AND CONTROL

J. R. Rhodes
Columbia Scientific Industries
P. 0. Box 9908
Austin, Texas 78766 U.S.A.

ABSTRACT

The current status of applications of energy-dispersive X-ray emission
analysis in pollution assessment and control is reviewed. The state of
development of the technique and its place with respect to other analytical
techniques is discussed. Some 60 references are listed describing typical
applications to multielement analysis of air particulates, waters and other
environmental samples.
1. INTRODUCTION

From being essentially unknown at the beginning of this decade, the
technique of energy-dispersive X-ray emission spectrometry and its applications to multielement pollution analysis have grown rapidly. At a relevant
IAEA Symposium seven years ago only one [1] out of the 54 papers reported the
possible uses of the technique in pollution analysis. Since then some two
hundred papers and one book [2] devoted to the topic have been published.
At least one major air pollution study per year is now conducted in the USA
involving thousands of samples and a score of elements per sample, using
automated energy-dispersive X-ray emission spectrometry as the main
analysis tool.
In spite of these developments, the place of the technique in pollution assessment and control is not yet established. The method shows most
promise for large scale multielement analysis of air particulate samples.
The reason for this is that with proper sampling techniques and choice of
analysis strategy, interferences are minimized [3] and the method is clearly
superior to all others in terms of speed, sensitivity and accuracy.
Other applications whose feasibility is still being investigated
include multielement analysis of waters (e.g., drinking water, wastewaters,
sea water) after preconcentration of the sample; trace element analysis of
biological materials, sediments and solid wastes; and in-situ analysis of
waste streams and the seabed for "heavy metals." Still other applications
whose potential is not widely recognized at this time include the use of
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portable instruments as elemental survey meters and area monitors for air
quality measurements inside industrial plants.

In most of these areas of potential application other elemental analysis
techniques such as atomic absorption spectrophotometry, neutron activation
analysis, emission spectrometry, mass spectrometry and, not least, wavelength
dispersive X-ray spectrometry, will delimit the field and the magnitude of
application of energy-dispersive X-ray spectrometry. The extent to which
this happens will depend not only on the relevant properties of the techniques but on instrument cost and availability and on local conditions.
2.

TECHNOLOGY DEVELOPMENT

Three distinct types of energy dispersive X-ray emission analysis
equipment are in use which differ by their mode of X-ray excitation. They
are charged particle excited (PIXE), X-ray tube excited and radioisotope
source excited systems.
Johansson [4] first described the application of proton excitation for
trace element analysis of air particulates, oils, waters and blood serum.
Walter [5] describes the use of a 4 MeV Van de Graaff accelerator to produce
3 MeV protons for trace element analysis of a wide range of environmental
and biological samples including tissues, body fluids, soils, leaves, fly
ash, air particulate filters and ion exchange membranes equilibriated in
water. Clark [6] describes similar equipment for analysis of thick and thin
samples excited by 4 MeV charged particles and protons. He also points out
that nuclear reactions such as inelastic proton scattering also occur
especially in the light elements and yield characteristic gamma-rays that
can be measured by an energy-dispersive gamma-ray spectrometer, thus providing complementary low-Z element determinations. Nelson [7] reviews the
latest developments in these two techniques with special reference to
automated sampling and analysis of air particulates. Cahill [8] and
Flocchini [9] describe the use of 20 MeV ct-particles from a cyclotron to
perform both energy dispersive X-ray emission analysis and nuclear scattering for light element determinations. Campbell [10] reviews the development of the charged particle methods, compares sensitivities with those
obtained using photon excitation and describes applications to analysis of
tissue and other biomédical specimens, wines and the NBS Standard Reference
Material, Orchard Leaves. Recently Johansson [11] comprehensively reviewed
the state of technology and applications of PIXE and an international conference was held on the same topic [12].
Automated radioisotope source excited systems were tested at an early
stage for multielement analysis of air particulates [13-17] and one has been
in routine operation for this purpose by the Texas Air Control Board for
6 years J15J.
Some work was also done on determination of wear debris in
oils and trace -metals 113,171 in waters. The monoenergetic X-ray sources
employed for excitation afford a lower spectral background than other excitation sources and make the total system the simplest of the three types.
X-ray tube excitation enjoys perhaps the widest application at this
point in time because both, automated and manual systems have been commercially available for about 4 years. Bremsstrahlung excitation with low
power unfiltered tubes and monochromatic X-ray excitation using low power
tubes with transmission filters or high power tubes with reflection filters
are all in operation. Glauque [18] describes a transmission target, low
power tube system with close coupled geometry that achieves very good
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sensitivity for air particulates analysis. Such instruments are employed
at two or three laboratories of the U. S. Environmental Protection Agency
and the University of California. Later versions of the same system are
described by Jaklevic [19]. A similar system [20] with a silver anode
X-ray tube and a special cryostat design has been built for light element
excitation (down to Mg).

All the energy dispersive X-ray techniques share with wavelength
dispersive X-ray spectrometry and neutron activation analysis two important
and unique properties. First, solid or powder samples need not be dissolved
before analysis. This saves a considerable amount of effort, of the order
of 1 man-hour per sample, in analysis of solids but has no consequence,
of course, in analysis of liquids. Secondly, the analysis is nondestructive. Therefore, in the event of questions or legal disputes, the
specimen need only be reanalyzed. A third important property is that
simultaneous multielement analysis is performed so that even in routine
fully automatic operation the presence of unexpected elements should not
be missed. This is a unique attribute of possible major importance in
pollution assessment and control.
The charged particle excitation methods have the additional feature
that the incident beam can be focussed resulting in the ability to analyze
a sample down to about two pm in diameter. This yields an improvement in
absolute mass sensitivity of several orders of magnitude but makes
essentially no difference to the concentration sensitivity. Note that
if the smaller sample is not representative of the material to be analyzed
the above advantage is nullified.
A number of comparisons have been made both between X-ray emission
spectrometry and other elemental analysis techniques and between the various
versions of X-ray emission. Payne [15] reports results of analyses of
synthetic multielement samples on filters performed by five X-ray fluorescence instruments comprising two wavelength dispersive systems, two energy
dispersive tube-excited instruments and one energy dispersive radioisotope
excited instrument. At that time all but one of the instruments produced
quite inaccurate data. Camp [21] reports the results of an interlaboratory
comparison conducted between some 20 laboratories using all versions of
X-ray fluorescence together with neutron activation and atomic absorption.
The samples were multielement dried solution deposits or particulates on
filters. The results showed that all the energy dispersive X-ray methods
were self-consistant and provided reasonably good accuracy for elements
K and above in the Periodic Table. The other techniques were not sufficiently well represented to make meaningful comparisons.
Early comparisons [14,17] were made with atomic absorption, one of
the established methods for air particulates analysis. Analytical results
agreed quite well for the elements reported, Mn, Fe, Cu, Z n and Pb. The
X-ray emission method provided results for many more elements than could
be done conveniently by atomic absorption and the sensitivity in all cases
was at least as good. The major conclusion was that energy dispersive X-ray
emission was some ten times faster both in terms of labor and equipment
usage for typical multielement air particulates analyses. The two methods
were also compared for trace metals analysis of natural waters [22]. Preconcentration using ion exchange resin loaded filter paper was employed
prior to X-ray fluorescence analysis while the water samples were fed
directly to the "flameless" accessory for atomic absorption analysis.
Results were reported for Ca, Fe, Zn, Cu, Pb and Cd in the range 0.01 to
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20 ppm. The total analysis time, including sample preparation, was one
hour for atomic absorption and less than 15 minutes, for X-ray fluorescence.
In addition the X-ray fluorescence analyzer can run unattended while the
atomic absorption equipment requires operator attendance at least to change
conditions from one element to another.

Cooper [23] and Goulding [24] compare the sensitivities obtainable
with charged particle and photon excitation and conclude that practical
detection limits are similar, being in the range 0.1 to 1 ppm over the
elemental range studied (Si-Sn, K X-rays, and Pb, L X-rays), for specimens
of mass per unit area 5 mg/cm . Goulding notes that if an unexplained
major source of detector background were to be eliminated the sensitivity
for monochromatic photon excitation could be significantly improved.
Jaklevic [25] compares detection limits obtained for membrane filter
analysis under equivalent conditions for three specific instruments; a
multichannel wavelength dispersive system [26], a tube-excited energy dispersive system [19] and a typical particle excited system [5]. The wavelength dispersive analyzer is considered to be typical of the best
multichannel equipment available while the energy dispersive system
should be comparable in performance to most commercially available energy
dispersive instruments-. The sensitivities obtained are also compared
with upper and lower concentrations of all elements found in urban aerosols.
It is concluded that all three methods are capable of performing satisfactory, rapid, multielement analysis of air particulate samples. The selection of any one method must depend on additional factors such as convenience,
availability» cost and reliability.
Jenkins [27] reviews the historical development of X-ray fluorescence
instrumentation and compares the number of elements measured, the speed of
analysis and the cost of commercially available instruments for single and
multichannel wavelength dispersive systems, and energy dispersive systems
with either low power, transmission target tubes or high power, reflection
target tubes. He concludes that the expensive multichannel wavelength
dispersive systems are complementary in many respects to inexpensive
energy dispersive systems while the more versatile (and expensive)
energy dispersive systems are not as competitive. We note that this leaves
the particle excited energy dispersive method viable, reasonably inexpensive, and practicable if a suitable accelerator is available, and many
such accelerators are available at nuclear research centers and universities
around the world.

3. AIR POLLUTION ANALYSIS
Almost all the work reported in the USA has been confined to studies
of ambient air quality. Energy dispersive X-ray spectrometry has not yet
found significant application to the specific analysis of source emissions
(e.g., power plants, incinerators) although pollution sources have been
discovered and characterized as a result of the ambient air analysis
programs. The method has also not yet been applied systematically to
in-plant air quality monitoring although several investigators have pointed
out its obvious feasibility in this area.

Several studies involving sampling and multielement analysis of ambient
air particulates have been conducted in the past six years and are reviewed
herein. As a result, optimized sampling and analysis strategies have been
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worked out and it is quite possible that in the near future the USA National
Air Sampling Network will include routine air particulate sampling and
analysis by energy dispersive X-ray emission spectrometry.
A number of small scale studies were performed between 1971 and 1974.
These served to demonstrate the feasibility of the method and to establish

the value of .elemental signatures. Bowman [28] measured lead and bromine
concentrations in air particulates which had been collected on filters at
Berkeley, California over an eight-year period and stored. The Pb/Br ratio
was at first thought to be characterized by automobile and smelter emissions
but was later found to be affected by the age of the aerosol and the local
climate.

Rhodes [14], in a pilot study undertaken in collaboration with

the Texas Air Control Board, performed analysis for 17 elements on air
filter samples collected in Texas. As a result, two hitherto unknown pollution sources were discovered and several elements and element combinations
were found to be characteristic of certain types of industrial and agricultural pollution. Payne [15] extended this work and the Texas Air Control
Board have since 1973 been analyzing on a routine basis an average of 1000
air particulate, 24-hour, high volume filter samples per month, for up to
40 elements each.
Using a proton-excited system Cahill [29] analyzed air particulate
samples with 5-stage Lundgren impactors at sites upwind and downwind of
several Los Angeles freeways. Most sampling periods were two hours and

the five size ranges were 100-18; 18-5; 5-1.8; 1.8 to 0.5 and less than
0.5 microns. Elemental data were correlated with climatic conditions and
known automotive expendables. Akselsson [30] later performed a similar
study using either six-stage Battelle cascade impactors or "streaker
samplers" [7,31] with 2-hour sampling periods and a proton-excited analysis
system. The objective of this study was to obtain baseline information on

levels of S, Cl, K, Ca, Fe, Br and Pb emitted by automobiles prior to the
introduction of catalytic converters. The particle excitation techniques
used in both these studies are well-suited to measuring the small area
samples obtained by impactors.
Wedberg [32] analyzed a number of air particulate samples collected on

filters (i.e., without size fractionaction) in and around Pittsburgh during
air pollution episodes, with the objective of finding out whether such

episodes were caused primarily by automotive or by industrial pollution.
Several elements and element ratios were studied and it was found that,
as long as lead smelters are absent, the Pb/Fe ratio is a good measure of

whether the source of a particular aerosol is mainly automotive (Pb) or
industrial (Fe).
The elemental constituents of Miami air particulates were measured

as a function of particle size using a 5-stage impactor and proton excitation [33]. This locality provides an interesting mixture of marine,
industrial, automotive and urban non-industrial aerosols. Comparative
data were obtained from rural North Florida and from Bermuda. Thirteen
elements were measured and a large amount of data generated on the variation
of either element concentration or element ratios with particle size. A
good deal of use was made in this study of the (then) recently discovered
bimodal aerosol particle size distribution [34]. Elements in the fine

particulates (less than about 2 microns) seem to be largely anthropogenic
whereas those in the coarser fraction (greater than about 5 microns) are
associated with natural sources.
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The California Aerosol Characterization Experiment (ACHEX) was a fairly
large scale study conducted in two phases in 1972 and 1973 [35]. The
objectives were to characterize aerosols, find the sources of pollution
that decreased visibility and evaluate the applicability of various instruments. Between July and November 1972 sampling was conducted around the
San Francisco and the Los Angeles areas. Between July and October 1973
further samples were taken in the Los Angeles basin. Analysis of the
results continued until the end of 1974. Elaborate meteorological, trace
gas and particulate measurements were made simultaneously with time resolutions, in particular experiments, as short as 10 minutes. The chemical
analysis of aerosols was conducted by energy dispersive X-ray fluorescence
[36,37] as well as other techniques. Particle size distributions were
obtained using impactors and a considerable amount of elemental analysis
by particle size was conducted. In all, some 30,000 chemical determinations were made. It was established beyond doubt that the anthropogenic
(man-made) contribution to atmospheric aerosols is consistently in the
fine particle fraction which happens to be also the respirable fraction.
The following elements in the aerosol were found to be almost always
anthropogenic: S, V, Cr, Mn, Ni, Cu, Zn, As, Se, Br, Cd, Ba and Pb.
The following are almost always produced naturally: Na, Al, Si, Cl, K
and I; while Ca, Ti and Fe were both man-made and natural.
A second large scale investigation (Regional Air Pollution Study RAPS) was begun in August 1973 and continued for 2 years in the St. Louis
area [38-42].

In one pilot study, cascade impactor sampling followed

by proton-excited energy dispersive X-ray emission analysis yielded data
for some 13 elements by particle size with 1 to 12-hour time resolution.
Results at three St. Louis sites were compared with similar data from
North Florida and maritime Bermuda [38]. Jaklevic [19], Loo [39], and
Dzubay [42] report the design and application of a dichotomous sampler
with a cut point near 2 microns to take advantage of the bimodal size
distribution. The sampler is a virtual impactor and the two size fractions
are collected on thin membrane filters designed for direct energy dispersive X-ray fluorescence analysis. In a second pilot study [40], elemental
analysis of the two size fractions confirmed that at least 75% of S, Zn,
Br and Pb occurred in the fine, respirable fraction and at least 75% of
the Si, Ca, Ti and Fe occurred in the coarse fraction. The main RAPS
program comprised taking some 34,000 samples using automated dichotomous
samplers over the 2-year period [19,41]. Mass per unit area determinations
were made by g-particle transmisson. Some 27 elements were routinely
measured and simultaneous meteorological and gaseous pollutant data
were accumulated. The primary initial effort was to study the origin of
sulfur-containing particulates. About 90% of sulfur was found in the
fine particulate fraction. Its time variation was significantly slower
than that of other elements. Lead and bromine show diurnal variations
consistant with traffic patterns. Other elements such as Cu and Zn showed
extreme short-term fluctuations characteristic of variations in source
output or wind direction. Data interpretation is continuing.

The ACHEX and RAPS studies can be taken as models for future investigations of this type.

4. WATER ANALYSIS

To perform trace element analysis of waters the sample must be preconcentrated. Most research has centered upon doing this rapidly and
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efficiently, and at the same time obtaining a thin, solid specimen suitable
for direct X-ray emission analysis. As an example of the degree of preconcentration required, consider that the trace elements in 100 ml of water
are to be extracted onto 1 cm2 of filter paper. A typical detection limit
for energy dispersive X-ray emission analysis for such a specimen is
0.02 vig/cm2 which corresponds to 0.2 vig/A, (ppb) in the original water
sample. This represents an adequate sensitivity for trace element analysis
of even the "purest" drinking water.
Several methods of preconcentration for energy dispersive X-ray
analysis have been studied and a considerable amount of earlier work,
done for wavelength dispersive X-ray fluorescence was taken into account.
These methods are evaporation, electrolysis, vapor filtration, ion exchange,
chelation, co-precipitation and. silylation. (It is assumed that any suspended sediment is always filtered off beforehand and analyzed separately.)
Practical problems that have to be overcome or minimized include long
sample preconcentration times, losses of ions from solution during storage,
chemical interferences and sub-quantitative yields, and overloading the
capacity of the concentration medium.

Since the particle-excited technique can measure a specimen only a
few mm2 in area, initial sample volumes can be much smaller than 100 ml,
and the process of evaporating a small volume of water onto a suitable
"clean", thin substrate affords a convenient and practical method for
water analysis [4-6]. Johansson [4] measured six elements at the ppb level
in ground water after repeated evaporation onto a thin carbon foil.
Walter [5] obtained sensitivities better than 1 ppb for elements Ti to Sr
(K X-rays) and a little worse than 1 ppb for Hg and Pb (L X-rays). He
evaporated 100 ml samples, acidified the residue to 1 ml and analyzed 80 u£
drops on a thin backing. Results for tap water and deionized water were
good but the presence of NaCl in seawater masked all elements other than
Br and Sr. Clark [6] evaporated 10 ml of water onto a thin Formvar film.
The advantages of evaporation are the absence of chemical interferences
and the simplicity of equipment required. However, large preconcentration
ratios cannot be obtained without evaporation of large volumes, which is
tedious and time consuming, and in any event, not practical if one ion in
solution has a relatively high concentration. Van Grieken [43] and
Fuchs [44] conclude that evaporation cannot conveniently yield enough
preconcentration to obtain ppb sensitivities with X-ray excitation (because
the sample area required in this case is generally several cm2). Rickey [45]
proposes a neat way around this problem using the concept of vapor filtration. In his apparatus, large sample volumes are rapidly vacuum-filtered
through a special thin, polymer membrane that is impervious to water but
allows water vapor to pass. (This concept is similar to that of cellulose
acetate membranes used to demineralize water [44].) The original advantages
of evaporation are retained while the speed and degree of preconcentration
are considerably increased. Overloading by a relatively concentrated
component is still, of course, a problem.
Most work has been done on the application of ion exchange
resins [5,6,22,43,44,46-51]. Various types are available (cationic,
anionic, chelating) and they are all simple to prepare and use. Care
must be taken that the resin is initially free from trace metal impurities.
This can be insured by washing with an appropriate reagent and analyzing
a "blank." If the bulk resin is used, it must be made into a suitable
shape, such as a pressed pellet, after the preconcentration step and
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before the analysis step. Such a specimen would not be "thin" and also
might give rise to particle size effects.
Ion exchange resin loaded filter papers have been studied extensively [5,22,43,44,46-51]. Since the paper is relatively thin, special
attention must be given to increasing the residence time of the water
in contact with it. Satisfactory yields are obtained either by soaking
in the water sample or by recirculating the water through the filter
a number of times. However, the capacity of the resin loaded filter papers
is rather low and is easily exceeded by certain ions such as Ça"*"*" and Mg++
that can occur in natural waters in concentrations much higher than the
"heavy metal" pollutants. Seawater is an even worse case. Note that when
water samples are stored for any length of time there is a danger of loss
of trace metals to the container walls [52]. This can be prevented by
acidifying the sample as soon as it is taken, with nitric acid. Thus,
any chemical preconcentration step that requires an alkaline or neutral
sample is at a disadvantage.

In the case of ion-exchange resin loaded filter paper the chemical
functional groups are immobilized in the filter paper in a physical form
suitable for direct X-ray analysis. Another method for immobilizing the
functional groups, proposed by Leyden [53-56], is silylation. Various
chelating functional groups can be immobilized on substrates such as
silica gel or glass beads. Studies of their possible application to trace
element analysis of water by X-ray fluorescence have been made [55,56].
Electrodeposition onto a thin carbon disc electrode has been
proposed, followed by direct analysis of the carbon disc [57]. Because of
the kinetics of electrodeposition, it is impossible to obtain 100%
recovery in a finite time. However, good reproducibility and quantitative
yields were obtained for deposition of yg quantities of 6 elements from
15 ml of solution in a 90 minute period. The authors did not mention a
possibly significant advantage of this, approach in discriminating against
alkali and alkaline earth ions by virtue of their relatively high electrochemical potential.

Co-precipitation prior to wavelength dispersive X-ray fluorescence
analysis was studied extensively by Luke 158]. Rhodes [17] mentions the
use of co-precipitation with Cd S for analysis of river water samples and
Mathiesen [59] describes concentration by co-precipitation onto 1.5 mm dia.
"microdot" specimens for analysis by tube-excited energy dispersive X-ray
fluorescence. Elder [60] describes preconcentration by co-precipitation
in acid conditions with a chelating agent, ammonium-1-pyrrolidine dithiocarbamate (APDC), and filtering onto a membrane filter. This approach has
the advantages that the analytical specimen is thin (compared to resin
loaded filter papers), the alkali and alkaline earth metals are not
precipitated and the method is relatively fast, taking less than half an
hour per sample. Some 30 metals are capable of being precipitated by this
technique. Elder reports quantitative and reproducible results for Fe, Ni,
Cu, Zn, Mo, Hg and Pb in the low ppb range, extracted from natural waters.
Salinity up to 4% did not interfere. We have employed the APDC coprecipitation method at pH4 for analysis of aqueous solutions and effluent
water samples. We obtain quantitative extraction for elements Ti, V, Fe,
Co, Ni, Cu, Zn, Cd, Sn, Sb, Hg and Pb. Yields are generally poor or
variable for Cr and Mn.
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5.

OTHER ENVIRONMENTAL ANALYSES

If pollution assessment and control is taken to include the monitoring
of potentially toxic trace elements in body fluids, tissues, foodstuffs,
plants and other ingestible materials, then the potential scope of energydispersive X-ray emission spectrometry is increased immeasurably. We are
only just beginning to understand the way individual trace elements are
concentrated in food chains, ingested or otherwise absorbed by the body,
and excreted or held in specific organs or cell groups. A certain element
may be necessary for life or health at a given low concentration, while
causing acute or chronic, permanent or temporary sickness at some higher
concentration level in any given part of the body. The power of energy
dispersive X-ray spectrometry rests with the ease, relative to other trace
element analysis techniques, with which qualitative and quantitative multielement analysis can be accomplished, at sensitivities of 1 ppm or better,
on a wide variety of specimens having practical sizes of the order of
100 mg, with the minimum of sample preparation. The few literature references reviewed below serve to illustrate this.

Johansson [4] evaporated blood serum sandwiched between thin hostaphan
foils and detected Fe, Cu, Br and Zn in 15 mg dried serum specimens. The
detection limit, using proton-excitation, is estimated to be of the order
of 1 yg/100 ml.
Giauque [18] describes the analysis of freeze-dried human serum
prepared by pulverizing and pressing into a 30 mg/cm2 pellet 2.5 cm in
diameter. A concentration factor of ten is obtained by freeze drying.
Using a tube-excited system the following elements were measured: Cl, K,
Ca, Fe (0.6 ppm), Ni (0.07 ppm), Cu (1.2 ppm), Zn (0.6 ppm), Se (0.2 ppm),
Br (3.0 ppm), Kb (0.4 ppm). The quoted concentrations are referred to the
original serum.

Walter [5], using proton excitation, analyzed leaves, soil and various
tissues and body fluids. Dried 40 y£ urine samples showed measurable concentrations of K, Ça, Fe, Ni, Cu, Zn, Hg, Br and Rb. Elevated Fe and Zn
contents were noted in a sample from a prostate cancer patient while
elevated Hg was found in a sample from a person previously exposed to
mercury. Various tissue samples were analyzed after different modes of
sample preparation; thin sections, thick slices, freeze dried and ashed.
Typical results show enhanced concentrations of Pb and As in brain tissue;
Br in lung tissue; Se in tests and As in heart. The sources and significance were unknown to the author. Edibles such as milk, beer and carp
tissue were also studied.

Campbell [10] used proton-excited energy dispersive X-ray spectrometry
to analyze dried wines (eight elements measured in the range 0.05 to
1.5 ppm), wet-ashed liver and kidney tissue (Fe, Zn and Pb measured in the
range 1 to 2000 ppm), chicken meat (eight elements, 1 to 400 ppm) and human
fingernails (eight elements, 0.8 to 2000 ppm). He also reviews in some
detail methods of specimen preparation and mounting, compares proton and
photon excitation, and discusses reproducibility and methods of calibration.
in
or
as
to

Florkowski [61,62] used source excitation to investigate trace elements
mosses, pine needles and beech leaves prepared as dried, pressed pellets
by ashing. Mosses accumulate metals from the atmosphere and can serve
indicators of long-term pollution. Sulfur in pine needles was found
be correlated with local pollution from paper mills. He also gave some
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recent results for analysis of air particulates, ground water and rain water

in Poland [62].
Up to now we have reviewed methods of analysis using laboratorybased instrumentation. Tube or,- particularly, source excited energy dispersive X-ray spectrometry is well suited to development into field
instrumentation. Some equipment is in use for on-stream process control.
The same equipment could be used for continuous elemental monitoring of
waste streams. A prototype source excited system has been built for in-situ
analysis of seabed sediments [63] to perform real-time elemental pollution
tracing in coastal waters. Test results on the bottom of Long Island Sound
showed measurable levels of thirteen elements from Cr to Zr (K X-rays) plus
Pb (L X-rays). Estimated concentrations ranged from 20 ppm (Nb) to 5% (Fe).
Preliminary studies showed that ten points per hour could be analyzed
in-situ.
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ABSTRACT

This review article deals with the X-ray emission induced by
heavy, charged particles and the use of this process as an analytical method (PIXE). The physical processes involved, X-ray emission
and the various reactions contributing to the background, are described in some detail. The sensitivity is calculated theoretically and
the results compared with practical experience. A discussion is given
on how the sensitivity can be optimized. The experimental arrangements
are described and the various technical problems discussed. The analytical procedure, especially the sample preparation, is described in
considerable detail. A number of typical practical applications are
discussed.

1.

INTRODUCTION

X-ray emission has for a long time been used rather extensively
for analytical purposes, mainly in the form of X-ray fluorescence analysis or in connection with electron microscopy. The use of heavy,
charged particle induced X-ray emission (PIXE) as an analytical tool
is relatively new.
It was mainly the advent of silicon detectors with
a good resolution for low energy X-rays that made this development
possible. The main advantage of PIXE analysis is the very high and
uniform sensitivity which is due to the fact that the X-ray production
cross section is rather high relative to the cross sections of the
various processes contributing to the background.
For an account of the early work in this field the reader is
refered to a review paper by Johansson et al. (1).
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2.

BASIC PRINCIPLES OF THE METHOD

The main features of PIXE analysis are illustrated in Fig. 1.
A beam of protons, a-particles or heavy ions pass through an irradiation chamber. The intensity of the beam is made uniform by means
of two pairs of deflecting plates sweeping the beam in two perpendicular directions. Another method to produce a uniform beam is to use
a diffuser foil. The beam is then defined by a series of collimators.
The target is typically a thin foil of carbon or plastic upon which
the sample to be analysed is deposited. Thick targets such as powder
compressed to a pellet or sections of organic tissue may also be used.
The beam is stopped by a Faraday cup connected to a beam integrator
which measures the total number of particles passing through the
target. X-rays emitted by the sample pass through a thin window in
the chamber and are detected by a silicon detector. The pulses from
the detector are analysed by a conventional multichannel analyser or,
preferably, in an automatic computer-based data acquisition system.
A typical spectrum is shown in Fig. 2. It consists of a number
of peaks corresponding to the K and KR X-rays of the elements indicated in the figure. For the heavy elements the cross section for K
X-ray production is very small but instead the L X-rays turn up in the
spectrum as is shown for lead. The peaks are superimposed upon a continuous background originating mainly in the backing material.
This spectrum illustrates the advantages of PIXE analysis, especially the fact that it is a multielemental method. In one single run
of short duration (a few minutes) one gets information about all elements from the lightest (around aluminium) to the heaviest. Furthermore, as will be discussed in detail below, the sensitivity is rather
constant over the whole periodic table. Therefore, since the sensitivity is quite high, it is a method well suited for trace element analysis in many different materials.
The cut-off for the lightest elements is due to the absorption
of the X-rays in the windows of the chamber and the detector. With
conventional equipment it is possible to get down to around aluminium.
With some effort (special detector mounted inside the chamber) also
the lightest elements can be measured. However, it is probably more
convenient to use other nuclear methods for analysis of the light elements. Proton scattering is a method which easily can be combined with
PIXE for this purpose. In this case a solid state detector for detection of the backscattered protons is mounted in the chamber. A spectrum
recorded by the detector contains well resolved peaks corresponding to
the light elements present in the sample.

The energy of the incident particles is usually in the range 1-5
MeV/amu. For lower energies the sensitivity becomes too low because
of the small X-ray production cross sections, and for higher energies
the continuous background increases rapidly, which also results in a
low sensitivity. The fairly low bombarding energy is interesting from
the point of view that even small, cheap accelerators can be used.
As a matter of fact, PIXE analysis appears to be an ideal way of using
a small accelerator for practical applications.
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3.

BASIC PHYSICAL PRINCIPLES

In this section an account will be given of the physical processes
which are the basis of the PIXE method.
3.1. X-ray production
It has been known for more than fifty years that the interaction
between accelerated, charged particles and matter leads to emission of
characteristic X-rays. This process is well understood as Coulomb interaction between the incident particle and an inner shell electron giving

rise to a vacancy. When this vacancy is filled by an outer electron,
X-radiation is emitted. Several theoretical studies of this process have
been carried out. Merzbacher and Lewis (2) were the first to present a
detailed quantum-mechanical treatment. They used the plane wave Born
approximation and could account quite well for the dependence of the
cross section on energy and atomic number.

Bang and HaUsteen (3) used a semi-classical approach with impact
parameter taking the particle deflection into account.
Another classical approach used by Garcia (4) is the binary encounter approximation of the interaction between the incident particle and
a free electron.
When these theoretical calculations are compared with experimental
data it turns out that they give a fair agreement. However, no theory
gives a quantitative description of the cross section for all energies
and atomic numbers. For analytical purposes it is therefore necessary
to rely upon experimental values. In recent years a great number of
cross-section measurements have been performed. An up-to-date list of
references can be found in ref (1). In plotting the experimental data
it is advantageous to make use of the simplifications indicated by the
theory. All cross-section values can be included in a universal curve
if the parameter a.u. (i = K or L) is plotted versus E/Au., where a is
the cross section, u the electron binding energy, E the particle energy,
and A the ratio of the proton mass to the electron mass.
Fig. 3 shows such a representation of the available experimental
data for protons. As shown by Akselsson and Johansson (5) the crosssection values can quite accurately be represented by some suitable
analytical approximation. They used a fifth degree polynomical. This
work was revised by Johansson et al. (1) using more extensive data. The
curves fitted to the data in Fig. 3 have the equations
9 5
In a ut = Z b x
(1)
n=0 n
_3

where x = In (10 E/Xu.). The ionization cross section a is given in
units of 10
cm , the proton energy E and the ionization energy u
in eV. The coefficients b are listed in Table 1. It is evident from the
figure that the polynominal defined above gives a very good fit to the
experimental points. The scattering of the points appears to be purely
statistical without any systematic trend. For the analytical applications
of PIXE we therefore use values calculated from equation (1) rather than

any single measured value.
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2
Theory predicts that the cross section is proportional to Z when
equal velocity ions are compared. Therefore the proton data can be used
to predi'ct cross sections for a-particles with a reasonable accuracy.
For heavier ions, however, no simple relation to the proton data exists
and the cross sections exhibit a very complicated dependence on energy
and atomic number.
For chemical analysis the important parameter is the X-ray production cross section a . It is obtained from the ionization cross section
a.
according to the equation
xon
°
a

p " aion

'w •k

(2)

where u> is the fluorescence yield and k the relative intensity of the
particular X-ray transition studied.
X-ray production cross sections calculated in the way described
above are listed in Table 2 for a number of elements and energies.

3.2.

Background

The cross sections listed in Table 2 are generally quite large
according to nuclear physics standards. Since the efficiency of the
X-ray detector is almost 100%, even a very small amount of matter will
produce a fairly large number of characteristic X-ray pulses. If there
were no disturbing processes, it would be possible to detect exceedingly
small amounts of trace elements. Unfortunately, however, a trace element
can never be isolated. Even if one tries some purification or concentration of a sample, it is necessary to use some kind of backing to support
the sample in the irradiation chamber. In the case of a thicker sample,
for example a section of biological tissue, which can be bombarded without
support, the trace elements are distributed in a matrix of organic material. Therefore, in addition to the peaks corresponding to characteristic
X-rays from trace elements, a FIXE spectrum contains a background originating in some kind of matrix. In order to demonstrate the character of
the background radiation Fig. 4 shows a spectrum of a very pure sample,
a carbon pellet. There are only a couple of small peaks corresponding
to traces of iron. The rest is a continuous distribution which must be
attributed to the carbon.
An obvious contribution to the background is the bremsStrahlung of
the incident particles. The cross section, a, for this process as a
function of the X-ray energy, E , is given by the equation
X
2
,
AZZ, Z1
da _ __1 fZ _ JL
U
dE ~C EE (A A/
'
x
x
1

when Z, A, and E are the charge, mass, and energy, respectively, of the
incident particle and Z.. and A, the charge and mass of the matrix atoms.
C is a slowly varying factor.
When calculating the yield according to this equation one finds
that it should give rise to a high energy tail in the spectrum. It is
therefore reasonable to assume that the tail in the experimental spectrum
is actually due to this process. This is borne out by a more detailed
investigation. An interesting point is that the yield decreases with
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increasing particle energy. This behaviour is contrary to those of the
characteristic X-ray yield and of the other background processes discussed below.
The low energy background can be attributed to secondary electron
bremsstrahlung. One reason for this assumption is the fact that the
bremsstrahlung spectrum decreases rapidly above an X-ray energy of
E

X

= (4m/M) E

(4)

which is the maximum energy transfer from a projectile of mass M and
energy E to a free electron of mass m. In Fig. 4 this limit is indicated
by an arrow and the sharp decrease above this energy is obvious.
When the incident particles have a sufficiently high energy to excite the nuclei in the target, Y~radiation will be emitted, giving rise
to a high energy tail in the spectrum due to Compton scattering in the
detector. The amount of yradiation produced depends on the composition
of the target. Even if this amount is minimized by proper target preparation, Y~radiation produced in other parts of the irradiation chamber
might reach the detector. Especially such parts as collimators and the
beam stop can produce intense y-radiation. Even if the detector is
shielded from direct radiation from these parts, multiple scattering
might allow some radiation to reach the detector. A careful design and
choice of material is therefore of great importance. Another important
factor in this connection is the particle energy. It must be as low as
possible to minimize the y~ray yield while still giving a reasonably
large characteristic X-ray yield. For protons the energy range 1-3 MeV
seems to be appropriate. The Y~~radiation is a more serious problem with
the use of a-particles and heavy ions. The X-ray yield depends essentially
on the velocity and hence, in order to give a certain X-ray yield, heavy
ions must have a higher energy than protons. Therefore the ratio between
X-ray and y~ray production is lower for heavy ions. This is borne out by
experiments and is actually the main reason why protons are to be prefered in PIXE analysis.
4.

SENSITIVITY

One of the most important properties of an analytical method is the
sensitivity. Since PIXE is characterized by a very high sensitivity, it
is especially important to discuss how it depends on the experimental
conditions.
The main application of PIXE is to find small amounts of trace
elements in various matrices. The proper definition of sensitivity in
this connection is the minimum detectable concentration. Once it is
known one can calculate the minimum detectable absolute amounts knowing
the weight of the sample.
The minimum detectable concentration depends upon how much a peak
must rise above the background in order to be statistically significant.
The conventional condition is
Np > 3 / Nb

(5)

where N_ is the number of pulses in the peak and N, the number of pulses
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in the background under the peak in an interval having a width equal
to the FWHM of the peak. The background depends on the composition of
the target and it is therefore not possible to give any general expression for the sensitivity. However, in most cases of practical interest,
the matrix consists of carbon or organic material. Since the latter for
our purpose can be approximated with carbon, it suffices to determine
the background for this material. When it is known, the sensitivity can
be calculated from the cross section of X-ray production and the experimental parameters. From equation (5) above it is obvious that the sensitivity depends on the total number of pulses in the spectrum. By increasing the total number of pulses one can improve the sensitivity since
the relative statistical fluctuations in the spectrum decrease. The expe
rimental parameters affecting the number of pulses are the solid angle
of the detector, Œ, collected charge, j, and target thickness, t. The
detector resolution, AE, is of course, of importance in the definition
of a peak containing a certain number of pulses. It is easy to show that
the minimum detectable concentration scales as
(AE)1/2 (fijt)~

.

(6)

Using an experimentally determined background spectrum, the sensitivity has been calculated for the following values of the above-mention
ned parameters: AE = 165 eV, ß = 0.003 x 4 IT, j = 10yC,and t = 0.1 mg/cm .
These values are rather conservative and correspond to routine analysis
of a normal sample,

The minimum detectable concentration calculated in this way is shown
in Fig, 5 as a function of the atomic number.

This figure contains a number of interesting features. Both for K
and L X-rays the sensitivity peaks (the minimum detectable concentration
has a minimum) at a certain atomic number, different for different proton energies. The decreasing sensitivity for the lighter elements is
mainly due to a fall-off of the fluorescence yield. For the heavier
elements the decrease is due to the fact that the X-ray cross sections
are decreasing with increasing atomic number while the background is
relatively constant. Another interesting feature is that the atomic
number corresponding to maximum sensitivity depends on the energy. Hence
within certain limits the atomic number of maximum sensitivity can be
adjusted according to what is needed for a certain sample. It is obvious, for example, that in order to measure on the lightest elements, a
low bombarding energy must be used. Furthermore, it will be noted that
the region of maximum sensitivity lies at Z = 20-40 which happens to be
the region of greatest interest in most applications.
For heavier elements (Z>40) the K X-ray cross section becomes very
small giving a low sensitivity. In this region one can make use of the
L X-rays. The sensitivity is in general slightly below that of the K
X-rays, but the difference is not too important. Hence using both K and
L X-rays one can obtain a minimum detectable concentration which is
quite low (10 ) and practically constant (not varying more than a
factor of two from the mean value) over most of the periodic table.
This is a very important fact which distinguishes PIXE favourably from
many other analytical methods.
The minimum detectable concentration calculated for the above values of the experimental parameters is of the order of 10 . However,
it should be pointed out that the assumed values, more or less reflec-
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ting the conditions during routine analysis of many samples, are very
conservative. The calculated concentrations do therefore not represent
any lower limit. In special cases one can with some effort go down one
order of magnitude by increasing the number of counts. This means
thicker targets, higher currents, and longer measuring times, but this
is quite realistic.
It is worth mentioning that the sensitivity values quoted in the
present discussion are not only theoretical values but that they represent well established, experimental results.
Sensitivity can also be expressed as minimum detectable absolute
amount. It can be calculated from the concentration if one knows the
amount of sample material transversed by the beam. Hence the sensitivity depends on the experimental conditions. In some cases, where enough
material is available, one has rather thick, large sanroles. For example,
with a-thickness of 10 §/fim an^ a beam area of 1 cm a concentration
of 10
corresponds to 10
g. This is not a particularly small amount
of material. However, without too much effort (a crude collimation of the
beam and thin samples) the minimum detectable concentration can be
pushed down to 10
g. The ultimate lower limit is obtained by the
microprobe technique in which the beam is very well collimated. Beam
diameters as small as 2 -10"^ cm have been reported. Analysing thin
samples with such a beam should give minimum detectable amounts of the
order of 10~^ g. This possibility to detect extremely small amounts
of matter is one very important advantage of FIXE.
The discussion has so far been limited to protons, but the situation is similar for other particles. For the light elements (Z<25) it
turns out that all particles give about the same sensitivity. For the
heavier elements a-particles and especially heavy ions give a considerably lower sensitivity. However, an a-particle beam, preferably of not
too high an energy, is still quite useful for FIXE analysis.
5.

QUANTITATIVE ANALYSIS

In calculating the amount of an element corresponding to a certain
peak in the spectrum the following equation is used:

dN = A(s) n (s) a co k fl T e dS

(7)

A(s) is the number of atoms in a surface element dS of the sample,
dN the number of counts in a certain peak due to these atoms, n(s) the
total number of protons per cm passing through the same surface element, a the cross section for ionization of the shell involved in the
X-ray emission, co the fluorescence yield, K the relative transition
probability for the particular X-ray transition used in the measurements, fi the solid angle subtended by the detector, e its efficiency,
and T the transmission through the window of the irradiation chamber.
Included in T is also the self-absorption in the sample and the absorption in any absorber that might be used.
A discussion of this formula is instructive and gives a background
to the problems one encounters in applying FIXE to quantitative analytical work.

To get the total number of counts in a peak equation (7) has to be
integrated over the sample keeping in mind that both A and n are functions of the position S.
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N = c r o o K f t T / e A(s) n(s) dS
S

(8)

Evaluation of this integral requires knowledge of the beam profile
and the matter distribution in the sample. Hence the general problem
is quite complicated, but it is very much simplified if the proton density distribution is rectangular, i.e. n is independent of s inside and
zero outside the beam. Then
N = n a w k f t T e / A(s) dS = A n a w k ß T e

(9)

S

where A denotes the total number of atoms in the sample of the particular
element to be determined.

The way to determine the number of counts, n, in a peak is straightforward. It can be made manually but with many spectra each one containing
several peaks it is a tedious procedure. For more extensive work it is
therefore almost necessary to use a computer for fitting a Gaussian
distribution to each peak and some kind of polynomial to the background.
The proton flux, n, is measured by collecting the beam in a Faraday
cup and recording the charge.
The quantities a, ü) and k are known.
The solid angle of the detector is defined by the geometry of the
experimental set-up. Sometimes the size of the detector is not accurately
known or is poorly defined because of an annular dead-layer. In such a
case the solid angle can be defined by a collimator in front of the detector.
The efficiency of the detector is in most cases known from the
manufacturers data. It is often advisable , however, to check these data
which can be done by means of radioactive sources emitting low energy
radiation. Another possibility is to bombard thin foils of known thickness and use equation (9) to determine e.
In determining the transmission the absorption in windows and absorbers does not present any problem. The main difficulty is selfabsorption in the sample. Even in a relatively thin sample, for example
1 mg/cm , the X-rays from low-Z elements suffer considerable attenuation.
In thicker samples the calculation of the X-ray attenuation is a major
problem which will be discussed below.
The present discussion has assumed that the sample is so thin that
the incident particles loose only little energy in transversing the
sample and that consequently the cross section 0 in equation (9) is
constant. For thick samples this is not longer true, but this problem
can be solved by integrating 0(E) along the path of the incident particle.
Hence it turns out that all quantities in equation (9) except N
and A are known or can be experimentally determined. PIXE is1 therefore an
absolute method allowing the composition of the sample to be directly
determined from the peaks in the recorded spectrum. This is not only a
remote theoretical posssibility but something which can be realized in
routine analysis.
Sometimes, especially for non-homogenous, thick samples, difficulties
are encountered in carrying out the calculations described above. It is
then possible to use an internal standard by doping the sample with a
suitable element of known concentration. However, it must be kept in mind
that the doping procedure can introduce new errors and that the gain in
accuracy therefore might not be so large.
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6.

6.1.

EXPERIMENTAL ARRANGEMENTS

Irradiation chamber

Many different irradiation chamber designs have been reported. Sometimes scattering chambers intended for nuclear physics work were applied
to PIXE analysis but by now most workers in this field use chambers designed
for that purpose. The design is usually very compact in order to achieve
a large solid angle for X-ray detection and the operation of the chamber
automated in order to facilitate routine analysis.
The salient features of a PIXE irradiation chamber will be illustrated by a short description of a chamber used by the Lund group". A schematic drawing is shown in Fig. 6. The proton beam is getting the desired

rectangular beam profile by letting it pass through a thin diffuser foil.
It is then defined by a collimator. The final collimation takes place in
a collimator consisting of two cylindrical plates of carbon with holes
of different size. The plates are fixed to an axis which can be rotated
so that holes of different diameter can be brought into the beam. After
passing through the target the beam is dumped in a Faraday cup which is
used to measure the total charge.
The emitted X-rays are detected by a Si(Li) detector. X-ray absorbers are mounted on a wheel which can be rotated for rapid exchange of
absorber. The detector is placed in a backward direction relative to the
beam. This is because it has been shown by Chu et al. (6) that a considerable reduction of the background is obtained for backward angles relative
to the standard position at 90°.
The orientation of the target is such that the energy loss of the
protons and the absorption of the X-rays are kept small. The targets are
mounted on regular slide mounts and are loaded in a container which fits
onto a vacuumlock in the chamber. The changing mechanism is fully automated and remotely controlled.
A problem with a compact chamber is the secondary electrons. A large
electron intensity appears if there is some misalignment of the beam.
However, even with a perfect alignment it is impossible to avoid some
secondary electron production in the collimators. These-electrons can
disturb the current measurement. Furthermore, they might charge an insulated target to such a high voltage , that a very disturbing background
of X-ray is produced by discharges. It is therefore necessary with some
precautions. The electrons are prevented to reach the target area by an
electron surpressor kept at a suitable voltage. Charging of the target is
prevented by spraying it by electrons from a small electron gun.
There is also a considerable amount of scattered protons in the
chamber. They can give rise to a large background if they produce X-rays
in such parts of the chamber that are seen by the detector. This effect
can be reduced by lining the chamber with some suitable material, for
example carbon, which emits no disturbing radiation when hit by protons.
It is, of course, necessary to have the detector very well shielded
so that it cannot be reached by the Y~radiation produced in the diffuser toil, collimators, and the Faraday cup.
The chamber also has provisions for mounting a particle detector
in the backward direction. Such a detector can be used for two different

purposes. One is to record the number of protons scattered backwards.
This number is a measure of the amount of material in the target and of
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the integrated beam current. After calibration this gives a convenient
and fast method for determining the target weight. When the detector
is used in this way, one integrates even the whole spectrum. However,
one can also make use of the detailed information in the spectrum. It
contains peaks corresponding to elastic scattering of protons from the

elements present in the target. Well resolved peaks can be obtained
for the light elements up to Si, and they permit an accurate determination of the concentration of these elements in the target. This is
especially valuable since the light elements cannot be determined by
FIXE analysis. Hence an extra particle detector makes it possible to
combine PIXE and elastic scattering so that the entire periodic system
can be covered. It will be noted, however, that in order to achieve a
sufficient resolution in the scattering spectra, a proton energy of
10-15 MeV is needed.
The chamber described here has proved to be efficient and versatile.
The automation makes it possible to measure a great number of samples
in a comparatively short time. As an example the following values on
the experimental parameters were found to be the most suitable for
routine analysis of air pollution samples
Proton energy
Current
Collimator diameter
Absorber
Integrated current

2.55 MeV
250 nA
7.2 mm
25 ym Myler
50 \iC

Measuring time

200 s

6.2. Detectors
In PIXE analysis energy dispersive detectors such as Si(Li) or germanium detectors are almost exclusively used. The main advantage is the
possibility to record a spectrum containing well resolved peaks from most
of the elements of the periodic system. Other advantages are a fairly
large solid angle and high efficiency. This enables a fast, multielemental analysis.
The resolution of a Si detector is about 150 KeV. This is enough to
get well resolved peaks of the Ka and K$ X-rays. In a certain region of
the periodic system one gets interferences between Ka of one element and
Kß of a neighbouring element. These interferences can be resolved by
making use of the known intensity ratios of Ka and Kg. A more serious
interference occurs between L X-rays from heavy elements and K X-rays
from light ones. Examples are Ka from K and La from Cd, Ka from As and

La from Pb. These interferences are probably the most difficult problem
in PIXE analysis. The best solution is to make use of computer for resolving the spectrum in its components.
Sometimes wave-length dispersive detection is applied to PIXE by
recording the X-rays in a crystal spectrometer. Both flat crystal and
curved crystal spectrometers are used. The main advantage is the good
resolution which is factor of 10-100 better than for a Si(Li) detector.
The good resolution enables one to resolve the interferences mentioned
above. It is also of great values if one wants to determine the concentration of an element when a neighbouring element is present in large
quantities. The main disadvantage is the necessity of a step-by-step
scanning which is very time-consuming. Furthermore, the efficiency is
low compared to that of a Si(Li) detector. However, the peak counting
rate is still relatively high because of the narrowness of the peaks.
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A typical wavelength-dispersive spectrum recorded by Willis et al.
(7) is shown in Fig. 7.
It seems to be difficult to use a crystal spectrometer for a complete trace element analysis. To cover the whole periodic system would require too much time. However,, a combination of a Si(Li) detector and a
crystal spectrometer should be a very powerful detection system. The
Si detector can give a fast and reliable determination of most of the
elements. The crystal spectrometer can then be used for investigation
of such regions of the spectrum where the poor resolution of the Si
detector gives rise to ambiguity.
An interesting application of the crystal spectrometer is for recording spectra of X-rays produced in heavy-ions bombardment. It is
known that the lines are broadened due to multiple ionization. With
sufficient resolution one can resolve a complex sattelite structure.
In particular the K peak is composed of a regular series of smaller
peaks, where the relative intensities depend on the energy of the incident particles. Recently it has been found that the relative intensities
also are slightly dependent on the chemical environment (8). Hence it
might be possible to use heavy-ion excited X-ray emission for providing
information about the ohentjLoal
tending in the same way as Auger
and photoelectron spectroscopy are useu. A difference is that the X-ray
method gives information about the bulk of the sample, whereas the other
methods only provide information about the conditions at the surface.

6.3. Electronics
The electronics used for PIXE analysis is practically always of
conventional nuclear physics design. The pulses from the detector are
fed to a cooled FET preamplifier. For stabilizing the level, resistor
feedback or pulsed optical feedback is used. After amplification the pulses go to an ADC of some multichannel analyzing system. Sometimes it is
a conventional multichannel analyser, but often more sophisticated computer-based system are used for data handling.
The counting rate is an important parameter in designing the electronics since it is often the decisive factor determining the resolution. Modern nuclear physics electronics is fairly good in this respect.
Pile-up rejection is, of course, a necessity. It would probably be
possible to improve the performance by designing the electronics according to the special requirements of PIXE analysis, but little seems to
have been done so far.
6.4. External beam
The normal method of placing the sample in an evacuated irradiation
chamber has some disadvantages, the main one being target preparation.
Samples containing water deteriorate in vacuum and the cooling is rather
poor, which can cause excessive heating of the sample. An alternative is
to use an external beam.

Various arrangements of this type have been used. The beam passes
out through a thin exit foil at the end of the beam tube. The foil must
be as thin as possible but must be able to stand high currents. Mylar,
beryllium, and nickel foils have been used and the current is typically
a few tens of nA. A disadvantage of using a metal foil is that intense
X-radiation is produced in the foil. Some of this radiation is scattered
into the detector.
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An external beam is very convenient since practically any sample
can be irradiated directly without any target preparation. The cooling
is so good that there is no risk for target damage. If the beam passes
out in the air, a very strong argon peak appears in the spectrum, disturbing the measurements of neighbouring elements. This can be avoided
by surrounding the beam by a helium or nitrogen atmosphere.
The external beam technique has not been used so extensively and
not so much experience has been gained. It seems to be very good for a
rapid survey of the trace element content in different materials.
6.5. Microbeam
In electron microscopy the X-rays emitted when the electrons transverse the sample are used for analytical purpose. Because of the strong
background in electron excitation the sensitivity is rathe poor, however,
of the order of 1:10 . Hence no trace element analysis can be performed.
An obvious extension of the PIXE technique is to use a well focused
proton beam in the same way as the beam of the electron microprobe.
The problem is that it is far more difficult to focus a proton beam.
Despite this difficulty there has been a rapid progress in recent years.
Several groups have reported beams with a diameter in the range 2-20utn
(9, 10, 11). Fig. 8, taken from a paper by Brune et al. (10), illustrates
the general principles of a microbeam set-up. The beam is first defined
by two narrow slits oriented in perpendicular directions. The beam diverging from this collimator is focused by a quadrupole doublet which
has a magnification of about 0.1. The sample which is mounted in an
irradiation chamber at the focus of the magnets is provided with a scanning mechanism so that the spatial distribution of the trace element on
a microscopic scale can be measured. In this case the beam diameter was
about 25um and the current 1 nA. An even smaller beam spot, 2 x 2ym, has
been reported by Nobiling et al. (11). Fig. 9 shows the arrangement for
measuring the beam diameter as well as the resulting curve, which in
this case corresponds to a diameter of 6ym. The current density is of
the order of 10 pA per ym .
A less complicated type of microbeam has been investigated by
Horowitz and Grodzins (12). They let the beam pass through a small pinhole in a thin foil at the end of the beam tube. The narrow pencil beam
obtained in this way can be used in the same fashion as the magnetically
focused beam. However, the current density is less.
So far not so many results from measurements using a microbeam
have been reported. However, already the existing results demonstrate
clearly that the PIXE microbeam is a very powerful tool for investigations of the trace element content in microscopic structures. Especially
such fields as biology, medicine, and mineralogy will benefit from the
unique combination of high sensitivity and good spatial resolution,
which characterizes this technique.

7.

7.1.

ANALYTICAL PROCEDURE

Sample preparation

Sample preparation is one of the central problems of PIXE analysis.
Many different types of specimen have been analysed and in order to
bring these specimens in a form suitable for analysis a large number
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of techniques have been applied. Some of these will be discussed in a
later section dealing with applications, but the general problem will
be discussed here.

Thin samples: In the majority of cases thin targets have been used.
Most materials to be analysed by PIXE cannot be obtained as self-supporting foils. It is therefore necessary to use some kind of backing,
usually a foil of a suitable material. Since the backing contributes to
the background it must be as thin as possible and it must obviously
contain a minimum of impurities. Furthermore, it ought to possess mechanical strength, high heat dissipation ability and good electrical conductivity. Another advantageous property is chemical resistance, especially against acids. Finally, the price cannot be neglected when
many samples are analysed on a routine basis.

Table 3 lists a number of materials which have been used for sample
backings.
A material which fulfils most of these requirements is carbon.
Unfortunately, it contains some metal impurities which interfer with
the analysis if a very high sensitivity is needed. It requires careful
handling which, together with fairly high costs, makes it less well
suited for routine analysis.
In most cases thin plastic film is used. It has the advantage of
being easily available and having a low and reproducible metallic impurity content. Disadvantages are poor conductivity for heat and electricity. This might create problem when high beam currents are used.
When very thin plastic films are needed they are made in the laboratory from a solution containing a suitable plastic polymer in an
organic solvent. A drop of this solution is placed on the surface of
purified water, where it spreads to form a thin film which is picked up
on an aluminium frame. Formvar and polystyrene films made in this way
are very good backings for currents not exceeding a few hundred nA.
The ability to withstand high current can be improved by evaporating a
conductive backing, for example Al, onto the film.

When a somewhat greater thickness does not matter, commercial
films are suitable. The most common ones are Kapton and Mylar. They
are inexpensive, convenient to work with and quite strong. Of course,
since the background increases with the thickness, the sensitivity will
be lower than for thin backings. A further disadvantage is that these
films are hydrophobic and aqueous samples will therefore dry into small
grains. This will create special problems with energy loss of the incident particles and absorption of the X-rays.
Nuclepore filters are often bombarded directly in the beam after
filtration of a solution. They are strong and heat resistant. Sometimes
they are used as backing even without any need for filtration since
they are hydrophillic. An aqueous solution will spred evenly over the
surface of the filter. Part of the solution is drawn into the pores so
that the sample becomes very well attached to the film.

A more detailed discussion of this subject can be found in a paper
by Campbell (13).
When making a thin target a minimum of manipulation is needed
when the sample comes in liquid form, for example water or biological
liquids like blood or serum. The liquid ia put directly onto a suitable
thin backing and dried. It is necessary to make sure that the drying
results in a uniform target. As discussed above this can be achieved by
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using a hydrophillic backing. Another possibility is to perform repeated

sprayings with a nebulizer.
In most applications the specimen to be analysed has to be brought
into liquid form. In the case of rocks digestion by a mixture of HF,
HNO~ and HC1 has been successful. Organic material can be homogenized
and the resulting suspension put on a thin backing, but a difficulty is
the non-uniformity of the target. A better method is to make a powder
of the tissue by freeze-drying. The powder can be applied to a thin
backing by means of a suitable glue. If one wants to remove the organic
material in order to improve the sensitivity dry ashing can be used.
The ash can be applied directly onto the backing or can be dissolved in
a suitable solvent. The targets prepared in this way are thin and uniform.
A disadvantage with high-temperature ashing is the risk of loosing part
of the more volatile elements like Br, As and Hg. Low-temperature ashing
will improve the situation but it is a rather time-consuming process.
Another possibility to prepare organic samples is to use wet ashing. The
tissue is digested by a mixture of nitric, sulphuric, and perchloric
acids or nitric acid plus H^O^. The main problem with this process appears
to be that it is difficult to achieve a complete digestion.
In some cases it is possible to use thin, self-supporting films of
various materials. One example is semiconducting material in the form of
thin wafers. Another is tissue sections of biological material. In the
latter case the most satisfactory preparation method appears to be
cutting with a cryostatic microtome, which can give sections with a thickness in the range 10 - lOOum. In the case of non-uniform tissue it is,
of course, necessary to make sure that the section which is analysed is
representative of that particular tissue. Otherwise the microbeam technique should be used for scanning the tissue section.
Thick samples; Thick targets have the advantage of being rather easy
to prepare. The main difficulty is to get a uniform target of known composition so that the corrections which have to be applied for the energy
loss of the incident particles and the absorption of the X-rays can be
performed with good accuracy.
The simplest case of a thick target is when a specimen is bombarded
directly without any preparation. Examples are plant tissue such as
leaves, animal tissue or organs such as teeth, mineralogical samples,
archaeological artifacts etc. Advantages of this method is the simplicity
and the fact that there is no risk of introducing contaminants. However,
there are problems with the non-uniformity of most samples. It is especially important to keep in mind that only the surface of a thick sample
is analysed by PIXE. The energy loss of the incident particles and the
absorption of the X-rays limits the layer contributing to the recorded
spectrum to a thickness of a few tens of microns.
Another type of thick targets is pellets pressed from material which
is dried and finely ground. One example is biological material. Plant
samples can be dried directly. Organic tissue can be freeze-dried. Another
example discussed below is water analysis where the trace elements are
adsorbed on activated coal. The finely ground material obtained in these
various ways is pressed to a small pellet by means of a hydraulic press.
The pellet is mounted in a frame and can then easily be irradiated. This
method of target preparation has many advantages. It is easier and faster
than thin target preparation and is well suited for routine analysis. The
sensitivity is somewhat lower but the difference is not decisive. A more
detailed discussion of this method can be found in a paper by Willis et
al. (14).
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7.2.

Absorption in the sample

In a sample of finite thickness corrections have to be applied for
the energy loss of the incident particles and for the absorption of the
X-rays. For a thickness of a few mg/cm , which is typical for a "thin"
source, the energy loss correction is rather small, a few per cent. It
can be taken into account by using an effective proton energy, averaged
over the thickness of the sample.
The correction for the absorption of the X-rays is more complicated.
As an example Fig. 10 shows correction factors for an aerosol sample.
It will be noted that even for a rather thin sample the absorption is
relatively large, especially for the low energy X-rays from the light elements.
7.3.

Thick target

The ideal target for FIXE analysis is a thin foil. However, sometimes
it is advantageous to use thick targets as discussed above. It is mainly
the ease of target preparation which is attractive. The main problem with
the use of thick targets is the energy loss of the incident particles and
the absorption of the X-rays. The particles are slowed down in the target
and it is therefore necessary to integrate the X-ray yield along the path
of the particle taking into account the energy dependence of the X-ray production cross section. The X-rays emitted at a certain depth are attenuated to an extent that depends on the orientation of the target relative
to the detector. The evaluation of the total X-ray yield is not too complicated and the input data (stopping power, X-ray production cross section,
X-ray attenuation coefficients) are known with a good accuracy. The result
can be given as a correction factor which is applied to the concentration
values calculated in the usual way assuming a thin target. As an example
Fig. 11 shows a correction factor calculated by Willis et al. (14). Practical experience indicates that the thick target correction can be made
with good accuracy.
One way to circumvent the problems connected with thick targets is
to use an internal standard. The material to be analysed is doped with a
known amount of an element which is not normally present and which gives
X-ray peaks that do not interfere with other peaks in the spectrum. However, the use of internal standards is not without problems. The main
difficulty is to ensure that the doping is uniform.

An interesting application of PIXE for thick targets is the determination of the depth distribution of trace elements in a matrix. A practically important example is the distribution of doping material in semiconductors. It turns out that information about the depth distribution
can be obtained by varying the energy or the target orientation relative
to the beam and the detector. The X-ray yield as a function of these parameters depends on the trace element depth profile and by measuring the
X-ray yield for different energies or orientations one can extract information about the distribution of the trace elements. However, the results
obtained seem to indicate that only broad features can be seen and that
the resolution is not good enough to reveal any details.
A method for simultaneous measurement of the surface and the bulk

concentration has been suggested by Ahlberg (15). He makes use of the fact
that the Ka and K3 X-rays have slightly different energies and hence a
different absorption in the sample. X-rays emitted from the interior of
the sample have a smaller a/3 ratio than those from the surface. A study
of the a/3 ratio thus gives information about the distribution of the
element in question.
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7.4.

Absorbers

In a normal PIXE spectrum the great majority of the pulses consists
of the low energy background caused by secondary electron bremsstrahlung.
Often this predominance of low energy pulses is enhanced by strong peaks
due to such elements as Si, S, K and Ca. If the analysis is run at the
maximum allowed counting rate it is, of course, inefficient to have the
greater part of this counting rate taken up by pulses that give little
useful information. An obvious way to improve this situation is to use a
suitable absorber, which cuts down the low energy end of the spectrum.
For example, a 1 mm plastic absorber takes away the pulses below calcium.
It is useful for measuring elements of the iron group. A plastic absorber
4 - 5 mm thick takes away also the iron group and is used when one wants
to enhance the sensitivity for the heavy elements.
This straight forward use of absorbers means, of course, that some
information is lost. A more elegant solution of this problem is to use
an absorber with a small hole. The low energy part of the spectrum will
then still be present but with a reduced intensity.
Sometimes the matrix of a sample contains a high percentage of
heavier elements. In that case one can obtain a selective absorption by
means of the K-edge effect. For example, a chromium absorber has a low
transmission for iron X-rays, but a fairly good one for both lighter and
heavier elements. Such an absorber has been used with good results in
the analysis of a steel sample.

7.5.

Contamination

The preparation and handling of the samples must be done with great
care. We use a special room for such work. It is provided with a ventilation system supplying clean, filtered air. All chemical apparatus is kept
very clean and the chemicals are, of course, ultrapure. Metal tools are
avoided if possible. Plastic is prefered but if it is necessary to use
a metal, aluminium can be used. A possible source of contamination is the
transportation of the sample from the preparation room to the accelerator
and the handling of the sample. One has to keep in mind that a single
dust grain of medium size (1pm) has a weight of about 10
g. Hence it
does not take many dust grains to exceed the lower limit of detection for
some elements. To prevent any such contamination the samples are transported in a closed container which fits directly onto the irradiation
chamber.
8.

PRACTICAL EXPERIENCE

PIXE analysisis used mainly for trace element detection. Concentrations as low as 10
- 10
are often encountered and it is therefore
necessary to optimize the experimental set-up for maximum sensitivity.
There is no simple and straightforward method of achieving this goal.
One has to rely upon the practical experience for determining the various
experimental parameters.
An important parameter is the beam energy. Theoretical curves for
the sensitivity as a function of the energy are discussed in section 4.
The Z-value for maximum sensitivity depends on the energy and within
certain limits one can maximize the sensitivity for a certain element
by selecting the appropriate energy. A sample containing many trace
elements would then require several runs at different energies.
Even if this is quite feasible, since the time required for each run is
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relatively short, such procedure would to some extent destroy the multielemental character of PIXE analysis. It is therefore important to find
out if it is possible to choose such en energy that a reasonable sensitivity can be maintained over most of the periodic system.
In order to illustrate this problem, Fig. 12 was prepared. It exhibits the minimum detectable concentration as function of atomic number
and energy, and is based on both theoretical considerations and practical
experience. It is obvious that before choosing an energy value one has
to decide which parts of the periodic system that are the most important
ones. The light and medium heavy trace elements fall in the range 20<Z<40.
In addition there are some heavy trace elements, mainly Hg, Pb and U.
Examining Fig. 12 one finds that an energy of 2-3 MeV will optimize the
sensitivity for both these regions simultaneously. Another important fact
is that for this energy the sensitivity does not deviate from the mean
value by more than a factor of 2-3. Such a constancy in sensitivity over
practically the whole periodic system is, of course, a great advantage
in analytical work. Another fortunate circumstance is that the optimum
energy is so low. This makes it possible to use small, inexpensive accelerators for PIXE analysis.
Having fixed the energy one can then choose the other experimental
parameters determining the sensitivity. It was already mentioned in
section 4 that the minimum detectable concentration scales as
(AE)1/2 (fl j t)'1/2.

The resolution of the detector, AE, is around 150 eV and at present
there does not seem to be any prospects for substantial improvements. In
solid angle of the detector, fi, should, of course, be as large as possible.
The same is true for the target thickness, t, but here the situation is
more complicated. When the target is made thicker the incident particles
and the emitted X-rays are absorbed to a greater extent. As discussed in
section 7.2 corrections can be applied for these effects, but the advantage of increasing the target thickness beyond a certain value becomes
smaller and smaller. In practice it turns out that the following two alternatives are mainly used. The target thickness is either made so small
that the absorption can be treated as a small correction or so large that
the particles are completely stopped. The latter case has been discussed
in section 7.3. The target thickness is also determined by practical considerations such as the availability of material and the target preparation technique. Hence in general is cannot be regarded as a free parameter in the optimization of the sensitivity.

The factor which has the greatest influence on the sensitivity is the
collected charge, j. Obviously it should be as large as possible. This
can be achieved in two ways. One is to increase the measuring time. This
is the easiest alternative. The limitation is, of course, that one soon
comes to measuring time that are impractically long. Especially in routine
work it is difficult to go beyond 5-10 min. However, if a high sensitivity
is needed for some particular purpose, times of the order of hours are
quite feasible and will lead to a greatly increased sensitivity. The other
possibility is to increase the beam current. Here the limitation is the
deterioration of the target. As discussed in section 7.1 one can find
materials which are able to withstand appreciable currents. However, with
high currents another problem appears, especially when fairly thick targets
are used. The X-ray intensity might become so large that the high counting
rate overloads the electronics because of pile-up effects. The conventional
way of dealing with this problem is to use a pile-up rejector, which takes
away pulses which are too close in time. Such a circuit has a count-rate
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limit and any increase in the X-ray intensity will only lead to an
increased dead-time correction. A normal counting rate, which can be
handled by conventional electronics, is a few thousand pulses per second.
Hence when using the scaling low, equation (6), it is necessary to take
into account that the collected charge, j, is limited by practical restrictions on the measuring time and the beam current.
A more satisfactory way of dealing with the counting rate problem
is the use of "on-demand" beam pulsing. This means that the beam is
allowed to pass through the irradiation chamber only when it is needed
to produce an X-ray pulse in the detector. As soon as a pulse is registered, a signal is sent to a deflecting system consisting of two deflector plates placed just before the irradiation chamber. The signal triggers
a circuit which generates a strong electrical field between the plates
thereby deflecting the beam. It is kept off the target during the time
needed to process the detector pulse. Then the beam goes back to the chamber
until a new detector pulse appears. This system has several advantages.
The maximum counting rate is considerably higher than when an electronic
pile-up rejector is used. The energy resolution does not get worse at high
counting rates which is often the case in conventional systems. Since the
beam is switched off when it is not needed, the mean current is low which,
of course, makes target deterioration a far less serious problem. There
is a certain delay in this system consisting of the transmission time of
the detector pulse, the switching time of the deflector, and the transit
time of the beam between deflector and target. During this interval pileup can occur. A further improvement is obtained by combining the deflector
arrangement with a pile-up rejector, which takes care of the pile-up during
the delay period.
9.

COMPARISON OF DIFFERENT MODES OF EXCITATION

Most PIXE work has been done with protons in the energy range 1-5 MeV.
The main reason is that small proton accelerators are rather readily
available. Furthermore, this choice seems to give the best results, especially with regard to the sensitivity. However, X-rays can be produced
in several other ways and it is therefore interesting to make a comparison with these modes of excitation.
q-particles

A considerable amount of work has been done with a-particles. Usually
cyclotrons have been used and the beam energy has been rather high, 10-30
MeV. Radioactive «-sources have also been used, a-particles have an advantage over protons in the fact that the direct bremsStrahlung induced
in the target vanishes because of the term (Z/A - Z^/A^) in equation (3).
However, this lowering of the bremsstrahlung background seems to be counteracted by an increased background from "^-radiation. In practice it is
found that the sensitivity is lower when a-particles are used. However,
the difference between proton and a-particle excitation is not too large
and when an a-particle beam is available it can be used with great advantage for PIXE analysis.
Heavy ions
The production of X-rays by heavy ions has a very large cross section
which has a complicated dependence on energy and on the particular atomic
pairs involved in the collision. In general the cross sections are several
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orders of magnitude larger than for protons. The background induced in
the target matrix is also much larger than for protons. The net result
is that the sensitivity is considerably lower than for protons. Therefore heavy ions are of little interest for general trace element analysis. However, low-energy heavy ions might get interesting applications
in surface physics since a very selective excitation with high sensitivity for certain elements can be obtained. It has been demonstrated that
fractions of a monolayer of atoms can be detected.
Electrons
Electrons are used for analytical purposes in connection with electron microscopy. The electron beam when traversing the sample gives rise
to X-ray emission which is recorded by means of a crystal spectrometer.
The X-ray production cross section for electrons in the 100 KeV range is
about the same as for MeV protons. The background, which is dominated by
the bremsstrahlung produced directly by the beam is, however, much larger
than for protons. Hence the limit of detection is rather high, of the
order of 0.1%. An electron microprobe therefore cannot detect any trace
elements but only the major constituents of a sample.
Excitation by electrons can also be achieved by means of a ß-emitting radioactive source. In combination with a silicon detector and a
multi-channel analyser it will give a simple and inexpensive arrangement
for analysis of certain samples, for example minerals. However, very
little work seems to have been done along these lines.

X-rays
Excitation by X-rays, X-ray fluorescence analysis, is the main alternative to PIXE. Therefore, these two methods have been the subject of
several comparisons, especially with regard to the sensitivity. For details,
see réf. j l j . Although there are differences of opinion a fair conclusion
seems to be that PIXE has demonstrated a somewhat better sensitivity.
Using X-ray fluorescence analysis minimum detectable concentrations of
the order of 10~^ have been obtained. As shown above, for example in
Fig. 12, PIXE analysis can get down as low as between 10"^ and 10~^.
A difficulty with any such comparison is that the result depends on what
kind of sample one uses. In a very recent work, Ahlberg and Adams |16| made
a detailed experimental comparison of the two methods in the case of
air pollution samples. Using filter samples PIXE gave a three times lower
detection limit and for impactor samples the difference in favour of PIXE
was 30.
This difference is more pronounced when it comes to minimum detectable
absolute amounts. For X-ray fluorescence the limit is about 10~^g. Using
PIXE amounts as small as 10~^g can t,e detected even with a uniform beam
with large cross-section. Focussing the beam reduces this limit with several orders of magnitude. The application of the microbeam technique to
PIXE has, of course, no counterpart in X-ray fluorescence.

These consideration indicate a very natural division of the application of the two methods. When fairly large samples are available and when
sensitivity is not too critical, X-ray fluorescence is the natural choice
because of the relative simplicity of the apparatus used. PIXE should be
reserved for applications where only small samples are available or when
one wants to investigate the spatial variation on a microscopic scale.
PIXE is also needed when the highest possible sensitivity is essential.
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10. APPLICATIONS
The PIXE technique has been développée! into a rather elaborate
analytical method and an increasing number of applications are reported.
Because of space limitations only a few can be mentioned hers.
10.1.

Air pollution

Air pollution samples present an almost ideal case for PIXE analysis.
In modern investigations the samples consist of thin films with a deposit
of 10-0.Olng aerosol. The number of trace elements is 10-15, mostly in
Z-regions where PIXE has a high sensitivity. Often the sampling goes on
continuously for a long period of time and the aerosol is collected in
different size fractions. This means that the number of samples is very
large. Hence what is needed is a method which can analyse small amounts
of matter with a high sensitivity and which can handle large amounts of
samples. PIXE fulfils these requirements and it is therefore not surprising
that air pollution studies is that field where most of the PIXE work has
been carried out. In this field it is becoming the predominant method.

Aerosols are still sometimes collected on filters. In that case
Millipore or Nuclepore filters are used since they are reasonably thin
and can be bombarded directly. In most cases, however, one wants the aerosol collected in size fraction and then some kind of cascade impactor
is used. The air is drawn through a series of jets of decreasing diameter.
The jet stream is directed towards a plate covered with a thin, sticky
plastic film. The particles which are too heavy to follow the stream
lines of the air to the next stage, hit the film and are caught. Hence,
one gets a series of samples, usually 4-5, corresponding to decreasing
aerodynamic diameter of the particles.
Using the PIXE technique many groups are studying air pollution
problems. Only a few illustrative examples will be mentioned here.
At the University of California, Davis, Cahill and collaborators
are operating an extensive network of aerosol monitoring stations throughout California. Each sampler consists of a two-stage impactor and an
after-filter to collect the smallest particles. The aerosol is continuously
collected on a rotating drum covered with a thin Mylar strip. Such a strip
represents a sample covering a period of one week with a time resolution
of a few hours. With several stations in continuous operation such a
system produces a very large amount of data. Multivariate statistical
analysis is performed giving results which can be used for extracting
information about the origin of the pollution.
The group of Florida State University uses both a five-stage cascade
impactor and a continuous sampling device. The latter, "the streaker",
is a time-sequential filter. A sliding, sucking orifice moves along a
Nuclepore filter, forming a streak of pollution along the filter. A great
number of measurements at different places have been performed by this
group. Analysis of elemental concentration ratios and the time dependence
of the concentrations in combination with meteorological data gives information about how the aerosols are formed and transported.
The Lund group has recently applied the PIXE technique to a study
of long range transport of air pollution. At a measuring station in South
Sweden, Velen, (see the map in Fig. 13), a cascade impactor was used for
continuous sampling during one year. Samples were taken every third day.
The composition of the samples as measured by PIXE was then correlated with
the flow of the air mass passing over Velen at the time of the measurement.
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The trajectories shown in Fig. 13 were calculated from meteorological
data. They are lumped together in three sectors, denoted A,B, and C.
In sector A the air masses pass over highly industrialized areas in

Western Europe and Great Britain. In the case B the pollution should
mainly come from Western Sweden and Southern Norway. The third case, C,

represents fairly clean, arctic air. As an example of the elemental concentration obtained, Fig. 14 shows the average sulphur concentration for
a number of trajectories in the above-mentioned sectors. As expected
sector A exhibits the highest concentration and C the lowest. An interesting

feature is that the curves A and B peak at an impactor stage corresponding
to small particles. Such a distribution is known to be typical for sulphur
of industrial origin. The sulphur in the arctic air has a different size
distribution, indicating either a different origin or perhaps that the
size distribution has been changed by ageing. This work, which is now
being continued and expanded, shows that a combination of PIXE data on

concentrations and meteorological data is a fruitful approach which can
give information about the mechanism for air pollution, the long range
transport of aerosols and perhaps even the flow of air masses. The number
of measured concentration values in this work is about 25 000, which is an
illustration of the great capacity of PIXE analysis.

Most of the air pollution work is concerned with the ambient air.
A somewhat neglected problem is the in-door air and its pollution. Espe-

cially some industrial environments are characterized by a large amount
of pollution, often consisting of toxic substances. One such example,
which has been studied by the Lund group, is arc welding. This process
gives rise to hazardous fumes. A study of the formation and properties of
this pollution might help in the efforts to improve the protection of
the workers.
In connection with air pollution it is of great importance to know
how the aerosol is taken up by the respiratory tract. Using the PIXE
technique Desaedeleer et al. (17) investigated the up~take of fresh automotive lead aerosol as a function of particle size. They compared the
concentration in the inhaled and exhaled air. Fig. 15 shows the results.
A striking feature is the comparatively large deposition of the smallest
particles. This deposition is known to take place in the lungs. Hence
the aerosol is absorbed by the body and this process contributes to a
great extent to the human body burden of trace metals. In contrast to
this the large particles are deposited in the outer parts of the respiratory tract and are therefore not absorbed by the body. These facts
illustrate how important it is to know the composition of the air pollution
as a function of particle size.

10.2.

Biological and medical samples

Already at the beginning of the PIXE development biological and medical samples were investigated. Many papers contain spectra demonstrating
the usefulness of PIXE analysis for measuring the trace element content
in living matter. Of the essential trace elements, F. Si, V. Cr, Mn, Fe,
Co, Ni, Cu, Zn, Sc, Mo, Sn and I, the majority is situated in a Z region
where PIXE has its maximum sensitivity. Furthermore, the concentration of
most essential trace elements is in the range 1-100 ppm so there is no
difficulty to detect these elements in a spectrum. It is also important
to note that the minimum detectable amounts are so small that if an element
is not found in a PIXE spectrum very useful upper limits can be set. This
is especially important in the case of toxic trace elements.
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Fig. 16 shows a typical spectrum of biological material. A fairly
large number of elements can be seen, illustrating the multielemental
character of PIXE analysis.
After the initial feasibility studies the interest is now focused
on the useful information that can be obtained from PIXE analysis of biological and medical samples. Of particular interest are investigations of
any correlation that might exist between diseases and trace element unbalance. The literature in this field is growing rapidly and only a few

examples will be given here. Mangelson et al.(18) have studied trace
element patterns in patients having diebetes mellitus. Walter et al. (19)
in addition to investigating a great number of bioenvironmental samples,
made a special study of the deposition of particulate matter in human
lungs. Van Rinsvelt et al. (20) demonstrate the need for a complete correlation study executed automatically by a computer. They analysed 1500
autopsy samples giving about 20 000 measured elemental concentrations.
It is obvious that analysing such a large material manually would be prohibitively time-consuming.

The experience gained so far indicates that for discovering any

significant correlation between diseases and trace element patterns a
very large material is needed so that statistical fluctuations and biological difference between individuals are eliminated. It is also necessary to include many organs in such an investigation since it is difficult
to tell beforehand where a trace element unbalance will show up. All this
results in a large amount of samples. The high capacity of PIXE analysis
is therefore an important advantage in this connection.
In these and other investigations it was found that the reproducibility of the measurements was less than expected, the reason being the
inhomogeneity of the tissue. Hence it is sometimes claimed that one should
use big samples in order to get representative concentration values.
However, the fact that there seems to be variations in trace element concentration within many organs (the liver is one of the few being homogeneous) might instead indicate that it is necessary to go into a more detailed study of the trace element distribution in the organs. There are
actually no reasons to assume that the average trace element concentration

within a certain organ would change appreciably as a result of a disease.
It might be so that the variation is limited to certain tissue in the organ
or that variations iu different parts of the organ might cancel each other.
This indicates the need of taking out several samples from each organ.
If it turns out that this is necessary, a research program on the trace
element distribution in the body would be a vast project, requi ring the
analysis of a very great number of samples.
If one goes even further, one can ask if it is possible to investigate

trace element concentrations on a subcellular level. Hasselmann et al. (21)
have demonstrated that this can be done. Using PIXE analysis they measured
concentrations in various fractions of rat liver. The sample was homogenized in physiological KCl-solution. By centrifuging different sediment
fractions were obtained. Large variations showed up in the values from
fractions representing cell nuclei and membranes, mitochondria, microsomes,
and the soluble parts. Another possibility to study the microscopic structure of tissue by PIXE is to use the microbeam technique. The resolution
is so good that the different parts of particularly big cells can be

measured separately.
In these medical investigations autopsy samples were used. However,

the technique of taking biopsy samples is developing fast. The sample
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weight is then usually small and this makes it advantageous to use PIXE
because of its combination of high sensitivity and small sample size.
10.3

Liquid samples

In practically all cases the liquid samples consist of an aqueous
solution. The target preparation is then very simple in principle. A
drop of the solution is put on a suitable backing and the water is evaporated. However, this procedure often gives non-uniform samples consisting
of small crystals. One solution to this problem is to use a nebulizer
to spray the solution onto the backing. With repeated sprayings one can
build up a uniform layer on the backing but this procedure is rather
time-consuming.
The sensitivity can be increased by preconcentration of the solution.
Here the limit is set by the light elements present in the solution. In
the case of water samples it is calcium salts in ground water and sodium
chloride in sea water. When the target becomes thicker, the difficulties
with the non-uniform salt layer will be more pronounced. A posibility is
to go to the limit of a thick target by pressing a pellet from the residue
after evaporation.
A more satisfactory method is to apply a selective concentration of
the trace elements. Lochmüller et al. (22) used membranes impregnated
with a cation exchange resin. Such membranes absorb the metal ions in
an aqueous solution. After rinsing and drying the membranes can be bombarded directly. However, this method does not seem to have been worked
out in detail and no applications have been reported.

The Lund group is developing a method in which a complex forming
agent (oxine) is added to a water sample. The complex compounds formed
by the trace elements are adsorbed on active earbo-n added to the solution.
After filtration carton is pressed to a small pellet which is analysed
in the usual way by PIXE. As an illustration of the sensitivity of this
method Fig. 16 shows a spectrum of a standard solution containing about
one ppb of some trace elements distributed over the periodic system. It
will be noted that even a concentration as low as 1 ppb gives very distinct peaks. The theoretical minimum detectable concentration calculated
from this spectrum is of the order of 0.01 ppb. The method has been shown
to give reproducible results. The combination of simplicity and extreme
sensitivity makes this method very promising for water analysis.
11. CONCLUSIONS
For PIXE work it is necessary to have access to an accelerator. However, this does not mean that PIXE is an expensive method. On the contrary,
aking the cost of beam time and dividing by the number of samples that
can be analysed in a certain time one finds that PIXE analysis is rather
inexpensive. This is due to the fact that a fully automated PIXE system
has a high capacity. When using an accelerator full time for routine analysis of the order of 100 000 samples can be analysed per year. Comparing
this number with the budget needed to run a small accelerator, it is
obvious that the cost per sample is of the order of $ 10 or less. When
one takes into account the fact that PIXE is a multielemental method with
high sensitivity this cost is lower than for other, comparable methods.

The necessity to have access to an accelerator is certainly a limitation from the point of view that PIXE work has to be concentrated to
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nuclear physics laboratories. However, there are a great number of small
accelerators which are becoming less useful for nuclear physics research
and then PIXE analysis could be a valuable addition to the research
program. As a matter of fact, a surprisingly great number of laboratories,
close to 100, are now engaged in PIXE work. As a result a rapid development of the technique is taking place. PIXE can now be regarded as an
established analytical method and for the future one can forsee many
interesting and important applications.
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TABLE I
Coefficients for the calculation of X-ray production cross sections using expression (1).
X-ray

No. of
points

K
L

316
158

Coefficient
ba

2.0471
3.6082

hi

-0.65906 (-2)
0.37123

b2

b3

-0.47448
-0.36971

0.99190 (-1)
-0.78593 (-4)
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0.46063 (-1)
0.25063 (-2)

0.60853 (-2)
0.12613 (-2)

K« X-ray production cross sections in barns as calculated by expression (1)
Proton energy (MeV)
Element Z
Al
S
Ça
Ti
Cr
Fe
Ni
Zn
As
Br

Sr
Mo
Ag

Sn
Ba
Pb

oo
oo

13
16
20
22
24
26
28
30
33
35
38
42
47
50
56
82

COK*

0.5

1.0

219
68.2
15.2
7.51
3.79
1.90
0.961
0.485
0.168
0.0829
0.0284
0.00678
0.00111
-

625
257
80.3
45.2
25.7
14.5
8.25
4.69
1.96
1.10
0.466
0.151
0.0376
0.0163
0.00310
-

Kg/K«"

0.0357 0.0134
0.0761 0.0659
0.163 0.1315
0.219 0.1355
0.282 0.1337
0.347 0.1391
0.414 0.1401
0.479 0.1410
0.567 0.1560
0.622 0.1683
0.691 0.1831
0.764 0.1981
0.830 0.2130
0.859 0.2230
0.901 0.2433
0.968 0.2821

1.5

2.5

2.0

3.0

1113
1054
1120
736
638
832
174
274
366
446
176
248
315
106
113
166
64.5
218
38.6
70.9
108
146
23.3
44.5
69.9
97.6
14.0
27.7
44.8
64.2
22.3
6.32
13.2
33.0
3.75
14.0
8.11
21.2
1.72
3.90
6.98
10.9
0.621
1.50
2.81
4.53
0.932
0.180
0.472
1.57
0.0862 0.238
0.487
0.839
0.0203 0.0626
0.137
0.249
0.246 (-3) 0.799(-3) 0.00189

906
473

3.5

4.0

4.5

5.0

6.0

7.0

8.0

9.0

10.0

1100
877
511
374
268
185
126
85.0
45.0
29.4
15.4
6.63
2.37
1.29
0.399
0.00370

1066
899
564
425
313
222
155
106
57.8
38.4
20.6
9.07
3.34
1.85
0.589
0.00638

1027
905
604
469
354
256
182
128
71.1
47.9
26.2
11.8
4.45
2.51
0.818
0.0100

985
900
634
504
389
287
209
148
84.5
57.7
32.1
14.8
5.71
3.25
1.09
0.0148

910
873
671
556
446
341
256
187
111
77.6
44.6
21.3
8.56
4.98
1.73
0.0278

847
834
684
586
486
383
295
222
136
97.1
57.4
28.3
11.8
6.99
2.51
0.0458

797
792
682
601
512
414
327
251
159
116
70.0
35.6
15.3
9.21
3.41
0.0692

_
753
672
606
527
436
352
275
179
133
82.2
42.9
18.9
11.6
4.41
0.0979

_
717
657
603
535
451
371
295
197
148
93.6
50.0
22.7
14.1
5.49
0.132

* "Fitted" values from Bambynek et ai.
" Ref.: Scofield Phys. Rev. A9 (1974) 1041.
c
"-" denotes value outside range of formula validity.

W
tr"

L X-ray production cross sections in barns as calculated by expression (1).
Elément Z

Zn
Br
Zr
Ag
Sn

Ba
Gd
Hf
W
Au
Pb
U

30
35
40
47
50
56
64
72
74
79
82
92

a?
0.0059
0.020
0.031
0.060
0.079
0.120
0.19
0.26
0.30
0.34
0.38
0.50

0.5

1.0

1.5

576
1253
1678
450
1212
1836
965
175
572
60.5
479
250
39.0
178
359
15.0
83.3
185
4.47
79.5
31.8
32.2
1.26
11.5
0.981
9.53 27.5
0.421
4.80
14.9
3.3
10.7
0.876 3.32
—

* Estimated from Bambynek et al.
"-" denotes value outside range of formula validity.

6

2.0

2.5

3.0

Proton energy (MeV)
3.5
4.0
4.5

1917
2086
2038
2086
2058
2292
2609
2960
3041
2823
1569
1782
1947
2072
1299
704
910
1092
1251
1386
546
1036
725
889
1167
300
643
418
534
746
275
412
139
206
344
94.5
132
60.7
170
210
52.8
83.3
117
153
190
30.0
48.8
70.4
119
93.9
22.2
36.8
53.8
72.7
92.7
20.5
13.4
7.53
28.9
38.1

2012
3080
2165
1502
1282
840
478
250
227
144
114
48.0

5.0

6.0

7.0

1956
3089
2233
1599
1383
927
541
289
265
170
135
58.5

1828
3046
2310
1749
1545
1077
677
365
338
222
179
80.7

_*
2954
2332
J851
1665
1200
760
437
407
272
222
104

8.0
_

2839
2319
1916
1752
1300
850
503
471
320
263
127

9.0

10.0

_
2713
2283
1954
1812
1379
928
563
531
366
303
150

_
2584
2232
1972
1851
1442
996
617
585
408
341
173

TABLE 3

Characteristics of various backing materials

Foil

Thickness
2
pg/ cm

Strength

Heat
Chemical
resistance resistance

Purity

Cost

Carbon

20

Fragile

Excellent

Excellent

Variable

Expensive

Formvar

10-50

Fragile

Poor

Poor

Good

Inexpensive

Polystyrene

40

Fair

Fair

Good

Good

Inexpensive

Kap ton

100

Good

Good

Good

Fair

Moderate

Mylar

500

Good

Good

Good

Fair

Inexpensive

Nuclepore

1000

Good

Good

Good

Fair

Moderate
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A schematic diagram of the experimental arrangement.
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A typical FIXE spectrum of an aerosol.
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A plot of the K and L ionization cross sections in proton
bombardment. The dots are experimental values from recent

thin target measurements. The curves are fifths degree
polynomials fitted to the points.
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Wavelength-dispersive analyses of X-rays produced in
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Air-mass trajectories
Fig. 13.

Air mass trajectories at the 850 mbar level for 72 hour
periods preceding each of the sampling days with westerly
winds.
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The shaded areas include all measurements, the error
bars correspond to one standard deviation.
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RESEARCH AND DEVELOPMENT ASPECTS
OF EDXRF AND NDXRF TECHNIQUES IN JAPAN
S. Enomoto
Toyohashi University of Technology
Tenpaku-chö, Toyohashi, Japan

ABSTRACT
The recent research and development of EDXRF and NDXRF
techniques in Japan, particularly connecting with the use of
radioisotope exciting sources, are reviewed in this paper.
The statistics show their use is not enough, considering the
industrial situations of this country, however, the following
outstanding researchs and developments have been carried out
with the techniques, l) Discrimination of steel materials, or
polychlorinated plastic wastes, by using portable XRF analyzer,
2) preparation of draft on Japan Industrial Standard for sulfur
analysis, 3) economical evaluation of coating thickness gauges
in a steel sheet making firm, 4) on-line process control in
cement industries, 5) developments of instrumentations equipping
solid state detector systems, and 6) air pollution study at
public research institutions.

1.

INTRODUCTION

According to "Statistics of the Use of Radiation in Japan"
l) edited by Nuclear Safety Bureau, Science and Technology
Agency, the total number of licensed industrial firms, educational
organizations and research institutions which use sealed radio
-isotope sources amounted to 3294 in March 31, 1976.
The detailed number of analytical equipments based on radioisotope
XRF techniques is not clear with the statistics, however, the
possibly relating items such as thickness gauge and sulfur
analyzer are refered in Table 1, together with the proper XRF
analytical equipments.
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The trends of researchs and developments of these techniques
are naturally affected by the particular characteristics of
industries of this country; the majority of subjects are relating
with process control, inspection of products and preservation of
environment integrity, and scarcely with exploitation of natural
resources which are scanty in this country.
The present subjects would be classified into the following
categories: l) public and environmental problems relating to
industries or communes by governmental research institutions,
2) developments and market evaluations by equipment manufacturers,
and 3) practical applications in industrial fields, usually
carried out by collaborating with domestic or foreign equipment
manufacturers.
2.

MATERIAL DISCRIMINATION BY PORTABLE XRF ANALYZER

The applications of portable XRF analyzers have been developed for some special field uses, among them the followings are
presented.

To control large amounts of steel materials, of various
kinds or different production batchs, travelling in a steel
making field, the samples have been usually discriminated by a
spark inspection method which requires a great deal of skill and
is not efficient.
Daido Steel Co., Ltd. has developed a radioisotope XRF
analyzer to detect strange materials concerning to Mo or Pb
concentrations in steel samples. 2) The handy analyzer, having
measuring head of an 10 mCi ^^9 Cd X-ray source and Xe-filled
proportional counter, was designed by partly modifying a commercial portable analyzer, Portarix, produced by Rigaku Corp., an
X-ray equipment manufacturer. For convenient use of the analyzer
in the field, it gives notice of strange materials, when count
rate of Mo K or Pb L X-rays from flat sample surface of 20 mm
diameter is out of the preset range.
For real steel sample surfaces of somewhat roughness and
rust, the analyzer is applicable to discriminate the samples of
Mo or Pb concentration more than 0.10 % and less than 0.03 % within
2 seconds, so that it has been practically used in the field for
the discriminating works.
Among plastic wastes from common industrial plants and home
livings in large city, about 10 % of that are Polyvinylchloride
ones which would pollute the environmental atmosphere with hydrochloric acid produced during their burning treatments. The plastic
materials containing chlorine and other injurious chlorine compounds such as PCB and DDT should be .separated out before the
burning process for preservation of the environment.
An XRF analyzer ( Aloka SFD-201R ) using a 55 Fe X~ray source
less than 100 uCi and a proportional counter has been applied
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for this subject by Tokyo Metropolitan Isotope Research Center
3) by collaborating with Aloka Co., Ltd., a nuclear and medical
instrument manufacturer. The chlorine content of the above
mentioned materials is really above 20 %, and then the radioisotope source of strength less than 100 uCi could be applicable
in this case. The use of the sealed sources less than 100 uCi
is outside of the legal regulation in this country.

The observing channel for Cl K X-rays of 2.62 keV is adjusted
for excluding contributions of another elements contained in the
sample materials, among them Ca K of 3-69 keV is found frequently. The experimental results shown in Fig. 1 indicate
that these materials show the 20 - 50 times strength of Cl K Xrays to the ones containing no chlorine compounds. The examinations for discriminating between pressure sensitive copy papers
containing PCB and their alternatives, or the checking of BHC and
DDT are also successfully carried out. The usefulness of this
analyzer has suggested its future demands in disposal plant of
the public wastes or consultation service center of consumer
products.
3.

DRAFT ON JIS FOR SULFUR ANALYSIS

Various sulfur analyzers for off or on-line uses, about
five of X-ray absorption type and three of X-ray fluorescence
type, have been developed and commercially produced by several
domestic manufacturers. The statistics above mentioned show
that the number of the analyzer used in 1976 is just 100 in 80
establishments of research institutions and educational organizations, and ^50 in 179 industrial firms. The principal uses are
connected to oil pollution control in governmental laboratories,
and fuel oil inspection, process control in blending or desulfurization of fuel or heavy oil in petroleum industries, and
monitoring system of total amounts of sulfur discharged in electric and gas generating stations.
By the request of the Agency of Industrial Science and
Technology, a working group in Japan Radioisotope Association
has prepared a proposal draft on the use of the sulfur analyzers
to be adopted in JIS, Japan Industrial Standard. The draft
including the principle, instrument, procedure and the standardization for both X-ray absorption and fluorescence methods would
be realized to the JIS in the immediate future.
During the working, the governmental research institutions,
oil consuming industries, petroleum refining industries and the
analyzer manufacturers studied jointly on sample preparation
technique, effect of sample temperature, calibration method and
effects of C/H and heavy metal impurities, by using reference
samples presented by Japan Petroleum Federation. 4)5) The
experimental results shown in Table 2 indicate the performances
of the radioisotope methods thus settled equal to or higher than
the conventional JIS methods for the wide range of sulfur
concentration in oil samples.
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Sulfur analyzers using radioisotope XRF techniques have
been developed by Rigaku Corp. for both off and on-line uses,
and by Aloka Co., Ltd. for off-line use. The 55 Fe X-ray source
used in these analyzers emitts 5-9 keV Mn K X-rays to excite S K
but not Fe and Ni K X-rays, and negligibly little another elements
in oils. The use of the combination of the selective exciting
source, X-ray filter and single channel PHA results in high precision measurements. The sulfur concentration of 1 % could be
analyzed with the reproducibility of 0.01 % in on-stream condition with using a 50 mCi ^Fe X-ray source.
A particular sulfur analyzer of off-line type, using a low
power X-ray tube and a data processing system for translating the
S K X-ray count to sulfur coneentrâtion, has been also produced
by Horiba, Ltd. The avoiding the use of radioisotope source put
it free from troublesome legal regulation.

k.

ECONOMICAL EVALUATION OF COATING THICKNESS GAUGES

Coating thickness gauges based on B-ray backscattering
method have been popularly used in steel sheet making industries
in this country. The method has in principle a relative poor
resolution power for discriminating materials with their atomic
number, however, elaborate performances of ionization chamber
and accotnpaning electronic parts give hardly that achievements.
A coating thickness gauge, SFT-200, based on radioisotope
XRF technique has been presented by Daini-Seiko Co., Ltd. by
technical cooperation with Nucleonic Data System, Inc., U.S.A.
The gauge equipping a 500 mCi 24lAm y-ray source has a particular automatic calibration system by attaching another 1 mCi
241 Am source to the proportional counter for high performance
in on-line use. The precision is less than h and 0.2 g/ m in
terms of standard deviation for 0 - 350 g/m?Zn and 0 - 16.8 g/m
Sn coating on steel, respectively.
The gauge is used for quality control of coating thickness
of the products as well as saving coating raw materials. A
control system of the gauge connecting with nozzle pressure,
nozzle-sheet distance and sheet velocity optimizes the line
operation with the aid of mini-computor. In Kimitsu Steel Making
Firm, ShinNippon Steel Co., Ltd. has carried out a comparative
test between this XRF gauge and a p-ray backscattering one, by
setting the both on same production line of Zn coating steel
sheet. The accuracy of the gauges calculated from the experimental data are k.l and 9-7 g/m for the XRF and p~ray backscattering ones, respectively. For the control limit of thickness 3 times standard deviation is usually used for gauging,
therefore XRF is superior to B-ray one in saving Zn so much as
the difference of 16.8 g/ai2 . The amount of saving costs as
much as several hundred million yen a year, which results in
high benefitial ratio ( C/B : C = annual expenditure, B = total
saving cost a year ) of 1/30 - 1/50.
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5.

ON-LINE PROCESS CONTROL EN CEMENT INDUSTRIES

An apparatus using radioisotope XRF technique for use in
on-line process control of CaO content in cement raw mix has
been successfully developed in Übe Industries, Ltd. by cooperation with Fuji Electric Co., Ltd. in its construction. 6) The
Übe Industries, Ltd. has elaborate experiences on the use of offline radioisotope XRF analyzer for the elements, Al, Si, Ca and
Fe in another cement plant since

The cement raw mix is crushed in a mixing mill and sent to
a silo through belt conveyer, from the way an automatic sampler
takes the sample continuously. The sample is flowed on to a
sample presenter of rotating round table, above which a roller
to smooth the sample surface, XRF measuring head and sample
clearing plate are successively arranged.
The two %/Ti X-ray sources of 2 - 3 Ci strength for exciting Ca K X-rays, and a Kr-gas filled proportional counter are
used in the measuring head. A rapid and continuous analysis of
CaO concentration in the flowing raw mix can be realized with a
personal computor ( YHP Model 20 ) , when a standard reference
sample made of CaCO 3 moulded in a plastic disc is used intermittently. Experimental results refered with the conventional
chemical analysis show that the precision of 0.16 CaO % and
reproducibility of 0.09 CaO % in standard deviation were obtained
in on-line operation.
A number of automatic on-line analyzer, Limemeter, shown
in Fig. 2, produced by Rigaku Corp.. are also now working in
cement industries for continuous analysis of Ca or Ca and Fe .
The measuring head covered in a dust proof box has a 10 mCi55 Fe
X-ray source and a Nal(Tl) scintillation counter. The source
excites Ca K X-rays very efficiently but does not excite Fe K
X-rays. The deviation of CaCO^ content within 0.5 $ from the
standard value is obtained. For the determination of Fe, a
-^°Pu X-ray source is recommended, with iron filter of 10 mg/cm^
thickness absorbing Ca K X-rays almost completely.
The notable advantages of these instruments lies in that
they analyze a large amount of sample continuously, thus avoiding
the sample errors frequently met with the conventional method
using a small quantity of sample. The process control system
using these analyzers is capable of supplying cement raw mix of
good homogenity, so that it can be thinned out analytical works
for the major elements. An increase of production could be
achieved in a cement plant without establishing a new, blending
silo.

6.

DEVELOPMENTS OF SOLID STATE DETECTOR INSTRUMENTATIONS

The EDXRF analyzing systems employing solid state detector
have a remarkable property of yielding a continuous spectrum
without time lag over an entire scope and a high detection
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efficiency, therefore they have become extensively used in the
fields of X-ray fluorescence analysis as well as microanalysis.
The Nippon Nuclear Fuel Development Co., Ltd. has adopted
a nuclear fuel analyzer using a Ge(Li) detector, which was
developed by Rigaku Corp. for determining the concentration level
of 235U in nuclear fuel samples. 8) The analysis of * Ü in UC2
fuel sample is carried out by using a ratio of intensity of 185
keV y-rays from 235 U to that of U K X-rays excited by a 10 mCi
57 Co -tf-ray source equipped. The effects of sample quantity,
configuration and sample-detector distance on the experimental
result can be eliminated with the ratio method.
Cutting, grinding or polishing of the sample surface is not
necessary prior to analysis. One sample can be analyzed in
about 30 minutes. Addition of a data processor permits direct
read-out of *-'2(J in percent concentration. This system can be
utilized not only for analysis of pick-up samples, but also for
inspection of products on production line.
Horiba, Ltd. has recently presented a domestic solid state
detector system, SLP series, 10 and 30 mm Si(Li) of guaranteed
F.¥.H.M. of 162 and 170 eV for Mn K X-rays, respectively. By
combining with a low power X-ray generator or radioisotope
exciting sources, it offers XRF analyzers for the use of research
and developments in various fields such as mining, industry,
biology and medical science. The combination of this detector
system with electron microscope, EMAX series, is also much
evaluated in various studies by element analysis of small area
of 0.1 - 1 jam diameter of sample surface.
7. AIR POLLUTION STUDY

A simple method of multi-element determination for thin
air filter specimen
has been developed, in which troublesome
preparation of the thin film standard is not required, at the
Radioisotope Application Laboratory in Japan Atomic Energy
Research Institute ( JAERI ). 9) The X-ray fluorescence count
rate of each element is calibrated by calculation with both the
count rate and the effective mass-absorption coefficient. Using
targets of four or five elements, all the significant peaks,
including also those unexpected, can be analyzed quantitatively
over a wide range of atomic number. The multi-element determination is also possible with a single element thick target
using theoretical cross section of X-ray production.
On the other hand, a method of matrix correction has been
presented by Radiation Center of Osaka Prefecture, which is
conveniently applied to analyze airborne dust collected on a
membrance filter. 10) The correction for an element is made
using an experimental value of the corresponding effective total
mass absorption coefficient. When samples have similar matrix
composition, the values of the coefficient are determined for
several samples selected and average value is used to make the
correction for all samples.
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Application of radioisotope XRF technique to a sedimentation
method for particle size analysis of airborne particulates has
been also studied at JAERI. ll) Two types of apparatuses shown
in Fig. 3 are proposed to determine the size distribution for
each component of the particulates, in wide range of particle
size and atomic number, using a small quantity of sample. The
side window method is suitable for higher atomic number elements,
while the bottom window method is useful in low atomic number
elements, except the case of very low atomic number ones and
minor components. The appararus does not directly measure sizes
of the flying in the atomosphere, however, the method may be useful
to dust samples collected but not fractionized.
An analytical technique for the simultaneous measurements
of the atomospheric concentrations of SÛ2 gas and sulfur absorbed
by aerosol particles has been fairly developed at Radiation
Center of Osaka Prefecture. 12) As shown in Fig.^, aerosol particles are collected on membrane filter and at the same time
SO 2 gas is captured on alkali impregnated filter. The sulfur
content in each filter is measured by an EDXRF technique using
an excitation source of 55 Fe.

Two methods are acceptable for the determination of the
sulfur content in impregnated filter by XRF technique. In the
first method, XRF analysis is made after the collected sulfur has
diffused and distributed uniformly enough throughout the filter,
and in the second method the analysis has to be finished before
the diffusion of the collected sulfur become appreciale.
The practical measurement has been carried out at the station
of the Center. The concentration of gaseous and particular sulfur
observed are strongly dependent on the wind direction and velocity
and other meteorological conditions.
8.

CONCLUSIONS

The radioisotope XRF techniques are now becoming an effectual
ones in industries, which promise improvement of product quality,
and economical benefits through saving raw materials and man
powers. However, their uses are still behind that of advanced
countries, considering the industrial yields or situations of
this country. The barriers preventing the industrial spread of
the techniques in this country would be a keen competition with
another technique such as X-ray tube ones, the scarcity of information on the reliability or the economical benefit for a long
industrial running, or troublesome legal regulation.
The essential matters indispensable to get the further
progress would be as follows: l) Research and developments of
total system design including sample preparation, X—ray spectrometry, and data processing techniques, 2) establishment of
the safety standard and testing method of radioisotope sources,
to moderate the present legal regulation, and 3) the close
collaboration between expert engineers in industrial fields and
equipment manufacturers.
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Field
Apparatus

Educational organization & research,
institution
Science &
engineering

Agriculture

XRF
analyzer

13 ( 7 )

0(0)

Thickness
gauges

42 (l? )

25 ( 3 )

Sulfur
analyzer

6k (49 )

6(2)

Industrial
firm

Medical
science

1 ( 1 )105 (63)

0(0)
1384 ( 259 )
30 (29 )

450 ( 179 )

Table 1. Number of XRF analyzers, thickness gauges and sulfur
analyzers —————in educational organizations, research
institutions and industrial firms, as of March 31» 1976.
The figure in ( ) shows the number of establishments
using the apparatus.

Reproducibility

Repeatability

Sulfur
c one ent rat i on

X-ray fluorescence method

Air combustion
method

X-ray absorption method

*

JIS

Heavy
Reagent
Heavy
Reagent
oil std. std. oil std. std.

0.5
0.5 - 1.0
1.0 - 1.5
1.5 - 2.0
2.0 - 5.0

0.04

0.05

0.06

0.03

0.08
0.12

0.07
0.08

0.5
0.5 - 1.0
1.0 - 1.5
1.5 - 2.0
2.0 - 2.5

0.05

o.is

Exper.

0.01
0.03
0.03

O.O1
0.02
0.04

0.02
0.04

0.02
0.03

0.03

o.o4

0.05

0.04

0.06

0.04

0.08

0.06

0.05

o.o4

0.05

0.06
0.07

o.o4

0.05

0.05
0.06

0.05

0.06

0.16

0.09

0.11

0.09

0.09

o.io

0.15
0.25
0.27

0.26
0.20
0.25

o.o4

Table 2. Comparison between the experimental results obtained by
radioisotope sulfur analyzers and that of a conventional
JIS method, using heavy oil standards of tetralin
dilution and reagent standards of tetralin sulfur.
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rice bag
strawberry case
bean curd case
egg case
bakélite plate
saran wrappings
vinyl kite
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rainwater, pipe
basket lunch case
Fig.l

The experimental results on the intensities of Cl K
X-rays observed for various plastic wastes .
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Schematic diagram of the apparatus, Limemeter. A: sample
hopper, B: conveyer belt, C: three rollers, D: measuring head consisting of a radioisotope source and a detector, E: waste pipe, F: overflow pipe.
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Sedimentation

cell

.Sample suspended in liqujd

Radioisotope source

\

X-ray detector

Side window method
Fig.3

Bottom window method

Two methods of the energy dispersive X-ray fluorescence
applied to sedimentation.

The schematic diagram of the apparatus for the 803 gas
generator and the collection equipment. P: permeation
tube, F: flow meter, C: active carbon, S: silica gel,
MIX:
mixing flask, M: main filter, B: back-up filter,
FPD:
flame photometric detector.
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X-RAY ANALYTICAL TECHNIQUES IN THE INVESTIGATION OP

SOME MINERAL POTENTIAL OF THAILAND
COMPARISON WITH NEUTRON ACTIVATION ANALYSIS
S.P. Kasemsanta
Office of Atomic Energy for Peace
Bangkok) Thailand

ABSTRACT

Earlier attempts to introduce radioisotope XRP analysis as a field
technique for mineral exploration and ore-grade control were received with only
mild interest from prospectors and miners in Thailandt The Office of Atomic
Energy for Peace thus decided to build up its main application programme around
the organization of a nuclear-based central analytical laboratory, whereby its
specialized analytical capability could be made available to outside bodies*

The nuclear-based analytical services were exploited in two large-scale
explorations conducted by the Department of Mineral Resources, one for uranium
and the other for potash. Methods based on neutron activation and X-ray
fluorescence were developed and successfully applied to analyze a large number
of samples collected in the exploration; thus their value has been demonstrated.

Apart from discussing the analytical methods employed and the results
obtained, background information on the exploration projects is also given.

1.

INTRODUCTION

Some investigations on the potential of radioisotope XRF techniques in
mineral prospecting in Thailand were Initiated around 1968, using a portable
instrument of the balanced^filter type. This- instrument was provided by the
Agency to the Thai Office of Atomic Energy for Peace (OAEP) on a loan basis,
with an understanding that the aspect of instrument reliability under field
conditions should also be examined. At about the same period, a group of
mining geologists (from the United Kingdom) also brought a number of instruments
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of the same make into Thailand for trial use in the tin^rlch southern districts
of the country. In brief, it could be reported that although the Agency instrument could be made to function as it should in a cool shade after some
modification of the analyser high-voltage supply circuit, the reliability and
field performances of these "first-generation" portable instruments left much
to be desired in actual use under the conditions of high humidity and wide
temperature variation»
After returning the loaned instrument to the Agency, the QAEP subsequentlypurchased two sets of portable radioisotope XRF analyser for its- own use. The
two instruments were from different manufacturers, both, employed the balancedfilter technique, but one had a count-rate meter with, only low>energy
suppression (backing-off) and scale expansion facility while the other was
equipped with a single-channel spectrometer with, digital readout. The "electronics" of both models proved to be quite reliable. However, after some use,
the Nal crystal of the unit equipped with spectrometer failed, apparently from
moisture ingression. Consequently, a "make-shift" was tried, viz., taking the
measuring head unit with good crystal from the set with ratemeter and connec*
ting it to the spectrometer analyser through a matching device. The "mixed"
unit worked quite satisfactorily as was shown later.

The above experience is mentioned here since It was directly related to
another Agency attempt to promote industrial applications; of nuclear
techniques in this region of the world. In 1971 a visiting seminar on the use
of nuclear-based techniques in mineral prospecting and exploitation was
organised by the Agency in five developing countries in Asia and the Far East.
The author (then an Agency staff member) and an Australian expert served as
discussion leaders in the seminar. With the courtesy of the OAEP, the
portable radioisotope XRF analyser described above (viz,, the "mixed" unit) was
picked up from Bangkok and employed as a demonstration instrument throughout the
seminar in the Philippines, Indonesia, Taiwan and Thailand itself. The journey
included visits to several mines in those countries and the instrument
travelled well, surviving air-, train-and sometimes rough road trips to those
places, and it never failed to function when setup for demonstrations throughout the seminar.
Over 200 persons who participated in the visiting seminar at one place
or another saw the demonstrations and many requested us to put the instrument
to work on their samples. From the discussion at the seminar, the opinions of
the participants regarding the use of radioisotope X-ray techniques in the
mineral industry may be summarized as follows.

(1) For on-the-spot prospecting work and mine, operations: Most of those,
responsible for these stages of mineral resources wxirk. considered
refined procedures often required for minimizing matrix and
heterogeneity effects, including sample preparations; and multiple
calibrations too complicated, especially when balanced filters are
employed; hence the portable instruments were not very useful for
everyday work. Nevertheless, a general opinion was. expressed that an
access to a nearby laboratory equipped with such instrumentsr ox more
specialized XRF analytical systems, and manned by "specialists" would
be a great help.
(2) For process control in mineral processing plants; The majority of
seminar participants felt that XRF analysis techniques were better
suited for applications in the mineral processing stages in comparison
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with applications in the preceding stages of exploration and mine
operations« In particular, on-s-tream process- control applications
appeared to offer great promise for Better economies in plant operations, and thus research and developments in this area deserved
stronger support from the responsible authorities as well as from the
processing plant operators and equipment manufacturers.

2,

OAEP ANALYTICAL EQIPMENT

2.1 Purposes and plan
Being aware that a good analytical laboratory is a great asset in both
research and industrial development, the OAEP reckons that it should assume the
role of a central analytical laboratory, making available its specialized capability to outside bodies that may need ita In this respect, neutron activation
analysis service has been offered on a routine basis since the middle I960*s and
a plan has been adopted to progressively build up the analytical capability to
encompass other nuclear-based and related analytical techniques in order to keep
up with both the OAEP's own research needs and the widening interests of those
who turn to the OAEP for assistance.
At present our resources include a rather extensive facility for NAA work,
a number of X-ray analytical instrument systems, an atomic absorption spectrophotometer and an electron-capture gas Chromatograph«
In the particular area of mineral exploration and exploitation, the OAEP
works in close collaboration with the Department of Mineral Resources (DMR}0 DI
this respect, we find the exchange of dialogue on each, other's specialized Knowledge very important not only for the selection of viable applications of
nuclear-based techniques, but also for the selection and/or elaboration of
methods and hardware to be employed in such an application. Two large-scale exploration projects currently being undertaken by the DMR in which nuclear-based
survey and analytical techniques are playing important parts are the main
subject of tbi& paper0
2.2 X-ray analytical systems
In order to provide some background information in line with the scope of
the present Advisory Group Meeting, a brief description of 0(-ray analytical
equipment in use at the OAEP is given below.

ZtZol Energy dispersive X~ray fluorescence analysis
At present, sample excitation by radioisotope sources is the only method
routine
use for EDXRF analyses at our laboratory; however, an alternative
in

221

means using X-rays generated by low-power tubes is being worked out, (see
under "Powder Diffractometry").

In respect of the hardware, we rely largely on setups: incorporating
solid-state detector and multi-channel analyser, although a computer-based
pulse height analyser is also available0 Both Si(Li) and hyper-pure
germanium (HpGe) detectors are being used in the EDXRF setups, of which some
further details are given in the section dealing with the particular application«

20202 X-vay potidev cttffraotorvQtry

In many areas qf study, such as mineralogy, information on chemical composition of a substance under investigation is often required» Since analytical methods based on either XRF or neutron activation techniques can only pro^
vide information on elemental compositions, some other technique has to be
considered to fulfill the need for identification of compounds. X-ray powder
diffractometry is already well established for qualitative and quantitative

analyses of crystaline materials, thus newcomers can Benefit from extensive
collections of reference powder diffraction patterns and by following the
quidance of certain well developed indexing systems- in the interpretation of unknown diffraction data» Mainly for this reason, X-ray powder diffractometry is
chosen as a complementary analytical technique in our laboratory.
The powder diffractometry system which has been installed recently comprises
a vertical goniometer-diffractometer assembly which is mounted on top of an
X-ray generator together with its radiation shield, an X-ray tube towjer and a
detector probe. The probe incorparates a Kenon-filled proportional detector
which is connected to the associated electronic control and measuring units, and
then to an output recorder. The X-rays are generated by an end-window (3ffG U»
beryllium) 2.7 kW X-ray tube with a copper anode. Power for the tube is
obtained from the aforementioned X-ray generator which is capable of supplying
stabilised high voltage and current up to 60kV, 30mA, 30GQW.
The X-ray tube tower is constructed such that with proper extra attachment
the X-ray beam may be deflected into another setup without having to disconnect
the goniometer-diffractometer assembly. This special attachment is being
acquired in order to utilize the X-ray tube as an alternative source for our
EDXRF work in a near future.

3.

URANIUM EXPLORATION

3.1

Project Background

Interest in radioactive minerals in Thailand could be dated back, to
around 1955, when reconnaisance samplings for valuable byproduct and heavy
minerals associated with tin and wolfram mining were first conducted in the
south-west mining districts of the country by the Department of Mneral

Resources, Subsequent reconnaisance surveys in this and other regions led to
discoveries of several uranium mineralization along the north-trending
structural belt of western and southern Thailand, providing a good basis: to

substantiate this belt as a uranium province. Among the primary uranium bearing
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minerals, the uranium contents range from 1*5 % U02 in priorité found in
central western region to about 13 % U,0 in samarskite commonly found in
southern placer deposits in association with columbium tantalum multiple
complex oxides. Torbernite, a secondary uranium mineral, with U_0g content up
to about 60 % was also discovered in two localities in the south (Fig0l)o
However, all of the deposits discovered so far are considered to be of
uneconomic importance at present, owing mainly to their small sizes
A more promising region for uranium exploration is the Khorat Plateau in
north-eastern Thailand,, The potential of the Plateau has been recognised
since around 1964 from its geological similarity to the Colorado Plateau of the
western United States where large deposits of uranium have been found in
sandstones» The discovery in 1970 of uranium minerals, along with copper
minerals, in the Phu Wieng district in Lower Jurassic sandstone strata near
the north-western edge of the Khorat Plateau (Fig.l) substantiates the belief
that the Plateau may contain economic deposits of uranium 1 2] . A further
evaluation of the Plateau potential was thus conducted jointly by the U0S0
Geological Survey and the Thai DMR in a period between 1973*1974, from which a
conclusion has been reached that a more extensive exploration for uranium in the
Plateau is justified I 2] „
302

Geology of the Khorat Plateau 11,5,4],

The Khorat Plateau covers an area of about 155,000 square kilometers, in
the north-eastern part of Thailand and its average elevation Is; around 170
meters MSL. It is underlain by nearly flat-lying or gently folded and slightly
uplifted continental and marine sedimentary rocks of Mesozoic age. The
Mesozoic rocks are turned up along most of the border of this platform and dip
inward toward two basins, the Khorat basin and the Sakon Nakorn basin. During
Mesozoic time the Plateau was a major sedimendary basin which was filled
periodically by sediments from surrounding uplifted areas. Sedimentation probably ceased at the end of the Mesozoic, and subsequent gradual uplift and mild
warping and erosion were accompanied by peripheral igneous activity. The
Plateau is structurally and stratigraphically similar to the Colorado Plateau
of the Western United States.
Exploration guidelines should be similar to those successfully employed
in the Colorado Plateau where uranium deposits are found mainly in thick
permeable and laterally extensive carboneceous sandstones of fluvial origin,
and they occur mostly in clusters parallel to sedimentary structures. In the
Khorat Plateau carbonaceous sandstones are most common in Jurassic part of the
Khorat Group [4]0
Uranium minerals found at Phu-Wieng in the primary phase of investigations
appears to be uraninite lUCL] occurring in conglomeric sandstone in association
with copper minerals, which are chiefly malachite jCuCO-. Cu(OH)_] and minor
azurite [2 CuCCL. Cu(OH)2]c A secondary uranium mineral, carnotîte (?) JK2
(U02.0)~V«0
. 1-3H2.
00] was also found coating on a carbonaceous* material at one
Z £o 0
spot II,3J.
According to Refjl], preliminary analyses of samples of the copperuranium mineral revealed the presence of the followings; U(0.002-0.08 %),
Cu(0.1-3.8 %), PbCO.001-0.003 %), Zn(0.001-0.01 %>, Th_(less than 0.01 %) and
K-4Q (trace amount). In subsequent analyses performed by the OAEP other minor
and trace elements have also been identified, as discussed in the text which
follows.
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3»3

Nuclear-based analytical methods used in the exploration

Up to May 1978, over 800 soil samples collected from the exploration
area and over 200 core samples drilled from the ore bearing strata were sent to
the OAEP for analyses» Both EDXRF and NA methods are employed to analyse these
samples.

3,3,1

EDXRF analysis of soil samples

When the first lot of soil samples was; received at the OAEP the Thai
Research Reactor (TOR-1) was out of commission, as it was then being converted
and upgraded to a pulsing reactor. Preliminary investigations on the soil
samples had to be made by an -EDXRF method using an available Pm-147/Al
bremsstrahlung source» The method was found to Be inadequate with this parti»
cular source since the limit of detection for uranium as obtained was around
500 ppm, which is too insensitive for the purpose. The Pm-147/Al source was
later replaced by a Cd-109 annular source» However, with the completion of the
reactor conversion and the reactor (TRR-1/M1) being back in operation, the
radioisotope excited EDXRF method has been discontinued in preference of a neutron
activation method in the case of soil analysis»

30 3,2 EDXRF determination of nycmiwn -in dvill cores
For analysis of drill-core samples, an EDXRF method is considered

attractive because the sensitivity that may* be ob-tained for uranium is adequate
for the delineation of an ore bearing boundary and because, of its independence
on reactor operation schedule.
The particular method that has been elaborated for analysis of drill
cores from the project area employs an instrumentation system which is shown
schematically in Fig,2. The main components used are an annular radioisotope
source (8 mCi Cd-109), a cryogenically*cooled HpGe detector (25 mm area x 5 mm
thickness), a cooled-input charge sensitive FET preamplifier, a linear pulse
amplifier, a 4096-channel analyser, together with associated power supply and
readout instruments» The resolution of the system with cooled input is 178 eV
(FWHM) for the 5.90 keV Fe-55 line and 500 eV (FWHM) for the 122 keV Co-57 line.
The source-sample-detector geometry is shown in Fig,3 and the window of tke
sample cup is 5 mil mylar.
Drill core samples are prepared for analyses by grinding in an agate
mortar to minus 200 mesh and homogenised,

Method of analysis and results
Owing to the presence of lead in the ores from the deposits being inves-»
tigated, methods for minimizing lead interferences were tried. For a Pb content
range of 0 to 2 %, it was found that the most suitable method to minimize matrix
effects is by taking the ratio of uranium La X-rays peak count against the
Compton scattered peak of the Ag KCL X-rays from the source (viz. ULa /AgKou
Compton) as the parameter for quantitative determination of uranium. Comparison
of results obtained by taking ULa and by taking peak ratio ULa /AgKa, Compton
in the case of artificially prepared samples having uranium content from Q.OJL %
to 0.5 % and lead content from 0 to 2 % are sfiown in fig.4(a) and 4 (hi respecti>
vely. Satisfactory results were also obtained for NBL and IAEA standard ores;
using this peak ratio method as shown in Table I.
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It should be noted that the limit of lead content of 2 % was established
by analysing a number of core samples- drilled frojn the uranium blearing
sandstone using an atomic absorption method. Results reported were obtained
with a counting time of 600 seconds per sample, which, was found to be appropriate
for the uranium range of interest of 0.01 % to 0.5 %0
The XRF spectra of one standard and two drill-core samples from the ore«
body are shown as examples in Fig.5. The presence of zirconium and rubidium in
one of the drill-core sample can be observed in Spectrum No,3 and their
influences on the analytical result remain to be a subject for further investigation. For the time being it could be said that the Zr K X-^rays do nqt produce
noticeable interference on the ULot peak, hence tue ULa/AgKo^Compton peak ratio
method could still be counted on to yield satisfactory results in the presence
of zirconium. On the other hand, Rb K X-rays can produce large contribution to
the ULa peak count, and thus the ULß /AgKoLCompton peak ratio should be taken
as the parameter inplace of the previous ratio if rubidium content of the ore is
relativly high; however, since the ULß is subject to significant enhancement by
ZrKß, the method is liable to indicate a somewhat too-high uranium reading for
ore containing both Rb and Zr0
3„3,3

Comparison of EDXRF and INAA

Instrumental neutron activation analysis (INAA) tan. be employed for the
determination of uranium in both soil and dull«-core.samples.
For INAA, 50 mg of powdered samples in polyethelene vials; are irradiated
for 5 minutes in a pneumatic facility of the TRR-1/M1 reactor. The irradiated
samples and standards are counted for 400 seconds each usring the, HpGe detector
and counting system already described under EDXRF (Fig.2). The. 74.5 key gamma
line of U-239(tte î 23.5 min) is used for the determination of uranium content.
For an irradiation time of 5 minutes in the neutron flux of approximately
1Q
1Q n/cm -sec (normally available from a pneumatic facility) and a counting time
of 400 sec/sample, a detection limit of 10 ppm has been obtained. The analytical
precision of the method has been determined to be * 2,6 % and its accuracy, as
determined by analysis of standard ores, is shown in Table II,
Discussion
A comparison of typical results obtained on a set of drill-core samples
by the EDXRF method (described in para, 3,3,2) and the INAA method are given
in Table III. It could be seen that the EDXRF method consistently indicates
higher uranium content in the order of 8 to 20 % relative compared with the INAA,
(see definition under Table III), The discrepancy of the EDXRF is due to the
presence of zirconium and rubidium together in the samples since the present
method can only avoid the interference from either zirconium or rubidium, but not
from both of them.

The limit of detection of 10 ppm obtained by INAA with 5-minute irradia*
tion in a neutron flux of 1010n/cm -sec is already adequate even for the search
for uranium anomalies. However, this limit can be better by 100 folds to 0.1 ppm
by increasing the irradiation time to 10 minutes and the flux to 10 ^n/cm »sec.
Increase in neutron flux in the pneumatic facility to about 1.2 x 10 n/cm -sec
could be achieved by closer coupling of the reactor core to the facility; this
positioning of the core, however, may interfere with some other uses of the
reactor.
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It could be summarized th«n that advantages, of the INAA over the EDXRF

method are the much lower limit of detection for uranium and Better accuracy
in the presence of Zr and RB in the sample. Nevertheless, the EDXRF

independence on reactor operation schedule and the fact that a shorter total
analytical time is required for it should favour the use of EDXRF when the
ultimate in low limit of detection is not necessary.

4.

BROMINE

GONMHf

Iff

SALT DEPOSITS

4.1 Project Background 15].
Rock salt deposits are known to exist in the
eastern Thailand where they are usually found as?
and interBedding with sand-, clay-, or shale Beds
also Been discovered associated in the upper part
places.

larger part of northlarge formations underlying
of the area. Potash, has
of rock salt Beds in many

Owing to the economic importance of potash, e„g. as; a natural source of
fertiliser, a large-scale prospection for potash, is Being undertaken By the

Thai DMR. The main target areas at present are two known, evaporite Basin? in
the Khorat Plateau which were already mapped [6]. These two Jjasins, the Khorat
Basin situated in the southern part of the Plateau and covering an area of
abouJt 33,QOGl sq. kms, and the Sakon Nakorn Basin of aBout 17,000 sq.kmsr in the.
northern part, are divided By the Phu Phan Range of mountains as sJEiown in

Fig.l.
According to Ref [5] most of the potash minerals in northeastern Thailand
were found in the form of Both carnallite and sylvite. The prédominât mineral
is carnallite whereas sylvite is normally found associated with halite.
An approach to potash [KCl] prospection is the investigation of Bromine
distriBution in salt deposits. The technique has Been in wide us« since
around 1952 when its value in the determination of stratigraphie horizons was;
demonstrated in connection with the examination of salt deposits 17]. Bromine
is also a useful genetic indicator of unusual conditions of salt formations.

For this reason, nearly 4000 core samples drilled from the area of the two
evaporite Basins were already sent to the OAEP for Bromine analysis.
4.2

EDXRF analysis of Bromine

Owing to the large numBer of samples involved, it has Been considered
that the determination of Bromine should Be made using an EDXRF method.

The setup employed for this purpose incorporates a Pu-238 annular source
(10 mCi) for the excitation of K X-rays from Br in the samples. A Si(Li)
detector (6 mm active diam x 5.15 mm sensitive depth) is used in the counting
system which is somewhat similar in schematic (But employing components of
different makes) to that previously shown in Fig.2. The resolution of the
counting system is aBout 181 eV (FWHM) and 334 eV (FKTM) for 5.9 keV MnKa
at 1000 counts/sec.

Samples were prepared for the analysis By pulverizing and a counting time
of 600 seconds per sample was used.
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The bromine contents of the nearly 4,QOQ, samples, which, came from about
40 boreholes known to intersect potash beds, were found by the EDXRF method to
vary from a low value of around 50 (* 3) ppm to an upper limit of about 440
(-25)ppm0 The particular method could Be expected to produce acceptable
results down to a limit of around 25 ppm of bromine iji salt formations from
the present target areas« No inter-element interferences were observed in
these analyses, hence it could be assumed that elements adjacent to bromine are
not present in the salt matrix in significant amount»
Owing to the fact that this piece of work, which took about 6 months to
complete,was performed during the reactor conversion period, no comparison
between EDXRF and INAA was made. Results of the bromine determination were
reported to the DMR for its own interpretation,
5.

OTHER POTENTIAL EDXRF APPLICATIONS

Apart from the applications discussed in the preceding sections, EDXRF
methods have been developed for other analytical requirements, such, as; the
followingSp
(1) For analysis of ilmenite: The method elaborated by the OAEP was
proved to be applicable for quantitative determination of titanium
and other associated elements, ranging in atomic number from 25 (Mn)
to 73 (Ta), and also of thorium and uranium,
(2)

For analysis of monazite: The capability of the EDXRF method has
been demonstrated in the determination of thorium and rare earths
contents of indigenous monazite which, is commonly- found associated
with, t in-shed tailings.

C3) For analysis of barite: An EDXRF method Ras been elaborated for the
determination of the content of barium, and of the associated minor
elements molybdenum and strontium.

It should be commented here that although, the above mentioned applications
were studied as a part of our staff training programme, the, main reason for choosing them is the prospect that in some near future the methods developed may find
some real use,
6.

CONCLUSIONS

In respect of real applications in Thailand, neutron activation remains
at present to be the leader among other nuclear or nuclear »Basted techniques. The
reason for this appears to be the much, earlier introduction of NM iji the OAEP
research reactor utilization programme.
When a nuclear-based analytical method, whether NAA. or EDXRF, finds its
real use in a large-scale mineral exploration programme, the analytical laboratory becomes, involved with, a very large number of analyses to be made which, is
far above the normal level of its own research requirements. In order to
maintain its value both as a research reactor center and a central analytical
laboratory, the orientation of the OAEP programme for further development is
toward improvement in sample handling facilities and in data handling
techniques.
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TABLE. I. EDXRF Determination of Uranium in.

IAEA Standard Ores

Uranium Content (%)
Sample
reference
NBL-Analyzed Sample No-76-B
(Uranium Ore)
NBL-No0103
NBL-Analyzed Sample No.5
(Carnotite Ore)
IAEA-Standard NoeS2

Note;

TABLE II.

OAEP Result

0.0101

00009Q

Q.Q50

0,093 C2)

0.051
0.089

0.267

0.305

(1) New Brunswick Laboratory
C2) Provisional Certificate

Results of INAA for Uranium in NBL standard ores

Uranium Content (%)

Sample
reference
NBL-77A

Q.Q01

0.001

0.01

0.008

NBL-1

0.093 (1)

NBL-5

Note:

(1) Provisional Certificate
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OAEP Result

0.020
0.091

TABLE III«,

Comparison of Results obtained by EDXRF and INAA on Drill-core
Samples

Sample

Uranium Content, percent

Identification

EDXRF

INAA

Relative Diff ^

3-7
3-8
4»7

0.15

19.05 %

0.028

0.126
0,025

Q.009
0.278
0.041

0.008
0.236
0.038

12.50 %
17.80 %
7.89 %

4-8
4-1 Q

Kite:

12.00 %

Relative Dirrerence C%1 = fEDXRF* INAA\
v
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Fig.4(a) Variation of La peak intensities with uranium concentration
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Fig.5 XRF Spectra of Ore Samples
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CURRENT STATUS OF EDXRF AND NDXRF TECHNIQUES
AND APPLICATIONS IN EASTERN EUROPEAN COUNTRIES
L. GÖRSKI

Insti-cuto of Physics and Nuclear Techniques
Academy of Mining and Metallurgy
Cracow, Poland

ABSTRACT

The paper describes the principal research centers working
and developing the EDXRF methods in eastern Europe* Some more
interesting methods in matrix effect correction and peak evaluation are given« Several applications of the EDXRF, especially
to ores processing and environmental problems are described«
Also some details about the detectors, suitable for X-ray spectrometry, which are developed and produced in eastern Europe are
given«
1 . GEOGRAPH!

1.1.
Two research institutes are working on EDXRF since the
early sixties i«e*
The Institute of Physics and Nuclear Techniques in Cracow,
Poland,
- The Central Institute for Isotopes and Radiation
Research of the German Academy of Sciences,
Leipzig, German Democratic Republic.
Unfortunately the last one has recently moved to more fundamental research and abandoned the applications of EDXRF«, Besides
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those two some others research, and universities laboratories do
some work by use of the EDXRF methods:
- Institute of Nuclear Research, Dept.of Nuclear Chemical
Engineering and Dept, of Solid State Physics in Warsaw
(Poland),
- Institute of Nuclear Research, Debrecen, Hungary*
- Institute of Nuclear Research and Nuclear Energy, Sofia,
Bulgaria,
- Institute ol Geochemistry of the Sibirian Branch of
the USSR Academy of Sciences, Novosybirsk, Soviet Union,
- State University in Irkutsk, Soviet Union,
- some other laboratories in Soviet Union and in other
contries use occasionally the BDXRP method.

2. MONOGRAPHS

During the last five years two monographs were published:
- R«I. Plotnikov, G .A. Pszenicznyj
Pljuoriescjentnyj Rientgieno-Radiomietriczieskij Analiz
(Radiometrie X-Rays Fluorescence Analysis)
Atomizdat, Moscow 1975 (in Russian),

- B, Dziunikowski
Podstawy Rentgenowskiej Radioizotopowej Analizy
Fluorescencyjnej (The Principles of Radioisotopic X-Rays
Fluorescence Analysis)
Part I published in 19?6, part II in press, part III
to be published
The Academy of Mining and Metallurgy Press, Cracow
(in Polish).
The first one features most of the work done in USSR but
is not recent, the second monograph is very extensive, completely
up to dated and some effort is done to publish this monograph
in English*
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3.

METHODS

During tue last five years some new concepts were elaborated
concerning
- the matrix effect correction
- the spectral interference reduction
- the grain size effect.
2«1»
An extensive search was made by M, Kirchmayer and
B. Jziuni-Kowski Z~1,2_7 in intercomparison of several mathematical methods of matrix"effect correction» Firstly they tried to
derive the most known equation.
i.e. Lucas-Tooth and Price
/~3J7, Mitchell and Hopper ZT4-7, Lachance and Traill f$J
and
G laisse and Quintin Z"6_7, from a set of common simple assumptions. The two first cited equations
belong to the "intensity
correction" group, i.e, only the knowledge of the content of
the determined elements in standards is necessary. The last two
belong to the "concentration correction" group, and a complete
composition of"the standard samples must be known* On the other
hand this group of correction equation
gives better results
in elimination of matrix effects« They proposed also their own
correction equation
(belonging to the "intensity correction"
group) and demonstrated on the example of"zink-lead ores analysis its usefulness.
A new mathematical matrix effect correction, when low reso
lution detectors (proportional counters) are used, has also been
developed. In this method the measurements of secondary X-ray
intensities with several edge filters, are made* À set of linear
equations is to be solved that permit the element contents of
interest to be determined, with the standard deviation about 0

5.2.
T. Zôlt.owski et al. £~7,Q7 presented a simple computational method for rapid evaluation of X-ray spectra observed by
semiconductor detectors using a simple Gaussian peak function*
The results were equivalent to the total peak area method»
The method can be used with a minicomputer. A parabolic function
describes the background shape. Such fitting can be used with
good detectors and spectrometry systems until quite large
counting rates.
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2*2*
The grain size effect was extensively studied "by Lankosz
and Holynska /~9,10_7 for the purpose of using it for the"determination of the graiu size in slurries. The aim of the elaborated
method is the determination of the weight content of particles
of copper ore smaller than 75 urn» Using the X-ray excitation by
two energies from two different sources (Pu-238 and Am-241)
a simple calibration equation can be derived. Additional the
scattered radiation should be also measured* This allow the elimination of matrix effects» (The final result can be obtained with
a standard deviation smaller than 4# for the weight percent of
small particles between 25-98 % ana about 2Qfi of solid component
in the slurry.

3.4.
Taking into account large copper ore deposits in Poland
and a rather young and modern copper industry, susceptible to
new ideas, much work was done during last time in application of
EDXKB1 to different stages of the copper ore processing. Suitable
apparatus was developed (see later) and some work was made for
proper, rapid and computerized interpretation of the rough
measurements results*
Using the Pu-2^8 source the intensities of characteristic
X-rays of copperfiron, and lead (L-lines) and scattered radiation
were measured and processed« Different calibration equation
were checked for use in copper content determination in feeds,
tails and concentrates slurries _/~11,12 "J*

3*5*
Most of measurements in EDXRP is performed on "thin" or
"thick" samples. Markowicz /~13_7 has studied the possibility of
use of intermediate thickness samples* It is necessary to measure
the Compton and coherently scattered radiation, this give possibility of calculation of the mass absorption coefficients of the
primary and fluorescent radiation in the sample and permits the
evaluation of suitable correction factors*
3.6»
Holynska et al. £ 14,15,16,17_7" investigated some pre**
concentration techniques for application of EEXBF for trace analysis« Ion-exchange foils, ehelating ion exchange Chelex-100
and precipitation,with NaDDTC (diethyldithiocarbamate) were used
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for détermination of trace metals in water and saline water: iron,
zinc, lead, cadmium, barium, mercury, copper. The kinetics and
conditions (time, pH) of preconeentrâtion was studied and the
detection limits determined (in average between several ppb and
one ppm). The influence of calcium and other metals ; contained in
natural water in large amount, on the preconcentration process was
also studied«
4. APPLICATIONS

4«1«
Copper ore processing« Holynska et al« ZT~18_7 elaborated
a system for continuous measurement of copper during the flotation of copper ores« The system consists of about 10 special measuring heads immersed in the ore slufcry, connected to a minicomputer, which calculate the copper content in the solid matter in
all crucial points in the processing technology. The system was
extensively checked and is now introduced in the Polish copper
industry.
4,2«
Determination of heavy metals in dust obtained in the
copper metallurgy» Parus et al. /~19_7 determined Zn, Pb, Fe, Mo,
Ag, Cd in such dusts and elaborated the best measurements conditions*

4.3«
Determination of lead and silver in crude copper £10_7.
The detection limit for Pb is 0.05% and for Ag 0«04#«
4*4«

Determination of heavy metals in rocks and ores.
A lot of investigation was made - the principals are:
-

-

determination of rubidium and strontium in rocks /~21_7,
detection limit about 10 ppm,
determination of 1, Hg, Pb, Bi in ores with Co-57 source
using the K-lines for those heavy metals Z~22J7 ZT25_7,
determination of rare earth elements in rocks Zl24j'»

4.5«
Determination of the Fe and Ti in kaolins £25 J.
Semiconductor detectors and proportional detectors were checked,
also different excitation sources* Determination limits are
for Fe and 0.015# for Ti.
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4 «6«
Determination of chromium and iron in different metallurgical intermediate products Z726J7 aûd calcium, mangan and
iron in agglomerate Z~27_7«
4,7«
Determination of elemental sulphur in sulphur ores
containing also alkali metal sulphates. In this method the
amount of sulphates is determined and in some way sub str acted
from whole ore /2§7*
4.8.
Determination of uranium in solutions (0*5 - 100 g/1)
by simultaneous XEF and absorption of the Cd-109 radiation,
using a proportional counter £. 29 _7»
4.9.
Determination of Ft, Pd, Au, In, Rh in solutions
(0.05^ - 1$) with error not greater then 0.01JS by low concentrations ~
4.10»
B» Dziunikowski and E. Rykiert L 31_7 has elaborated
a method for routine determination of calcium and barium in
glass«
4,11«
Much work was made for introducing of the EDXRJP method
for continuous determination of calcium and iron in cement
raw-mix in the form of powder or slurry /~22»33J7*

4*12.
The determination of iron in lubricating oils was used
for routine survey of the wear of engines in airplanes and
trucks
Many methods were elaborated for the determination of
pollutants in atmosphere by EDXRF. Iron, zink, lead and bromine
were determined on air filters Z~35_7» Some other metals (Ca,
Rb, Sr, Zr) in ashed moss and other nonashed plant materials
4 «14.
Selenium in blood was determined Z"27.7 usiQS "tk® excitation from low-power transmission X-ray tube with Mo and Ag
targets. The limit of determination is 0.014 ug/cm2 of the deposit from ashed blood.

4.1^.
Old silver Arabian coins were analysed for several trace
metals and silver content /"58J7. The discovery of mercury content
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in such coins was the most spectacular result of this investigation.
5.

DETECTORS AND LOW POUR X-RAY TUBES

5*1«
Ostrowski and al, Z~597 prapacaivery good and stable
proportional counters with Be-window (diam. 52 mm) and Ar, Kr or
Xe filling» The resolution is 16J6, they have low temperature coerficient and can be used with as high as 10 4- s —1 count rate*
A counter with mica-window (diam. 56 mm) and neon filling for soft
rays was elaborated. Special constructions as double counters,
transmission counters and high pressure (5 atm) counter are also
produced.
5.2,
Brunner and Morgenstern £"40,4-1,7 has constructed a proportional-scintillation counter for very soft X-rays. The resolution is about 140 eV fof energy of 525 ®V, Those counter permits
the determination of light elements.

5*5»
Chwaszczewska and al. /~4-2_7 produced semiconductor
Si(Li) detectors with a resolution of about 220-250 eV, which
are widely used in Poland«
5*4-,
Starzeo /"4-3J7 has constructed low-power X-ray tubes
with transmission copper, molybdenum or silver anodes*
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SUMMARY OP THE MEETING

1.

INTRODUCTION"

The main objective of the meeting was to discuss the current status
and development of energy dispersive X—ray emission spectrometry (EDXES) and
its applications in manufacturing indtistries, mining, and pollution assessment
and control. Tt was concluded that the techniqu.es of EDXES are now well
established; they have already resulted in substantial economic "benefits in a
wide range of applications» Improvements are continuously being made and these
are confidently expected to broaden substantially the present formidable range
of applications.
Very substantial improvements in sensitivity and in analytical
performance have resulted from the introduction of solid state detectors and
advanced proportional counters. Considerable benefits have also arisen from
the development of small low-power X-ray tubes and the use of advanced minicomputers and micro—processors together with mathematical methods. As a result,
EDXES is now one of the most powerful techniques available for simultaneous
multielement analysis. Detection limits approaching a few ppm are typical.
Special forms of the technique, such as particle induced X-ray emission spectrometry (FIXE), have been developed for applications in which extremely low
detection limits of the order of a few picograms are required. The technique
also has important applications jfor the surface analysis of s wide range of
materials.
The greatest economic benefits are currently being achieved from on-line
applications of coating thickness measurement. The economic benefit of other
on-line uses, such as on-stream analysis of slurries,is more difficult to assess,
but the value of these applications is without doubt. The need for the routine
analysis of large numbers of samples in research and industrial product control
is considerable and EDXES is now being used in applications of this type on an
increasing scale.

The growing concern about environmental aspects of modern industry makes
necessary the assessment of air and water pollution. EDXES has, due to its
sensitivity| its epeed and capability for complete automation, a considerable
potential for performing the large number of measurements necessary in this field.
Ap^art from well established applications in industrialized countries, it
is considered that substantial economic benefits can be generated from the
introduction and use of these techniques in developing countries. Continued
support from the Agency should enable the full economic benefits from these
applications to be realized.
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2.

APPLICATIONS

The principal applications of high and low resolution energy dispersive
X-ray emission spectrometry occur in the manufacturing and minerals industries
and in pollution assessment and control. The most important of these applications
are given in Table I: techniques in direct competition with KDXES are also
included in this Table.

2.1

Mineral and manufacturing industries

Several economically important applications are now established worldwide
and there is a continuous increase in the range of applications as new techniques
and new instruments are introduced. The future potential for T^IDXTCS equipment
appears to be substantial.

The greatest impact in recent years has resulted from the introduction
of high-resolution detectors. Analytical equipment incorporating these devices
and including both radioisotope sources and small low-power X-ray tubes, and minicomputers for automatic signal processing, is now comparable in performance with
all but the most sophisticated wavelength dispersive systems. However, energy
dispersive X-ray fluorescence (KDXRP) equipment is much less expensive and has
the advantage of rapid, simultaneous multielement analysis which is of vital
importance in many applications.

There is no doubt bnt that the application of greatest apparent economic
value at the present time occurs in the on-line control of the thickness of
coatings of tin and rdnc: a substantial proportion of all the tin and zinc plate
produced throughout the world is now controlled using "FIDXRF equipment.
By using this type of equipment, savings of US.4?! million per annum on a single
product line havebeen reported. This a.lso results in a consi derable saving in
a precious raw material.
Other applications are less dramatic economically, but nevertheless they
are important and an indication of the most significant of these is given in
Table I. The cement industry, the basic metals industry and the petroleum
and petrochemicals industries all have established applications for UDXRF equipment for on-line control or for laboratory analysis and inspection purposes,
Tn many cases no other equipment could be effectively used.
The mining and quarrying industry is a particularly important user of
equipment incorporating these techniques. Analytical information is required
at all stages in the process of finding, extracting and processing raw material
and RDXRP equipment is playing an increasingly important role. Of particular
importance is the control of process plants handling metalliferous minerals and
coal where installed equipment has the advantage of simplicity, reliability and
low investment cost compared with alternative systems. A world-wide acceptance
of installations of this type is forecast for the next decade.

It is only recently that high resolution E!DXRP equipment has been developed
with limits of detection significantly below the anomalous concentrations of most
elements found in the earth1s crust. However, this has now been done and, in
consequence, it can now be seriously considered for use in static or mobile field
laboratories for rapid, routine analysis during exploration surveys. Apart from
reducing the cost and increasing the viability of a survey, such an application
should have a significant effect on reducing the time to bring a new mine onstream.
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Equipment "based on low-resolution EDXRF techniques is also proving to be
of small but significant "benefit in several applications in grade control in
open pit and in underground mining. Borehole logging equipment is used în a
small number of mines "but the application is expanding» Equipment of this type
is particularly useful for the analysis of high atomic number elements such as
tin and tungsten. For elements of lower atomic number, such as Pef Hi, Cu, and
Zn, operations are limited to dry "boreholes. Core analyzers are developing
rapidly and are "believed to offer substantial "benefits in this area of application
in the future. A wide range of equipment is availa"ble to satisfy the different
applications and an indication of the cost of these units is given in Table II.
2.2

Pollution assessment and Control

The first steps in control of pollution include measuring its characteristics,
finding its sources and elucidating its transport. This can involve monitoring
many components of the pollution, often at trace concentrations and in large
numbers of samples. EDXES instrumentation offers the capability of performing
multielement trace analysis with suitable speed and with sufficient sensitivity
for pollution assessment. Furthermore, the nondestructive nature of the technique
is an important advantage in case of litigation.
Techniques are most developed and applications most widespread for elemental
analysis of air particulates. Usually 10 to 15 elements are determined and in the
same measurement, upper limits for some 20 additional elements can be obtained.
Both small and large scale studies of air pollution have been done involving
acquisition and analysis; of thousands of samples by EDXES along with acquisition
of meteorological and other data. In addition, routine monitoring of ambient
air particulates is being conducted by a number of regulatory agencies, employing
EDXES for all the elemental analyses. In this area of application, sufficient
work has been done to afford guidelines for most new projects.
In some applications particle size classification using impactors is
desirable, in which case the ability of PIXE to measure small sample areas and
weights is a unique advantage. Also, PIXE can be coupled with elastic scattering
techniques to extend the range down to the very lightest elements, as long as very
thin specimens are used«
Intercomparisons have shown EDXES to be at least an order of magnitude
faster than other elemental methods now being used for air particulates analysis.
The published literature suggests that 1C>4-105 samples per year can be analyzed
by one automated instrument in full time operation at a cost of a few US dollars
per sample. This, together with the other advantages, is responsible for the
current rapid increase in its use. The only comparable technique is multichannel
WDXRF which may be more expensive but better suited to light element analysis;
but it is less suited to heavy element determinations.
Energy dispersive X-ray emission spectrometry has also been applied to
multielement trace analysis of various types of water such as rainwater, river
water, wastewater, drinking water, sea water. In order to detect the ppb levels
of trace elements most often required, preconcentration of the sample is necessary.
Many preconcentration techniques have been studied and they are all feasible,
with limitations, depending on the type of water to be analyzed. It appears that
coprecipitation with a chelating or complexing agent offers the desired properties
of specificity and quantitative recovery for a wide range of important trace
elements in the presence of excess amounts of other ions such as Na+, Cl", Ca
or Mg++. Detection limits obtainable for the most important heavy metals are in
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the range 0.1 to 1 ppb in measurement times of the order of one hour per sample
for preparation and multielement analysis. Even though preconcentration is a
necessary extra stepi the method is still comparat>le in speed with other methods
in routine use for water analysis. However} very few intercomparisons have "been
carried out and it is at present not clear how wide applications to water
analysis might "become.
In addition to air and water , elemental pollutants occur in a wide range
of other substances such as: foodstuffs and their precursors in the food chain;
inedible but otherwise non-toxic ingestible materials (e»g. soils, plants,
manufactured goods); "body fluids and tissues. Energy dispersive X-ray emission
spectrometry can perform rapid multielement trace analyses on specimens of all
such materials, with a minimum of sample preparation. There appears to "be much
scope for the use of EDXES in investigations of any liquid or solid substance
tuât accumulates trace element pollutants.
Other applications to pollution control, whose potential is not yet widely
recognized, include the use of in-situ analyzers for air quality and other
pollution measurements inside industrial plants«
3»

FUTURE TRENDS TW; INSTRUfffM1 DESIGN

3.1

As a result of considerable developments during the past years, EDXES

techni.mies have now reached the point where they are accepted and preferred for
many applications. Considerable achievements have "been made in the performance
of instruments and further improvements can be expected.

3.?
The development of intrinsic solid state detectors which need cooling to
cryogenic temperatures only during operation is in progress. Further development of solid state detectors for operation at room temperature without undue
loss of resolution is highly desirable. However, this development will benefit
fiDXHF analysis only if low-noise preamplifiers for room temperature operation
become available. These preamplifiers should also be of great importance for
the use of high-resolution proportional counters which already have been developed
to the point where they approach the theoretical limits of energy resolution.

3.3
The reduction in size of EDXRF equipment should go in parallel with the
further development of large scale integration and hybrid technology of electronic
Components. The reduction in the number of components may at the same time
improve the reliability of systems.
3.4
To reduce analysis times still further, it would be necessary to increase
the count-rate throughput of the energy dispersive systems. The use of pulsed
X-ray tubes has brought an increase by a factor of at least two in useful count-

rates, "bat further development is still necessary. Limitations so far
are in the speed of the analog processing electronics, and any improvements in
this regard are desirable.
3.5 Sample preparation techniques and correction methods for matrix and other
interfering effects have been developed to the extent that adequate to excellent
accuracy may be obtained for most applications. Further improvements can still
be expected in the field of theoretical or semi-theoretical models to explain
these effects and these should lead to a better understanding of the problem.
The progress in microprocessor technology and the availability of low-price data
storage devices should facilitate the practical use of these models in the
future. At the same time spectrum convolution techniques which are already
|Ln use will be applied, even to portable equipment, thus improving its performance
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without the need to go to high resolution detectors. The design of an "intelligent"
portable instrument that can perform the analysis of an unknown sample by pushbutton operation is quite feasible.
3.6 Methods are "being developed at present to enhance the signal to "background
ratio in high resolution EDXRF equipment and further progress in this direction
is expected. Amongst the most promising techniques are the use of total reflection
of X-rays and Bragg reflected polarized X-rays. Both techniques give excellent
signal to "background ratios. By proper setup of the measuring cell the previous
drawback of the methods can be overcome and relatively high net count-rates
obtained. The use of particle induced X-ray emission techniques should be very
promising for low absolute quantities and at the same time proton "backscattering
could be used for low atomic number element analysis. This technique is certainly
attractive if a particle accelerator is already available in a laboratory.
4.

CONCLUSIONS

There is no doubt but that equipment based on energy dispersive X-ray
emission techniques is now well established. Very substantial economic savings
can be attributed to its use in a wide variety of manufacturing industries and
in mining.
The ultimate in analytical capability and in operational acceptance has not
yet been reached in this type of equipment cind, with further development,
significant improvements can be still expected in the future.
The nature of the equipment and the applications which have been developed
strongly suggest that worthwhile benefits can be expected from the transfer of
this technology into developing countries.
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TABLE

I

IMPORTANT APPLICATIONS OP ENERGY DISPERSIVE X-RAY EMISSION SPEOTROMETRY

Application

Preferred Technique

1. MINING AND QUARRYING
EDXRP for multi-element
1.1 Exploration:
metalliferous minerals, marine analysis.
geochemieal surveys.

to
on
to

Competing Technique

WDXRF in base laboratory
only.

1.2 Mining:
WDXRF for mine samples
mineral surveys for ore grade EDXRP (proportional,
determinations in mine control, scintillation and solid state only.
detectors) for single and
multi—element analysis of mine

samples; borehole logging; core
analysis; small sample

Comments

Applications occur in base and field
laboratory. Potential for application
in mobile laboratory, and on-board
ship for analysis of sea-bed 'samples.
Analysis of small samples using

portable instruments is largest current
application. Equipment for analysis
of cores for high Z elements could
have important future potential.

analysis.
1.3 Mineral processing:
on-stream analysis of mineral
slurries.

EDXRP with detector
immersed in slurry or
flowcell on sample byline.

WDXKP, but very expensive

Current techniques well established,

for analysis of »lurries.

but possible that solid state detectors

1.4 Determination of ash
content of coal.

EDXRP (proportional or
scintillation detector)
with detector viewing coal
stream on a sample byline.

Neutron techniques likely
to find increasing future
applications, e.g. for
sulphur, carbon, silicon,
aluminum and hydrogen.

will find increasing application in
the future. Great economical potential
because of increased metal recovery.
Well established, but possible that
ash will be determined directly on

conveyor belt in the future. Great
economic potential.

Application

Preferred Technique

Competing Technique

Comments

2. MANUFACTURING INDUSTRIES

2.1 On-line determination of coating Zn: X-ray excitation of
weight of zinc and tin on steel.
zinc and detection by
proportional d«teotor»
Sn: X--ray excitation of
iron and detection by
proportional detector
or ion chamber.

None for on-line
determination.

Most important XRF application. Annual
savings on high speed lines about
US$L,000,000 per line.

2.2 Alloy analysis; scrap sorting;
component identification.

EDXRF (scintillation or
proportional detector)
often using portable
equipment.

Direct vision
spectroscope.

Applications established worldwide.

2.3 Cement industry determination

EDXRF using proportional
or solid state detectors;
off-line and laboratory
equipment.

WDXRF in laboratory,
but expensive. Neutron
techniques for Al, Si,
Ca.

No generally accepted method;
further development required.

?.4 Petroleum products
Determination of Pb and S on—line,
in the laboratory, or with portable
equipment.

EDXRF (proportional
detector). Also X-ray
absorption (scintillation
detector).

None for on-line or
field use.

Well established application worldwide.

2.5 Determination of silver weight
in photographic film emulsions:
on-line and laboratory analysis.

Radioisotope X-ray source None for on—line control,
or X-ray tube with
scintillation or proportional
detector.

Application established in several
countries.

2.6 Analysis of materials used
in nuclear industry, both in
laboratory and on-line.

EDXRF (proportional or
scintillation detectors).

Number of applications in this area
is increasing.

to
<-n
OJ

of Al, Si, Ti, Ca, and Fe.

Application

3. MISCELLANEOUS
3.1 Forensic science for

Preferred Technique

Competing Technique

ÏÎDXRF (solid state detector). WDXRP, NAA.

Applications are mainly to support
more costly "but more sensitive
WDXRP equipment in routine
laboratory use.

EDXRF when sample is uniform

WDXRP, atomic absorption,

deposit on a filter.

NAA.

Equipment is highly automated and
capable of analyzing 104 - 105
samples per instrument- per year
for 15-40 elements per sample.

contaminant identification.

3.2 Air particulates analysis.

FIXE when sample has small
area or low weight.

to

Comments

3«3 Tra^e element analysis of
waters.

EDXRF or FIXE (as aTx>ve).

Many.

Sample preconcentration necessary.
Range of application not yet
fully defined.

3«4 Analysis of solids and liquids
for potentially toxic elements.

EDXRP or FIXE (as above).

Many.

Trace element studies have been
undertaken on many substances
including elements of the food chain
and human body fluids and tissues«

3.5 Investigations of low level
impurities (< Ippm), material
transfer, spatial distribution

FIXE

Ion probe mass
spectrometry.

Accelerators are required, e.g.
Van de Graaf of~1 leT or higher
potential.

of microcontarainants (e.g.~-'l/um).

TABLE

II

TYPICAL PRICES-OP SOME XRP EQUIPMENT

Technique Used

Cost (US*)

Portable XRP analyser

Proportional»scintillation or solid-state detector, with
radioisotope source.

5,000 - 20,000

Borehole analyser

Proportional or scintillation detector with radioisotope
source for determination of one or several elements.

10,000 - 20,000

On-stream analysis of mineral

a) Proportional or scintillation detector with
radioisotope source and computer processing. Gives
element concentration continuously.
t) Solid state detector, radioisotope source and sample
"by-lines with sequential analysis of slurries.

120,000 - 200,000

Proportional detector and radioisotope source» Both sides
of steel strip automatically scanned across width of strip.

100,000 - 250,000

a) Simple erjuipment with radioisotope source. No computer

10,000 - 25,000

Type of Equipment

slurries

Coating weight gauges.
Multi-element EDXKF analyser.

(four streams)
^100,000

(four streams)

processing.

"b) Automatic computing of element concentration; low
power X-ray tube.

'75,000
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