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X-ray spectrometry is a powerful quantitative tool with many applications to analysis
of environmentally related samples. Until recently, computer programs used for X-ray
data analysis and treatment required mainframe or expensive minicomputers. Micro-
computer systems now supplied with the instrumentation or generally available in the
laboratory are equipped with the necessary memory and speed to permit execution of
large programs for matrix corrections or those known as fundamental parameter
programs. These computers can serve equally well as the data acquisition and
instrumental control system. Examples of results obtained using such systems are
presented.

KEY WORDS: X-ray spectrometry, XRF, microcomputers, fundamental para-
meters, elemental determinations.
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INTRODUCTION

There are many reports of the application of X-ray spectrometry to
environmental analysis. It is not possible to present a literature
review here, but many general references,’ reports of applications to
investigations of air pollution,> and applications to the determina-
tion of clements in water® are available. These reports may vary
somewhat in the conclusions, yet it seems clear that using sophis-
ticated equipment such as PIXE,* and routine commercial spectro-
meters,* the lower limits of detection are a few ng/cm? to a few
hundreds of ng/cm? for thin film samples, and a few ug/g for
bulk samples. The exact detection limits depend upon the analyte
element, the type and configuration of the instrumentation, and the
acquisition time allotted. Nonetheless, the values are high for the
usual requirement of environmental analyses. As a result, some type
of enrichment or preconcentration technique is often required when
X-ray spectrometry is employed in environmental determinations. A
relatively new application of an optical design known as total
reflection X-ray fluorescence (TRXRF)® is demonstrating absolute
detection limits of a few nanograms and may offer some additional
applications of X-ray spectrometry for environmental analysis.

Other than TRXRF, there has been little development in practical
X-ray spectrometric instrumentation in the past decade of significant
value to environmental determinations. However, a recent general
trend toward the application of microcomputers in conjuction with
X-ray spectrometry has offered some interesting possibilities. A brief
explanation of the significance of this trend is appropriate.

The intensities of X-ray emission lines from elements in a speci-
men are given by a rather simple relationship shown in Eq. (1).

ra—1 @ C apts(Apri)csc
dr pp(Aprescd + py(Aescy

(1)

I, =1yw,gL

Table I shows the definition of the terms in Eq. (1). Equation (1) is
easily solved for the emission intensity of any element if all of the
parameters are known, and if monochromatic source radiation is
used. These two conditions are not easily met. First, there are no
practical sources of true monochromatic x-radiation. Radioisotopes
which decay with X-ray emission are possible solutions. Feasible
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TABLE I
Definition of terms in Eq. 1

I, is the analyte line intensity.

I, is the intensity of the primary beam with effective wavelength 4,,,.
A is the effective wavelength of the primary X-ray

AL is the wavelength of the measured analyte line.

W4 is the fluorescent yield of analyte A.

2L is the fractional value of the measured analyte line L in its series.
I is the absorption edge jump ratio of analyte A.

Cy, is the concentration of analyte A.

d_Q is the fractional value of the fluorescent X-ray that is directed toward
47 a detector.

HalApri) is the mass absorption coelflicient of analyte A for 4.

Ung(Aps) is the mass absorption coefficient of the matrix for 4.

taAr) is the mass absorption coefficient of the matrix for analyte line A;.
¢ is the incident angle of the primary beam.

W is the takeoff angle of fluorescent beam.

isotopes emit x-radiation at an energy above the absorption edge of
the analyte element. Normally a single energy or widely separated
energies are emitted. However, the radiation flux from sources safely
used in a laboratory is so low that extensive analysis times are
required. Secondary targets are another possibility. In this case, an
X-ray tube is used to excite a pure element target which in turn
emits the characteristic lines of the target element. Normally two or
more lines of closely spaced energies are emitted. This approach is
inefficient in power utilization. Because the excitation efficiency
decreases significantly as the energy of the source X-ray becomes
larger than the absorption edge of the analyte element, both
radioisotopes and secondary targets have the disadvantage of a need
for several isotopes or targets to cover a wide range of elements. By
using filters between an X-ray tube and the specimen, the tube
output may be conditioned to approximate monochromatic radi-
ation if the characteristic lines of the tube target can be used.
However, because often the continuum emission from the tube is
utilized, even this approach is not always suitable. The result of these
problems is that the specimen is normally excited by a continuum of
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x-radiation over a considerable energy range and including the
characteristic emission lines of the X-ray tube. Equation (1) does not
become more complicated, but more cumbersome because of the
need to integrate the intensity components from the continuum X-
ray source by numerical methods.

A further complication is that real samples are not single element
materials. The effective mass absorption coefficients for the primary
and emitted radiation will depend upon sample composition, which
initially is not known. The sensitivity in counts per unit con-
centration will depend on the composition of the specimen. This
problem is generally known as matrix effects and can be overcome
by iterative or regression methods.

Finally, many samples are not infinitely thick. This means that the
excitation radiation is not completely absorbed as it traverses the
sample. In such cases, the emitted X-ray intensity will be dependent
upon the mass of the sample, as well as the concentration of the
analyte clement. Sample to sample variations in mass must be
compensated. Programs have been written to accomplish this task
using the intensity of scattered source radiation to estimate the mass.
The ratio of the coherent to incoherent scatter intensities may also
be used to estimate the composition, or at least the X-ray absorption
properties, of materials consisting mainly of low atomic numbered
elements.

Equation (1) offers a significant opportunity. If the instrumental
geometric factors can be estimated, Eq. (1) permits the calculation of
the sensitivity for all elements in a specimen if the various para-
meters are known. Computer programs to perform the above
mentioned computations have been available for many years. The
intensity of X-radiation emitted from an element in a specimen
depends upon several factors shown in Eq. (1) including con-
centration of that element, the percentage of excited atoms of the
element which emit an X-ray (fluorescence yield), the excitation
efficiency, instrumentation geometry, absorption of source and
emitted radiation by the matrix and others.® In principle, one may
calculate the expected intensity for an X-ray emitted from a given
element in a sample. In the case of instruments in which X-ray tube
excitation is employed, the continuum emitted by the X-ray tube
plays a role in the excitation. Therefore, the computation must
model the tube output for the intensity distribution of the continuum
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emission, and to integrate the intensity emitted by elements in the
sample over these excitation intensities at various energies.

One of the best known of these programs is NRLXRF which
became available in 1978.7 This program is written in FORTRAN
and requires a mainframe computer. In 1980, NRLXRF was modi-
fied to execute on Digital Equipment Corporation (DEC) PDP/LSI-
11 or VAX series computers using the RT-11 operating system.® This
program was made available commercially as XRF-11 from Criss
Software.” Although such computers as the PDP-11 are still used by
some vendors of X-ray equipment, they are slow, memory limited,
and relatively expensive. The cost of the computer hardware is
especially high in comparison with the much less expensive “personal
computers” which offer an order of magnitude more memory and
acceptable execution speed.

In the past few years; the personal computer has had a substantial
impact on the field of X-ray spectrometry. In the case of wavelength
dispersive spectrometers (WDXRF), automation using personal com-
puters and including data treatment software was established. One
example is the package provided by Dapple Systems which includes
a control interface for the spectrometer and data analysis software
using an Apple ITe computer.!® However, the introduction of the
IBM PC family, including the XT and AT series with hard disk
drive, has significantly opened the potential for use of these com-
puters, in part because of the expanded memory capability to 512
kbytes and more of RAM, and support of a variety of computer
languages. As a result, programs which only a few years ago
required access to a large mainframe computer now can be executed
on a relatively inexpensive personal computer.

EXPERIMENTAL
Instrumentation

Two energy dispersive X-ray spectrometers were used. A Tracor
Xray Inc., TX5000 equipped with a Rh X-ray tube and Rh filters was
employed for the work done at Colorado State University. This
instrument uses an IBM PC/AT for the data acquisition and control
of the instrument. A menu selection of software permits a wide
choice of correction and/or fundamental parameter programs to be
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selected. The fundamental parameter program is essentially a version
of NRLXRF.” All software is written in the “C” language.

A Philips/EDAX EXAM VI spectrometer equipped with a W side
window X-ray tube which irradiates a turret selected Ti, Zr or Sm
secondary target was used for the work at the Technische Univer-
sitit Graz. The system was calibrated with metal foils for the
elements Al, Ti, Co, Ni, Cu, Zn, Nb, Mo, Sn, Ta, W, Au and Pb
(Goodfellow Metals Ltd., Cambridge, UK) and with compounds
deposited on Whatman 541 cellulose filters for the elements P, S, Cl,
K, Ca, As, Br, Sr, Cd and Sb (Columbia Scientific Industries Corp.,
Austin, TX). The programs applied to the data taken from this
instrument were written at the Technische Universitit Graz.
Although these programs were not executed on a microcomputer,
they are easily adapted to such a computer.

Software used to extract intensities from the X-ray spectra were in
both cases that supplied by the vendor.

Sample preparation

Samples were fine powders which were pressed into pellets before
analysis. If covers such as Mylar foil were used, spectra of these
materials were subtracted prior to data analysis.

RESULTS AND DISCUSSION

The examples presented here are intended to show the potential of
energy dispersive X-ray spectrometry as a tool for the quantitative
determination of trace elements in a variety of samples with the use
of no standards, or one standard similar to the unknown. Reason-
able quantitative accuracy is possible without a set of matched
standards. In the case of samples which are metal alloys, or oxides
such as geologic materials, fundamental parameter programs work
well because most of the information required to quantitatively
describe the physical X-ray parameters are available from intensity
data which is collected. However, in the case of biological or other
organic material, much of the matrix does not exhibit detectable X-
ray emission. In these cases, the use of scattered radiation as an
additional source of information is required.
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Two examples will illustrate the potential of currently available
programs for personal computers. Tracor X-ray Inc. introduced a
version of NRLXRF called PCXRF which is written in “C” language
for the IBM PC family.*! This program is currently available as part
of the instrument package for the TX5000 spectrometer. PCXRF is
executed from a meanu by simply typing an “F” to select funda-
mental parameters. Table II shows results for trace element deter-
mination in NBS plant material standard reference material samples
using PCXRF. For these determinations, three different excitation
conditions were used to obtain the intensity data. NBS orchard
leaves (SRM 1571) were used as the single standard. The nitrogen
content of this SRM was fixed at the given value of 2.76%, and the
remaining matrix composition was estimated as CcH,,05 for the
difference between the determined elements and 100%, composition
by weight. The difference composition is taken as typical carbo-
hydrate composition of plant material. PCXRF has a limitation at
present in that values must be entered in percent composition and
the data field does not permit an adequate number of digits to enter
values which are in the ug/g range with sufficient precision. This
artificially limits the accuracy in the results. However, except for low
atomic number elements which are very sensitive to matrix effects,
and elements below about 50 ug/g, the agreement between certified
and determined values is good in most cases. The conclusion is that
with a commercial instrument using the vendor software and no
exceptional sample preparation, one SRM standard can provide for
determinations of trace elements in plant material with an accuracy
of 3-20%, for most elements. This is very encouraging for screening
of a variety of environmental samples.

A second example is a program based on the work of
Stephenson!?:13 known as CORSET which has been available for
several years for large computer systems. This program has recently
been converted to execute on the APPLE 11 computer equipped with
a Z80 card and CP/M, and the IBM PC family, and is available for
a modest cost.'* Table III shows results for the use of CORSET on
an IBM PC/AT for the determination of trace elements in the same
plant materials shown in Table II. CORSET uses a less rigorous
model for the X-ray tube output'? than used in PCXRF. However,
comparable relative errors are accomplished with either program
depending on the number and quality of standards available. A set
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of benchmark tests for execution time were run on a variety of
computers. Results range from 45 sec execution time for an IBM PC
without an 8087 coprocessor, to less than 4 seconds for an IBM
compatible NCR PC-8 (National Cash Register) equipped with an
80287 coprocessor. Both CORSET and PCXRF provide excellent
capability to execute fundamental parameter programs for X-ray
spectrometry using personal computers which are readily available at
modest costs.

Many samples of environmental interest which are suitable for X-
ray analysis consist mainly of a matrix of low atomic number
elements which do not emit X-radiation which is detectable by the
usual instrumentation. Therefore, estimates of the composition of the
sample cannot be obtained from the measured X-ray intensities
alone. The total composition of the specimen is required for funda-
mental parameters software to perform well. Relationships between
the coherent and incoherent scatter of x-radiation from the sample
provide an additional source of information which aids in the
determination of the composition of the matrix when one or two lfow
atomic number elements make up the major components.'®> Using
this approach, a program was written to use the scatter from two
secondary targets to estimate the low atomic number element
composition of such materials.!® Scatter from two targets was used
to better describe the matrix composition. The only standardization
was to collect intensities for a set of pure element foils, or elements
in suitable compounds supported on a cellulose filter. The results
obtained comparc well with the certified values of the SRM’s used as
unknowns. Table IV shows results obtained using this program.

CONCLUSIONS

It is very apparent that X-ray spectrometry, like many other
instrumental methods of analysis, will benefit greatly from the
capabilities of the personal computer families. The hardware is more
than capable of controlling the instrumentation and collecting the
data. A few years ago the computational capabilities of these
computers were limited. Now, that is greatly expanded as well, and
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TABLE IV
Trace element determination using no standards (ug/g)

Aquatic plant Aquatic moss Bituminous coal

Element Certified Found Certified Found Certified Found

Cr 532 496 532 469 344 15.7
Mn 1759 2120 3771 3709 28 nd

Fe 2380 2520 9303 8100 1.11% 1.09%
Ni 40 47 420 458 19.4 36.7
Cu 51.2 50.1 720 685 16.5 20.6
Zn 313 352 566 565 28 32

Br 20 18 22 17.5 41 55

Pb 63.8 71 64 67.1 12.4 89

it is hard to imagine a computation associated with X-ray spectro-
metry that cannot be executed on a modern personal computer. The
fact that quantitative trace analysis of a variety of sample types may
be performed with an accuracy of approximately 10% or less in
many cases without the use of standards has obvious implications
for environmental monitoring. An important feature in the near
future will be the networking capability of these computers so that
results from an instrument may be transmitted rapidly and with
minimal chance of error to a central data base which will gather
information on each sample.
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