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Chapter Three

The Generation and Nature of X-rays

3. Introduction

We have come to regard x-rays as an important component of electromagnetic radiation.

Today, x-rays are used in a wide variety of gpplications ranging from sophisticated high-energy-
physics and astrophysica projects, to the routine examination of "carry-on luggage” in dl arports. In
al gpplications, the x-rays are generated by the bombardment of matter with high-energy particles,
usualy dectrons. For the purposes of this course it is necessary to have a rdatively good
underganding of x-rays -- not only in terms of how they are generated, but dso in terms of how
they interact with thelr surrounding atoms, and how they can be detected and utilized for
informational purposes.

3.1 A Brief Higory

Theterm x-ray was first proposed in 1885 by its discoverer, Wilhelm Roentgen, Professor
of physics in Wirzburg, Germany. In the course of his research, Roentgen noticed effects of
“invidble radiation” while experimenting with eectron beams produced by recently developed
cathode ray tubes. The effects he noted included the production of short-waveength and visble
radiation that could be observed on exposure of photographic emulsons. The properties of the
invisible (short-wave ength) radiation aso included high degrees of transparency through al materids,
and draight-line trgectories that are uninfluenced by magnetic fields.

Subsequent research by Winkelmann and Straubel discovered fluorescence of secondary
X-rays by "primary" x-rays. Haga and Wind dscovered the diffraction of x-rays by solid materids,
and concluded that the wavelength of such radiation must be on the order of 10™° meters. Laue
demondrated with the digperson of x-rays that their waveength must be on the order of atomic
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dimensions. Subsequently, the wavelengths of characteristic x-ray radiation were measured to be in
the range of 10 to 10 ™ meters, and the dimengiond unit angstrom (A=10""° m) was introduced.*

The theory of diffraction of x-rays origindly proposed by Laue, was conclusively
demonstrated by W.H. Bragg and W.L. Bragg in 1913 by obtaining the first x-ray diffraction pattern
asodium chloride crysta (for which they won the Nobel Prize).

Meanwhile, H.G.J. Mosdey (1913) was researching the characteristics of x-ray emisson
from different target materids. He noticed a sysematic progresson of x-ray waveengths with
increasing aomic number of the materid generdting the radiation. Based on this regularity, the
previoudy unknown eements hafnium and rhodium were discovered with x-ray spectra andyss.

As is common in science, the experimental observation of important phenomena occurred
before it could be explained fully by theory. Max Planck in 1900 firgt began to andyze atomic
dructure in terms of the then-developing quantum theory of energy. Planck proposed that an
oscillating (ionized) atom could not have any arbitrary energy, but rather only certain selected energy
vaues (quanta) were possble. Planck reasoned that if only certain energy levels were possible,
there ought to be a rdationship between the energy of an atom undergoing change and both the
energy and wavelength of the radiation emitted during the process. He suggested that the wavelength
of dectromagnetic radiaion, | , itsfrequency, n, and itsenergy, E, are related:

(electron volts) eq. 31

where n isapositive integer, h is Plank's constant (6.626" 10*Joule-sec), and ¢ is the speed of light
(3.0" 10®meter/sec). In x-ray physics, E is measured in electron volts eV, and is a unit of energy
(1.6021" 107 JeV), such that

El = hc = 12,397
(eV- A) eq. 32

An often asked question is the difference between volts and eectron volts. They are often
equated, i.e, if an eectron is exposed to a potentia of 10kV, it is said to have 10keV worth of
energy. But grictly spesking, the volt is a unit of potentia energy, and is not related to kinetic energy
(or work), unless mass (e.g., €, the dectron mass) isinfluenced by it.

The firgt gpplication of the quantum theory of atomic Structure was made in 1913 by Nids
Bohr (the same year in which the Braggs published their paper on x-ray diffraction). Bohr developed

1 Although not recognized today asainternational unit, the angstrom is still used when referring to inner-
atomic distances and x-ray wavelengths.
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amode of the hydrogen atom, which adlowed him to explain why the observed frequencies (i.e,
waveengths) of energy emitted obeyed smple rdationships. Although it was later shown to be too
samplistic, Bohr's modd dlowed him to cadculate the energies of the dlowed states for the hydrogen
atom. Subsequent refinements in the theory of atoms by Heisenberg, De Broglie and Schrodinger
have resulted in our modern view of quantum mechanics. For our purposes, quantum mechanics are
important to the extent that they describe the trangtions that are possible during the interaction of
highly energetic, beam dectrons and eectrons within target atoms with greet accuracy. The principle
guantum numbers are summarized below:

1. The principle qguantum number (n): The principle quantum number (n) can include any
positive integra value. It determines the mgor energy level of an dectron. It is designated K,
L andM for n=1, 2 and 3 respectively. The maximum number of electrons alowed is 2rf.

2. The azimuthal momentum quantum number (I): The azimuthd or ahgular momentum
number can be considered to represent sub-shells within the magjor energy levels. The sub-shells
correspond to "orbitas’. Higher values of | correspond to greater angular momentum (mvr). |
may assume integer vduesfrom 0to n-1. Theorbitalsare s, p, dand f for1 =0, 1, 2 and 3
respectively.  The orbitals have didtinctive shapes. The maximum number of dectrons alowed
iss=2,p=6,d=10andf = 14.

3. The magnetic quantum number (m): An dectron with angular momentum generates a
magnetic fild. m can assume any integer from -| to +l.

4. Thespin quantum number: A smdl "particl€’, like an dectron, pinning on its own axis aso
behaves as a smdl magnet, hence the dectron itself has an intringc magnetic property. We say
that the electron has a spin and describe it as being elther +1/2 or -1/2.

Summary for K, L and M Shells

maximum
n | Orbital m S #(€)
1 0 1s 0 +1/2, -1/2 2
2 0 2s 0 +1/2, -1/2 2
2 1 2p -1,0,+1 +1/2, -1/2 6
3 0 3s 0 +1/2, -1/2 2
3 1 3p -1,0,+1 +1/2, -1/2 6
3 2 3d -2-1,0+1,+2 +1/2, -1/2 10

The specific quantum numbers assigned to the dectrons are determined by thermodynamic
congderations that require the occupation of states having the lowest energies first, and the Pauli
Excluson Principle, which forbids more than one eectron in an aom to have the same four quantum
numbers (by definition). In addition to consdering the orbitas of an aom, it is, from an energetic
point of view, necessary to take into account the influence that interactions between the magnetic
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moments of the spin and the orbital motion of an eectron have on its energy. In order to describe
the consequences of these spin-orhit interactions, it is convenient to define a new quantum number:

jelxs

In other words, 'j" isthe vector sum of | and s.

Shdl K L M
n 1 2 3
| 0 0 1 0 1 2
i 1/2 1/2 1/2 3/2 12 1/2 32 3/2 5/2
E K L(1) L(I1) D) M(l) MaD [ M@y | mMav) | M)

Notice that in this table the usua dectronic picture of an atom is not changed. The
importance of this table is that it shows different energy levels within each of the various orbitas.
One can not only distinguish the s from the p eectrons by their | vaue (I=0 for s, and =1 for p), but
one can aso diginguish two kinds of p eectrons depending on whether | is greater than, or less than
I. Notice, for example, that there are three distinct energy levelsfor the L eectrons (L, , Ly, and L)
and five different energy levels for the M eectrons.

Atoms release energy when they undergo trangtions from a higher energy date to a lower
energy date. For example, if an dectron moves from the Ly, energy leve to the K state, a quantum
of energy equa to (Ex - E i) is released. There are many possible trangtions, dependent only on
the availability of eectronsin a particular shell (i.e.,, on the ement's aomic number). Some of the
trangtions are, however, more probable than others, and some are in fact prohibited. The Pauli
Excluson Principle, when applied to energy trangtions, predicts that some trangtions are not
possible, thus leading to a set of "sdection rules’. The rules that predict commonly observed
trangtions (and forbid others) are

Dn <0 DI ==%1 Dj=0%1

The changein n dlows only a direction of lower energy in integer amounts of quanta; a
changein | must be ether plus or minus 1, and achangein j must be-1, 0 or +1. Examination of the
above table demondtrates, for example that the trangition from Ly to K does not occur because both
of these dectrons are s dectrons and hence thereis no changein | .
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3.2 Generation of x-rays

incident electron

Energy trangtions in atoms can only
occur if the atom is first perturbed by some

ejected orbital
electron

"externd" source of energy. Normdly, atoms L e
exig in ther lowest energy, or ground State.
If an atom is "excited" by an input of energy, 4

it is themodynamicdly ungable and will
respond by eectron trangtions thet result in a
lowering of the aom's energy. For our
purposes, excitation of atoms results from
bombardment of the target (specimen) with L
high-energy electrons in the incident beam. with electron hole
The most energetic of trandtions are those
involving the K-shell eectrons since they are
the most tightly bound to the nucleus.

scattered primary
electron

Figure 3-1 illustrates excitation of an
atom by gection of a K-shell dectron by an
indlagtic collision with an eectron from the Figure3-1 Schematic diagram illustrating the gjection of
beam. In order to excite an aom by gecting  an K-shell electron and production of an unstable electron
a K-shdl dectron (to a distance outsde the '~
atom), the incident beam mugt have an energy
greater than the energy required to remove a K-shdl éectron (Ex). If the incident beam has
aufficient energy, and if an inglastic event occurs between an incident eectron and a K-shell eectron,
then the K-shell eectron can be gected from the atom. The incident beam eectron loses a quantum
of energy equal to that required to gect the K-shdll dectron, and is scattered with little change in its
trgectory.

The process of gecting a K-shell eectron creates an electron holein the K shell and raises
the energy leve of the atom to the "K-dtate’. This energy leve is thermo-dynamicaly unstable and
the atom will ingtantaneoudy respond by filling the eectron hole with another eectron from an outer
orbital. The nearest eectrons are in the L shell, and hence are the most probable eectrons to fill the
eectron hole. The process of an dectron moving from the L shdl to the K shell is called the Ka
trangtion. If the L eectron is in the L, energy sate, the trangtion is caled the Ka ; trangtion.
Energeticdly, thefilling of the dectron holeby an L, ectron lowersthe energy state of the atom by

E(Kal) = Ex - EL(III)
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321 Charaderidicx-rays

Owing to the fact that energy can neither
be created nor destroyed, the energy change for
this process must be released in some other
form. The energy rdeased is given off in the
form of an x-ray photon with energy equivaent
to the above energy balance. Equations 3-1 and
3-2 show that the waveength of this photon will
aso be determined by the energy transtion.
Since the energy released in this trangtion is a
fundamentd property of the element, such x-rays
are called characteristic x-rays.

It is dso possble that the vacanCy can  electron hole is filled and x-ray photon generated

b.eﬂ”ed by an L electron. ThIStraqStl.on Vs Figure 3-2 Schematic drawing illustrating the origin of a
rise to the Ka photon. The energy difference  _gq| xray.

between the L, and the L, quantum dates is

very small, and hence the energy and wavelength

of theKa; and the Ka, are very smilar. These two pesks therefore effectively form a doublet and
are not usudly resolvable by most insruments. Another possibility is that the K-shell dectron holeis
filled by an eectron from the M-shdll. This type of trandtion gives rise to the Kb series of x-ray
lines. There aretwo permitted linesin thisseries theKb; (K -My;) and the Kb; (K - M,). The
minimum energy required to produce dl K photons (Ka and Kb) is cdled the critical excitation
energy, Kc k.

IfanL P K trangtion occurs, an eectron moves from L to K filling the hole in K, but & the
same time creating ahole in L. This vacancy can be filled by dectrons from the M-shdll, giving rise
to the L-series of x-ray lines. The same thing happens, of course, if an incident beam electron gects
an L eectron to start with. As long as an atom contains electrons in the various outer shells,
if the K-seriesis excited, then the L and M series will also be excited!

322 Modey/'slaw.

The practice of x-ray andyss and the modern study of x-ray physicsrey on Moseley's Law
with regard to the predictability of x-ray energies as a function of atomic number. Higoricaly
however, Mosdley's Law dedls with the energy needed to generate an x-ray; that is, the amount
needed to remove the eectron from the inner aomic shell, Eq, which is relaed to the minimum
potentid, Vg, required to ¢gect the dectron with an €lectronic charge, e
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Mosdey's law is a function of aomic
number, Z, 6

Eq = qu u (ZS )2 5
eg. 33

where the proportiondity and the “screening
constant”, s, differ depending on which inner

sdl (K, L, etc) is ionized. To a firs >
gpproximation, the relationship aso holds for
the energy of the resultant x-rays because the
criticd energy required for shell ionization is
only dightly greeter.

Figure 3-3 shows very clearly how
the families of lines disperse with increasing
aomic number. Tha is with incressng 1f
atomic number or energy, the lines within a
particular family spread themsdlves across an
increasing range of energy. In the case for 0
lighter dlements, most instruments can not
reolve Ka; and Ka,. They are digdinct
trangtions, but not separable, and are
commonly notated as Ka 1, or just Ka. In
reference tables which ligt dl detectable lines from dl known sources, these unresolvable lines pairs,
or doublets, will be listed separately, but the weighted average location for both will also be listed, as
if it were one line. Its rdaive intengty will dso exceed the normdized vaue of 100; for example, in
the above case where one line has an intensity of 100 and the other a relative vaue of 50, the
combined vaue will be 150. Do not read these intendity values in an absolute or accurate sense, as
they are only meant to be a rough guide and only in regard to that specific dement. Also the relative
intengties from one family (for example, K series) should not be compared to the relative intengties
from another family. In absolute intengity, the L series tend to be much less intense than the L series
and the M series even less intense. This is partidly due to the probability of a particular shell being
excited in an aom with many shells.

0 20 40 5 60 80 100

Figure 3-3 Moseley's Law for several x-ray lines and
absorption edges (from Heinrich, 1981).

Fgure 3-4 illugtrates the energy leve diagram for gold. Even with the prohibited trangtions
removed, there are clearly alarge number of trandtions and distinct x-rays produced. As a guide to
reading such a diagram, note that the energy for the gold Kb trandtion and its subsequent x-ray is
the difference between the two shells, 8 10* minus 3 10° or 77keV (the scale is logarithmic), and
for alower energy trangition, eg., Lb,, the energy would be approximately 1.2" 10* minus 4 10 or
11.6keV.
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Figure 3-4 The atomic energy level diagram for gold. Lines commonly used for EPMA are weighted bold,
and the lines that are forbidden are not shown (from Heinrich, 1981).

Inner shell ionizations can happen by way of two different mechanisms within a target being
bombarded with energetic electrons. Primary ionization occurs when an inner shell isionized by a
primary eectron, and secondary ionization can occur if the inner shell eectron is gected by the way
of interaction with an x-ray emitted from another atom x-ray. The latter mechanism, more commonly
referred to as fluorescence, can only happen if the incoming x-ray is of high enough energy. For
example, an Fe Ka x-ray (6.403keV), or even the more energetic Fe Kb (7.057keV) cannot ionize
an Fe K shdl (E.=7.110keV) because the x-ray is dways of lower energy than the corresponding
ionization energy for that respective shell. Referring to Figure 3-3, the critical ionization energy, E,
required for each shell is read directly off the energy axis, i.e., zero energy on that axis refers to an
eectron "far removed’ from the aom's influence. An example of Fe Ka (E=7.110keV)
fluorescence would occur in the presence of nickd radiation (Nika=7.477keV), eg., in dloys of

Sed.
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3.2.3 Fluorexenceyidd

For each inner-shell ionization, there are
two possible outcomes. 1) the photon generated
by the trangtion escgpes from the atom in the form
of a characterigtic x-ray; or 2) the x-ray photon is
internaly consumed by interaction with outer-shell
dectrons. The latter posshility is illugtrated in
Figure 3-5. Since the energy of the K photon is N K
greater that the critical excitation energy for an L-
shell dectron, the photon may gect an L-shell —
electron. The energy of the K photon is converted ey ‘;*:,‘;“;\“u;fe',“;f;;ﬁ'('}; Zm;l:ged
into the energy necessary for L-ionization plus the
kinetic energy of the new gected dectron. Such
electrons are called Augér electrons after P. Augér Figure 3-5. Schematic diagram illustrating thginternal
who firgt discovered them in 1925. (Pronounced consm,Jmptlon of an x-ray photon and production of a
“Ojshay’) Augér electron.

The fluorescent yield, w, is the g,
probability that an x-ray will be emitted asa
result of ionization of a specific shdl. For a /
given sies of x-ray lines (eg, the K g5 K shell
series), w is numericdly equd to the retio Y
of K photons escaping from the atom to the /
ratio of origind K-shell ionizations. Since 0.3} LS““}
the only other posshility is production of an |
augér dectron, the sum of the yidds of x- /
ray photons and Augér dectrons from a 1 - Mabal .
gven aom will be unty (0. The % - —f--:’ — =--;’ -
fluorescent yidd for K lines incresses atomic number
monotonicaly as a function of aomic
num.ber , and ai.gebrac models a:curately Figure 3-6 Fluorescence yield, w, for the K, L and M
predict the empiricel data. The fluoresoent families of x-rays as a function of atomic number
yied increases with aomic number. AS (Goldsteinet al., 1984).
examples zinc (Z=30) has wx = 0.45, but
sodium (Z=11) isonly 0.02. In other words, of dl the K photons produced in sodium, only 2% are
able to escape from the atom. This factor means that the sengtivity of the x-ray method decreases
for the lighter dements. The decrease, however, is partly compensated by the fact that x-ray
production in low-Z eementsis increased owing to the rdatively low critica energies required for K-
shdl ionizations.
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Table2. X-ray Linesand Trangtions? (Bertin, 1971)

Initid lonization Leve

Trandtion K L, Ly L M, M, My My My
leve
L
Ly Ka,
Lu Kai |
M, Lh Li
My, Kbs Lby Ls
My m Lb; Lby Lt
My Kbs Lbyp Lb; La,
My Kbs  Lbg | La; |
N, L Lbe
Ny, Kb, Ly Mz,
N Kb, Lo Mz,
Ny Kba Le  Lbss Mg
Ny Kb Lb, Mg
Ny Lu Mb; | Ma;
Ny Lu Ma;
o) Lgg  Lby
Oy Lo
Ou Kd, Lo
Ow Kd; Lgs Lbs

2 Boxed transitions are x-ray lines commonly used for electron probe microanalysis. The shaded areas
indicate violation of the principal quantum number rule, and are strictly forbidden. Where two transitions
cannot beresolved (e.g., Ka; and Ka,), both transitions are given the same nomenclature (e.g., Ka).
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Lo |

When we correct raw intendty data from the microprobe to determine weight fractions of the
elements present, we depend on understanding factors like the fluorescent yidd. When you choose
to measure an dement with its much lower energy L line rather than its K line, you exploit what we
have been able to model accurately using our knowledge of physics. On the other hand, if you
choose a gtandard that is close in composition to the unknown, then this kind of complication is likely
to affect both the standard and unknown equdly, and contribute little to the final andyss.

The fact that characteristic x-ray photons are described by ether their energy or ther
wavelength enables us to isolate and count x-rays for a desired dement ether by discrimination
baseed on energy or by wavelength. This fact produces two principa types of x-ray detection
sysems:

WDS.  waveength dispersve detection system in which x-rays from different ements are
recognized and separated from one ancother by ther wavdength using Bragg
diffraction.

EDS: energy disperdve detection sysem in which x-rays from different dements are
recognized and separated from one another by their characteristic energy using a
solid state detector and multichannel analyzer.

Some Examples.

Waveength (?) Energy (keV)
Z Name Ka; Ka, Kb, Ka Kb
11 Na 11.909 11.909 11.617 1.041 1.041
14 S 7.125 7.128 6.768 1.739 1.838
26 Fe 1.936 1.940 1.757 6.398 7.057
92 U 0.126 0.131 0.109 97.143 111.786

3.24 X-ray lineintengties

Modern x-ray detection systems are not only capable of measuring or separating the x-rays
from one another by either wavelength or energy, but are aso capable of measuring the intensity (1)
of the characteridtic x-rays aswell. Intengties are usualy measured as arate (e.g., the number of x-
ray photons detected per second) or as the total number of x-ray photons detected in a given time
period (eg., number of photons in 10 seconds counting time). These intengties are dso usualy
normaized to the dectron beam current for quantitative purposes since the number of x-ray
produced is exactly proportiond to the number of eectron hitting the sample. Corrections for
detector counting losses (deadtime), background and drift will be discussed later on.
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The rdative intendties of lines depend, to a firs goproximation, on 1) the number of
electrons available; 2) the sdection rules; and 3) the probability of the energy trangition producing a
given photon. When agiven linein a seriesis present for an dement, al of the permitted lines in that
seriesis aso present. This means that the critica excitation energy for that elementa series has been
exceeded by the electron beam.

Of prime importance for quantitative analyssis the fact that, a least to afirst gpproximation,
the intengty of agiven x-ray line is proportiond to the concentration of the eement emitting thet line
in the sample (drictly spesking the number of atoms present). We can then say that the intengity of
x-radiaion produced by an element i is proportiond to the concentration of i in the sample. For two
specimens bombarded under identical conditions (i.e., identical beam voltage and current):

c! |}
c 0z

eg. 34

If one of the specimensisa " standard” in which the concentration of eement i is precisely
known, the above equation can be used to obtain a semi-quantitative analysis of i in the other
(unknown) specimen.  As we will see, however, this is just an gpproximation — there are many
factors that affect the intengty of x-radiation other than just concentration of the emitting element.

From the sort of consderations we
have just discussed, you might believe that a
typical x-ray spectrum might appear as in the Mg
example in figure 3-7. In this ided example, Si
the individud vertica lines correspond to x-
ray lines from different dements in a multi-
eement specimen, in this case the example
might be olivine. The height of the linesis a
measure of the x-ray emisson intensty, and
idedly, the height should be a measure of the
weight percent of that dement. In redity, Kg| Kp
typica x-ray spectra gppear quite different. | |
Firg of dl, the x-ray lines are redly "pesks’
and in some cases can be quite broad. Peak
broadening can result from (1) x-ray lines
overlapping (eg. Ka: and Kayz), (2) Figure37 Hypothetical, ideal x-ray spectrum froma
festures relaed to the locd aomic  multi-element specimen, (e.g., olivine).
environment (see below), and from resolution
limits of the x-ray detection system. In addition, the above "ided" example shows the x-ray lines to
rise from a zero basdine. In other words, it shows a spectrum with no background "noisg". In

Fe

x-ray intensity (I)
or number of counts (N)

wavelength ( 1)
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redity however, background noise does need to be measured and removed. Furthermore, x-ray
intengty is not an absolute measure of the dement’s concentration, and inefficiencies for x-ray
generation and measurement need to be considered.
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Figure 3-8 EDS spectrum of a hydrothermal slag specimen.

Figure 3-8 shows atypicd EDS x-ray spectrum for a silicate dag (hydrothermal ore) plotted
agang energy (ingtead of wavelength). The figure clearly illugtrates that the x-ray lines do not rise
from a zero-basdine, but are superimposed upon a sgnificant background. Furthermore, it is
goparent that the background is not everywhere uniform, but has a definite shape to it. The
background radiation is known (1) smply asthe background, (2) the continuous x-ray spectrum
or continuum, or (3) the by German term 'bremsstrahlung”. This background radiaion results
from energy released from primary beam eectrons that are decelerated by the Coulombic fied
surrounding aoms within the specimen.  The German term trandates into "braking radiation” and
accurately portrays the loss of kinetic energy suffered by incident eectrons by the Coulomb fields
asociated with atoms.  As incident dectrons are dowed down, they release radiation.  Since the
degree of "braking" can, in principle, be continuous from zero to complete soppage, the energy
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released in this process pans the range from zero to that of the primary beam energy. The intengity
of the continuous radiation is, however, not congtant over the entire energy (or wavelength) range,
but exhibits a pronounced hump skewed toward lower energies. This is because the probability of a
primary eectron losng most or dl of its energy in asngle bremsstrahlung event isvery smdl.

The exigtence of the continuum means that the number of x-ray photons counted (detected)
when a spectrometer is "tuned” to a particular x-ray lineisredly the sum of the characterigtic photons
and the background counts (Imessured = lcharacteristic + lbkg)-  Tis implies thet in order to obtain a true
measure of the x-rays of interest we must subtract the background "counts’ from those of the line of
interest.  This in turn means that for quantitative anayss we must not only measure the "peak” of
interest, but aso the background on ether sde of the pesk. Furthermore, the detection and
measurement of elements present in trace amounts requires that atention be given to the pesk to
background ratio (P/B).

An gpproximate expresson for the intengty digtribution of the continuum as a function of
waveength (?) observed over a sample under eectron beam excitation is given by:

leow MK ipZ(1g - D7
eg. 35

for which i, is the eectron flux in the incident beam ("beam current”), Z is the mass average aomic
number of the target (approximated by Z = S;C;Z, where C; is the mass fraction of eement i), and ?
o Isthe short wavdength limit of the continuum as determined by E,:

| o =12,398/E,

From the above expressons, it can be seen that the background radiation is directly
proportiond to the beam current and to Z. This has some important implications. Lets say you are
interested in andyzing a minor or trace dement.  Since this dement is present in samal amounts;, it
might appear that the obvious thing to do is to increase the beam current so as to increase the
intengity of x-rays produced by that ement. The problem is that as you increase the beam current,
you dso increese the background, and you may in fact not see an improvement in the
peak/background ratio. Counting for longer periods of time may turn out to be a more practica
solution though normdlly it is useful to increase the beam current to the maximum leve & which the
samples is not being damaged by the beam. Peak/background ratios become extremely important
for trace dements and in defining the lower concentration limit a which eements can be measured
within specified confidence limits. Thisis known asthe minimum detection limit -- a subject we
will discussin more detall later.
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3.25 X-ray Peak Shapes’ and Positions

As noted above, x-ray pesks dways have finite widths attributable to a combination of
specimen and instrumenta characteristics. Examination of the energies or wavdengths of the Ka ;
and Ka, lines indicates that it would be virtualy impossible to separate them with ingtrruments of
typoicd resolution.. Hence they effectively form a doublet of finite width. As aomic number
increases, the energy separation between the Ka and Kb x-rays increases, but for low-Z dements,
these two may not be completely separable. The Kb pesk may gppear as a "shoulder on the high-
energy sde of the stronger Ka peak. Furthermore, in low-Z eements (especialy those in Period 2)
the K-shdll eectrons may be influenced by nearest-neighbor atoms to which they are bonded.

When we speak of x-rays emitted, we dways speak in terms of quantum-mechanica
transitions, becauseit is the trangtion of an eectron from a outer shell to an inner ionized shell that is
respongble for a given x-ray pesk. The x-rays which result from these inner shell ionizations are
theoreticaly exact in terms of energy, and are said to be characteristic. In principle, therefore, x-
ray line widths and peak shapes ought to be narrow and symmetrical. Examination of x-ray spectra,
however, shows that high-energy, K pesks (i.e, K x-rays from high-Z dements) generdly are
relatively narrow and symmetrica, but those from very light eements (Z=16) are often broad,
asymmetrical and "lumpy”. A smilar phenomenon is observed for the L pesks of very high-Z
edements. Although this phenomenon is not completely understood, it is clear that part of theissueis
that the energy of K-shdl dectrons in low-Z dements (and of L pesks in high-Z dements) is
influenced by nearest-neighbor bonding. In other words, the chemica environment, on the atomic
scae, can afect the x-rays produced by inner-shell ionizations, if the inner-shell eectrons are
influenced by nearest-neighbor interactions.

3 The term "peak" refers to instrumental inability to measure absolute energies (or wavelength), and,
indeed, there is a natural distribution about theoretical energies, such that we actually see a distribution
about the theoretical energy. "Peak" then refersto the modal energy, and shape refersto the distribution.
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Figue 39  illusdrates this
phenomenon by showing the energy
(wavelength) and shape of the carbon Ka
pesk in different materids. Examination of
this figure ought to convince you that not only
is the peak shape dependent on the chemical
environment, but so is the wavelength of the
maximum intengty. This means, for example,
that there exits no unique wavelength for
Cka X-rays corresponding to the maximum
peak intendty. It would therefore be unwise Fe,C
to use the wavelength and intensity of Gea X 5 44 5 6 7
rays determined on diamond to andyze A
carbon in graphite, or carbonates. We raise
thisissue for severd reasons. First of dl, you
need to anticipate relatively broad pesgks in
the low-energy range of the spectrum and
choose the maximum intengity and background locations carefully.  Secondly, you should be aware
that dthough it is possible to analyze quantitetively for light dements, it is sgnificantly more difficult to
do so with the same accuracy as higher energy x-rays. Thisis due not only to the issues of peak shift
and shape changes, which require quantitative cdibration of rdative pesk and integrd intendties, but
aso because of poorly determined corrections for absorption corrections and difficulties with high
order interferences. So dthough it is possble to invest consderable time and effort in quantitative
determinations of oxygen in dlicates or carbon in carbonates, caculaing them on the bass of
doichiometry or difference generdly suffices On the other hand, in many maerids, the
stoichiometric ratio of oxygen is varidble or it gppears as a trace contaminate. In these cases oxygen
(or other light dements) should aways be measured carefully for proper quantitative andysis.

diamond

graphite

Figure 39 Variation in the area normalized peak shape

and locatinn for the carhnn K line ac meagired fromr

Locd bonding effects and peak shifts can be demongrated especidly wel in metas versus
oxides, and have been shown to be a problem in andyzing oxides with metd standards and vice
versa (Sweatman & Long, 1969). This problem is generally remedied by choosing an appropriate
sandard (i.e., a standard as close as possible to the unknown). Aluminum, athough not as severe an
example as carbon is definitely influenced by the local chemica environment. The position and shape
of the Alx, pesk can differ depending on the coordination environment of Al (tetrahedrd vs.
octahedral). It istherefore prudent to select a standard for Al that has the same coordination as that
expected in the unknown.

In some cases this non-characteristic behavior of peak postion can be useful and indeed
informative. Albee and Chodos (1971), for example have suggested that Fe™/Fe"™" ratios can be
semi-quantitetively determined with careful characterization of the L line x-rays, dthough their
approach is now known to be flawed due to problems with self-absorption of the Fe La x-rays. But
if self-absorption for L edges is corrected for properly, this variation can be the bass for at least
semi-quantitative determination of oxidation states.
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3.2.6 X-ray absorption.

In order to detect (measure) an x-
ray photon after it has been generated by
an atom (and escapes from the atom) at
some finite depth within the interaction
volume, the x-ray mud trave through the
pecimen and ultimatdy exit the surface. In
order to fully understand and mode the
chemicad compodtion of a sample with x—
ray intendgty data, it is therefore necessary
to know how much of the initid x—ray
intendty was absorbed between having
been generated and findly exiting the
gpecimen.  Accounting for the absorption
of x—ays is conddered the primary

primary electrons

<>>ﬁsorptlon

path length

Figure 3-10 The path length for x-ray absorption from
the interaction area through the sample line-of-sight to
the detector. The angle between the planar surface and

correction to raw data, and can be as high as 500% for a light dement such as fluorine in a Slicate
minerd. The absorption correction for magnesum or duminum can be as high as 25%, and for
cacium or iron, on the order of 10%. Therefore, absorption by the specimen demands respect and
understanding; absorption can be evaduated only if an accurate model for the Xx-ray generation
volumeis caculated. If the specimen is polished flat, the distance for absorption can be determined.

As Figure 3-10 illudrates, the path length an x-ray must follow through the specimen, and dong
which absorption can take place, involves knowing the take-off angle, Y .

The mathematicd expresson

that

accounts for the attenuation of radiation traveling
through metter, as measured in the experiment
depicted in figure 3-11, is known as Beer's law,
where p is known as the linear absorption

coefficient. Beer's equation,

I_ = e('m)
lo

eq.

36

ahsarher
l )- L)

| = gl Ht

Bu.,r s law

Figure 3-11 Beer'slaw.

is the result of integrating a differentid equation in which the absorption is proportiond to the

thickness of the absorber.
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dl = (my,)dt
eg. 37

Notice that the experiment is set up to measure the intengity of the exiting radiation only a
the initid waveength (?) and in the direction of the origind radiation, i.e., changes in wavelength or
direction are dso defined as absorption. The attenuation measured is due to two types of processes,
true absorption, m, and scattering, m, such that

m= m + m
eq. 3-8

The two types of events that absorb x-rays are true or photon absorption, |, and scattering.
The latter is due to the interaction of the dectromagnetic wave with the dectrons of the atoms. The
electrons are forced into oscillations by the absorbed x-ray and act as sources for scattered waves
which can be of the same wavdength as the origina wave (coherent or Rayleigh scattering), or of
longer wavelengths, having given up energy (incoherent or Compton scattering). Coherent and
incoherent scattering are a function of both the energy of the radiation and the binding energy of the
electrons in the lattice, i.e., a resonance phenomenon. For our purposes, the scattering processes
are inggnificant for x-rays with wavelengths greater than 1A (less than »12keV), and for absorbers
of aomic number grester than 6. We will therefore
focus our attention on true photon absorption.

We ae primarily concerned with true or 1
photon absorption not only because it is the primary
mechanism for attenuaing our x-ray signd, but dso
because ionization is the primary means by which an
x—ray is absorbed within the specimen. When an x-ray Cr
is absorbed by photon absorption it generates a
secondary x-ray from the atom doing the absorption.
In other words, photon absorption results in the
emisson of another chaacterisic x—ay by 7 "Fe
fluorescence. Figure 3-12 demondrates the
absorption of Fe Ka x-rays within a Fe-Cr dloy. Fe
Ka x-rays (6.40keV) are sufficiently energetic to
cause inner-shdl ionization of the Cr aoms, thus 0

producing Cr Ka x-rays. In this aloy, the intensity of 0 weight fraction 1
Fe x-rays is decreased due to absorption whereas the
intengty of Cr x-raysis enhanced. Figure 3-12 The fluorescence of Cr Ka x-rays dueto

absorption of Fe K.
The ability of atoms to attenuate emisson of
x-rays is dmost independent of the chemica bonds and the structura arrangement of the phase in
which those atoms are found. Thisisin contrast to the absorption spectra for less energetic radiation
such as infrared and vigble light that most definitely depends on bonds and structurd features of the
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absorber. The basic reason for this difference is that most of the attenuation of x-rays involves inner-

shell dectrons of the absorber atoms, and these exist a energy levels that are not much affected by
bonding and structure.  Consequently, attenuation of x-rays of a given wavelength by atoms of a
given type depends mostly on the number of aioms "seen” by an x-ray as it traves through the

absorber.

Focusing our attention on photon absorption, corrections to raw counts as x-ray photons are
emitted from the specimen will be a function of ionization of inner atlomic shells by the characteristic
x-ray radiation we are trying to measure. As defined above, the absorption coefficient is usudly
given with respect to a linear traverse through an absorber. Thisis known as a linear absor ption
coefficient. True absorption is the result of a finite number of "encounters’, or events, dong tha
path; the amount of absorption is therefore dependent on the density of the ionization Sites. Since the
linear dengity of atoms dong any path in a phase is proportiond to the bulk dengity of the phase, the
parameter mr is a more generdly useful one than just m The mass absorption coefficient (')
depends on the chemical compaosition only and is independent of structura detail ... whichisto say,
the mir for any of the polymorphs of sulphur is the same. Wheress the linear coefficient has
dimensions of cm?, the mass coefficient has dimensions of cnf/gram.  Beers Law in terms of the
mass absorption coefficient is.

eq. 39

For amulti-element specimen, nir is the linear sum of the contributions from its individud eements,
weighted according to mass concentration:

Muass(! ) = @ Ci Myass(is )
[
eq. 3-10
where s 1S the mass absorption coefficient /? and C; is the weight fraction of the absorber. Since
these are absorption coefficients normaized to mass, this mass averaging method is not only
rigoroudy correct but aso convenient for EPMA daa recdculations. From this point on, in

reference to absorption, we will refer to mass absor ption coefficients only, for which its symbol will
be smply  rather than /2.

The mass absorption coefficient can be expressed by the following fit to experimental data:
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Figure 3-13 Mass absorption coefficients for
auminum and titanium. Both represent K
shell ionization (from Heinrich, 1981).

10?

gold
- (Z=79) M

wavelength (A)

Figure 3-14 Mass absorption for gold
showina L and M shell ionization edaes.

NAV 4 n Za4 n 1 3 n
I'T'(a,| ) = xmatomiczal = CXEI Mt c'Z,l

eg. 311

where a refers to some multi-dement materid; n ranges
from 2.5to 3.0 varying dightly with Z and ?; cand ' are
condants which dso vary a smdl amount with atomic
number and wavelength. The approximétion is due to
the assumption that atomic weight varies smoothly with
atomic number, which is neither true nor monotonic.

3.2.7 Absorption edges

Equation 3-11 implies a smooth increase in
with both Z and 2. This turns out not to be the whole
picture as demondrated in Figure 3-13. The mass
absorption coefficient plotted as a function of log
wavelength should be a draight line with a dope n.
Although the +4 dope is clearly present, superimposed
on this trend are abrupt jumps or absorption edges.
The edges seen in Figure 3-13 are due to the presence
of specific dements. An absorption edge for an eement
is the result of low absorption on one side due to the low
probability of ionization with an x-ray with too little
energy, and high absorption on the other sde of the
edge because the x-rays a that wavelength do have
enough energy to be consumed by ionizing the absorber
element. Figure 3-13 showsK line absorption edges for
titenium and duminum.

The line labeled "Ti" corresponds to absorption
of different wavelengths of x-rediation in a Ti "target”.
The "points’ on the line refer to the specific waveengths
of K lines for eements close to Ti in aomic number that
ae absorbed by Ti. Decreasng wavelength
correponds to increasing energy and increasing Z of the
element producing that characteristic wavelength. Thus,
the points on the line going away from the Ti-absorption
edge toward lower wavelengths include V, Cr, Mn, Fe,
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Co, Ni and Cu, respectivey. The
wavdength for Tik, corresponds to minimum
point of the edge. Going away from the edge
in the low energy direction, we encounter Sc,
Ca K, etc. The edge is due to the fact that

100000

10000+

o absorpbon in Si
+ asorption o 5i Kex {unction(f,

- =] -

function|Z Ku)
o)

x-rays with energies less (wavedengths oo« *
greater) than that required to ionize the K- T i :
shell of Ti are not greatly absorbed (eg., Ti, ' o
Sc, etc) On the other hand, Vika x-rays 5 ]
have sufficient energy to produce Tika ]
trangtions, and therefore ae strongly e 1 % 20 P 30
absorbed. Observations to note include the ol

fact that W? increases with incressing Z of
the absorber until the absorption edge effect;
W/? increases with ? until the absorption edge
effect; Ti is rdatively "trangparent” to Tika X-
rays, Tiisrdativey "opague’ to Vi, X-rays.

Figure 3-15 Absorption as function of atomic number
for a specific x-ray wavelength and for a specific absorber.

An absorption edge exigts for each possible quantum trangtion. For the K-series, al of the

possible trangtions are S0 close in energy that they are indistinguishable in terms of absorption edges.

High atomic number eements/absorbers, on the other hand typicaly exhibit multiple edges. Figure
3-14 shows the absorption edges for the L and M families of linesin gold.

The important questions to ask with respect to absorption are: "How does absorption vary
within different absorbers for a specific x-ray?’, and "How does absorption vary for different x-ray
wavelengths (with respect to Z) within a specific absorber?'. Figure 3-15 addresses these questions
by plotting both absorption for the Sk, x-rays as they travel through varying aomic number
absorbers, and the absorption of various x-rays by a silicon asorber. It differs from Figures 3-13
and 3-14 in that the abscissais not logarithmic, and becauise wavelength decreases to the right with
increasing Z. For the case of absorption of Sk, X-rays, note that absorption is rdaively highin high-
Z absorbers and that the absorption decreases with decreasing Z until the S absorption edge. This
steady decrease with decreasing Z is that predicted by equation 3-11. The absorption of Sk, X-rays
reaches its minimum vaue a the low-point of the S absorption edge.  Across the S-absorption
edge, the absorption of S, x-rays increases by an order of magnitude and has a maximum vaue for
the wavelength associated with the Alg, trangtion. Below the jump, absorption of Sk, x-rays
decreases again with Z as predicted by equation 3-11. In terms of other characteristic x-rays being
absorbed by S atoms, the trend is one of decreasing absorption with increesing Z. Very low-Z
elements are strongly absorbed by S atoms. The absorption decreases to a minimum vaue for S
Ka x-rays and then jumps up by an order of magnitude for P. Thereafter, absorption decreases
geadily with increesng number.

Plots such as Figures 3-13, 3-14 & 3-15 illudtrate the basic principles involving asorption.
It isimportant to redize that absorption within a Sngle-dement target/absorber will be trivia (Smply
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the value for p in itsdf). It is only in multi-element specimens that absorption becomes interesting
and more difficult to undersand and mode quantitetively. Each dement present in the target will
provide one or more absorption edges to the total absorption of the specimen. The degree to which
each dement's x-rays are absorbed by the multi-element specimen will primarily be dependent on the
relaionship of the energy of an dement's characteristic x-rays to an absorption edge. A more
redistic example of absorption effects is presented in Figure 3-16 which shows how various Ka x-
rays are absorbed within our Kakanui Hornblende reference standard”. All Ka locations are shown
for elements heavier than carbon and lighter than zinc. Each dement present in this minera (O, Na,
Mg, Al, S, K, Ca, Ti and Fe) provides at least one absorption edge (Fe provides two - the K-edge
and an L-edge). All edges are for ionization of the K shells, except for iron, for which the edge due
to Ly, ionization is dso shown. Notice the extreme range in mass absorption coefficients caculated
for the x-rays of the e ements we would want to analyze in atypica hornblende.

4 Figure 16 isaplot of calculated absorption valuesfor all x-rays, 6 £ Z £ 30, using Eq. 3-11. The data were
taken from Heinrich, 1966. The absorption edges were plotted by location, for which vertical lines were
extrapolated and drawn. Notice that the height of the edge is proportional the amount of the element present.
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Figure 3-16 Absorption of various x-ray radiation for the Kakanui Hornblende reference standard. The edges
indicate actually which elements are present, and the height of the edge being an approximate measure of the
element's concentration.

In addition to equation 3-11, calculaion of absorption coefficients for an x-ray within a
multi-element absorber requires incorporation of the absorption edge effects. These effects include
the location of the absorption edges within a particular specimen (be it a andard or an unknown)
and the height of the absorption edge. The height of the edge is commonly referred to as the
absor ption edge jump ratio, which is defined
as

Kedge

Mha
I'T"nin

I edge

eq. 312

where My and My, ae the mass
absorption coefficient values above and below
the absorption edge, i.e., the high energy (low ener

V\_’a’dength) and low energy (high Wa{elmgth) Figure 3-17 Absorption edge height and hypothetical K
ddes.  Either the ratio or the difference  shell ionization (not to scale).
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between the two has been shown to vary smoothly as a function of atomic number for the pure
eements. Therefore, its caculation and scaling with respect to the amount of the eement presentin a
gpecimen can farly eadsly be incorporated into a computer program for caculaing x-ray intengties
corrected for absorption.

Although Equation 3-11 combined with caculated jump ratios can be eadly utilized with
modern software to calculate absorption vaues, in practice, most x-ray correction programs utilize
absorption data in the form of a "look-up table". The reason for this is because absorption is the
most controversd, as wel as the most significant, correction applied to x-ray intensties used for
quantitative analyss. Indeed, the most commonly referenced compilation of absorption datais titled
X-Ray Absorption Uncertainty (Heinrich, 1966)! Because of absorption uncertainties, most data
reduction programs provide for the ability to change specific values or to use your own tables. A
single computer agorithm doesn't provide for this versatility and flexibility. Our absorption coefficient
and jump-ratio look-up table incorporates the latest "best values' (or at least the most accepted
vaues), but they can be easily changed as new vaues are published in the literature.

The fina points we wish to make regarding x-ray absorption edges are practicd items of
concern. Inthe "bad old days' we used to have to caculate absorption corrections by hand, or rely
on very crude computer programs. Nowadays, these cdculations, dthough very rigorous are
virtudly "invisble" to the andys. The "black box" character of a modern, computer-based instrument
supposedly "takes care’ of al of these absorption effects. We advise you, however, to accept the
computer "corrections' with a heathy degree of skepticism. As noted above, absorption corrections,
especially near the absorption edges are very uncertain. A good analyst will therefore be very
careful when choosng an andyticd line tha lies very close to an edge (tha is, when the ZAF
correction is larger than 200%). Secondly, since the bremsstrahlung or background radiation is also
subjected to absorption, background locations should aso be chosen with similar care (i.e., never on
the other Sde of the edge with respect to the andyticd line of interest.

3.3 X-ray diffraction.

You are probably dready familiar with x-ray diffraction because it is a very important
andytica technique for crystd lattice determinations. The technique you studied in your mineralogy
or chemigtry course uses characterigtic x-ray radiation of a specific wavelength (eg., Ni Ka) to
determine crystd lattice dimensions and structure. Having measured the |attice parameters, the x-ray
diffraction andyst can determine the unknown minera with a database listing of d-spacings. Electron
microprobe microanalysis uses x-ray diffraction in a different sense. All concepts remain the same,
however in the case for EPMA, aknown crystad d-spacing is used to measure an unknown X-ray
wavelength, and is the primary means for x-ray spectrometry (WDY).

In terms of the wave concept applied to photons, x-rays are specularly reflected from a
cydd's internd structure only if the dadticaly scattered (reflected) wave front of photons are in
phase, i.e,, do not destructively interfere with each other. This is the case for gratings as well as
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crydds only if pardld paths of incoming and reflected photons retain the phase relationship by
traveling path length differences equa to some multiple of the wavelength. For radiation of specific
wavdengths (x-rays), specular radiation only occurs a a specific angle rdative to the crystd's
reflective layer, so termed the two-theta angle, 2, where theta is the entrance angle equa to the
emergence angle.

The resultant relationship, as you are probably awareis Bragg's law,

nl = 2d sinq
eq. 313

where d isthe lattice spacing, and n is someinteger. Y ou might want to re-familiarize yoursdf with
this relaionship by reviewing amineraogy or physicstext. The most generd derivation is given
below, but presumes an existing understanding.

X-ray diffraction as applied to the determination of unknown mineras uses x-rediation from
either nickd or copper, i.e, hard radiation. The point is, if known inorganic crystds are to be used
for x-ray wavelength determinations, then the gpplicability is only for x-rays with short wavelengths.
Because of the need for long wavdength determinations, pseudo-crystas with large d-spacings were
developed. These materias are manufactured by attaching heavy atoms, e.g., lead, to large very
molecules, eg., seraes, and folding the sheet as many as a hundred times. Wherees these materiads
do have a d-spacing, unlike crysas they do not have any repeatable structure within the layer.
Although introductory texts never implied any requirement for structure within the reflecting layer,
you might gtill gppreciate derivation for Bragg's law for the most generd case. Referring to figure 3-

Figure 3-18 Illustrating Bragg's Law and the geometry for the most general case.
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18, for an incident wave front and emergent wave front from a materia a depth spacing d, the path
CB + BD mudg be equd to some multiple of the wavelength, in accordance with the phase
relationship rule established earlier. In this most generd case we are going to dlow the point of
scattering off the layer a depth to be some arbitrary horizontal distance, u, from that of the layer
above, thereby removing dependence on placement of lateral scattering centers. From this we have

nl =CB+BD =2(EB)-EC-DF
if EC =EA coy = (d cotq - u) coq
and DF =FA coy = (d cotg + u) coq
nl =CB+BD = 2d/anq- (dcotq - u+ d cotq + u) cosq
=2d/9nq - 2d cotq cosqg
= 2d sn'q(1 - cos’q)
=2dsnq

For precise measurement of x-rays, the Bragg equation needs to be corrected for the
refractive index for x-raysinthe crysd, s,

_ . (1' Sr)(-.j
nl = 2d smqa?l- —sinzq 5

eg. 314

In the case for pseudo-crystas, and aso in the more modern case of multi-layer dispersve
edements (LDEs), the refractive index correction can become dgnificant.  However, many
ingruments incorporate such a factor when ingtdling crystals for a spectrometer. The correction is
usudly of theform

k .
nl = 2d sinqgael- ?%
eg. 315

where the d-spacing and k-factor are known. For example, for the PET (pentaerythritol) crysta, d
is8.75A and k is 0.000144.

An andyst who uses x-ray diffraction will need to anticipate the ramifications of n>1 when
andyzing his or her spectrum which represents d-spacings for an unknown crysta. For example, for
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n=1, he/she would see a mgor pesk for a specific d-gpacing, and would need to anticipate the
presence of another for n=2, for which there would be a pegk indicative of haf the rea d-spacing.

As you might expect, there exig smilar ramifications for the microprobe andyst. For
example, if he/she were to scan the wavelength range of the crystd spectrometer; for n=1, the
spectramight show a peak indicative of an dement, and other artifact pesksaswdl for n=2, 3, ... .
Thisis not the usud use of the EPMA spectrometer, however. Elements are usually anticipated, to
which the spectrometers are specificaly tuned. Even for a spectrometer which is tuned to an n=1
x-ray wavelength another n>1 problem can exist. For example, consider the case for chromite
(chromium-iron oxide). The Al Ka line has a wavelength of 8.340A, and the Cr Kb line, 2.085A.
The problem here is that when the crystal spectrometer is tuned to Alka(n=1), it is aso tuned to
Crxp(n=4). And, of course, spectralocations for n 1 need be consdered as possble interferences
with background measurements.

34 Summary

Many of the concepts introduced in this chapter, and the previous, will be taken up again
when we take a better ook a quantifying the eements responsible for the x-ray emisson. However,
before we leave the subject of the nature of x-rays as they apply to EPMA, and discuss the
ingrument itself, you should insure you have a basic grasp of specimen interaction, x-ray generation
and x-ray absorption. A good understanding will provide agood basis for analytical strategy.

For further generd reading we might suggest Heinrich (1981) and Bertin (1971). Sweatman
and Long (1969) is an excellent paper with specific regard to mineraogic specimens.
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