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Workshop on X-ray Flnorcscence Analysis

The purpose of this workshop is to assist young researchers in Sri Lanka to acquire the basic
: knowledge in X-ray Fluorescence analysis. XRF is globally used in industry and research.and a
knowledge of XRF is an advantage for geologrsts material scientists, environmentalists etc XRF
. as an analyucal tool is now being increasingly ‘used in Sri Lanka for the analysis of geologrcal

. cement, steel ceramic and petroleum matenals Therefore it is expected that this workshop will

be useful to an"array of screntlsts researchers .and technologrsts
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Fundamentals of X-ray Fluorescence (XRF) Analysrs,
_ G.M. Fonseka
- Open Umversnty of Sri Lanka/Institute of Fundamental Studies, .
Kandy September, 1993

Ir_ltrm
X-rays were first discovered by Wllhelm Rontgen (1895) Since X- -rays undergo dxffractlon they are a form of
waves and is known to occupy a small part of electromagneuc spectrum (Fig.1). _
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The X-ray region is normally consrdered to be in the wavelength 0\) range 0.1-100A° ( lA° (T"‘m) However,
50-500A° region is treated as the soft X-ray and vacuum u.v. region. Electro magnetic radiation exhibits not only ~

the wave nature but also the corpuscular nature. The energy of a corpusle (or photon) is hy (or hc/\). Because
: of this dual nature of X- rays we can identify them with wavelength or wrth photon energy.

' Ever since Moseley showed ttiat each clement produced a charactenstlc X-ray spectrum it has been possrble to use
this ‘atomic fingerprint’ in non-destructive elemental analysis. However X-ray (powder) diffraction (XRD) -
-porvrdes a ‘structure fingerpnnt’ of crystalline materials.. Both methods involves the dispersion of X-rays. In
one case (XRF). accordrng to the wavelength (or energy) of the characteristic radiation emitted by excned atoms,

and in the other (XRD)according to the interplanar spacing ofa crystal lattice. XRF analysis is, in theory capable
of dealmg wrth all forms of matter, whereas diffraction analysrs is conﬁned in the main, to crystallme materials.

IR The Ongn of X-ray

X-rays are usually produced by bombardmg a target with hxgh energy electrons (Flg 2) The kmenc energy (U) -1’
of the electrons at the heated cathode is negligible; -however when reaching the target achieves a kinetic energy
~ equal to &V, The bombardmg electrons can interact with the atoms of the target in a number of different ways.

B They can suffer deceleration in the electric field of .target atoms and emit radiation of varying ‘wavelengths.

- According to the quantum picture the change of electrons kinetic energy UrU; produces a photon of energy hy -
(or hc/\). The conservation of energy implies U-U; = hv (or h c/)\) The radiation produced in this way is called
‘Bremsstrahlung’ meaning ‘braking radlatlon in German. Some call it whrte radlatlon ' o
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,Flg 2. X-ray tube(schemauo) Frg 3a X-ray 1ntens1ty-wave length Fig.3b. Intensrty distribution from_
a tungsten X-ray tube at 100 kV.

An electron may., produce a number of waves (or photons) before coming torest. A large number of bombardlng :
electrons produce a statistical distribution of wavelengths (or photon energies) as shown in Figs. 3a, (3b). The most.
~ energetic photon possible will occur when an electron looses all of its kinetic energy in a ‘'single interaction



- producing a single photon with maximum energy (or waves w1th maxlmum frequency or mlmmum wavelength)
U,-U, = U, -0 = ¢V, = hvg, or he/A o
Note that the photon with maximum epergy has an energy e,V, and is directly identified with the X-ray tube voltage
V,. The Bremsstrahlung process produces a continuous spectrum with a minimum wavelength (Amin). Using
~ known values of h,c,&, it can be shown Apin = 12 4/e oVo Where Vo is now in kllo-volts The formula is worth
memorizing. : :

It is obvious that the conversion of the whole energy of an electron into a photon is a rare event and the intensity
at A, is very small. It has been found that an electron loosing half of its kinetic energy in a single act is a most
likely event; and this produces the most number of photons. Therefore the maximum in the whlte radiation hump
is around 2N\gin-

The effect of target material on white radiation ' :
Heavy atoms have a large number of orbital electrons that give a strong 1ntemal electnc field. Hence the 1ncommg

electrons from the cathode can be more effectively decelerated than by light atoms. So efficiency of X-ray
- production can be increased with heavy targets. However, less than 1% of bombarding electron energy goes for
‘X-ray production and the remainder goes to produce heat. - The total intensity of X-rays is proportional to the atomic
- number (Z) of target. The heat produced in the target must be taken away preferably by a water coohng system.

Productlon of characteristic X-ray spectra .
This is the radiation which Moseley found was characteristic of the’ target atoms Thrs dlscovery led to the Bohr

theory of the atom. Very little of subsequent refinements of Bohr model of the atom is requlred for sufficient
understandrng of the characteristic radiation in XRF analysxs : _

Charactenstlc radratlon by electron bombardment - : :
It is possible for energetic incident electrons to eject orbital electrons of the target matenal If a core electron is .

ejected, electrons from higher energy levels in the target atom will make transitions to this lower vacated state,
~ emitting radiation in the process. Since the energy differences among the inner levels of the target atoms are large,
the transitions create photons of higher frequency (or shorter wavelength) and belong to-the X-ray region. Since
© the energy differences are characteristic to an atom (depending -on its nuclear charge) the wavelength itself is

charactenstlc to the atom, hence the name charactensue wavelength. e

"(E)Xe = ExX.— EL
(E)xp1 = = EK — EM |
(E)la = EL — Em .
: : . - (E)Lpz = EL — EN |
If K—shell (n= 1) electrons are removed (EMa = Em — EN "
" electrons from higher energy states fallmg (E’K‘ = EK - Eu l
into K shell produces the K series lines
Ka, K@: Ko for An=1, K@ for An=2 etc.
.If L-shell (n=2) electron_s are removed,
another series of lines called L series -
is produced. Similarly transitions to
M shell (n=3) produces M series (see ﬁg 4)

~ Fig. 4 - Transitions grvmg charactenstlc radlatlon

Fine structure of. atomic. shells, the sub-shells -

During the excrtanon of multi electron atoms by electron bombardment ‘one observes the smooth contmuous

spectrum (the White radiation) having the short wavelength cut off (M) together with intense sharp lines produced
. by Ka, KB, etc. Upon closer examination these lines show that they are composed of finer lines. This is explained

by atomic sub-levels. Only the K-shell has a single energy level. All the other shells contain electrons with slightly

different energies. The L-shell has 3 sub levels, the M-shell 5, etc. Atomic sub levels gives the fine structure.

It should be noted that certain physical rules (selection rules) make certain transitions prohibitive such transitions

have a zero probablhty of occurrence. Once an atom has been ionized, for example, in the K-shell there is a certain



" probability that this vacancy can be filled from Ly, Ly, Ly, My, etc. ‘The probability for a transition from L, to

" Kiszero. Similarly many others jumps have zero probability. The well known transitions are Ko, Ko, (from Ly
& L), KB,, KB,, from My, My, Note here that the accepted nomenclature of X-ray lines is unfortunately somewhat
~ unsystematic but in general the final resting place of the transferred electron determines the series group to which
-~ the line belong (Fig. 5). . BT : Sl
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Fig. S - The fine structure of the energy levels in the electron shé_lls;‘ 'I"he_stransitions shown are all those theoretically possible. Not r_liore than
* a dozen'are normally-detectable in fluorescence analysis. . The distance apart of the lines wi_t.hin the shells is some indication of relative energy.
differences, but the distance between shells is much too small to represent relative energy differences. - - - o
The measurement of shell energy E E, - S o . )
- The shell excitation energies E, Ey, etc. can be measured- in-two ways. Suppose an X-ray tube has a target. .
composed of the element under investigation and a detector is adjusted to register the K radiation from the target.

~As the voltage is raised there will at first be no response from the detector, .until a definite excitation voltage V,

" is reached when the- first photons will be registered. - At this voltage the bombarding electrons are just energetic
~ ‘enough to eject an electron from the K shell so that Ex = €V. - S o o
‘Intensity of characteristic radiation from electron bombardment - S
If we increase the acceleration voltage V, -further, the intensity of the K radiation will increase approximately
proportional to (V, - V)% In other words, the further V, is away from Vg on’ the high energy side the more
_intense is the characteristic radiation. .~ . . . LT e

Characteristic radiation from photon-bombardment o

‘We can imagine an experiment where monochromatic photons bombard the specimen (instead of electrons). Now o
vary the wavelength from long to short, i.e. from less energetic to more energetic photons. Until the energy of the’ ™ . -
- photons is equal to E, no response will be produced in the detector. Upto this point the results are similar, but - - -

‘at or just beyond this point a large number of Ko photons will be produced. This can be easily separated because
E, > Ey - E_ and the bombarding photons have a shorter wavelength than the excited Ko photons. As the

“ bombarding photons are made more energetic the response falls (c-f electron ‘bombardment where the response is
increased). This is because photon interaction is a resonance effect. The maximum interaction occurs when the

. frequences are equal and declines as the gap between them increases. If Ko characteristic radiation to be excited - .
. by photon bombardment then the wavelength of the bombarding photon must be shorter than that corresponding -



10 B¢ (c.f.' electron bom‘bardment).

Intensity of characteristic radiation from photon bombardmen

The expenment with photons is difficult to carry out, but an equivalent to the second part of the expenment using -
monochromatic X-rays from a radio-active source (Cd'® giving rise to AgK, X-rays) is straightforward. The
minimum detectable amount of elements of lower atomic number than Ag, using this method of excitation is shown
in Fig. 6. The smaller the minimum detectable amount, the more efficient is the excitation process As can be
seen, this falls off rapldly as the gap between the bombardmg photon energy and EK increases.

{ | |
Fig 6 - The efﬁcieocy of production of characterictic
radiation is inversely proportional to the' minimum
detectable limit(MDL) of the element concerned
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~ “The first part of the expenment with photons to find

" the value of Ey - can be more easily camed out using
. absorption of X-rays. If white radiation is incident

" ona sheet containing the element being investigated,

~ and the transmitted X-rays analyzed by energy or

. wavelength, then for wavelengths greater than that

corresponding to Eq, 1o “absorption due to K shell

excitation can occur. = At ‘the wavelength

.- corresponding to Ey, this absorptlon mechanism

oy — e - suddenly comes into full effect, and a dramatic

x Aesonvnou €0GE ENERGY OF ANALYZED :Lruznv v - increase of abso_rption OCCcurs.
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Absogptlon edge '
" The curve of transmltted mtensnty Vs wavelengths has a sharp step the absorptlon edge at this pomt and if Ay

is the wavelength at this absorption edge, hv,, = hc/\,, =E,. This absorption edge is also characteristic of the
element and can be used for identification (XAFS-Xray absorption Fluorescent Spectrocopy). For L and higher
shells there are several absorption edges close together, corresponding to the fine structure of the shell.
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The greater advantage of fluorescent excitation - excitation using bombarding photons - is that virtally no
background white. radiation is produced. The restriction to wavelengths just on the short side of A, is not so
important as might be thought, because the white radiation from an X-ray tube can be used and a great range of
wavelengths is available for exciting different elements. The maximum of the white radiation ‘hump’ should be
: adjusted if possible, on the short side of A, for the element to be detected to get adequate excitation. '

Auger electrons ' ' : o
The release of energy when an electron moves from higher to a lower orbit can be in the form of a characteristic

photon OR may be- transferred to an outer electron, to eject it from the atom as an Auger electron with a
. characteristic energy (which can also be used in the identification of such elements - Auger electron spectrocopy)ﬁ -
Production of Auger electrons is more with lighter elements.

Fluorescent yield s :
- An important consequence of the Auger effect is that the actual number of useful X-ray photons produced from an

~ atom is less than would be expected. The Fluoréscent Yield is defined as the proportion of ionized atoms which
produce charactenstrc photons This approaches 100% for heavy elements and becomes very low for light elements

. IOO‘E .
:IO%:—
m_ ~ Fig 8 - The fluorescent yield, W is the percentage of
i " excited -atoms which decay to give a: characteristic
- B photon (the main alternative is an Auger electron).
R 3 . For C, Nand O (Z = 6,7 and 8) less than 1%
- onwards, more than 50% decay giving photons.
- .Gx:,'_— .
. : - ‘ ° : 20 40 60 80 100.
. - . ] o ‘ lZ
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Relatlve intensities of characteristic emission lines ' =
- Fortunately only a few. of the possrble lines have significant mtensmes Flg 3(b) shows the s1gmﬁcant lines for
tungsten on the white radiation background from an X-ray tube run at 100 kV.. The relative heights of the lines are
approximately. correct, but they have been drawn to a'much smaller scale relative to the white radiation, i.e. the
" lines should be an order of magnitude higher. For a normal tungsten target tube run at 50 kV, the white radiation
background would be only about 1/8 the height shown in Fig. 3b and the spectrum would end at 0.25 A with no
K lines. For a Cu target tube, the K lines would be near the position of the WL lines, but much higher. However,
in most cases it is not necessary to consider any other lines than those on Fig. 3b, for any individual element,” -
although some of the weaker lines for an element present in large proportions may interfere with the diagnostic lines
of a trace element, and have to be taken into account. The abscissae of Fig. 3b are on a log-scale and mask the
fact that the energy dif_fcrence between L and M lines is about 8 KeV whereas between K and L it is 50 KeV.
These values get less as one goes down the Periodic Table, but the K-L energy difference is always much greater
* than L-M, which is greater than M-N, etc. This is shown by the dxfference between the energies of Ko and K8
photons, which is the difference in energy between the L and M shells, since KB comes from an M-K transition
and Ka from L-K. Fig.9 shows the vanatton of photon energy with atomic number.
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Fig 9 - The photon energies in keV of characteristic
lines of the elements.
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The rntensmes of the various lines (in photons/Sec) are propomonal to the corresponding transition probabllmes

For CuK radiation Io/IB _5, but this ratio varies gradually from 25 for Al to 3 for Sn.’

Fluorescent X-ray tubes
Special X-ray tubes are required to produce radiation for ﬂuorescent excitation. -Since for most purposes a large

flux of white radiation is required, a high atomic number target must be chosen and W is normally used. The
voltage on the tube should be at least twice the excitation voltage of the element in the sample, but although further
increase of voltage (at constant power) will continue to increase the white radiation intensity near the absorption
edge of the element concerned the gain is proportlonately much smaller. For most purposes the tube can be run
at maximum voltage, and since contamination of the target is hardly possible (and would be of little account in any
case) it can be run at full power.

For elements below Vanadium i.e.- with excitation energies below 5 keV, the white radiation intensity, from a W
tube is rather low and better excitation can be obtained using a Chromium target tube, again at maximum voltage
. and power. The intense CrK radiation (A = 2.3A) will excite atoms of elements from T1 downwards considerably
more effectively than the white radiation from a W tube.’

Background to Characteristic Peaks
With electron bombardment the background is primarily whrte radlatlon from the specimen. This is a major factor

in limiting the sensitivity of fluorescence analysis by electron excitation. The ability to subtract this background
satisfactorily and directly. in the case of energy dispersive analysns is an 1mportant advantage, but Even SO errors
inevitably occur in the subtraction process :

With photon excitation the only effectrve background comes from incident radratlon scattered by the specimen. This
consists of white and characteristic radiation from the X-ray tube. :

This scattered radiation is much less than the excited white radiation background from electron bombardment, but
nevertheless should be minimized. It is also necessary to beware of the scattered characteristic lines from the X-ray
tube, e.g. W(L) at 1.5 and 1.3A or Cr (K ) at 2.3 and KB at 2.1A. In Fig. 10 the WL lines from a ‘tungsten tube
have been scattered by a water sample, but might be interpreted as showing the presence of W in the sample. In
a sample actually containing W the scattered lines would add to the intensity of the genuine excited lines.
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. Fig. 10 - The effect of compton scatter on »scattered_ ‘
~ X-ray tube (w) lines. The spectrum of second order -

W(Le,) and W(Lca;) was recorded using LiF (200)

crystal and a sample of distilled water. The broad
R , compton peak to the long wavelength side of the
%0 ' ' S coherently scattered lines consist of two incoherently
scattered maxima each 0. 024A greater than the
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Scattered radJatlon con51sts of two pans conereuuy scattered radratlon whrch we have been consrdenng up to the
present, and incoherently scattered radiation (Compton scattering). The first is scattered without change of =
- wavelength and is polarized. If the scattering angle at the specimen is 90° ina vertical plane; the scattered radiation

will be completely polarized in a horizontal plane. ' If the Bragg reflection from the analyzing crystal is in the

7 horizontal plane, for 20 = 90° the coherent scattering will be nearly zero (there will be a range of scattenng angles
- at the specimen, around 90°) and will be reduced at other 6 angles : ‘

. The second Compton scattered component has a change of wavelength given by A)\ = 0 0243 (1-cos¢) A, where . o

- ¢ is the scattering angle. For é =90°, AN ‘= 0.024 A. The change in X is only dependent on the angle of -

. scattering, but since there is.a considerable spread of angles in practice, there will be unpolarized white radiation . -
~ scattered with a change in \ which will be undetectable, and a broadened peak on the long wavelength side of the:

coherently scattered characteristic line from the X-ray tube. Fig. 10 shows these broadened peaks for WL. The
Compton scattering is not reduced by having the planes of scattering and. reflection at right angles and the intensity

_relative to coherent scattering is strongly dependent on atomlc number and scattering angle berng much greater for o '
R hght elements and large ¢ v o

Characteristic X -ray generated deep ina lrght element specrmen by an electron beam may suffer Compton scattermg-: S
so much on the way out to the surface as to produce a significant shift in the peak posmon Tlns effect can happen o

: _wrth electron probe micro Analys:s (EPMA) and scanmng electrou mxcroscopy (SEM)

The Compton peak in Frg 10-is resolved from the coherent peak with the wavelength dlsperswe system (WDS)

In energy dispersive systems (EDS), where resolutron is much less, it would not be resolved but would distort the- o
peak and shghtly shift the position of the maxxmum S - S :

' , Charactenstrc X-rays generated deep ina specunen whrch contams elements with nelghbounng atomlc numbers can
" be altered in relative intensity on the way to the surface. The high energy K radiation from the element of higher

Z will be strongly absorbed in exciting atoms of lower which will then produce addltronal low energy K radiation
to add to that ongmally produced. The enhanced low energy K radiation then emerges: with low absorption. This
reductron of one component and enhancement of the other (matnx effect) grves rise to errors in ﬂuorescence
analysrs o : SR _

o Absomtlon coefficrents ‘ - :
“The process of X-ray absorption is almost entlrely dependent on the number of atoms of various klnds in the path’

of the beam. For a' monochromatic beam the effect is independent of i mtensrty, i.e. a thickness of material which =

-will reduce the intensity of a strong incident beam-to 1/10, will reduce a weak beam to the same fraction. The

transmitted intensity I (energy flow rate/unit area) and the incident energy Io are therefore related by an exponentral

" function of the number of atoms of various kinds i in umt area of the path of the beam ,

- Ilo = e* wherex—p.,N,+y.,N2 B ¢ §) :
u', is the atomic absorptlon coefﬁclent for the’ r"' atom (whxch isa constant for a glven wavelength) and N, the

* number of atoms of type r.

~ corresponding coherent hne compton shlft for a .



Since what is normally known is the density, d, thickness, t, and elemental composition of the absorber (e.g. the
chemical formula), we have, for unit area : : : » : ' o
td = N,W, + N,W, + ..) my
= (n,W, + ,W, +..) Nmy = MNmy : ,
where n, is the number of atoms of type r (atomic wt. W,) in the known chemical unit, N is the (unknown) number
of chemical units, and M is the molecular weight. m, is the mass oof the hydrogen atom. -
N = td/Mm, and x = td/Mm, Xy, 0, = pt. =~ -(2)
p is called the linear absorption coefficient, and depends on the physical state and composition of the absorber,
where. jx, is a constant for a particular element and wavelength. E -

M, is a very small number and it is more convenient to list the gram atomic coefficient u, = p,/in,,. -3
R = d/M E}Lrgn, -(4) .

The experimentally determined (or semi-empirically éalculated) M, OF pi CAN bé looked up in tables and p calculated
from the chemical formula and d. ’ ' . ‘ PN ’ o .

It often happens that the elements in an absorber are known as proportions, P,, by weight:
P, NW, and (ENW)my = td A e
- LNW -
N, - _u P,
CmyW, .
x = td (p,P/W,) from (1) and (3)

A third absorption coefficient, p, is defined as p, /W and is called the mass absorption coefficient since tdp,, its’
- multiplier, is the mass of element r per unit area. . : : ' o ' :

® = dZu", P,, and this is probably the most useful - (5) formula for calculating the linear absorption coefficient,
partly because improved tables of p, are more readily available. . C o : :

The relations between the listed coefficients are therefore :
pm = /W and gy = p/my -

The absorption coefficient for an element varies rapidly with wavelength, and the curve of uvs v has d»isconbtinuities,
" at the absorption edges. Between absorption edges p varies approximately as A\’. Fig.7 shows typical curves.

Absorption coefficients are listed in the International Tables. : : o
Absorption effects are important in X-ray Jifraction, since they reduce the diffracted intensities by varying amounts,
depending on the geometry of the specimen and its composition. In fluorescence analysis, absorption éffects in the
matrix can have a considerable -effect on the intensity of characteristic X-ray from a particular element in the
specimen and, unless allowed for, can cause considerable errors in quantitative analysis.

Dispersion and measurement of characteristic wavelengths
Characteristic photons have o g
a) ‘Characteristic energies

. | related by Eppes = BC/\,

- . :

b) | - Characteristic wavelengthvs‘

Either of these properties (or a combinat I on) can be used to separate out the fluorescent radiatioﬁs from a mixture
 of elements (and Ko, KB, L, etc. radiations from one element). ' '



| ‘, Fig. 11 - Schematic dlagram' ofa Bragg X-ray's'pectrometer
SAMPLE , - The X-ray tube and sample have been rotated 90° about the.
: A/ S o primary Soller slit axis, to bring them into the plane- of .

PRIMARY X-RAY BEAM

_ . diagram.
\} SECONDARY RADIATION
L4l ll/ - X-ray wavelengths hence their photon energies are measured =
L : ' . with a Bragg crystal spectrometer. Parallel X-rays from a
| S i S ~~  collimator falls on a crystal face with Bragg spacing d while
/» a | : PR(I:I‘:{:.:Z:ZE,:)SUTS - a detector is set to receive a reflected beam .(Fig.11)..-
: o o N -7+ Interference of reflections from Bragg planes will give a
-/ _ \\ 0. - \\ - -resultant reflection only if 2dsinf = n\'is satisfied. Therefore
R4 ' - \/_ ! - SECONDARY 5°§LER‘SF”_5 if we observe a reflection then 2dsin @ =nM\ is satisfied. nis-
. / D L : < o ~a positive interger known as order of reflection (n=0 -
: - direct beam). If d is known A can be calculated. Durmg

. DETECTORS © sampling of a mixture of wavelengths the crystal is rotated at
cfropertional -3 certain speed . while the detector in reflected position is . .-
s ’{ ‘rotated at twice the speed. Those wavelengths that satlsfy the
! Bragg relation give peaks (i.e. spectral lines). A Penta .
* erythritol (PE) crystal with d spacing 4.371A° (002 planes)
give a first order (n=1) reflection at 26=109.20 for Si K,
line (A = 7.126). However, the fourth order (n=4) Co K
line. (A = 1.780) also gives a reflection at 2 = 10"9.20°'._‘ B
. Two different waves reaching the same position can be taken -
. care of by the pulse height analyzer. (explained later). Note -
that the two photons have different energy and energy

l CRYSTALS ——
(three available) -

dlscnmmatlon is possrble wrth suitable detectors and o

. electromcs

_ The geometry of the Bragg spectrometer in XRF analysrs is snmlar to that of a-powder dlffractometer except that
the source is extended -the area of the specimen rrradrated by the W tube to excite ﬂuorescent radJatlon is normally
' several sq cm - and careful collrmatrou especrally wrth the prrmary Soller shts is essentlal '

" The dlffracted beam is broad aud also’ requlres colhmatron ‘with Soller shts Smce long wavelengths may be'
' mvolved (for MgKa, =9, 9A) the mam X-ray path must be in vacuum (Frg 11). S

B Mechamcal consrderatrons hm1t the hlghest value of 24 to about l46° (0 = 73°) and values of 0 less than 5° are
rarely used because the spread due to Soller slit dlvergence becomes comparable with the resolution, and the .
analyzing crystal only intercepts part of the beam. AN\ = 6T6 cot A9, and at 6 = 5°, is only 1/10th of its value ,

“at § = 45°, for a given 0. If a first order diffraction occurs at too low an angle it is always possrble to use the S
second or hlgher orders, where d1spers10n is greater : -

» For an incident beam wrdth of 12.5 mm and an analyzmg crystal 65 mm long the whole of the beam i is no longer'
. intercepted by the crystal for § sin’ 12.5/65 = 11°. For practical purposes, therefore, 8 is restricted to 10-73°.
~. The most generally used crystals are LiF, Pentaerythntol (PE) and Ammonium dihydrogen phosphate (ADP). The .
. table gives detalls of these crystals and the hmxtatrons on therr use arrsmg from the mlmmum and maxrmum values



LiF PE ADP .
Lithium Pentaerythritol - Ammonium. -
Fluoride (002) Dihydrogen
(200) |1 Phosphate (110)
d 2.014 1437 5325
(\Max) 3.83 8.35 10.20
(\Min) 0.7 1.5 1.8
(1st order)
K 19 (Potassium) : 13 (Aluminium) 12 (Magnesium)
o - 3.74 8.34(8 = 7.98) 9.89
2 5 L 47 (Silver) 35 (Bromine) 32 (germanium)
a0 3.70 8y . 8.13(8) 10.198)
N K |42 (Molyboleam) | 29 (Copper) 126 (Iron)
i ‘ fomr - 1.54 '1.94
o0 - - - = -
™ i L No restrictions 72 (Hafnium) 67 .(Holmium)
T~ ) 1.57 (@) 1.85 (@)
2 | 27-58 19-41 17-37.
I 3 | 3270 | 2249 2045.
[N
, 4 | 3779 25-56 23-52
B 2 | 66 | 41- | 4492
S -3 |79 58- 52-
L . 4 |90 63- 58-

“Table L. - lextanons for various crystal plates

_ Angle between geaks for nelghbourmg atomlc numbers
From Moseley’s relation

N = (Z-6)?, where K & & are constants for the transmon concemed and _
XN = 2d sin#f (Bragg s law), ' .
A .
we have :
K(Z-6)* = 2d sin 6, sin 8 = nK (Z-&)2
Differentiating (n and d constant) gives :
2K(Z-6)3 AZ = AL cosf Al

A8, = -nK(Z-9)3 forAZ—l
d(1-Sin9)*

A8, = -K(Z-Y*  ; ~2nK
- dff- k3" 2 (Z-5)(4d2(Z-6)“- 2K)*
L 4d%(Z-5)*

- The root in the denominator cannot be less than zero (i.e. sin § < 1) and decreases if n increases or Z decreases
- with d constant, or if d decreases with n and Z constant. '
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Spectrometer Resolution

For n and Z (i.e. \) constant Use the crystal with

A 0, increases as d decreases |-  smallest possible d and
(i.e. 0 increases) incréase n to increase

For n and d constant, resolution.

A 0, increases as Z decreases
(i.e. \ and 6 increase)

For d and Z constant,

Af, increases as n increase.

=+ Mola, ~

r———

i oy

Eﬁ‘tﬂ_— T s
4 F"'“'-‘é-

1

. FA i -1 I SR
Soller slit 0.4°  Soller slit 0.1° Separation of SKa and MoL« in stainless steel
Full scale 500 cps Fulls scale 200 cps (with parallel beam method fluorescent X-ray analyzer)

Fig. 12 shows the peak profiles of Mn Fig.13 - Separation of MnKa and CrK@ by LiF and Topaz.
Ka and CrKg8 (same reflection order n) .

from stainless steel. If Topaz is used

as the analyzer crystal the separation

will be twice as that with a crystal of LiF.

Effect of soller slits in resolution

Soller slit is made by arranging thin plates of heavy metal such as molybdenum, leaving appropriate space in
between each plate (Fig.11). This is used in order to extract parallel X-rays. For both focusing method and parallel
beam method of analyzer, the X-ray intensity decreases if resolution is increased by narrowing the soller slits.
Narrow slits make nearly by peaks ‘not’ to enter the detector. The energy separation between such peaks can be
low that they cannot be separated by PHA alone. Therefore, in heavy element region where peaks are close to each
other, resolution should be increased at the sacrifice of the X-ray intensity. For the light element region where the
X-ray intensity is low, slit width should be expanded so that the X-ray intensity will be raised at the sacrifice of
resolution. -

Fig.13 shows one of such examples. When analyzing S in the stainless steel, MoLa, peak appears near SK,, if
germanium is used as the spectral crystal. In order to eliminate any effect of MoL a, it is necessary to use a solar
slit with a high resolution as shown in this figure. (If NaCl is used as the spectral crystal, the peak separation will
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be more than twice compared with the case where germamum is used Thus, the effect of MoL a, can be '
elmnnated easrly However, NaCl cannot be used for P.. (The secondary reflection. appears)

Detectors ’ ‘ : ‘ .
Originally Geiger counters were used in whlch photons merely mggered a standard height electncal pulse No
energy discrimination was possrble and only angle d1spersron Therefore peaks of all orders occurred on the _
~ diffraction trace of Tv.s28 and a great deal of over—lappmg was liable to occur.

Gas propomonal counters (ﬂow and sealed) and scintillation counters give pulses proportronal to the energies of the
photons, but with a spread of pulse heights due to the variations in the ionization processes in the counter. ‘This
spread reduces the discrimination possible by using an electronic ‘gate’, which allows through only those pulses
~ lying between two set voltage levels. However, photons from orders other than that being measured can be

suppressed. so that there is far less over-lapping of peaks. If a proportional detector with sufficient resolution could .

be made, the crystal analyzer could be dispensed with and a trace obtained of intensity against energy by moving

‘ the height of a very narrow window. The peaks would then correspond to ‘characteristic fluorescent radiation, in
~ terms of eV instead of 26. Energy dispersion system (EDS) with considerable improvement-on the electronic side
. but less resolution than a crystal spectrometer is now available. NB such SOhd state detectors need to be kept in
11qu1d mtrogen at all times to avord detenoratlon and destructron ' :

Gas flow proportronal and. scmtlllatlon counters : :
In the conventional spectrometer. these are mounted in tandem (Flg 11), the proportronal counter 1n51de the vacuum

chamber (with gas flow to minimize the effect of leaks) and the scintillation countér outside. Any photons which
go through the proportional counter and the vacuum chamber window are incident on the scintillation counter, which
has nearly 100% efficiency until the protective and llght tlght window starts to absorb significantly between 2-3A.
The flow propomonal counter with Ar/CH, filling absorbs over 75% of photons at 3A and its efficiency, apart from
~ a dip at 4A due to the absorptlon edge of Ar, continues hlgh until the 6 mrcron mylar window begins to absorb
heavily at 9 - 10A. : »

_The pulses from the two counters must be adjusted to the same herght before bemg mrxed and fed to the single
channel pulse height analyzer. The pulse heights'can be adjusted equal by coarse ad]ustments if necessary on the
preamplifiers, and fine adJustments to the mdlvrdual E.H. T supphes to the counters

' Pulse Height Analysis - .
To determine the spread of pulse herghts and the maximum of the distribution for a grven wavelength (e.g. CuKa)

put a specimen containing copper in the holder and set the spectrometer angle to correspond to the 26 angle for 1.39

. Make slight angular adjustments to obtain the maximum reading on the ratemeter. The two counters should be
checked separately if (a) the purpose is to check the functioning of the counters, or (b) they have separate single
channel analyzers, which can be set individually (the spread of pulses from the Gas flow counter is much less than.
from the scintillation counter) or (c) if the positions of the maxima of the pulse height distribution curves are to be
adjusted equal and at the correct height for automatic pulse height analysis (q.v.) while scanning. If the counters .

are known to be functioning properly and to give equal pulses which are mixed and fed to one single channel =

analyzer then the distribution curve need only be done once for the two counters together as a means of setting
~ the wmdow limits. : _

With the spectrometer 20 angle fixed on the lme to be measured a narrow wmdow (approxrmately 1/10 of the pulse
height for CuK@) is set and the low level adjusted just above the noise level. The ratemeter reading is noted. The
low level is then moved up by a step approximately equal to the ‘window width, and the new reading noted. The
intensity (i.e. counts or ratemeter reading for each position) is plotted against the pulse height (i.e. the mean wmdow
position which equals the low level + half window width) and the full width of the peak in the curve is measured
at half maximum height (FWHM) to. find the resolution.  The top and bottom of the gate areset where the curve
levels out on either side of the peak (A and B, Frg 14) :

12
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Fig. 14 Pulse height dlsmbutron curve, showrng the energy separatron of two peaks - whlch 0verlap on ‘the.

spectrometer recordmg (Fig. 15)

Fig.14 shows the curve for a specimen containing Sl and Co The 1st order Si Kot peak overlaps the 4th order Co

* Ka to some extent, so that some Co Ko photons are reflected when the spectrometer is set on the Si Ka peak.
These have four times the energy of the Si Ko photons and produce the high voitage peak shown i in the Figure.

If the window is set from 10 to 35 volts all the Co Ko photon pulses will be rejected (Wmdow values vary from ,

machme to machine dependlng on electronlcs)
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Fig.15(a) - A recorder trace of a spectrometer scan over the SiKa wavelength (i.e. changmg 0 and 20). Wlthout

pulse height analysis the high background partly due to FeK@ at 106°) and interference from CoKa tends to swamp
~ the analytical line.(b) - The same scan with pulse height analysis in-operation. The background has been reduced
. (partly by eliminating FeKﬁ) and the interference from CoKa fourth ordef on: Sl Ka first order has been

: completely ehmmated

Fig.15(a) shows a spectrometer trace (i. e. varymg 9., 20) of the specrmen obtamed w1thout pulse height analysrs
(A geiger counter would give this trace, with no possrbrlrty of separating the peaks). Fig.15(b) is the trace obtained
wfter setting the pulse height window as above. Only the Si Ka peak is present without the shght Shlft in posmon

produced in (a) by the presence of the Co peak.



When an automatic scan over the whole range is required the photon energy (and therefore the counter pulse height)
is continuously varying. The window height must also be varied correspondingly (or PHA abandoned) and this can
. be provided by means of a potentiometer moved by the spectrometer arm. . :

The peak width DA : .
In Fig.14 the full width at half maximum (FWHM) of the Si Ko peak is 7.1v. The pulse height of the peak
maximum. V = 17.5v. The resolution, R = W/V = 40% for = 7.126A. Before we can compare this with
standard resolutions is must be converted into the value for a standard wavelength. R is a function of the number
of ion pairs produced by a single photon. The process is a random one and if the average number of ion paris is
n. the standard deviation will be V/n, if the distribution is a Gaussian one. which can in fact be shown to be a good
approximation. For a Gaussian curve, . - o ' _ .

R = 2.36V = 2.36 (/1/n) x 100. For Argon, the average energy required to produce an electron pair is 26.4 eV. -
n = E/0.0264 where E is the photon energy in keV. A C o ’

R = 38.3 ME since E=K/ARI/R2 = ... N\/\, -

The scintillation counter . requires much mofe: energy to produce an effective blue photon and the resolution is much
worse. R = 129/ E. Otherwise the analysis is the same. ' : s S -

If we now use above equaﬁon to convert the resolution for Si Ka to that for Fe Ka A = 1.937A). which is usually -
used as a standard, we have : : : . :

R(Fe) = R(Si) _1.937 =40x0.52

7.126 =21% S - ' : :
. This is larger than the theoretical 15% and indicates that the proportional counter (which absorbs all the Si Ko
photons) is not in perfect condition. However, a deterioration to 25 - 30% can be tolerated before the counter -
requires reconditioning. The scintillation counter should not be much worse than 70% for Fe Ka. If it is, the
phosphor crystal probably wants replacing. ' : S ‘

The Argon Escape Peak = o : S L
~ The small peak in Fig.14 isduetoa particular aspect of the ionization process in a gas proportional counter. Most
photons produce a number of ion pairs by interaction with the outer electrons of the Argon atoms, the number of
pairs being proportional (with statistical fluctuations) to the energy of the photon. But occasionally part of the
photon energy is used to eject a K electron and the remainder then produces correspondingly less ion pairs. If the
K ionized atom decays by producing an Auger electron, this will generate the missing ion pairs, and since the decay
time is very short, a normal pulse will be produced. If an Ar Ko photon is produced and absorbed inside the
counter the same thing will apply. But all elements have a low absorption for their own characteristic photon is
just less than that required to eject an electron from the corresponding level (K in the case of Argon) and this
absorption mechanism is therefore not available. The wavelength is thus just on the long side of the absorption
edge, where the linear absorption coefficient is very low. Some of the Ar Ko photons therefore ‘escape’ from the
counter (actually they are absorbed in the walls, but do not produce any ion pairs in the gas). The pulse produced’
in this case is smaller than it should be, because the ion pairs corresponding to the energy of an Ar K photon have
not been produced. The pulse, in other words, corresponds to a photon whose energy is that much less, and on
" the pulse height distribution curve it will produce an ‘escape peak’. It really should be cailed a ‘remainder peak’,
since it corresponds to the remainder of the energy, left when: the Ar Ko photon ‘escapes’. .

The position of the escape -peak is very easily found. Since the peak voltage, V = K/» (i.€. is proportional to the
photon energy and therefore to the frequency), we have from Fig.14, V¢, . = 68 = K/1.791 ’ '

K = 68 x 1.791. V,, . = 68 x 1.791/4.192 (\ArKa = 4.1923) ' :
Vese = VeoaVake = 68(1-1.791/4.192) = 39V . :

© Since the escape peak depends on the K jonization of Ar (absorption edge 3.871A) only photons more energetic than
this (i.e. shorter wavelength) can produce an escape peak. Also, the further the incident wavelength is away from
the absorption edge, the smaller. the proportion of K ionizations of Argon becomes (see Fig.6). Also, since the
energy shift is constant, it becomes a smaller proportion of the main peak height and as the main peak width, W
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" is proportional to V, increases with the pulse height, the escape peak not only becomes smaller, it ceases to be

resolved and is counted with the main peak. The elements affected significantly are from K (19) to Co (27). The .

escape peak for K, being the difference between two nearly equal energies (ArKa & K Ka) is of such low-energy

" that it is lost in the noise. For Ca to Co a decision has to be made whether to include the escape peak when setting
the analyzer window, or to exclude it at the cost of losing 5 - 10% of the counts. Since to include it, at least up
to Co (27) means including considerably more background it is usually better to set the wmdow round the mam
peak and exclude the escape peak.

Energy Drsp_ersron
Solid state silicon detectors, developed ongmally for radioactive counting, can now be used for X-ray detection.

The X-ray photon produces a large number of photo electrons in the silicon, which interact with the silicon atoms -

_ toraise bound electrons to the conduction band: Each such event requires 3.8eV of energy (c.f. the ionizing energy
for Ar of 26.4eV). The total energy of the photon is converted (with statistical variations) into free electrons and
the total charge collected by an applied bias voltage in less than 1us, is therefore proportional to the photon energy.
In order to prevent loss of electrons during the collection process it is necessary ‘to fill up any imperfections . or
dxslocatrons in the silicon lattice, which would trap electrons. This i is done by dlffusmg in hthrum atoms. -

In order to‘obtam the resolutlon‘r_mphed in the very low 3.8eV en_ergy per conductron' electron it is necessary to
- reduce interfering thermal effects, both in the detector and in the field effect transistor (FET) preamplifier. Both

must be cooled to liquid nitrogen temperatures, and this is a considerable limitation on energy dispersion systems.
~ Their great advantage is in systems where only low intensity from a localized source of X-rays occurs. The detector

can be placed close to"the source so that a large collection solid angle is achieved. The position of the source is. .

not nearly so critical as in wavelength dlspersmn It i is pamcularly suitable for SEM work

- The preamplifier produces a step output, the hetght of each step bemg proportional to the absorbed photon energy
(Fig.16). ‘The amplifier produces pulses whose heights are proportional to the steps, and each pulse charges upa
“capacitor, which is then discharged at constant current. The time taken to discharge is converted to the address of -

the correspondlng channel of an 800-1000 channel pulse. helght analyzer. This channel registers and stores the
“.count. The photons are thus registered in the channels correspondlng to thelr energles The total count m each

channel can be drsplayed ona CRT : : '

A further advantage of the dnfted silicon detector is that it is nearly 100% efficient over a wrde range of energres o

(and therefore wavelengths) Fig.17 shows this wide range from Na to Ag or hrgher for K photons

The whole spectrum is collected at the same time and a small computer can be used to mampulate the spectrum in
various ways and produce 1ntegrated peak counts for selected peaks. These can then be used in the same way as -
the integrated counts from a wavelength dispersive spectrometer. -

' The resolunon is consrderably less than for wavelength dlSpCl‘SlOﬂ about lSOeV ‘at 6keV compared with 10eV for
LiF (200). However, it is adequate for separating Ka peaks from neighbouring elements and overlapping peaks

from different elements such as Ska and Pb Mo, or KBand Ka peaks from some neighbouring elements such as - .

Ti KB and VKo can be dealt with by * ‘stripping’ one peak electromcally Slmrlarly, background strlppmg can be
done by the same small computer . ‘ _ _ _ :

"~ The electronic equtpment are expensrve and the snlrcon detector must be kept contmuously cooled’ w1th hqmd

mtrogen even ‘when not in use for long periods. It remains to be seen how far the new system will dlsplace C

wavelength dxspersnon w1th partial energy dxscnmmatton
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Fig.16 - Stages in the production of an Energy Dispersive Spectrum. .

The stepped voltage output from the FET preamplifier. Each step corrééponds in height to the energy of

a)
a photon registered by the detector. The FET is discharged at intervals and the lost time automatically
allowed for in the circuitry. ' ' A o :
b) Fach preamplifier step is turned into a pulse, whose height is proportional to the step height.
¢) - Each pulse charges a condenser, which discharges through a constant current circuit. The time of
' discharge. which is proportional to the pulse height, is turned into the address of a particular channel in
- the multichannel analyzer. . . : :
d) - This channel registers and accumulates the count. .
These steps occupy a microsecond or so, and the: spectrum builds up in the multichannel analyzef and is displayed
.on a CRT. : ' : -
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Fig.17 - Spectral response of Lithium drifted silicon detector *

Errors due to statistical fluctuations in the Count Rate

i A O e —e————————=

The production and absorption of X-rays is subject to random fluctuations, so that the numbers of counts recorded
in equal times (other conditions remaining constant) have a Poisson distribution, similar to that found for radioactive-
disintegrations. One can replace the very small probability of a radioactive atom disintegrating, by the
correspondingly small probability of an atom in the target material being excited and producing a characteristic
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photon which is absorbed in the counter. In both cases the assumptron is that the number of atoms is very large '

~ and in the second that the number of bombarding electrons or photons is also very large. The binomial distribution,
" with probabrhty pthata pamcular event will occur, and q = 1-p that it-will not, which was developed in the theory

of tossing coins or rolling dice, is modified in the Porsson distribution by assuming that n, the namber of ‘trials’

" gets definitely large and p, the probability of any one ‘trial’ producing the specified result gets indefinitely small,

but in such a way that the product, np remains finite, so that there is an ‘expectation value ; 4 = np, of the result

_of the large number of trials. In our case there is an ‘expectation value’ of the number of photons registered by

the counter in a specified time, say one second.  An approximation to this ‘expectation value’ is obtained by

" registering the number of counts, N,, received in a large number of second intervals and taking the average, N.
~The distribution of the values of N, can also be plotted and shown t0 correspond toa Porsson drsmbutron

‘The standard devratron &, of the binomial drstnbutton can be calculated and is’ equal to \/ npg.. In the Poisson
_ distribution mp = 4 and q = l-p > 100 =V

. In any given observation, the number of counts N, reglstered is an approxrmatlon to the expectatrou value’; u.

VN is therefore an approxrmatron to the value of ¢. The larger N is, the better the two approximations become.
The following table gives some idea of the possible effects of the approxrmatron N’ is a single observation, ¢ =

" VN’ is the approximation to the standard deviation. The assumption is then made that by an unlucky chance, this

~with a 95% probability; and in N + 3V'N with a 99. 73 % probability. For N = .
~ than 3 in 1,000 trials should the recorded count lie outside 9,700 - 10, 300. More smctly, rf the average N of’ a' S

. measured inT seconds, R N/T and oR) =

value is less than the ‘true’ or ‘expectation’ value by 30 (this chance is about 1 in 1000). The ‘true’ values N and

-0 =V'N are calculated on this assumption and the next column gives o/a asa percentage Finally, the coefficients

of variation o(N’)/N’ =VN’/N’ = IMN’ and

o(N) /N = 1/\/ N, whrch (x 100) are a measure of the percentage etror’ due to countmg stattsttcs, are also :
given. : : :
N - o' =VN' N o =VvN o'le%. | o(N")/IN" Co(N’)/N
a : ’ B =IMN'%. | =IMNN'%"

4 2 - 16 4 150 | 50 25
9 3 24 49 62 33 20.5
16 - 4 33 5.8 - 69 25 17.3 -

25 5 45 6.7 74 - |20 149
400 . 20 465 21.6 - 026 5 4.6

10,000 100 "] 10,305 101.5 .98.5 1 0.99

It is clear that great care has to be taken in mterpretmg the meanmg of small numbers of counts but that n the g

-10, 000 regron and above, a single observatron will give an accurate value of ar(N)

For large values of N ‘the Poisson’ drstnbutron approxrmates to a normal drstnbutron and we can use the propertres :
of a normal distribution to say that the ‘true value lies in the region N + V'N with a 68% probability; in N + N
10,000 this means that only in less

1,000 trials is 10,000 less than 3 counts should lie outsrde thls tange
For the purposes of esttmatmg the errors in ﬂuorescence analysis it is generally sufﬁcrent to remember that the

standard deviation of N counts isV'N. Since it is the count rate R that is normally measured then if N counts are
\/N/T v o :

) Usually the timing error is so small ‘that it can be neglected but if the analytlcal ‘count is made dunng the

" accumulation of a preset number of monitor counts, then there are two mdependent €rTors, Let M be the monitor-

~count and N the analytrcal count.

The monitor is measuring an effecttve time which corrects for fluctuattons in output of the X-ray tube However
tlus trme has a standard devratron due to the stattstrcal variation in thc count M ’
odDIT = (M)/M = h/M’ o(N) is due to the random variations in the counttng. processand equals \/ N.. But °
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‘there is an additional independent error in N arising from o(T), given by
N/T o(T) = NVMM. Therefore_the combined standard deviation :
C a(N) =[N +(‘1_\_L\2]’£= N( 1+14%2
- ovMl ANM

" The monitor counts should therefore be as largé as poSéible to reduce the total error in the analytical count. IfM
= 2N, the total error is only 20% more than that due to o(N) alone, but if M = 14N, the total error is over 70% -
more. . - ’ : '

A similar effect occurs in subtracting a background measurement from a peak mez.lsurement' to get the true peak
- height. Let P be the peak count, accumulated over Ty seconds, and B the background count over T secs.
B _RP=P/TP;RB=BITB:R='RP-RB; : : ‘
and, since the errors of R, and R, are independent,

o(R) = (PR, + °Ry) * : -

oR) = o(P)/T, = VPIT," (R = B/ Ty

_6(R) = (PIT?, + BIT%)*

The sécond term should be kept to 50% ot les$ of the first, but this normally means that the time spent in
background counting need only be half or less of that for the peak. : . :

There are three main ways in which counting can be 'cam'ed out :

a) 'Fixed Count. R;T, = RgT = N. The times are
: recorded and R, = N/T, Rg = N/T,. Total time
T=T,+ T ' I

b) Fixed time Np = RpT/2, Ng = RgT/2
Ry, = 2N,/T. Ry = 2Ng/T * . : :
¢)  Fixed Time Optimal To/Ty = Ry/Ry; T=Ty+Tg
The times, Tp = TRp__Tg =T Rg o :
N Ry, + Rg R, +Ry . - _ - : .
are calculated from approximate values of Ry and R, the counts N; and Nj recorded for these- times and Rp =
Ng/Tp, Ry = Ny/Ty. ' : o - : R :

It can be shown that for the same tb;al time T, o(R) is least for (c) F.T.O. and greatest for (a) F.C. Since (¢)
requires at least a preliminary approximate peak and background count to determine the Tp/Tg ratio for calculating
 the times for the full count, it is not usually used for a series of determinations of different peaks. (b) F.T. has the ‘
- advantage. of enabling the timing to be controlled and is also-more accurate than (a) F.C., so it is normally the

- method of choice. ‘ ’ L S _ -

" In delaying with problems of the sténdard deViatibﬁ of a function of several variables, theré are two formulae worth
memorizing, which can be derived from the general partial differential formula. - : '

If G = LaM, where M; are variables with standard deviations o;, then .
Ch L Lo

Inpam?ulavrlfGéA i:B,oé=o;+ 02-8_, g | |

G =K M“IM"ZM°3 ... where K is constant and a,b,c, exponents,

‘In other words, for a sum of difference one adds the Qariances (0®) multiplied by the squares of the constant
 coefficients. and for products one adds the squares of the fractional errors (or coefficients of :variation).
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Samplel"reparation -

' 'lntroduction _ ‘

Smce the ﬂuorescent X-ray analysrs method is not absolute but a compatatlve analysns specrmens to be analyzed h
must be arranged completely in the same conditions as standard specimens which are compared with. When solid
specimens are used, their surfaces must be ground, and when powder specrmens are used, their densrty must be
, equalrzed : :

-Solid Specrmens "

1) Steel e :

It is recommended to finish the surface of a steel specimen w1th emery or a grtnder of #80-~ #100 Although it

is better that a measunng surface is smoother, if its surface roughness is of #30 or more, it does not affect
measurement accuracy. Furthermore, the effect of the grinding direction by endless paper also can be ignored by
specimen rotary mechanism (spinner). When analyzing microcomponents, even a very fine remainder of abrasives

has a substantial effect on measured values. - When analyzing Al, use an abrasive made from silicon carbide, and
when analyzmg Si, use one made from alurmna When analyzrng a cast iron spec1men it must be tumed into whrte A
pig iron. :

_ : 2)Aland Cu Alloys
Since the hardness of these alloys are low, 1f an emery abrasive is used for ﬁmshmg their surfaces, - it ‘bores mto'
‘them. It is recommended to use a lathe for finishing. However, when using specimens including plenty of Pb, it-
may melts over their surfaces due to the heat in machining and have an effect on measured values. Take note of

3 Other Specrmens - ' .
A considerably wide specimen surface is requrred for the fluorescent X-ray analysrs Usually, an area of =30 mm? c
is needed and specimens are desired in a plate or ingot shape If these specimen shapes cannot be obtained, '
measures should be taken in accordance with each specimén shape. When analyzing a small specimen which does
not have a flat measuring surface of =30 mm - diameter, mask the specimen to equalize the size of its measuring
surface. In order to materialize this, it is recommended to use a specimen vessel enabling a mask change.
However, if a masking method is employed, the ﬂuorescent X-ray of maskmg material is generated ina large
amount and glves a low S/N ratro ' : » -

In XRF analysis, it is hardly necessary to take the tlnckness of the specrmen ‘into consideration. The lrmrt of
thickness for most of specimens and elements to be analyzed is 10 ~ 100 &. However, when analyzing specimens -
consisting of small atomic number elements such as hrgh-molecular specimens, adequate attention must be paid to
the thickness of specimens because the X-ray is transmitted through deep thickness. Usually, set the thickness of
Aspecrmens to 2 mm or more and when using ﬁlms determme the number of them to be plled in advance

’ _Powder Specrmens .

1) Pulvenzatlon : ' » : :
The gram size of powder specimens has an effect on the ﬂuorescent X-ray intensity. If specimens are: sufﬁcnently :
' pulvenzed -their pressure molding can be easily done. The grain size of specimens generally required is of 300
- mesh or more, and their grain diameter is 40 u or less. If the grain size is coarse, the fluorescent intensity
- decreases same as in the case of the coarse surface’ of a solid specimen. A vibrating mill is usually used for
" . pulverizing specimens. However, if they are pulverized for a long time, they are contaminated by the metal of the .
pulverization vessel. Even though a vessel made from tungsten carbide is used, the specimens are contaminated -
by Ti, Co in addmon o'W, If a wet pulverrzatlon method is employed by puttmg a solvent with hrgh volanhty @
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small amount of n-hexane alcohol etc.) in the pulverlzatlon vessel together with a powder specimen upon-
-pulverization, it reduces contamination, improves the effects of pulverization and mixture, and also facilitates the
cleaning of the pulverization vessel. When a dry pulvenzatton method is employed the cleamng of the vessel can
be facllltated by pulvenzmg glass. : '
2) Pressure Moldmg : ' » 4

Mold a pulverized specimen by pressure in a specially desrgned press. This will harden the specrmen and prevent
it from scattering durng measurement. Also, molding the specimen with a constant pressure standardizes the density
of the specimen. Use an Al ring of diameter =35 mm place it on a flat bed press head, fill it with a powder
specimen and press the ring and specimen simultaneously.- Use a full pressure of 20 ~ 30 tons. Although the density
of a powder specimen molded by a pressure has an effect on the fluorescent X-ray intensity, if it is pressed by a
pressure of 15 tons or more, the fluorescent X-ray intensity reaches almost a constant value. Abrupt pressurization
or reduction may cause a specimen to crack. :

If a specimen camnot be properly molded by applying a pressure of 30 tons, use a binder. Recommendable bmder
materials are starch. stearic acid, cellulose and styrene maleic acid. Mix one of these materials with the specimen
ata 10 - 20% in terms of weight. The binder can be equally mixed in the wet pulvenzatlon method usmg n-hexane

3) Other Specrmens e :
When the amount of a specimen is t00 small to fill the Al ring, it is recommended to sprrnkle it over an adhesive
 tape, dilute with a binder or sprinkle it over the binder and mold by a pressure In this case, be sure to carry out
a blank test to check what klIldS of elements are contalned in a base matenal in advance o

_ Liquid Specimens : : '
Liquid specimens are placed on a’ teflon specimen vessel A mylar film with o-rings enclose the liquid. They are
held together by metal fittings. When measuring in vacuum, use a mylar film with its thickness of 12 2 and when
measuring in the air, use that of 6 or. 12 u. After filling the liquid specimen, put the specimen vessel in a vacuum
desiccator and evacuate it. Analyze the specxmen after checkmg that the mylar ﬁlm is not broken. '

An air chamber is provrded for the liquid specunen vessel to prevent bubbles from bemg caused when measunng
the specimen in vacuum. If the liquid specimen vessel is placed in the vacuum, the mylar film expands by being
pulled (even if the mylar film is held with a mesh or a thick mylar film is used). And as a result, the volume of
the liquid specimen vessel expands and its internal pressure isreduced. Due to the pressure reduction, large bubbles '
are caused by the vaporization of a part of the liquid or gases dissolved in the liquid. In a top-irradiating-type

. device, these bubbles gather on a measuring surface and the level of a specimen surface changes greatly.
Consequently, it may cause an error to a measured value. A specially designed air chamber is provided to prevent
it. In this specimen vessel, as the mylar film expands, the pressure of the air chamber changes accordingly.- Since
the pressure on the specimen liquid is not reduced, bubbles are not caused. (However very ﬁne bubbles are caused
on the inner wall by the irradiation of the X ray ‘and are stuck there) :

Although the mylar film used for the hqmd specrmen vessel has a sufficient mechamcal strength even though it is
thin, it may be softened and expands due to the heat generated by the X-ray irradiation. Consequently, it is required
to use a relatively thick mylar film (for example, 12 thick) when measuring in the vacuum. If a thick mylar film
is used, the absorption of long wavelength agamst the X-ray increases, and the measurement .effect in the vacuum
decreases by half. - Accordingly, when measuring light elements in the liquid specimen, use a mylar film with a
thickness of 4 - 6p (occasionally an expanded polypropylene film with a thickness of approx. 1 u) to prevent the
absorption of the X-ray and measure 1n the atmosphere of He gas. When measunng in the He gas atmosphere a
thin film can be used. :
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Enrichment Method-
These methods are available for ennchmg hqtnd speclmens

a.

Filter paper method
Drop a liquid specimen of 0. 5ml~ 1mlona circular filter paper speclally made for the purpose. After

, drymg it, set them to a specrmen holder, and measure.

Ion Exchange resin method _ : :

Adsorb metallic components in a liquid specrmen to an ion exchange resin, and dry it for measurement
The dried ion exchange resin cannot be hardened even by pressing. Adhere it to an adheswe tape or put
itina shallow plate- shaped specrmen vessel and cover with a mylar film to prevent ‘scattering.

»Electrodeposmon method :
' Electrodeposit a metallic component in the hquld specimen on a metal with high punty and measure it.
~ When many components COexist, take note that they are selectlvely electrodeposned in sequence ofalower -

decomposmon potentlal

- Precipitation ennchment method

Produce a chelate and make it prec1p1tated on a ﬁlter paper and dry it for measurement: . Many elementsi S

can-be ennched srmultaneously

. These methods con51derably lmprove measurmg sens1t1v1ty by ennchmg the specrmen

Qualltatlve Analysrs

: _When carrying .out a quahtatlve analysrs sample preparatlon measurmg condrtlons are not stnctly requlred The .

main objective is to identify- the elements present. However, when trace elements are searched special
considerations may be needed in sample preparation eg. (ennchment reducrng background and rnterference) These
have been discussed earlier. : : . :

Havmg obtained the (1ntensrty) I Vs 20 chart read off the 26 angle(s) for the requlred peak (element)

eg. crystal LiF (200) a peak angle is observed at 20 = 45 0° »

' Accordmg to standard tables (2) this could correspond to CuKoz (n l) Therefore Cu can be in the specnnen '
However the table indicates other possible elements. - '

LE  E

L Z  LAMBDA - R

B N
4496 . - Ba . K al 4 56 1.540 100
4496 - Pa L B4 2 91 - 1540 - .20
49 ~ Cu K ol 1 29 1540 - 100
4499 - Ir L. L 1 77 1541 30
4502  Cu K ‘@ 1 .29 1.542 150 -
4508 ©° ~ Eu - L 4 - 17 - 63 1544 - 10
4508 -+ Cu K o2 1 29 154 50
4508 - Tu L ~ g4 1. 69 1544 - 20

K al -~ 5

45.11° '~ Sm 62 15450 . 100
Table 2 - List of Angles (26 -> Element) -
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The exact element can be identified by a consideration of the following procedures. '

1) The peak of each series does not appear mdependently , :
Ko and KB ‘Lal, and LB1 etc. make a combmatron and appear with a constant relatwe mtensny rano (Table 3).

'K Series o o - L Series -
Light Intermediate ' Heavy

element . element - element . I _
Kal - 100 1000 00 - Lel = 100
Ko2 50 s sa g 50 -
KBl 15 a0 26 RS ¥/ I 20
K83 - 0.1 ' : ‘3 .9 “ . La2 C 11
. P E o SRR B 10

CLB3. 6

LG4 4

LI 3

L2 1

Ln -~ 1

LB6 6

Table 3- Relatlve Intensxty of Charactenstlc X-ray

A pulse helght analyzer is normally set-to ehmmate the hlgher order reﬂectrons (n 2 J3). But the presence of higher R
" orders can be searched (for example by widening a window and conducting a PHA) The relatlon between the
vreﬂectton order and mtensrty is approxrmately as shown in Table 4 : :

'nRelative Intensity
1:2:3:4~-100:20:7:3
Table 4 Reﬂectton Order and Relanve Intensrty

Note that as the Kal and Ka2 of one element usually appear super-tmposed on each other, they are expressed by ‘
_ "Ka However peak angle separatlon 1ncreases inhigher order reflections, and peaks appear separately (resolved) -

Elements are not mnstaken by readmg two or ‘more peaks per each element and 1dent1fy1ng it.

Precautions durmg scanning

2.- Acceleration Voltage ' ' ST . : S

The characteristic- X-ray is not 1rrad1ated unless the acceleratlon voltage of an X-ray tube exceeds thé excitation

voltage of the very element. If the maximum acceleration voltage of the X-ray tube used for the Fluorescent X-ray.
Analyzer is S0kV, the X-ray of the K- series is excxted approx. as far as 58Ce (K senes excltatlon voltage 40,4 kV) _

For heavter elements the X-ray of the L series is to be measured

3 Scattering of Prtmary X-ray |

The primary X-ray may be scattered bya specxmen and appear in the’ spectnnn ot‘ the fluorescent X-ray. Usually, - - -

this is the characteristic X-ray of the antx-cathode substance of the X-ray tube. Ifa Rh tube is used for example,
RhKa.K.B CuKaandsoonappear : S HETIE S

As the pnmary X ray is scattered in propomon to 1 scattered

Z 33
X-ray background becomes thh in case of water and hght molecules
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Quantitative Analysis
Introduction o
The basis of XRF quantitative analysns is to use the mtensxty of one of the charactenstlc lines of the element and

then use this line intensity (I,) to estimate the concentration (c) of that element By use of a range of standard
materials a calibration curve can be constructed (Fig. 18)... S oo R

| yomKohome+l, 1,1 :

. ’ c = (I, - Ig)/m e N O ,

i = (Lun - (Ip)un - : }Sys(unatic error )
m —_——

‘-\Rondom error.

) Cmeenlrotim h);
_ ‘Flg 18. Random and systematlc errors in quantltatlve analysrs ' :

" Bya knowledge of the gradrent and background mtensxty IB the unknown concentratlon of an element of the sample
. can be estimated. ‘However, such a hneanty apphes wrth the followmg assumptlons :
' a) there are no sample effects; : _
" b) _ absorption is negligible, or the unknown ‘and the matrix have the same absorptlon for both mcrdent and
' - charactenstlc X-rays S0 that absorptron effects do not vary with composmon (Fig.19).

- Fig. ,q Eﬂcc( ol' absorpnon on the calibration curve.

’ - '-"-‘I . Atomic number Average atomic o
’ Z‘ Cune of clement’ . number of matrix Example - : - Range of -
. £ AB - Medium = Medium ~  .Cu(Ka)in Cuco. Ca(OH):  123—133
. < AC - Heavy ™ C Medium . Ph(Lé)in SmPb ~ - T 120138

‘ AD Light Medium - . - Mg (Ka) in A1/5%Cu . 735—435

- " Medium .~ Heasy - Sn(KelinSniPb CSI— 1L
- AE — Heavy = - Light . T.EL.(PbLa)in gasolmc 2—138
4

ioy '
- Concentration C _ S
c)  there is 0o ﬂuorescent enhancement of one element accompamed by large absorptlon for another which

would violate condition (b) This happens when two elements near one another in the Penodxc Table are
contamed in the sample . :

These three possnble causes of non-hneanty in the relatlon between C and L are detalled below

L ) Sample effects.
SR i.  Lack of homogenexty
S : . ii. ~ Surface irregularity or large. particle size. Smearmg - -
i Variable density (i.e. compaction). Each of these sample faults leads to vanauon in the emission.

of characteristic radiation and errors in the ‘analysis can be up to 100% -
iv.  Chemical bonding in sample different from that of the sta.ndard Tlus only affects elements from -
:  Na to C! and can lead to a maxlmum error of 5%



b) If the linear(/mass) absorption coefficient varies with C, the relationship between C and L is no longer
linear and either a calibration curve, using a number of samples of known composition, must be constructed
or corrections calculated from the elemental composition. Since this is required to be found, the process
is an iterative one. Errors from an assumption of linearity can be up to 100%, (in extreme cases).

C) .The effect of fluorescent enhancement can be treated in the same way as variable absorptton Uncorrected

' - it rarely produces errors_greater than 10%. :

The 51mple linear relationship usually applies to low concentrations in a light element matrix, €. g TEL in petrol,

or extremely thin samples, such as small volumes of solution evaporated on filter paper, but some alloys, e.g.

Fe/Mn, have components with similar absorption coefficients for the characteristic radiation of one or both metals.

In general, if the linear absorption coefficient does not vary by more than 5% over the range, and enhancement

effects are negligible, a linear relationship will hold within the -other errors of the measurement.

Sample effects, in general cannot be corrected for and therefore adequate sample preparation is critically important
for accurate quantitative analysis. The other effects can be allowed for mathematically usmg known absorpnon
coefﬁcrents etc. and computer programmes used for the iterative calculattons

' We shall now discuss different methods of quantttattve analy51s
1. Linear calibration line method :

- As shown in Fig. 19 calibration line is not generally a stralght line. However, this is because the concentration range
extends broadly from 0 to 100%. If the concentration range is very narrow calibration line can be straight.
Therefore if the standard samples are divided by concentration range, types of samples, production site or origin;
the calibration line will be straight and the analysis will be more precise. Linear calibration curves can be achieved
by dilution. In such situations element and matrix range in mass absorption coefficient for the required wavelength
does not exceed 5% or so and prov1ded that variation. in the concentration of possnble enhancmg elements is also
less than 5% : : :

2. Method of reducing matrix effect by dllutlon S
This is.a method of obtaining a linear calibration lme after reducing the matrix effect on absorptlon and ﬂuorescent '

- -enhancement by dtlutmg the sample with matenals that absorb little X-ray

_ For example, when measurmg Si Ko in a certain mixtures of SlOz and Fe203, the spread in matrix mass. absorptlon _
coefficient is 660-1804, a range of 170%. By dllutmg 9 : 1 with a low absorber, such as lithium carbonate, this
range could be reduced to about 16%. The same reduction could, however, also be achieved by a2 : 1 dilution
with a heavy absorber such as lanthanum oxxde : ‘

Since the degree of enhancement is also proportlonal to the concentratlon of the enhancmg element it is to be ‘
: expected that addmon of an mert diluent to the ‘matrix would reduce enhancement effects as well.

» Dllutron methods have been employed w1th great success over a w1de range of apphcattons but probably have been
most successful in the analysis of geological samples where elemental concentration Tanges can be enormous and -
rwhere the large number of elements precludes the use of mternal standards

: One dlsadvantage of the dllutlon method is that complete mixing is absolutely vrtal This degree of mixing is best
achieved by using the diluent as a solvent for the sample, either as aqueous or acid solutions or by making solid
solutions by fusion. In this way it is possible to remove not only the effects of absorptlon enhancement and density
but also to remove intensity variations attributable to particle size effects. The choice of solvent will of course be
determined by the chemical properties of the sample concerned. Although many methods of matrix stabilization
by dilution have been successfully employed all suffer from the same fundamental disadvantage - this being that the

" dilution necessarily reduces ‘the number of- analyzed atoms per irradiated volume with a corresponding loss in

intensity. This can be particularly troublesome in the analysrs of low concentratlon of light elements where
sensitivities may already only be margmally useful. : :



4. Standard additive method or Internal Standard (The case of a different element as internal standard)
Since absorption and enhancement effects are caused by interferences arising from the close -proximity of
characteristic lines and absorption edges one possible way of overcoming them is to add an internal standard having
a wavelength which is affected in a similar manner as the analyzed wavelength. An example might be the
determination of iron in Fe,0,/Cr,0, mixtures. According to Frg 7 the iron Ko line at 1. 937 Ais strongly absorbed
by chromium whose absorptron edge is at 2.070 A. . -

‘Cobalt has its charactenstrc Ko line at'1.791 A and since . the -absorption of iron and cobalt by chromium is similar.
A welghed quantity of, for example Co,0,4 could be added to the Fe,0,/Cr,0; mixtures as an internal standard.

Since absorption effects for iron and ‘cobalt are similar and as the concentratlon of cobalt is known.
Count rate due to FeKa Concentrauon of Fe : '
. =K.
Count rate due to CoKa Concentranon of Co

The cahbratlon factor K could be determmed from standard samples of FezO:,/CrZO3 + Co,0, and then this factor-
used in turn to determine iron concentrations in unknown mixtures. It is assumed in this method that particle size
and density effects are negligible and particular care must be taken to ensure that the particle size distribution of
sample and internal standard are similar. This is why the internal standard method is particularly useful dealing

v wrth solutions as they allow a completely homogeneous mrxmg of sample and standard

In general the mtemal standard method is excellent for the detennmanon of smgle elements in multl-component
mixture but is frequently far too tedious for the determination of may elements in the same 'sample. In as much as
thé addition of an internal standard entails an extra weighing stage and further mixing, the time involved may be
unacceptably long, particularly in case of multiple batch analysis. When dealing with solutions ‘it is sometimes
possible to save time by suspending an internal standard block-in a sample cup such that it becomes an integral part
of the cell. Although this method is somewhat empirical, excellent results have been obtamed especrally in the

analysrs of hydrocarbon m1xtures for heavy metals

Using the same element as the internal standard {method of smkmg[

When a suitable additive sample cannot be found, it may be possible for the element 1o be deterrmned as its own

internal standard and this can be sometimes more-convenient than the use of a different clement provided I vs C -

is linear. Suppose the concentration of unknown be x% and the intensity of the line i is I When the element is
“added by c% let the intensity be I, then, : : : :

(x/100) =+ (x+c¢)/(100+c) =LA,
.Ifcissmall x =1Ix -
_X+C Ix+c ’

* * From which x can be deduced. - Thrs method, whlch is sometimes: known as sprkmg, is extremely useful for the
determination of srngle elements in very complex matrices since nothing at all need be known about other elements
~ which are present in the sample.In order to obtain reliable results it is necessary that ¢ be of the same order as X
* otherwise the experimental spread in the measurement of I'may influence the slope of the curve, which can lead
_in turn to erroneous values of x. In order to avoid tedious calculations, the actual weight of added substance should
be small compared with the weight of total sample. This is because addition of the amount c to the sample slightly
lowers the original value of x. . This is one of the reasons why the method of spkag is limited to rather low .
concentrations, say below 5%. If the correlation between count rate and concentration is not linear, the actual shape
- of the calibration, line has to be established by repeating the addition, if need be several times. In any event itis
_ best to inake a second addition in order to check the linearity of the calibration curve. Again great care must be
taken to ensure that the particle size and density of the added element is similar to that of the sample:
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Mathematical methods S _ o
The incident X-ray is subjected to absorption and the fluorescent X-ray is subjected to both. absorption and’
enhancement. These can be mathematically modelled if the concentration and physical properties of the element
and its coexisting elements of the matrix are known. For this purpose it is necessary to have similar surface
conditions. density and particle size. : : '

Initially using raw data a calibration curve is established. Since for no absorption and enhancement effects the
calibration curve is linear it is possible to get correction coefficients to relate the two curves. These correction

_ coefficients are used with the unknown sample to estimate its true concentration from the raw intensity value. Mere
emphasis is now made to use this method in the analysis of multi-element matrices, in preference to more time
consuming standard addition and dilution techniques. Mathematical methods will not overcome particle size effects -
so take care with light elements in powder samples. : ’ :

Background substraction - E N o :
Background due to scattered x-rays must be subtracted from a nett peak count for quantitative analysis. Consider

X-ray piqﬁle of a characteristic line as shown in Fig.20..

L1 Assuing that b= b/l in he figure at right, the true peak intensity I can be
S represented by L=L-bL - - |

T ' Theréfore, is ;he,value of his évaiu;ited by proﬁling a standard sample, 't_he
~ > ° " actual intensity can be obtained from the above equation by measuring the X-ray-
IIR b ==~ . intensity of Iy at the point B. .. - - N

2. ‘Overlap Correction =~ - - o
Fig. 20. - Compound - - When two peaks appear closely and partially overlapped, effect of this
, ' overlapping is subtracted. Assuming that k = b/l in the Fig.21 the true peak
intensity I can be expressed by equation; . - - S '
~ Therefore, when k is evaluated by profiling the standard sample, the true -
intensity I after subtraction of the effect of the element B can be obtained by
measuring- the intensity I of the element B. - o

Fig. 21.. Single profile '

Minimum detection limit (MDL) - S - R -

The statistical definition of lower limit of detection has been considered by many workers and is normally defined
‘as that concentration which gives a count rate equivalent to background reading plus twice the standard deviation
of the background. From this it follows that in the presence of a characteristic radiation this assumption will be
incorrect by 5% of cases (95% confidence limit). Where this uncertainty is considered too great a 3o(R,) interval,
© that is a peak count rate of R(B) + 30 (Ry) is used. o ' : ' ’

1t follows from statistics of count rates q(R,,) = V(B/Ty). Hence 36(Ry) = 3 V/(B/T;) cps: which is the nett

minimum detectable intensity. Define the slope factor m as the gradient of the I vs C graph. m is cps per sec.
Hence minimum detection limit is givenby -~ . o ’

'MDL = 3 Vi (B/Tg) % This is also approximately equal to = -

MDL = C,_3V(IB) where I, is the nett count rate

Up-1s) o D
of the peak and I the count rate of the background. . 0 .
S GOOD LUCK AND GOOD ANALYSIS
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