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Aloy. For accurate quantitative work, the ssivs amemetion coeficienr & used in place of
the mass absorption cocfhicient. The mass attenuation cocfhcient takes into account both
ahsorption and scattering of X-rays by the sample.

The amount of light absorbed increases as the wavelength increases. This is
repspnable since longer wavelengths have less energy and & less energetic photon has
bess Mpenctrating power” and is more likely to be absorbed. Only a fow absoaption peaks
are seem in an X-ray absorption spectrum, but there is a very distinet feature in these
specira. An abmpt change in absorptivity or the mass abspoption coefficient) oocurs at
the wavelength of the X-ray necessary wo cject an electron from an atem. These abrwpd
changes in X-ray absorpiivity ane termed dﬂi:tjﬂ'lm'! edges. Looking at Fig. 85, it can he
soen that radiation with a wavelength of LR A has a conain percent absoaption value., As
the wavelength of the X-ray decreases, is energy incroases, its pencirating power increascs,
and the percent absorption decreases. This can be seen by the downward slope of the absonp-
tipn trace, maving tothe lefi along the v-axis from a wavelength of 18 A Asthe wiavelength
docreases Funther, the X-ray eventually has sufficient cnergy 1o displace electrons from the
E. shell. This resulis in an abrupt decrecse in abseoption. This is manifested by the
K absorption edge. Afier the absorption edge, the penctrating poower continuwes o inene ase
as the wavelength decreases funther until finally the d:‘g:n:cinl'absmp!bn is e xfremely small
at wiery amall wavelengths, At wavelengths less than 02 A, penctrating power is exiremely
grcat and we arc approaching the properics of interstellar radiation such as cosmic rays,
which have cxtremely high pencirating power. Wavelengths shorter than the K absomption
cdpe have sufficien encrgy 1o cject K clectrons; the bombarded sample will cxhibit both
continuum radiation and the charactenstic K lines for the sample. This prsccss is called
AEF and will be discussed in detail. Wavelengths just slightly longer than the K absorption
cdpe do ot have enough encrey o displace K clectrons. The absorption spectmm is umigue
for cach clement; pontions of the absorption spectmm showing the position of the K absonp-
tion cdge For several pure elements ane shown in Fig, £46.

Amther way of leoking at X -ray absorption is to plot the mass absomption cocfiicien
a5 a function of wavelength or cenergy. For a thin sample of pure metal and a constant
incident intensity, Eq. (£.9) indicates that if the percent absomplion changes & & function
of wavelength, it must be that g, changes. A plot of g, va. X-ray cnergy for the element
bead is shown in Fig. 8.7, The K, L, and M ahsooption edges are seen.

The wavelengths of the absooption edges and of the comesponding emission lines do
nod quite coincide. This is bocause the energy required to dislodge an electron from an
atom {the absorplion edge cnergy) is not guite the same as the energy released when the
disledged electron is replaced by an eleciron from an ouwter shell {emitted X-ray energy).
The amount of cnergy reguired to displace the clectron must disledge it from its orbital
and remove it completely from the atom This is mone than the energy released by an
dectron in an atom falling from ene energy level to another. A few absorption edge
wvalues are given in Table 83, Figune £5 shows that the energy of the K absorption edge
i greater than the energy of the K cmission lines, As opposed o cmission specira, only
ane K absoaption edge is seen per element, since there is only one energy level inothe K
shell, Three absorption cdges of diffcrent cnergics ae observed fior the L levels, fve fior
the M levels, and 5o ong these can be soen in Fig, 87, A comprechensivie table of absomption
cdge wavelengths is locatod in Appendix 8.2

RI32 The X-rav Fluorescence (XEF) Frocess

-rays canbe emitted from a sample by bombanding it with clectrons or with ether X-rays.
When electrong ane il A the cxcitation smomee . the process s called Xomy emiszion
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Figure §.6 Enerpics of the K ahsorplon edge e several pure clements, [Cowtesy ol ORTED
{Ametek) (www arec-anlinecom From lenkins ef al, 1951, used vath permuosixm.|

This is the hasis of X-ray microanalysis uwsing an clectron microprobe (Chapter 14) or a
scanning electron microacope. When the excitation source is 4 beam of X-rays, the
process of X-ray emission s called Awerescence. This is analegous to molecular
fluorescence discussed in Chapler 5 and atomic Aworescence discussed in Chapter 7,
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Figure 8.7 The mass ahsoption coellicent lor Ph as a [unction of energy. The K, L, and M
dhvorption edges are seen. [Couresy ol DRTED (Ametek) (wwwamec-onlinecom) From Jenkins
el al, 1981, used with permission.]
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hecause the wavelength of excitation is shorer than the emitted wave lengiths. The boam of
cxciting X-rays is called the primary beam; the X-rays emitted from the sample ane called
gy X-rays, The wse of an X-ray spurce 1o produce secondary X-rays from a sample
s the basis of XEF spectroscopy. The primary X-ray beam must have a A that is shorter
than the absorption edge of the element to be excited.

RiA3 The Xe-ray Diffraciion { XRD | Process

Crystals consist of aems, ions or molecules amanged in a egular, repeating 30 pattem,
c@lled a crystal lattice. This knowledge came from the pioncenng work of Geman physi-
cist Max von Lawe and the British physicists, W.H. Brage and W.L. Bragg. Max von Laue
demonstrated in 1912 that a crystal would difftact X-rays, just as a mled grating will dif-
fract light of a wavelength close tothe distanc e between the nuled lines onothe grating. The
Bt that diffraction eccurs indicates that the atoms are aranged in an onde red pattern, with
the apacing between the plancs of atoms on the order of shon wavelength ¢lectroma gnetic
mdiation in the X-ray region. The diffraction patiem could be used o measure the atomic
spacing incrystals allowing the detemuination of the exact amangement in the crystal, the
arvared sirwenire. The Brages wsed von Laue's discovery o determine the amangement of
atoms in several crystals and to develop a simple 20 mode] to explain XRD.

[fthe spacing between the planes of atoms is about the same ss the wavelength of the
mdiation, an impinging beam of X-rays is refected at cach layer inthe crystal, as shown in
Fig. &8, Assume that the X-mays falling on the crystal are paralle]l waves that strike the
cryatal surface at angle & That is, the waves O and OF are in phase with cach other and
einforce cach other. In order for the waves to emerge as a reflocted boam afier scatiering
from atoms at points [ and B, they must still be in phase withcach other, that is, waves Y
and X must still be paralle] and coherent. IF the waves are completely out of phase, their
amplitudes cancel ecach other, they are said to imerore destructively, and no beam
cmerges. In onder to get reinforcement, it is necessary that the two waves stay in phasc
with cach other afier difftaction at the coystal plancs.

[t can b scen in Fig, 88 that the lower wave travels an exira distance AB + BC
comparcd with the upper wave. IFf AB + BC is a whole number of wave lengths, the emer-
ging beams Y and X owill remain in phase and reinforcement will take place. From this
deduction, we can cakulate the relationship between the wavelengths of X-radiation,
e distance o botweoen the lattice plancs, and the angle at which a difiracicd beam can
cmerge. We cmploy the following dernivation.

Crystal plane

Figure 8.8 [illractiom of X-rays by crystal planes.
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X-ray waves O and O are parallel. The extra distance traveled by wave O in
traveling through the crystal is AB + BC. For diffraction to gocur it is necessarny that
this distance be a whole number of wavelengths, s that is,

distance AB + B =nd {£.10
bt

AR+ BC =2AB (E.12)
and

AR =DB sin # (E.13)

where ¢ is the angle of incidence of the X-ray beam with the crystal; there fore
AB =dsind (8. 14)

where o is the distance between the crystal planes, called the interplanar distance. {Mote
from Fig. 8.8 that o = DE).
Theere fipre

AR+ BC =nd = 2AB = 2dsind

A = 2l sin (8.15)

The cquation A = 2 sin & 5 known as the Bragg equation. The impontant result of this
cquation is that at any panicular angle of incidence &, only X-rays of a paricular wawve-
kength fulfill the requirement of staying in phase and being reinforced, and are therne fone
diffracted by the crystal. Diffraction of X-rays by crystals forms the basis of XED fior
crystal structure determination and is also the reason XREF apectrometny is possible, as
will ke seen.

8.2. INSTRUMENTATION

[nstrume ntation for X-ray spocitometry requines a source, a wavelength for cnergy) sclec-
tor, a detectorn, collimators, and filters. The component pars of the instrument ane similar
for XEF, XED, and the other ficlds, but the optical system varies for cach one. For
cxample, in XRF spoctrometry, cither the cnergics or wavelengths of emitted X-rays
are measuned 1o characterize the clements emitting them. In the wenelengrhi-lispe rsive
saondle of amealysis (WDXNRF), a dispersing device separates X-rays of differing wavelength
by deflecting them at different angles propontional to their wavelength, In the spergy-
dispersive mode (EDXRF), there is no dispesing device, and a detector measures and
eoords the energics of cach individual detected X-ray photon.

The low cnergy X-rays emitted by elements with atomic numhbers less than sodium
{£ < 11} ane casily shaorbed by air. Thenefore mest X-rmy sysicms operate either under
vacuum or purged with helium. The entire specirometer, including the source, sample,
optics, and most detectors ane within the vacuum fpurge chamber. Liguid samples cannot
be analyaed under vacuum, 20 moest systems permit the analyst o switch from a vacuum
1o a helium purge as needed, wsually in less than 2 min,

Commerncial X-ray spectrometers may be cquipped with sutomatic sample changers
fior unattended analysis of multiple samples. Computer-comtrolled spectrometers permit
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the idemtification of the position of liguid samples in the sample changer, and auto-
mutically switch tooa helium purge to aveid exposing the liguid samples to vacuum.

B8.2.1. X-Ray Source
Theee commaon methods of generating X-rays for analytical use in the laboratony ane:

[. Use of a beam of high-cnergy elecitons to produce 8 broad band covirioen of
H-radiation resulting from their deceleration upon impact with a metal target as
well as clement-specific X-ray fne mdistion by cjocting inner core clecirons
from the target metal atoms, This is the basis of the X-my tube, the most
common source used in XRED and XREF.

[ag of an X-ray beam of sufficient cnergy {ithe primany beam) tocjoct inner cone
clecirons from a sample to produce a secondary X-ray beam (XEF).

3. Use of a radicactive isetope which emits very high energy X-rays {also called

gamma radiation) in its docay procoss.

(B

A founh methed of producing X-rays cmploys a massive, high-cnergy panticle aocclermior
called a synchrotron. These are available at only a fow locations around the world, such
& the Brookhaven Mational Laboratony or the Stanford Accelerator Center in the 175, and
are shared facilitics servicing a large number of clicnts, X-rays may be generated when
alpha particles or other heavy particles bombard a sample; this technigue is called
particle-induccd X-ray cmission {PIXNE) and roquires a suitable accelerator facility. The
we of an eleciron beam to gonerate X-rays from a micrescopic sample as well as an
image of the sample surface is the hasis of X -ray microaal ysis using an e lectnon mic ropnobe
OF scanning clecron micrmseopy.

These different X-ray sources may produce cither broad band {continuum) cmission
o narmow line cmission, of both simultaneously, depending on how the source is operated.
Figure .3 displays the simultancous generstion of both a bread continuum of X-ray
cnergics with element-specific lines superposcd wpon it, obtained by bombarding
rhodivm metal with electrons in an X-ray tube.

AXid. The X-ray Tube

Aschematic X-ray tube is depicted in Fig, 8.9, The X-ray tube consists of an evacuated
glass envelope containing a wire filament cathode and a pure metal anode. A thin bernyl-
lium window sealed in the glass envelope allows X-rays tocxit the tube. The glass envel-
ope is cncased in lead shielding and a heavy steel jacket with an ope ning over the window,
1o protect the tube. When a cathaode {a negatively charged electnmde ) inothe form of a metal

wire is electrically heated by the passage of cument, it gives off electrons, a process called
the rmuionic emission. If a positively charged metallic ¢lectrode fcalled an anode) is placed
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Figure 8.9 Schenslic dmgram ol an X-ray tube.



