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X-Ray Spectroscopy*

B.1. QUHIGIN OF X-HAY SPECTHA

Keraya wene discovered in 189S by Wilhelm Conrad Rbmigen who neceived the st
Mohel Prize in Physics, awarded in 1901, for his discovery, X-ray absorption, cmission,
and fluorcscence spoctra ane wsed in the qualitative amd quantitative detcrmination of
clements in solid and liguid samples. X-ray absorption is used in the nonde structive evalu-
ation of Haws inobjects, including voids or imemal cracks in metals, cavities inteeth, and
broken bones in humans, a echnigue called radio graphy or X-ray Auoroscopy. This same
fechnigue is used to perform scourity screening of baggage at airpons. A computerized
version of radiography, computcd tomography {CT) scanning or computed axial tomogra-
phy {CAT) scanning, provides a powerful, high-resolution medical diagnostic tool by
giving a 3D cross-scctional image of body tissucs, Diffraction of X-mays by crystalline
maierials, a technique called X-ray crystallography, provides crystal struciure identifi-
cation, aricntation of atomic plancs in matenials, and other physical information about
samples, X-may astronomy Uses cosmic X-rays 1o study the universe and X-ray spec-
trometers have been sent to the moon and Mars 10 study the surface mocks o sing. This
Chapter will focus on X-ray Quorescence apectrometry {(XRF) and X-may diffractometry
(KR, the echnigues of most wse to analytical chemists.

Kerays consist of electromagnetic radiation with a wavelength range from (U005 1o
L0 i {0005 — 100 Al X-rays have shoner wavekengths and higher energy than [V madi-
ation. X-rays ane generated in sewveral ways, such as when a high-speed clectron is
Aopped by a solid ebject or by elecironic iransitions of inner cone elecinons.

81.1. Energy Levels in Atoms

An o atom is composed of a nucleus and clecirons, The elecirons are amanged in shells
around the nucleus with the valence clectrons in the owter shell. The different shells cor-
respond to the different principal quanium numbers of the possible guantum states. The
principal quantum number, g, can kave integral values beginning with 1. The shells anc
mamed starting with the shell closest to the nucleus, which is called the K shell, The K
shell is dhe lowest in energy and comesponds 1o the quantum level with &= 1. The
shells moving out from the nucleus ae named the L shell, M shell, and 50 on alphabeti-
cally, The letters used fior the two lowest shells are historical; K is from the German word

FDecheated] s the memary ol Dr. Ron Jenking, an ouktanding X-ray speciroscopisd, leacher, and
meEnia.
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faerz, meaning shon, Lois from the German word leg, meaning long. An atom is shown
schematically in Fig. . 1a), with @, @, and @, representing the energy of the K, L,
and M shells, eapectively. A pantial list of clements and their electron confi gurations is

given in Table 81, For example, a sodium atom contains filled B and L shells and one
dectron in the M shell,

When an X-ray or a4 fast-moving cloctron collides with an stom, its energy may e
dhaorbed by the stom. IF the X-ray or clociron has sufficient cnergy, it knocks an eleciron
aut of one of the som's inner shells feg., the K shell) and the stom beopmes ionized as
shown in Fig. £.1{b1 An elociron from a higher-cnergy shell {eg., the L-shell) then falls
i the position vacated by the disledged inner electron and an X-ray photon is emitted as
the clectron drops from one energy level to the other [Fig, B.1c)]). The wavelength of this
amitted X-ray is characteristic of the clement being bombanded.

A founh process can alsoe occur, as shownin Fig, & 1d), Instcad of cmitting an X-ray
peoton, the cnergy neleased knocks anelectron out of the M shell, This electnon is called an
Aager electron, This Auger process is the hasis for a sensitive surface analysis technigue.
Auger clectron spocitoscopy and the nelated method of X -ray photos loctron specinoscopy,
hascd on the measurement of the emitted clectron shown in Fig, £ 1), are discussed in
Chapicr 14,

[ wie plot the cnergy levels of the K, L, and M shells for a given clement, we get a
diagram similar to Fig. 8.2, Note that the E shell has only one energy level, while the
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Figure 81 A schenastic stom showing the steps leading 1o the emission of an X-ray photon
) or an Auger electron {di (From lenkins et al., 1981, used wath permm=ion.)
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Table 8.1 Hedron Conligurations of Various Elemenis

K L x| N
Element = I% e 2p s p Al ds dp
H 1 1
He 2 2
Li 3 2 |
Be 4 2 2
i 5 2 2 |
C & 2 2 2
N 7 2 2 3
0 # 2 2 4
F 4 2 2 5
Me 10} 2 2 &
Ma 11 Mexn care {101 |
My 12 2
Al 13 2 1
5i 14 2 2
P 15 2 i
5 16 2 4
Cl 17 2 5
Az 1% 2 &
K 19 Argon care {15) |
Ca 20l 2
5 21 | 2
Ti 22 2 2
W 23 3 2
Cr 24 5 |
Win 25 5 2
Fe 26 & 2
Car 27 7 2
Mi 24 % 2
Cu 29 i |
#n il Cut core (28) 2
(a 3l 2 |
(i 3z 2 2
A 33 2 3
S 34 2 4
Hr 35 2 5
K 36 2 &

higher shells have sublevels within cach shell. I anelectron is disledged from the K shell,
anelectron from an Loor an M shell may replace it The resulting ion emits radiation with
cnergy £ ogual to the energy difference between the clectronic encrgy kevels, such as:
Exemy =, — g (.1}
where @4y & the energy of the clectron in a specific electronic state within the L shell that
“drops™ to the B shell, Similar equations may be written for other transitions, such as

hetween an M shell sublevel and an L oshell sublevel, using the appropriate eneroy of
the electron in the M shell sublevel that drops inte the L shell and 20 on. As owe know
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Figure 8.2 Aomoc energy levels amed symbols used lor some commmen X -ray tramsitioos.  locdilied
From Parsons, 1997, wiedl with permassion.)

from Chapter 2,
E=h=k}A

There fiore, for the X-ray photon released when an Loclectron in a specific sublevel drops
dovwn to fill a vacancy in the K shell,

frw =.F|'IZ'I|II..I. = "t"._ - "t"l'.
Hence the frequency of the emitted X-ray is
—ip
p= "’% .2

The freguency or wavelength for transitions between other sublevels and shells is calou-
lated in the same manner. Transitions ane not possible between all available energy levels.
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A inall forms of spectroacopy, transitions ane govemed by guantum mechanical seleerion
rides. Some transitions ane allowed by these mles while others ane forhbidden. For a brief
discussion of the selection mules, the inenested student should consult the texis by Jenkins
ar Bertin listed in the hibliography.

N-ray cmission lines from eleciron transitions ferminating in the K shell are called
B lincs, lines from transitions terminating in the L shell arecalled L lines, and s0.on. Thene
ang three L levels differing by a small amount of energy and five M levels, These sublevels
ang different guantum states, as shown inFig. #.2; the guantum numbers and states will nod
e discussed in detail. An eleciron that drops from an L shell sublevel tothe B shell cmits a
photen with the encrgy difference between these guantum states. This transition resulis in
a By line. There ane two possible B lines for atoms with atomic number =9 Band Ko,
which originate in different sublevels of the L shell. The K, Incs ae ofien mot resolved,
and only one peak is scen. These lines ane illustrated in Fig, 8.2, The use of a Greek letter
and numerical subscript o identify an X-ray cmission line is called the Sie glafoe notation.
For the purpoacs of this text, the notation is just a “name™ for the peak. An clectron that
drops from an M shell sublevel to the K shell generates a Kg X-ray. There is more than one
K line, but the energy differences are so amall between K g and Kg, that only a single Kg
linc is scen unless a high-resolution spoctrometer is wsed. IF an electron is ejected from an
L shell, an electron from an M shell may fall into its place and emit an X-ray of charac-
ieristic wavelength with encrgy cquivalent to the differemos between the Loand M shell
athlevels, These ane designated as L lines, A number of L lines ae possible, as indicated
by Fig. 8.2, Table £.2 indicates the actual transition that gives rise o sclected X-ray emis-
sigon lines., Elecirons originating inan M aor O shell and falling into the L shell also gencrate
L limes, The energy levels of the K, L, M, and higher shells are charactenstic of the
clement being cxaminod and the sharp emission lines resulting from ¢lectronic transitions
are called eferacrerisie lines o charactenstic radiation. A schematic X-ray cmission
spectimum obtained wnder cenain conditions by bombarding a selid metal, such as
rhodivm or lead or tungsten, with high-cnergy clectrons is shown in Fig. 8.3, The charac-
ieristic lines are shown as sharp peaks on a bread continuweus background. The character-
wtic B X-ray emission lines from some clememts are given in Table 8.3, A mone
comprehensive table of B oand L lines for the elements is found in Appendix 8.1 and in
handboeks swch as the CRC Handbook of Chemistry and Physics and the CRC Handb ook

Table 8.2 Hecdron Tramsilions lor Selected X-Ray Emssion lines

Hiepghahn line Elecran Hephahn line Elecran
ckeignation ramsilion che=i gnation tram=ition
l‘;..l L:|:|:| — K Lﬂ. H:nr b L:|:|
Ka, Ly — K La, Mm — Ly
Ky, My — K Ly, My — L

1y My — K n M, — Lg
K g, My, v+ — K L, Mom — La
l‘:;: Mpm — K L.u. My — Lm
K g, Mp vy — K Mg, Mg — My
I M, — 1,5 LS My — N
J--, My — Lyg

Howm Mot all bres are seen for all elemenss, and many of ge lires are oot resolved
with standerd Xay specmometers Many M o= M, N =« 3, Or=s L, and =« &
mrarstors have oo Seghabn potation aseoc meed widh dwem.



