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Figure 83 X-ray emision spectrum obained by bombanding thodium metal (Rh) with elec-
trams. Bath a broad contmuum (hremessrahling ) amel shanp emms=ion lmes oo rhodinom ane seen.
[Countesy ol ThermaMNogan {www thermoucom).]

of Speciroscopy, Yaol. 1. Mot all X-ray lincs have a Sicgbahn designation, so the [UPAC
aiablished a new identification system Por X-ray lines in 1991, Appendix #.1 contains a
list of the Sicghahn notation for lines and the IUPAC designation for these lines.

The wavelengths of the charactenistic lines depend only on the clement, because
the inner clectrons &o not take part in bonding. Thenefore, the lines ane inde pondent of
aidation state, bonding, and physical state, making the wse of the characternstic lines
an efemennal malysis tochnigue. Mo molecular information is obtained from these lines.

The broad continuous ' hackground™ cmission of X-radiation scenin Fig, £.3 is duc
i a sccond process that eccurs when high-cnergy clecirons strike a solid metal. The con-
tinuwous radiation results from the collision of electrons with the stoms of the selid. At each

Table 8.3 Wavelengths ol Ahsorptaom Edges and Charactenistic
Emmsion Lines ol Varnious Elemenis
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oollision, the clectron loses some energy, and decelerates with the production of an X-ray
photen, The cnergy of the photon is equal tothe kinetic energy difference of the electron as
arcsult of the collision. Each clectron generally undergoes a serics of collisions with cach
collision resulting in a photon of slightly different cnergy. The sult of these many
collisions is cmission of a continuum of X-rays over a wide wavelength range. This con-
tinuwous radiation is called Bremssrraldion g or white radiarion.

Whenall the cnergy of the impinging clecirons is tumed into X-rays, as would eccur
if the electrons transfemed all their cnergy in one collision, the wavelength of the emitted
photons is the shonest attainable. This is termed the minimum A or A, . The radiation
with the highest cnergy {and thercfore the shonest wavelength) is deduced as follows.
When all the encrgy of the clectrons is converted to radiant encrgy, then the encrgy of
the clectrons equals the energy of the madiation. The energy of the radiation is given by
E = kv, whereas the cnergy of the clecinons is given by E = ¢V, When they ane equal,
Fiv = &V, where ¢ is the charge of the clectron; V, the applied valtage; and w, the frequency
of the radiation. But:
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where ¢ i the apeed of light and A 5 the wavelength of radiation. There fore,
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When all the energy of the clectron is converted to x-radiation, the wavelength of the
mdiation is a minimum and we achicve minimum A conditions:
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[nsenting the values for f, o, and &, which ane constants, we have the Duane —Hunt Law,
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where fe B Planck's constand; o, the spoed of light; e, the charge of an clectron; 1,
ithe applicd voltage {in volis), and A, the shonest wavelength of X-rays radisted {in
angsiroms). The continuum radiation spectrum from a solid metal thenefore has a well-
de fined sheort wave length limit, This limit is a function of the accelerating voltage, but
mot of the solid metal. The same Age would be ohtained by bombardment of kead or tung-
Acn or thadium at the same acoelerating voltage.

The Duane —Hunt Law gives the conversion factor between cnergy and wavelength.
Mest X-ray systems express wavelength in angstroms and cnergy in ke, To convert
hetwoen these units, Eqg. (86) gives:
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An X-ray emission spectrum is similar for all elements, in that K, Kg, L, and Lg lines
may be seen, if the clement pesscsses cnough elecirons to populate the appropriate
kvels. Howewver, the actual wavelengths of these lines vary from one clememt o
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anacther, depending on the afesue merber of the panticular clement. A mathematical
Elationship was discovened between the wavelengths of the K scries and the atomic
numhber of the clement, and similar relationships were found fior the L lines, and others.

B81.2. Maoseley's Law

Henry Moseley, o young graduate student working at Cambridge, TUE, in 1913, discovened
the relationship between wavelength for charactenstic X-ray lines and atomic number.
After recording the X-ray specima from numerous clements in the periodic tahble, he
dedweed the mathe matical relationship between the atomic number of the element and
the wavelengih of the K, line. A similar relationship was found between the atomic
number and the Kg line, the Ly line, and 50 on. The relationships were formulated in
Muoseley's Law, which states that

O - {i. )

where ¢ i the apeed of light; A, the wavelength of the X-may; a, a constant for a particular
serics of lines {eg., Ko L, lines): Z the atomic number of the clement; and o, 4 screcning
constant that accounts For the repulsion of othor clectrons in the atom. A partial Moseley 's
Law plot fior the K, Kg., L. and Lg emission lines is shown in Fig. £4. Shonly after this
monumental disoovery, Moscley was Killed in action in World War [ The impact of
Mescley's Law on che mistry was substantial, inthat it provided a method of wne guivecal ly
smaigning an atomic number to newly discovered clements, of which there wene sevieral at
theat time. In addition, it clanfied disputes conceming the positions of all known clements
inthee pericdic table, some of which wene still indoubdt inthe carly pan of the 20th century.

8.1.2. X-Ray Methods

Thene are sevieral distinct Aelds of X-ray analysis used in analytical chemistry and matcrials
dharacterization; name |y, X-ray absorption, X-ray diffraction, X-ray Auworcscence, and X-ray
anission. X-ray cmission is gencrally wsed for microanalysis, with cither an clectron
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Figure 8.4 Parial Moseley's Law plots for seleded K and L lines, showing the relatonship
hetwizen the M-ray emassion wavelngth and stomae nunsher al e element. Using ths relstonship
# was possible to predicl und scoveresd elemems and to commect]y asipn somac numbers 0 known
elements. (From Helsen and Kucmmoaw, 2nd e, used wath permossion.)
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mucroprhe {Chapter 14) or a scanning clectron microscope. The hasic principles of cach
are described below,

R4 The X-ray Absorprion Process

The absrption spectrum ohiained whon a beam of X-rays is passed through a thin sample
af a pure metal is depicted in Fig. 8.5, As is the case with ather forms of radiation, some of
the intensity of the incident beam may be absorhed by the sample while the remainder is
transmitted. We can write & Beer's Law expression for the absoaption of X-ravs by a
thin sample!

RA) = BA)e Pem {89

wherne §A)is the tranamitted intensity at wavelength A f{A) the incident intensity ai
the same wavelength; g, the mass absorption cmeefficient {in cmifg]: o, the density
of the sample {in g,-’cm“]: and x, the sample thickness (in cm). The mass absonption oee ffi-
cient is 4 constant fora given element at a given wave length and is inde pendent of both the
chemical and physical state of the clement. Tables of mass absorption cocfficiems can
b fpund in the text by Bertin or in handbooks listed in the hibliography .

OF course, most samples do pot consist of a single pure clement. The total mass
absorption cocficicn for a sample can be calculated by adding the product of the individ-
ual mass absorption cocfficiens for cach element times the weight fraction of the ¢lement
prescmt in the sample. That is, for a metal alloy like steel,

et = Wi e + Woiey + Woa g + - - (8.100

where wg, is the weight fraction of iron and pg. B the mass absorption cocfficient for
pure iron, wioe is the weight fraction of cheomivm, and o0 on for all the clements in the
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Figure 8.5 The X-ray atsonplion spectrum ol a pune metal. Langer wavelengths ane mone nexlily
ahzarhed than shoner wavelmpths The ahsarplion spectrum is characterized by abzorplion edges,
winch are abrupl Increases in atsonplion A energies sullicient to gjed an eledron Irom ane of the
darmc shells. The K ahsorption sdge acours &l an energy sullicient o gject an eleciran Irom the
K shell ol the given metal.
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mucroprhe {Chapter [4) or a scanning clectron microscope. The hasic principles of cach
are described below.

K14 The X-ray Absorprion Process

The absorption spectrum shinined whon a beam of X-rays is passed through a thin sample
af a pure metal is depicted in Fig. 8.5, As is the case with ather forms of radiation, some of
the intensity of the incident beam may be absorhed by the sample while the remainder is
transmitted. We can write & Beer's Law expression for the absoaption of X-ravs by a
thin sample!

RA) = BA)e Pem {89

where A0 is the iranamitted intensity at wavelengih A §{A) the incident intensity ai
the same wavelength; g, the mass absorption coefficient {in cmifg]: o, the density
of the sample {in gjn’cm"']: and x, the sample thickness {in cm). The mass absooption oee ffi-
ciemt is 8 constant fora given element at a given wave length and is inde pendent of both the
chemical and physical state of the clement. Tables of mass absorption cocfficiens can
b fipund in the text by Bertin or in handboeks listed in the hibliography .

OF course, most samples do ot consist of a single pure clement. The total mass
absorption cocficicn for a sample can be calculated by adding the product of the individ-
ual mass absoaption cocfficiems for cach element times the weight fraction of the ¢lement
prescmd in the sample. That is, for a metal alloy like steel,

e = W fipe + Wik jioe + Waajisg + - (8.10)

where wg, is the weight fraction of iron and peg. & the mass abserption cocfficient for
pure iron, wioe is the weight fraction of chromivm, and o on for all the elements in the
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Figure 8.5 The X-ray atsonplion spectrum ol a pune metal. Longer wavelengths ane mone nexdily
ahzarhed than shoner wavelmpths The absarplion spectrum is characterized by abzorplion edges,
which are aftrupl increasies in ahsorplion A energies sullicient lo gjed an elediron Irom ane of the
darmac shells. The K ahsorption edge aoours # an energy sullicient o gject an eleciron Irom the
K shell ol the piven metal.



