X-ray Energy Spectroscopy (XES).

X-ray fluorescence as an analytical
tool for element analysis is based on 3
fundamental parameters:
A. Specificity: In determining an x-ray emis-
sion energy E — certainty of presence
of element A
B. Sensitivity: Given the presence of
element A — what is the concentration of A.
C. Detection limit: The smallest amount or
concentration that may be ascertained.



Characteristic emission, X-ray

fluorescence
a) Simplified image of the atom as a spherical

shell structure (the N. Bohr model, Fig.1)
electrons occupy shells labeled K(n=1), L(n=2)

M(n=3), N(n=5), O(n=06) etc.; n-principal
quantum number

b) Each electron shell has specific binding
energy of the electron: K., L, etc. - absorption

edge, the minimum energy required to lift an
electron free. Characteristic energy (b.e.) < Z



Cont. of XES

c) Fluorescencs, or the generation of secondary radiation from an atom after
removal of an electron out of its shell — excitation of the atom — emission
of electromagnetic radiation Ey = E - E_where i and f are the initial and final

energies of the elektron undergoing the transition.
This aspect forms the basis for x-ray energy spectroscopy .

source

sample

Pb

Schematic representation of radioisotope excitation system with direct irradiator



Four basic quantum numbers:

The first, n, describes the electron shell, or energy level. The value of ranges
from 1 to "n", where "n" is the shell containing the outermost electron of that
atom. For example, in cesium (Cs), the outermost valence electron is in the
shell with energy level 6, so an electron in cesium can have an value from 1
to 6.

The second, |, describes the subshell (0 = s orbital, 1 = p orbital, 2 =d
orbital, 3 = f orbital, etc.). The value of | ranges from 0 to n-1. This is
because the first p orbital (I=1) appears in the second electron shell (n=2),
the first d orbital (I=2) appears in the third shell (n=3), and so on. A quantum
number beginning in 3,0,... describes an electron in the s orbital of the third
electron shell of an atom.

The third, m, describes the specific orbital within that subshell. The values
m range from -l to |. The s subshell (I=0) contain only one orbital, and
therefore the m of an electron in an s subshell will always be 0. The p

subshell (I=1) contains three orbitals, so the m of an electron in a p subshell
will be -1, 0, or 1. The d subshell: 5 orbitals etc..

The fourth, m, describes the spin of the electron within that orbital. Because

an orbital never contains more than two electrons, m_ will be either 2 or
-¥2 , corresponding with "spin" and "opposite spin".


http://en.wikipedia.org/wiki/Electron_shell
http://en.wikipedia.org/wiki/Cesium
http://en.wikipedia.org/wiki/Valence_%28chemistry%29
http://en.wikipedia.org/wiki/Electron_shell#Subshells
http://en.wikipedia.org/wiki/Electron_orbital
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Atomic model, showing electron transitions that may follow electron vacancies.



Characteristic X-ray transitions

« K-series * L-series

* Ka1 =K-L, * Lm =I‘||| _Mv
.Ka2=K-L” 'La2=L|||_M|v
.KB1=K_M/// 'LB1=L|| _M|v
'KB3 =K-M,

K, =K-M

L1



Radiationless transitions, the Auger effect, the
Fluerescence Yield, some complications ..

, This is an internal atomic process that reduces the characteristic x-ray output or yield relative to predictions from
photoelectnc (p-€e) cross sections.

. If a K-shell vacancy has been created the x-ray photon that follows is energetic enough to create vacancies by ejecting

" electrons from higher shells in the same atom (next Fig). In this case, 2 vacancies are created in the L-shell, as secondary
internal p-e absorption ejects an L electron — known as an Auger electron. Barring subsequent Auger processes in still
higher shells, the net result will only be the emission of L and M x-rays.

. This competitive effect to characteristic x-ray emission introduces a factor termed fluorescence yield w , which may be
" defined as the ratio of emitted x- rays to the number of primary vacancies created. It is a function both of atomic number,
and of the location (shell) of initial vacancy.

. Another complication of XES spectra is Elastic Scattering — process where photons of the fluorescing radiation are

" scattered by atomic electrons that are so tightly bound to the atom that no ionization or excitation is possible. The collision
is, therefore, effectively with the atom as an entity — with no energy loss ! The Z dependence of elastic scatter is
approximately as Z2 in the region of interest for XES analysis.

. The importance of the inelastic sctatter to the practical analysis is connected to the appearance
of sctattered photons of lower energy than the incident photon beam (well separated for e.g. *'Am
when the ~60 keV elastic and ~49 keV inelastic scattering are clearly visible, see Fig.17)



The Escape Peak — another effect related to the
detector efficiency

* The energy transfer in the detector is in part
through photo-electric absorption, creating Si or
Ge x-rays which are being reabsorbed.

» Siescape energy is E-1.74 keV
. Ge more serious problem E-9.97(K )



Two L-shell vacancies with
Subsequent L x-ray emission
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Schematic representation of the Auger Effect KLL



Lor electron yield

Auger
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Fluorescence and Auger electron yields as a function of atomic number for K shell
vacancies. Auger transitions (red curve) are more probable for lighter elements, while X-
ray yield (dotted blue curve) becomes dominant at higher atomic numbers. Similar plots
can be obtained for L and M shell transitions.



Example:

Nd — 182, 2p°2s? 3d"°3p°3s?, 4f“4d"4p°4s?

2(21+1)

2 fors;
6 forp;
10 for d;
14 for f;

WwWnN -~0O



There are at least 4 modes through which electromagnetic
radiations interact with atom: i.e., photoelectric absorption,
Compton scattering (inelastic scattering), elastic scattering
and pair production.

Photoelectric (PE) absorplion of x-rays occurs when the x-ray pheton 1§ absored, resuling in the
ajection of electrons from the outer shell of the atom, and hence the ionization of the atom,
subsequently, the onized atom returns to the neutral state with the emission of an x-ray characteristic
of the atom. This subsequent emission of lower enerpy photons i5 penerally absorbed and does not
contribute to {or hinder) the image making process. Photoelectron absorption is the dominant process

for %-ray absorption up to energies of ahgut 500 KeV. Phatoelectron absorption is also dominant for
alenns ol high alomic numbers,
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Compton seatteriug (C} ccars whon the noidont -y phofon i defleetod from s orpinal pah
'h‘1 an intiraction vith an cleetron. The clectron gains o gy i i ejected (rom is oebial
positien. The v:ray photon loses energy doe Lo (he mteraction but continues fo travel thr ugh the
materia along an altered palh. Since e sca e - tay pholon b less enenay, 1, herefore, has
luugc[ wcn.uvth han the meident plm on, he cyvent s also know as incoberent sattering
Decauise the phofon cnorey EhﬂllLE: esulflng Trom an (nfesaction 1§ not always mdcrlz il
mxmistanf. The encrpy st depends on the anale of scarter ing and not o e nature ofthe
sealcring midium '

Incidenit Photon
-

Compton-Incoherent or Inelastic 0 ~ Z (compton escape continuum -detector effect)



Pair producinz {PP) can ocour when the x-tay phiofon cncrey 1 ereaterthan 102 MoV, but really
ol beeomics sigai ieantal nergics around 10 M. Paie production oceuss shen an electron and
postren arc excated wilh e ammlnlgton of the x-ray photon. Posttrons arc very sharl Ived and
dsappear (positron anm afon) with he lormaion of o pholoms of 0,31 MgV enerey, Pan
nroduction 15 of pantctlar importnce when Buek-eneriy pliotons pass fhrough materials of a hugl
atoc mumber
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Elastic scattering of y-rays and X-rays by atoms

Thomsen scattering (R}, also known as Ravlciph, coherent, or classical scattering, accurs whon

i -y photon n
nlemal engrgy 1o 1
[hin a mimgr gontm

prrgy, seattorng |

E T

cracls vith the whole atom g0 (hat
1e seallerme atom, nor Lo e x-ay

‘icdent Photon

puler Lo the abserpbion cozlicienl,
s matnly 1n the forward dircefion.

b

e photon is seatlcred vl no changg

thotan. Thomson scatlemy 15 never more

The scallermg oceurs wilhoul the loss of
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Typical scattering spectrum of 59.9 keV photons by the Au target through ~ 130°.
Most intensive K and L X-ray energies of Au element are marked.
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