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X-rays

w18851895 Wm. Crookes sought unsuccessfully
the cause of repeated fogging of photographic
plates stored near his cathode ray tubes.

wX-raaysdiscovered in 1895 by Roentgen, using
~40keVelectrons (1st Nobel Prize in Physics
1901)

1909 Barkla and Sadler discovered characteristic
X-rays, In studying fluorescence spectra (though
Barkla incorrectly understood origin) (Barkla got
1917 Nobel Prize)

w1909 Kaye excited pure element spectra by
electron bombardment

Dr. A. Sedghi



w1912 von Laue, Friedrich and Knipping observayXiffraction (Nobel Prize to
von Laue in 1914)

0191213 Beatty demonstrated that electrons directly produced 2 radiations: (a)
independent radiation, Bremsstrahlung, and (b) characteristic radiation only
when the electrons had high enough energy

w1913 WH + WL Bragg builday spectrometer, using NaCl to resolve Rays.
N}y 33aQ [gd 6b2060SEt tNRAIS mdbmpO
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w1913 Moseley constructed anray spectrometer covering
Zn to Ca (later to Al), using amay tube with changeable
targets, a potassiurferrocyanidecrystal, slits and
photographic plates

w1914, figure at right is the first electron probe analysis of a
manmade alloy

Dr. A. Sedghi



AUsing wavelengths,
Moseley developed the
concept of atomic
number and how z
elements were arranged

In the penodiedable. i 4t wavelength of

characteristic Xays varied systematically
Ac k SINYEISEIVE MIINAIRICUMBE ¢ ¢ 58 Ay ¢ donNg -

accomplished (he was only 27 when he died), his death might well have been the
Y2adg Oz2adfte aay3atS RSIFIGK 2F GKS g1 NJ 0

(Biographical Encyclopedia of Science &Technology).
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w1916 Manne Siegbahn and W. Stenstrom observe emission satellite lines
(Nobel to first in 1924)

w1923 Arthur Compton discovered effect relating direction taken Jogyxand
electron after collision, with the energy of collision

w1923 Manne Siegbahn publish@&tle Spectroscopy ofrAysin which he
shows that the Bragg equation must be revised to take refraction into account,
YR KS flea 2dzi GKSrayg { AS3Iol Ky y2il u)\zye

1931 Johann developed bent crystal spectrometer (higher efficiency)
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wX-rays are considered both particles and waves,
l.e., consisting of small packets of
electromagnetic waves, or photons.

wX-rays produced by accelerating HV electrons in
a vacuum and colliding them with a target.

ol he resulting spectrum contains (1) continuous
backgroundBremsstrahlun@f a g K-NIi&a € 0> 0
occurrence of sharp lines (characteristicaxs),

and (3) a cutoff of continuum at a short
wavelength.

wX-rays have no mass, no charge (vs. electrons)
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1. Xrays cause many materials to fluoresce besides the original BaPbCN coating
observed by Roentgen.

2. Xxrays affect photographic emulsions.

3. When exposed to-Kys, electrified objects lose charge.

4. Some materials transparent terys

5. Xxrays collimated by pinholes, showing they travel in straight lines.

6. xrays not deflected by magnetic fields, and so are not streams of charged
particles.
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7. Xrays produced by beams of high energy cathode rays striking objegts.

8. Heavy elements more efficient producers af}{s compared to light
elements.

9. Reflection and refraction offdys (bending of rays at interface) not
observed (but later they were found to exist in small degrees.)




Wilhelm Comnaad
Ri

Entdeckung
der Rontgenstrahlen

\ Erstausgabe 9.3.95/

53111

Wilhelm Conrad Rontgen discovered theays in1895 In
1901 he was honoured with the Nobel prize for physics. In

1995 the German Federal Mail edited a stamp dedicated to
W. C. Rontgen.
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Electromagnetic Spectrum
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The usable ranue of X-ray wavele

a small part of the 101a] range

Part of the electreomapnetic specirum. N
ngths for x-ray diffraction studies is betwween 0.05

ol x-ray wavelengths).

Dr. A. Sedghi

ote that the boundaries between regions are arbitrary.

and 0,25 nm {fonly



Between the' -rays and
ultraviolet (UV) in the

electromagnetic spectrum.
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Each quantum of of electromagnetic radiation or photon has
energy,Ewhich is proportional to its frequencyj :

The useful range of wavelength foray diffraction studies is
between 0.05 and 0.25 nm.

* Interatomic spacings in crystals are typically about 0.2 nm
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When e loses all its energy in a single collision with a target at
X-rays photon with maximum energy or shortest wavelength is
produced -

2 KSY Iy S Kla adzFFAOASY (O SyS
be In the xcited state with vacancy in the inner shell
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I » PBasics

=
nucleus K
ejected K shell
(o] ® clectron
@ scattered incident

electron

hole in K shell

X-ray

¥T—hole in L shell
incident
electron (a) (c)

FIG. 5. Hustration of the process of inner-shell ionization and the subsequent emission of a
characteristic x-ray: (a) an incident electron ejects a K shell electron from an atom, (b) leaving a hole
in the K shell; {c) electron rearrangement occurs, resulting in the emission of an x-ray photon.
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An e from an outer shell will fill up the vacancy

Energy equals to the differenge
In the e energy levels will b
released in d form of-ray

photon. This is characteristic of the targe
metal producing a sharp peaks |
the spectrumcknown as

It IS this characteristic that are most useful in XRD
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X-ray
Sources
okEnd Window XRay Tubes
obide Window XRay Tubes

cRadioisotopes
«Other Sources

¢Scanning Electron Microscopes
¢Synchrotrons
¢Positron and other particle beams
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End Window »Ray Tube

X-ray Tubes

Voltage determines which elements can be excit
AT O More power = lower detection limits

2 5777775 Se-window Anode selection determines optimal source
-’-‘-’-’-:'-lé\//f excitation (application specific).

Secondary Electrons
Primary Electron Beam

Filament (Neg. Potential)
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Side Window >Ray Tube

Be Window

Target (Ti, Ag, HV Lead
Rh, etc.)

Glass Envelope

Electron beam

Filament

Silicone Insulation
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Radioisotopes

Isotope Fe55 Cm244  Cdl109 Am-241  Co57

Energy (keV) 5.9 14.3, 22, 88 59.5 122
18.3

Elements (K Al¢V TiBr FeMo RUuEr Ba- U

lines)

Elements (L Br-| I- Pb Yb-Pu None none

lines)

U While isotopes have fallen out of favor they are still useful for
many gauging applications.
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Other Sources

Several other radiation sources are capable of exciting material to
produce xray fluorescence suitable for material analysis.

U Scanning Electron Microscopes (SEq\Electron beams excite the

sample and produceN) ¢ ad al yeé {9aQa I NB Sl dza Ll
detector for performing elemental analysis

U Synchotrons These bright light sources are suitable for research and

very sophisticated XRF analysis.

U Positrons and other Particle BeangsAll high energy particles beams

lonize materials such that they give offrays. PIXE is the most common

particle beam technique after SEM.
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Generating Xays

X-ray sources often produce both continuous and
discontinuous (line) spectra.

Both are of use in analysis.



X-ray Generation

Cu target
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e— X—ray
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Conventional sources of radiation

High voltage
filament

A e acceleration X-
rays.

A Conventional source:
e~ from filament.

A Accelerated from
cathode- anod
target where stopped.

[~ | Vacuum

/ Be window

X-rays

Copper target

Water cooling \




X-ray Tube

Cooling
water X-rays are generated by

directing an electron beam
on to a cooled metal
target. Beryllium is
transparent to X-rays (on
account of the small
| number of electrons in
X-rays each atom) and is used for
4| Bendium  the windows.

window
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| o Basics

water-cooled anode

: 51/ Be window

x-rays

X-rays

vacuum cathode assembly

water in water out

ceramic insulator

FIG. 2. Schematic showing the essential components of a modem x-ray tube. Beryllium is used for
the window because it is highly transparent to x-rays.
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The e are accelerated at hig
velocity towards the anode
(water-cooled)
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Reactions In thé)etector

A Photoelectric: total incoming x ray energy converted
to detector signal

A Compton Scatter: partial incoming x ray energy
converted to detector signal

A Sum peaks: 2 or more x rays converted to signal
simultaneously

A Edge effect: part of x ray energy lost out the side of
the detector

A Silicon escape peak:part of energy loss to Si
fluorescence

A Interaction in detector transition zones
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White radiation

A Decelerationy X-ray emission

A Emax: mmax: eV
irc=l n |_,,=hcleV=12398/V
i For 30 kV, min ~ 0.4 A.

A Often several steps with E <5 E

- - continuous "white" spectrumwf 2 | .
A Short wavelengths
40KV Lo
i High energy
*E, 30kV i al | Ndys -
= A Long wavelengths
Y~ i Lower energy
0.2 ngglengtho(g) 0.8 1.0 i G { 2 Frayg -



Intensity (relative units)
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*  X-Rays and Diffraction

ok

characteristic
radiation
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continuous radiation

0.1

Wavelength (nm)
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4. 3. X-ray spectrum of molybdenum at different potentials. The potentals refer to those applied
tween the anode and cathode. (The linewidths of the characteristic radiation are not to scale.)
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due to
electrons losing thei
energy in a series

collisions with atom
of target anode.




lllustration of
the origin of

continuous
radiation

@ atom

. electron

x-ray

FIG. 4. Mlustration of the origin of continuous radiation in the x-ray spectrum. Each electron, with

initial energy Ep, loses some, orall, of its energy through collisions with atoms in the target. The energy
of the emitted photon is equal to the energy lost in the collision.
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The accelerating potentials
necessary to producenays
having comparable to
Interatomic spacings are abou
10kV.

Higher accelerating potentials

changes<g,, but not the
characteristic wavelengths.

Intensity of characteristic line depends both on the applied
potential and the tube currenit

| = B(VQ V)

B=proportional constant | = current k ¥V potential req. to eject an e from K shell

V= applied potential n =a cosntant for a particular value of V




I o X-Rays and Diffraction

The fig indicate that there
< are more than 1
/ e characteristic line

characteristic
radiation

Intensity (relative units)

Characteristic line classified as
WaveksogL 6f) K, L, M (Bohr model)

4. 3. X-ray spectrum of molybdenum at different potentials, The potentials refer to those applied
tween the anode and cathode. (The linewidths of the characteristic radiation are not to scale.)
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K shell

\

T
8 nucleus

FIG. 6. Electron transitions in an atom, which produce the K, K[}, and La characteristic x-rays.
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Due to the presence of
subshells Kor K can be
further resolved into K
and Kz

Energies of the K,land , Levels of Molybdenu

Level Energy(keV)
K -20.00
L, -2.63
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The most important radiations In
diffraction work are those correspondin

to the filling of the inner most K shell

from adjacent shells giving KK, dan K
lines

| e Basics

TABLE 2. Some Commonly Used X-Ray K Wavelengths {in nm)

Kot Ka, Kay Kp
Element (weighted average) {strong) (very strong) (weak)
'CT 0.229100 0.229361 0.228970 0.208487
Fe 0.193736 0.193998 0.193604 0.175661
Co 0.179026 0.179285 0.178897 0.162079

‘Cu 0.154184 0.154439 0.154056 0.139222
Mo 0.071073 0.071359 0.070930 0.063229

I X-Rays and Diffraction

TABLE 1. Energies of the K; Ly and Ly Levels of

Molybdenum
Level Energy (keV)
K -20.00
Ly -2.63
Lm -2.52
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Diffraction is a general characteristic of all waves ca
be define as modification of the behaviour of light or
other waves by its interaction with an object.

When a beam of x

rays incident on an The process of absorption and

FG2YZ TQa reemission of electromagnetic
oscillate about their N} RALFUOAZ2Y 0 8calfrind
mean positions
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When there is no change in energy bet. Incident and emitted

photon- and is known as cohere
scattering.

The photon changes direction after colliding with the electron b
transfer none of its energy to the electron.Thus this scattered
photon leaves in a new direction but with the same phase and

When there Is a photon energy loss
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Characteristic Radiation



