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X-rays

ω1885-1895 Wm. Crookes sought unsuccessfully 
the cause of repeated fogging of photographic 
plates stored near his cathode ray tubes.

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

ω1909 Barkla and Sadler discovered characteristic 
X-rays, in studying fluorescence spectra (though 
Barkla incorrectly understood origin) (Barkla got 
1917 Nobel Prize) 

ω1909 Kaye excited pure element spectra by 
electron bombardment 
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ω1912 von Laue, Friedrich and Knipping observe X-ray diffraction (Nobel Prize to 
von Laue in 1914) 
ω1912-13 Beatty demonstrated that electrons directly produced 2 radiations: (a) 
independent radiation, Bremsstrahlung, and (b) characteristic radiation only 
when the electrons had high enough energy
ω1913 WH + WL Bragg build X-ray spectrometer, using NaCl to resolve Pt X-rays. 
.ǊŀƎƎǎΩ [ŀǿΦ όbƻōŜƭ tǊƛȊŜ мфмрύ

n l= 2d sin q
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ω1913 Moseley constructed an x-ray spectrometer covering 
Zn to Ca (later to Al), using an x-ray tube with changeable 
targets, a potassium ferrocyanidecrystal, slits and 
photographic plates
ω1914, figure at right is the first electron probe analysis of a 
manmade alloy
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ωMoseley found that wavelength of 
characteristic X-rays varied systematically 
(inversely) with atomic number 

Z

l

ÅUsing wavelengths, 
Moseley developed the 
concept of atomic 
number and how 
elements were arranged 
in the periodic table. 

Å¢ƘŜ ƴŜȄǘ ȅŜŀǊΣ ƘŜ ǿŀǎ ƪƛƭƭŜŘ ƛƴ ¢ǳǊƪŜȅ ƛƴ ²²LΦ άLƴ ǾƛŜǿ ƻŦ ǿƘŀǘ ƘŜ ƳƛƎƘǘ ǎǘƛƭƭ ƘŀǾŜ 
accomplished (he was only 27 when he died), his death might well have been the 
Ƴƻǎǘ Ŏƻǎǘƭȅ ǎƛƴƎƭŜ ŘŜŀǘƘ ƻŦ ǘƘŜ ǿŀǊ ǘƻ ƳŀƴƪƛƴŘ ƎŜƴŜǊŀƭƭȅΣέ ǎŀȅǎ LǎŀŀŎ !ǎƛƳƻǾ 

(Biographical Encyclopedia of Science &Technology).
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ω1916 Manne Siegbahn and W. Stenstrom observe emission satellite lines 
(Nobel to first in 1924)
ω1923 Arthur Compton discovered effect relating direction taken by X-ray and 
electron after collision, with the energy of collision
ω1923 Manne Siegbahn published The Spectroscopy of X-raysin which he 
shows that the Bragg equation must be revised to take refraction into account, 
ŀƴŘ ƘŜ ƭŀȅǎ ƻǳǘ ǘƘŜ ά{ƛŜƎōŀƘƴ ƴƻǘŀǘƛƻƴέ ŦƻǊ ·-rays
ω1931 Johann developed bent crystal spectrometer (higher efficiency)

UW- Madison Geology  777
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ωX-rays are considered both particles and waves, 
i.e., consisting of small packets of 
electromagnetic waves, or photons.

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

ωThe resulting spectrum contains (1) continuous 
background (BremsstrahlungΤάǿƘƛǘŜ ·-ǊŀȅǎέύΣ όнύ 
occurrence of sharp lines (characteristic X-rays), 
and (3) a cutoff of continuum at a short 
wavelength.

ωX-rays have no mass, no charge (vs. electrons)

UW- Madison Geology  777
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X-rays: 9 Features-1 
(per Roentgen)

1. X-rays cause many materials to fluoresce besides the original BaPbCN coating 
observed by Roentgen.

2. X-rays affect photographic emulsions.

3. When exposed to X-rays, electrified objects lose charge.

4. Some materials transparent to X-rays

5. X-rays collimated by pinholes, showing they travel in straight lines.

6. X-rays not deflected by magnetic fields, and so are not streams of charged 
particles.

UW- Madison Geology  777
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X-rays: 9 Features-2
(per Roentgen)

7. X-rays produced by beams of high energy cathode rays striking objects.

8. Heavy elements more efficient producers of X-rays compared to light 
elements.

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

UW- Madison Geology  777
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Wilhelm Conrad 
Röntgen

Wilhelm Conrad Röntgen discovered the X-rays in 1895. In 

1901 he was honoured with the Nobel prize for physics. In 

1995 the German Federal Mail edited a stamp dedicated to 

W. C. Röntgen.
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Visible Light: 7700 -

3900Å

Electromagnetic Spectrum
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X-rays are high energy 
electromagnetic radiation 
having energies from 
~200eV to 1 MeV

Between the ɹ-rays and 
ultraviolet (UV) in the 
electromagnetic spectrum. 

Gamma rays and x-rays are 
essentially identical with ɹςrays 
being more energetic and 
shorter in wavelength

What is  X-rays
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Each quantum of of electromagnetic radiation or photon has an 
energy, Ewhich is proportional to its frequency, :

E=h ƘҐtƭŀƴƪΩǎ ŎƻƴǎǘŀƴǘҐпΦмос Ȅ мл-15eV.s

ɚ=hc/E ɚ= wavelength ; c=2.998 x 108 m/s

The useful range of wavelength for x-ray diffraction studies is 
between 0.05 and 0.25 nm.

* Interatomic spacings in crystals are typically about 0.2 nm (2Å)
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Short Wavelength Limit (˂SWL)

When e loses all its energy in a single collision with a target atom 
x-rays photon with maximum energy or shortest wavelength is 
produced  - short wavelength limit

Characteristic lines

²ƘŜƴ ŀƴ Ŝ Ƙŀǎ ǎǳŦŦƛŎƛŜƴǘ ŜƴŜǊƎȅ ǘƻ ŜƧŜŎǘ ŀƴ ƛƴƴŜǊ ǎƘŜƭƭ Ŝ ҦŀǘƻƳ ǿƛƭƭ 
be in the xcited state with vacancy in the inner shell
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An e from an outer shell will fill up the vacancy

Energy equals to the difference 
in the e energy levels will b 
released in d form of x-ray 
photon. This is characteristic of the target 

metal producing a sharp peaks in 
the spectrum ςknown as 
characteristic lines

It is this characteristic that are most useful in XRD
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X-ray 
Sources

ωEnd Window X-Ray Tubes

ωSide Window X-Ray Tubes

ωRadioisotopes

ωOther Sources
ςScanning Electron Microscopes

ςSynchrotrons

ςPositron and other particle beams 
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End Window X-Ray Tube
X-ray Tubes

Voltage determines which elements can be excited.  

More power = lower detection limits

Anode selection determines optimal source 
excitation (application specific).
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Side Window X-Ray Tube

Be Window

Silicone Insulation

Glass Envelope

Filament

Electron beam

Target (Ti, Ag,

Rh, etc.)

Copper Anode

HV Lead
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Radioisotopes

Isotope Fe-55 Cm-244 Cd-109 Am-241 Co-57

Energy (keV) 5.9 14.3, 
18.3

22, 88 59.5 122

Elements (K-
lines)

Al ςV Ti-Br Fe-Mo Ru-Er Ba - U

Elements (L-
lines)

Br-I I- Pb Yb-Pu None none

ü 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 x-ray fluorescence suitable for material analysis.

üScanning Electron Microscopes (SEM)ςElectron beams excite the 
sample and produce x-ǊŀȅǎΦ aŀƴȅ {9aΩǎ ŀǊŜ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀƴ 95· 
detector for performing elemental analysis
üSynchotrons- These bright light sources are suitable for research and 
very sophisticated XRF analysis.
üPositrons and other Particle BeamsςAll high energy particles beams 
ionize materials such that they give off x-rays. PIXE is the most common 
particle beam technique after SEM. 

Dr. A. Sedghi



X-ray sources often produce both continuous and 

discontinuous (line) spectra.

Both are of use in analysis.

Generating X-rays
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X-ray Generation

X-ray tube (sealed)
Pure metal target (Cu)

Electrons remover inner-shell electrons from target.
hǘƘŜǊ ŜƭŜŎǘǊƻƴǎ άŦŀƭƭέ ƛƴǘƻ ƘƻƭŜΦ
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Conventional sources of radiation

Åe-acceleration ­ X-
rays. 

ÅConventional source: 
e-from filament. 

ÅAccelerated from 
cathode ­ anode 
target where stopped.

High voltage 
filament

Vacuum

Water cooling

Copper target

Be window

X-rays
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X-ray Tube

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 

each atom) and is used for 

the windows.
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Production of X-rays

X-rays are 
produced in 
an x-ray-tube 
consisting of 
two metals 
electrodes 
enclosed in a 
vacuum 
chamber
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Electrons are produced by 
heating a tungsten 
filament cathode which is 
at a high negative 
potential

The e are accelerated at high 
velocity towards the anode 
(water-cooled)

Loss of energy due to the collision 
with the metal anode produced X-
rays

Only 1% of the e beam converted to 
x-rays ςthe rest as heat
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Reactions in the Detector

ÅPhotoelectric: total incoming x ray energy converted 
to detector signal
ÅCompton Scatter: partial incoming x ray energy 

converted to detector signal
ÅSum peaks: 2 or more x rays converted to signal 

simultaneously
ÅEdge effect: part of x ray energy lost out the side of 

the detector
ÅSilicon escape peak:part of energy loss to Si 

fluorescence
ÅInteraction in detector transition zones 

By:  Dr. Bruce J. Kaiser
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White radiation   
ÅDeceleration ĄX-ray emission

ÅEmax= hnmax= eV 

ïc = ln­ lmin = hc/eV = 12,398/V  

ïFor 30 kV, min ~ 0.4 Å. 

ÅOften several steps with E << Emax

ï­ continuous "white" spectrum w/ l²lmin

ÅShort wavelengths

ïHigh energy

ïάIŀǊŘέ ·-rays

ÅLong wavelengths

ïLower energy

ïά{ƻŦǘέ ·-raysWavelength (Å)
0.2 0.4 0.6 0.8 1.0

In
te

n
si

ty

40kV

30kV

20kV
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A typical x-ray 
spectrum

- A continuous 
radiation due to 
electrons losing their 
energy in a series 
collisions with atoms 
of target anode.
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Illustration of 
the origin of 
continuous 
radiation
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The accelerating potentials 
necessary to produce x-rays 
having comparable to 
interatomic spacings are about 
10kV.

Usually high accelerating 
potentials are used to produce 
higher intensity line spectrum of 
target metal

Higher accelerating potentials 
changes ˂SWLbut not the 
characteristic wavelengths.

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

I = Bi(V ςVK)
n

B=proportional constant                      I = current                    VK = potential req. to eject an e from K shell

V= applied potential                            n =a cosntant for a particular value of V
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The fig indicate that there 
are more than 1 
characteristic line

This line correspond to 
electron transitions line 
between different 
energy levels

Characteristic line classified as 
K, L, M (Bohr model)
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¢Ǌŀƴǎƛǘƛƻƴ    [ Ҧ Y      Yʱ a Ҧ [     [ʰ

a Ҧ Y     Yʲ
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Due to the presence of 
subshells Kɦor K̡ can be 
further resolved into Kɦ1 

and Kɦ2

LIIIҦ Y           Y1ɦ

LIIҦ Y            Y2ɦ

Level Energy(keV)

K -20.00

LII -2.63

LIII 2.52

Energies of the K,LII ,and LIII Levels of Molybdenum
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Wide choice of 
characteristic Kɦlines 
obtained by using 
different target 
metals as shown on 
Table2 but Cu Kɦ is 
the most common 
radiation used.

The most important radiations in 
diffraction work are those corresponding 
to the filling of the inner most K shell 
from adjacent shells giving Kɦ1,Kɦ 2 dan K̡
lines
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DIFFRACTION

When a beam of x-
rays incident on an 
ŀǘƻƳΣ ŢΩǎ ƛƴ ǘƘŜ ŀǘƻƳ 
oscillate about their 
mean positions

The process of absorption and 
reemission of electromagnetic 
ǊŀŘƛŀǘƛƻƴ ōȅ Ţ ƛǎ ƪƴƻǿƴ ŀǎ scattering

Diffraction is a general characteristic of all waves can 
be define as modification of the behaviour of light or 
other waves by its interaction with an object.
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When there is no change in energy bet. Incident and emitted 
photon- radiation is elastically scatteredand is known as coherent 
scattering. 

When there is a photon energy loss ςinelastic 
scattering , also known as Compton scattering

The photon changes direction after colliding with the electron but 
transfer none of its energy to the electron.Thus this scattered 
photon leaves in a new direction but with the same phase and 
energy as the incident photon. ------ phenomenon of diffraction 
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Characteristic Radiation
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