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WHAT ARE X-RAYS?

 X-rays are photons (electromagnetic radiation) which originate in the
energy shells of an atom. as opposed to gamma rays, which are produced
in the nucleus of an atom.
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PRODUCTION OF X-RAYS

 X-rays are produced when high-
speed electrons are suddenly 
slowed down.
 Can be caused by the electron striking a 

metal target.

 A current in the filament causes 
electrons to be emitted.

 These freed electrons are 
accelerated toward a dense metal 
target.
Th  t t i  h ld t  hi h   The target is held at a higher 
potential than the filament.
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X-RAY  PRODUCTION
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MINIMUM WAVELENGTH IN THE X-RAY SPECTRA

 When an electron hits the target its entire kinetic 
energy is converted into a photon. 

 The work done on each electron when it is 
accelerated onto the anode is eV.

 Hence hf = eV and the maximum frequency

m ax
m in

h c
E k h f eV


  

h

eV
f max

Therefore,

eV

hc
min
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X-RAY SPECTRUM

 The x-ray spectrum has two 
distinct componentsdistinct components

 Continuous broad spectrum
 Depends on voltage applied to 

the tube
 Sometimes called 

bremsstrahlung

 The sharp, intense lines 
depend on the nature of the depend on the nature of the 
target material
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 The graph shows the following 
features.
 A continuous background of X-

radiation in which the intensity 
i  thl  ith l th  

X-RAY SPECTRUM

varies smoothly with wavelength. 
The background intensity 
reaches a maximum value as 
the wavelength increases, then 
the intensity falls at greater 
wavelengths.

 Minimum wavelength which 
depends on the tube voltage. 
The higher the voltage the 
smaller the value of the smaller the value of the 
minimum wavelength.

 Sharp peaks of intensity occur at 
wavelengths unaffected by 
change of tube voltage. 
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Understanding the X-ray Spectrum 
Characteristics
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ELECTRON TARGET INTERACTION

Kinetic Energy - is energy possessed by a body by virtue of its motion. The
kinetic energy of a body is equal to the amount of work needed to establish
its velocity and rotation, starting from rest. The formula for calculating the
ki ti g f bj t ikinetic energy of an object is:

KE is the kinetic energy, m is the mass in kilograms, and v is velocity or speed
in m/s. Kinetic Energy is measured in joules.

 To raise the kinetic energy of the electrons is to raise the kVp.
 When the electron kinetic energy goes up the intensity of x-ray (quantity) and its

energy (quality) go up

2

2

1
mvKE 
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energy (quality) go up.

Kiloelectronvolts are equivalent to joules. When we look at the energy for x-rays
keV is a more convenient measurement. The conversion from keV to J is:

JkeV 16106.11 
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How much energy (in KeV) does an electron have when its speed is
1.6x108m/s?

Solution:

EXAMPLE (1)

Solution:
First we need to use the kinetic energy formula above. The mass of an electron

is 9.1x10-31kg. This formula gives the answer in joules.

JKE

smkgKE

141016.1

)/106.1)(101.9(
2

1 2831
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Convert the joules to kiloelectronVolts -

keV
J

keV
J

JKE

8.72
106.1

1
1016.1

1016.1

16
14

14



















TARGET INTERACTIONS

 Heat Production - The high energy electrons that interact with the anode
create mostly heat. When they excite an outer shell electron, the electron
will not be ionized but will give off radiation in the infrared range. This is
h theat.

99% of the kinetic energy of the projectile electrons is converted into heat.

 Efficiency of x-ray production is increased by increasing the kVp.

kVp Converted to x-rays

60 kV 0 5%
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60 kV 0.5%

100 kV 1%

20 MV 70%
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BREMSSTRAHLUNG INTERACTIONS

Bremsstrahlung, also called general or
white radiation, an electromagnetic
radiation generated when negatively
charged electrons in motion areg
deflected by positively charged atomic
nuclei.
The deflection of the electrons involves
loss of kinetic energy (velocity). This
energy loss is promptly emitted as
electromagnetic radiation (X-rays)
called bremsstrahlung, a German word
meaning "braking radiation" (referring
to the deceleration of electrons as the
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to the deceleration of electrons as the
cause of the radiation).

Bremsstrahlung is the main source of
X-rays produced by diagnostic X-ray
tubes.

This diagram shows the different interactions that 
give different energy x-ray photons. 

High energy 
Bremsstrahlung
x-ray

Low energy 
Bremsstrahlung
x-ray

In this diagram, the interaction on the left (A) does not result in as high energy x-ray photon as 
the interaction on the right (B). 
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This is because the change in direction is not as great as the right hand diagram. The greater the
change in direction the more loss of energy and therefore the higher energy photon.
The frequency is higher in a higher energy x-ray photon.
If you remember Planck's equation from previous chapters (E = hf) then the higher the frequency
the higher the energy.
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CHARACTERISTIC INTERACTIONS

Characteristic x-rays are emitted
from heavy elements when their
electrons make transitions between
the lower atomic energy levels.the lower atomic energy levels.

Characteristic X-Rays are the x-rays
that are the most useful for
diagnostic imaging.

They occur when a high energy
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electron ionizes an inner shell (K
Shell) electron and then that hole is
filled by an outer shell electron. This
is illustrated below.

 When a K shell electron is ejected from a tungsten atom
the hole needs to be filled. If it is filled with an L shell
electron the energy of the photon emitted when the hole
is filled will be about 59 keV, (70 keV – 11 keV) shown
above in the binding energy graph. If, however, the hole
is filled with an M shell electron the energy of the photon
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emitted will be about 68 keV, (70 keV – 2 keV).

 This diagram shows some different examples of
electrons filling a hole in the K shell. Each example will
have a different photon energy and thus a different x-ray
energy.
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CHARACTERISTIC X-RAYS OF TUNGSTEN

Electron
ejected from:

Binding
Energy-

keV

Electron Transition from Shell (keV)

L-shell M-Shell N-Shell O-Shell P-Shell

The chart above shows the different energy levels that can occur when electrons fill 

K-shell 70 58 67 68.9 69.4 69.5

L-Shell 12 --- 9 11.5 12.0 12.1

M-shell 3 --- --- 2.2 2.7 2.8

N-shell 0.6 --- --- --- 0.52 0.6

O-shell 0.1 --- --- --- --- 0.08
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gy
lower level spaces.

For example if an L shell fills a K shell then the photon will have about 57.4 keV of energy. Or if a
P shell electron fills an M shell the photon will have 2.8 keV of energy.
The nice thing is that you need only remember the Binding Energy column of 70, 12, 3, 0.6, 0.1.

A K-shell electron is removed from a tungsten atom and is replaced by an L-shell
electron. What is the energy of the characteristic x-ray that is emitted?

Solution:

EXAMPLE (2)

From the table above the ionization energy of a K-shell electron of Tungsten is 70 keV
and the ionization energy of a L-shell electron of Tungsten is 12 keV therefore, the
difference of these two energies will be the energy given off.

70 keV – 12 keV = 58 keV

A K shell electron is removed from a tungsten atom and is replaced by an O shell

EXAMPLE (3)
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A K-shell electron is removed from a tungsten atom and is replaced by an O-shell
electron. What is the energy of the characteristic x-ray that is emitted?

Solution:
69.4 keV
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EMISSION SPECTRUM

“Braking Radiation” energy (photons) emitted by projectile electrons as they slow
down and change direction due to attractive force by ‘+ve’ nucleus

Characteristic X-Rays have discrete energy values, so their graph are vertical lines.y gy g p
While Bremsstrahlung X-Rays are continuous and can have any energy level up
to the maximum that the x-ray system is set to.

 Broad Energy Spectrum:
 Electron can lose any amount of energy depending on how near it passes to

nucleus (thus attractive force).
 If braking force great enough, energy loss is large enough for emitted

photon to be an x-ray.
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p oto to be a ay
 Max x-ray energy = Max energy loss = max KE = kVp.
 Most energy (>99%) emitted as low energy heat photons.

 Most electrons interact with many nuclei, losing a small amount of energy each
time

This diagram shows some possible interactions of electrons with the anode If
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This diagram shows some possible interactions of electrons with the anode. If
you look at the bottom (6) electron it might interact with the first atom and
create a Bremsstrahlung X-Ray. Then it goes on and interacts with another
atom and ionize the inner K shell electron which is filled and creates a
Characteristic X-Ray.
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This diagram shows the Bremsstrahlung X-Ray and the spikes for the Characteristic X-Rays. 

From the graph it looks like the kVp was set to 90 kVp.

 Remember from previous lecture that the energy of an x-ray is proportional
to the frequency of the x-ray and Planck's Constant.

 Therefore, the higher the frequency the higher the energy of the photon. The
higher the energy of the photon the better the penetration of the x-ray andg gy y
the higher quality.

E = h f
Also,

c = f λ

 which means that the frequency and wavelength are inversely proportional
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to each other. So that if the frequency increases the wavelength decreases.

So, for high energy x-rays the frequency is high and the wavelength is short.
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 Bremsstrahlung:
 Broad continuous spectrum.
 Max energy = kVp:  λmin (angtrums) = 12.4/kVp
 Min energy depends on filtration (~10 - 15 keV)
 Broadness enhanced by kV waveform.
 Most photons low energy  heat deposited in target.

 Characteristic:
 Spikes corresponding to K-radiation:
 Energies specific by (characteristic of) target
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g p y ( ) g
Tungsten: K-shell ~ 69.5 keV
Molybdenum: K-shell ~19.5 keV

)4( و) 3(من المستحسن أن تقرأ المرجع المساعد 

قبل قراءة ھذه المحاضرة

كذلك ستجد الكثير من التفاصيل الخاصة بھذه 
)2(المحاضرة في المرجع  المساعد 

في المرجع  شبترالمسائل والتمارين في نھاية كل 
مطلوبة وأي استفسارات حولھا )2(المساعد ي)(

اطرحھا في منتدى الحوار والنقاش العلمي للمقرر

مع تمنياتي لكم بالتوفيق
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