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Topic 17. 2h X-radiation.
In 1912 Von Laue proves that X-rays are electromagnetic waves of high frequency; the upper limit is considered to be 6(1019 Hz, corresponding to a wavelength of 5(10-12 m; the lower limit corresponds to the upper limit of ultra-violet radiation, i.e. frequencies of the order of 1017 Hz (a wavelength of 3(10-9 m). 
The properties of X-rays include:

1. invisibility;

2. travelling in straight lines;

3. diffraction by crystal lattices; 

4. passing through many substances opaque to visible light;

5. scattering by the materials through which they pass;

6. ionization atoms of substance through which they pass; 

7. the ability to cause certain chemical compounds to fluoresce;

8. the ability to affect a photographic plate;

9. penetrating different substances to varying degrees casting shadows on photographic film.

The modern instrument for producing X-rays consists of an evacuated tube with a cathode and a massive anode or anti-cathode containing a target: 
· the cathode is usually a heated tungsten filament emitting electrons, which are focused (as in an electron gun), on the target; 
· the anode is usually made of copper, has external cooling fins and may be water-cooled;

· the target is usually a small piece of tungsten mounted in the anode and inclined at an angle so that X-rays are emitted at right angles to the electron stream. 
The target emits X-rays when bombarded by a stream of electrons. X-rays leave the tube through a thin window.
The variation of intensity of X-rays with wavelength forms an X-ray spectrum. 
Two kinds of X-rays exist, namely continuous and characteristic.

Continuous X-rays have a continuous spectral distribution. They are produced when electrons accelerated in a vacuum hit a target and lose kinetic energy in passing through the strong electric field surrounding the target nuclei, thus giving rise to braking radiation. 

So these radiations are due to the slowing down of high-speed electrons as they pass close to the nuclei of the atoms within the target of the X-ray tube.  
On the short-wavelength side, the continuous X-ray spectrum is limited by a minimum wavelength, 
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, called the continuous spectrum limit. 
A very simple explanation for the existence of the minimum wavelength 
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 is given by quantum theory.  It is obvious that the maximum energy, 
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, of the X-ray quantum that is possible is one in which the electron is completely stopped by the atom.  In this special case, 
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Since the kinetic energy of the electrons in the beam striking the target is given by the voltage  V  applied to the tube, we obtain
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On passing from frequency to wavelength we get
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This equation agrees well with experimental data; at one time it provided a very precise tool for experimentally determining Planck’s constant, h. 

Experiments have shown that the power P of X-ray tube emission in a continuous spectrum of the X-rays depends on the voltage difference V and current I  between the anode and cathode and the nature of the target ( atomic number Z )
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Characteristic X-rays, like visible light, originate from the jumping of an electron from one orbit to another. 
When high-speed electrons from the cathode of an X-ray tube strike the target, the electrons penetrate the atoms and remove an electron from the inner shells by collision.  
When an electron is missing in the innermost K shell, a nearby electron from the next shell beyond jumps into the vacant space, simultaneously emitting a photon of energy h(.  Such X-rays, arising from millions of atoms, produce the K lines.

Since the L shell now has one less electron, and M electron can jump into the L shell vacancy, with the emission of another but different X-ray frequency.  These are the L lines.  
The jumping process continues until the outermost shell is reached, where an electron jumping in gives rise to visible light.  Thus we see how it is possible for a single atom to emit X-rays of different wavelengths.

These X-rays have a line spectral distribution. They are produced by processes taking place in the inner, fully complete electronic shells of atoms, which remain unchanged in all chemical transformations. 
So X-ray line spectra characterize each element individually and irrespective of the compounds it may enter.
 The atoms of each element, irrespective of the compound they form, produce a specific line spectrum of  X-rays. These X-rays are called characteristic X-rays because they are characteristic of the element in which they are produced.  
The optical spectra of atoms vary from compound to compound because they are determined by the behaviour of outer, or valence, electrons.  As chemical bonds are formed, the states of valence electrons are changed, and so are their optical spectra.  
The X-ray line spectra have been found to be similar from element to element, with spectral series occurring at shorter wavelengths as the atomic weight increases.  
To remove an electron from the K-shell which is closest to the nucleus and where the electrons are attracted by the nucleus strongest of all, an input of energy is necessary, called the excitation threshold of the K-series.  
As an electron from the L-shell jumps into the K-shell, it emits a quantum of the lowest energy corresponding to the K(-line which has the longest wavelength of all lines in the K-series of characteristic X-rays emitted by a given atom.  
The K(-line corresponds to the transition of an electron from the M-shell to the K-shell.  
The K(-line corresponds to the transition of an electron from the N-shell to the K-shell.  Together, the K(-, K(-, K(-, etc. lines make up the K-series.

The L-, M-, etc. series of characteristic X-rays are emitted when an electron leaves a vacancy in the L-, M-, N-, etc. shells, respectively.  
In 1913, Moseley found that wavelengths of characteristic X-rays depend in a well-defined manner on the atomic numbers of the elements that emit X-rays (the target element).  This dependence, known as the Moseley law, may be written as
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 is the wave number of the line,  R is the Rydberg constant in  m-1,  a is a proportionality constant, and  (  is the same for all the given series emitted by a particular target element.  
For the  K(-lines, Moseley derived the following expression


[image: image11.wmf](

)

(

)

n

*

=

-

-

R

Z

1

1

1

1

2

2

2

2

.
In this form the equation resembles the expression for the frequency (or the wave number) of the line in the Lyman series of the hydrogen atom.  
The difference is that the quantity Z2 in the spectral series formulae for one-electron systems is less by (, called the screening constant.  
This constant reflects the fact that electrons “screens” the nucleus and makes its effective charge equal to 
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 rather than to the entire charge Ze.  Hence, the factor 
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When first applied to the elements of the Periodic Table, the Moseley law confirmed that the nucleus charge should increase by one from element to element.  This came as a proof of the validity of the nuclear atom and of the theory underlying the Periodic Table.

X-ray effects in substances

When photon collides with a neutral atom, the collision is either elastic or inelastic. 

1. An elastic collision is one in which the laws of conservation of momentum and conservation of mechanical energy are both upheld. 
Scattering due to an elastic collision is called elastic scattering. 
2. An inelastic collision is one in which the impinging photon, in striking a neutral atom, hits one of the electrons and 
· knocks it into one of the outer energy levels or 

· knocks it completely out of the atom. 
In the first instance, we say the atom has been excited, in the second case it has been ionized. 
To raise an electron from its normal state to an excited state, or to remove it from the atom, requires the expenditure of energy; this is supplied by the impinging photon. 
As a consequence, some of the total energy before collision is used for excitation or ionization, and what is left is divided between two particles. 
Because the masses of atoms are thousands of times that of the electrons, nearly all energy what is left is confined to the electron. The recoil velocity and kinetic energy of an atom that has been hit by a moving photon is relatively small. 
Scattering due to an inelastic collision is called inelastic scattering.

The liberation of electrons by electromagnetic radiation due to an inelastic scattering is known as photoelectric effect.  Einstein proposed an explanation of the photoelectric effect as early as 1905.  His ideas were expressed in one simple relation:
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The first term  hv represents the total energy content of a single photon incident on a substance.  
A photon is completely absorbed and imparts its total energy to a single electron.  Part of the energy W is consumed in getting the electron free from the atoms and away from the substance surface; the remainder is used in giving the electron a kinetic energy  Ekin.  
3. There is yet another type of an inelastic scattering of photons. In 1923, Compton observed the scattering of  X-rays of a definite wavelength 
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  by the electrons of graphite, paraffin and other lightweight substances.

Compton’s experiments showed that the wavelength 
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 of the scattered  X-rays was longer than 
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of the incident rays.  
The shift in wavelength, the Compton shift 
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, was found to depend solely on the scattering angle 
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 and to be independent of either the properties of the scatterer or the wavelength of the incident radiation:
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The quantity 
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 is the same for all substances and equal to 
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= 2.43(10-12 m.  It is called the Compton wavelength, and the inelastic scattering of photons by electrons has come to be known as the Compton effect.

By the law of conservation of energy 
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The first term hv represents the total energy content of a single X-ray quantum incident on a substance; 
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 is the energy of a scattered photon; 
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 is the reduction of energy of the scattered photon.
The Compton effect takes place along with (and independent of) the photoelectric effect.  The relation between intensities of these processes depends on the nature of a substance and photon energy.

X-ray analysis of material structure

As a direct result of the Laue experiment two new fields of physics were opened up:

· the study and measurement of X-ray wavelength;

· the study of material structures by their action on X-rays.
In Laue method of X-ray analysis of the crystal structure, a beam of X-rays of all wavelengths is passed through a thin slice of the crystal, and the wavelength satisfying condition produces an interference pattern as a series of spots, which is received on a photoplate. 
Let a monochromatic beam of  X-rays of wavelength (  be incident on a crystal so that the beam makes an angle (  with the crystal plane. As is seen the path length difference Δ between the interfering reflected beams is given 
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The condition for an interference maximum is
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This condition was established in 1913 by Bragg and is known as the Bragg law.  

 With the lattice constant known, it is an easy matter to determine the wavelength.  The same method may be employed to obtain a monochromatic beam of X-rays, that is, to derive a beam falling within a narrow band of wavelengths from a broad spectrum.
At present, the Laue method is only of historical interest.  For practical purpose, use is made of the Debye-Scherrer-Hull method proposed in 1926.  
In this method a beam of X-rays is directed on a powder sample of the material
and the diffracted beams are received on a photographic plate.  
This method provides a convenient tool for the investigation of polycrystalline materials.  



In order to obtain an X-ray powder photograph, a narrow beam of monochromatic X-rays is directed onto a bar compressed from the fine-grained powder to which the material under investigation has been crushed.  
In a fine-grained sample, there are many crystallites oriented at random, but with the correct orientation for each of the d-spacings.  Consequently, they will satisfy the Bragg condition, and will produce interference maxima.  
The first-order maximum will be 2( distant from the zero-order maximum, the second-order maximum 4( distant, etc.  
Since there are no preferred directions on a fine-grained powder specimen, the condition  
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 will be satisfied by all rays along the generators of cones of openings 4(, 8(, etc, each  d-spacing producing a separate concentric cone.  
These cones appear on the film as a series of concentric circles with a zero-order maximum at the centre.

Penetration of X-rays

Because of the extremely short wavelengths X-rays are highly penetrating. The penetration of X-rays depends upon two things: 
· the voltage applied between the anode and cathode of the X-ray tube; 
· the density of the substance through which the rays must travel.  
X-rays of great penetrating power are called hard X-rays, whereas those having little penetrating power are called soft X-rays.

In passing through a material X-rays are scattered and absorbed, their intensity decreases:

· The attenuation of X-rays due to scattering is mainly due to the Compton effect.  In the process, part of the energy of hard X-rays is transferred to the electrons of the material, while the scattered X-rays become softer and their wavelength increases.  
· The absorption of X-rays quanta is mainly due to the photoelectric effect.  
Attenuation of the X-rays is described by the Bouguer law of absorption


[image: image30.wmf]I

I

x

=

-

0

l

m

,

where 
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 is the intensity of the incident beam;  I is the intensity of transmitted radiation.  Here ( called the linear or mass attenuation coefficient is the sum of three terms corresponding to: an elastic scattering  (el,  photoelectric effect  (ph,  and Compton effect  (C
( = (el + (ph + (C .

Medical diagnostics employs photons of energy from 60 to 120 keV. For these photons the mass attenuation coefficient is determined mainly by the photoelectric effect, that is ( ( (ph, where  
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Here ( is the density of the substance,  ( is the X-rays wavelength, Z is the atomic number, and  k  is the proportionality constant.

The fact that X-rays are absorbed differently by different materials is widely utilized in radiography for the formation of images produced by X-rays or gamma rays on a fluorescent screen or on a photographic plate. 
Radiograph is a photographic record of an image formed by X-rays after passing through an object.
The relation between density and penetration may be illustrated in several ways.  When X-rays are sent through the hand or any part of the body to obtain photographs of the bones, it is the difference in penetration between the flesh and the bones that permits a picture to be made. 
The soft tissues composed principally of light (Z = 1 – 8) chemical elements – hydrogen, oxygen, carbon, and nitrogen – are readily penetrated by X-rays.  In other words, they are poor absorbers of  X-rays.  
A material that allows radiation to pass with some reduction in the intensity, i.e. some radiation is absorbed, is called radiolucent.  Flesh is radiolucent; the reduction in intensity is seen in a radiograph, where flesh is distinguished from the background, where there is no absorption.

For mineral substances of bones composed partly of calcium and phosphorus (elements with  Z = 15, 20) the penetration of  X-rays is very poor and they are good absorbers. 
A material is radiopaque when it absorbs most or all of a radiation, e.g. bones are radiopaque to X-rays of longer wavelengths.  
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