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Electromagnetic radiation 

Contributed by: William R. Smythe 

Publication year: 2014 
Energy transmitted through space or through a material medium in the form of electromagnetic 

waves. The term can also refer to the emission and propagation of such energy. Whenever an electric charge 

oscillates or is accelerated, a disturbance characterized by the existence of electric and magnetic fields 

propagates outward from it. This disturbance is called an electromagnetic wave. The frequency range of such 

waves is tremendous, as is shown by the electromagnetic spectrum in the table . The sources given are typical, 

but not mutually exclusive, as is shown by the fact that the atomic interstellar hydrogen radiation whose 

wavelength is 0.210614 m falls in the radar region. The other monochromatic radiation listed is that from 

positron-electron annihilation whose wavelength is 2.42626 × 10 
, −12 m. 

Detection of radiation 

In theory, any electromagnetic radiation can be detected by its heating effect. This method has actually been used 

over the range from x-rays to radio. Ionization effects measured by cloud chambers, photographic emulsions, 

ionization chambers, and Geiger counters have been used in the gamma- and x-ray regions. Direct photography 

can be used from the gamma-ray to the infrared region. Fluorescence is effective in the x-ray and ultraviolet 

ranges. Bolometers, thermocouplers, and other heat-measuring devices are used chiefly in the infrared and 

microwave regions. Crystal detectors, vacuum tubes, and transistors cover the microwave and radio frequency 

ranges. 

Free-space waves 

A charge in simple harmonic (linear sinusoidal) motion in a vacuum generates a simple wave which becomes 

spherical at distances from the source much larger than the amplitude of the motion and so great that many 

oscillations have occurred before the disturbance arrives. The wave is plane when the dimensions of the area 

observed are very small compared with the radius of spherical curvature. In this case the choice of the 

rectangular coordinates x and z as the directions of the oscillation and of the observation or field point, 

respectively, permits the electric intensity E and the magnetic flux density B to be written as Eq. (1). 

Image of Equation 1 
( 1 ) 
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Unlabelled image 
The field amplitude E , 0 is constant over the specified area and not dependent on z if the z range is small compared 

with the source distance, as in stellar radiation. The angular frequency of the source is ω radians per second, 

which is the frequency ν in hertz multiplied by 2 π . The velocity of the wave is v , the direction of propagation z , 

and the time t . The wavelength λ is 2 πν∕ ω. If t is in seconds and z is in meters, then v is in meters per second 

and λ is in meters. It is found that in a lossless, isotropic, homogeneous medium Eq. (2) 

Image of Equation 2 
( 2 ) 

holds; here μ is the permeability, and ε the capacitivity, or dielectric constant. This wave is transverse because E 

and B are normal to z . It is plane-polarized because E , x and B , y are parallel to fixed axes. The plane of polarization 

is taken as that defined by the electric vector and the direction of propagation. 

Plane waves 

An electromagnetic disturbance is a plane wave when the instantaneous values of any field element such as E and 

B are constant in phase over any plane parallel to a fixed plane. These planes are called wavefronts. In empty 

unbounded space, E and B lie in the wavefront normal to each other; if the wave is unpolarized, their direction 

fluctuates in this plane in random fashion. If the plane waves are bounded, as on transmission lines and in wave- 
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tion 5 
guides, the amplitudes may vary over the wavefront, and in the case of waveguides and crystals some of the 

elements will not in general lie in the wavefront. The equation for an undamped plane wave whose front is 

normal to z is Eq. (3), 

Image of Equation 3 
( 3 ) 

where F is one of the field elements such as E or B . Note that if an observer sees a certain value of Φ, 1 ( x, y ) at z 

and then jumps instantaneously in the z direction to a point z + Δz , the observer will, after waiting a time Δz∕ υ, 

see the same value Φ, 1 ( x, y ) because Eq. (4) 

Image of Equation 4 
( 4 ) 

is valid. Thus, the first term represents a wave moving in the z direction with a velocity υ. The second term 

represents a wave in the negative z direction. The form of Φ, 1 ( x,y ) and Φ, 2 ( x,y ) depends on the boundary 

conditions. See also: WAVE EQUATION . 

Spherical waves 

A wave is spherical when the instantaneous value of any field element such as E or B is constant in phase over a 

sphere. The radiation from any source of finite dimensions becomes spherical at great distances in an 

unbounded, isotropic, homogeneous medium. The equation for an undamped spherical wave is Eq. (5). 

Image of Equa( 5 ) 

The first term represents a diverging and the second a converging wave. Again, the form of Φ, 1 ( 𝜃, ϕ) and Φ, 2 ( 𝜃, ϕ) 

depends on the nature of the source and other boundary conditions. 

Damped waves 

If there are energy losses which are proportional to the square of the amplitude, as in the case of a medium of 

conductivity γ which obeys Ohm’s law, then the wave is exponentially damped, and Eq. (1) becomes Eq. (6). 

Image of Equation 6 
( 6 ) 
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The symbol α is called the attenuation constant, and β the wave number or phase constant which equals ω∕ υ′, 

where υ′ is the damped-wave velocity. The electric wave amplitude at the origin has been taken as E , 0 . The ratio 

of E , 0 to B , 0 , as well as that of α to β, depends on the permeability μ, the capacitivity ε, and the conductivity γ of 

the medium. In terms of the phasor Ě , x , Eq. (6) may be written as the real part of Eq. (7). 

Image of Equation 7 
( 7 ) 

This is exactly the form for the current on a transmission line. (Phasors are complex numbers of form such that, 

when multiplied by e , jω t , the real part of the product gives the amplitude, phase, and time dependence.) 

Wave impedance 

Those trained in transmission line theory find it useful to apply the same techniques to wave theory. Consider an 

isolated tubular section of the wave in Eq. (1) bounded by x = 0, x = 1, and y = 0, y = 1 as a transmission line. 

The potential across the line between x = 0 and x = 1 is E . The line integral of B around the x = 0 boundary from 

y = 0 to y = 1 is μI by Amp ̀ere’s law and equals B because B is zero on the negative side. Thus, the impedance of 

the line is, making use of Eqs. (1) and (2), given by Eq. (8). 

Image of Equation 8 

( 8 ) 

This depends only on the properties of the medium and is known as the wave impedance. In transmission line 

theory the ratio μ∕ ε would be replaced by the ratio of the series impedance Ž , L = j ωL to the shunt admittance Y̌ 

= j ωC , where L is the inductance per unit length, and C the capacitance per unit length across the line. If there is 

a resistance R per unit length across the line, then 1 ∕ R must be added to Y . This resistance is 1 ∕ γ for the tubular 

section. Thus, for a conducting medium, Eq. (8) becomes Eq. (9). 

Image of Equation 9 

( 9 ) 

The last term is a common transmission line form. The reflection and refraction of plane waves at plane 

boundaries separating different mediums may be calculated by transmission line formulas with the aid of Eqs. (8) 

and (9). 
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Electric dipole 

A charge undergoing simple harmonic motion in free space is a dipole source when the amplitude of the motion 

is small compared with the wavelength. The term is loosely applied to the hertzian oscillator, usually pictured as 

a dumbbell-shaped conductor in which the electrons oscillate from one end to the other, leaving the opposite 

end periodically positive. An electric dipole of moment M is defined as the product qa when two large, equal and 

opposite charges, + q and − q , are placed a small distance a apart. A dipole is oscillating when M is periodic in 

time and is the simplest source of spherical waves. Much can be learned by a study of H. Hertz’s picture of the 

outward moving electric field lines at successive time intervals of one-eighth period in a plane which passes 

through the hertzian oscillator axis, shown in the illustration . The most striking feature of the pictures is that, 

after breaking loose from the dipole, all electric field lines are closed, which means that the divergence of E is 

zero. This is true of all unbounded waves. It is also noteworthy that the waves become truly spherical with a fixed 

wavelength λ only in a direction perpendicular to the dipole and at a distance which greatly exceeds the dipole 

dimensions. This distance is beyond the edges of the picture. Lengths λ∕ 4, λ∕ 2, and 3 λ∕ 4 are marked off on the 

axis for comparison. The magnetic field lines are circles coaxial with the oscillator, so they intersect the plane of 

the diagram normally. They are most dense where the electric lines are closely spaced. The radiant energy 

emitted by atoms and molecules is essentially radiation of the dipole type. See also: ABSORPTION OF ELECTROMAGNETIC 

RADIATION ; ANTENNA (ELECTROMAGNETISM) ; DIFFRACTION ; ELECTROMAGNETIC WAVE TRANSMISSION ; GAMMA RAYS ; HEAT 

RADIATION ; INFRARED RADIATION ; INTERFERENCE OF WAVES ; LIGHT ; MAXWELL’S EQUATIONS ; MICROWAVE ; POLARIZATION OF WAVES ; 

RADIATION ; RADIO-WAVE PROPAGATION ; REFLECTION OF ELECTROMAGNETIC RADIATION ; REFRACTION OF WAVES ; SCATTERING OF 

ELECTROMAGNETIC RADIATION ; TRANSMISSION LINES ; ULTRAVIOLET RADIATION ; WAVEGUIDE ; WAVE MOTION ; X-RAYS . 

William R. Smythe 
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Unlabelled image Diagrams of electric dipole. The outward moving electric field lines generated by the hertzian oscillator are 
shown at successive eighth-period intervals. ( a ) t = 0; ( b ) t = T ∕ 8; ( c ) t = T ∕ 4; ( d ) t = 3 T ∕ 8 . 
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