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NOTES 14

 NON-IONIZING ELECTROMAGNETIC RADIATION

1. Maxwell's equations

The electromagnetic field in the presence of material media is described by the vector fields E and B satisfying
the set of macroscopic Maxwell equations

(1)
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The three fields D, H and J are related to the primary fields through constitutive relations which are determined
by the electromagnetic response of the medium. If all fields are treated as time harmonic with phasor amplitudes
then the constitutive relations for biological materials can be written

(2)
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The first of these relates the displacement field amplitude to the electric field amplitude through the frequency-
dependent complex dielectric permittivity. The second is Ohm's law relating the current density to the electric
field through the medium conductivity while the last implies the free space relationship between the magnetic
induction and magnetic intensity with µ0 being the free space permeability.

Since each of the above fields has been represented by a Fourier component in the form

(3)F'mF̂(k,ω)e
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Equ(1) take the form

(4)
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where the last relationship assumes a region for which the free charge density vanishes. The third of the above
set of equations indicates that the wave is transverse with the electric field, magnetic intensity and propagation
vector forming an orthogonal triad. It must be emphasized that in the presence of a charge density a longitudinal
electric field is possible leading to a unique mode known as a plasma oscillation. The dispersion relation
implicit in Equ(4) for the more common transverse wave is developed according to
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(5)ik×(k× Ê)'µ0ω(σ&iε̂ω)Ê

Expanding the triple cross product and using transversality gives

(6)k 2'µ0εrω
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The solution to Equ(6) for k = β + iα is
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As an example the parameters for water at 25o C and a frequency of 10 GHz are εr = 38εo and εi = 39εo where εo

is the free space permittivity. Noting that the in vacuuo speed of light is , evaluation of the abovec'1 µ0ε0

equations gives an attenuation co-efficient of 5.7 cm-1 and a wave-length of 5 mm. The strong attenuation of
high frequency electromagnetic radiation in water is entirely due to the relatively large value of εi. Since such
attenuation represents absorption rf radiation has been used in diathermy while more recently rf and microwave
radiation has been used to induce hyperthermia. The attenuation is also the basis for microwave ovens of course
and also presents an insurmountable obstacle to long range under-water communication.

2. Boundary effects

The general definition of the wave impedance is 

(9)Ẑ'Êx /Ĥy

From Equ(4) since 
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then the impedance for a simple travelling wave is

(11)Ẑ'
µ0ω
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and is determined entirely by the constitutive parameters. For the case of a nonconducting dielectric with a
purely real dielectric constant this becomes

(12)Z' µ0 /εr

The numerical value for free space is 377Ω. Since the right hand side in the above equation is determined solely
by the medium it is also referred to as the intrinsic impedance. Then Equ.(12) can be interpreted as indicating
that, for a simple travelling wave, the wave impedance is identical with the intrinsic impedance, normally
designated .  In general the intrinsic impedance is complex if either the conductivity or imaginary part of theη̂
dielectric permittivity are significant.

For an electromagnetic wave incident upon a boundary for which a sudden alteration in intrinsic impedance
occurs, the change in the ratio of electric and magnetic fields generates a reflected wave. The incident and
transmitting media are characterized by intrinsic impedances of  and  respectively and the boundaryη̂1 η̂2
is taken as z = 0.  Normal incidence is considered so that k = kLz. If the relative magnitude of the reflected
wave corresponding to the electric field is  then the total amplitude becomesr̂

(13)Êx'E0(1%r̂e &2ikz)

while the magnetic intensity amplitude becomes

(14)Ĥy'E0(1&r̂e &2ikz)/η1

The wave impedance for this more complicated structure is no longer simply dependent upon the properties of
the medium but now also involves the wave topology. It is spatially dependant and is given by

(15)Ẑ1(z)'η̂1@[
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]

For the transmitting medium a simple travelling wave occurs so that the wave impedance in this region is

simplyη2. Continuity of the fields at the boundary requires that  orẐ1(0)'η̂2

(16)r̂'
η̂2&η̂1
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Note that if the second medium is a good conductor η2<<η1 and the wave is fully reflected in such a way that the
electric field vanishes at the boundary.
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3. Debye dielectrics

In many ways the Debye dielectric is the analogue of the Voigt model. An electric field produces an electric
stress on the medium which responds by becoming polarized, the analogue of a strain in which the distortion
occurs for the bound charges. It is not surprising therefore that actual mechanical stresses and strains occur in
piezoelectric or electrorestrictive phenomena which form the basis for the ultrasonic transducer. In the Debye
dielectric a simple relaxation equation for the polarization response in the form

(17)dP
dt

%
P
τ
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is used.  For harmonic fields the amplitudes then satisfy

(18)P̂' aτ
1&iωτ

@Ê

The displacement field amplitude is given by

(19)D̂'ε0Ê%P̂

so that the dielectric permittivity becomes

(20)ε̂(ω)'ε0%
aτ

1&iωτ

The value of the permittivity at zero frequency is referred to as the static value and designated εs. The
permittivity can then be written
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The dielectric permittivity is often represented by a Cole-Cole plot in which the real and imaginary components
form the abscissa and ordinate respectively. For a simple Debye dielectric the plot is a semi-circle with center at
(εs+εo)/2 and radius (εs-εo)/2.

The permittivity for biological materials is found to behave as three or four Debye dielectrics superimposed. The
position is designated by the frequency 1/τ at which the loss term is maximum. The lowest frequency
component has been designated α and ranges in the kHz region. It deteriorates first following death and is
believed to be due to relatively large scale structure. The second or β component deteriorates more slowly,
occurs in the MHz range and is believed to be due to membrane structure. The highest frequency component, γ,
is due to water and occurs at a relatively well-defined frequency at several GHz.
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4. Power Dissipation

The instantaneous energy flow vector for an electromagnetic field, referred to as Poynting's vector, is the vector
product of the electric and magnetic fields. Using Maxwell's relations the divergence may be written

 (22)
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If the point of interest is taken as the origin then the fields may be related by 

(23)
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The average of the Poynting's vector over a period is the energy flow vector G introduced for ionizing radiation
fields. In a manner consistent with dosimetry for ionizing radiation the energy deposition rate per unit mass,
referred to as specific absorption rate and analogous to dose rate is given by

(25)SAR'&L@G/ρ'(σ%ωεi)
E 2

0

2ρ

This follows from the fact that the time average of the first two out-of-phase terms in Equ(24) vanishes.

It is generally believed that the sole detriment from non-ionizing radiation is due to thermal effects. The increase
in temperature depends upon the SAR and since there are no accumulative effects there is no significance to the
analogue of dose as distinct from dose rate. Exposure limits are normally related to the magnitude of G itself
and the implications for the SAR have been calculated separately. This would be analogous to using exposure
rate rather than dose as a limit for ionizing radiation.


