
17  Electromagnetic Radiation

When people first hear the word "radiation" what usually springs to mind is the familiar radiation symbol.
However, this is just a small subset of true radiation.  Simply said, radiation is the emission and propagation of
energy in the form of waves or particles.  The amount of energy in each wave or photon is measured using energy
units of either Joule (J), erg (1 J = 107 erg) or electron volts (eV) where 1 Joule = 1 watt/sec = 6.242 x 1018 eV.  The
energy of an electromagnetic wave can be determined from
either the frequency (ν) or wavelength (λ) of the wave by E =
hν = hc/λ, where h (Planck's constant)  =  6.626 x 10-34 J-sec
(or 4.133 x 10-15 eV-sec) and c (speed of light)  =  2.998 x 108

m/s (approximately 3 x 1010 m/s).
The frequency of a wave is the number of waves that pass

a given point each second and is measured in Hertz (Hz).  The
wavelength is the length of a wave from one crest to the next,
and is measures in either angstrom (C) [1 C = 10-10 m], meters
or centimeters.

Electromagnetic waves represent a continuum
of energies.  Figure 17-2 relates frequency,
wavelength, and energy for different types of
radiation in the electromagnetic spectrum.
Radiation "waves" vary in frequency and
wavelength and are divided into two major catego-
ries:  ionizing and non-ionizing.

Ionizing radiation consists of x-/γ-rays as well
as particles like alpha, beta, and neutrons and
has enough energy to cause chemical changes
in biological material.  A large exposure to
ionizing radiation may damage sensitive cells
and tissues.  Radioactive material, x-ray
machines, electron microscopes, ion implant-
ers and accelerators are examples of ionizing
radiation sources.
Non-ionizing radiation includes visible, ultra-
violet and infrared light, radio waves and
microwaves.  Depending on wavelength, it
may or may not deposit energy in matter.
 Non-ionizing is often divided into two major
frequency regions:

Frequencies between 3 kHz and 300 GHz
are termed RF/microwave radiation
Frequencies below 3 kHz (e.g., 60 Hz) are
termed extremely low frequency (ELF)
radiation or Electromagnetic fields (EMF).

Ionizing radiation, UV, visible and IR are dealt
with in previous chapters, this chapter will cover the longer wavelength electromagnetic radiation.

17.1  Radiofrequency (RF) and Microwave Radiation
RF and microwaves are a product of civilization.  While these can be produced naturally (e.g., lightning), the use of
electricity and electronic devices have increased the number of electromagnetic radiation sources.  When you listen
to the radio, watch TV, or cook food in a microwave oven, you are using electromagnetic waves.  Radio waves,
television waves, and microwaves are all types of electromagnetic waves.  They only differ from each other in
wavelength. 

Radio waves have the longest wavelengths in the electromagnetic spectrum.  These waves can be longer than a
football field or as short as a football.  Radio waves do more than just bring music to your radio.  They also carry

Figure 17-1.  Frequency and Wavelength

Figure 17-1.  Electromagnetic Energy Spectrum



signals for your television and cellular phones.  Microwaves have wavelengths that can be measured in centimeters.
The longer microwaves, those closer to a foot in length, are the waves which heat our food in a microwave oven.
Microwaves are good for transmitting information from one place to another because microwave energy can
penetrate haze, light rain and snow, clouds, and smoke.  Shorter microwaves are used in remote sensing.  For
example, microwaves are used in Doppler radar used in weather forecasts.  Microwaves used in radar, are just a few
inches long.  Table 17-1 lists the relationship between frequency and wavelength for the radiofrequency band.

Using the relationship between energy, frequency, and wavelength (i.e., E = hν = hc/λ), you can see that a FM
radio station that broadcasts at a frequency of 100 MHz emits radio waves that are 3 m long and have an energy of
4.13 x 10-7 eV.  An AM radio station broadcasting at 1000 kHz (i.e., 1 MHz) emits radio waves that are 300 m long
and have an energy of 4.13 x 10-10 eV.  This is as expected since, as the frequency (Hz) increases, the wavelength
decreases and the energy increases (Figure 17-1).

17.1.a  Transmission / Propagation
Electromagnetic waves are created by the vibration of an electric charge.  This vibration creates a wave which has
both an electric and a magnetic component.  An electromagnetic wave propagates (e.g., transports its energy)
through a vacuum at the speed of light (i.e., 3.00 x 108 m/s).  The process of absorption and re-emission by which
waves are propagated in other media causes the net speed of the electromagnetic wave to be less than the speed of
light.  When an electromagnetic wave impinges upon the atoms of a medium, the energy of that wave is absorbed.
 The absorption of energy causes the electrons within the atoms to vibrate.  After a short period, the vibrating
electrons create a new electromagnetic wave with the same frequency as the first electromagnetic wave.  Even
though these atomic vibrations occur for only a very short time, they delay the motion of the wave through the
medium.  Once the energy of the electromagnetic wave is re-emitted by an atom, it travels through a small region of
space between atoms until it reaches the next atom, where the process is repeated.  The speed of an electromagnetic
wave through a material medium thus depends upon the optical density of that medium.  Different materials cause a
different amount of delay due to the absorption and re-emission process.  Furthermore, different materials have their
atoms more closely packed and thus the amount of distance between atoms is less.  These two factors (optical
density, packing) are dependent upon the nature of the material through which the electromagnetic wave is
traveling.  As a result, the speed of an electromagnetic wave is dependent upon the material through which it is
traveling.

We use the term electromagnetic wave, because that wave actually has two components, an electric, or E, field
and a magnetic, or B, field (the magnetic field intensity is a vector quantity usually symbolized by H).  The electric
and magnetic fields are perpendicular to each other and both are perpendicular to the direction of propagation of the
wave (Figure 17-3).  The strength of the electric field can be measured and the strength is expressed in units of
Volts per meter (V/m).  The magnetic field can also be measured and the strength expressed either in units of Gauss
(G), milligauss (mG) or Tesla (T) where 1 T = 10,000 G.
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1 mm - 0.1 mmsupra-extremely-high frequencySEHF300 - 3,000 GHz
1 cm - 1 mmextremely-high frequencyEHF30 - 300 GHz
10 cm - 1 cmsuper-high frequencySHF3 - 30 GHz
1 m - 10 cmultra-high frequencyUHF300 - 3,000 MHz

10 - 1 mvery-high frequencyVHF30 - 300 MHz
100 - 10 mhigh frequencyHF3 - 30 MHz

1,000 - 100 mmedium frequencyMF0.3 - 3 MHz
10,000 - 1,000 mlow frequencyLF30 kHz - 0.3 MHz

100,000 - 10,000 mvery-low frequencyVLF3 - 30 kHz
1,000,000 - 100,000 mvoice frequencyVF300 Hz - 3 kHz

10,000,000 - 1,000,000 m extremely-low frequencyELF30 - 300 Hz
< 10,000,000 msub-extremely-low frequencySELF0 - 30 Hz

WavelengthDescriptionBandFrequency

Table 17-1.  Electromagnetic Spectrum Band Designation



The waves take this orderly, dual form only at
some distance from the antenna, that is, at distances
much larger than the wavelength.  The region
where the waves behave in an orderly fashion is
called the far field.  Nearer to the antenna, is an
area called the near field.  Here the electric and
magnetic fields are not in phase and can differ
greatly in magnitude.  Because not all the energy in
the electromagnetic field is radiated, some of that
energy, called the reactive energy, is stored in the
field and re-emitted.  To determine the true power
density in this near field region, usually independ-
ent measurements of each field is necessary. 

Electromagnetic radiation is transmitted into space by an
antenna.  In radio, the electric and magnetic fields can be generated
in an oscillator and carried by a transmission line to the antenna.
At the antenna, the oscillating fields are radiated into space.  The
intensity of the wave is inversely proportional to the square of the
distance from the source and is proportional to the square of the
sine of the angle from an axis perpendicular to the antenna (i.e., it
is maximum radiating at 0o [Sin 0o = 1] and zero at 90o).

There are many types of antennae.  A microwave antenna
usually consists of a microwave feeding device (i.e., wave guide)
and a parabolic reflector or horn antenna.  If the antenna radiates
power in all directions, like a cell phone, it is an isotropic antenna.
The type of antenna will have an impact on the power density in
the far field.  As noted above, for an isotropic antenna, the power
density decreases as the square of the distance (i.e., inverse square
law, cf. Chapter 4).  With a directional antenna (e.g., horn or parab-
ola), the power density is increased by a gain factor.

17.1.b  Biological Effects
Electromagnetic radiation is energy (see Figure
17-1).  Absorption of this energy is not a straightfor-
ward process.  Factors such as the frequency, power
density, part of the body exposed, length of exposure,
etc., are all important considerations.  Additionally,
the human body is a complex structure, many
molecules are electrically polarized and the body
fluids contain ions of dissolved electrolytes.  

In general, at higher frequencies more energy is absorbed with a greater portion of it close to the surface on the
side of the body facing the source.  At 1 GHz, almost all the energy is absorbed in the first 2 to 3 cm of tissue.  The
body can also act like antennae, when their height is about half a wavelength, they absorb energy more efficiently
(e.g., 1 - 2 m wave, ~ 150 - 300 MHz).

For high frequency electromagnetic radiation (i.e., above 200 MHz), the electric fields exert forces on the ions
and polar molecules.  Absorption of the energy can lead to heat production.  The electric field forces may change
the spatial distribution of polar molecules to an orientation aligned with the electric field.  While these two effects
occur simultaneously, when the biological effect is due mainly to heating, we call it a thermal effect and when a
biological effect can not be attributed to heating we call it a non-thermal effect.  For very high frequencies, thermal
effects are associated with exposures greater than 10 mW per cm2 while non-thermal effects are generally associated
with exposures less than 10 mW per cm2.

Most of the harmful biological effects from microwaves are thermal effects, especially to the eyes which are
unable to efficiently dissipate energy.  Microwave radiation has also been shown to lead to cataracts.  These are
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Figure 17-3.  Electromagnetic Wave Propagation

Figure 17-4.  Antenna Near Field Description

Figure 17-4.  RF Absorption in Body



differentiated from age-related cataracts based upon the site of occurrence.  Microwave (and radiation) cataracts
form on the posterior surface of the lens, senile cataracts originate on the anterior surface of the lens.

Additionally, physical contact with metal antenna components (e.g., dipole or monopole antenna or metal struc-
tures near these antenna types) can produce RF burns / shocks.  An RF burn could result if one were to touch an
active radiating element.  Because RF is non-ionizing, the effects of low level exposure are thought to be noncumu-
lative.  Injuries received from RF exposure heal via the body's normal healing process.

Non-thermal effects have been reported from east
European countries.  These consist of physiological
effects on workers with prolonged histories of
exposures to low-level (< 10 mW/cm2).  Table 17-2  
lists some of the signs and symptoms reported.  Some
of the subjective effects expressed by workers
include:  headaches, eyestrain, fatigue, dizziness,
disturbed sleep, moodiness, irritability, unsociability,
nervous tension, muscle pain, etc.  While these appear
significant, it is difficult to extrapolate the results to the public health because there was a lack of dosimetric evalua-
tion of the radiation fields and because the symptoms reported are normally associated with an aging workforce.

Magnetic fields can also exert forces on the electrolytes moving in the bloodstream and may cause cells to
rotate.  However, these effects are seen primarily at very large field strengths.  Workers exposed to high magnetic
fields have reported fatigue, headache, numbness, nausea, and vertigo.  However, these studies have not revealed
any long term effects nor increased incidence of disease.

The International Commission on Non-Ionizing Radiation Protection concludes that "current scientific knowl-
edge does not suggest any detrimental effects on major developmental, behavioral, and physiological parameters in
higher organisms for transient exposures to static magnetic flux densities up to 2 T (20,000 G)."  It does caution
pregnant women against exposure to (high) magnetic fields, particularly during the first trimester.

17.1.c  Radiofrequency Exposure Standards
The federal government and many scientific organizations have proposed standards for electromagnetic radiation
exposure.  The goals are to protect workers and members of the general public to various frequency related injuries.
At different frequency ranges, these guides are designed to prevent:

electrostimulation of excitable tissue (3 kHz - 100 kHz)

adverse effects arising from localized and/or whole body heating (100 kHz - 6 GHz)

excess heating of skin or cornea for frequencies in the range (6 GHz - 300 GHz)

nuisance auditory effects (300 MHz - 6 GHz)

adverse effects associated with extremely high pulsed fields (3 kHz - 300 GHz)

As can be seen from the goals of the study,
the exposure standard is not a straight line.
Additionally, there is a reduced standard for
members of the general public.  The  Federal
Communication Commission (FCC) RF
exposure guidelines apply to the frequency
range 300 kHz to 100 GHz (Figure 17-5).
The limits are based on the unit of milliwatts
per square centimeter (mW/cm2), call power
density, essentially power per unit area.
Exposure to RF levels below these power
density levels is considered to have no detri-
mental biological effect on humans.
Additionally, these limits apply to locations
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decrease in olfactory sensitivity

sleepiness during workincreased blood
histamine level

extreme irritabilityhyperthyroid
periodic / constant headacheshypotension
Increased fatigabilitybradycardia

SymptomsSigns

Table 17-2.  Reported RF Non-thermal Effects

Figure 17-5.  RF Exposure Standard



that are accessible to workers or members of the general public, and not to emission of RF.  Table 17-3 lists the
frequency ranges and exposure limits.

17.2  Extremely Low Frequency (ELF) Radiation
There is a general perception that there are health
risks resulting from exposure to electromagnetic
fields from power lines.  All alternating electric
currents generate electric and magnetic fields, collec-
tively knows as electromagnetic fields (EMF).  These
fields contain an electric field that is proportional to
the voltage and a magnetic field proportional to the
current.  These fields emanate from the wires deliver-
ing electricity to our homes and all devices which use
electricity in the home.  Many people are concerned
about the alleged link between exposure to magnetic
fields and an increased risk of contracting cancer.  

While the electric field can be easily shielded; it is
more difficult to shield the magnetic field.  Buried
power lines generate lower magnetic fields than overhead power lines because of their design, not because the earth
shields the field.  Distance is the easiest way to reduce exposure to magnetic fields from either power lines or
electric appliances.

When dealing with power lines, there are trans-
mission lines mounted on large steel towers which
carry the power from the generator to a substation
and distribution lines which distribute the power
from a substation to the customers.  Transmission
lines generate both strong electric and magnetic
fields; distribution lines generate weak electric
fields, but can generate strong magnetic fields.

17.2.a  EMF Sources / Intensities
Electromagnetic fields are generated by electric
appliances.  The EPA conducted studies of magnetic
field exposure levels which has been summarized in
Table 17-4, sources and median exposure levels at
specified distances.

The thing to note about sources around the house
is that the exposure rate decreases significantly with
distance.  These levels may appear to be quite
intense at 6", however at distances of 2 - 4 feet,
magnetic field levels are too low to measure.

Because power transmission and distribution lines carry so much more voltage and current, levels near these
sources can be quite intense.  Figure 17-7 contains graphs of the electric and magnetic field strengths measured at
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151,500 - 100,000
F / 1500F / 300300 - 1,500

0.2130 - 300
180 / F2900 / F23.0 - 30
180 / F21001.34 - 3.0

1001000.3 - 1.34

General Public Exposure Limit  
(mW/cm2)

Occupational Exposure Limit 
(mW/cm2)

Frequency Range (F)
(MHz)

Table 17-3.  RF Exposure Limits

Figure 17-6.  Electric Power Distribution

11060300Vacuum cleaner
-420100Portable heater
-1720Washer
--23Electric dryer
-2630Food processor
-41020Dishwasher
--16Crock pot
---7Coffee maker
220150600Can opener
-21070Blender
-27Color TV
---1Tuner / tape player
-13Window air conditioner
--3Ceiling fan
4'2'1'6"

Distance from Source
Source

Table 17-4.  Typical Magnetic Field Exposures (milligauss)



various distances away from the center line of overhead transmission lines.  While intensities decrease rapidly,
approaching nearly zero at 25 meters,
the intensity is related to voltage
carried by the system.

As noted previously, buried or
underground cables have different
electric and magnetic field intensity
distribution than above ground cables.
This is illustrated in Figure 17-8 which
shows distribution of magnetic fields
and effect of shielding on electric
fields.

Unlike magnetic fields which are difficult to shield, electric fields are reduced by shielding, particularly metal.
Thus the electric fields from
power lines can be reduced by
walls, buildings and trees
which act as conducting
objects that are grounded.  If
the power lines are buried,
they produce no electric field
at the surface.  However,
magnetic fields at or close to
ground level from under-
ground high voltage cables
(typically buried 1 meter underground) can be quite high directly above the cable, but decline rapidly with distance.

17.2.b  EMF Health Effects
Reviews of scientific studies lead scientists to conclude that the existing evidence, although suggestive, does not
show conclusive proof that EMFs cause cancer.  It appears that in at least some types of diseases, while EMF
exposure may not cause a condition, it may aggravate it and make it more severe.  Thus, certain types of cancer may
have been caused by other factors, and EMFs may have accelerated the rate of growth.

The Swedish government has issued a document stating, "We suspect that magnetic fields may pose certain risks
to health, but we cannot be certain .... there is good reason to exercise a certain amount of caution."  However, the
report concludes that "current knowledge is not sufficient for us to tell how magnetic fields affect us.  So we do not
have a basis on which to set [exposure] limits."

The American Medical Association investigated laboratory tests on animals and cell cultures, noted that changes
were present in parameters such as:

A review of studies of both human epidemiological and biological laboratory testing has shown both adverse and
benign effects associated with EMFs.  Because of the conflicting results in many studies, no clear cut relationship
between certain diseases and EMF exposure have been established.

A recent review of research literature published by the UK National Radiological Protection Board in March
2001 (often referred to as the Doll Report after the committee chair Sir Richard Doll) concluded:
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Figure 17-7.  Electric / Magnetic Fields Under Power Lines

Figure 17-8.  EMF Fields Underground and Above Ground Shielding
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"Laboratory experiments have provided no good evidence that extremely low frequency electro-
magnetic fields are capable of producing cancer, nor do human epidemiological studies suggest
that they cause cancer in general.  There is, however, some epidemiological evidence that
prolonged exposure to higher levels [more than 0.4 μT] of power frequency magnetic fields is
associated with a small risk of leukemia in children.  In practice, such levels of exposure are
seldom encountered by the general public in the UK.  In the absence of clear evidence of a
carcinogenic effects in adults, or of a plausible explanation from experiments on animals or
isolated cells, the epidemiological evidence is currently not strong enough to justify a firm conclu-
sion that such fields cause leukemia in children.  Unless, however, further research indicates that
the finding is due to chance or some currently unrecognized artifact, the possibility remains that
intense and prolonged exposure to magnetic fields can increase the risk of leukemia in children."

It should be noted that the 0.4 μT (0.04 G) level does not define a safe or unsafe level, it was simply the level
selected to differentiate "exposed" and "unexposed" participants.

Thus, human studies have consistently shown that there is no evidence that prolonged exposure to weak electric
fields as are found in homes and offices results in adverse health effects.  Research is still needed to determine if
chronic exposure to weak magnetic fields has any effects.  However, there is no evidence that these fields cause
immediate, permanent harm.  Laboratory studies on animals and cell cultures have shown that weak magnetic fields
can have effects on several biological processes.  For example, they may alter hormone and enzyme levels and the
rate of movement of some chemicals through living tissue.  While these changes do not appear to create a health
hazard, they do not rule out the possibility that, in the long term, they may have an effect on the incidence of cancer
or other adverse health effect.  While most studies have produced inconclusive results or no increased cancer
incidence in laboratory animals following exposure to electromagnetic fields, a few studies have indicated an
increased incidence.

17.2.c  EMF Protection Standards
Because of the ambiguous results of studies, governments have adopted standards.  The most thorough and compre-
hensive standards are published by the International Commission on Non-Ionizing Radiation Protection (ICNIRP).
Table 17-4 includes several guidelines for occupational and general public exposures to ELF.

IAmerican Conference of Governmental Industrial Hygienists (ACGIH), 1994

Magnetic Field:
Occupational exposure  10 G (10,000 mG)
For Workers with cardiac pacemakers, the field should not exceed 1 G (1,000 mG)

Electric Field:
Occupational exposures should not exceed 25 kV/m (from 0 Hz to 100 Hz).  Prudence dictates the use of

protective devices (e.g., suits, gloves, insulation) in fields above 15 kV/m
For workers with cardiac pacemakers, maintain exposure at or below 1 kV/m

ACGIHI  Occupational Threshold Limit Values for 60 Hz EMF

HFor electric fields of 10 - 30 kV/m, field strength (kV/m) x hours of exposure should not exceed 80 for the whole working
day.  Whole-body exposure to magnetic fields up to 2 hours per day should not exceed 50 mG (IRPA/INIRC 1990)

1 G (1,000 mG)
10 G (10,000 mG)

5 kV/m
10 kV/m

General Public:
Up to 20 hours per day
Few hours per day

5 G (5,000 mG)
50 G (50,000 mG)

250 G (250,000 mG)

10 kV/m
30 kV/m

 ---

Occupational:
Whole working day
Short termH

For limbs

Magnetic FieldElectric FieldExposure (50/60 Hz)
International Guidelines on Non-Ionizing Radiation Protection

Table 17-4.  Example of EMF Standards
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In the United States, there are no federal health standards specifically for 60 Hz EMFs.  At least six states have set
standards for transmission line electric fields; several of these have also set standards for magnetic fields.  The UK
National Radiation Protection Board recently published comprehensive guidance following the ICNIRP guidance
and suggesting a cautious approach which advocates prudent avoidance. 

17.3  Review Questions - Fill in or select the correct response

1.  A _____ effect occurs when electromagnetic energy is absorbed and damaged is produced by heating.
a.  electrical                 b.  physical                  c.  skin                   d.  thermal

2.  Reported non-thermal electromagnetic symptoms include headache, fatigue, irritation, and ________:
a.  hyperactivity          b.  sleepiness         c.  increased smell       d.  enhanced taste

3.  Human studies have consistently shown that there is no evidence that prolonged exposure to weak electric fields
result in adverse health effects.
a.  true                       b.  false

4.  The goal of radiofrequency exposure standards is to protect workers and members of the general public to
various frequency related injuries.
a.  true                       b.  false

5.  The ________ is the number of waves that pass a given point each second and is measured in Hertz.
a.  modulation            b.  wavelength           c.  frequency                  d.  amplitude

6.  Electromagnetic waves are propagated at what velocity in a vacuum.
a.  1 light year           b.  3 x 108 m/s              c.  18,000 mph              d.  1 Hertz

7.  Radiofrequency and microwaves are very penetrating types of radiation.
a.  true                       b.  false

8.  Extremely low frequency (ELF) electromagnetic fields (EMF) are found throughout the home and work place.
a.  true                       b.  false

9.  While there is no definitive evidence that low levels of EMF are hazardous, the literature has suggested that it
may contribute to disease formation or progression and should be considered a possible disease agent.
a.  true                       b.  false

17.4  References

Australian Radiation Protection and Nuclear Safety Agency (ARPANSA), The Controversy Over Electromagnetic
Fields and Possible Adverse Health Effects, NRPG, Oxfordshire, 2004
National Radiation Protection Board (NRPB), Advice on Limiting Exposure to Electromagnetic Fields (0 - 300
GHz), NRPG, Oxfordshire, 2004
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