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SUi\I.\1ARY 
The paper rcvirn·s the industrial, biological and medical aspects of 

microwave r:1diation. The special methods of study of the properties 
of organic and biological materials are first discussed. The industrial 
applications of microwa\·e hearing processes are described and the 

1 eflect of microwa\'e radiarion on biological tissues and living animals 

{

·, .' is examined. The operational hazards artaching to personnel in the 
neighbourhood of high-power equipment are pointed out and sugges
tions offered :1s to how these can be minimized. The paper concludes 

t• with a bibliography. 

.. 

I 
l 
t 

I 
I 
I 
I 
' I 

I 

LIST OF PRINCIPAL SYMBOLS 
Rationalized M.K.S. units are used unless othenvise indicated. 

d = Dbmcter, m. 
E = R.F. peak electric field strength, volts/m. 
f = Frequency, c/s. 
g = Spectroscopic splitting factor or g-factor = 2 · 002 29 

for a free electron. 
P = Power, watts. 

Ps = Power dissipated in sample, watts. 
R = Range, m. 
S = Poynting vector of· power flux density = £ 2/754 

watts/ m2• 
t = Time, sec. 

Vs = Volume of sample, m3• 
a = Attenuation coefficient, nepers/m ( =8 ·686 dB/m). 
o = Dielectric Joss angle= arc tan (E11/E'). 
E = Relative permittivity = E' - jE". 
,\ = Free-space wavelength, m. 
a = Conductivity, mhos/m. 

cos</> = Power factor :::: tan o if o < l. 

(l) INTRODUCTION 
Microwaves are defined to be that portion of the electromag

netic spectrum with frequencies between I Gc/s (wavelength 
30cm) and 100 Gc/s (wavelength 1 mm). Originally developed 
on a large scale for radar systems, microwave techniques have 
since been applied to other fields, including radiocommunication, 
dielectric spectroscopy, radio astronomy and electro-nuclear 
acceleration. Electromagnetic energy penetrates bodies to an 
extent governed by the properties of the material and the fre
quency and other characteristics of the incident waves. This 
controlled penetration forms the basis of the industrial, bio
logical and medical applications of microwave radiation. 

The effects observed under exposure to microwaves are, to a 
large extent, thermal: in this case it is the dispersive properties of 
permittivity and conductivity which play essential roles. On the 
other hand, effects specifically related to the frequency of radia
tion have been observed: such cases involve the molecular 
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structure, which may be studied by electron-resonance tech
niques. Dielectric heating forms the basis of industrial manu
facturing processes and the defrosting or cooking of foods. The 
effect of intense microwave radiation on living animals depends 
upon the circulation of blood, and thus investigations must be 
made on tissues with and without blood vessels. These short- and 
long-term effects concern humans who must work in positions 
of intense microwave fields. Methods of reducing such hazards 
involve instrumentation for measurement of the radiation inten
sity and adoption of efficient methods of protection. 

Some of these industrial, biological and medical aspects of 
microwave radiat.ion are relatively new but, although develop
ment is proceeding rapidly, accurate measurements have been 
inadequate with the resuit that reliable conclusions cannot be 
drawn. The paper thus takes the form of a factual outline with 
occasional detail to illustrate the problems involved. The· 
bibliography will enable the reader to supplement and amplify 
the subject matter to give a balanced and complete coverage of 
these important and topical fields. 

(2) PROPERTIES OF BIOLOGICAL MATERIALS 

(2.1) DiC'lcctric Behaviour 
The dielectric properties of biological material may be 

examined77• 83 by methods closely resembling those employed 
with ordinary materials: in many cases the dispersions obtained 
follow conventional laws. For example, the dielectric constant 
of blood shows the characteristics expected of its high water 
content. 19 , 73 , 82 The results, together with those for tissues 
such as skin, muscle, bone and fatty parts, measured in the 
range 3 ·0-23 ·6 Gc/s30, 31 and 1 ·78-4· 63 Gc/s, 17 can be fitted to 
a Debye relation. 18 Typical data, selected from measure
ments45• 84, 94 on various human tissues in the frequency range 
0·2-lO·0Gc/s, are given in Table 1. The differences in the 

Table 1 

PROPERTIES OF VARIOUS TISSUES AT 27° C 

Relative permittivity at Conductivity at 
Tissue 

0·4Gc/s I Gc/s 0·4 Gc/s I Gc/s 

millimhos/cm millimhos/cm 
Muscle .. 54-56 54 57 9·5-10·0 12·0-12·7 
Liver .. 46-53 50-51 6·7-8·3 9· 1-9·6 
Lung .. 36 - 6· 1 -
Blood .. 64 63-67 11 ·0 12·8-14·2 
0·9% NaCl 74 77 17·3 18·5 
Fat .. .. 4-7 - 0·7-0·S -

properties are to some extent due to the presence of protein 
molecules.44 The temperature coefficient of the resistivity varies 
with frequency, is always negative and is comparable with that 
of saline solution.20 

indtcd for consideration with a view to publication. · 
Dr. Harvey is at the Royal Radar Establishment. The temperature coefficient of the relative permittivity is posi
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Table 2 

PERMITTIVITY AND CONDUCTIVITY OF TJSSUES AT 37°C 

Muscle Wet fat Dry fat Skin 

FrcqucnC)' 

€ 0 ( 0 € 0 € 0 

Gc/s . millimhos/cm millimhos/cm millimhos/cm millimhos/cm 

0· 15 66 JO 7·6 0·66 3·8 0·33 63 8 
0·4 58 JO 6·8 0·78 3·4 0·39 47 9 
0·9 54 11 6· 1 0·91 3 · 1 0·45 44 IO 
3·0 54 22 4·4 1·18 2·2 0·59 41 21 

10·0 ; 45 125 3·3 2·63 l ·7 1·31 34 . 82 

tive at low freqtiencies, and becomes zero and finally negative as· 
the frequency increases. In view of their medical importance the 
properties of muscle, fat and skin have been studied over a 
wide range of frequency: 17• 3o, 88 typical results for the relative 
permittivity and conductivity are given in Table 2. The 'wet' fat, 
with somewhat higher water content, represents horse fat, while 
the 'dry' fat has been found more characteristic of pork: the 
values for human fat are somewhere in between. The per
mittivity of wet fat docs not change much with temperature but 
the conductivity, as compared with the value at 37° C, is doubled 
at 50° C and halved at 20° C. 

(2.2) Electron-Resonance Techniques 

Electron-resonance methods57 are proving useful in biological 
and medical studies since they facilitate examination of free 
radical reactions which are often associated with metabolic and 
biochemical processes. 5, 6, 7• 98 The presence of water tends to 
cause a large non-resonant absorption, and thus the specimens 
are usually enclosed in tubes of, say, 1 mm diameter. Alter
natively, the samples can· be freeze-dried, care being taken that 
no extra bonds are broken and radicals formed. Commoner, 
Townsend and Pake14 have, for example, studied the free
radical concentration in living tissue and typical results are 
given in Table 3. The free radicals were shown to be associated 

·table 3 

FREE-RADICAL CONCENTRATION IN TISSUES 

Material 
Concentration 

(dry weight) 

mole/g x JO-• 

Nicotiana tabacum, leaf .. 65. 
Coleus, leaf .. .. 180 
Barley, leaf .. .. 25 
Digi1alis, gem1inating seeds 10 
Carrot, root .. .. 8 
Rabbit, muscle .. .. 20 
Frog, eggs .. .. .. 200 
Drosophilia, entire .. 4 

by comparing the free-radical concentration in healthy and 
cancerous tissue. For example, cigarette smoke, when first 
formed, contains a relatively high concentration of both active 
and stabilized free radicals,62 either or both of which might act 
as carcinogenic agents. 

Free-radical processes are likely to occur in enzyme reactions, 
· the details of which can then be studied by electron-resonance 
techniques. Closely related to biologically important molecules 
are the phthalocyanines: these are large planar molecules 
which can undergo a transient intermediate oxidation stage. 
Phthalocyanines studied experimentally37 show that this transient 
state gives a narrow resonance line with a g-factor close to that 
of a free-electron spin. This indicates that the oxidation pro
cess involves mobile electrons in the conjugated ring system, 
and, in some cases, the growth and decay of the intermediate 
stage can be followed on the oscillograph display of the 
spectrometer. 

The biologically important oxidation of ferrihaemoglobin to 
its metastable state has been examined in detail39, 40 by electron
resonance methods. In fact, such study of the different deriva
tives of haemoglobin not only allows the actual orbitals involved 
in the binding to be determined but also gives detailed structural 
information of the processes involved. A strong narrow line 
with a g-factor of 2·003 is obtained when methaemoglobin or 
metmyaglobin is oxidized by, for example, hydrogen peroxide. 
The fact that the formation of an actual peroxide compound 
involves a change in the binding of the iron atom is demonstrat.:d 
conclusively by observing2• 56 the metmyoglobin resonance at 
g = 6 · 0 as oxidation occurs. The fact that the resonance 
decreases41 during the oxidation process indicates a change from 
ionic to covalent binding. 

Kinetic studies have shown the role played by free radicals 
during photosynthesis. In one series of experiments aqueous 
suspensions of chloroplasts were examined15 in a resonant cavity 
into which light from a tungsten-filament lamp could be admitted: 
this illumination increased by sixfold the radical concentration. · 
Results at various temperatures95 show a longer decay time at 
-140° C, and correlation of luminescence and electron-resonance 
measurements97 indicate that the photosynthesis reaction is due 
to the mechanism of electron trapping and hole production 
familiar in semiconductors. 

Electron resonance affords a direct and sensitive method of 
studying the breakdown processes whieh occur in Jiving tissue 

with the protein components and the concentration is seen to 
be higher in the metabolie,.illy active tissues. In the case of 
leaves the concentration could be increased on exposure to light. 

Free radicals have been postulated67 as taking part in carcino~ 
genie (cancer-forming) processes and it has been suggested that 
the activity of certain large-ring structures may be related to their 
ability to form negative-ion free radicals with mild reducing 
agents. In contrast, non-carcinogenic hydrocarbons, such as 
naphthalene, require strong reducing agents before the formation 
of such radicals. · Thus, carcinogenic activity might be measured 

as a result of X- or y-ray irradiation. Pulse techniques enable 1 

dynamic conditions to be studied. Results have shown, for 
example, similar spectra for cystine, hair, nail and feather.43 

These techniques can also be applied55, 93 to the study of protein; t; 
and such trace metals as manganese and copper. Experiments108 1 
on mice have shown that paramagnetic tracers- such as salts of 
iron, nickel or chromium enable blood flow to be measured. f ·1 

The technique involves determination of the spin-lattice relaxa· 
1 

l 
' J ........ .., FA) , '4' ... t 
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tion time after application of a saturating pulse. The relative 
amplitudes of the decaying signal, me;1surcd when blood is 
flowing and not flowing, gives the velocity of flO\\'. knowing th_e 
distance from the injection point. The method 1s safe and 1s 
suitable for use with humans. 

(3) INDUSTRIAL HEATING PROCESS 

(3. I) Methods Employed 

Many methods have been developed for utilizing the dielectric 
Joss shown by most materials at ultra-high and microwave frc
quc~cies, for heating purpo~es.42

• 
59

• 
64

• so, SI Th~ c!iarac~~ristic 
advantage of diekctric heating at any frequency 1s Its ab1!Ity to 
produce rapid uniform heatin7 throughout the bulk of~ mat~ria_l. 
The total power dissipated m the volume of the d1clcctnc 1s 
given by 

(1) 

and thus to increase the rate of heating of a given material, the 
~pplied field strength or the frequenc~ must be increased. :fh_e 
former is easy to control but can be mcreased only to the lnmt 
imposed by arcing between the electrodes and the work. The 
arcing limit varies considerably with different kinds of materials: 
in a substance of a discrete nature the concentration of field at 
the contact points leads to local burning at relatively low powers. 

Eqn. (I) shows that the heating effect at constant power is 
proportional to frequency, which should thus be made as high as 
convenient: in many materials additional advantage is obtained 
because €" increases with frequency. Dielectric heating equip
ment is difficult to shield effectively and operation must usually 
be confined to assigned frequency bands where large amounts of 
stray radiation are permitted: the United ~tates bands are given 
in Table 4. Electron tubes are available for these heating 

Table 4 

ASSIGNED FREQUENCIES FOR DIELECTRIC HEATING 

Centre frequency, Gc/s 0·915 2·45 5·85 10·6 18 
------

Deviation allowance, ±25 ±50 ±75 ±100 ±150 
Mc/s 

bands,79 the highest c.w. powers being provided by magne
truns.68, 69 , 70 Typical outputs are 5 kW at O · 915 Gc/s and 
2kW at 2·45 Gc/s but experimental tubes have given higher 
values. The transmission-line output is either coaxial line or 
waveguide according to the frequency and power. 

Some care must be devoted to the choice of a suitable operating 
frequency. For very-high-loss materials the field strength falls 
off rapidly with increasing penetration and thus the central 
portion of a large volume will be heated only slightly. The 
attenuation coefficient is given by 

c.: = 1r€" /(X..,N) . (2) 

and, for example, in a material with €' = 28 and €" = 5 · 6 at 
0·915Gc/s, lc::ids to the power density falling to 61 % of the 
surface value in a distance of 2 · 5 cm. 

Many materials to be heated by microwave energy are 
relatively low-loss dielectrics and, to secure efficient use of the 
available power, they must be placed in some form of resonant 
structure. The possible spatial variation of electric field imposes 
restrictions on the size and position of objects which must be 
uniformly heated. Thus in a TM010 mode circular cavity, the 
rate of heating is constant in an axial direction while more than 
90% of its maximum value resides inside a radius of 0·07A. 
With, for example, a plastic material of € = 4, heated at 
0·915Gc/s, the diameter must not exceed 2·3cm to ensure this 
condition. 

There is a number of important cases where it is required to 
heat non-uniform dielectrics in which a substantially uniform 
temperature rise is required, or where it is more economical to 
concentrate the heating as locally as possible. Rates of heating 
proportional to the heat capacity per unit volume, rather than 
uniform heating, are, of course, required to give a uniform 
temperature distribution. Since the permittivities and loss 
tangents of the materials comprising a composite· or non
uniform dielectric load usually vary with frequency in different 
ways, it is sometimes possible to find a frequency giving a 
significant improvement in the uniformity of temperature rise. 
The relative rates of heating and temperature rise may also be 
controlled by selection of the mode of application of the electric. 
field with, if necessary, relative rotation or translation of the 
dielectric sample. 

(3.2) Particular Applications 
Dielectric heating has been employed59 for the bonding of 

plywood veneers. The glues should be of the thermal-setting 
plastic type and, where possible, selected for rapid polymerization 
at low temperatures. The coaxial system in Fig. l(a) permits 
the electric field to pass through the glue face and wood in 
parallel, giving increased concentration of heating in the higher
permittivity glue. Frequencies giving a convenient size of 
microwave structure and rapid heating of the glue are in the 
range 1-6 Gc/s. 

More bulky wooden articles can be bonded by employing, 

>,, 
ELECTROMAGNETIC 

HORN 
4 MATCHING 

LAYER 

• 

(b) DIELECTRIC 
LOAD 

Fig. 1.-Methods of gluing wood by dielectric heating .. 
(a) Edgewise gluing of plywood veneers. 
(b) .Scam heating with focusing.horn • 
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as shown in Fig. l(h), :m elcctrom:ignetic horn to beam the 
energy to the desired location. For normal-size articles, fre
quencies in the range I· 5 Gc/s arc suitable. By means of a 
suitable rctkctor or 'lens, the bc:1111 may be made to converge 
to a minimum diameter of about half a wavelength. Thus, 
concentrated heating may be secured in internal portions of a 
load in::iccessible for the ::ipplication of electrodes. Surface 
reflections can be minimized by any of the usual matching 
techniques. 

lf the electrodes of a heating system arc placed on opposite 
sides of a thin dielectric film, the electric field, and hence the 
rate of heating, is limited by breakdown of the unavoidable air
gap. In order to obtain the maximum electric field in the dielec
tric film for a given tot:il power, flowing or stored, the spacing 
between the electrodes must be as close as possible to minimize 
the air-gap, giving an inconveniently low-impedance system for 
coupling power. By the use of fringe-field heating36 shown in . 
Fig. 2(a), the electric field may be made to spread in air giving a 
·lower electric field there, to concentrate in the dielectric film 
:and give a higher field, and to travel through a considerablt; 

I 
CONCENTRATED 

FIELD 

ELECTRODES 
/ 

~ 

~ POWER 
THIN DIELECTRIC 

FILM 

WEAK FIELD 

. IN IIR LOAD 

~.~ 

state. Too rapid heating must be avoided with frozen foods 65 

since the increase of loss tangent and dielectric constant on 
melting leads to intense local heating. Thawing and heating 
times are reduced from the 15 min of conventional oven methods 
to about one minute. Extra heating of the surface for browning22 

or crust formation may be secured by adjacent slabs59 of high
loss material which attain much higher temperatures. One 
method of determination of adequate cooking is to make the 
energy supplied proportional to the weight of food .. Typical 
electronic ovens at 2·45 Gc/s provide powers of 0·8-1 ·6k\V 
and the cooking operation involves placing the food in a glass, 
china, plastic, paper or sometimes metal dish. Nutritional 
studies have shown that microwave cooking gives better retention 
of vitamins and natural juices in the food. 

(4) EXPOSURE. TO INTENSE MICROWAVE RADIATION 

(4.1) Tissues with Blood Vessels 

Exposure of biological tissues to intense microwave radiation 
leads to modification of their properties. Experiments48 have 

(a) (b) 

Fig. 2.-Dielcctric heating of thin films and threads. 
(;,) Types of fringe-field heating for thin films. 
(b) Waveguide heating of threads or strips. 

length of film, thus giving a high impedance. Fig. 2(b) shows a 
waveguide, slit along the centre of the wide faces,. and folded back 
on itself several times. Thread or strip material passing through 
the slits will thus lie in the positioa of maximum electric field. 
Energy propagated down the guide will be continuously attenu
ated but the average heating of each thread will be approximately 
the same. lf the guide is sufficiently long only a small fraction 
of the input power reaches the far end, so that matching will be 
independent of load changes. 

Microwave energy is a suitable medium for the heating and 
cooking of foods. 21 From this viewpoint the collection of foods 
comprising a typical meal is a dielectric load of low dielectric 
strength and variable permittivity and loss tangent. Fairly 
uniform heating is secured at frequencies of 1-3 Gc/s, owing to 
frequency variations of dielectric properties. At higher fre
quencies, the depth of penetration of the energy into the food is 
small, while at lower frequencies dielectric breakdown limits the 
rate at which power may be supplied. 

At 3 Gc/s good uniformity of heating and· matching with 
various combinations of food has been secured by the use of 
beamed radiation. Reflectors arc used to direct the power onto 
the food from all sides to offset the effects of low penetration, 
and arc arranged, as far as possible, to avoid returning energy 
towards the exciting horn that has not been dissipated by several 
passages through the food. The whole system may be screened 
in a metal case with a metal-gauze door for observation purposes. 
At 1 Gc/s, effective concentration of heating energy necessitates . 
a resonator system. 

To take full advantage of the rapid heating obtainable by 
dielectric methods the food should be in a partially pre-cooked 

shown that the changes are probably due mainly to thermal 
effects consequent upon absorption of the radiation. For the 
study of these changes, living tissues can be divided into two 
classes 102-normal tissue which contains blood vessels and 
ischemic tissue which does not. 

For example, practically any desired temperature can be 
produced46 in the various tissues of the thigh of a dog by properly 
controlling the output of the microwave generator and the 
duration of the exposure. The temperatures of the tissues 
begin to rise as soon as the microwave energy is directed toward 
them. The rise continues until approximately 20 min have 
elapsed whereupon the temperatures begin to fall. Measure
ments of blood flow in the thigh of the dog showed that a 
marked increase in the flow occurred simultaneously with the 
fall in tissue temperatures: this increase acts as a heat-dissipating 
mechanism.75 

Such effects have also been observed38 in humans: the tem
perature of the tissues again triggers a mechanism leading to 
increased blood flow, which prevents the development of too high 
temperatures. The mechanism of heat production in human 
tissues by microwave radiation has been extensively examined8• 71 

by means of pulsed sources in_the 3 Gc/s frequency band. The 
results were analysed 16 and correlated witli the respective per· 
mittivities and thermal conductivities of the tissues involved. 
Metals implanted in the tissue tend to set up standing waves 
with consequent33 higher local rises of temperature. 

Medical diathermy47 involves controlled thermal effects which 
are intended to be beneficial: the optimum frequency for normal 
tissues lies92 in the u.h.f. · region. The variations between 
measured and biologically effective dosages have been examined86 

't' ,ii m 
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and a comp:irison m3dc72 of the temperatures produced by 
I11icro\\'ave and short-w:we r:idi3tion. The blood changes in a 
rat resulting from microw:n-c diathermy have been studicd. 51 • 52 

\\'hen the temperature of the tissue exceeds a certain limit 
in-cvcrsiblc ch:rnges t:1ke place: a simple example is the coagula
tion of egg albumen. 

The hcat-exch:rngc characteristics of animals arc shown 
sche111atical!y in Fig. 3(a). Normal temperature is at the ordinate 

(Q) 

them especially vulnerable to microwave irradiation: heat is then 
able to dissipate only by conduction to the surrounding vascular 
tissues. This is particularly true for the chambers of the eye 
and the hollow viscera such as the gall bladder, urinary bladder, 
and lumen of the gastro-intestinal tract. These areas are 
relatively avascular and largely devoid of effective mechanisms 
for regulating their temperature. · 

The effects of microwave irradiation on bone and bone marrow 

~ 

s 

' ;: .. 004~--l--~¢::::::::::::;==:::::J~--+--_j 
X 
::, 
.J 
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" ~O~e---i----t---"\----+---+--,Y 
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I 2 3 4 5 
BODY TEMPERATURE RISE, DEG C 

(bl 

6 

Fig. 3.-Heat-exchange characteristics of aninmls. 
(a) Qualitative heat exchange in arbitrary units. 
(b) Results on animals at 3 Gc/s frequency • 

and increases to the right while heat gain from metabolism is 
above the abscissa and heat loss below. The resultant curve 
shows that at normal temperature the exchange mechanism 
maintains equilibrium, but for high fever temperatures the net 
exchange becomes positive and eventually the animal dies. 
Experiments have been made at a frequency of 3 Gc/s on the 
heat-exchange characteristics of animals. 29 This involved study 
of the absorption of electromagnetic energy, the ability of the 
animals to dissipate heat at elevated body temperature and the 
relation of field strength to body-temperature increases. Three 

-· s·pccies of animals of diffe~ent sizes-rats, rabbits and dogs-were 
exposed to a pulsed s_ource of radiation via a horn antenna. 
The radiation was confined to a shielded enclosure which was 
lined with absorbing material in order to give relatively free field 
conditions. Fig. 3(b) shows the average results of the body
wnpcrature rise above normal, plotted with respect to the 
microwave power flux required to maintain this rise. Here 
micro.wave power has been used as the additional source of heat 
necessary to cause the animal's net heat exchange to equal zero, 
in other words, to maintain constant body temperature. The 
magnitude of the microwave power, then, represents the rate at 
11hich the animal would lose heat without this source, or his 
heat dissipation ability. The iverage absorption of each species 
w:is about 40 % of the power in the animal's geometrical profile 
and the heat-dissipation ability was such that a flux density of 
0·025 watt/cni could be dissipated at a body temperature rise 
of IO C. 

In other experirnents,58 mice were exposed to IO Gcjs radiation 
ll'ith a power flux in the range 0·05-0·5 watts/cm2• Their 
temperature rose at a rate proportional to the power flow and 
1kath occurred in 50 % of the subjects when a critical temperature or 44·1°C was reached: this temperature is 6·7°C above the 
:llw:1gc normal body value. The observed results were 
:1ccountcd for by calorimetric considerations, the animals bein.; 
:i,surned to be simultaneously heated and cooled. 

(4.2) Tissues Without Blood Vessels 
The absence of blood vessels in certain parts of the body makes . ... 

have been examined32• 53 in both dogs and humans_:_ Temporary 
or permanent sterility can result54 from exposure of the testicular 
tissue to microwave energy. Damage to the reproductive tissue 
is to be viewed with particular concern as some geneticists 
believe that radiation far below the level which causes physio
logical damage may cause genetic damage that will hot be 
apparent for several generations.66 The changes in temperature 
in various. avascular regions of an anaesthetized rabbit are 
givcn48 in Table 5 as a function of time from the onset of irradia-

Region 

Ileum .. .. 
Stomach .. 
Gall bladder .. 
Urinary bladder 
Rectal .. .. 
Oral .. .. 

Table 5 

TEMPERATURE CHANGES 

Temperature change for an irradiation time of 

lmin 2min 3min !Omin ~'.:_I 30min 

degC degC dcgC degC degC I dcgC 
+4·2 +14·4 +29·5 +38·5 +42·9 
+1 ·8 +3·4 +5·4 +19·2 +23· 1 

+0·1 +0·3 +1·8 +4·0 I +6·3 +1·3 +2·1 +3·0 +5·6 +9·7 
+0·1 -0·1 +0·2 +0·8 
-0·2 -0·2 -0·5 -0·9 1-1·2 

tion at a frequency of 2 ·45 Gc/s. These findings also point to 
the limitations of the oral and rectal temperatures, which can be 
seen to have remained almost constant, as indications of injurious 
temperatures in the avascular regions. Exposure of the head 
alone resulted in the temperature of the brain rising by 6° C 
with fatal consequences. · 

The demonstration of the production of opacities in the eyes 
of animals, 24, 26 , 74 as a result of prolonged exposure at high 
field intensity, represents an important biological effect of 
microwave radiation. Although experiments have been carried 
out76 at 10 Gc/s, inost work has employed standard diathermy 
equipment operating at a frequency of 2·45 Gc/s. Determina
tions have been made of the effect of irradiation on the tern-
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pcraturcs of the orbital tissues :rnd the aqueous and vitreous 
humours in dogs and rabbitsY, 100 1n most cases the actual 
temperatures of both humours, after exposure, were consistently 
higher th:111 th:lt of the deep orbital tissues. The aqueous and 
vitreous humours arc entirely avascular and the rapid rate of 
cooling obsrr\'ed was shown to be due to blood circulating in 
the adjacent vascular tunics. 

Rabbits have been used4c,. 78 , 103 , 10·1 for most experimental work 
since their eyes arc very nc:irly the same size and sh:ipe as those 
of hum:rns. In one case1" a cataract, a form of ·.vhite cloudy 
growth,.dcvclopcd after a 10 min exposure to about 100 watts at 
2 ·45 Gc/s. Results of temperature measurements within the 
eyeball :it two different microwave frequencies are shown in 
Fig. 4(a). It will be observed that at 2 ·45 Gc/s the highest 

opacities as compared with that dur. to continuous sources of 
the same average power. Microwave irradi,,tion is also found25 

to reduce the activity of certain enzyme systems in the eye. No 
opacities have been observed at the lower frequencies of 
0 · 2-0 · 5 Gc/s even with whole-body exposures near the lethal 
level. 10<; From these various results it cannot yet be concluded 
with certainty that thermal effects alone are the cause of opacity 
formation. 

(5) OPERATIONAL HAZARDS TO PERSONNEL 

(5.1) Exposure Investigations 

There is some uncertainty as to what constitutes a dangerous 
microwave radiation field.9 • 99 Damage to a biological system 
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Fig. 4.-Effects of microwave irradiation of the eye. 
(a) Temperature distribution. 
(b) Production of opacities at 2 ·45 Gc/s. 

temperature occurs near the back surface of the len$ which itself 
consists of protein very easily damaged by heat. This plot 
explains the cataracts found at 2 ·45 Gc/s and the opacities 
formed76 at 1 0 Gc/s inside the cornea and on the anterior segment 
of the lens. 

In another series of experiments101 tl.e durations and power 
fluxes of the single exposures were varied between the limits of 
3·5min at 0·59 watt/cm2 and 90min at 0·24 watt/cm2 • The 
damage observed was mainly in the lens of the eye and was 
classified into three groups: 

(a) Minimal opacities such as small black dots not detrimental to 
vision. 

(b) Circumscribed opacities, dense enough to interfere with vision, 
consisting of diffuse cores with dark ray-like borders. 

(c) Large opacities which obstructed vision, comprising large areas 
with peripheral crescents, dense linear projections and vacuoles. 

All the lens opacities developed within 14 days after irradia
tion, the degree of damage being inversely proportional to time 
of appearance. The results were expressed as in Fig. 4(b), the 
solid line drawn through the experimental points representing an 
empirical limit above which production of lens opacities is a 
near certainty. The extreme susceptibility of the eye to a power 
flux greater than 0·4 watt/cm2 is indicated by the precipitous 
slope in this region. Also shown are exposures which were not 
found detrimental to human eyes and a standard ocular dia-
thermy treatmcnt. 13 · 

Several investigators24 , 26 , 48 , 74 , 103 have detected opacities 
within 2-42 days of multiple exposure to microwave radiation. 
More recent experiments,105 in which care was taken to ensure 
that any one of the exposures was below the threshold value, 
appear to confirm a cumulative effect. Pulsed irqdiation76 , 105 • 

se~ms to show an enhanced tendency to the formation of 
. ~ 

by some hazard can usually be expressed50 by a relation of 
the form 

Ct=K (3) 

in which C is the concentration and t is time. K is a number 
which, when it exceeds a certain characteristic value, always 
means damage to the organism. Conversely, there is no damage 
when it is lower than this characteristic value. The value above 
which damage is always observed, and below which damage is 
not to be expected, is often called the threshold dose. An 
important factor in influencing tissue damage is the varying 
ability of a biological system to repair itself or to restore a degree 
of its disturbed function towards normality while still under the 
influence of the damaging agent. Not only do various tissues 
have different capacities in this regard but the same tissue in 
different individuals will vary in its recovery capacity. Further, 
the same tissue in the same organism will have a different 
response at different times. Although eqn. (3) thus applies with I 
varying degrees of accuracy, it forms a useful concept and the 
values of Kin different cases must be sought. 

The concentration C is related to the field intensity in the free !t 
space occupied by the organism, the ability of the various tissues 
to absorb the energy34 and the depth of the tissue beneath the i 

surface of the organism. The absorption of electromagnetic 
energy88 by various human tissues in the range 0· 15-lOGc/s 
can be represented by the triple arrangement of skin, sub
cutaneous fat and deep muscle tissue shown in Fig. 5(a). Since 

· the depth of penetration has been shown89 to be sufficiently 
small, the deep tissue layer may be assumed to extend to infinity. , 
Using known measured values88 for the relative permittivity and 

J 
loss tangent of skin, fat and muscle, the proportion and distribu- t 
tion of absorbed energy in the respective parts of the body c:in ? 

• 



( 

l ........ 

t 
l· I 

HARVEY: INDUSTRIAL, BIOLOGICAL AND MEDICAL ASPECTS OF MICROWAVE RADIATION 

, 1·0 

>' 
l') 
a: 
w 

-r 
~ O·S,-.... _ _,_. 

0 
w 

..,.,,....,..-~-,,----~ /g 
r--ef----,,<---'"-«~~"""""'~ ~ 0, 6f-l'-'<--l---i-----+--:-=----1 

"' <! 

u. 

O 0·4t--',;--'\--t----+-,,'------I 
,_,...,.,..._..,..,_-,r'...,,__...,.._..,._Q 

... 
u 
cii 0·21---~-+-==--+----1 
u. 

0 

'" dJ 

1· 0~------~--~ 

g Q•6J--'t,----+---fL,"7.£.h½'\-j 
V, 
dl 
<t 

ti 
i== 
~ 0·21-----+-----+-----'i 
a: 
u. MUSCLE 

563 

~f-· -. 
(al 

Q.__ __ _,_ ___ _._ __ _, 

0 
FAT 

I 2 
THICKNESS, cm 

<bl 

3 
0 o'-----,-'-, ----'2-· __ _,3 

FAT THICKNESS, cm 

(C) 

)f 

3) 

er 
ys 
gc 
VC 

is 
\n 
ng 
·cc 
he 
JCS 

in 
er, 
·nt 
ith 
he 

rec 
JCS 

the 
tic 
c/s 
b· 
Cl' 

ti)' 
it)'. 
rnd 
bu· 
~an 

l 
It 

i 
t 
I 
I 

I 
( .. 

f 
\ 

' t 
I 

' 

Fig. 5.-Absorption of microwave energy by the body. 
(a) Trip.le-layer arrangement. 
(b) Absorption of energy by the body at 3 Gc/s. 
(c) Distribution of absorbed energy at 3 Gc/s for a skin thickness of 0·2 cm. 

be calculated,90, 91 Fig. 5(b) gives the fraction of airborne 
radiation at 3 Gc/s absorbed by the body as a function of thick
ness of subcutaneous-fat layer: the parameter of the different 
curves is the assumed skin thickness in centimetres. At O • 15 Gc/s 
the penetration is much deeper while at 10 Gc/s most of the 
energy is absorbed in and n~ar the skin. The distribution of 
absorbed energy is shown in Fig. 5(c) for a frequency of 3 Gc/s 
and skin thickness of O · 2 cm. Results for greater thickness 
reveal, as expected, increased absorption in the skin with decrease 
in the deeper tissues. 

Attempts have been made on the basis of experimental results 
to give limits to the factor C in eqn. (3) for prolonged dosage . 
The safe values arrived at apply only to thermal effects due to 
mean powers and are related .to a rise of 1 ° C in bo.dy tempera
tures. Limits have been provisionally given87 as O · 03 watt/cm2 

for frequencies below O · 5 Gc/s where deep heating exists, 
0·01 watt/cm2 for 0·5-3·0Gc/s where complicated deep and 
surface effects occur and O · 22 watt/cm2 at frequencies higher 
than 3 Gc/s where sensory perception of the heat absorbed in 
the skin provides some safeguard. Above O · 1 watt/cm2 the 
short-term body effect of heat stroke becomes predominant, the 
higher temperatures obtaining having fatal results.63 

Eye effects are extremely important but rather complicated to 
interpret. At low levels there is a long-term integration result
ing, as has been noted, in the :r ormation of opacities and 
cataracts. A field appropriate to 0·01 watt/cm2 would require 

many years to cause harmful effects. Owing to their small size 
and lack of blood vessels, the eyes have only a short time-constant 
and a power flux exceeding O · 5 watt/cm2 can soon cause damage. 
This information is based mainly on experiments on animals. 
The formation of bilateral cataracts has been reported49 in a 
technician who was exposed in daily work to an average level 
at l ·7-3 ·4Gc/s of 0·005 watt/cm2, with intermittent exposure 
during the preceding three days to O · 12 watt/cm2 for a total of 2 h. 
In general, the available data1 on human cases is too meagre for 
a statistical analysis to be made. 

(5.2) Instrumentation 
The safe limits of field strength at various microwave fre

quencies having been decided, it is necessary that any particular 
equipment should comply with them. Much can be achieved 
by calculation from data relating to the equipment. A typical 
antenna is a paraboloid fed by a horn which has a gain of 8 dB, 
the field at the edge of the reflector being 10 dB Jess than that at 
the centre. The field outside the reflector will be less than this, 
and thus, except in the region between the horn and the reflector, 
the direct field from the horn is less than it would be from an 
isotropic radiator. For example, with a radiated power of 
10 kW the minimum safe distance is of the order of 3 m and thus 
the danger area due to direct radiation from the feed is small. 

The field due to the main beam is of greater importance and 
Fig. 6 gives94 the values for distances R to I0R, where R is the 
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Ravki!!.h distance of the antenna. The contours arc drawn 
rek~tiv~ to the maximum power flux which is taken as the flux 
on the axis at clist:rncc R. This maximum value is approxi
mately l · 9P/d2 but the actual flux will exceed this by up to 
31-dB at some positions within the Ra~•lcigh distance. The 
values computed arc those in free space, and perfect ground 
rcfkcrion will enhance the field strcngtl1 at some points by 6 dB. 

·Reasonable: parameters for a tropospheric-scatter system on a 
frequency of 0·S55Gc/s would be P = 20kW and d = 10m, 
giving R = l ·41 x 102 m and a maximum power flux of 
0·046 watt/cm2• Taking a safe flux of 0·01 watt/cm2 and 
including a safety factor of 4, the safe contour is -13 dB. If 
the mean height of the antenna is 10 m above a level ground, 
the \\'hole of the ground between 270 m and 620 m in front 
of the antenna is within the danger zone since the flux exceeds 
the safe value :,t heights below 2 m. This unsatisfactory position 
can be remedied either by incre:.ising the mean height of the 
antenna to 14m or by tilting the antt;nna upwards by 0·45°, 
i.e. about one-fifth of a beam width. Such an antenna could 
therefore safely be placed on a cliff overlooking the sea, or with 
ground sloping away in front of it at an angle exceeding 0 · 45°. 

The field at distances from the antenna less than the Rayleigh 
distance is largely confined within a cylinder the base ofwhichis 
the reflector. The field below this cylinder is generally about 
the same as it is at the same height at the Rayleigh distance. 
For the antenna considered above, the field at a height of 2 m 
above the ground varies with distance from the antenna but is 
always more than 20 dB less than the maximum power flux up 
to a distance of 200 m. The field increases to about 10 dB at 
340m and then decreases continuously, reaching 14dB at 680m 
and 20dB at I 380 m. 

Even medium powers and small antennae can be dangerous: 
for example, 100 watts radiated by a l m diameter paraboloid 
gives a maximum flux of0·023 watt/cm2, well above the tolerable 
limit. The Rayleigh distance is, however, quite small, being 
only 5 m for a frequency of 3 Gc/s. There is little information 
on the effect of high fields lasting for a microsecond or so, and 
it is usually assumed96 that the relevant power flux from a pulsed 
radar equipment is the power averaged over one repetition 
period. The average flux at any given location is further reduced 
if the antenna is scanning. These power fluxes for microwave 
equipment can be compared with the value of 0· 14 watt/cm2 

due to the energy of sunlight reaching the earth. . 
Many sites are prone to effects such as ground reflections, 

and some form of monitoring or instrumentation is then neces
sary. Pending the complete elucidation of the exact nature and 
biological effects of microwave energy, it might be expedient to 
undertake a controlled monitoring programme employing suit
able biological subjects. 

Satisfactory monitoring of power flux would be facilitated by 

a simple instrument which indicates whether or not the safe 
value is being exceeded. Neon tubes are qualitatively useful 
but tend to be erratic and, quantitatively, may be quite mis
leading. The field strength at any point near the antenna can 
be measured with a standard-gain horn and calibrated receiver. 
Such a device should be broadband in performance so that a 
wide spectrum can be covered with only a few instruments. 
Power-measuring devices of the bolometer type have been 
employed for personal monitors of a portable nature. 

Another approach to the problem of monitoring is the use of 
biological simulants. For example, the cfTect of exposure on the 
eye can be examined by noting the response of gelatin mixture. 
Studies have been made50 of the temperature distribution inside 
spheres, a concentration of 30 % being chosen to represent the 
protein content of most mammalian eyes. Temperatures at 
various depths were measured with thermistor beads and the 
values found at I0Gc/s with a power flux of 0·015 watt/cm~ 
agreed closely with those obtained under similar conditions for 
the eye of a cow. Some improvement was achieved by loading 
the simulant with absorbing material. 

(5.3) Methods of Protection. 

The maximum safe power flux for personnel has been con
sidered by several authorities23 • 60 , 61 , 107 and, in general, the value 
of 0 · 0 l watt/cm2 over the whole frequency range has been 
provisionally accepted. lt is evident that areas in which such a 
power flux is exceeded must be fenced in or otherwise enclosed 
to prevent unauthorized or accidental entry by civilians and 
workers who may be in the vicinity. For personnel who must 
work in hazardous conditions a code of practice is desirable. to, 11 

This should explain the dangers present, give information on 
minimum safe distances, request personnel to be on their guard 
for symptoms of heat or discomfort and give details of protective 
arrangements. First-aid measures should include artificial 
respiration, oxygen administration and means for rapid cooling 
of the body. Normal clothing absorbs microwave radiation 
and thus gives some protection to the body although tending io 
aggravate the problem of keeping cool: thus, overalls made of 
reflecting material would appear advantageous. 

It is essential that the eyes be protected, and measurements have 
been made28 on materials which are optically transparent but 
provide microwave shielding, with a view to their use in face 
shields or goggles. ·The power-transmission factors give·n in 
Table 6 represents both reflection and absorption of microwave 
energy, the d.c. surface resistivities quoted being an indication 
of the former. • The results show that good electrical conductivity 
is essential for microwave shielding, whereas this characteristic 
is not generally compatible with light transmission and other 
psychological and physiological factors to be considered in the 
application to protective goggles. The attenuation of the 

Table 6 

SHIELDING PROPERTIES OF VARIOUS MATERIALS 

Power-transmission factor at 

Material 
5·9 Gc/s 9·7 Gc/s 18·8Gc/s 0·55 micron 

% % % % 
Gold film, 11 m,1t thick on plastic (300 ohms/square) .. .. 23 10 0·8 49 
Gold film, 30 m11 thick on plastic (12 ohms/square) .. .. 0· 16 O·I 0·01 24 
Gold film, 75 mµ thick on glass (! · 5 ohms/square) .. .. 0·04 0·0l 0·004 3·2 
Corning glass, 1 · 5;i conductive coating (15 ohms/square) .. 1 ·6 1 ·2 0·08 45 
Electra plane glass, 300 m,u conductive coating (70 ohms/square) 9 10 8 80 
Copper mesh (20 per inch) .. . . .. . . .. .. 0· 1 0·2 0·2 50 
Copper mesh (S per inch) .. .. . . .. .. . . l ·0 1·3 2·5 60 
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metallic films dcpcnJs critically on the thickness, while the 
shi..:lding impro\'cs as the frequency increases. A pair of suitable 
goggles \\'Ould have a gold 111111 on the lenses and wire mesh on 
the sides where its undcrsirablc viewing properties would not 
matter. The 3 · 2 /; transmission is not too low for outdoor work 
and is permissible for indoor \\'Ork in well-lighted rooms, pro
vided that the greenish-blue tinge of the gold film can be tolerated. 
For particular instrumental applications where visu:11 acuity is 
less impon:mt, wire mesh or the Corning heating-panel glass 
may be more suitable. Exposure to direct microwave radiation 
may be :l\"oidcd by the remote vic,ving of energy channels with, 
for example, telescopes, periscopes or closcd-cir'euit television. 
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