
MICROWAVE R,ADIATION HAZARDS 

Directorate of Radiation Protection 
Department of Atomic Energy, Trombay, Bombay 

(Received 1 February 1972; revised 22 November 1972) 

Excessive exposure to microwave radiation could lead to biological damage. The criteria for maximum permissible 
exposure limits derived from experiments by several countries are discussed. Recommendations made for safety of 
operating personnel based on a recent protection survey are also presented. 

It is well known that microwave radiation could lead to biological damage from heating effects result- 
ing from absorption of energy of the microwave radiation in the body depending upon the physical, phy- 
siological and environmental parameteres of exposure. Certain organs such as the eyes and the testes are 
known to be more susceptible to microwave radiation than other organs of the body. With the advent 
of high power microwave generators and their excessive applications in radar and communication net 
works, the possibility has arisen of a large number of persons working in this area getting exposed to poten- 
tially hazardous levels af microwave radiation. An attempt has been made in this paper to analyse 
the hazards involved an3 the steps to be taken to prevent exposure of personnel to excessive levels of 
microwave radiation. 

The microwave radiation energy impinging on an object may be scattered, transmitted or absorbed. 
Ollly the absorbed energy constitutes a hazard. The penetration of radiation into the body and its ab- 
sorption will depend upon the physical dimensions of the body, the electrical properties of the tissues and 
the frequency (or wavelength) of the microwave radiation. I t  has been estimated that the depth of pene- 
tration of microwave radiation in human tissue is approximately one-tenth of the wavelength of the ra- 
diation in question. 

Most of the well documented biological effects of microwave radiation have been known to result 
from the heat generated in the body due to the absorption of microwave energy. At frequencies below 1 , 

GHz heat is developed primarily in deep tissues as a result of peiletration of the radiation. Hence, ra- 
diation at  frequencies below 1 GHz will not be detected by human sensory system as the heat sensing ele- 
ments of the body are located primarily in the skin tissues. Radiation of frequency greater than 3 GHz 
causes heating of tiscues much the same way as does infrared radiation or direct sunlight since absorption 
takes place on the surface of the body. Radiation at  frequencies between 1 and 3 GHz is subject to vary- 
ing degrees of penetration and is absorbed both loy the surface tissues and deeper tissues. The biological 
effectiveness of the absorbed energy at any qavelength depends upon the heat dissipating characteristics 
of the tissues themselves. If the organism callnot dissipate heat as fast as it is produced, the internal 
temperature of the body will rise. This may result in damage to the tissue and if the rise is sufficiently 
high the organism may be destroyed. The body's ability to dissipate heat successfully depends upon 
many related factors such as environmental air circulation rate, humidity, air temperature, body meta- 
bolic $ate, clothing, power density of the microwave radiation field, the amount of energy absorbed and 
duration of exposure. Temperature regulation in the human body is accomplished primariIy through the 
action of sweat glands and by heat exchange resulting from peripheral circulation of blood. If only portions 
of the body are exposed, where the exposed areas are cooled by an adequate flow of blood through the 
vascular system there is less likelihood of tissue damage resulting from heat generation; however, in areas 
in which relatively little blood circulates the temperature will rise considerably since there is little means 
for heat exchange. Consequently tissue damage is more likely in exposed areas where there is inadequate 
blood circulation for heat exchange. 

E&t on Dogs 
Data on whole body heating in dogs1 indicate that lethal effects would result from 0.2 GHz micro- 

wave radiation when the body temperature is rised by 9"P and maintained for a period of 15 minutes. 
Addington et alS2 have reported measurements of temperature development in the ~ec tum of dogs and 
guinea pigs exposed to 0 .2  GHz radiation. The actual rise in rectal temperature depended upon the 
orientation of the animal in addition to other parameters such as power, frequency etc. In majority of 
instances animals which developed high temperature due to irradiation showed digestive upset usually in 
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the form of extensive diarrhoea during and subsequent to the exposure. Further, autopsy data showed 
the existence of several "hot spots" developed in the body. Mortality was observed in dogs exposed to 
165 mW/cnlq for a period of more than 18 minutes. The mediuni lethal dose for guinea pigs was estimated 
to be in the neighbourhood of 400 500 mW/cm: for a period of 20 minutes. 

Howland et aI.3 have shown that prolonged exposure of dogs to microwave radiation produces leu- 
cocytosis following a trailsient decrease in white blood cells. An early manifestation of the effects of pro- 
longed exposure was found to be l~aemodilutio~l. Later this was followed by haemoconcentration as a 
result of subsequent dehydration of the body. They have further S ~ O W ~ I  that weight loss occurs at  a 
rapid rate in dogs exposed to microwave radiation. 

Effect on Human Be:ngs 
However, no evidence of human death caused by exposure to microwave radiation has been reported. 

Mermagen4 has shown by phantom experim-nts that in a larger size body like of a human being, the 
rate of temperature rise would be slower than that in rat or dogs. Hence human beings can presumably 
tolerate higher exposures than rats and dogs. 

From the physiological considerations cited above certain organs such as the lens of the eye, the 
t stes, the lungs, the gallblac?.der and the urinary bladder are known to be more susceptible to microwave 
radiation than other organs of the body. Of these organs, presently available information indic.,te that 
the eyes and the testes are most vulnerable to microwave radiation exposure. 

Eye 
The transparent cells of the lens of the eye are known to be easily damaged by heat generated by 

the absorption of microwave energy, since the vascular system in the lens is insufficient to remove the 
heat. The damaged (and dead) cells may lose their transparency slowly and result in the formation 
of cataract. The first documented case of microwave cataract forrnation was reported by Hirsch & 
Parker5 in 1952, in a technician operating a microwave generator in the range of 1 . 5  GHz. It was esti- 
mated that the amount of energy delivered to his eyes was in the order of hundreds of milliwatts per square 
centimetre a t  a minimum, and probably ranged in the order of watts. A crude relation can be established 

\ between the dose of microwave radiation delivered to the eye and the time for cataract formation1. 
Where the lens was believed to be exposed repeatedly to 5 watts/cm%nergy density, the cataract was 
fully formed within two months. Where the lens was believed to be exposed repeatedly to 500 mW/cm2 
many months passed before early op.,cification appeared and many years before the cataract was fully 
formed. Recently LaRoche et have reported several cases of microwave injury in persons accidentally 
exposed to high power levels. 
Testis 

Testicular reaction to heat injury resulting from rr~icrowave radiation appears to be the same as the 
reaction to high fever associated with many illnesses. Conditions of temporary sterility and damage to 
seminiferous tubules may occur. Evidence indicates that moderate test"icu1ar damage is probably re- 
versible while the damage to the eye is cumulative and non-reversible. This is of considerable importance, 
since human exposure takes place a t  low power levels over long periods of time. 

In addition to these thermal effects several athermal effects, ranging from chromosome damage and 
mutations in male fruit fly to decrease in efficiency of rats to perform trained tasks, have also been ob- 
served7. 

Limits of Exposure to Microwave Radiatiolz 

An analysis of the extensive experimental data and a few human exposure data, have led to the 
establishment of recommended exposure limits for persons working with microwave radiation during 
the course of their occupation. 111 the United States, until recently military and private industry limited the 
exposure of personnel to n~icrowave radiation to power density levels not greater than 10 mW/cm2. The 
maximum permissible level was the same regardless of the duration of exposure. The increasing power 
output levels in new radar and microwave systems and certain tactical requirements of the military had 
combined to make this limit difficult to comply with. Therefore this level has been modified in such a 
way as to equate higher exposure levels with the duration of exposure. The United S ates Army and 
+Air Force have adopted figures which permit exposures exceeding 10 m.W/cm".ased on the formula. 
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Where Tp = permissible exposure time in minutes during any one period. 

W = Power density in mW/cm"n the area to be occupied. 

The ($98 committee of the American Standards Associations and the Canadian Standards Associa- 
tion9 have recommendad, for normal environm:ntal conditions and for incident electromagnetic energy 
of frequencies from 100 GHz that the radiation level of 10 mW/cm as averagzd over any possible 0 .1  
hour period shall not be exceeded. This would mean ( 7 )  power density of 10 mW/cm for periods of 
0.1  hour or more aqd (b) energy density of 1 mwnlcm' (milli~vatb hour per square centimetre) during 
any 0.1 hour period. These levels apply whether the radiation is continuous or intermittent, for whole 
body as well as for partial body exposures. 

For off-normal environmental conditions, these values have to be modified. Under conditions of 
intensive cold, higher values may be appropriate while under moderate to severe heat stress lower 
values have to be considered. Recently Mumfordlo has calculated the reduction factors appropriate 
for conditions of moderate to severe heat stress arising from off-normal environmental conditions. 

The Soviet Union, Poland and Czechoslovakia set more stringent limitations on exposure standards 
which range from 2.5 p W/cm2 to 1 mW/cmY depending on the length of exposure. It is to be noted 
that their levels are f :r below the levels set by U. S. A. & Canada. While experiments iil U.S.,4. 
have shown that continuous exposure a t  10 mW/cm' only raises the human body temperature by a niaxi- 
mum of 1°C with no apparent physical harm, the Soviet Union and other Eastern European nations have 
consistently reported observing effects on the central nervous system resulting in headache, fatigue etc. 

Instrumen.ts for Measurement of Microwave Pourer Density 

The four basic methods of measuring power are calorimetry, bolometry, voltage measurements and 
radiation pressure measurem5nts on reflecting surfaces. Of th  se, bolometric nzeasuremencs based on 
absorption of power in temperature sensitive resistive elements, are the most widely used. A thermistor 
, is generally employed as the temperature sensing element. Based on this principle, a portable, battery 
operated instrument has been fabricated in the Directorate of Radiation Protection, Department of Atomic 
Energy for rapid detection and measurement of microwave_radiatiol~ fields. The detector consists of 
a spiral antenna a t  the centre of which is mounted a thermistor. The thermistor forms one arm of & 
Wheatstone bridge as shown in Fig. 1. A compensator thermistor is placed on the other arm to com- 
pensate the effect due to environmental temperature variations. The bridge is excited by a 6 volt battery 
and the unbalance caused by the rf energy absorption in the detector is measured by aQOpA full scale 
mcter calibrated in milliwatts per square centimetre (mW/cmtL) in two ranges namely 0-20 mW/cm2 
and 0-2 mW/cmq. The instrument has been calibrated against a factorr calibrated Narda Microline 
Jlodel B 86 B 3 Electromagnetic Radiation Monitor. Fig. 2 shows a photograph of t h e  instrument. 
In  actual use, the bridge is first balanced by adjusting the zero control to inject direct current into the 
bridge. When the unit is placed in a microwave radiation field, the power absorbed by the thermistor 
causes the bridge to be unbalanced resulting in a meter deflection corresponding to the unbalance and 
thus to  the power level a t  that position. - 

2 2 0  i - 5 0  K 5 0  K 

Protection Xurvey of a Microwave InstaZkation 0 

2  2 K 

Because of the hazards involved in exposure to 
microwave radiation all microwave installations must d w 

be peciodically surveyed in order to evaluate the 
potential hazards to operating personnel. As a first OFF 

step it; may be necessary to estimate the microwave 
radiation levels a t  various distances from a given 
antenna. The theoretical aspects of this problem have 
been investigated by several authors. 11912*13 

6 V  

Big. 1-Microwave radiation nlonitor (oircuit). 

131 
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As the electromagnetic energy leaves the antenna, its 
intensity decreases with distance. However, for a uni- 
formly illuminated antenna the power-density remains 
approximately constant upto a certain distalice and is 
collimated in a beam of approximately the same size as the 
antenna aperture. This zo e is called the 'near field' region. 
Beyond this region the beam Fegins to diverge and the 
power density gradually decreases approaching inverse 
square reduction a t  large distances. This reqion is called 
the 'far field' region. Since there is no sharp boundary 
between these regions the cross over zone is called the 
'interniediate field'. 

-. 
The power density as a function of distance on the 

axis of the antenna under uniform ill jmination is given 
by the following equL,tion :- 

P = ( 4 W KIT a2 ) [sill ( T a212hr ) l2 (1) 

where P = Power density 

* 

Fig. 2-Microwave r~dint ion  monitol (instrument)* 

r = distance from antenna 
a = radius of aperture 
h = wavelength of radiation 
W = average power delivered from the antenna 
E = an empirical correction factor 1, ing between 0 and 1. It is nornlally taken as 0 * 6. 

since the value of r is sm:tll for the near field, the sine square term oscillates between 9 and i resulting 
in a series of peaks and valleys ill the power level. since, for protection puqoses the peak power density 
is to be considered, the power density in the near field region is given by 

where D is the diameter of the antenna aperture. 

It may be noted that in the near field region the peak power density is 4 times the average power 
density. 

For largevalues of r ,  in the far field region equation (1) ~redicts  an inver8e square reduction of the 
power level as 

In  the intermediate region ail empirical relation of the type, 
Pq = 0.87 (Wlhr)  (4) 

is given to fit the theoretical value?. 
The distances from the antenna at  which the near field, the intermediate field and the far field exist 

cannot be given uniquely. Calculations by Overman12 show that the distances a t  which the inter- 
mediate and far field regions start, are given by 

132 
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and ~fj = D2/1 a 85A 

I 
I A schematic representation of the radiation zonea 

- I 
I based on these calculations is shown in Fig. 3. 
+aCcob".s%" 

I 
t 
s Substituting the value of 10 mW/cm2 as the 
f maximum pcrmissible exposure level for cont,inuous 

I 1 4 
I I operation in (a) ,  (3) & (4) 0verman12 has developed 
I o2 ' r,, =- 6" quick formulae for calculating safe distances from 
I , I Y=- 

L 
1-65 h 

I I an antenna. These, in a modified form are shown 
NEAR F I E L D  INTERMEDIATE F ~ R  FIELD in Fig. 4. -- 

FIELD 

Fig. 3-Radiation zqne~. 

* I _  -. 
%P+ 

Leos than 32.7D2 

. 
Chart applies to pencil-beam radar with parabolic or microwcrve lens antenna 

of diameter D metres. Safe distances a n  bared on power density of -010 wattjcmz I 

I 
I 

.I 
i 

SAFE 

(Power density at any point does not 
exceed 0 .O lW/cm2) 

' -- 

Fig. 4-Quick formulae for calculating safe distances from an antenna, 
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Between 32.7D: and 62.2D2 

Over 62.202 

-- -- . . 

- 0.87W 
wave length in crn 

6 * 8 5 ~ 2 / W  

- I 
wave length in cm 

1 



DEB. SCI. J., VOL. 23, Ja-Y 1973 

Scanfiing Antennas 

The maximum permissible limits discussed above have been based on the average power. Ir). the 
case of a scannirlq antenna, the average power absorbed by a stationary object in the far field will he 
reduced by a facLor which is given hp the ratio of the effective beam width to the scanned angle. Accor- 
dingly, the potentially hazardous distances are reduced hy the square root of this ratio. The effective 
beam width in the far field may be taken as 3 db beam width for protection purposesls. 

In the near field the effective beam width will vary with distance since the fialrl is collimated. The 

D 
effective beam width is approximately given by - 360" where r is the distance i n  the near field 

2nr 

from the antenna aperture. Hence, the average power density of a scanning ant'enna in the near field is 
given by 

D for 0 8 - 360" where 6 is the scanned angle. Sulnstitutirlg P = 0.01 W/cm2 and D in metres 
2xr 

the ~ a f e  distance is given by r,,@ = 
43 .2  W D D metre3 (For 6' d - 360") . For 0 < - 350" the 
O D  , 21rr 2nr 

pain$ of int,erest would alway~ remain in the beam; hence compuhtions valid for a fixed antenna are 
applicable. 

These est,imates nlay be modified Fg several field conditions such as ground reflection, tran.smission 
loss in the system e+c. and heme serve only as approximate guidelines and must be confirmed by actual 
measuremen.+s. 

Recently a radar installation nas  surveyed for micro&ave hazards. The results arf: presented below : - 

i Microvave radia,tion. levels were measured with the m i t  operating a t  'high power radial ion' and under 
'dummy load' conditions, as given below :- 

Operating Conditions 

Peak power : 60 kW 
Maximum voltage applied to 

Magnetron : 15 lev' 
Maximdm c t~rrent : I9  A 
Wavelength of the radiation : 3 cm (1C GHz) 
Peak work load : . about 6 units mder test 
Operation at 'Hi,qh Power Radiation' 

Fig. 5 & 6 show the radiation levels around a single radar unit mhen test operated a t  'high power 
radiation' in 'lock-on' and 'search modes'. I n  the 'lock on' mode the beam was locked in zero positio~i 
and hence was fixed in space. In the 'search mcde' the beam was scanning a cone of apex angle about 60". 
Whereas the levels shown for the 'lock-on' mode in Fig. 5 were constan%, the levels for the 'search mode' 
(Fig. 5, 6) at  any point in space were for that fraction of the time for which the beam was fumed in that 
direction. 

Operation rct 'Dummy Load' Condition 

The power generai'ed by the radar was absorbed by a 'dummy load'. For purposes of testing, tjhe 
radar received 10 mMT pcwer from an external antenrla placed at  a didanae from the radar and tl10 
radirt+ioil level a F  all pxitionq around the radar unit was negligible. 
Testing of 'Range Mensuring Units' 
Peak Power Level : 6 t o 7 k W  
Wavelength : 3 cm (10 GHz) 
Ant,enna gain : 550 db 
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I ($=A= ! L F O  ~ M E T S Q  SCALE I cm = '7 METER 

Fig. 6-High p3wer radiation test-look on mode. Fig. 6-High power radiation test-search mode. 

OPERATOR'S 

I 

LESS THAN 

With t,he 'dummy load', radiation level around the unit mas negligible. However, when the antenna 
was attached the levels were agfollows :- 

4" 

RADAR 
U N I T U N D E R  

TEST 
(NOT TO SCALE) 

- - 
I 

5:i::~yN's ? 

Mode B-Sharp beam (6.5" width)-6 n1W/cm2 at  1 metre 

Mode A-Wide beam (18" width)-5 mW/cm2 at  50 om 

O P E R A T O R ' S  
POSITION 

APPROXIMATE 

OPERATOR'S 
POSITION 

X-my Hazards from Microwave Generators 

BEAM SPREAD 

-. 

- \ - y \ y T \  \ \ \  \ \ \ \ \  \ 
WALL 

UNIT U N D E  R 
TEST 

(NOT TO SC:+LE) 

X-rays are generaked in miorornave generating systems because the electronic tubes such as 
Klystrons, Magn.etrons, travelling wave tubes and high voltage thyratrons pssess some basic physical 
parameters which allow them to act as X-ray generators. The most important parameter is the extre$lely 
high voltage required to operare the tabes cibilised in the generation of microwave energy. In the radar 
installation that was surveyed, the nhde  magnet,ron assembly Mas enclosed in its regilax caee made of 
magr~esium alloy and hence -tke X-radiation level around the magnetron mas neyligible. -When the cover 
was removed during transreceiver testing, r+ith the magnetron operating at  '15 kV, the X-radiation 
level at about 15 cms from +lie tube was ahout 6 mR/hour. It  iFt to be noted that this is not an excessive 
level caparblo of causing any significant radiation hazard. Further, the operator seldom approaches the 
uni% at closer distances because of the electrisal hazards associated with the high .hvsl+ages. Hence, in 
the present sjtaation hazards from X-radiation were negligible. However, tubes operating at  much 
higher voltages ran produce more intense and penetrating X-radiation. It is known that as the anecle 
voltage increases the X-ray intensity rises very sharplyl4. This is shown in the Fig. 7. An increase 
in the anode voltage from 20 to 4Q ICY (a factor of 2) would increase the X-ray int ensity almost ten times. 
Hence, micro~vave generator* operating at  high  voltage^ could become potential Bolzrces of X-ray 
hazards. Hov~ever, it is generally accepted that manufacturers of electronic tubes intended for mic- 
rowave generation are aware of the X-ray by product, and incorporate sufficient shielding in the design 
of their equipment to afford adequate protection to operating personnel. Studies codz~cted by the IJnited 
States Army Environmental Hygeine Agencp and other invesiigating organisations14 have established 
that no potential personnel hazard, attribuztnble to X-rays pwduced Iny microwave systems, is present 
so long as the manufacturer's protective shieldine; remaills intact. Hence, it is necessary that, during 
rodtine maintenance or normal operating procedure, the integrity of tube shielding be preserved to 
avoid inadvertent X-ray exposures to personnel. Interlocks introduced into the system components 
are of considerable value in accomplishing t,his purpose. Whenever these safety devices are deliberately 
iqterfered with, a c~refyl eyaluation of the potential hazards mast be undertaken. In carrying out X-ray 
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Fig. 7-Relative intensity of X-rays as a function of 
anode voltage. 

INSERT WARNiNG DATA OR 
INSTRUCTIONS IN THIS 

AREA *, 

ALUMINIUM 
LETTERS 

Fig. 8--Radio-frequency radiation hazard warning 
clrimlml 

meafiurements, i t  should he borne in mind that the rf fields preseni in the vicinity of the microwave 
generator could cause strong potential gradients withir: the X-ray det,ector and its associated electro~~ic 
circlxit. Thie may result in erroneous indicat,ion of the X-ray intensity. Hence, such instruments should 
be carefully shielded, during nieasurement, from rf interference. 

All efforts must be made to protect personnel from the hazards of microwave radiation, without a t  
the same time severely restricting the f~~nztional capabilities of the system. This could he achieved by 
careful evaluatien and measurement of the micronave radiation levels in working areas and by applying 
occupancy restrictions based on maximum perinissible exposure criteria. In general, visual inspection 
of feed-horns, open ends of wave guides, and any opening emittil~g rf energy should not be made unless 
the equipment is made safe for such an inqpection. Areas with radiation levels exceeding 10 rnW/crn2 must 
be cordoned off to limit access to those areas. Radio-frequency radiatiw hazard warning symbols 
of the type shown in Fig. 8 must bc displayed conspicuously in the cordoned alrea15. Creatins a general 
awareness of the existence of microwave radiation levels and the associated hazsrds will go a long way 
in controlling these hazards. 
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