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CHAPTER I 

GENERAL INFORMATION 

1-1. HISTORY OF RADIATION-HAZARD PROBLEM. 

1-2. The development of radar equipment with peak 
powers in the megawatts, and communications equipment 
(such as tropospheric scatter equipment) with effective radi
ated power of several megawatts, makes it necessary to re
evaluate the radiation-hazard problem. In the last 25-year 
period the average power output of radar equipment has 
increased over 400 times, while the peak power output has 
increased over 15C t:mes ! Th.;: t.:znd established in the last 
25 years and the likelihood of further power increases in 
future programmed equipments make it necessary to take 
a realistic approach toward recognizing possible hazards, 
both present and future. The use of high power in com
munications-electronics equipments has stimulated a great 
deal of interest on the part of researchers in the possible 
biological effects which- may result from exposure to radio
frequency radiation. 

1-3. The development of high-power equipment has intro
duced another problem which must be recognized: namely, 
the production of ionizing radiation as an undesirable by
product by many microwave equipments. Most of the ioniz
ing radiation is in the form of X-rays, which without proper 
saf~guards constitute a serious threat to the health and well
being of persQnnel. Also, the use of radioactive materials, 
intentionally added to A TR and TR tubes of radar equip
ments, introduces a radiological hazard which must be 
recognized. In addition, the use of high power has intro
duced other hazards associated with increased power den
sity in the radiated beam. For example, the effect of the 
radiation beam on aircraft refueling operations or on ord
nance items must be considered as a potential hazard ·when 
there is a possibility of exposure to a radiation environment. 

1-4. One purpose of this manual is to present sufficient 
biological data to make personnel aware of the possible 
hazards resulting from exposure to r-f and ionizing radia
tions, and to assure personnel that operation and mainte
nance duties can be performed around high-power elec
tronics equipment with complete safety, provided that a 
few simple precautions are observed to prevent unnecessary 
exposure to possibly hazardous conditions. 

1-5. TRI-SERVICE PROGRAM. 

1-6. Late in 1956 the Department of Defense assigned to 
the Air Force the responsibility of tri-service coordination 
for determining the biological effects of microwave radia
tion. The coordinating function entailed a program to in
sure that all three departments, Army, Navy, and Air Force, 
would be well informed on all relevant research and devel
opment projects. within each of the other departments. 

1-7. Tri-Service Conferences were held to provide an ex
change of ideas and findings so that all departments would 

benefit from each other's research, and to promote a better 
understanding of the biological effects of microwave en
ergy. These annual conferences were attended by key re
searchers in the field of biological effects and related scien
tific fields, and by representatives of other interested Gov
ernment agencies, universities, and industry, to discuss and 
contribute knowledge gained from their research activities 
and accomplishments. 

1-8. The Tri-Service Ad Hoc Committee consisted of 
:member representatives from the following: the U.S. Army 
Medical Research Laboratory, Office of the Surgeon Gen
eral, U.S. Army, ·and the U.S. Army Environmental Health 

· Laboratory; the Bureau of Medicine and Surgery and the 
Office of Naval Research, U.S. Navy; the Office of the 
Surgeon General, the Air Research and Development Com
mand, the Office of Scientific Research, and the Rome Air 
Development Center, U.S. Air Force. This Committee met 
twice each year to review the tri-service biological programs 
and to insure that requirements of their individual services 
were adequately covered. The Committee in turn was sup
ported by a group of consultants in the fields of biophysics, 
microwave engineering, opthalmology, pathology, physics, 
and physiology. These consultants critically analyzed the 
experimental results obtained from the program, made 
recommendations for insuring the validity of developed 
data, and suggested sound approaches to meeting the re
quirements of the military services. · 

1-9. The findings reported through the Tri-Service Con
ferences were the result of sound scientific investigation and 
research effort. These findings contribute greatly to a better 
understanding of the biological effects of microwave and 
ionizing radiations, and represent a valuable data source 
for future researchers of problems related to the field of 
biological hazards. 

1-10. BIOLOGICAL ASPECTS OF RADIATION. 

1-11. R-F RADIATION. 

1-12. The status of research in the field of r-f radiation 
prior to the tri-service program was approximately as 
follows: 

a. Microwave radiation injury had been qualitatively 
demonstrated in animals but had not been observed clini
cally in electronics personnel. 

b. Animal eyes, and particularly their testes, had been 
found to be especially vulnerable to the shorter wave
lengths. 

c. Experimental injury appeared to be thermal in nature; 
that is, the temperatures induced in the affected regions 
were sufficiently high to account for injury on a thermal 

· basis. 

1-1 
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d. Reliable information on po rcr densities for modern 
radar beams was not readily available, and--iltt parameters 
of injurious exposure were unknown. 

1-13. Based on the evidence that injury had been caused 
to laboratory experimental animals and could posribly be 
caused to personnel, all available information was re
seaJ:Ched in an effort to establish a safe exposure level to 
this form of radiation. Many variables were considered, 
such as the frequency of the energy to which an individual 
may be exposed and the nature of the exposure including 
time of exposure, field strength, and other aspects. 

1-14. Sufficient factual data were not available to deter
mine the safe exposure level for each frequency throughout 
the spectrum; therefore, it was decided to select one level 
satisfactory for all radio frequencies. Past r.esearch indicated 
that a power density of 0.2 watt/cm2 was required ~o pro
duce significant damage. The accuracy of the methods and 
instrumentation used was somewhat questionable, and pos
sibly some cases of reported dan}age might have been 
caused by power densities of approximately 0.1 watt/cm2• 

Also, the expanded use of electronics equipment has re
sulted in the addition of minute quantities of microwave 
energy from incidental sources at many different frequen
cies. Since it is ·impractical to measure the power density at 
each of these frequencies separa~ely, and since the sum of 
all these assorted r-f sources would no~mally be extremely 
small, a safety factor of 10 was decided upon, making the 
USAF safe exposure level 0.01 watt/cm2• This limit was 
later modified by AFM 161-7, to permit limited exposure to 
0.1 watt/cm2• The reference made to incidental sources of 

. energy does not include radiation from other high-power 
·electronics equipment in the vicinity which contribute sig
nificantly to the power density in the area of measurement. 

1-15. The safe exposure level is an average power level and 
. not peak power, since available data indicate that the only 
d~imental effects are thermal in nature, and that these 
effects depend upon average power and not peak power 
levels .. Tut presently established level of 0.1 watt/cm2 is 
the maximwn power density for either continuous or .inter
mittent ' ~rnsure, and precautions should be taken to avoid 
exposure of personnel to ambient power levels in excess of 
this amount. 

1-16. At the present time it is not possible to forecast the 
effecai upon personnel of energy at a given frequency and 
power density based upon investigations conducted at an 
entirely different frequency and power density. 

1-17. IONIZING RADIATION. 

.1-18. The development of high-power equipment to pro
duce greater radiated power densities has resulted in an 
associated problem-the production of ionizing radiation. 
The inaeased r-f power output of this equipment is fre
quently accompanied by serious amounts of ionizing radia
tion, mostly in the form of X-rays. Ionizing radiation, such 
as X-rays, have a carcinogenic, or cancer-producing, action 
which may be caused by a single intense exposure or by 
continuous exposure to ionizing radiatipn. Excessive dosage 
of X-rays (or other ionizing radiations), as well as acci-

dental or occupational overexposure, has led to the carcino
genic effect. 

1-19. Available data on the occurrence of leukemia and 
allied diseases indicate that physicians have an incidence 1. 7 
times that of the general population, and that radiologists, 
who work with radioactive substances, X-rays, and their 
clinical applications, have an incidence 9 times that of other 
categories of physicians. Therefore, preventing the occur
rence of these diseases in personnel who are required to be 
in the vicinity of ionizing radiation appears to be largely a 
matter of preventing overexposure. 

1-20. The problems of protection from ionizing radiation 
and the prevention of overexposure have existed since the 
injuries suffered by the pioneers in radiology were first 
noted. However, armed with the scientific knowledge 
gained through resear~h, workers in this field have devel
oped adequate methods of protection and prevention of 
overexposure. It remains, therefore, primarily a problem 
of educating personnel and acquainting them wit& the pre
cautions and control measures necessary to cope with this 
potential hazard. Recently the area of concern has shifted 
from the obvious effects of ionizing radiation upon the 
human body to the genetic effects which overexposure to 
ionizing radiation may have upon future generations of 
man. 

1-21, PRECAUTIONARY MEASURES. 

1-22. R-F RADIATION. 

1-23. The following general rules should be observed to 
prevent unnecessary exposure to microwave or r-f radiation: 

a. All areas in which an r-f power density of 0.01 watt/ 
cm2 is suspected or detected shall be considered hazardous 
and will be posted with warning signs. 

b. Limited occupancy is allowed in areas where the 
power density is between 0.01 and 0.1 watt/cm2 (AFM 
161-7). Great care must be exercised in the application of 
the criteria at these power levels since the con~equences of 
accidental overexposure can be greater. A policy of pro
hibiting intentional exposure to power levels exceeding 
0.01 watt/cm2 is recommended. Areas in which the power 
density does not exceed 0.01 watt/cm2 require no controls 
such as permissible time factors, control of antenna rota
tion, etc. 

c. Personnel shall be prohibited from working in the 
field· of radiation of any energized antenna, waveguide, 
feed-horn structure, or transmission line where the meas
ured power density exceeds 0.1 watt/cm2• Theoretical cal
culations may be used for guidance, in lieu of actual meas
urements with test equipment. 

d. The practice of discharging into the surrounding 
area the r-f output of high-power generators producing 
average power levels of 0.01 watt/cm2, or more, shall be 
discouraged. Dummy loads, water loads, or absorbent 
materials shall be used to absorb the energy output of such 
equipment while it is being tested. 

e. Where test procedures require free-space radiation, 
the radiating device (antenna) must be positioned so as to 
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direct the radiated beam away from inhabited structures or 
other places where there are personnel. In the positioning 
of such radiating devices, care must be taken to avoid reflec
tion of either the primary beam,or accessory lobes in such 
a manner as to expose personnel in adjacent areas. 

1-24. IONIZING RADIATION. 

1-25. The following general rules should be observed to 
prevent unnecessary exposure to ionizing or X-radiation: 

a. All electronic devices or tubes capable of producing 
external X-radiation in excess of 300 mr/week shall be 
operated in appropriate radiationproof enclosures, unless 
such devices or tubes are properly shielded and such shield
ing has been determined to be adequate for the protection 
of personnel. For purposes of equipment and installations 
design, shielding requirement~ shall be based on a maxi
mum permissible exposure of 100 mr/week. This requi,re
ment is interpreted to mean that exposures to any part of 
the human body of 2.5 mr/hr cannot be exceeded, assuming 
a 40-hour work week. 

b. The commander of any project or operation dealing 
with radioactive materials or equipment capable of produc-

1 i~g X-rays shall require the wearing of dos~_etric /~e-
v1ces by all personnel who may be exposed to a: possible 
radiation hazard, and shall see that their exposures are re
corded. Areas should be checked by qualified experts to 
determine the level of ionizing radiation and, if found 
necessary, to establish time limits for personnel working in 
the area. Supervisors of sections that are designated as 
X-radiation hazardous areas shall keep the number of 
personnel in these areas to a minimum commensurate with 
proper maintenance and operating procedures. 

c. Personnel working in X-radiation _hazardous areas 
shall not be permitted to operate any electronic device or 
tube employing a peak plate voltage of 18 kv or higher with 
any of the shielding removed from the equipment, except 
where such operation is conducted in a satisfactory radia
tionproof enclosure. 

1-26. SECURING ASSISTANCE ON 
RADIATION-HAZARD PROBLEMS. 

1-27. Operating elements should direct their requests for 
assistance to one or both of two agencies, depending upon 
the type and nature of the problem. All requests concern
ing ionizing radiation problems should be directed to the 
AFLC Surgeon's Office (MCDPE), Wright-Patterson AFB, 
Ohio. In addition, all requests which will obviously require 
medical determination should also be directed to the AFLC 
Surgeon's Office. The Ground Electronics Engineering
Installation Agency supplies assistance on problems con
cerning radio-frequency (non-ionizing) hazards. Requests 
for such assistance should be directed to the appropriate 
GEEIA Region Headquarters. 

.1-28. Operating agencies should attempt to solve their 
own problems. The procedures in this technical manual are 
intended to aid in this effort, however, operating agencies 
should not hesitate to ask for assistance when needed. The 
request for assistance should contain as much information 
as possible. Included should be such items as a statement 
of the problem, site or room drawings showing suspected 
hazard areas, and the type of equipment involved. This 
information can be generated by the agency supplying 
assistance, however, expedited action is assured if it is sup
plied in the initial request. 

Change 1-10 May 1967 1-3/1-4 
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CHAPTER2 

R-F RADIATION HAZARDS 

SECTION I 

RADIO-FREQUENCY PROPAGATION 

2-1. GENl!RAL. 

2-2. Hertzian, or radio, waves propitgated into space are 
considered to be a radiant form of energy, similar to light 
and heat. The waves travel· at a speed of approximately 
300,000,000 meters per second, or 186,000 miles per 
second. The radio-frequency portion of the electromagnetic 
spectrum is theoretically considered to include all frequen
cies from 0.01 megahertz to 3,000,000 megahertz. This• 
theoretical concept includes a portion of the infrared band, 
as shown in figure 2-1. However, from the practical stand
point, the radio-frequency spectrum is assumed to extend 
from 0.01 megahertz (very low frequency) to 300,000 mega
hertz (extremely high frequency), and is divided into the 
frequency bands listed in table 2-1. 

TABLE 2-1 

Radio-Frequency Bands 

FREQUENCY BAND DESCRIPTION (MHz) 

Below0.03 VLF Very low frequency 

0.03--0.3 LF Low frequency 

0.3-3 MF Medium frequency 

3-30 HF High frequency 

30-300 VHF Very high frequency 

3~3000 UHF Ultra high frequency 

3000-30,000 SHF Super high frequency 2-3. The wavelength of any radio wave in free space can 
_ be determined by using the equation: 

30,0~300,000 EHF Extremely high frequency 

where A is the wavelength in meters, f is the frequency of 

wavelength of 1_00 meters, while a 30,000-mHz radio wave 
has a wavelength of 0.01 meter, or 1 centimeter. 

the radiation in hertz, and v is the velocity (speed) in meters 2-4. The radio-frequency spectrum includes many frequen-
per second (300,000,000). Thus, a 3-mHz radio wave has a des; therefore, in addition to the band designations given 
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Figure 2-1. Portion of Eledromagnetlc Spedrum, Showing RelatlPnship of 
Microwave Radiations to Other Efedremagnetlc Radiations 
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in table 2-1, code letters are frequently used for conveni
ence in designating specific frequency bands employed for 
radar operation. These radar band designations, the cor
responding frequency range, and the equivalent wavelength 
are given in table 2-2. 

TABLE 2-2 

Radar Band Designations 

BAND FREQUENCY WAVELENGTH 
DESIGNATION (MHz) (CM) 

p 220-390 133.3-76.9 

L 390-1550 ,76.9-19.3 

s 1550-5200 19.3-5.77 

C 3900-6200 7.69-4.84 

X 5200-10,900 5.77-2.75 

K 10,900-36,000 2.75-0.834 

Q 36,000-46,000 0.834-0.65-2 

V 46,000-56,000 0.652-0.536 

2-5. The term "microwave" applies to a somewhat arbi
trary range or band of frequencies, but is generally intended 
to mean a band of frequencies between 300 mHz (1 meter 
in wavelength) and 300,000 mHz (0.1 cm in wavelength), 
and includes frequencies normally used by radar. The fact 
that the shorter wavelengths of the microwave band 
approach the wavelengths of infrared rays is important. It 
suggests that the biological effects which result from ex
posure to microwaves are related to the thermal effects 
associated with the infrared spectrum. 

2-6. Before describing the biological effects of microwave 
radiation, it is necessary to briefly review certain pri_nciples 
of wave propagation, to serve as a basis for understanding 
the biological effects. This review is presented in the follow
irtg paragraphs. 

2-7. PROPAGATION OF 
ELECTROMAGNETIC ENERGY. 

2-8. WAVE THEORY. 

2-9. Assume that an alternating current is applied to a 
closed l<;>op of wire of infinite length, i.e., an infinite line. 
At the instant the current begins to flow, a magnetic field 
builds up around the conductor, with its lines of force cir
cling the conductor and traveling in the direction given by 
the right-hand rule (assuming conventional current flow). 
The magnetic field continues to build up, until maximum 
strength is reached when the current reaches its maximum 
value. The field then begins to decrease as the current de
creases to zero. As the current begins to increase in the 
negative direction during the second half cycle of the alter
nating current, the magnetic field again builds up about 
the conductor, but with the lines of force traveling in the 
reverse direction. Thus the lines of force expand and col-

2-2 

lapse along the conductor, in phase with the current Bowing 
through it. This is illustrated in (a) and (b) of figure 2-2. 

2-10. INDUCTION AND RADIATION FIELDS. 

2-11. It would be expected that, when the lines of force 
had reached a maximum value, all of them would begin to 
collapse toward a zero value as the current decreases to zero 
at the end of the half cycle. For some unknown reason, 
however, not all of the lines of force collapse. Instead, a 
small percentage of the lines of force, or magnetic field, 
continues outward from the conductor, into space. The per
centage of the field which does not return to the conductor 
is extremely small at low frequencies of the alternating 
current, but as the frequency is increased, the percentage 
increases to a point where, at extremely high frequencies, 
nearly all of the field continues outward from the conductor. 
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2-12. The percentage of the field which returns to the 
conductor at the end of each half cycle is known as the 
"induction field," while the remainder of the field which 
does not return is termed the "radiation field." 

2-13. ELECTRIC AND MAGNETIC FIELDS. 

2-14. Although nothing has been said about the character
istics of a particular an_tenna, it is obvious that this element 
should be used in describing the principles of radiation. 
When power is applied to an antenna, two fields are set up 
by the applied energy: the induction field, which is associ
ated with the stored energy, as described in paragraph 2-12, 
and the radiation field, which moves through space at ap
proximately the speed of light. At the antenna the inten
sities of these fields are large, and are proportional to the 
amount of power being delivered to the _antenna. At a short 
distance from the antenna, and beyond, only the radiation · 
field prevails. The radiation field is made up of an electric 
component, known as the "electric field" (E field), and a 
magnetic component, which is termed the "magnetic field" 
(H field). These two fields (E and H) vary together in in
tensity, but their directions are at right angles to each other 
in space, and both are at right angles to the antenna from 
which they were radiated. The relative directions of the E 
and H fields, and their relation to the alternating current in 
an antenna of infinite length, are shown in (b) and (c) of 
figure 2-2. It should be kept in mind that the illustration 
shows the fields which exist about the antenna at a single 
instant of time. As time progresses, from the left side to the 
right side of the illustration, the applied current will fall 
to a negative value, with corresponding changes in the 
polarity of the magnetic and electric fields along the 
antenna. 

2-15. As time passes, the lines of force, or flux lines, shown 
in (b) _and (c) of figure 2-2, expand radially with the veloc
ity of light, and new flux lines are generated at die antenna 
to replace those that travel outward, as in (d) and (e) of 
figure 2-2. In this manner oscillating electric and magnetic 
fields are produced along the path of travel. The variations 
in the magnitude of the electric component (E field) and 
those of the magnetic component (H field) are. in time 
phase, so that at every point in space the time-varying mag
netic field induces a difference in voltage, which is the 
electric field. The electric field also varies with time, and its 
variation is equivalent to a current which is called the "dis
placement current." This displacement current establishes 
a magnetic field in precisely the way that a conduction cur
rent does. To sum up, the varying magnetic field produces 
a varying electric field, and the varying electric field, 
through its associated displacement current, sustains the 
varying magnetic field. Each field supports the other, and 
neither can exist by itself, without setting up the other. 
Together, they are termed the "electromagnetic field." 

2-16. POLARIZATION. 

2-17. At a distance from the radiating antenna, the circular 
pattern of the lines of force of the electric field becomes less 
apparent, and the lines appear to be straight lines; as in (e) 
of figure 2-2. It should be noted that these lines 'of the' 

electric field (E lines) are in effect parallel to the radiating 
antenna. When these lines are in a horizontal plane, being 
radiated from an antenna which is horizontal in space, the 
electric wave is said to be horizontally polarized, as are the 
lines in (e) of figure 2-2. If the antenna is vertical in space, 
and the E lines of the electric field are in a vertical plane, 
the electric wave emitted from the antenna is said to be 
vertically polarized. The reference in both cases is taken 
from the earth's surface. 

2-18. Another type of polarization, which has found appli
cation in many radar equipments, is known as "circular 
polarization." In electronics countermeasures and telemetry 
systems, circularly polarized antennas are used to permit 
equal reception of signals without regard to their plane of 
polarization. They are used in ground radar systems for the 
reduction of rain and snow return. A circularly polarized 
wave has two components which are simultaneously at 
right angles in space and in phase quadrature. At a given 
instant of time, when the vertically polarized component is 
at + E max, the horizontally polarized e0mponent is·at zero 
and rising in a positive direction. The electric field pro
duced at points along the axis of propagation is the vector 
sum of the two waves. Since the vertical component leads 
the horizontal component, the resultant field rotates in a 
clockwise dirr.ction, and since both fields vary at the same 
frequency, the resultant field rotates at one complete revolu
tion per cycle. 

2-19. When the vertical and horizontal components are 
• equal in amplitude, the resultant field vector describes a per

fect circle, and the resultant wave is said to be circularly . 
.polarized. If the vertical and horizontal components are 
not equal in amplitude, the resultant rotating field vector 
will describe an ellipse, and the resultant wave is said to be 
elliptically polarized. In spite of its apparent rotation, the 
circularly polarized field consists of, not one wave, but 
rather two waves. Because of their phase and frequency 
requirements, both waves must obviously be developed by 
the same generator. 

2-20. Four common methods are used to develop a cir
cularly polarized wave. First, vertical and horizontal dipoles 
are spaced a quarter wavelength apart and fed, in phase, 
from the same source. Second, vertical and horizontal di
poles are crossed at the same point, and one is fed directly 
while the other is fed through a 90-degree phase-shifting 
network. Third, a circular waveguide flared into a_feedhorn 
is fed by two probes located at right angles in phase quadra
ture. Fourth, a 45-degree lens is used to divide the incident 
wave into two perpendicular components while advancing 
the phase of one component by 90 degrees. · 

2-21. It is important to note that, in discussing circular 
polarization, a circularly polarized antenna which radiates 
a clockwise rotating field will not receive a counterclock
wise rotating field. Circularly polarized reflections from 
conducting surfaces retain the direction of rotation of the 
transmitted signal, but those from dielectric_ boundaries 
such as precipitation have their direction of rotation re
versed. 

2-22. Occasionally it is desired to measure circular polar-

2-3 



Chapter 2, Section I 
Paragraphs 2-23 to 2-31 

T. 0. 31Z-10-4 

ization. This may be done using either a conical horn or a 
conventional dipole antenna to pick up the signal. If a coni
cal horn is used, no regard need be paid to horizontal or 
vertical polarization. The horn is directed toward the radi
ating source so that maximum power is picked up, and the 
power is indicated directly by the meter in the conventional 
manner, If a conventional dipole antenna is used, the verti
cal polarization component and the horizontal polarization 
component must be measured separately, and the total 
power calculated. The dipole should be held with its axis 
parallel with the ground, and its elements should be slowly 
rotated while the meter is carefully observed. If the wave 
is truly circular, the meter indication will remain constant 
throughout the full 360 degrees of dipole rotation, and 
equal powers in both horizontal and vertical polarization 
may be read. If the wave is elliptical, then maximum and 
minimum readings will be noted, displaced at 90-degree 
intervals. The maximum and minimum may not necessarily 
occur when the dipole elements are exactly horizontal or 
vertical with respect to the earth, because the ellipse may be 
tilted. This is the reason for rotating the antenna slowly, 
so that the highest and lowest readings may be noted and 
recorded. 

2-23. The meter readings obtained in the preceding para
graph may be used to calculate the total power in the fol
lowing manner: Assume that a circularly polarized wave is 
indicated, by obtaining a constant reading of 0.02 watt per 
square centimeter as the antenna is rotated. The reading is 
0.02 watt/cm2 with the dipole held in a horizontal plane; 
it remains at 0.02 watt/cm2 with the dipole in a vertical 
plane. Solving for total power: · 

Pt = 0.02 + 0.02 = 0.04 watt/cm2 

The total power in the circularly polarized wave is therefore 
0.04 watt/cm2. It should be noted that the accuracy of this 
measurement is based on the assumption that the field den
sity meter (densiometer) used in taking the measurements is 
calibrated for use with the dipole. 

2-24. If an elliptically polarized wave is indicated by maxi
mum and minimum meter readings as the antenna is rotated, 
the total power may be calculated in the same manner as 
that used for circular polarization in the preceding para
graph. For example: 

Assume maximum reading = 0.04 watt/cm2 

Assume minimum reading= 0.015 watt/cm2 

Pt= 0.04 + 0,015 = 0.055 watt/cm2 

2-25. FIELD INTENSITY. 

2-26. The conventional measure of the field intensity of a 
radiated wave is a measure of the intensity of the electric 

· field. This intensity usually is expressed in microvolts per 
meter, and is a measure of the dielectric stress produced by 
the electric field, or the voltage induced in a conductor 1 
'lleter long when positioned so that it lies in the direction 
of the electric field and at right angles to both the direction 
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of the magnetic field and to the direction of propagation. 
For example, assume that a conducto, which is 100 feet 
long and has constact conductivity throughout its length is 
energized with a battery of 100 volts. If the leads of a volt
meter are touched to the conductor at points exactly 1 foot 
apart, the meter will indicate 1 volt. Therefore, the voltage 
drop along the conductor is 1 volt per foot. This is in 
accordance with Kirchhoff's law, which states that the sum 
of the voltage drops around any closed circuit is equal to 
the applied voltage. 

2-27. In a similar manner, suppose that a transmitter ex
cites a dipole antenna, and that another dipole 1 meter 
long is pl~ced so1:11e distance away to receive the transmitted 
energy. If a voltmeter is used to measure the voltage drop 
across the receiving dipole and the voltage reads 1 volt, the 
field intensity at this point in space is 1 volt per meter. 

2-28. The relationship of voltage, current, and power to 
area may be seen as follows: If two very sharp metallic 
points are used as a spark gap, a potential of 40,000 volts 
will easily leap across a 1.5 inch gap. If, however, two brass 
balls 1.5 inches in diameter are us~d as the spark gap elec
trodes, the spacing will have to be reduced to approxi
mately ½ inch before 40,000 volts will jump across the gap. 
The reason for this is that the increase in the surface area 
of the electrode: !educes the voltage per square inch of sur
face. Considering the aspect of power, a figure of 1000 
amperes per square inch of cross-sectional area is some
times used in selecting the size of copper bus bars for power 
distribution. On the basis of this figure, a bus bar which 
measures 2 inches wide by 2 inches thick, or has a cross
sectional area of 4 square inches, can carry a current of 
4000 amperes. 

2-29. Now that the relationship between voltage, current, 
or power and the length or area of a conductor has been 
shown, the power in an r-f field may be considered. Suppose 
that a horn antenna which has an aperture of 5 centimeters 
by 10 centimeters is 100 percent efficient and that the physi
cal and effective apertures are identical. The area is then 
50 square centimeters. If 50 watts of power is fed to the 
horn, the power may be considered to distribute itself 
evenly across the aperture (this may not be absolutely true 
in practice, but is assumed to be true in this case for a theo
retical explanation), and the power density across the aper
ture will be 1 watt per square centimeter. If a person 
should inadvertently stand directly in front of this horn, he 
would be exposed to a power density of 1 watt per square 
centimeter, which is an extremely high and hazardous 
power level. 

2-30. The field intensity of a radiated wave falls off in 
direct proportion to distance between the transmitting and 
receiving antennas. For example, if the received field inten
sity of a signal is 50 microvolts per meter at a distance of 
25 miles, then at 50 miles, or twice the distance, the field 
intensity is one-half as much, or 25 microvolts per met~r. 
Thus, electric field intensity (when measured in terms of 
voltage, e.g., microvolts per meter) varies inversely with the 
distance from the transmitting antenna. 

2-31. In order to understand this variation of the field 
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intensity of a radiated wave, it is essential to consider the 
relationship between the power radiated and the field inten
sity. The power of a radiated wave, such as a light wave, 
falls off as the square of the distance between the source of 
light and the point of measurement. A sheet of paper held 
perpendicular to the rays of a candle at a certain distance 
from it will be lighted four times as brightly as one held at 
twice this same distance, because the given amount of light 
must spread out to cover four times as great an area on the 
paper which is only twice as far from the candle as the first 
one. This law is expressed by the formula : 

where A is the area of the portion of the surface of a sphere 
of radius r, having its center at the source of the light. This 
same law holds for the field intensity of electromagnetic 
waves when the power intercepted per unit area is con
sidered. However, since electric power expressed in terms of 
the voltage present is proportional to E2 (because P = 
E2/R), then the square of the voltage falls off as the square 
of the distance, or the voltage itself falls off directly as the 
distance. · 

2-32. The power flow through a• unit area at a distance D 
from an isotropic antenna is found by dividing the total 
radiated power by 41tD2• However, if a directive antenna is 
used, the energy is concentrated in certain directions, and 
the distribution over the sphere is not uniform. In this case, 
the power flow through a unit area at a given distance 
differs by a factor, G, from that which would be produced 
by an isotropic antenna. This factor G is called the "gain" 
of the antenna. The greater the concentration of energy in 
a given direction, the greater the gain will be in that direc
tion. By definition, an isotropic antenna has a gain of 1. in 
all directions. A directive antenna has a gain greater than 1 
in some directions and less than 1 in other directions. How
ever, the average of the sum of the gains in all directions, 
·or the total gain taken over the entire sphere, must be 
equal to 1. 

2-33. Antenna gain may be calculated from the formula 

G = 
4
;~, wh~re A is the area of the antenna aperture, and 

). is the wavelength of the transmitted signal. The units for 
A and ). must be the same. This formula is derived as fol
lows: Using an aperture with dimension L in both direc
tions, the angular width of the beam determined by diffrac~ 

tion is approximatelyi radians. The radiated power is then 

concentrated in a solid an;le beam of ~:. An isotropic an

tenna should spread the same power over a solid angle of 
41t. Therefore, the gain in concentration of energy is 

47t 41tL2 . 
equal to: ,_

2 
= y· Smee L2 equals the area of aperture 

L2 

A, then the gain G = 
4
;~. 

2.,;,34. Before an equation for the attenuation of radio 

waves in free space can be derived, one other factor, known 
as the effective receiving cross section of the antenna, must 
be defined. The effective cross section is equal to the tot~l 
signal power available at the antenna terminals divided by 
the power density (power per unit area) of the incident 
wave. In most cases, this cross section is different from the 
actual physical area of tHe antenna. The effective cross 
section is a quantity which tells the effectiveness of the 
antenna in capturing the power in the incident wave. If 
all of (he energy incident on aperture A is absorbed, then 
the effective cross section is equal to the area of the aper
ture. The formula for effective cross section is: 

I 

2-35. All of the discussion so far concerning free-space 
propagation can be summarized by providing the equation 
for power received over a free-space circuit. This equation 
is: 

where: PR = total power at the output terminals of the 
receiver antenna 

PT= power input to the transmitter antenna 

AR = effective cross section of the receiver antenna 

GT = gain of the transmitter antenna 

D = distance between antennas 

This equation shows the inverse relationship between the 
received power and the distance. It also shows that the re
ceived power is directly dependent upon the amount of 
power transmitted, the gain of the transmitter antenna, 
and the effective cross section of the receiving antenna. 
Assuming that isotropic antennas are used, GT is equal to 1 

. ),,2 
and AR is equal to 

4
7t. 

2-36. TRANSMISSION IN FREE SPACE. 

2-37. There is a certain amount of attenuation, or loss, of 
energy for radio signals transmitted in free space. This loss 
is due to the spreading of energy over a greater area as the 
transmission distance is increased. The loss is directly re
lated to the frequency and transmission distance. The 
formula for free-space loss is: 

LFs = 3 7 + 20 log F + 20 log D 

where: LFs = ratio of transmitt~r power to receiver power, 
in db 

F = freque_ncy, in mHz 

D = transmitted distance, in miles 

An understanding of the above formula is necessary in 
order to understand all other propagation losses. This im-
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por1ant formula is 1:leveloped and. explained in the follow

in-g paragraphs, 

2,-33: Theotetically, !ree space transmission can be realized 
only i-f the trarTsmitting and receiving antennas are isolated 
in unbounded, empty spaae. For practical purposes, how
ever, it is r~li2e(l if the following conditions are fulfilled: 
No large obstacles intervene between the two antennas 
along an optical line of sight; no alternate transmission 
path can be followed by a substantial fraction of the radi
ated energy; the intervening atmosphere has a constant 
index of refraction, so that no bending of the wave occurs 
ar tbe partirnlar frequency used; the intervening atmos
phere does oo.t absorb energy from the wave at the fre
quency used. H these conditions are fulfllled, the tr~ns
mitted wave will have spherical wavefronts, and these 
wavefronts will spread out so that the intensity of radiated 
energy varies inversely as the square of the distance. The 
intensity of enef gy is the power per unit of area on the 
spherical wavefront. 

2-39. The relationship between intensity of energy and 
distance is iltusttat~d in figure 2-3, whidt shows part of 
the pattern of radiated energy from an isotropic antenna in 
free space. An isotropic antenna both radiates energy uni
formly in all dire<;tiotts and receives energy uniformly from 
all directions. In figure 2-3., let A be a given unit of area 
on the surfaee of a sphere at a distance D1 from the isotropic 
antenna. The total area of the entire sphere at this distance 
is 41tP1

2• Since power is distributed uniformly over the en
tire area of the sphere, the fraction of the total power which 

falls on area A is equal to 
4

TC~
12

• Now increase the distance 

D 2 and consider the intensity of energy on the same area A 
on the sphere, at this distance. Since the total area of the 
sphere has increased, the area A has now become a smaller 
fraction of the total area. Thus, the fraction of total power 
1.ncident to A decrease$ with increased distance from the 
radiating antenna. Therefore, for isotropic antennas in a 

· free-space circuit, the total received power is calculated ac
cording to the formula: 

PR= PT (1) = P, (~) (,,~,) = P,, (.~:O,) 
i.-40. Free-SpllCe loss1 or attenuation, is the difference be-
1ween the input power to the transmitting antenna and the 
oi.itput from the receiving antenna, or PT - PR, assuming 
i$ottopic antennas in bO>th cases. This free-space loss in 

d-ecibels is equal to 10 log::. Using the expression devel

Qped 1n the preceding paragraph for received power with 
isotropic antennas> the formula for free-space loss is 
developed as follows: 

If -the frequency, F, i$ expressed in megahertz, and the 
speed of radio waves, C, in miles per second, then: 
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Figure 2-3. Change in Intensity of Radiated Energy 
with Distance in Free Space Over CJ Given A1'8G 

11. = ~ = 186000 X 1~ = 0.186 
F F F 

Therefore: 

In decibels, free-space loss is given by the following 
formula: 

(
l61t2O2p2) 

LFs = 10 log 
0

_1862 

= 10 log 16 + 20 log 1t + 20 log D 

+ 20 log F - 20 log 0.186 

Removing the constants 10 log 16 + 20 log 'It - 20 log 
0.186, which equals 37, the final expression for free-space 
loss in db, with F in megahertz and D in miles, is: 

LFs = 3 7 + 20 log D + 20 log F 

It should be noted that this equation is not applicable to ~e 
near-field, or Fresnel region, but is to be used only in the 
far-field, or Fraunhofer zone, considerably beyond the dis
tance represented by the expression: 

2L2 

"' i 
where: L = largest dimension of transmitting antenna 

11. = wavelength of transmitted signal 
l 

(Both D and 11. must be in the same units.) 
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Note 

L2 and 
2L

2 
will be used interchangeably within. 

). A · 
this manual for the distance to the far field. There 

· · d'ff b h Th 
212

d' 1s little 1 erence etween t em. . e T 1stance 

produces an antenna gain equal to 0.99 of an in-

ti · d' . Th L2 d' d mte 1stance gam. e "f 1stance pro uces an 

antenna gain equal to 0.94 of an infinite distance 
gain. 

Additional correction factors are required to adapt this 
equation to the near field, or Fresnel region. 

2-41. To illustrate the usage of the above formula, con-
sider the following example: · 

Find the free-space loss over a cir0:1it' covering a 
distance of 100 miles between the transmitting 
and receiving antennas, using a'. transmitting fre
quency of 1000 megahertz. 

LFs = 3 7 + 20 log 100 + 20 log 1000 

LFs = 37 + (20 X 2) + (20 X 3) 

LFs = 37 + 40 + 60 = 137 db 

This means that the output from the receiving 
antenna will be down 137 db from the power 
input to the transmitting antenna because of free
space loss alone, assuming isotropic antennas. Ex
pressed in another way, the received power is 
approximately 0.00000000000001 of the trans
mitter power input. 

It can be seen from this example that free-space loss intro
duces a substantial attenuation to the transmitted signal. 
This is the basic loss which occurs for all types of radio 
transmissions. For line-of-sight. circuits where the condi
tions for propagation in free space are closely approxi
mated, the total loss can be considered to be free-space loss. 
However, for long-distance transmission, where either 
gr<,nind wave, sky wave, or scatter propagation · is used, 
other losses are introduced by the effects of the earth and 
th~ atmosphere. Each of these losses must be added to the 
free-space· loss, to find the total los:i or :1ttl;"rm<1tion to the 
transmitted signal. 

2-42. TRANSMISSION OF R-F ENiRGY. 

2-43. GENERAL. 

2-44. The radiated waves from an antenna travel through 
space in all directions. Some ,of the waves travel along the 
surface of the earth, and are greatly affected by the earth 
and its terrain. These waves are collectively called "ground 
waves." Other waves travel upward and away from the 
earth's surface, and may or may not return depending upon 
the conditions in the upper atmosphere and beyond. These 
waves are called "sky waves." 

2-45. GROUND-WAVE PROPAGATION. 

2-46. Gen-erally, gtound-wave propagation refers to the 
ltansmi,ulon of energy which does not make use of reflec
tions from the ionosphere. Ground waves may take a direct 
or reflected course foom the transmitter to the receiver, or 
they may be conducted by the surface of the earth or re
flected in the trop~phere. The resulting ground wave, 
therefore, m~y ht composed of one or more of the follow
ing components: the direct wave, the ground-reflected 
wave, the surface wave1 and the tropospheric wave. 

2-47. DIRECT-WAVE COMPONENT. The direct wave 
is that tomp~nent of the entire wave front which travels 
directly-from the transmitting antenna to the receiving an
tenna. It is limited only by the distance from the trans
mitter to the horiton, or line of sight, plus the small addi
tional distance due to atmospheric diffraction of the wave 
around the curvature of the earth. The intensity of the elec
trk fii!ld of the direct wave varies inversely with the dis
tance. The direct wave is not affected by the ground or by 
the earth's surface, but it is subject to refraction in the 
tropospheric air between the transmitter and receiver. 

2-48. Gll.OUNO-REFLECTED COMPONENT. The 
ground-reflected wave is that component of the entire wave 
that reaches the receiving antenna after being reflected 
from the ground or from the sea. Upon reflection from the 
earth's surface, the reflected wave is reversed 180 degrees in 
phase; this fact is important in determjning the resultant 
effect when the reflected wave combines with the direct 
wave at the point of reception. Since the ground-reflected 
wave travels a longer time in reaching its destination than 
does the direet wave, its phase is displaced an additional 
amount over and above th~ 180° shift caused by reflection. 

2-49. SURFACE-WAVE COMPONENT. The surface 
wave is that component of the entire wave that is affected 
primarily by the conductivity and dielectric constant of the 
earth, and is able to follow the curvature of the earth. 
When both the transmitting and receiv'ing antennas are 
either on, or close to, the ground, the direct wave and the 
ground-reflected wave tend to cancel each other, and the re
maining field intensity is principally that of the· surface 
wave. The surface wave extends to considerable heights 
above the earth's sµrface, diminishing in field strength 
with increased height. Part of its energy is absorbed by the 
ground, resulting in a greater rate of attenuation than the 
rate due to the inverse of the distance. The, surface-wave 

, component generally is transmitted as a vertically polarized 
wave, retaining this polarization at appreciable distances 
from the antenna. This polarization is chosen because the 
earth has a short-circuiting effect on the electric intensity of 
a horizontally polarized wave, but offers resistance to the 
electric component of a vertical wave. The ground currents 
of the verticaHy polarized surface wave do not short-circuit 
a given electric field, but rather serve to restore part of the 
energy used to the following field. The better the con
ducting surface, the more energy returned and the less 
energy absorbed. 

2-50. TROPOSPHERIC-WAVE COMPONENT. The 
tropospheric wave is that component of the entire wave 
which is refracted in the lower atmosphere by relatively 
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rapid changes in humidity with respect to height, and some• 
times by rapid changes in the density and temperature with 
respect to height. At heights between a few thousand feet 
and approximately on_e mile, huge masses of warm and cold 
air exist near each other, causing abrupt temperature differ
ences and changes in density. As a result, reflection and 
refraction in the troposphere make possible the propagation 
of the ground wave over distances far greater than can be 
covered by the ordinary ground wave. 

2-51. THE IONOSPHERE. 

2-52. The earth's atmosphere extends up to a distance of 
over 200 miles. Since the density of the gases which com
pose the atmosphere decreases with height, the air particles 
at a height of 250 miles·are so rare as to be almost non
existent. The atmosphere is in a constant state of bombard
ment by radiation and particle showers from the sun, and 
by cosmic rays from an unknown source. The radiation 
from the sun includes the components of the entire spec
trum, ranging from infrared rays to ultraviolet rays; and 
particle showers composed of positrons and electrons mov
ing at nearly the speed of light. As these different forms of 
radiation approach the earth's atmosphere, they reach cer
tain critical levels where the gases are of such density as to 
be particularly susceptible to ionization, and at these levels 
ionized layers are formed. It has been found that there are 
four distinct layers of the ionosphere, which are called, in 
order of increasing heights and intensities, the D, E, F1, and 
F2 layers. The four layers are present only during daylight 
hours, when the sun is directed toward that portion of the 
atmosphere. During the night, the F1 and F2 layers seem to 
merge into a single F layer, while the D and E layers fade 
out, due to the recombination of the ions composing them. 
It has been found, in addition, that the actual number of 
layers, their heights above the earth, and the relative 
intensity of ionization present in them vary from hour to 
hour, from day to day, from month to month, from season 
to season, and from year to year. These layers in the iono
sphere are commonly referred to as the Kennelly-Heaviside 
layers, in honor of the two men who were the first to pro
pose the idea of the existence of the ionosphere. 

2-53. SKY-WAVE PROPAGATION. 

2-54. Sky-wave propagation generally refers to the trans
mission of electromagnetic energy which depends upon, 
and makes use of, reflections from the layers in the iono
sphere. The principal ionosphere characteristics which con
trol the reflection of electromagnetic waves back toward 
the earth are the height and the ionization density of each 
of the layers. The higher the frequency, the greater the 
density of ionization required to reflect waves back to earth. 
In other words, the shorter the length of the waves, the 
denser, or more closely compacted,.must be the medium to 
refract them. Therefore, the upper layers, which are the 
most highly ionized, reflect the highest frequencies, where
as the D layer, being the least ionized, does not reflect 
frequencies above approximately 500 kHz. Thus, at any 
given time, for each layer there is a value of highest fre
quency, called the "critical frequency," at which waves sent 
vertically upward are reflected directly back to earth. Waves 
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of frequencies higher than the critical frequency pass on 
through the ionized layer and are not reflected back to 
earth, unless they are reflected from an upper layer. Waves 
of frequencies lower than the critical frequency are reflected 
back to earth, unless they are absorbed by, or have been 
reflected from, a lower layer. 

2-55. Although the critical frequency, when determined by 
vertical propagation as explained in the preceding para
graph, marks a boundary condition in that all frequencies 
at or below the critical frequency will be returned to earth, 
it is to be noted that other frequencies above the critical 
frequency also will be returned to earth if they are propa
gated at certain angles of incidence. At angles of incidence 
near the vertical, a given frequency may pass on through the 
ionosphere. But as ~he angle of incidence is decreased, an 
angle is reached at which the wave is reflected back to earth. 
This angle is called the "critical angle." The distance, on 
the earth's surface, to the point at which the wave returns is 
called the "skip distance;" as the angle of incidence de
creases, the wave returns at greater and greater distances, 
or, in other words, the skip distance increases. 

2-56. The distance at which the wave returns to the earth 
depends on the height of the ionized layer and the amount 
of bending of the path while traversing the layer, the latter 
depending on the frequency of the wave as compared to the 
ion density of the layer required. to refract or bend the 
wave. Upon return to the earth's surface, part of the energy 
enters the earth and is rapidly dissipated, while part is re
flected back into the ionosphere again, where it may be 
reflected downward again at a still greater distance from 
the transmitter. 

2-57. DIRECTED RADIATION. 

2-58. In present day radio transmission, utilizing fre
quencies that are extremely high, it is necessary to concen
trate the transmitted energy into a narrow beam and to 
direct this beam toward the desired receiver, much like the 
headlamp of an automobile focuses a light be_am. This is 
necessary for two reasons: to realize a greater signal at the 
receiving antenna, and to avoid transmission of the signal 
in undesired directions where unfriendly receivers may be 

. located. At extremely high frequencies, single-wire an
tennas, or arrays, become less efficient because of the small 
physical size for a half wavelength and consequently high 
radiation resistance. Since the radiation properties of ex
tremely high, or microwave, frequencies approach those of 
light waves, their propagation can be directed by reflecting 
surfaces placed in their path. These reflecting surfaces can 
be properly spaced elements acting in parasitic fashion, 

. additional driven elements propertly spaced or oriented, or 
a parabolic-shaped reflecting device. 

2-59. A reflecting surface in the shape of a parabola, hav
ing at its focal point the source of r-f energy, will focus 
most of the radiated power in more or less parallel lines, 
forming a relatively narrow beam in which the r-f energy 
is of high concentration. Some of the energy, however, does 
escape from the main beam and is dispersed at various 
angles in the immediate vicinity of the reflector. 
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Figure 2-4. Power Densities in a Typical Radar System 

2-60. POWER DENSITIES IN A TYPICAL 
SYSTEM. 

2-61. Significantly different levels of electromagnetic e~
ergy exist in each r~dar system. In the typical radar system 
shown in figure 2-4, the highest power density exists within 
the transmission line, which normally is closed and there
fore not readily accessible. Power density, expressed in . 
terms of average watts per square centimeter, is given ap
proximately by the equation: 

Pu 
Wu=

Au 

where: Wu = power density, in average watts per sq cm 

Pu = average power output of transmitter, 
in watts 

Au = cross-sectional area of transmission line, 
in sq cm 

It should be noted that the power is not distributed uni
formly over the entire area of the transmission line, as im
plied by the equation above, but the equation gives a close 
approximation. 

2-62. The transmission line conveys the power to an an
tenna feed, which. in turn feeds the energy on . to the an
tenna. Before reaching the antenna, the energy from the 
feed is propagated through space which ordinarily is not 
enclosed, and is therefore more accessible to personnel than 
is the inside of the transmission line. The power density in 
the aperture of the feed is given, again approximately, by 
the equation in the preceding paragraph, except that the 
feed aperture Ar is now used instead of Ar. Since the feed 
aperture, Ar, is usually larger than the cross-sectional area 
of the transmission line, At1, the power density in the feed 
aperture is usually less than that in the line. 

2-63. From the antenna, the electromagnetic energy is 
radiated into free space, to enable the system to perform its 
function. While the energy is travelling through space, it 
cannot be controlled; this fact constitutes one of the biggest 
problems in combatting the possible hazards due to this 
radiation. 

2-64. The manner in w'hich a parabolic antenna radiates its 
energy is somewhat complicated and is subject to many 
variations. For purposes of simplicity and generalization, 
this process may be depicted as shown in figure 2-4. The 
available power, P, furnished by the transmitter through 

2-9 
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· the transmission line and the antenna feed to the antenna 
itself, is radiated outward from the antenna in a direction 
normal to the antenna aperture in most cases (but with very 
important exceptions in other cases). In order to obtain use
ful beams with low side lobes, the energy is "tapered" 
across the aperture in a manner illustrated in figure 2-5 

for different type antennas. The taper decreases the applied · 
energy smoothly from a maximum at the center of the 
aperture to a typical value of 10 db (one-tenth) down from 
maximum at the aperture extremeties. This distribution of 
energy across the antenna aperture is commonly called the 
antenna illumination. Paragrap~ 2-66 provides the general 

2-10 
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Figure 2-5. Field Intensity Distribution Across an Antenna 
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space distribution of the transmitted power leaving the an
tenna for the more common antenna illuminations of cosine 
or ( 1 - r2) with a typical taper of 10 db. 

2-65. T}iE FRESNEL REGION, OR NEAR FIELD. 

2-66. After the electromagnetic energy leaves the aperture, 
its intensity varies with distance from the antenna as shown 
in figure 2-6. At distances relatively close.to the antenna, in 
the area known as the "Fresnel" (or near-field) region as 
given approximately by the equation below, the power re
mains fairly constant with distance)and is collimated in a 
beam of about the same size as the projected area of the 
aperture. 

As indicated in figure 2-6, the energy is not distributed uni
formly across the beam because of the taper described in the 
paragraph above. The approximate power densities at the 
beam center and beam edges are: 

· 3Pt 

~ W beam center = A inside a 

) 
Fresnel 

Wbeamedges 
Pt region = 3Aa 

where: Aa = antenna aperture projected area 

1 (L2) DFresnel = D < 4 T: · 2-67. THE FRAUNHOFER ZONE, OR FAR FIELD. 

where: D = distance from antenna, in feet 
2-68. Beyond the Fresnel region, the radiated beam begins 
to spread out until, at ranges far enough from the Fresnel 

L = antenna aperture dimension, in feet region, the power decreases according to the well-known 
inverse square law. The range greater than that distance · 
where inverse square law variation begins is known as the ). = wavelength, in feet 
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"Fraunhofer Zone," or far field. This distance is given 
approximately by the equation: 

L2 
DFmunhofer = D > ~ 

A region of transition exists between the Fresnel and 
Fraunhofer fields, as shown in figure 2-6, this is known as 
the "quasi-Fresnel", or crossover region. In the Fraunhofer 
region, the radiation is in a diverging beam shape, where 
the intensity is maximum at the beam center, and decreases 
away from the beam center as the angle of divergence in
creases. If the antenna is made larger or the antenna illum
ination is made more uniform, the radiated beam is made 
narrower and the beam center power density is made 
higher. Tables 2-3 and 2-4 express the half-power beam 
widths for the different antenna illuminations in terms of 
the antenna diameter and the wavelength of the radiated 
wave. 
Another way of expressing the concentrating action of an 
antenna is by "its gain." Thus a large antenna with a nar
row beam has a large gain. The effects of the beam broad
ening due to antenna illumination is a Fraunhofer gain 
reduction. This "gain factor" is listed in tables 2-3 and 2--4 
and normalizes the gain of ideal antennas with the dif
ferent illuminations to the gain of an ideal uniformly illum
inated antenna. In terms of gain, which is a pure number 
and can be furnished for each antenna, the power density 
at the beam center in the Fraunhofer region is given by the 
equation: 

where: Gt= antenna power gain 

Wr = Far-field power density 

TABLE 2-3 

Beamwidths, Gain Factors, and Sidelobes of Rec
tangular and Elliptical Antennas with Various 

lllum inations 

FIRST 
HALF-POWER SIDELOBE 

ILLUMINATION GAIN FACTOR BEAM WIDTH DB BELOW 
O•w (DEGREES) MAIN BEAM 

INTENSITY 

Uniform 1.00 50.41- 6s.n 13.2 
to--

L L 

Cosine 0.81 68.7A 831- 23 
L 

to T 

Cosine 0.667 831- 95A 32 
Squared L 

to T 

Cosine 0.575 951- 1101- 40 
Cubed L 

to T 
Cosine 0.515 1101- 1161- 48 
Fourth L 

to r:-
2-12 

TABLE 2-4 

Beamwidths, Gain Factors, and Sidelobes of 
Circular Antennas with Various Illuminations 

FIRST 
HALF-POWER SIDELOBE 

ILLUMINATION GAIN FACTOR BEAM WIDTH DB BELOW 
lhw (DEGREES) MAIN BEAM 

INTENSITY 

Uniform 1.00 58.St- 72.81- 17.6 
--to 

L -L-

(1- r2) 0.75 72.8)_ 84.ZA 24.6 
L 

to 
L 

(1-r2)2 0.56 84.ZA 94.St- 30:6 
L 

to -L-

(1-r2)3 0.44 94.St- 103.St-
to-- -

L L 

2-69. POWER LEVEL ON TB:E MAIN 
BEAM AXIS. 

2-70. Some of the information given in previous para
graphs of this section may be summarized as follows: First, 
the power level radiated by a typical beam-forming antenna 
remains in a beam of approximately the same area as the 
projected area of the aperture, as far as the limit of the Fres
nel, or near-field region. Within this region, the power along 
the axis of the beam is highly concentrated, having a power 
density of approximately three times the power density 
measured across the aperture of the antenna, expressed in 
average watts per square centimeter, due to the concentrat
ing effects of the reflector. Beyond the Fresnel region and 
as far as the limit of the quasi-Fresnel region, or between 

the distances of¾ L2/t- and L2/A. (antenna aperture diam

eter squared divided by wavelength, both in feet), the beam 
spreads out and the concentration of power along the axis 
of the beam begins to decrease from the value given above. 
The power density decreases until it reaches a value, at the 
beginning of the Fraunhofer zone (which is at a distance of 
12 /t-), where the power density is approximately equal to 
the. total average power Pt multiplied by the power gain 
Gt of the antenna, divided by the quantity 41t times the 
square of the distance from the antenna. This is given by 
the formula 

At greater distances, it can be seen that the power level, or 
density, along the main beam axis, continues to fall off in 
proportion to the square of the distance. 

2-71. Figure 2-6 provides a convenient picture of the near 
field and cross-over region beam power distribution. In 
practice the transfer from collimated beam radiation to 
linear beam divergence would not be so abrupt. The beam 
cross-section would start spreading slowly at a point at a 

distance of 1/6(L2/A) to ¼ 12/A and would gradually di-
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verge at a larger angle until linear divergence is nearly 
reached at L2 /A. Therefore, in the near field and cross-over 
region, the transmitter power is distributed over a greater · 
area than that presented by a discrete antenna center point 
radiating at the divergent angle present in the Fraunhofer 
region. The beam is less concentrated than indicated by the 
formula Wr = PtGt/4;.D2• The antenna gain is then less 
than in the Fraunhofer region and a gain reduction factor 
must be applied to the antenna Fraunhofer gain. 

2-72. POWER LEVEL OFF THE MAIN BEAM AXIS. 

2-73. The power level, or density, off the main beam axis 
depends upon a number of variables, so that only an 
approximation can be given by calcul~tions. For the differ
ent illuminations of the type antennas noted in tables 2-3 
and 2-4, the narrowest beamwidth of the beamwidth 
range would apply to an ideal antenna. The beamwidth of 
the actual antenna will be broadened from that of an ideal 
one, due to imperfect illumination, imperfect reflector sur
face, and aperture illumination phase errors. Centered about 
the main beam are separate and individual beams of ene.t;gy 
of lesser amplitude called "side lobes." The forward side 
lobes can be attributed to illuminated energy in proximity 
to the antenna edge discontinuity.·Note the.relation of the 
side lobe levels to the energy in the area near the antenna 
edge as shown for different illuminations of tables 2-3 and 
2-4 (reference can be made to figure 2-5 for energy near 
the antenna edge for the different illuminations). The 
diffraction of the spill-over energy at the antenna edge and 
the energy transmission through the imperfect reflector 
contribute to like back lobes from the antenna. The result 
of the above combined effects is a loss of a portion of the 
transmitter power in directions other than that of the main 
beam axis. The relation of the main beam axial power con
centration (antenna gain) to the theoretical antenna gain 
is referred to as the "antenna efficiency." The antenna 
efficiency varies from 50';10 to 90';10 for antennas designed 
to concentrate all the transmitter power within a narrow 
beam along the vertical and the horizontal axis. For an
tennas where reflector shape is made to form a cosecant 
squared pattern along the vertical axis, this antenna• effi
ciency varies from 35% to 60';10 • The theoretical antenna 
gain will vary with the type illumination employed. The 
theoretical antenna gain will be greatest for uniformly 
illuminated antennas where the narrowest beamwidth is 
developed. The "antenna gain factor" is the factor by 
which the theoretical antenna gain of a uniformly illumi
nated antenna must be multiplied to obtain the theoretical 
antenna gain of an antenna with an illumination other than 
uniform along an axis. This gain factor must be separately 
applied for each axis illumination when applied to elliptical 
or rectangular antennas. The gain factors for different 
antenna illuminations are shown in tables 2-3 and 2-4. 

2-74. Due to rhe effects of paragraph 2-73, further clari
fication of figure 2-6 is necessary. Since the illumination 

· energy in the vicinity of the antenna edge is diffused, dif
fracted, and radiated in a direction governed by the antenna 
edge discontinuity, energy along the edge of the _collimated 
radiation region cross-section decreases to a very low figure 

in a short distance from the antenna. Decrease of the an
tenna illumination level becomes less in the near field when
progressing from the collimated area edge toward the 
center of the area. More specific calculations for finding 
the approximate power density at the center and at various 
distances off the center of.the main beam axis within the 
close-in region are given in Chapter 4 of this technical 
manual. 

2-75. REFLECTION, REFRACTION, AND 
SCA TIERING. 

2-76. As previously pointed out in this chapter, the two 
principal ways in which radio waves radiated from a trans
mitter travel to a receiver are by means of ground waves 
and sky waves. The propagation of the ground wave is 
affected by the electrical characteristics of the earth (soil or 
sea), and by diffraction, or bending, of the wave ~ith the 
curvature of the earth. Although these characteristics differ 
in different localities, they remain practically constant with 
time in any one given locality under most conditions. Sky
wave propagation, on the other hand, is variable, since the 
state of the ionosphere is always changing and, therefore, 
affects both the reflection and refraction of the sky wave. 

2-77. A radio wave may be reflected in a manner similar 
to that of any other type of wave. For instance, when a 
beam of light falls on the surface of a mirror, nearly all of 
it is reflected. In a similar manner, the efficiency with which 
reflection of radio waves occurs depends on the material of 
the reflecting medium. Large, smooth metal surfaces of 
good electrical conductivity, such as copper, are very effi
cient reflectors of radio waves, reflecting nearly all of the 
energy carried by the incident waves. The surface of the 
earth itself is a f~rly good reflector of radio waves, par
ticularly for waves that are incident at small angles from 
the horizontal. The ionosphere, even though it does not 
have a surface like that of a mirror, is also a fairly good 
reflector of radio waves. 

2-78. Reflection of waves is of importance in several 
ways. First, it provides a way of measuring the properties of 
material. A study of the constitutive properties of matter 
is often made by studying the fractional reflection and 
transmission of eletromagnetic waves through matter. The 
reflectivity depends on the angle at which the wave strikes 
the boundary between the two media. 

2-79. The second important aspect of reflection is the 
standing-wave pattern in which the field intensity is greater 
or less than that in either separate traveling wave. A field 
with an intensity just at the threshold of safety (with respect 
to human exposure) in the absence of reflections can become 
hazardous at certain points when reflection occurs. Reflec
tion is associated with dimensional resonance phenomena 
where the field amplitude builds up because the dimensions 

· are such that successive reflections from walls or boundaries 
just overlay one another properly in space and time. Such 
dimensional resonances can occur in structures like the eye
ball; the determining factor is the ratio of the wavelength 
(in the medium constituting the eyeball) to the dimensions 
of the eyeball. The seriousness of the effect depends on the 
reflecting properties of the walls. 

2-13 
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2-80. The third important aspect of reflection is its bearing 
on any discussion of dosage. Consider a body, say a mouse, 
placed in a field whose intensity is known in the absence 
of the mouse. The free-space value may have little relevance 
to establishing a tolerance level for-other animals, fo: what 
is important is the field within the mouse. To determme the 
latter, it is necessary to determine the reflectivity of the fur 
and skin. 

2-81. In addition to its ability to be reflected, a radio wave 
may also be refracted, in a manner similar to a beam of 
light. When a beam of light shines on a smooth surfa_ce_ of 
water, some of the light is reflected, and the remammg 
portion penetrates the water. The direction of travel of that 
portion which penetrates the water is different from tha_t ~f 
the light beam incident to the surface of the wate~. Th1s_1~ 
so because the light passes from a less dense medium (air) 
to a more dense medium (water). In a similar manner, a 
radio beam is refracted when it passes through media of 
different densities. The amount that a wave is refracted as it 
passes from one medium to another, expressed by the ratio 
of the velocity of an electromagnetic wave 'through_ a pe~
fect vacuum to its velocity through the denser medium, 1s 
called the "index of refraction." 

2-82, In somewhat recent years, extensive experiments 
have indicated that radio waves not only are reflected 
and/or refracted, but also are scattered, under certain con
ditions in the troposphere and in the lower ionosphere. The 
exact reason for, or the mechanism which causes, this scat
tering is not yet fully known. "Scattering" is the term given 
to the disp~rsing of the radio waves in various directions, 
in a sense similar to the manner in which the lens on the 
tail light of an automobile directs the light in all directions. 

2-83. Fluctuations in the humidity of the air are believed 
to play an important part in scattering, bec~use ?f the large 
index of refraction of water vapor. Fluctuations m tempera
ture at various altitudes may also contribute to the scatter
ing phenomena. In the atmosphere there are layers in -which 
the index of refraction changes as much as 30 x 1~ ~ver a 
distance of 100 meters, and rates of change of 10-2 to 10-3 

per meter are quite common. 

2-84. ABSORPTION OF R-F ENERGY. 

2-85. In traveling through space, radio waves may be re
flected, refracted, or scattered, as pointed out in previous 
paragraphs. Whenever the radio waves are so affected, 
some of the energy is absorbed at the point where the 
change of direction occurs. If conditions are favorable to 
the p~rticular wavelength of the radio wave, it may happen 
that most, if not all, of the r-f energy may be absorbed. -

2-86. When r-f energy is absorbed by a body, using the 
term "body" in its broad sense to include any obstruction 
to the transmitted wave, the r-f energy is converted into 
heat. The total amount of heat developed depends upon the 
field intensity of the r-f energy and upon the area of t~e 
surface receiving the energy. The heat developed per umt 
area may, or may not, be in direct proportion to the actual 
size of the unit area. This is especially so when the unit be
comes so small that it approaches the size of one wave-

2-14 

length. To explain this, it is necessary to consider .how the 
electromagnetic field interacts with matter. _Atoms and 
molecules are complexes of· charge, and when placed in an 
electric field, their charge distribution becomes polarized. 
Some molecular systems, -such as_ many molecules in living 
tissue, already have charge distributions which are polar; 
that is, the center of gravity of the negative charge is dis
placed from that of the positive charge. All membranes 
have polar structure. In a time,varying field -the polariza
tion vibrates and, by virtue of interaction.between different 
elemepts of the molecular system, the· electrical. energy is 
transformed into heat. This is the dominant phenomenon 
in what may be termed the low-amplitude region. The 
hazard of radiation in this region is purely thermal. The 
destruction of tissue is a secondary process resulting from 
the generation of heat. If the intensity of radiation is low 
so that the rate ·of generation of heat can be handled by the 
distribution · processes in the organism, the result is only 
discomfort. When the intensity of radiation increases, 
not only does heat gener3:tion increase, but also another 
effect comes into play. The enforced redistribution of elec
tric charge under the applied field can be so great that a 
complete reorganization results. This is the so-called pro
cess of field-induced transitions. 

2-87. Man, a biped, when in the erect position is poten
tially a long cylindrical antenna. Quadruped mammals, 
such as dogs, likewise may be expected to · act more or less 
like antennas depending upon their size, length of head, 
tail, and body, and the manner in which they stretch out in 
a polarized electromagnetic field. Results of experiments 
indicate that when the longitudinal axis of the body cor
responds, in its position, more or.less to the plane of P?lar
ization, heating occurs more rapidly and more extensively 
than when the longitudinal axis is 90° away from the plane 
of polarization. Since more heat is deve!oped within the 
body, it is apparent that more r-f energy lS absorbed. 

2-88. Sometimes it is necessary to intentionally absorb r-f 
energy, in order to shield an area from radiation. Commer
cial materials are available for this purpose, such as those 
manufactured under the names of "Eccosorb" and "Hair
flex." Resistive cloth is another energy-absorbing material, 
composed of a fabric impregnated with aquadag. This cloth 
may be used to construct an absorbing screen by using it to 
cover the face of a piece of wood which is a quarter wave
length thick and of the desired dimensions, with the back 
of the piece of wood covered with a sheet of metal. 'fh:e 
"screening" effect is quite effective when the r-f energy 1s 
received at normal angles of incidence. 

2-89. There are occasions when it is desirable to know to 
what degree electromagnetic energy will be attenuated in 
passing through various materials. Tests have been per
formed at Rome Air Development Center on some repre
sentative materials to determine such attenuation. Results 
of some of these tests are listed in the following paragraphs, 
along with the test conditions. 

2-90. WOOD FRAME BUILDING. Tests were made on 
a ·portion of a wood frame building, of the following con
struction: 
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51/z" x ¾" tongue-and-groove inner siding 

51/z/lx 3/811 clapboard outer siding (no tar paper between 
layers) 

Inner wall unfinished 

2" x 4" studding, spaced on 16" centers 

At three test frequencies, power absorption was found to be 
as follows: 

Frequency (mHz) 

1300 

2800 

9200 

DB Down (Power) 

2.0 

3.1 

1.3 

Since the inner wall of this building was unfinished, and 
since no tar paper was used between the two layers of wood 
siding, additional tests were made at one frequency-9200 
mHz- on several interior finishing materials, as follows: 

Material DB Down (Power) 

Plain tar paper (lightweight) 
0.074'' thick 2.5 

Pressed cardboard 
0.351" thick 2.8 

Plaster board 
0.362" thick. 1.0 

2-91. CINDER-BLOCK WALL.: Power absorption tests 
~ere made on a wall built of cinder blocks which individ
ually measured 18 inches long, 8 inches high, · ~nd -Z½ 
inches thick. The tests were made at three frequencies, wi.th 

. the following results: 

Frequency (mHz) DB Down (Power) 

1300 11.4 

2800 14.5 

9200 20.5 

2-92. MICROWAVE ABSORBENT MATERIAL. 
Power absorption tests were made at two frequencies on 
microwave absorbent material (Hamlex-Sponge Rubber 
Products), which is available in sheets 2', x 2' x 4" thick. At 
two test frequencies, the power absorption was found to be 
as follows: 

Frequency (mHz) DB Down (Power) 

(wet) (dry) 

HOO 13.6 13.8 

9200 25.0 25.0 

2-93. COPPER WIRE SCREEN. Tests were made at 
two frequencies on the power absorption of copper wire 
screen, having 19 wires (0.018" diameter) pe~ inch. Absorp
tion was found to be as follows: 

Freq~.ency (mHz) DB Down (Power) 

1300 20 

9200 24 

2-94. TRANSMISSION THROUGH WAVEGUIDES. 

2-95. Transmission of electromagnetic waves by reflection 
from layers in the ionosphere was. discussed previously, in 
paragraph 2-53. ~fter reflection in the ionosphere, the 
wave, returning to earth, may again be reflected back to the 
ionosphere. This process may contin~e, under ideal cond!
tions, until the ·wave completely encircles the earth. This 
can be visualized by considering that the wave is guided by 
two conducting layers-the earth and the ionosphere-in 
its travel. Instead of the earth and the ionosphere, two flat 
metal plates separated by only an inch or so may be used as 
conducting layers to guide an electromagnetic wave .. If _an 
electromagnetic wave of very short wavelength 1s fed 
between the pfates by means of a very small dipole antenna, 
the wave will be confined and will be reflected back and 
forth between the plates in its travel. If two more metal 
plates are added to make a long, rectangular tube which 
completely confines the wave and prevent~ i~ from moving 
sidways out of the confines of the two ongmal plates, d~e 
result is an efficient conductor of very short electromagnetic 
waves. This tube, which can also be of cylindrical cross-· 
section instead of rectangular, is called a "waveguide." 

2-96. It is necessary that the wavelength of the electro
magnetic wave applied to the waveguid«; be ~uffici~ntly 
short in order to be conducted through the guide. For a 
waveguide of given )nternal cross-sectional dimensions, a . 
particular value of wavelength called the "cutoff wave
length'' may be calculated. Any wavelength shorter than 
the cutoff wavelength will pass through the waveguide, 
while any longer wavelength will not pass through._ Th~s 
value of cutoff wavelength, for a rectangular waveguide, is 
approximately equal to twice the internal width dimension 
of the waveguide. 

2-97. 'The transmission of electromagnetic waves may be 
accomplished in either of two ways: by radiating them 
from an antenna or by conducting them through a wave
guide or similar type of transmission line. When radiated 
from an antenna, the waves are unguided in that they 
spread out after leaving the antenna, because the rays of the 
beam are not parallel. Even though the waves may be_con
centrated into a narrow beam by means of a directional 
antenna, the energy is distributed over an increasingly 
large cross-sectional area as the distance from the antenna 
increases. When conducted through a waveguide, on the, 
other hand, the energy is restricted to the constant cross
sectional area within the waveguide. Except for the attenua
tion of the energy due to copper loss along the walls of the 
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waveguide, nearly all of the transmitted energy reaches its 
destination. 

2-98. STANDING \X'AVES; MISMATCH. 

2-99. When radio waves are fed to a wire conductor of 
infinite length, the r-f waves of electromagnetic energy 
move along the wire. Because of the electrical resistance of 
the wire, the amplitude of the waves gradually diminishes, 
but the waves continue_ to travel as long as the wire does not 
come to an end. These waves of energy are called "traveling 
waves." 

2-100. In practice, however, a wire conductor (such as an 
antenna) has a fimte length. Therefore, the traveling waves 
stop abruptly when they reach the end of the wire. At this 
point, since the current has stopped flowing, the magnetic 
field surrounding the wire collapses, and in doing so, the 
collapsing lines of force cut across the wire and induce a 
voltage in the wire, according to Lenz's law. This voltage 
causes a current to flow back toward the initial source. If a 
continuous ~uccession of waves is fed to the wire, they will 
be continually reflected back toward the source. The waves 
moving from the transmitter toward the end of the wire 
are called "incident waves," while those which are reflected 
back are called "reflected waves." 

2-101. With a continuous flow of incident waves away 
from the transmitter and a continuous flow of reflected 
waves returning toward the transmitter, it is obvious that 
these waves, traveling in the san:ie conductor, must pass each 
other. At certain points along the conductor both the 
incident and reflected waves will reach their maximum posi
tive (or negative) values, at the same instant. At these points 
they reinforce each other, At certain other points along 
the conductor both of the waves reach a zero value at the 
same time; here the resultant wave is zero. In a conductor, 
such as an antenna, which has a finite length, the points at 
which the resultant wave reaches its maximum (positive or 
negative) and its zero values are stationary. This is so, even 
though both the incident and reflected waves are moving. 
Since the resutant wave, in effect, stands still on the line, 
with only its amplitude changing from maximum positive, 
through zero, to maximum negative values, the wave is 
referred to as a "standing wave." 

2-102. When electromagnetic energy is transferred'from a 
transmitter to an antenna, especially when they are located 
some distance apart, a transmission line of some form is 
used to conduct the energy. At the input end of the trans
mission line, the ratio of voltage to current is termed the 
"input impedance." At the output end of the line the ratio 
of voltage to current is termed the "output impedance." If 
the transmission line is of infinite l_ength, the input im-

. pedance is called the "characteristic impedance" of the line. 
If the infinite line is now shortened to some finite length, 
and the line terminated by a load whose impedance is equal 
to the characteristic impedance of the line, the same imped
ance will appear at the input end of the line, or, in other 
words, the input impedance will remain the same. No 
matter how short the line is made, provided the line is 
terminated by its characteristic impedance, the input im-
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pedance will remain the same as if the line were an infinite 
line. Since an infinite line cannot co_nt~~n standing waves, 
neither can a line of any length contain standing waves if 
the line is terminated by its characteristic impedance. 

2-103. When a line of a given length is terminated in its 
characteristic impedance, with the result that no standing 
waves appear on the line, and either the line or the termina
tion is changed, then standing waves will again appear on 
on the line, because the impedance has been changed. This 
may happen if a joint or point of coupling in a waveguide 
becomes loose. The loosened joint causes the impedance at 
this point to increase, giving an effect similar to a change 
in termination. The line impedance no longer matches the 
load (termination) impedance, and the result is a mismatch 
in impedance, and standing waves on the line. 

2-104. DIRECTIONAL ANTENNAS. 

2-105. Electromagnetic energy can be reflected in a similar 
manner to light energy, and under the same condition in 
that the physical dimensions of the reflector must be large 
compared to the wavelength of the energy to be reflected. 
Metallic reflecting surfaces in the shape of a parabola may 
be used to beam the energy in a manner similar to the 
beaming of light rays by the headlamp of an automobile. 
This type of beam transmission finds most use at the ultra
high frequencies, where the physical dimensions of the 
radiating elements are small. By the use of two or more an
tennas properly spaced and phased, directional transmission 
may also be realized, by causing the radiated signals from 
the antennas to add in the preferred direction and to sub
tract, or cancel, in other directions. 

2-106. THE TWO-ELEMENT ARRAY. If two antennas 
A and B, such as dipoles, positioned vertically and parallel 
to each other, and spaced a half-wavelength apart, are ex
cited in phase, the radiation from them is concentrated 
along a line passing between them at right angles to their 
plane. This is so because the radiation from each dipole will 
add, in phase, in the directions at right angles to their plane. 
The radiation in the plane of the two antennas, however, is 
negligible, because the energy from dipole A, in traveling 
the half-wavelength to dipole B, arrives at dipole B exactly 
reversed in phase by 180 degrees (a half wavelength), and 
the two fields cancel each other. 

2-107. If the two antennas A and B, still positioned .ver
tically and parallel to each other, are now spaced one
quarter wavelength apart and excited with equal currents 
which differ in phase by 90 degrees, the radiation from 
them will be concentrated in one direction along a line in 
the plane of the antennas. If antenna A radiates toward 
antenna B a current which, instantaneously, is at zero de
grees in phase, the current will reach antenna B a quarter
wavelength, or 90 degrees, later. If, at this instant, antenna 
B is fed and radiates a current which is 90 degrees later in 
phase than the current fed to antenna A, the two radiated 
currents will be in phase in this direction from A to B, and 
the fields will add to each other. In the reverse direction, 
however, if antenna B radiates its current, which is 90 
degrees later in phase, in the direction toward antenna A, 
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the current from antenna B will reach antenna A delayed 
another quarter-wavelength or 90 degrees, which means it 
will be exactly 180 degrees out of phase with the current 
from antenna A, and thus will canc~l any radiation in the 
direction from B to A. At other angles the waves will add 
vectorially to give intermediate values of radiation. 

2-108. THE BROADSIDE ARRAY. If two, or multi
ples of two, horizontal antennas, each a half-wave long, 
are located in line and fed in phase at the point between 
each pair, with additional groups of these antennas 
stacked a half-wavelength apart above and below the first 
group, the result is called a "broadside array." Without a 
reflector this antenna would radiate a narrow beam of 
energy in the two directions at right 'angles to the plane 
of the antennas. If a similar array of parasitic reflectors, 

. or a metal sheet or metal screen reflector, is located be
tween one-tenth and one-quarter wavelength behind the 
antenna elements, the radiation will be confined in a 
narrow beam approximately 20 degrees wide in the single 
direction away from the reflector. The pattern of the 
radiated energy will become narrower in the horizontal 
plane as the number of pairs of elements alongside each 
other is increased. The radiated pattern will become nar
rower in the vertical plane as the number of stacks, one 
above the other, is increased. Arrays of sixteen elements, 
arranged in four rows of four each, have been commonly 
used in the past in heavy ground radar equipments, and 
much larger arrays are being used at the present time, 
radiating tremendous amounts of power, often at very 
low angles above the horizon. 

2-109. TRANSMISSION FROM MICROWAVE 
ANTENNAS. 

2-110. When electromagnetic energy of frequencies in 
the microwave region is to be transmitted, the waveguide 
becomes the principal means of transmission. Waveguides 
are used, basically, in three applications, namely, to trans
mit energy, to radiate energy, and to obtain. resonance 
under certain conditions. The transmission of energy 
through waveguides has already been discussed in a pre
vious paragraph. In addition to transmitting the energy 
from the source to the load, a waveguide which is being 
fed electromagnetic energy will radiate energy if the end 
of the waveguide is left open. However, the termination 
is seldom of the proper impedance, resulting in mismatch 
and the creation of standing waves; therefore, a wave
guide has low efficiency as an antenna. 

2-111. WAVEGUIDE ANTENNAS. Electromagnetic 
energy may be put into, or may be removed from, wave
guides by the same means. In the case of waveguides 
which are transmitting energy, the output end may be left 
open. Some of the energy is radiated into space, but a con
siderable portion of the energy is reflected because of the 
mismatch of impedances between the open end of the 
waveguide and the space beyond, causing standing waves 
to be set up within the waveguide. In order to eliminate 
the reflections and terminate the waveguide properly for 
maximum transfer of energy, the opening at the end of 

the guide may be flared in the shape of a horn. If the flar
ing is of the proper shape and dimensions, it will effec
tively match the impedance of the waveguide to the im
pedance of free space. 

2-112. ELECTROMAGNETIC HORNS. Horn radiators 
are often used to obtain •directive radiation when the 
wavelength is in the ~icrowave region. At this range of 
frequencies they are very practical because the physical· 
dimensions, which must be large compared to the operat
ing wavelength, are not unduly l_arge. Since horn radiators 
do not contain resonant elements, they are usable over a 
wide frequency band. In operation as a means of directing 
electromagnetic waves, an electromagnetic horn is similar 
to an acoustical horn. They differ in one respect, however, 
in that the physical dimensions of the throat of an acoustic 
horn are usually much smaller than the sound wave
lengths for which it is used, while the dimensions of the 
throat of an electromagnetic horn are comparable to the 
wavelength being transmitted. The application of horn 
radia_tors is not confined to waveguide operation, although 
they are readily adapted for use with waveguides. A horn 
radiator serves not only to match the impedance of the 
waveguide to that of the external space, but also to pro
duce directed radiation. The shape of the horn, along 
with the dimensions of the mouth, measured in wave
lengths, determines the shape of the radiated field pattern 
for a given magnitude and distribution of phase across 
the mouth of the horn. In general, as the opening of the 
horn is increased in size, the more directive is the resulting 
field pattern. With an aperture of approximately five 
wavelengths, a radiated major lobe of approximately 30 
degrees is produced. The flare angle, which is the included 
angle across the sides of the horn, determiries in large part 
the major lobe of the radiated field pattern. With a rec
tangular waveguide and horn, a very narrow lobe, or 
highly directive pattern, is produced when the flare angle 
is 60 degrees. Reducing the angle to 20 degrees approxi-

. mately doubles the width of the lobe, while at zero de

. grees (which is the open-ended waveguide) the lobe is 
approximately four times the width at 60 degrees. 

2-113. LENSES. In the same manner as a lens made of 
glass is used to focus a beam of light, so can a lens made 
of plastic be used to focus a beam of electromagnetic 
energy. A lens made of metal may also be utilized for this 
purpose. The metal lens is actually composed of a large 
number of small waveguides, arranged symmetrically in 
concentric circles, to give the general over-all shape of a 
convex lens. At the focal point a dipo_le with reflector, or a 
horn, is located. The rays of electromagnetic energy that 
are emitted from the dipole or horn, diverge toward the 
lens, where the waveguides composing the lens act to re
fract the rays to form a highly directional, concentrated 
beam in which the rays are essentially parellel. This action 
is similar to that of a tonvex lens, which when placed at a 
distance equal to its focal length from a point source of 
light, refracts the divergent light rays from the source to 
form a beam of light in which the rays are parallel. 

2-114. PENCIL-BEAM ANTENNAS. Very directive, 
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or pencil, beams of radiated energy, in which the radia
tion is restricted to small angles in both elevation and 
azimuth, may be produced by building up arrays of pairs 
of dipole elements (broadside arrays). When properly 
phased and equipped with reflectors and, in some cases, 
director elements, considerably narrower radiated beams 
may be obtained. Limitations to the directivity result from 
mechanical problems brought about in meeting the re
quirement of physical dimension versus wavelength ratio. 

2-115. To produce pencil beams when the wavelength 
is in the microwave region, the simplest and most practi
cable method is to locate a point source of electromagnetic 
energy at the focal point of a symmetrical reflector (or 
lens). In the microwave region, the ovef-all size of the 
reflector (or lens) and the distance between the reflector 
(or lens) and the feed point can be made physically large 
enough so that the feed operates essentially as a point 
source. 

2-116. FANNED-BEAM ANTENNAS. While a pencil
beam antenna has the advantage of concentrating its 
radiated energy in a very narrow beam, this fact may be
come a disadvantage in an application such as radar target 
interception, because the beam covers a very limited area 
in space at a given instant. For use in the latter applica
tion it is often necessary to sacrifice some of the advantage 
in directivity, usually in a vertical plane, but still retain 
the directivity of the narrow beam in the horizontal plane. 
This is achieved by flaring, or broadening, the beam verti
cally, by the use of a fanned-beam antenna. By maintain
ing a narrow beam in the horizontal plane, resolution of 
the target on the ,scope presentation is retained, while 
flaring the beam vertically increases the possibility of 
intercepting a target return in a random search scan. The 
resultant beam may be a simple fanned beam, with the 
original symmetrically circular beam "distorted" into a 
symmetrically elliptical beam, or it may take a form which 
is highly "distorted" from circular. The latter types are 
called "shaped-beam" antennas. 

2-117. Fanned-beam antennas may appear in several 
forms: a point source feeding an oval section of a para
bolic reflector at its focal point; a line source from a rec
tangular aperture feeding a parabolic cylindrical reflector 
or portion of a cylinder; a point source between parallel 
plates to produce a rectangular aperture which is located 
at the focal point of, and feeds, a parabolic cylindrical 
reflector. 

2-118. SHAPED-BEAM ANTENNAS. In order to re
duce to a single scan the amount of scanning time required 
to completely cover, or explore, a region covering a wide 
angle in elevation, while at the same time holding to a 
narrow angle in azimuth, and to accomplish these require
ments without wasting the transmitted power, a shaped-
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beam antenna is necessary. Shaped-beam antennas are used 
on shipboard for surface scanning in azimuth; they pro
vide a broad elevation pattern, to allow for the roll and 
pitch of the beam due to an unstabilized antenna. The 
beam must spread slightly downward from the antenna to 
the surface of the water, but then should follow the sur
face rather than continue in a fanshape toward a position 
beneath the water's surface, in order to conserve the 
power that would be wasted should the beam tend to pene
trate the water. In azimuth the beam must be sharp, for 
accurate target location. This type of beam may be called 
a "sector-shaped beam." 

2-119. Shaped-beam antennas are also used on ground or 
aboard ship for height-finding. In this case the azimuth 
pattern of the beam must be relatively broad, so that the 
target will remain in the beam long enough to obtain 
elevation information. In elevation the beam must be 
sharp, for accurate height measurement. In order to allow 
relatively close targets traveling across the path of the 
beam to remain within the beam for the necessary period 
of time, a close-in broadening of the azimuth beam, 
equaliy on both sides of center, is required. This type of 
beam is called a beavertail-shaped, or double cosecant 
theta, beam. 

2-120. CYLINDRICAL REFLECTOR, ANTENNAS. 
The cylindrical reflector antenna is a type of fanned
beam antenna, utilizing a line source to produce a rec
tangular aperture which feeds a parabolic cylinder. The 
beam from this type of antenna is broad in one plane and 
narrow in the other. When used in the conventional posi
tion with the axis of the cylinder in a horizontal plane, 
the beam is broad in that plane and narrow in the vertical 
plane. The reflector is in the form of a cyliridrical para
bola, with either open or closed ends. Cylindrical para
bolic reflectors have a parabolic curvature in one plane, 
usually the horizontal plane, with no curvature in any 
plane perpendicular to this horizontal plane. The antenna 
which excites the parabola is normally placed parallel to 
the cylindrical surface, and located at the axis of the para
bola. The focus should lie well within the mouth of the 
parabola, so that most of the energy radiated by the 
antenna will be intercepted by the reflecting surface, to 
produce the desired spread of the radiated beam. 

2-121. SPHERICAL REFLECTOR ANTENNAS. The 
spherical reflector antenna is a type of pencil-beam an
tenna; when fed with a point source of electromagnetic 
energy located at the focal point of the reflector, it will 
produce a very directive or pencil-shaped beam in which 
the radiated energy is highly concentrated. The spherical 
reflector is often "shaped" to purposely broaden the radi
ated beam in a particular plane, as previously described in 
the discussion of shaped-beam antennas. 
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SECTION II 

BIOLOGICAL EFFECTS OF R-F RADIATION 

2-122. INTRODUCTION. 

2-123. Earlier research investigations to determine the 
possible harmful effects of exposure to r-f radiation re
vealed no outstanding detrimental effects, but with an 
increase in radiated power densities from microwave gen
erators, more recent investigations do indicate the pres
ence of harmful effects. The harmful effects resulting from 
excessive exposure to r-f radiation are generally attributed 
to an increase in over-all body temperature or to a temper
ature rise in certain sensitive organs of the body, such as 
the testicles and especially the eyes. 

2-124. This section describes the biological effects of r-f 
radiation and summarizes some of the significant findings 
of many researchers. It is admitted that much quantitative 
data remain to be assembled from further research, but the 
temporary lack of complete data does not prevent the 
formulation of reasonably valid conclusions and generali
zations. 

2-125. BIOLOGICAL EFFECTS. 

2-126. DOSAGE UNIT. 

2-127. Units of measurement have not been developed to 
satisfactorily relate the quantity of microwave energy ab
sorbed to the expected biological effects, as has been the 
case for ionizing radiations such as X- or gamma-radia
tion. However, some quantitative relationships do appar
ently exist between the observed biological effect, the 
power density of the radiation beam, and the exposure 
time of the human body in the radiation field. Experi
mental work indicates that the average power output of 
the microwave generator is more closely related to the 
biological effect than is the peak power output of the gen
erator. Therefore, at present, ~e "dosage unit" is de
scribed in terms of watts per square centimeter (w/cm2), 

referring to the average power density per unit cross-sec
tional area of the radiation beam. 

2-128. Electromagnetic radiatioq in the form of radio 
frequencies is invisible and must be detected by means of 
instruments. When the frequency of the radiation is such 
as to cause heat production near the sensory elements of 
the skin, only then does the individual have any warning 
sensation to indicate the presence of radio-frequency 
radiation. 

2-129. Before the maximum tolerance value of 0.01 
w/cm2 for personnel was established, it was necessary to 
determine whether adequate instrumentation existed or 
could be developed which would efficiently measure fre
quencies (wavelengths) and power densities throughout 
the microwave speetrum, and whether the instruments 

could do so with dependable accuracy. Many of the test 
equipments presently available for use in the field permit 

. such measurements; therefore, it is entirely feasible to 
establish a power density level which can be measured in 
the field, using existing techniques to detect and establish 
potentially hazardous areas. 

2-;-130. There are several bask types of test equipment 
which can be employed to detect the presence of an r-f 
field. These include calibrated wavemeters (frequency 
meters), power meters, field strength meters, test antennas, 
and similar instruments normally used for radar and 
microwave field or laboratory test procedures. Test equip
.ment and techniques of measurement are discussed in 
Chapter 4 of this manual. 

2-131. RELATIONSHIP OF PHYSICAL SIZE TO 
WAVELENGTH. 

2-132. When considering the biological effects produced 
by r-f radiation, the wavelength (frequency) of the energy 
and its relationship to the physical dimensions of object 
exposed to radiation become important factors. It has been 
determined .that for any significant effect to occur, the 
physical size of the object must be the equivalent of at 
least a tenth of a wavelength at the frequency of radiation. 

2-133. A comparison of frequency, propagation wave
length, and the number of physical wavelengths repre
sented by a man 1. 7 meters (5 ft 7 in.) tall is given in 
table 2-5. 

2-134. From the values given in the table, it can be seen 
that the man chosen for the example is. 1. 7 wavelengths 
tall at 300 mHz, 17 wavelengths tall at 3000 mHz, and 
56.6 wavelengths tall at 10,000 mHz. As the frequency of 
radiation increases, the wavelength decreases, and the 
man's height represents an increasingly greater number of 

TABLE 2-5 

Comparison of Frequency, Wavelength, and 
Equivalent Number of Wavelengths of 

Man 1.7 Meters Tall 

FREQUENCY WAVELENGTH EQUIVALENT 
NUMBER OF (MHz) (METERS) (CM) WAVELENGTHS 

3 100 100,000 0.017 

30 10 10,000 0.17 

300 1 100 1.7 

3000 0.1 10 17.0 

10,000 0.03 3 56.6 
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electrical wavelengths. As the frequency is decreased, the 
wavelength increases, and the man becomes a less signifi
cant object in the radiation field. Thus, at 30 mHz the 
man's ;1eight (1.7 meters) represents 0.17 wavelength, and 
at frequencies below 17. 7 mHz, it represents less than 0.1 
wavelength. 

2-135. From this discussion it can be seen that the man 
chosen for the example, whose physical height is 1. 7 
meters and represents a tenth of a wavelength at 17. 7 
mHz, is an increasingly larger object for all frequencies 
above 17.7 mHz. Neglecting other physical measurements 
of the body, it is seen that if the man is considered to be a 
~ertical receiving antenna, his electrical length (height) 
depends upon the frequency of radiation, and the likeli
hood of the occurrence of a biological effect increases with 
an increase in radiation frequency. Also, as the radiation 
frequency is increased and the wavelength becomes pro
gressively shorter, the dimensions of parts and append
ages of the body in themselves become increasingly signifi
cant in terms of the number of equivalent electrical wave
lengths. 

2-136. Practically speaking, the human body is a three
dimensional mass having width and depth, as well as 
height. Therefore, when a man stands erect in an r-f field, 
he represents an object which not only has a height dimen
sion, but also has width and depth dimensions that can be 
expressed in terms of wavelength. Again comparing the 
physical characteristics of the human body to those of a 
broadband receiving antenna, when the body is oriented 
so that any of these major body dimensions is parallel to 
the plane of polarization of the r-f energy, the effects 
produced are likely to be more pronounced than when the 
body is oriented to other positions. 

2-137. BODY TISSUES AS A DIELECTRIC. 

2-138. Since electromagnetic waves can travel in free 
space or air, which in itself is a dielectric material, it is 
logical to assume that electromagnetic waves can also 
travel through other dielectric materials. In fact, if the 
dielectric material has the proper cross section and size 
with respect to wavelength, the material ian function as a 
waveguide. This principle has been used in the design of 
matching sections for waveguides and for antenna radiat
ing elements. However, when used as a dielectric or trans
mission medium, solid or liquid materials generally have 
higher absorption losses than air. When energy is lost 
through absorption in a dielectric, the energy is given up 
in the form of heat, which in turn raises the temperature 
of the dielectric material. 

2-139. The dielectric constant of a material is defined as 
the ratio of the capacitance between two electrodes using 
the material as a dielectric to the capacitance when using a 
vacuum as the dielectric. The dielectric constant varies 
with the applied frequency and with the temperature of 
the dielectric. The power or dielectric loss in the dielectric 
material, as a result of series or shunt resistance, also varies 
with the applied frequency and with the temperature of 
the dielectric. 
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2-140. The human body is composed of various tissues 
which may be considered as a transmission medium exhib
iting the characteristics of a complex dielectric material. 
The cross section of the body mass can be considered to 
consist of two distinct layers and an interior central mass, 
all of which have different dielectric and conductance 
characteristics. The dielectric materials comprising the 
body which are of primary interest are the skin tissues 
forming the outer surface of the body, the layer of fat 
tissue lying immediately underneath the skin, and a cen
tral mass of deeper tissues consisting of muscles, high 
water content tissues, and bone formations. Within th,e 
deeper tissues are two general types of tissues: those with 
high water content and those relatively free of water. The 
muscular tissues and internal organs (heart, liver, lungs, 
etc) have high water content, while the bone structures 
and deep fat tissues have low water content. The deep 
tissues with high water content are found to exhibit much 
higher values of dielectric constant and conductivity, since 
water itself has a high dielectric constant. 

2-141. The presence of moisture, perspiration, or high 
humidity_ decreases the surface resistance, increases the 
conductance, and usually affects the insulation resistance 
of the material. The conductivity of a material is defined 
as the reciprocal of its ohmic resistance, and represents 
the ability of a material to act as a conductor of an electric 
current. A material with high conductivity (low resistance 
to current flow) is considered a conductor, whereas a 
material with very low conductivity (high resistance) is 
considered an insulator and will exhibit dielectric prop
erties. 

2-142. When propagation takes place through a dielec
tric medium other than air, the velocity of propagation is 
such that an electrical wavelength is physically shorter 
than that measured in air. Thus, an electrical wavelength 
in body tissues may be 50 percent less than that in air. 
Therefore, a tissue thickness representing a dimension of 
1.5 cm may be the electrical equivalent of a quarter-wave
length at 2500 mHz (12 cm wavelength in air), and exhibit 
the characteristics of a quarter-wave transformer. If this 
is true, then at certain frequencies, the thickness of the 
skin and fat tissue layers may act as a quarter-wave match
ing transformer to match the impedance of air to the input 
impedance of the deep tissues, resulting in a transfer of 
power into the deep tissues, with very little loss and little 
heating of the skin and fat tissue layers near the body 
surface. Also, at other frequencies, the thkkness dimen
sion may result in a discontinuity or mismatch, with the 
incident power being reflected at the point where the dis
continuity occurs. Such a mismatch is likely to take place 
where there is a marked change in the dielectric material 
through which the energy is propagated. This is the basis 
for the "interface effect," which occurs when power is 
reflected and standing waves are produced in the trans
mission medium. The interface is defined as the point at 
which inner layers of body tissue meet to form a plane 
surface, such as a common boundary between two layers 
of tissue, each layer having different dielectric constants. 



T.O. 31Z-10-4 Chapter 2, Sedion II 
Paragraphs 2-143 to 2-154 

2-143. The penetration of energy into the body and its 
absorption (loss of energy), and reflection will depend not 
only upon the physical dimensions and dielectric constant 
of the tissues, but also upon the frequency (wavelength) of 
the r-f radiation.· 

2-144. FREQUENCY-DEPENDENT CHARACTER-
ISTICS OF WHOLE BODY EXPOSURE. 

2-145. The knowledge gained from laboratory experi
ence concerning the effects of radiation within the range 
of frequencies from 500 to 10,000 mHz (60 to 3 cm wave
length) can be summarized as follows: 

a. The percentage of absorbed biologically effective 
energy approaches 40 percent of the

1 
incident energy for 

frequencies below 1000 mHz (30 cm) and for frequencies 
above 3000 mHz (10 cm). 

b. The percentage of absorbed biologically effective 
energy is between 20 and 100 percent of the incident 
energy for frequencies between approximately 1000 and 
3000 mHz (30 to 10 cm wavelength). 

2-146. The sensory elements of the body are located pri
marily in the skin tissues; for this reason radiation fre
quencies below 1000 mHz are considered extremely 
hazardous because the presence of r-f radiation will not be 
detected by the human sensory system. Radiation at fre
quencies below 1000 mHz causes heat to be developed 
primarily in the deep tissues as a _result of the penetration 
of the energy. The energy absorbed in body tissues may be 
as high as 40 percent of the incident energy arriving at the 
body surface. 

2-147. Frequencies greater than approximately 3000 mHz 
cause heating of tissues in much the same manner as does 
infrared radiation or direct sunlight; therefore, the sen
sory reaction of the skin should normally provide ade
quate warning of the presence of r-f radiation. In general, 
the depth of energy penetration decreases rapidly with an 
increase in radiation frequency, and absorption occurs 
almost completely in the surface of the body where skin 
tissues and the sensory elements are located. Also, reflec
tion of energy at the surface of the skin occurs at the 
higher frequencies. Thus, the percentage of energy ab
sorbed may approach 40 percent of the energy incident on 
the body surface, with a greater portion of energy being 
reflected. · 

2-148. Radiation at frequencies between 1000 and 3000 
mHz is subject to varying degrees of penetration and is 
absorbed in both surface tissues and the deeper tissues, 
depending upon the characteristics of the tissues them
selves (thickness, dielectric constant, and conductivity) 
and the frequency of radiation. The percentage of incident 
energy absorbed varies from approximately 20 to 100 
percent because of tissue factors governing impedance 
values, which range from complete mismatch to a near 
perfect match to the incident energy. 

2-149. THERMAL EFFECTS OF WHOLE BODY 
EXPOSURE. 

2-150. When electromagnetic energy is absorbed in tis
sues of the body, heat is produced in the tissues. If the 
organism cannot dissipate this heat energy 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, in death.of the organism. The body's 
ability to dissipate heat successfully depends upon many 
related factors, such as environmental air circulation rate 

' humidity', air temperature, body metabolic rate, clothing, 
power density of the radiation field, amount of -energy 
absorbed, and duration of exposure (time). 

2-151. Temperature regulation in the human body is 
accomplished primarily through the action of sweat 
glands (cooling through evaporation) and by heat ex
change resulting from peripheral circulation of blood. 
The temperature regulation process is extremely .complex, 
and the adverse effects produced when high temperatures · 
are induced in the body may result in a decrease in the 
efficiency of the system. Since the body has a limited ability 
to lose heat through sweating and by blood circulation, it 
can tolerate only a moderate increase above normal body 
temperature. 

2-152. If only a portion of the body is exposed to energy, 
the internal temperature of the portion irradiated may 
rise considerably above normal. However, if the exposure · 
is not prolonged and the areas exposed have adequate 
blood circulation, the measured oral and rectal tempera
tures may remain completely normal. Where areas of the 
body are cooled by an adequate flow of blood through the 
vascular system, there is less likelihood of tissue damage 
resulting from abnormal temperature; whereas areas in 
which relatively little blood circulates, the temperature 
will rise considerably since there is little means for the 
interchange of heat. Consequently, tissue damage is more 
likely to occur in those areas where · proportionately 
greater rises in temperature can occur. Thus the eye and 
the testicle are readily susceptible to thermal damage, since 
these organs do not possess an adequate vascular system 
for the exchange of heat. 

2-153. When the body is irradiated by energy in the form 
of a beam originating from a point source, the total body 
surface is usually not exposed. Only the portion facing 
the source is exposed, provided that no reflections of 
energy occur from nearby reflecting surfaces to cause 
complete irradiation of the body. The temperature eleva
tion produced by the exposure obviously depends on the 
ratio of the body surface irradiated to the total body sur
face. The larger the area exposed, the higher the tempera
ture rise, and the greater the hazard. The increase in body 
temperature to the tolerance threshold (the point at which 
biological effects begin to occur) may possibly be delayed 
if the exposure occur~ in an environment of low ambi_ent 
temperature and adequate air circulation. It is interesting 
to note that sedatives and tranquilizers interfere with the 
body's ability to regulate temperature and lose heat. 

2-154. The body's reaction to an abnormally high fever 
(hyperpyrexia) is essentially the same regardless of how 
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the fever is produced, whether it is the result of hot baths, 
steam cabinets, heatstroke, diathermy, or absorbed micro
wave energy. Hyperpyrexia causes anoxia, which is the 
absence of oxygen in blood, cells, or tissues, and causes 
anoxemia, which is an abnormal condition due to insuffi
cient aeration of the blood. Hyperpyrexia also affects the 
rate of blood coagulation, increasing the clotting time. 
This effect can be serious in the event of hemorrhage. 

2-155. The limited ability of the body to dissipate heat 
when its temperature is elevated above normal is compli
cated by the fact that the basal metabolic rate increases as 
much as 14 percent for every degree of temperature rise 
above normal. This increase in the basai metabolic rate 
demands an increase in the blood circulation and respira
tion, as well as a 50 to 100 percent increase in the supply 
of oxygen to the tissues, to maintain cellular activity. The 
problem is aggravated by the reduced capability of hemo
globin to combine with oxygen and by the increased blood 
circulation rate, which reduces the time available for 
oxygen transfer in the lungs. The increase in temperature 
also causes abnormally rapid breathing, or fever hyperp
nea. The lack of oxygen available in the blood for release 
to cells or tissues results in hemorrhages and damage to 
the brain cells, the central nervous system, and certain 
internal organs, and may also result in muscular irrita
bility and sometimes convulsions. If these conditions per
sist, the results are usually coma and eventual death. How
ever, administration of oxygen may keep the oxygen 
saturation at normal levels and thus help to prevent lethal 
effects. 

2-156. CRITICAL ORGANS. 

2-157. Certain organs of the body are considered to be 
more susceptible than others to the effects o_f r-f radiation. 
Organs such as the lungs, the eyes, the testicles, the gall 
bladder, the urinary bladder, and portions of the gastro
intestinal tract are not cooled by an abundant flow of 
blood through the vascular system. Therefore, these 
organs are more likely to be damaged by heat resulting 
from excessive exposure to radiation. Of the organs just 
mentioned, presently available information and experi
ence indicate that the eyes and testicles are the most vul
nerable to microwave radiation. 

2-158. EYE. The transparent lens of the eye appears to 
be easily damaged by radiated energy, whether ionizing, 
infrared, or radio-frequency, which causes the develop
ment of cataracts or opacities in the eyes. The eye appears 
to be very susceptible to thermal damage, since it has an 
inefficient vascular system to circulate blood and exchange 
heat to the surrounding tissues. Temperature elevation 
within the eye alters certain complex organic substances, 
causing impaired functioning and perhaps death of the 
tissue. There is also the possibility that microwave radia
tion may exert a nonthermal effect on tissue, in addition 
to the thermal effects previously noted. Removal of dead 

• tissue from the eye is extremely difficult, if at all possible. 

2-159. Damage to the eye is generally irreversible. Unlike 
other cells of the body, the transparent lens cells of the 
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eye cannot be replaced by regrowth. When the cells mak
ing up the lens become damaged or die, a cataract even
tually forms. Thus, it is not unusual to find cataracts devel
oping many years after the occurrence of the event which 
produced the original injury. The damaged cells lose 
their transparency slowly and as a result, depending upon 
the extent of damage, the individual loses his sight or at 
least suffers impaired vision. Apparently, the presence of 
a relatively few damaged cells is all that is necessary to 
begin the formation of a cataract. The damaged cells are. 
believed to act upon other lens.cells, either by releasing 
toxic substances or by preventing normal chemical trans
formations to take place within other cells. 

2-160. The eye is an organ which can be directly exposed 
to radiation without the radiation' passing through vari
ous thickness~s or amounts of skin tissue. The fact that the 
lens of the eye is transparent makes it possible to employ 
visual examination techniques to detect early changes in 
lens structure .. Lens opacities or other changes can be 
identified promptly and their development investigated 
without need for anesthesia by use of the slit lamp. The 
slit lamp is an instrument which projects a narrow beam 
of light into the eye and provides sufficient magnification 
to enable the visual study of the various layers comprising 
the eye lens. 

2-161. Data obtained as a result of eye study surveys 
suggest that personnel whose duty assignments require 
them to work with microwave generators have a higher 
incidence of abnormal eye-lens findings than do personnel 
who are not occupationally associated with microwave 
equipment. Medical control measures employed by the 
Air Force require that individuals assigned to microwave 
and radar maintenance duties have preplacement as well as 
periodic physical examinations. The results of these exam
inations are recorded, h addition to the results of standard 
medical history and physical examinations, and additional 
examinations will be given in the event of a suspected 
overexposure. 

2-162. TESTICLE. The testicle is extremely sensitive to 
temperature increases because of its physical location rela
tive to the body surfaces and its poor ability to dissipate 
heat by means of its vascular system. Testicular reaction to 
heat injury resulting from r-f radiation appears to be the 
same as the reaction to high fever associated with many 
illnesses. 

2-163. Damage to the testicle from r-f radiation is con
sidered to be completely reversible. Although a condition 
of temporary sterility and damage to semi-iniferous 
tubules may occur, the condition does not appear to be of 
a permanent nature and will ultimately correct itself. For 
that matter, temporary partial sterility can frequently be 
caused by tight-fitting uhderwear which does not permit 
freedom of movement and adequate air circulation for the 
dissipation of heat. Thus, a temperature rise in the testicle 
approaching that of normal body temperature can occur, 
and in some cases this has been found to be above the 
minimum temperature threshold for thermal testicular 
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damage. (The normal temperature of the testicle is below 
the normal. body temperature, varies• from individual to 
individual, and varies in the same individual from time to 
time, depending upon age and environment.) For even the 
most severely exposed testicle it is almost certain that 
thermal damage is completely reversible; irreversible 
damage because of abnormal temperatures in the human 
body is not likely to occur, since death of the individual 
would result from other causes long.before the occurrence 
of irreversible damage. 

2-164. NONTHERMAL EFFECTS. 

2-165. The results of laboratory experiments involving 
animals have indicated that nonthermal (or athermal) 
effects may be associated with electromagnetic radiation. 
It is difficult to establish a relationship between the non
thermal effec~s and the thermal effects, because tempera
tures are neven;onstant in the rather poor regulating sys
tem of an animal and thus rise when the animal is exposed 
to microwave energy. However, the results obtained pro
vide evidence that nonthermal effects do exist, in that the 
clotting time of blood increases when an animal is ex-. 
posed at near-normal body temperatures. 

2-166. The relationship of physical size to wavelength 
was discussed in paragraph 2-131 to establish that certai_n 
dimensional resonances can cause heating in tissues of the 
human body; this heating is a thermal effect of microwave 
energy. Another resonance, which is not dimensional, 
depends primarily upon the material irradiated and its 
molecular structure. The electrons orbiting about the 
nucleus can resonate; also, the nucleus itself can resonate 
and orient itself with respect to the energy field. These 
molecular resonances could result in movement of the 
constituents of the molecule in such a manner as to stretch 
and strain the bonds between them. It is therefore con
ceivable that breakage of the molecular bonds could 

occur if placed under extreme stress, as when exposed to 
pulsed energy at high peak power, and yet not be accom
panied by sufficient rise in temperature to be considered a 
thermal effect. Thus, the molecule could be modified and 
broken up to form different molecules and result in 
denaturation of livins tissues. 

2-167. A phenomenon known as "pearl-chain forma
tion," which may be the key to significant findings, was 
first noted in 1927 and has since been observed in milk 
and human blood. This effect is clearly a nont~ermal effect· 
produced by either continuous-wave or pulsed microwave 
energy. The phenomenon can be demonstrated by passing 
an alternating current through water in which droplets of 
oil are floating. Before the alternating current is applied, 
the droplets assume random positions on the surface, but 
when current is applied, the oil droplets move into groups 
and align themselves to form "chains." These chain-like 
groups resemble short strings of pearls, from which the 
name of the phenomenon is derived. When the current is 
turned off, the droplets break up the formation and return 
to random positions. If the current is interrupted as 
though pulsed, the chain foi:mation starts to break up, but 
quickly reforms when the current is again applied. The · 
effect observed is as though a string of pearls were pulled 
taut, relaxed, and then pulled taut again. 

2-168. The pearl-chain formation can be produced in the 
laboratory using energy levels which are not high enough 
to cause heating effects. The effects have been studied in 
the fat globules of milk, oil in water, and more recently 
in lymph, human blood, and fluids containing cellular 
elements. It is interesting to note that experimenters have 
observed the occurrence of similar chain formations in the 
presence of magnetic fields and electrostatic fields. Con
siderable work remains to be done before the full biologi
cal significance will be understood; thus, it is not known 
yet whether the therapeutic effect is beneficial or harmful. 
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CHAPTER3 

ASSOCIATED HAZARDS 

SECTION I 

X-RAY HAZARDS 

3-1. INTRODUCTION. 

3-2. In any career field there are certain hazards which, if 
not recognized and given due consideration by the indi-

. vidual, can produce harmful results and perhaps cause the 
death of th_at individual. The purpose of the information 
contained. in this section is to provide the reader with a 
knowledge of the potentially damaging characteristics of 
X-radiation and to instill a sense of caution to avoid acci
dental overexposure. 

3-3. Experience has shown that when personnel working 
on electronic equipment are aware of the dangerous possi
bility of high-voltage shock, they avoid careless acts in
volving risks to life, and as a result the incidence of fatal 
accidents is reduced. The same caution should be exercised 
by individuals whose career field is likely to expose them 
to the hazardous ionizing radiation of X-rays. 

3-4. When invisible X-radiation penetrates the body, it 
gives no sensation to warn of its presence or to indicate 
the biological damage which is occurring. Therefore, it is 
important for the individual to understand how X-rays 
are ge_nerated, to know something about their behavior, 
to be familiar with the radiation shielding problem, and 
to know the dangers of overexposure. -Armed with this 
knowledge, the individual can be constantly aware of the 
radiation-hazard possibility and thus avoid placing him
self in an environment which is detrimental to his well
being. 

3-5. HISTORY OF X-RAYS. 

3-6. X-rays were discovered by Wilhelm C. Roentgen, a 
professor of physics at the University of Wurzburg in 
Germany, while experimenting with cathode-rays during 
the year 1895. Roentgen was studying the fluorescence 
caused by the cathode rays when he noted that, although 
the cathode-ray tube was enclosed in a cardboard box, a 
paper coated with barium platinocyanide glowed in the 
darkness of the laboratory. when in proximity to the en
closed tube. Upon investigation; he determined that the 

. visible fluorescence was due to invisible radiation rays 
which could penetrate the walls of the box housing the 
cathode-ray tube. Later experiments proved that these new 
rays would penetrate various materials, such as paper and 

· . .thin metal foil. Also, he found that the rays would cloud 
photographic plates, even though the plates were wrapped 
and protected from light. He also noted that the outlines 
of the bones in the hand could be discerned as variations 

in the .visible fluorescence on a paper coated with barium 
platinocyanide when the hand was held between the 

· cathode-ray tube and the coated paper. Roentgen called 
these unknown rays "X-rays." 

3-7. Roentgen's discovery of X-rays, and the experiments 
of other physicists which followed, eventually led to the 
development of the use of X-rays as a tool for medical 
diagnosis and for assistance in the detection and setting 
of bone fractures. Many early experimenters were severely 
"burned" while working with X-mys, and this frequently 
resulted in the loss of fingers, hands, and arms. This ability 
of X-rays to kill living tissues was recognized, and it is 
employed in modern X-ray therapy by using small meas-· 
ured and controlled doses to kill diseased tissues without 
affecting adjacent healthy tissues. 

3-8. THEORY OF X-RADIATION. 

3-9. ELECTROMAGNETIC SPECTRUM. 

3-10. Electromagnetic waves include Hertzian waves 
(long waves to microwaves) in the low-frequency (fong
wavelength) portion of the electromagnetic spectrum and 
X-rays and gamma-rays in the extremely high-frequency 
(short-wavelength) portion of the spectrum. These electro
magnetic radiations are all basically the same in that they 
travel at the same speed as light. 

3-11. Figure 3-1 illustrates a portion of the electromag
netic spectrum to establish the spectral relationship of 
X-radiations to other electromagnetic radiations. As the 
illustration suggests, the frequency and wavelength re
gions occupied by the various kinds of electromagnetic 
radiation are not clearly defined, but rather overlap one 
another to provide a gradual transition from waves of one 
type to those of another. Thus, the X-ray higher frequen
cies (shorter wavelengths) overlap and are not easily dis
tinguished from the gamma-ray lower frequencies (longer 
wavelengths). 

3-12. The electromagnetic spectrum includes a great 
number of frequencies, or wavelengths. Therefore, it is 
natural that several convenient units are used to measure 
wavelength. Wavelength in the radio-frequency spectrum 
is measured in metefs, centimeters, or millimeters; wave
length • in the regions near visible light is measured in 
microns (1 micron equals Io--4 centimeter) or angstroms. 
The angstrom unit (A) is used almost exclusively to ex
press wavelength in the X-ray and gamma-ray regions; 
1 angstrom unit is equal to I0-8 centimeter. 
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figure 3-1. Portion of Electromagnetic Spectrum, Showing Relationship of 
X-radiations to Other Electromagnetic Radiations 

3-13. PROPERTIES OF X-RAYS. 

3-14. X-rays are electromagnetic waves which are pro
duced in a vacuum tube when high-velocity electrons strike 
a metal target. The negative electrons are slowed down by 
the attraction of positive nuclei in the target atoms. The 
slowing-down process of the electrons is accompanied by 
a loss of energy, which is given up in the form of a rela
tively wide band of electromagnetic radiations. These 
radiations or waves travel at the speed of light, are un
affected by electric or magnetic fields, can be reflected, 
refracted, and polarized, and can produce fluorescence and 
phosphorescence. 

3-15. X-rays have an extremely short wavelength, as indi
cated by the portion of the electromagnetic spectrum illus
trated in figure 3-1. The terms "soft" and "hard" are used 
to designate the penetrating power of an X-ray beam. T?e 
harder the radiation (shorter wavelength), the greater its 
penetrating power. Since electromagnetic waves are classi
fied according to their source or to the method of produc
ing them, the wavelengths of X-rays overlap those of 
other rays such as gamma radiation. (X-rays are produced 
by bombarding a metallic target with high-velocity elec
trons; gamma-rays are radiations which originate in the 
nuclei of atoms.) However, an X-ray and a gamma-ray of 
the same wavelength have identical properties. 

3-16. Like all electromagnetic radiations, X-rays obey the 
inverse square law; that is, their intensity decrease~ as the 
square of the distance from the source. One of t~eir most 
unusual properties is the ability to penetrate sohd matter, 
and this property is commonly used in radiograp~y to 
reveal the internal structure of normally opaque ob1ects. 
Another important property of X-rays is their ability to 
modify, damage, and destroy living tissue; this property 
makes X-rays useful for medical treatments, but also 
makes them a hazard when not controlled. 

3-17. X-RAY TUBES. 

3-18. GAS-FILL.ED X-RAY TUBES. 

3-19. The first X-ray tubes were of the cold-cathode, gas-
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filled type, as shown in figure 3-2. For operation of this 
type of tube, high voltage is applied to the electrodes, 
negative to the cathode and positive to both the anode and 
the target (anticathode), causing ionization of the low
pressure gas within the tube envelope. The positive ions 
bombard the cathode, which emits additional. electrons, 
and the electrons travel toward the anode at high velocity 
and are intercepted by the target. When the electrons 
strike the target atoms with high kinetic energy, X-ray 
photons are emitted in all directions from the target. The 
cathode is purposely given a concave shape to focus the 
cathode rays (electrons) upon a limited "focal spot" on the 
target, and the target is set at an angle to direct the X-rays 
toward the side of the tube. 

3-20. The main disadvantage of this type of X-ray tube 
is that the gas pressure within the envelope does not re
main constant and any change in gas pressure results in a 
cha~ge of anode voltage and current. This causes a change 
in the intensity and wavelength of the X-rays produced. 

3-21. MODERN X-RAY TUBES. 

3-22. A typical hot-cathode, high-vacuum X-ray tube is 
shown in figure 3-3. This type of X-ray tube is in common 
use today, and employs anode potentials from about 50 kv 
to 500 kv. The tube is usually rated according to the anode 

+ 

X-RAYS 

Figure 3-2. Early Cold-Cathode, Gas-Filled X-ray Tube 
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Figure 3-3. Tvpical Modern X-ray Tube 

operating potential, which determines the shortest wave
length of the X-radiation spectrum produced. The target 
element is embedded in the surface of the anode, at the 
focal point of the cathode rays. Useful X-rays generated 
by the target are brought out through a special window in 
the insulating envelope, to prevent absorption of the 
radiation by the glass envelope. 

'3-23. Figure 3-4 shows the change in intensity of_ the 
radiation from an X-ray tube with a tungsten target as the 
anod_e voltage is increased. The curve represents only the 
maximum intensity of the spectrum for the applied volt-
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Figure 3-4. Relative Intensity of X-ray Radiation as a 
Function of Anode Voltage 

age--not the intensity of the complete spectrum of con
tinuous X-rays. 

3-24. An X-ray tube built for high anode potentials (100 
to 2000 kv) is shown in figure 3-5. This type of tube, which 
is a multisection tube, has several electrodes between the 
cathode assembly and the anode. Each electrode is con
nected to a point on a voltage divider, to help accelerate the 
electrons from the cathode to the target. These electrodes 
also function to reduce the electric strain on the glass en
velope which_ otherwise would be caused by bombardment 
of the envelope by electrons. 

3-25. HIGH-VOLTAGE ELECfRON TUBES AS A 
SOURCE OF X-RADIATION. 

3-26. The X-ray tubes mentioned in previous paragraphs 
are built for the purpose of generating X-rays; however, 
other types of electron tubes operating under similar con
ditions can also produce these radiations. From the descrip
tion of typical X-ray tubes given in preceding paragraphs, , 
it should be evident to anyone familiar with the latest type 
high-power electron tubes that these conditions may exist 

· in them. Some of these newer types of tubes, under normal 
and/or abnormal operating conditions, can and do generate 
a dangerous amount of X-radiation. 

3-27. A typical high-power klystron is illustrated in figure 
3-6. Notice the resemblance of the klysrron to the X-ray _ 
tube shown in figure 3-5. This type of klystron power am
plifier operates with anode potentials up to 250 kv and 
higher. It has been determined that a tube of this type, 
when the high voltage is applied, will generate and radiate 
short-wavelength X-rays whether r-f drive is applied or 
not! 

3-28. The klystron amplifier. operates on the principle of 
velocity modulation. The electron beam generated by the· 
electron gun assembly is focused by means of a magnetic 
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figure 3-5. High-Voltage Multisection X-ray Tube 
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field, is sent through the cavities of the r-f section at high 
velocity, and is received by the beam collector assembly. In 
effect, the high-velocity electrons bombard the collector 
assembly in much the same manner as those in the X:ray 
tube bombard the target element. As a result, X-radiation 

. occurs with greatest intensity in the region of the collector 
assembly. The shaded areas shown in figure 3-6 illustrate 
the general distribution of X-radiation around a typical 
high-power klystron when it is in operation. Note that the 
greatest intensity is near the collector assembly, the output 
cavity, and the elbow bend of the output waveguide. Radia
tion of lesser intensity occurs along the body of the tube 
approaching the output cavity and also from the electron 
gun itself. 

3-29. X-radiation from the klystron occurs under two con
ditions: when the tube is in operation and delivering r-f 
power to the load, and when high voltage is present but r-f 
drive is not applied. In the latter condition, the electron 
beam travels through the tube to the collector, and X-radia
tion is produced predominantly in the collector region. 
However, when r-f drive is applied to the tube and velocity 
modulation of the electron beam takes place, some disper
sion of the electron beam causes emission from the body 
cavities of the tube. The increased acceleration of electrons 
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Figure 3-6. X-radiation Distribution for Typical 
High-Power Klystron 
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near the output cavity region, caused by the higher effective 
voltage developed as a result of the applied d-c potential 
and r-f fields, gives rise to the generation of X-radiation of 
even greater intensity and penetrating power. Under nor
mal operating conditions, the X-radiation measured in the 
immediate vicinity of the collector assembly may average 
800 milliroentgens- per hour for a typical klystron. Thus, 
as can be seen from the illustration i:n figure 3-6, the kly
stron must be equipped with· radiation shielding made of 
lead or other suitable material(s) installed over the collector, 
output cavity and main r-f body, and electron gun assembly. 
In practice, the shielding is designed to attenuate the X
radiation to a level which is well within the maximum per
missible level of 2.5 milliroentgens per hour established by 
USAF regulations. Without the r.adiation shields in place, 
the intensity of the radiation emitted is extremely danger
ous to personnel. 

3-30. Hydrogen thyratrons operating with high anode 
potentials may also emit X-rays. When thyratrons are used 
for high-voltage switching applications, as in radar pulse
modulator circuits, they may produce a considen,ble 
amount of X-radiation at the beginning of a pulse before 
the anode voltage drops, and a smaller amount of radiation 
between pulses. Radiation between pulses is caused, not by 
cathode electron emission, but by grid emission. The anode 
is surrounded by the grid structure in a thyratron tube, so 
that most of the radiation completely surrounds the tube 
in the form of a very narrow beam, extending outward from 
the grid-anode region as shown in figure 3-7. It is important 
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Figure 3-7. X-radiation Distribution for Typical 
Hydrogen Thyratron 
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to note that with such a narrow radiation beam, as illus
trated in figure 3-7, irradiation of personnel could occur at 
head level and not be detected by a film badge or dosimeter 
worn at chest level, d_epending upon the equipment config
uration. The intensity of this X-radiation is closely related 
to the amount of grid emission; therefore, a tube with ex
cessive grid emission may generate X-rays of a much higher 
intensity than those of a normal tube with little or no grid 
emission. 

3-3 I. A series of investigations has been made concerning 
the production of ionizing radiation from a number of thy
ratron tube types. X-radiation from one type hydrogen 
thyratron, operated with a plate 'voltage of 30 kv and at a 
prf of 100 pps, has been measured to be approximately 20 
milliroentgens per hour. For the same set of operating con
ditions, when the prf was increased to 250 pps, the radia
tion level increased to 360 milliroentgens per hour. Increas
ing the prf to a still higher rate of 500 pps caused a sharp 
increase in the measured radiation level to approximately 
1200 milliroentgens per hour and, in some cases, to as high 
as 4800 milliroentgens per hour. Thus, it is seen that for a 
given set of operating conditions, an increase in prf increases 
the amount of X-radiation generated by the tube. 

3-32. Thyratrons can be shielded to prevent radiation from 
reaching dangerous levels. Equipment cabinets designed 
with solid steel panels at least 1/16 inch thick, or similar 
panels with inspection windows of ¼ -inch leaded glass, 
will attenuate radiation from the typical hydrogen thyra
tron to a level which is much less than the maximum per
missible level of 2.5 milliroentgens per hour. It should be 
borne in mind, however, that any radiation protection 
offered by steel panels or leaded glass windows is not effec
tive if the cabinet panels are left open or removed to expose 
the thyratron(s) during equipment operation. 

3-33. Magnetrons and traveling-wave tubes operating with 
high electron-accelerating potentials will also emit X-rays. 
The internal r-f voltage, as well as the d-c potential, affects 
the velocities of the electron·s. like the klystron, most of 
the radiation occurs near the output of the tube and its 
associated waveguide. Again, as for klystrons, there is an 
almost linear relationship between the value of the applied 
high-voltage potential and the production of X-radiation. 

3-34. Other types of tubes operating above approximately 
16 kv, such as high-voltage rectifiers (diode) and cathode
ray tubes, may also emit X-radiation. Although tubes oper
ating below this level may also generate X-rays, the radia
tion is generally very "soft" (long wavelength) and nor
mally does not penetrate the tube envelope. 

3-35. DETECTION OF X-RADIATION. 

3-36. RADIATION MONITORING. 

3-3 7. X-radiation can easily penetrate the human body, 
and if of sufficient intensity and duration, it will cause 
serious injury or death. Various devices are used to ascertain 
the presence of the different types of radiation to which 
personnel may be exposed and to measure the intensity over 
a given period of time. However, to date there is no single 

device which is capable of measuring all types of radiation; 
as a result, many kinds of devices using several different 
methods of detection, identification, and measurement have 
been developed. 

3-38. Each individual should ~e aware of any potential 
radiation hazard which may be generated by equipment in 
the areas he may be working. Equipment capable of gen
erating X-rays is checked by qualified experts during equip
ment design, development, and operational phases to deter
mine the level of radiation and, if found necessary, to set 
time limits or establish other safety precautions for per
sonnel working in the vicinity of the equipme!lt. Sever,d 
types of portable equipment are available for area monitor
ing or for .testing for the presence of radiation generated by 
communications-electronic equipment; these include ioniza
tion chambers, proportional counters, Geiger-Mueller 
counters, scintillation detectors, large photographic films, 
and electroscopes. 

3-39. Almost all radiation detectors are based on one of 
three basic principles: the exposure of undeveloped photo
graphic film, the ionization of gas vyithin an enclosed cham
ber, or the liber_ation of light by certain crystals when ex
cited by radiation. Radiation detectors form an integral part 
of all radiation monitoring systems devised for either per
sonnel or area monitoring. 

3-40. Radiation detectors used for personnel monitoring 
fall into two general classifications: those which require 
additional processing to determine the level of exposure 
and those which are direct reading. The film badge is an 
example of a detector which requires further processing; 
the pocket dosimeter (electroscope) is read directly. The. 
paragraphs which follow briefly describe two of the com
monly used radiation detectors employed for personnel 
monitoring. 

3-41. FILM BADGE. 

3-42. The film badge, which is the most common personnel 
radiation monitor, is used to detect X-rad1ation, as well as 
gam~a and beta radiation. The badge consists of a metal 
or plastic frame containing the essential parts of the film 
packet, includes a means to identify the wearer, and is 
worn on the outer clothing of personnel. The film badge 
performs its function of detecting X-radiation even in the 
presence of very strong r-f fields. 

3-43. The film used in the badge to detect radiation is 
similar to industrial X-ray safety film, and usually is the 
same size as the familiar dental X-ray film packet. The film 
packet may contain several films with varying sensitivities 
to measure different radiation intensity levels. Also, metallic 
inserts made of a shielding material and placed in contact 
with the film packet may be employed as either radiation 
filters or as intensifiers. A typical film badge is shown in the 
exploded view of figure 3-8. 

3-44. When the photographic film is developed after being 
exposed to radiation, the film darkens in proportion to the 
amount of radiation which it has received. The density of 
the developed film is then compared against exact standards 
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Figure 3-8. Exploded View of a Typical Film Badge 

of film density which have been developed using test film 
of identical characteristics exposed to known amounts of 
radiation. By careful comparison, the dosage to which the 
individual wearer of the badge has been exposed can be 
determined. The film badges commonly in use have a pos
sible error of 10 percent for radiation levels of 50 milli
roentgens or more, depending upon the development and 
comparison techniques employed. 

3-45. The film badge has several drawbacks in that the 
results are not readily available and the developing and 
analysis of exposed film must be -carefully performed by 
experienced personnel under controlled conditions. Also, 
some variations may be expected in the radiation exposure 
required to produce a given film density. Another drawback 
is the possibility that radiation may penetrate the wearer's 
body at a location other than the position of the badge, and 
therefore may not be detected. Information concerning 
responsibilities and procedures for conducting the USAF 
film dosimetry program is given in AFR 161-11. 

3-46. POCKET DOSIMETER. 

3-47. The pocket dosimeter is one of several instruments 
utilizing the ability of radiation to produce ionization in 
gases. The direct-reading pocket dosimeter is used to meas
ure X- and gamma-radiation, is similar in size and shape to 
a fountain pen, and is provided with a pocket clip for fast
ening the dosimeter to the wearer's clothing. A typical 
pocket dosimeter is illustrated in figure 3-9. 

3-48. The pocket dosimeter consists of a hermetically 
sealed aluminum barrel, or case, with an inner ionization 
chamber electrically connected to the barrel. An electrom
eter assembly, consisting of a stiff support wire mounted in 
a clear plastic insulator and a freely moving quartz fiber 
supported by the wire, is mounted within the ionization 
chamber. The support wire is connected to a charging con
tact which is insulated from, and mounted in, the sealed 
end of the barrel. A sealed optical system, consisting of an 
eyepiece lens, a calibrated scale, and an objective lens, is 
mounted axially in the other end of the barrel. 

3-49. Before the pocket dosimeter can be used, it must be 
charged. This is accomplished by applying a d-c voltage 
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Figure 3-9. Cutaway View of a Typical 
Pocket Dosimeter 

between the barrel and the charging contact located on the 
end of the barrel. The charging voltage causes a mutual 
repulsion between the support wire and the quartz fiber, 
and a mutual attraction between the ionization chamber 
wall and the quartz fiber. As a result, the quartz fiber is 
deflected away from the support wire towards the chamber 
wall. The amount of deflection is a direct function of the 
charging voltage; the greater the voltage, the greater the 
deflection. Looking into the eyepiece and adjusting the 
voltage output of the charger until the quartz fiber indi
cates O on the internal calibrated scale insures that the 
pocket dosimeter is correctly charged prior to use. 

3-50. As radiation passes through the pocket dosimeter, 
the air in the chamber ionizes. The ionized air is capable of 
electrical conduction and partially neutralizes the charge ex
isting on the quartz fiber. As a result, the fiber moves 
toward the support wire a distance equivalent to the amount 
of radiation received. The amount of total exposure can be 
read directly from the calibrated scale by viewing it through 
the eyepiece. 

3-51. THE ROENTGEN. 

3-52. The roentgen is the basic unit commonly used to 
indicate a measured quantity of ionizing radiation. The 
milliroentgen (mr), which is one-thousandth of the basic 
unit, is frequently used for convenience in expressing small 
values of ionizing radiation. 

3-53. The energy of the X-ray photon radiating from a 
source is measured in electron volts (ev), which is defined 
as the energy received by an electron in falling through a 
potential difference of 1 volt. One e1ectron volt is equal to 
1.60203 x 10-12 erg. The "absolute intensity" of radiation is 
the energy flowing through a unit area perpendicular to the 
radiation beam per unit time. This is usually expressed in 
ergs per square centimeter per second (ergs/cm2/sec). In 
connection with X-rays, the term "intensity" is more fre
quently used to represent the energy absorbed per centi
meter per second. The amount of energy absorbed by a , 
material, or the dosage, is measured in roentgens. 

3-54. The roentgen is a measure of ionization in air caused 

I 
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by X- or gamma-radiation, and is defined as the amount of 
radiation that will produce 1 electrostatic unit of charge in 
1 cubic centimeter (0.00129 gram) of air which is sur
rounded by an infinite mass of air at standard temperature 
and pressure. Since 1 electrostatic unit is equal to 2.083 x 109 
ion pairs, 1 roentgen is also equivalent to the production of 
2.083 x 109 ion pairs per cubic centimeter of air. 

3-55. The number of roentgens in a given period of time, 
Of the "dosage rate," is determined by the absolute intensity 
of the X-ray beam (ergs/cm2/sec) and the mass absorption 
coefficient of the absorbing material. A dose of 1 roentgen 
is equal to 5.23 x 1013 electron volts of energy absorption 
per gram of air, and since 1 electron volt is equal to 1.60203 
x 10-12 erg, 1 roentgen is equal to about 83.6 ergs per gram 
of air. 

3-56. BIOLOGICAL EFFECTS OF 
IONIZING RADIATION. 

3-57. GENERAL. 

3-58. Ionization is involved in the production of biologi
cal effects of radiation. All X-rays except those of very low 
photon energy will penetrate human tissue and form posi
tive and negative ions. Depending upon the dosage, these 
ions may cause tissue damage of either a temporary or 
permanent nature. A discussion of the absorption of X-rays 
and how they give up energy to matter by the process of 
ionization is given in the Appendix. Unless the dosage is 
extremely high, there will be no noticeable effects for days 
or weeks or, in some cases, years after the exposure. This 
delay in the effect is no doubt the most important reason 
for cases of overdoses of X-rays, since the damage has been 
done long before the symptoms begin. 

3-59.· The symptoms of radiation exposure are similar to 
those experienced in many illnesses. Ionizing radiation 
produces biological effects by damaging the cell structure 
of the human body. The normal reaction of the body is the 
same regardless of the cause of cell damage, whether by 
ionizing radiation or by disease. 

3-60. Each cell of the body comprising the various tissues 
and organs is a very small living structural and functional 
unit, which has a definite life span. The parent cell must 
grow and divide, prodµcing "daughter" cells, which in turn 
grow and divide. Radiation produces structural and func
tional changes in the cells and tissues, depending upon the 
amount of ionization which has taken place. 'After ex
posure of a cell to ionizing radiation, the cell functions may 
eventually return to normal, just as a normal recovery is 
made from disease or infection, in which case the biological 
effects of radiation are said to be "reversible." When the 
damage results in permanent injury to the cell, the effects 
are said to be "irreversible." 

3-61. The effects of ionizing radiation upon the cells may 
be either direct or indirect, and may be immediate or de
layed. Because of the nature of the cell structure of the 
body, the biological effects may be limited to those cells 
that receive radiation directly, or because of normal body 
processes, the effects may be transmitted to other locations 

within the body. For this reason, elapsed time is a factor 
and accounts for the fact that biological effects are not , 
immediately apparent. 

3-62. SYMPTOMS AND EFFECTS OF OVER-
EXPOSURE. 

3-63. Man has always been exposed to the effects of ioniz
ing radiation, which comes not only from radioactive 
material that is taken into the body by the mouth (food) 
and lungs (air) and by absorption (skin contact), but also 
from natural sources of radioactive material present in the 
earth and from cosmic rays penetrating the earth's atmos
phere. Thus, man has always lived in a radiation environ
ment, is continuously exposed to low-level ionizing radia
tion, tolerates the exposure, and is powerless to do anything 
about the situation. This normal condition of continuous · 
exposure to ionizing radiation causes no injury or bodily 
harm to the individual throughout his normal life span. 

3-64. Radiation exposure can be described in terms of the 
part of the body exposed, the total dose received,. the 'dose 
rate, and the time duration of the exposure. A single ex
posure to radiation or a series of exposures in a short period 
of time is considered to be an "acute" exposure, whereas 
minute continuous exposure over a long period of time is 
considered to be a "chronic" exposure. 

3-65. Acute exposure to radiation can cause immediate 
and delayed biological effects. Chronic exposure usually 
produces only delayed effects. Delayed effects from radia
tion exposure are considered to be either "genetic" effects or 
"somatic" effects. Genetic effects are those effects that con
trol the inherited characteristics o{succeeding generations; 
somatic effects are those effects that pertain to the indi
vidual human body, its tissues, organs, and parts, and for 
the most part are similar to pathological conditions such as 
leukemia, skin changes, cataracts, sterility, and changes in 
life span, which can result from other causes. The delayed 
effects produced by either acute or chronic exposure are 
similar, but the ability of the human body to repair the 
damage is usually greater for chronic exposure than for 
acute exposure. 

3-66. To date there has been no permissible level estab
lished for acute exposure to radiation. Clinical experience 
and information based upon experimental knowledge 
gained from irradiation of laboratory animals indicate the 
symptoms and effects resulting from acute whole-body ex
posure to radiation. These are summarized in table 3-1. 

3-67. To have meaning, the term "radiation dose" must 
be qualified, to indicate whether the whole body or only a 
part of the body receives the exposure. A controlled ex
posure of 10,000 roentgens may be safely applied to a 
small part of the -body for radiation therapy purposes, but 
450 roentgens applied to the whole body would produce 
the symptoms and effects noted in table 3-1, and the indi
vidual would have only a 50-50 chance of survival. 

3-68. MAXIMUM PERMISSIBLE DOSE. 

3-69. GENERAL. 

3-7 
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TABLE 3-1 

Symptoms and Effects Resulting from Acute Whole-Body Exposure to Radiation 

EXPOSURE SYMPTOMS AND EFFECTS (ROENTGEN) 

0-25 No observable reactions. Delayed effects may occur. 

25-100 Changes in blood detectable by clinical tests. Disabling sickness not common; individual should 
be able to continue usual duties. Delayed effects possible, but serious effects on average indi-
vidual unlikely. 

100-200 Produces nausea and fatigue, with possible vomiting above 125 roentgens. Changes in blood 
detectable by clinical tests. Delayed effects may shorten life expectancy of exposed individual 
on the order of bne percent. · 

200-300 Produces nausea and vomiting on first day following exposure. Latent period up to 2 weeks or 
longer, then other symptoms appear, but are not severe. Symptoms are loss of appetite, gen-
era! illness or discomfort, sore throat, pallor, petechiae (crimson spots in skin or mucous mem-
brane), diarrhea, and moderate emaciation. Recovery is expected in about 3 months unless com-
plicated by poor previous health, additional injuries or infections. 

300-600 Produces nausea, vomiting, and diarrhea in first few hours following exposure. Latent period, 
perhaps as long as 7 days, with no definite symptoms. Symptoms are epilation (loss of hair), 
loss of appetite, general illness or discomfort, and fever during second week, followed by hem-
orrhage, petechiae, inflammation of mouth and throat, diarrhea, and emaciation in the third 
week. Some deaths in 2 to 6 weeks. Possible eventual death of up to 50 percent of the exposed 
individuals for exposures of 450 roentgens. 

600 and over Produces nausea, vomiting, and diarrhea in first few hours following exposure. Short latent 
period with no definite symptoms in some cases during first week. Diarrhea, hemorrhage, in-
tlammation of mouth and throat, and fever toward end of first week. Rapid emaciation and 
death as early as the second week with possible eventual death of up to 100 percent of the ex-
posed individuals. 

3-70. The National Committee on Radiation Protection 
has developed a set of protection rules which define maxi
mum permissible levels of radiation exposure. The term 
"permissible dose" is generally defined as the dose of ioniz
ing radiation which, in the light of present knowledge, is 
not expected to cause appreciable injury to an average indi
vidual at any time during his normal life span. As indicated 
by this general definition, the permissible levels are flexible, 
and subject to revision. 

3-71. 'Air Force Regulation 161-8 provides information 
regarding occupational exposure to ionizing radiation. 

3-72. (Deleted) 

3-73. (Deleted) 

3-8 Change 1-10 May 1967 

3-74. X-RAY PROTECTION. 

3-75. SHIELDING OF' EQUIPMENT. 

3-76. The Air Force has long been aware of the potential 
hazards of ionizing radiation from high-voltage electron 
tubes, and especially so with the development of newer 
higher-power electronic equipment. Research, experimen
tal, development, development-production, or production 
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contracts let by the Air Force for the procurement of elec
tronic equipment specify that X-ray survey data shall be 
supplied to the Air· Force. ?(-radiation measurements are 
made on the equipme!)t, by qualified experts in the field of 
radiation, to establish the quality and quantity of radiation, 
to yerify the adequacy of shielding afforded operating and 
maintenance personnel, and to ensure that the level of 
radiation, if present, is within the maximum permissible 
exposure level established by Air Force policy. Present Air 
Force policy dictates that all electronic devices capable of 
producing X-radiation be designed, fabricated, shielded, 
and operated so as to avoid overexposure of personnel. For 
purposes of equipment and installations design, the shield
ing requirements are based on a maximum permissible ex
posure of 100 milliroentgens per week (2.5 nir/hr, assum
ing a 40-hour week) in all areas normally occupied by 
personnel during installation, calibration, maintenance, 
and operation of the equipment. If any changes or modifi
cations which could introduce a radiation hazard and affect 
personnel safety are made on an equipment after the initial 
survey, the equipment must again be surveyed, to deter
mine whether the equipment meets the radiation require
ments established by the Air Force. 

WARNING .1 
In the event that any component used to safe
guard personnel from X-radiation (leaded glass 
inspection windows, shielding, interlocks, etc) is 
damaged or becomes defective during the in
stallation or operation phase, it shall be replaced 
with an exact replacement. Following replace
ment, X-radiation measurements shall be made 
by qualified personnel, to make certain that the 
radiation level does not exceed the maximum 
permissible exposure of 2.5 mr/hr. Disregard of 
this warning may result in a serious accident. 

3-77. PRECAUTIONS. 

3-78. The shielding and detection of X-rays are the basic 
measures used to protect men from radiation, but unless 
each individual concerned is sufficiently aware of the dan
gers and has at least an elementary knowledge of the be
havior of X-rays, these protective measures will not be 
adequate. Recent developments in the electronics field have 
resulted in new radiation hazards, which should be kept in 
proper perspective. These hazards should not be disre- · 
garded and neither should they be fanatically avoided. 

3-79. First of all, each individual should be aware of any 
potential radiation hazard in areas he may enter. These 
areas should be checke~ by qualified experts to determine 
the level of radiation and, if found necessary, to set time· 
limits for personnel working in the area. Film badges or 
pocket dosimeters should be worn at all times when work
ing in the radiation area. 

3-80. Personnel working with- high-voltage electron tubes 
capable of generating X-rays should make certain that the 
radiation has been checked at all possible points of emis
sion. Under normal operating conditions, there will very 
likely be proper shielding for thes~ tubes, but the techni
cian should be aware of the fact that radiation intensity 
may increase under unusual operating conditions. Person
nel should not be permitted to operate any electronic device 
or tube employing a peak plate voltage of 18 kv or higher 
with any of the shielding removed from the equipment, 
except where such opera~ion is conducted in a satisfactory 
radiation-proof enclosure. 

3-81. Three safety rules to prevent possible overexposure 
should be observed by the individual when working in a 
radiation environment: (1) Keep as far as working condi
tions will permit from the source. Remember that X-radia
tion obeys the inverse square law; that is, doubling the 
distance from the source decreases the radiation dose to 
one quarter of its initial value. (2) Wear a radiation moni
tor (film badge or dosimeter) at all times. (3) Make sure 
that the intensity of radiation outside the shielding as 
designed is well within the specifications for the particular 
installation. 
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SECTION II 

RADIOACTIVE MATERIAL HAiA~U>S 

3-82. INTRODUCTION. 

3-83. The purpose of the information contained in this 
section is to provide the reader with a knowledge of the 
potential hazard which exists in the form of radioactive 
materials used in components of electronic equipments. 
One primary source of potentially harmful ionizing radia
tion is the radioactive electron tubes which are commonly 
employed in modern microwave and radar equipments. It 
is therefore important for personnel working with such 
equipments to be aware of the possibl~ dangers associated 
with radioactive · electron tubes and to exercise caution 
when handling such tubes. 

3-84. INTERNAL EXPOSURE HAZARD. 

3-85. GENERAL. 

3-86. Exposure of the human body to ionizing radiation 
can be either external or internal. External exposure, orig
inating from sources of ionizing radiation outside the 
body, can be dealt with by providing proper shielding, by 
increasing the distance from the .source, or by decreasing 
the exposure time. However, internal exposure results from 
radioactive substances within the body; therefore, the 
problem of internal exposure resolves itself into preventing 
the entry of radioactive material into the body. If radio
active material is taken into the body, the effects can be 
quite serious and equally as dangerous as the exiernal ex
posure effects described in the previous section in connec
tion with X-radiation. When a radioactive substance is 
taken into the body, it may tend to concentrate in certain 
parts of the body, or it may disperse itself throughout the 
body. Wherever it is located, the substance irradiates 
nearby cells and tissues; this irradiation process continues 
until the substance is excreted through normal body proc
esses or until it decreases in radioactivity to a level which 
ceases to be biologically significant. The biological damage 
caused by such internal emitters depends upon many fac
tors, such as the concentration and distribution of material 
within the body, the sensitivity of tissues and organs, the 
route of material entry, the material solubility, and the 
route and rate of elimination from the body. The effect of 
ionizing radiation upon body cells and tissues is the same 
regardless of whether the radiation exposure is internal or 
external. 

3-87. INTAKE OF RADIOACTIVE MATERIAL. 

3-88. Biological effects in man occurring as a result of the 
intake of radioactive material are not as common as those 
occurring as a result of external exposures; nevertheless, 
internal exposure to radiation can be quite dangerous and 
precautionary measures must be taken by those who may be 
occupationally exposed to potential sources of internal 

radiation to avoid-the intake of radioactive materials. The 
processes by which radioactive material can be taken into 
the body in the order of likelihood are: inhalation, inges-
tion, or absorption. ' 

3-89 .. INHALATION. Airborne particles of radioactive 
material gain access to the body through the process of 
inhalation, or breathing. As air containing radioactive dust 
or vapor is drawn into the lungs and exhaled, some filter
ing takes place and the larger radioactive particles are re
moved from the air and deposited in the nose. Other par
ticles may come in contact with, and be deposited in, the 
mucous coating of tissues lining.the nasal and upper lung 
respiratory passages. Particles which are trapped in the 
upper respiratory passages may eventually be swallowed 
and enter the digestive system. Only a small amount of the 
radioactive material inhaled will reach the small air sacs 
of the lungs. Any of this material. that is soluble will pass 
through the air sac membranes and enter the blood stream 
to cause damage elsewhere in the body. Insoluble materials 
will remain in the air sacs to cause continuous damage to 
the surrounding tissues and will likely result in the forma
tion of tumors. · 

3-90. INGESTION. Particles of radioactive material can 
enter the body through the process of ingestion, wherein 
contaminated food or drink is taken into the stomach for 
digestion. If the radioactive materials are capable of being 
dissolved in the digestive system, they will be absorbed in 
the same manner as food and carried to various parts of the 
body. These soluble materials may eventually be eliminated 

· from ·the body by means of urine and excrement. Materials 
which do not dissolve will pass through the digestive sys
tem and will be ejected with the body excrement. 

3-91. ABSORPTION. Particles of radioactive material 
can enter the body through the process of absorption. 
Access to the body interior is mostly through open sores, 
skin punctures, cuts, scratches, or other surface wounds 
which lay open to the entry of small particles. The absorp
tion process depends upon the dissolving of the material in 
body fluids and entrance via these fluids into the blood 
stream, to be distributed throughout the body. Insoluble 
material entering surface wounds may remain beneath the 
skin tissues to cause damage. 

3-92. TYPES OF IONIZING RADIATION. 

3-93. Ionizing radiation exists in two forms: electromag
netic radiation consisting of photons or particulate radia-

• tion (sometimes called corpuscular radiation) consisting of 
electrons, positrons, neutrons, etc. Radioactive substances 
are sources of ionizing radiation. These substances undergo 
a disintegration process which is accompanied by the emis
sion of radiation. Most naturally occurring radioactive 

3-11 



Chapter 3, Section II 
Paragraphs 3-94 to 3-108 

T.O. 31Z-10-4 

elements radiate either alpha or beta particles. In some 
cases, gamma-rays accompany the alpha or beta particles. 
The specific properties of the radiations, such as the veloci
ties of the alpha and beta particles, their penetrability and 
power of ionization, and the wavelengths of the gamma
rays, depend on the particular radioactive element from 
which they originate. 

3-94. ALPHA RAYS. Alpha rays (or particles) are par
ticulate ionizing radiation consisting of helium nuclei 
carrying a positive charge traveling at moderately high 
speeds (approximately 7 percent of the speed of light). 
Alpha particles have a short range, dissipate their energy 
quickly, and have a very strong ionizing power. However, 
these particles have weak penetrating power and are easily 
stopped by a thin sheet of paper, such as this printed page. 

3-95. BETA RAYS. Beta rays (or particles) are particu
late ionizing radiation consisting of electrons or positrons 
traveling at extremely high speeds (up to 95 percent of the 
speed of light). Beta particles have strong ionizing power 
and moderate penetrating power. Beta particles do not 
ionize gases as readily as alpha particles, but beta particles 
can penetrate shields 100 times as thick as that required to 
stop alpha particles; Metallic shields are very effective 
against beta particles; a sheet of aluminum 0.04 inch thick 
will stop a beta particle. 

3-96. GAMMA RAYS. Gamma-rays are electromagnetic 
radiations which originate in the nuclei of atoms. Gamma
rays are similar to X-rays, but extend irito the shorter
wavelength region of the electromagnetic spectrum. How
ever, X-rays and gamma-rays of the same wavelength have 
identical properties. Gamma-rays are more penetrating 
than either alpha or beta particles and can be detected after 
passing through as much as 12 inches of steel. 

3-97. INTERNAL EMITTERS. 

3-98. The hazards associated with internal emitters arise 
primarily from alpha and beta particles, since these are 
completely absorbed in the body, while only a fraction of 
the gamma-ray energy given off by an internal emitter is 
absorbed by body tissues before the gamma-rays leave the 
body. 

3-99. The alpha particle does not represent a danger to 
the body from an external source because of its weak pene
trating power, but if inside the body it becomes extremely 
injurious. If alpha-emitting materials gain access to the 
body, the alpha particle will expend a large portion of its 
ionizing energy at short range and concentrate on a few 
nearby cells causing a higher degree of cell damage. For 
this reason, alpha radiation is considered to be a greater 
hazard than beta or gamma radiation, and is given a rela
tive biological effectiveness (RBE) factor of 20. 

3-100. The beta particle is dangerous to the body as either 
an external or internal source. Beta radiation from an ex
ternal source is capable of penetrating skin tissues as much 
as 1 centimeter thick, and if beta-emitting materials are 
present within the body, the hazard is greatly increased 
because all the energy will be given up directly to internal 
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body tissues. An additional hazard results when beta radia
tion decelerates in the tissues, since rapid deceleration 
causes the production of X-radiation. 

3-101. Gamma radiation is emitted when an unstable 
nucleus rids itself of excess energy. Gamma radiation de
stroys tissues in much the same manner as does X-radiation, 
that is, through ionization by the photoelectric effect, 
Compton effect, and pair production as described in the 
Appendix. Since gamma radiation can penetrate tissues, it 
represents a hazard to the body as an external source. How
ever, if gamma-emitting materials are present within the 
body, only a small portion of the gamma radiation energy 
is absorbed by tissues before the radiation leaves the body; 
therefore, gamma radiation from an internal emitter does 
not represent as great a hazard to the body as alpha or beta 
radiation from an internal emitter. 

3-102. DETECTION OF RADIOACTIVE MA TERI AL. 

3-103. Various devices are used to ascertain the presence 
of radioactive material and to measure the intensity of 
radiation over a given period of time. However, there is no 
single device which is capable of measuring all types of 
radiation; as a result, many kinds of devices using several 
different methods of detection, identification, and measure
ment have been developed. 

3-104. The three principal radiations detected are alpha, 
beta, and gamma. Each of the three types mentioned has 
identifying properties and characteristics which assist in its 
detection and measurement. Almost all radiation detectors 
are based on one of three basic principles: the exposure of 
undeveloped photographic film, the ionization of a gas 
within an enclosed chamber, or the liberation of light by 
certain crystals when exposed to radiation. The first prin
ciple is used in the film badge; the second in the dosimeter, 
proportional counter, and Geiger-Mueller counter; and the 
third in the scintillation detector. Radiation detectors are 
described in Chapter 4 of this technical manual. 

3-1 OS. RADIOACTIVI ELECTRON TUBES. 

3-106. MATERIALS USED IN TUBES. 

3-107. Air Force electronic equipments employ many dif
ferent types of tubes, some of which contain up to as much 
as 5. microcuries of radioactive materials per tube. These 
radioactive materials include carbon (C 14), cobalt (Co 60), 
cesium (Cs 137), nickel (Ni 63), and radium (Ra 226). 
Radioactive material is intentionally added in the produc
tion of tubes, to provide a continuous supply of ionized 
particles in the gaseous atmosphere within the tube. The 
presence of the radioactive material assures reliable per
formance of such tubes at a given operating voltage 
throughout their useful life. Since the radioactive material 
is constantly undergoing a process of disintegration, the 
supply of ionized particles is always present within the 
tube, whether voltage is applied or not, whether the tube 
is stored as a spare, installed in an equipment, or lying in a 
waste container awaiting disposal. 

3-108. As long as a tube containing radioactive material 



T.O. 31Z-10-4 Chapter 3, Section II 
Paragraphs 3-109 to 3-113 

remains intact and is not broken, the tube does not repre
sent any great hazard to personnel. However, if the tube 
is broken, the radioactive material is released and is a 
potential hazard because the material is then free to be 
taken into the body to become an internal emitter of radia
tion. Ensuring personal safety and protection from internal 
radiation is simply a matter of preventing the entry of 
radioactive material into the body by recognizing and 
respecting the inherent dangers associated with these tubes 
and handling them accordingly. Careless handling of radio
active tubes leads to apprehension and perhaps to serious 
biological injury; in extreme cases it may lead to eventual 
death. 

3-109. RADIOACTIVE TUBE IDENTIFICATION. 

3-110. Electron tubes which contain intentionally added 
radioactive material require special marking in accordance 
with the requirements of Military Specification MIL-M-
19590. The fact that an electron tube may be marked with 
the conventional Atomic Energy Commission (AEC) warn
ing symbol following the tube type number does not neces-

sarily mean the tu~e is a serious hazard; it indicates only 
that the tube contains a radioactive material. When the 
level of activity for a radioactive isotope added to a tube 
exceeds a specified value, the conventional AEC symbol 
is supplemented by the addition of the word "DANGER" 
placed above the AEC symbol. 

3-111. An electron tube is to be identified not only by 
the conventional AEC symbol but also by the word 
"DANGER" placed above the symbol when the tube con
tains one of the following radioactive materials in excess 
of the level indicated: radium 226 (Ra 226) exceeding a 
level of 0.1 microcurie; cesium 13 7 (Cs 13 7), cobalt 60 
(Co 60), or nickel 63 (Ni 63) exceeding a level of 1.0 
microcurie; carbon 14 (C 14) exceeding a level of 5.0 
microcuries. · 

3-112. HANDLING AND DISPOSITION. 

3-113. Information pertaining to the handling and dis
position of radioactive electron tubes is contained in T.O. 
00-110-7. This technical order also contains a listing of 
electron tubes known to contain radioactive materials. 

3-13/3-14 
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SECTION Ill 

INFRARED HAZARDS 

3-114. GENERAL INFORMATION. 

3-115. INFRARED SPECTRUM. 

3-116. Infrared radiation is a form of electromagnetic 
radiation. Its spectrum lies between the microwave por• 
tion of the electromagnetic spectrum and visible light. The 
infrared spectrum is frequently divided into. three arbi
trary bands: near infrared (near visible light), middle infra
red, and far infrared. 

3-117. Wavelength in the radio-frequency spectrum is 
measured in meters, centimeters, or millimeters; and in the 
regions near visible light, as microns (1 micron equals lo-4 
centimeter) or angstroms. It is generally found more con
venient to express wavelength in the infrared region in 
terms of the micron. The near infrared band wavelengths 
are 0. 75 to 3 microns, the middle infrared band wave
lengths are 3 to 30 microns, and the far infrared band 
wavelengths are from 30 to approximately 1000 microns. 

3-118. Figure 3-10 illustrates a portion of the electro
magnetic spectrum to establish the spectral relationship of 
infrared radiation to other electromagnetic radiations. As 
the illustration suggests, the far infrared ·region is not 

clearly defined, but in recent years the development of 
improved infrared detectors has enabled measurements to 
be extended into the longer wavelength far infrared region 
of 900 to 1100 microns. 

3-119. A characteristic of the infrared portion of the 
electromagnetic spectrum permi'ts the waves to be readily 

. absorbed and the energy converted into heat. Infrared 
radiation does not exist as heat waves. It behaves as do 

· radio or light waves and is transmitted in the same. man
ner through air or vacuum. Infrared radiation can be 
refracted and reflected according to the laws of optics, since 
infrared and visible light are of the same nature .. The fact 
that infrared radiation is readily converted into thermal 
energy when it strikes an object distinguishes it from other 
types of electromagnetic radiation.· 

3-120. PASSIVE AND ACTIVE INFRARED 
. SYSTEMS. 

3-121. Passive infrared systems are systems that function 
to detect infrared radiation emitted by objects (targets). 
Active infrared systems function in a manner similar to 
radar, iri that an infrared source generates and radiates 
energy which is reflected from objects and is then detected. 
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The active infrared system represents the greatest hazard 
to personnel, since the infrared source generally produces a 
searchlight type of beam, which is filtered to remove any 
radiation in the form of visible light. 

3-122. Passive and active infrared systems are employed 
for tactical communications, beacons, reconnaissance, sur
veillance, recognition, navigation, airborne proximity 
warning, direction finding, tracking, homing, fire control, 
bombing, and missile guidance, to name a few of the mili
tary applications. Infrared is also used in the fields of 
photography, chemistry, astronomy, criminology, physio
therapy, and has many industrial applications. 

3-123. RADIATION HAZARDS TO P~RSONNEL. 

3-124. The human eye is susceptible to damage by infrared 
energy, since the energy may cause the development of 
cataracts or opacities similar to the damage caused by radio
frequency and ionizing radiations described in paragraph 
2-158. Infrared is invisible and it is therefore possible that 
personnel may interrupt an infrared beam (from an active 
system) without being aware of the fact. This danger does 
noJ exist where only passive systems are in operation. 
Usually, the danger is not too great because personnel will 
sense the heating effects of infrared and thus be alerted 
before damage occurs, assuming they have knowledge of 
the presence of a nearby active infrared system. However, 
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it is possible for the eyes to be damaged before the heating 
effects provide sufficient warning. It is not advisable to 
stare into a source of intense infrared radiation, even 
though the source is equipped with a filter and all visible 
light is removed. 

3-125. BENEFICIAL EFFECTS OF INFRARED. 

3-126. Infrared radiation is especially useful in physio
therapy because of its heat-producing effect. Physiotherapy 
is a form of treatment which makes use of certain physical 
agents rather than drugs or surg~ry and depends greatly 
upon the use of infrared radiation to generate heat in body 
tissues. Infrared rays penetrate the skin, and their energy is 
absorbed by body tissues and dissipated into the circulating 
blood. As the temperature of the tissue is raised, the blood 
circulation increases, resulting in a proportional increase in 
the rate of biochemical reactions. Thus, the process of 
healing is accelerated. 

3-127. Infrared radiation stimulates sensory nerve endings 
in the skin, and initiates the flow of pleasant impulses to 
the brain. These pulses take over some of the nerve chan
nels used to transmit pain and thus help to relieve pain and 
promote healing. Such treatment is especially helpful in 
treating disorders of tendons, joints, and muscles located 
within penetrating depth of. infrared radiation. 
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SECTION IV 

FUEL HAZARDS 

3-128. GENERAL. 

3-129. The development of higher-powered communica
tions-electronics equipments has stimulated extensive re
search into fields of many possible types of natural and 
man-made hazards. The degree of hazard involved can be 
expected to increase as new higher-powered equipments 
ar~ produced am! programmed for installation at various 
sites. Present operational sites and those in the planning 
stage will require careful consideration of the hazards 
which may be generated by the installation of future equip
ments. The refueling of aircraft (or missiles) and the loca
tion of fuel storage and handling facilities in proximity to 
equipments propagating radio-frequency energy: create 
possible fuel hazards which must be fully evaluated in 
terms of the safety of operations. Investigation may reveal 
the necessity for relocation of refueling and fuel storage 
facilities, relocation of the existing or propose& communi
cations or radar equipment and antennas, or both, where 
other safety measures may fail to provide a satisfactory 
solution to the radiation hazard problem. 

3-130. Much of the experimental data available concern
ing fuel hazards has resulted from research accomplished 
by the Navy Department, Bureau of Ships, in coping with 
radiation hazards aboard naval vessels where limited space 
and a large number of communications-electronics equip
ments contribute to extremely complex situations. An ex
ample of such a situation is the refueling of aircraft aboard 
carriers while communication transmitters and radar equip
ments are in operation. 

3-131. This section describes some of the conditioQ.s which 
constitute a fuel hazard at installations where refueling and 
communications-electronics facilities are located in prox
imity to one another and establishes the fuel hazard criter-

. ion. It also provides information for expressing the fuel 
hazard criterion in. terms of average power for a particular 
radar set, thus enabling personnel to determine whether a 
fuel hazard exists. In addition, this section includes several 
safety measures to permit operation of radar equipment in 
proximity to aircraft refueling operations without en
dangering ground personnel or aircraft. 

3-132, FLASH POINT. 

3-133. The flash point of a volatile liquid is defined as 
the lowest temperature at which it gives off vapor near the 
surface of the liquid in sufficient quantity to form flamma
ble mixtures with the surrounding air. The flash point de
termines to a great extent the potential hazard of handling 
aircraft fuels. Petroleum products such as gasoline, certain 
solvents, and most crude oils give off flammable vapors at 
or below 80°F, and are the most hazardous petroleum 
products to handle for this reason. Petroleum products such 

as kerosene, light and heavy fuels, and l_ubricating oils have 
a flash point above 80° F and are less hazardous to handle. 
For example, kerosene has a flash point of approximately 
115 ° F and will not ignite at ordinary atmospheric tempera
tures, whereas gasoline has a flash point of approximately 
-45°F, and readily gives off flammable vapors above this 
temperature, and therefore represents a greater hazard. 

3-134. FACTORS NECESSARY FOR COMBUSTION. 

3-135. There are three important factors necessary for the 
occurrence of a fire, namely fuel, oxygen, and heat. These 
factors are briefly described in the following paragraphs 
because they are directly related to the fuel hazard problem. 

3-136. FUEL. 

3-137. Vapor must be present when a volatile fuel burns. 
It is not the substance in its solid or liquid form which is 
consumed by the flame, but is the vapor of the substance in 
combination with the oxygen of the air. Thus a volatile 
substance held in a flame will not catch fire until it has been 
heated to the point where vapor is given off. As stated in a 
previous paragraph, several petroleum products give off 
flammable vapors at temperatures below 80°F and are 
therefore a greater fire hazard at lower ambient tempera
tures than petroleum products with a higher flash point. 
For example, gasoline is a highly volatile, flammable 
product and will vaporize at ordinary temperatures and 
pressures. Therefore, gasoline readily furnishes the first 
factor necessary for combustion, that is, fuel in the form 
of vapor. 

3-138. OXYGEN. 

3-139. When gasoline vapor is combined with air in the 
proper proportion, the result is an explosive mixture which 
can be set off by a spark or a flame. When the mixture is 
ignited, a violent explosion results, followed by a fire if 
liquid gasoline is present. Air at ordinary atmospheric 
pressures and temperatures can absorb as much as 28 per
cent of gasoline vapor by volume; the amount of vapor 
absorbed depends upon the volatility and grade of the 
gasoline, with the most volatile grades resulting in the 
highest absorption percentages. 

3-140. The lower limit for the formation of an explosive 
mixture of gasoline vapor and air (oxygen) is about 1 per
cent gasoline vapor by volume, while the upper limit is 
about 7 percent gasoline vapor by volume. Thus, if from 
1 to 7 cubic feet of gasoline vapor were mixed with 100 
cubic feet of air, the resulting mixture would readily ignite 
or explode in the presence of a spark or flame. An explo
sion will not occur if the mixture of vapor and air is either 
too rich (vapor content greater than 7 percent by volume) 
or too lean (vapor content less than 1 percent by volume). 

3-17 
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3-141. HEAT. 

5-142. Sufficient heat is necessary to raise the fuel vapor to 
its ignition temperature, at which time an explosion occurs. 
The principal sources of heat which may ignite flammable 
vapors are: lighted cigars, cigarettes, etc; matches; radio, 
radar, and electrical equipment; internal combustion en
gines and exhausts; welding and cutting torches; static 
electricity; and open flames. Many times these sources of 
heat are supplied unintentionally, and it is for this reason 
that all areas where gasoline vapor may be formed are to 
be considered as hazardous areas. It is extremely important 
that all possible ignition sources be eliminated from such 
hazardous areas or that they be effectively controlled so as 
not to create ignition hazards. 

3-143. VAPOR SOURCES. 

3-144. Aviation fuels are fire and explosion hazards only 
in vapor form. It is almost impossible to avoid all vapor 
formation in refueling and defueling operations; however, 
it is important to prevent the unnecessary formation of 
vapors. Ground handling crews have been thoroughly 
indoctrinated in Air Force policy regarding the refueling 
of aircraft, and therefore avoid placing themselves, the 
aircraft, and the servicing equipment in a hazardous situa
tion. However, in spite of the strict safety precautions 
taken, it is still possible for radio-frequency radiation or 
other ignition hazards to exist unknown to the ground 
crew. 

3-145. Vapors have flammable ranges of ignition. A 
vapor-air mixture below the flammable range will be too 
lean to burn, and a mixture above the range will be too 
rich to burn. Fuel vapor is heavier than air and will collect 
at ground level after free fall from wing tanks or from other 
fuel spills. The heavy vapor is capable of movement in the 
atmosphere at ground level, may travel considerable dis
tances downgrade because of its density, and dissipates very 
slowly. Since gasoline vapor is persistent and is capable of 
movement in the atmosphere, it is subject to possible igni
tion at some distance remote from the point of origin, and 
the flame will travel back to the point of origin if the vapor 
trail is unbroken. This is called a "flashback," and it is 
extremely dangerous to personnel and equipment trapped 
by such an occurrence. Leaks, spills, and overflows from 
refueling operations are common sources of vapor. There
fore, it is important that all aviation fuels be handled with 
the greatest care, to prevent unnecessary formation of 
vapor resulting from careless acts. 

3-146. STATIC ELECTRICITY. 

3-147. Static electricity, which is the source of static 
sparks, is a constant threat to safe aircraft fueling opera
tions. Dangerous static charges can be accumulated and 
discharged in such a manner that fires and explosions result 
unless proper precautions are taken. · 

3-148. Static electricity can be generated in many ways. It 
. can be generated by fuel flowing through a hose, or even 

by fuel falling freely through the air. Static electricity can 
also be accumulated through induction from an electrically 
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charged atmosphere. However, the most common manner 
in which static electricity is generated is by friction between 
dissimilar substances. When two dissimilar materials make 
physical contact and then are separated, a charge of static 
electricity is nearly always produced. The presence of static 
electricity is often not detected until a discharge or spark 
occurs; this of course increases the danger of explosion 
during aircraft fueling. 

3-149. The generation of static electricity cannot be pre
vented, nor can the formation of flammable vapor be pre
vented. Static electricity, then, is hazardous only because of 
the possibility of its being discharged in the form of a spark 
of sufficient energy (heat) to ignite flammable vapor. 
Sparks from static electricity occur only between objects 
(fuel containers, aircraft, or fuel servicing equipment) of 
different electrical potential or charge; there can be no 
spark between equally charged objects. If, in an aircraft, 
all the individual metallic parts of the airframe are 
"bonded" or connected electrically, static current will flow 
until potentials are equalized throughout the airframe. If 
no electrical path is provided, the charge will build up on 
the insulated portions of the airframe. If the charge be
comes sufficiently large, or if the distance to a point of 
lower potential or to the ground is reduced, the static 
charge will jump the gap as a spark. Under favorable con
ditions this static discharge is as capable of igniting flam
mable vapors as the discharge across the electrode gap of 
the spark plug in an internal combustion ei:igine. 

3-150. It is impossible to prevent the presence of flamma
ble vapors near fuel tank filler openings. Therefore, any 
static that accumulates on the aircraft or on the fuel-serv
icing truck must not be permitted to discharge as a spark. 
This is accomplished by furnishing a low-resistance path 
for the static charge to follow; that is, a "ground" is pro
vided at the truck and at the aircraft, and a "bond" is pro
vided between the truck and its hose nozzle to the aircraft. 
Proper grounding drains off the static charges; proper 
bonding equalizes the static potentials. If both grounding 
and bonding are accomplished, no spark will result. When 
proper grounding and bonding procedures are followed by 
ground servicing personnel, static electricity is safely dissi
pated, and the hazard from this source is eliminated. 

3-151. AIRCRAFT FUEL-SERVICING PRACTICES. 

3-152. Safety regulations require static grounding on all 
fuel, oil, and oxidizer dispensing equipment such as semi
trailers, trailers, trucks, hose carts, drums, containers, etc, 
prior to and during the transfer of combustible fuels (gaso
line, JP fuels, etc), oils, and oxidizing agents (rocket pro
pellants, etc). In addition, to insure positive discharge of 
static electricity from the aircraft during all refueling, de
fueling, or tank purging operations, a minimum of two 
ground wires from different points on the aircraft to be 
serviced are used. The use of two wires prevents unground
ing of the aircraft due to the accidental disconnection of a 
ground wire. Typical points usually specified for ground
ing an aircraft are the main landing gears, the nose gear, 
and the tail mooring loop. 
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3-153. Personnel engaged in fueling or defueling aircraft 
by either the over-the-wing or the single-point method are 
required to take positive action to insure that proper 
grounding of the aircraft is accomplished. After the aircraft 
is grounded, all other servicing equipment used in fuel 
handling are bonded together and to the aircraft. Before 
dispensing any fuel to the aircraft, fuel handling personnel 
are responsible for the proper grounding (bonding) of fuel 
discharge nozzles to the aircraft. Fuel discharge nozzles are 
grounded to the aircraft using a wire cable connected to 
grounding receptacles on the airframe provided for the 
purpose. However, the practice of grounding and bonding 
of aircraft to eliminate the static discharge hazard does not 
completely eliminate the r-f radiation

1
hazard, since a spark 

resulting from induced r-f voltages can also cause ignition 
of flammable vapors. 

3-1 54. RADIO-FREQUENCY IGNITION OF 
FUEL VAPORS. 

3-155. GENERAL. 

3-156. Radio-frequency hazards can be classified into three 
general categories: hazards to humans, ignition of volatile 
liquids (fuel hazard), and ignition of electro-explosive de
vices (ordnance hazard). This section of the technical 
manual is concerned primarily with the ignition of volatile 
liquids by r-f induced sparks. Since large quantities of fuel 
are handled in proximity to high-powered transmitters 
aboard aircraft carriers, the U.S. Navy has conducted con
siderable research in the field of fuel hazards. Much of the 
available information is based upon carrier-type opera
tions, but the findings are equally applicable to land-based 
operations. 

3-157. R-f energy constitutes a hazard to humans when
ever metallic objects are handled in the vicinity of high
_powered communications transmitters. For example, a 
plane crew handling aircraft in the vicinity of a transmit
ting antenna may receive r-f burns of the skin when the 
aircraft is touched by hand. The hazard exists in any strong 
r-f field when contact is made with a metallic conductor 
which has induced r-f currents strong enough to burn the 
skin of the human body. Measurements made aboard a 
carrier from an AD-6 naval aircraft to ground, in proximity 
to a high-frequency antenna radiating an estimated 1400 
watts, revealed r-f currents in excess of 1 ampere and 
voltages as great as 300 volts. In contrast to these measure
ments, the threshold of r-f perception (by touch) for an 
average man has' been experimentally determined as 12 
milliamperes at a frequency of 10 kHz. Aircraft handlers 
aboard carriers have observed the occurrence of sparks at 
various points on the aircraft structure when touched by 
portions of the human body or by metallic objects (such as 
tools) held in the hand. This phenomenon has given cause 
for a great deal of concern as to the possibility of aviation 
gasoline vapors being ignited by the occurrence of r-f 
induced sparks. 

3-158. RESULTS OF FUEL HAZARD 
INVESTIGATIONS. 

3-159. In order for gasoline vapor to be ignited by a 
spark, the following conditions are necessary: 

· a. The presence of a gasoline vapor-air mixture which is 
between the limits of flammability. 

b. A spark of sufficient .energy to cause ignition of the 
vapor-air mixture. · 

c . .A gap, across which the spark may occur, having a 
c~rtain ~!nimum spacing called the "minimum quenching 
distance. · · 

3-160. In a previous paragraph of this section it was stated 
that the lower limit of flammability for most gasoline is 
near 1 percent by volume of gasoline vapor in air; and that 
the upper limit is near 7 percent by volume of gasoline 
vapor in air. The results of a survey conducted by the Naval 
Research Laboratories indicate that explosive mixtures can
not be detected more than 6 inches horizontally or 5 inches 
vertically from gasoline spills at ambient temperatures of' 
52° to 64°F, even in the absence of air cui:rents which 
would tend to dilute the mixture. Where there was a guid
ing surface below the point of vapor release, and no air 
-currents to dilute the vapor, flammable vapors traveled 
greater distances downhill from the point of origin. For 
example, gasoline vapor-air mixtures greater than the lower 
flammability limit were forced out a filler hole during re
fueling of an aircraft and flowed down the fuselage and 
wing surfaces. The dilution of the mixture by air was suffi
cient to cause the mixture to approach the lower flamma
bility limit at the trailing edge of the wing. After leaving 
the trailing edge of the wing, the mixture became diluted 
to less than a flammable concentration (gasoline vapor less 
than 1 percent by volume) within 6 inches of free fall 
through ambient air. The conclusion of this survey was that 
the handling of aviation gasoline under normal operating 
conditions and at cool weather temperatures does not result 
in a flammable atmosphere except in close proximity to the 
aircraft being refueled or to gasoline spills. This conclusion 
does not take into consideration the possible release of 
large quantities of gasoline as a result of various accidents 
or the effects of spilling liquid gasoline on much hotter 
surfaces. It is believed, however, that hot weather condi
tions will greatly increase the area normally considered to 
be hazardous during refueling operations. 

3-161. The amount of energy required in a spark to ignite 
a flammable gasoline-air mixture has not been fully deter
mined. Laboratory experiments conducted to date have 
been primarily based on the use of d-c type sparks. Also, 
considerable difficulty is experienced in the laboratory in 
obtaining gasoline vapor-air mixtures which can be pre
cisely controlled and readily duplicated. Therefore, pro
pane is used in lieu of gasoline because its ignition char
acteristics are similar to those of gasoline and it is easier to 
meter in the proper proportions with air to provide the 
control necessary for laboratory experimentation. Thus, it 
has been determined experimentally that 3.05 x I0-4 watt
seconds of energy is required in a spark of 0.01 to 1.0 
microsecond duration across a plain electrode gap to ignite 
a propane-air mixture. The minimum quenching distance 
for the electrodes used with propane was found to be 1. 75 
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mm (0.0689 in.). The amount of d-c voltage required to 
break down an air-gap of this dimension is approximately 
2500 volts; the amount of r-f volt.age required to break 
down a similar gap is unknown but it is believed, until 
proven otherwise, to be approximately the same as the d-c 
voltage value. 

3-162. The minimum gap distance across which the spark 
must discharge will have an effect upon the possible igni
tion of a flammable mixture. If the gap distance is smaller 
than a minimum value, the spark (flame) occurring at the 
gap will be quenched through the removal of heat (energy) 
by the gap electrodes themselves; therefore, a flammable 
mixture will not be ignited. However, if the voltage 
gradient is large and the gap distance is 

1
above the mini

mum quenching distance, the spark (flame) will have suffi
cient energy (heat) to ignite a flammable mixture. The 
minimum quenching distance is dependent upon the size 
of the electrodes, the nature of the dielectric (in this case 
the density of the vapor-air mixture), the ambient tempera
ture and pressure, and, to some extent, the characteristics 
of the electrode material(s). The voltage required to break 
down the gap depends upon the density of the dielectric 
and the electrode spacing, assuming that there is no ioniza
tion between the electrodes which could cause a breakdown 
at a lower voltage. The dielectric strength of the atmos
phere between the gap electrodes increases with increasing 
density; therefore, the greater the density of the vapor-air 
mixture, the greater the voltage gradient required to break 
down a fixed gap. Also, once the breakdown occurs, the 
gap distance may be increased without extinguishing the 
spark. This increase in gap distance is possible because of 
the heating of the electrodes by the current flow, which is 
concentrated within a decreasing area on the electrodes as 
they separate. This, in turn, causes the emission of electrons 
due to the rise in temperature in the smaller condtlcting area 
of the electrode. Sparking will continue until the gap di
mension has increased to a point where the gap resistance 
no longer permits sufficient current flow to maintain elec
tron emission temperature at the surface of the electrodes. 
Thus, the ionization between the electrodes ceases because 
of decreased electron current flow, and the spark is ex
tinguished. 

3-163. It should be noted that when a parallel-resonant 
tuned circuit is placed across the electrodes of a gap in an 
::-f field, sparks are more easily produced because of a 
resonant rise in voltage across the tuned circuit, which is 
tuned to the applied frequency. Therefore, it is conceivable 
that at some frequency the bonding or grounding wire 
used to dissipate static electricity during refueling opera
tions may actually be resonant at the transmitted frequency 
(or a harmonic thereof). Note that a half-wavelength in 
free space for frequencies of 3 mHz and 30 mHz is 164 
feet and 16.4 feet, respectively, while a half-wavelength at 
frequencies of 300 mHz and 3000 mHz is only 19.68 inches 
and 1.97 inches, respectively. Although the parts connected 
by the bonding or grounding wire are at the same static or 
d-c potential, these parts are connected by a length of wire, 
which may represent a relatively high impedance to radio 
frequencies. Thus, these parts are in effect virtual elec-
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trodes of a spark gap, and when an r-f field is present a 
relatively high r-f voltage may be developed between 
them. Thus, if the gap dimension is sufficiently small, a 
spark may be produced by breakdown of the vapor-air 
dielectric between the electrodes of the gap, and ignition of 
flammable vapors can occur. 

3-164. Electronic equipment radiating r-f energy will 
cause voltage to be induced in objects which approach 
resonance or are resonant to the transmitted fundamental 
frequency or one of its harmonic frequencies. The prox
imity and position of the radiating antenna(s) and the direc
tivity and polarization of the beam relative to the conduc
tive object will govern the amount of induced voltage 
present. Such induced voltages may cause shock or r-f burns 
to personnel or may produce open sparks when contact be
tween conductive objects is made or broken. For example, 
tests indicate that high r-f voltages are induced in metal 
tools, common lead pencils, etc, near the center of the 
radar beam where the radiated power density is the high
est, and that the resulting discharge may cause an arc of 
sufficient intensity to ignite gasoline vapors. It is also possi
ble that light metals in the beam may become heated suffi
ciently to ignite flammable vapors. 

3-165. When proper precautionary measures are taken by 
fuel handling personnel, electronic transmitting equipment 
on any frequency, with a rated output of 100 watts or less, 
may be safely operated during the handling of volatile 
liquids or gases, or during refueling operations involving 
delivery of gasoline from hoses, spouts, or cans, or at any 
location where gasoline vapors are present. Personnel 
should be constantly alert to the fact, however, that elec
tronic transmitting equipment can cause hazardous voltages 
to be induced in various fuel-handling equipments, metal 
structures, and aircraft which are in the same plane as the 
radiating source. For maximum safety, the recommended 
safe minimum separation distances for fuel handling opera
tions, as obtained from published data, by calculation, or 
by actual measurement, should be observed at all times. 

3-166. FUEL HAZARD CRITERION. 

3-167. GENERAL. 

3-168. After much research into the fuel hazard problem, 
it has been determined that a peak power density of 5 
watts/cm2 or less can be considered safe. On the basis of 
this data, all areas in which the peak power density exceeds 
5 watts/cm2 are to be considered hazardous areas for refuel
ing operations regardless of the source of r-f energy. Note 
that the hazard not only may result from the installation of 
higher-powered equipment at presently operational facili
ties previously considered safe, but also 'may arise when a 
mobile version of a radar ,set is sited near refueling facili
ties, or when airborne radar equipment is energized during 
ground checks in proximity to refueling operations. More
over, the use of radar sets equipped with antennas to pro
vide lower beam angles for approach and guidance control 
will also present problems not normally encountered with 
tower-mounted ground radar systems. 
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3-169. The use of theoretical calculations together with a 
consideration of antenna radiation patterns may be suffi
cient to determine fuel hazard areas. However, the final 
decision should be based on actual field measurements 
which take into consideration the possible existence of re
flections. If adequate power measuring equipment is not 
available, then theoretical "far field" calculations corrected 
for "near field" effects (as outlined in Chapter 4) should 
be used as an interim measure to determine hazardous areas 
in which a peak power density of 5 watts/cm2 can occur. 

3-170. FUEL HAZARD CRITERION IN TERMS OF 
AVERAGE' POWER. 

3-171. The fuel hazard criterion expressed in terms of 
peak power density per unit area, 5 watts/cm2, can also be 
expressed in terms of average power for a given radar set. 
Once the average power density corresponding to the peak 
power of 5 watts/cm2 has been determined, then the maxi
mum fuel hazard distance for the radar set can be calcu
lated or can be determined f~om actual field measurements. 
Because the duty cycle (d. c.) of a radar set represents the 
ratio of the average power to the peak power in a pulse, the 
average power density represented by a peak power of 5 
watts/cm2 can be calculated for the radar set if the duty 
cycle is known. The average power can be determined by 
using the formula : · 

where: Pavg = average power, in watts/cm2 

d. c. = duty cycle of the radar set 

Ppk = peak power, in watts/cm2 

therefore, the average power density corresponding to a 
peak power of 5 watts/cm2 for a given radar set can be 
expressed as : 

Pnvg = 5 w/cm2 x l c. 

3-172. Assume, for example, that a given radar set has a 
duty cycle of 0.0012. Using the formula Pavg = 5 w/cm2 x 
d. c., the average power density corresponding .to the fuel 
hazard criterion is calculated as follows: 

Pnvg = 5 w/cm2 x 0.0012 = 0.006 w/cm2 

Thus, the distance at which the calculated or measured field 
intensity yields an average power density of 0.006 w /cm2 
represents the maximum distance from the radar antenna at 
which a fuel hazard exists for the radar set in question. 

3-173. COMPARISON OF MAXIMUM FUEL 
HAZARD AND PERSONNEL .HAZARD 
DISTANCES. 

3-174. Apparently some confusion exists on the part of 
personnel in the belief that the maximum fuel hazard dis
tance, corresponding to a peak power density of 5 watts/ 
cm2, is always a greater distance from the antenna than the 

maximum personnel hazard distance, corresponding to an 
average power density of 0.01 watt/cm2. This is not always 
true, and may indicate a failure to appreciate the signifi
cance of the radar duty cycle. In general, the following rule 
is applicable: If the duty cycle is less than 0.002, the maxi
mum fuel hazard distance is greater than the maximum per
sonnel hazard distance; if the duty cycle is greater than 
0.002, the maximum fuel hazard distance is less than the 
maximum personnel hazard distance and, therefore, lies 
closer to the antenna. If the duty cycle is exactly 0.002, the 
maximum fuel hazard and personnel hazard distances coin
cide, since a peak power of 5 watts/cm2 times a duty cycle 
of 0.002 is equal to an average power density of 0.01 watt/ 
Cm2 (5 watts/cm2 X 0.002 = 0.01 Watt/cm2). 

3-175. For example, Radar Set AN/FPS-6 has a duty cycle 
of 0.00072. When the radar is operating at its highest 
power output, the peak power density of 5 watts/cm2 for a 
fuel hazard exists at a distance of 750 feet from the antenna, 
while the average power density of 0.01 watt/cm2 for a 
personnel hazard exists at 350 feet. By contrast, Radar Set 
AN/FPS-20 has a duty cycle of 0.00216. When it is operat
ing at its highest power output, the maximum fuel hazard 
distance is 290 feet from the antenna, while the maximum 
personnel hazard distance is 300 feet. In this latter exam
ple, the maximum fuel hazard distance from the antenna is 
10 feet less than the maximum personnel hazard distance 
and, therefore, lies closer to the antenna. Thus, the assump
tion that the maximum fuel hazard distance is always 
greater than the maximum personnel hazard distance is 
false. 

3-176. FUEL HAZARD PREVENTION. 

3-177. EQUIPMENT SITING. 

3-178. The location of facilities for personnel housing, 
fuel storage and handling, ordnance storage and handling 
(including missiles) with respect to near-by communica- · 
tions-electronics equipment and the associated r-f propaga
tion is given extensive study during the site planning phase. 
Planned utilization of shielding offered by natural terrain 
features often eliminates the need for large tracts of ex
pensive real estate which would otherwise be required in 
order to obtain satisfactory separation of facilities. The 
minimum separation distances can be less when the terrain 
features "shade" the facilities from direct illumination by 
the radar beam or when the facilities lie below the beam. 

3-179. Siting criteria for various types of communications
electronics facilities may be found by reference to Technical 
Orders T.O. 31-1-13, T.O. 31-1-16, T.O. 31R-10-3, and 
T.O. 31R5-l-9. 

3-180. SAFETY MEASURES. 

3-181. The refueling of aircraft must be accomplished in 
accordance with established regulations governing such 
operations. At some sites, the minimum separation between 
radar and refueling operations established at the time the 
site was being planned or was under construction may have 
included very little margin for growth; as a result, an in-
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crease in radar power output at these sites may create a fuel 
hazard problem. 

3-182. Basically, a fuel hazard problem exists whenever a 
peak power density of 5 watts/cm2 or higher occurs in an 
area where refueling operations are conducted. The first 
step in the solution of a fuel hazard problem is the deter
mination of power levels in the area. This is accomplished 
by calculation or by actual measurement of the energy 
fields. Power density measurements of fields in the vicinity 
of aircraft or refueling areas caused by radiation from com
munications transmitting antennas can be indirectly made 
using a field intensity meter which tunes the frequency 
range in question. (Measurements obtained in volts per 
meter can be converted to watts per square meter or watts 
per square centimeter.) Power density measurements of 
microwave and radar frequencies can be made using a 
power bridge. Standard measurement techniques are cov
ered in Chapter 4 of this technical manual. 

3-183. All radars in proximity to refueling operations 
which have been determined capable of generating suffi
cient power to cause a fuel hazard will be required to ob
serve strict safety control measures during refueling opera
tions. Each operational facility will require individual study 
to determine the operational procedures that should be 
used and the safety devices that should be installed to 
permit operation of fueling facilities in complete safety. 
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Typical measures that may be employed to prevent hazards 
during refueling operations are as follows: 

a. Reduction of radar power output to decrease the 
maximum fuel distance. This measure, of course, results in 
a sacrifice of radar performance and range. Note that tower
mounted equipment, by virtue of the antenna height above 
ground and the beam configuration, may not create hazards 
at ground level. 

b. Installation of sector blanking kits, or restricting the 
antenna rotation to a particular sector. Either measure has 
obvious disadvantages. 

c. Installation of limiting devices on the antenna to pre
vent its use at low tilt angles, or operationally restricting 
the use of elevation angles below a predetermined limit 
during refueling operations. 

d. The use of shielding offered by_ natural terrain, by 
buildings or similar obstructions, or by properly located 
reflecting screens to divert the energy, thus permitting 
refueling operations to take place in the "shadow" of such 
obstructions or screens. 

e. Requiring the offending radar to cease operation dur
ing refueling operations if all other measures do not pro
vide a reasonable margin of safety. Such action, of course, 
reduces the effectiveness of the defense network of which 
the radar is a part. Consequently, consideration should be 
given to relocating the fueling facility, radar facility, or 
both. 
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SECTION V 

ORDNANCE HAZARDS 

3.;_ 184. GENERAL. 

3-185. As previously stated in connection with the section 
devoted to fuel hazards, the development of higher-pow
ered communications-electronics equipment has stimulated 
extensive research into fields of ma9y possible types of 
natural and man-made hazards. Trends for the future indi
cate an appreciable increase in the power output of com
munications-electronics equipment, with a possible accom
panying increase in the radiation hazard problem. Through 
continued research in this field, it is hoped that means may 
be found to reduce the ordnance hazard more rapidly than 
the augmented power may tend to increase the hazard. 

3-186. Although research has resulted in the establish
ment of power density criteria to enable determination of 
what may constitute a personnel or fuel hazard, this is not 
the case for ordnance hazards. The only criteria available 
to date, for ordnance hazards, is contained in AFM 127-100. 
This criteria serves merely as a guide and is currently under 
revision. With the somewhat limited data presently avail
able, it is difficult to define measures which will enable 
operations of communications-electronics equipment in 
proximity to electroexplosive devices without some chance 
of endangering personnel or ordnance items. However, re
search into this and allied radiation problems is being con
tinued by the Department of the Air Force, Department of 
the Navy, and· Department of the Army. Therefore, this 
section of the technical manual is, of necessity, inconclusive 
and eventually subject to change. · 

3-187. This section describes some of the conditions which 
may constitute an ordnance hazard at installations where 
aircraft are armed with .ordnance items, or where missile 
operations are conducted in proximity to high-powered 
communications-electronics equipment. 

3-188. ELECTROEXPLOSIVE DEVICES (EED's). 

3-189. GENERAL. 

3-190. EED's are small-size pyrotechnic or explosive de
vices designed to function by the passage of an electric 
current through them which detonates an explosive charge. 
Explosives derive their usefulness from the fact that they 
liberate chemical energy in the form of heat which raises 
the gaseous products of decomposition to high pressure and 
temperature. -This provides systems which are capable of 
doing considerable quantities of work by expansion. 
Among such devices are: primers, detonators, squibs, blast
ing caps, igniters, initiators, dimple motors, etc. The basic 
EED is the squib, and this is the term which will be used 
throughout this section as a general term to include all 
types of EED's, without regard to its technical application 
to ordnance items. 

3-191. ADV ANT AGES OF USING EED's. Through 
proper control of EED's, the following advantages can be 
gained over other power soui"ces : 

a. High energy storage. 

b. Instantaneous response. 

c. High reliability. 

d. High efficiency. 

e. Minimum space and weight for power delivered. 

f. Low cost in relation to_power delivered. 

g. s·imple integration into systems. 

h. Wide diversity of applications. 

3-192. APPLICATIONS. EED's are used extensively and 
the list of applications continues to grow daily. Space activi
ties will increase this list. The following is a partial list of 
EED applications: 

a. Rocket Ordnance. 

(1) Igniter systems for liquid and solid propellant 
rockets. 

(2) Explosive actuation of battery systems. 
(3) Explosi~e mechanical detents. 

b. Guided Missiles. 

(1) Explosive actuation of relays, sw'itches, and valves. 
(2) Self-destruct systems. 
(3) Power for electric generators. 
(4) Power for gyroscopic guidance systems. 
(5) Power for control surfaces. 
(6) Separation of nose cones. 
(7) Inflation of floatation bags for recovery systems. 

c. Aircraft. 
(1) Jettisoning of wing tanks, pods, and cargo. 
(2) Ejection of bombs, seats, rockets, and canopies. 
(3) Lauµching of rockets and missiles. 
(4) Launch of aircraft. 
(5) Actuation of emergency hydraulic systems. 
(6) Starter units for jet engines. 
(7) Fuzes for bombs, rockets, and missiles. 

d. Shipboard. • 
(1) Primers for large guns. 
(2) · Fuzes and charges for mines, torpedoes, and depth 

charges. 
(3) Testing of firing circuits. 

e. Ground Ordnance. 
(1) Power for flame throwers. 
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(2) Primers and igniters for recoilless rifles. 

(3) Charges for ammunition. 

(4) Actuation of emergency braking systems. 

f. Industry. 

(1) Forming, shaping, and perforating of metal. 

(2) Explosive rivets. 

(3) Explosives for mining and wrecking. 

3-193. TYPICAL ELECTRIC SQUIB. 

3-194. The squib is the medium by which an electrical 
signal causes a flammable material to ignite. A typical 
electric squib is illustrated in figure 3-11, It is a simple 
device consisting of the flammable material in contact with 
an electrical transducer. It comes in numerous shapes and 
sizes, but all consist of four main components: The elec
trical leads, a filament or bridge across the leads, the ex
plosive material, and, the cylinder of metal in which these 
are enclosed. Generally, a heat-sensitive initiating bead 
located on the filament or between the ends of the two lead 
wires constitutes the bridge. The heat-sensitive bead is gen
eral!y a matchhead composition of potassium chlorate, anti
mony sulfide, and dextrin. The designer of a system using 
such devices is bound by certain• limitations. He must pro
vide that the squib will not be activated prematurely or 
unintentionally, especially by stray or spurious currents. 
On the other hand, the system cannot be so stable that it 
will make intentional activation difficult, impossible, or 
lengthy. A recent tendency has been to minimize the use 
of the term "squib" and to use "primer" instead, for the 
basic electroexplosive activating device. The reason for this 
is that almost all EED's contain some primer or booster 
charge. 

INSULATING 
PLUG 

CASE----_.., 

~LEG WIRES 

SUPPORT 
BLOCK 

IGNITION----+H.-.::g~t-H
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WIRE 
BEAD 
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figure 3-11. Typical Electric Squib 

3-24 

3-195. FIRING CURRENT. 

3-196. The current sensitivity of the squib is related to 
the resistance (per unit length and cross section) of the 
bridge wire, the voltage and the ignition temperature of 
the matchhead composition ignition bead. These variables 
will differ even when squibs are of the same design and 
composition. The bridge wire is usually an alloy of two or 
more metals combined to produce the desired resistance 
and thermal characteristics. Metals commonly used for this 
purpose are nickel, chromium, iron, platinum, iridium, and 
copper. The resistance of a typicai bridgewire designed for 
ordnance application may be only a fraction of an ohm to 
several ohms. The resistance of the filament or bridge 
changes the electrical energy to heat, causing the heat
sensitive bead to ignite, The whole process takes millisec
onds to complete. 

3-197. Another consideration is the characteristics of the 
ingredients chosen to form the ignition bead relative to 
the temperature at which ignition of the powder grains will 
occur. The thermal action of the resistance wire forming 
the bridgewire introduces a time delay in the ignition 
process. In general, the time delay decreases as the firing 
current is increased above the minimum firing value. For 
example, if a firing current of 0.5 ampere is applied to a 
certain type of squib at an ambient temperature of 70°F, 
the time delay before an explosion occurs is approximately 
27 microseconds, whereas the same squib at a firing current 
of 1.0 amperes has a time delay of only 9 microseconds. 

3-198. Values of minimum firing currerit may vary as 
much as ± 10 percent for a given type of squib. Also, a 
current which is below the minimum firing value may be 
passed through the bridgewire for several minutes before 
sufficient heat is developed to fire the ignition bead, if it 
fires at all. The highest amperage at which none of the 
squibs is activated is called the "no-fire" current; the lowest 
amperage which will energize all the squibs is the "all-fire" 
current. In practice, the current sensitivity of a squib is de
creased by placing a "shunt" in parallel with the bridgewire 
between the external leg wire of the squib. The shunt may 
merely consist of a piece of metal foil wrapped around 
bared sections of the leg wires. The addition of the shunt 
makes it necessary to use a higher firing current to detonate 
the squib. Also, since the shunt is in parallel with the 
bridgewire, the effects of static electricity are almost com
pletely offset because static discharge currents are shunted 
around the bridgewire. However, the placement of the 
shunt in the leg wires of the firing circuit may be critical 
with respect to the higher radio frequencies, therefore, the 
use of a shunt does not -rule out the possibility that r-f 
energy may fire the squib. 

3-199. BASIC FIRING CIRCUIT. 

3-200. The basic firing circ~it for a squib consists of a 
firing switch in series with the voltage source used to supply 
the necessary current to the bridgewire. The firtng circuit 
includes all electrical circuits and components between the 
trigger circuit initiation power source and the electro
explosive element of the squib. It is the wiring of the ex-
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ternal firing circuit which presents the greatest problem 
with regard to a possible r-f radiation hazard. To deny 
access of stray energy to squibs, and for a sound electro
explosive subsystem, the following are necessary: 

a .. Firing circuits should be isolated from other circuits 
and from each other, by means of individual shields. Indi
vidually-shielded firing circuits may be routed together in a 
common secondary shield: 

b. Trigger-circuit-firing shields should be grounded to 
the vehicle only at the initiator casing. The shield should 
have no discontinuities or gaps, and good electrical contact 
of the initiator case with the vehicle into which it is assem
bled should be insured. 

c. Static discharge resistors may be connected in parallel 
across the firing circuit as close to the bridgewire as possi
ble. Such a resistor provides a path of high resistance to 
firing-currents, through which any accumulation C/f static 
charges.can be dissipated. 

d. Firing-circuit wiring should be kept to a minimum. 

e. All conductors that connect the firing circuit with 
other weapon components, should be shielded. 

f. Carefully designed and tested r-f attenuating filter 
elements should be used to protect against nearby sources 
of r-f energy, such as airborne radar beacons, telemetry 
transmitters, very high power ground radars, etc. Tempera- • 
ture rise of the filter due to dissipation of r-f energy shQuld 
be isolated from the squib. 

g. Twist the firing-circuit wiring in order to maintain 
electrical balance and reduce induction. 

h. The trigger circuit should be in a completely shielded 
case and located as close to the initiator as possible. 

i. The trigger-circuit interface shoulq be designed to 
preclude actuation by a false signal from internal or. ex
ternal stray electrical energy. Extreme care must be exer
cised on any electroexplosive subsystem which does not 
meet the criteria listed above. 

3-201. R-F INITIATION OF SQUIBS. 

3-202. GENERAL. 

3-203. Military and commercial electric squibs are suscep
tible to detonation by r-f currents. The accidental firing of 
electroexplosive devices by r-f energy is not a new prob
lem. As long as tif teen years ago, commercial manufac
turers of blasting caps warned their customers of the poten
tial hazard involved in using electrically fired blasting caps 

. in the vicinity of radio transmitters. 

3-204. The response of a squib to an r-f energy field and 
the possibility of detonation depend on many factors, such 
as the power output (average or peak) and frequency of 
radiation from communications-electronics equipment in 
the vicinity, the polarization of the r-f energy field with 
respect to the plane of the firing circuit leads, antenna 
propagation ( directional) characteristics,. physical separa
tion distance between antenna and firing circuit lead wires, 
type and configuration of firing circuits as they may affect 

resonance and govern induced currents, shielding of squib, 
thermal time-constant of bridgewire, radar pulse repetition 
rate, radar antenna scan or rotation rate, etc. 

3-205. Because of the tactical uses and nature of ordnance 
items in which the squib is a necessary part, an accidental 
firing due to r-f ignition could have serious consequences. 
Therefore, until such times as thorough investigations of 
the problem reveal otherwise, it must be assumed t4at a 
hazardous condition exists whenever a squib device is ex
posed to a high-intensity r-f field. To insure against inad
vertent activation, stray current checks must be made of 
circuits into which EED's are to be inserted, immediately 
before such installation. 

3-206. Experiments have been conducted on ordnance 
items such as rockets and missiles, to instrument them by 
using thermocouples and thermal-sensitive paints to replace 
the squib in the weapon configuration. However, because 
of the many variables involved and the complexity of the 
problems, the .results are far from complete. The results 
obtained are not sufficiently conclusive to estimate the 
probability of accidental ignition for all squibs currently in . 
use. Where a high probability of ignition exists for a given 
squib, direct results can be obtained by exposing the wea
pon to a known field intensity and observing the "firing" 
of the squib. However, if the squib does not fire, little is 
gained from the ~~periment since, · without measured 
values, there is no indication-of how close the absorbed r-f 
energy may be to actually firing the squib. 

3-207. A large number of such "go, no-go" tests have 
been made, but only in a few instances have squibs been 
set off by r-f fields. In these cases it has been necessary to 
purposely idealize conditions to favor ignition, thus, simu
lating conditions which are not too .likely to occur in actual 
field use of the weapon system. Although many squibs 
have been tested in this manner, the number actually tested 
has been relatively small compared to the number of types 
and configurations in existence. In reality·therefore, inves
tigation of the r-f ignition problem has only scratched the 
surface, and much more work remains to be accomplished. 
Research projects presently in progress are intended to 
determine the r-f sensitivity of various squibs, and also to 
determine the r-f pickup and transmission chara~teristics of 
operational weapons handled during tactical operations. 
Information such as the ability of the weapon to absorb r-f 
energy in a known field, and transmit the absorbed power 
to its squibs when the weapon is handled normally, will 
prove invaluable toward assuring safe operations and the 
improvement of ordnance designs to reject r-f energy, thus 
reducing the possibility of a potential hazard due to acci
dental ignition. 

3-208. CAUSES OF DEFICIENCIES. 

3-209. An analysis of accident report files stresses the need 
for orienting design and development toward the elimina
tion of safety deficiencies, the prediction of hazards, and 
the prevention of inadverten.t firing of squibs and electro
explosive subsystems. The causes of many misfirings and 
accidental releases can be attributed to: 
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a. Human error. 

b. Incorrect and/or frayed wiring. 

c. Debris in electroexplosive subsystems caused by mois
ture, corrosion, loose washers, bolts, etc. 

d. Component failure. 

e. Transients induced in firing circuits from other sub
systems through vehicle cabling. 

f. Circulation currents in vehicle structure. 

g. Natural electromagnetic energy from surging elec
tricity, precipitation static, lightning strikes, etc. To mini
mize possible damage, lightning protection devices should 
provide the course of least resistance to ground. 

h. Electromagnetic energy from man-made sources, such 
as radio and radar transmitters, electromagnetic interfer
ence, etc. 

i. Accidental static discharges from personnel. 

3-210. The generation of static electricity is not the haz
ard. The hazard is created when charges are allowed to 
accumulate to the extent that an uncontrolled discharge 
occurs through, or in the presence of, a hazardous sub
stance susceptible to initiation, such as, a discharge directly 
through electrically initiated squibs. Personnel can collect 
a charge of static electricity by being in contact with mov
ing, non-conductive substances (blowing dust, certain types 
of clothing, etc) or coming in contact with a mass that has 
previously been charged (transport vehicles, etc). There
fore, personnel will be particularly careful in the presence 
of explosives in any form, to discharge themselves or equal
ize their static electrical potential to that of the explosives 
item to be handled, where circumstances are such that 
hazards may be created. 

3-211. Insure that personnel installing electroexplosive 
devices wear non-spark producing clothes, special conduc
tive shoes, and use grounded tools. Weapon systems may 
also be vulnerable to static discharges if the connecting 
wires from the actuating switch to the squib are not prop
erly shielded, that is, one that is continuous and adequately 
grounded at one point to the airframe, as close to the squib 
as possible. To achieve good grounding, mating surfaces 
should be of bare metal, smooth, and complementarily con
toured so that the surface area in actual contact will be 
maximum. 

3-212. Spurious currents may also be generated by test 
equipment, mistakenly used to test the continuity of a 
squib circuit. Standard ohmmeters generate a small current 
to measure the resistance of a circuit under test. This cur
rent, although small, may be great enough to energize a 
squib. Only prescribed testing devices and procedures 
should be used on squib circuits. 

3-213. ENVIRONMENTAL EFFECTS ON 
ELECTRIC INITIATORS, 

3-214. There are five major environmental factors that 
can affect the functioning of a squib. These are tempera
ture, vibration and shock, humidity and condensation, 
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storage conditions, and continuity testing. Let's briefly con
sider each in turn. 

a. Temperature. Temperature will vary the rate at which 
energy is released from the explosive. The higher the 
temperature, the faster the velocity of detonation. 

b. Humidity and condensation. The effect of humidity 
and condensation on moisture-apsorbing explosives is the 
rapid deterioration of the explosive itself. 

c. Vibration and shock. The result of vibration and 
shock is more of a physical change of assembly than a 
chemical change within the explosive itself. That is, the 
contacts or leads, bridgewires, separators, and explosive 
charges can be displaced. 

d. Storage. The effect of storage on the squib is its own 
spontaneous deterioration caused by age. 

e. Continuity testing. The effect of continuity testing 
on the squib is that the test current, though very small, 
heats the bridgewire slightly, and by repeated heatings can 
cause the primer-mix to form a hard scale on the bridge
wire. 

3-215. FACTORS AFFECTING THE DEGREE OF 
SAFETY OF SQUIBS. 

3-216. There are ten factors that affect the degree of squib 
safety: 

a. The shattering effect and power of the explosive com
ponents, that is, the more powerful an explosive, the more 
damage it will do if an accidental ignition occurs. 

b. The degree of sensitivity of the explosive used. The 
more sensitive an explosive, the more danger involved in 
using it. 

c. The degree of sensitivity of the initiator components. 
Since the initiator starts the reaction that ends in an ex
plosion or burning of the main charge, the sensitivity of 
these components is critical. 

d. The ability of the components to resist change. Any 
change will vary reaction times, safety, etc. This means that 
firing characteristics can no longer be predicted. Unpre
dicted or unreliable functioning is always dangerous. 

e. Materials used. Obviously, all materials used must be 
without defects. Defective materials are the cause of many 
accidents and incidents. 

f. The degree of confinement of the explosive. Confine
ment increases the power of the explosive, therefore, the 
greater the confinement, the greater the damage resulting 
from an accidental explosion. 

g. The tolerances permitted in the manufacture of the 
squib. The more critical the tolerances, the more suscepti
ble the device to accidental detonation. 

h. The displacement of the explosive components in the 
explosive train. ·Normally, the greater the displacement, 
the safer the component. The more closely packed (assem
bled) are the components, the more sensitive the device. 

i. The environment in which the squib is stored or func
tioned. As noted previously, environmental factors can 
change or degrade squib safety features. 
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j. The ability of the engineer to design a~d integrate the 
unit into a system. A poorly designed unit, or faulty in
stallation of a unit is an "accident looking for a place to 
happen." 

3-217. The following safety rules must be followed when 
working with squibs: 

a. Only qualified and authorized personnel will handle, 
install, remove, or dispose of squibs. 

b. Squibs will not be stored, handled, or installed with
out proper electromagnetic shielding. Squibs will be left in 
their containers until ready for installation. The criteria 
given in chart 6-1 of AFM 127-100 will be used as a guide 
in maintaining safe distance between the squib and a trans
mitting antenna. 

c. Squib leads will be twisted, shielded wire, with the 
shield grounded. Leads will not be untwisted into a loop, 
resonant dipole, or other effective type of antenna config
uration. 

d. Firing leads will be routed separately and isolated 
from electric power cables and radio frequency transmis
sion lines. During storage and handling, lead wires will be 
shorted together. 

e. Filament shunts, clips, or other short-circuiting de
vices in use, will not be removed except for continuity test
ing or when the squib is ready for immediate installation 
in the missile. 

f. Squibs will remain in their containers until imme
diately before they are to be installed. They will be stored 
in accordance with AFM 127-100. Only approved con
tainers will be used for transporting, storing, and testing 
these devices. 

g. Immediately before installation, a stray current check 
will be made of the circuit into which the squib is to be 
inserted. 

h. Squib parts will not be rubbed or polished. Lightning 
protection devices and grounding equipment will be used 
to eliminate static electricity. Outdoor activities will be 
curtailed during an electrical storm or when one is eminent. 

i. Only prescribed testing devices and procedures will be 
used on squibs or circuits in which they are installed. They 
will be tested only in designated areas using prescribed 
equipment by trained, author~zed personnel. 

j. Electrical connections will not be made to a squib in a 
system using an indicator-type safe and arm unless the 
indicator shows the device is in the safe position. 

k. Squibs will not be dropped, thrown about, or handled 
in any manner which will damage them or cause their acci
dental activation. They will not be carried in pockets, tool 
boxes, or similar unprotected places. 

I. Squibs wiil be kept away from open flame, prolonged 
direct sunlight, and heating and electrical equipment. 

m. Nonessential personnel will not be permitted in areas 
where a squib is being installed. 

n. Deteriorated or expended squibs will be disposed of 
as prescribed in applicable regulations and directives. 

3-218. FIRING-CIRCUIT SHIELDING 
CONSIDER A TIO NS. 

3-219. Design engineers have recognized the potential 
hazard inherent itt the design of weapons using electro
explosive devices, and efforts have been made to insure 
that ordnance items will not be accidentally fired by r-f 
energy. The present thinking is that the specification of a 
"minimum distance" from a source of r-f energy or a given 
level of power density to permit safe operation of a weapon 
cannot be tolerated as a solution to the problem, because a 
minimum distance cannot always be guaranteed in a tactical 
situation. Therefore, designs must be employed which are 
absolutely safe for use in any conceivable tactical situation · 
and radiation environment. 

3-220. The use of shielding.to protect the squib and firing 
circuit from r-f radiation is the most practical engineering 
approach toward achieving complete safety. As mentioned 
previously, the weapon which uses a squib to ignite solid 
propellants or other explosive materials and which requires 
external wiring for the firing circuit presents the greatest 
problem. The leg wires or umbilical cable of the firing 
circuit must be completely shielded to prevent transmission 
of r-f ~nergy to the squib. The leg wires themselves should 
represent a lossy transmission line to radio frequencies, 
preferably being fabricated from either parallel or twisted
pair wires with insulation of high r-f loss characteristics. 

3-221. Another approach to the problem is to employ a 
squib which has lower sensitivity and is still compatible 
with the firing source, but which requires higher firing cur
rent for initiation of the squib. The practice of using a 
shunt external to the squib to decrease the sensitivity is not 
a satisfactory solution, because the physical distance be
tween the squib and the shunt may be critical in terms of 
radar half-wavelength (or multiples thereof). If this is the~~- · 
case, the "shorting" action of a shunt may not be effe~ 
to r-f currents because the shunt, together with the leg 
wires, may form a virtual transmission line or a resonant 
circuit. As a transmission line, the shunt will have negligi-
ble effect upon the r-f current required to ignite the squib, 
but as a resonant circuit, it will favor ignition of the squib. 

3-222. Figure 3-12 illustrates several typical squib firing 
circuits. Part (a) of the figure illustrates a circuit in which a 
single, unshielded conductor is used to connect the squib 
to the firing source, and the case of the weapon provides a 
ground return. This circuit is undesirable since it has all 
the characteristics of a receiving antenna; its use is likely 
to result in the firing of a squib in the presence of an r-f 
field. 

3-223. Parts (b) and (c) of figure 3-12 illustrate improved 
circuits in which twisted-pair (or transposed-pair) and par
allel-pair wires are used for the firing circuit leg wires. 
These legs wires are insulated with high r-f loss insulation 
and are less likely to respond to an r-f field, therefore, there 
is little probability that induced r-f currents will fire the 
squib. 

3-224. Part (d) of figure 3-12 illustrates an excellent ap-
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Figure 3-12. Typical Squib Firing Circuits 

proach to the problem of shielding the external firing cir
cuit, whether it be a single firing circuit or a firing circuit 
combined with instrumentation and other control circuits 
in an umbilical cable. In this circuit arrangement, the firing 
circuit may be either twisted or parallel-pair wires enclosed 
within a single or double shield of copper braid. In the 
presence of an r-f field, the induced current will flow on 
the surface of the braided shield and will not affect the 
firing circuit. However, in order to be most effective, the 
shielding of the squib, firing circuit and switch, must be 
complete. Also, connections made through plugs and re
ceptacles must provide good r-f shielding and bonding 
between the braided shield(s) and the case of the weapon 
and associated firing-control device. 

3-225. It is possible to install suitable filters in the firing 
circuit to attenuate induced r-f currents. However, this is 
not a complete solution, since it is impossible to predict the 
frequencies to which the weapon may be exposed during 
combat or tactical operations. Another possible solution to 
the problem is to place the entire firing circuit within the 
weapon and shield it against r-f fields. The shielded firing 
circuit would include the squib and po"'.er source plus a 
firing switch in the form of a relay, which would be con
trolled remotely to fire the squib. A relay is insensitive to 
r-f currents and therefore would provide the r-f isolation 
necessary to protect the squib from accidental firing. The 
measures mentioned here will provide a high degree of 
safety, but they require considerable testing to prove them 
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safe in all conceivable r-f situations. In general, the more 
complete the shielding, the greater the safety factor against 
accidental firing in the presence of high r-f fields. 

, 3-226. Whenever there is doubt concerning the sensitivity 
of a squib, especially in a given circuit configuration, tests 
should be performed by qualified ordnance experts to
gether with personnel experienced in r-f propagation to 
determine the probability of accidental firing. Although 
field intensity measurements can be made in the vicinity of 
squib-firing weapons, unless complete data is available for 
correlation, the measurements wiH be meaningless, and it 
may be necessary to resort to a series of "go, no-go" tests to 
determine whether a hazard exists. 

3-227. THE EXPLODING BRIDGEWIRE. 

3-228. If sufficient electrical energy is suddenly dumped 
into a wire conductor of proper dimensions and material, 
the overloaded wire will literally and physically explode. 
In recent times, the explosive proneness of an overloaded 
wire conductor has been used to develop a new and safer 
family of squibs. For obvious reasons, these new devices 
have come to be identified by the initials EBW (Exploding 
Bridgewire). 

3-229. The essential components of an EBW system are 
(a) a power unit designed to charge a storage capacitor to a 
high voltage, (b) a trigger circuit, and (c) the ordnance 
device containing the initiating bridgewire and the ex
plosive mixture. If a d-c input is used, it must first be con
verted to a-c and then passed through a step-up high 
voltage transformer and, possibly a voltage doubler before 
it is rectified and applied to charge the storage capacitor 
which has a value of one microfarad and is charged to a 
potential of about 2000 volts. 

3-230. The trigger is a blocking or thyratron type device 
which breaks down on the application of the firing signal 
and permits discharge of the storage capacitor through the 
bridgewire of the squib. The time required for discharge is 
usually about two microseconds. 

3-231. Some disadvantages of an EBW system are its more 
complex circuitry, and hence, the cost is greater than the 
simpler, conventional types. They are still under develop
ment to verify their reliability and to determine methods of 
reducing the time required to activate arming devices. An 
improperly shielded trigger circuit can nullify all the ad
vantages of having an EBW system. Notwithstanding its 
disadvantages, there is no doubt the EBW is a safer device 
than is the conventional hot wire squib. For this reason it 
is steadily gaining popularity in ground, aircraft, and mis
sile applications where safety is of paramount concern. 

3-232. STORAGE OF SQUIBS. 

3-233. Squibs, as supplied by the manufacturer, should be 
and normally are shipped and stored in metal containers. 
These metal stqrage containers provide an almost perfect 
r-f shield, and protect the squibs from ignition by r-f fields. 
Furthermore, the squibs as supplied are generally packaged 
with the short-length leg wires folded or coiled so that 
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induced r-f currents tend to neutralize or cancel each other. 
Also, the squibs may be wrapped in metal foil, the ends of 
the bare leg wires may be twisted together, and a shunt 
may be installed on the leg wires. The storage sight should 
be shaded, well ventilated, and dry, and a constant tempera
ture maintained to the extent possible. Storage of these 
devices will ~e in accordance with AFM 127-100. 

3-234. Squibs that are no longer functional, or are con
demned, will be removed from storage and disposed of in 
accordance with the particular directive governing that 
item. No squib will be function-tested nor continuity
checked while in storage. All tests and checks will be con
ducted in a special area designated for the purpose and by 
authorized personnel only. Squib storage containers will 
not be dropped, stomped on, or kicked. They will not be 
stored in any building that also has a radio transmitter 
installed. Additionally, only the minimum number of per
sons will be present during any operation involving the 
handling of squibs. As long as squibs are stored or trans
ported with leads shorted and leg wires twisted, there 
should be no explosion hazard from r-f radi.ation under 
any circumstances. 

3-235. QUALITY ASSURANCE. 

3-236. To assure quality control, safety, and reliability of 
electroexplosive subsystems and components, periodically 
test a sample of components, in accordance with Military 
Handbook H-106, to insure that they meet the quality 
assurance tests specified by the design agency. 

a. Equipment used in the field to measure bridgewire 

resistance or circuit continuity of squibs shall not be capable 
of generating in excess of 50 milliamps, or greater than 10 
percent of the maximum no-fire current, whichever is less. 

b. Electroexplosive subsystems and components, when 
subjected to static, dynamic, and electromagnetic environ
ments of the weapons system, will be capable of subse
quently performing their intended functions. 

c. During standdown, maintenance, buildup, and sys
tems tests, electrically connect stray energy detectors, with 
resistance equal to or less than the squib, to provide con

. tinuous system safety. evaluation. The detection character
istics should be 20 db below the "no-fire" point or 6 db 
below the "dudding point," whichever is lower. 

d. Perform all tests to prove safety of squibs during the 
system electromagnetic compatibility tests, in compliance 
with MIL-E-6051. It is neither economically feasible nor 
technically desirable to create high-field strengths over 
large parts of the spectrum for artificial system tests. Con
sider the following guidelines in preparing system electro
explosive safety test procedures: 

(1) Remove all squibs and replace them with induced 
energy detectors as described above. 

(2) Operate all system electrical and electronic equip
ments and subsystems during the test, and in all modes of 
operation. 

(3) If ground transmitters are a factor, operate them 
at maximum power in all modes. Where applicable, per
form tests with removable panels off, while loading, un
loading, etc. 
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. SECTION VI · 

TOXICITY HAZARDS 

3-237. GENERAL. 

3-238. The increasing use of microwave energy and the 
accompanying increase in power levels has given rise to 
several significant problems. Among the problems which 
have arisen are those resulting from the use of certain 
dielectric materials in new environments without previous 
application experience. In several cases undesirable situa
tions have developed in, which personnel were likely to be 
exposed to potentially toxic agents as a direct result of the 
introduction into new equipment designs of substances 
about which little toxicological information was available. 

3-239. Any chemical substance capable of producing a 
harmful effect upon the human body is considered a poten
tially toxic agent. Substances in this category include new 
fuels, oxidizing agents, lubricants, cleaning solvents, insec
ticides, transformer potting compounds and diluents, insu
lating materials, waveguide gaseous dielectrics, etc. Inten
sive research, either conducted or sponsored by the Air 
Force, is providing many new agents about which little, if 
any, toxicological information is available. For this reason, 
many new agents or new applications of known agents 
already in use must be considered potentially hazardous to 
personnel until proven otherwise. 

3-240. The procedures established for coordinating toxi
cological studies and the dissemination of toxicological 
information minimize the possibility of exposing personnel 

· to hazardous situations involving toxic agents; When new 
or known agents are contemplated for use in equipment 
designs, full toxicological studies of the agent and its con
templated use are coordinated with the medical service. If 
found necessary, protective equipment and procedures for 
safe handling are devised for the agent. Protective instruc

. tions are issued to the field after review by the offices of 
The Surgeon General, Headquarters USAF, and The Sur-
geon, Air Force Logistics Command, to insure that activi
ties using the agent are adequately informed concerning 
precautions necessary to prevent adverse effects on exposed 
personnel. However, certain agents or proces~es which at 
first appear harmless may later prove otheryvi~e when sub
jected to various environmental conditions or situations. 
For this reason, medical surveillance is required in the 
field to detect possible evidence of acute or chronic toxic 
effect on personnel, and to report such findings based upon 
medical examinations and clinical laboratory reports to the 
Surgeon General, USAF, and to the Surgeon, AFLC. Air 
Force Regulation AFR 161-18 establishes channels for 
coordinating toxicological studies and for transmitting 
toxicological information to using agencies. 

3-241. USE OF GASEOUS DIELECTRIC FOR 
WAVEGUIDES. 

3-242. The development of high-power microwave trans
mitting equipment has reached the point where the power 
levels available for radiation exceed the power-handling 
capabilities of ordinary waveguide transmission lines. 
Therefore, it has been necessary to devise means by which 
the power-handling capability of waveguides can be in
creased. 

3-243. Waveguides for use with moderate-power equip
ments employ dry air as the dielectric medium. The power
handling capability of this type of waveguide can be in
creased by increasing the pressure of the gas (air) within 
the waveguide, since the power-handling capability of a 
typical air-dielectric waveguide can be increased approxi
mately as the square of the pressure. However, there is a 
practical limit to this approach, because the increased in
ternal pressure of a waveguide may require considerable 
strengthening of the guide, and the use of pressurizing 
seals and windows. When thick, solid dielectric materials 
are used to withstand the increased pressure in the wave
guide, there are electrical problems of impedance match
ing, possible dielectric losses, and narrowed transmission 
bandwidth. Therefore, increasing the pressure in the wave
guide system is not always an answer to increasing the 
power-handling capabilities of the transmission line. 

3-244. One solution to the problem has been the use of a 
gas, other than dry air, which has a dielectric strength 
greater than air. The dielectric strength of a gas is influ
enced by the nature and purity of the gas, and by its density., 
The dielectric strength is subject to large variation· as the 
result of the introduction of impurities. Small amounts of 
foreign gases may either decrease or increase the dielectric 
strength of the predominant gas by as much as 50 percent. 
It is interesting to note that the introduction of ionizing 
radiation into the waveguide causes the relative dielectric 
strength to decrease, and dielectric breakdown occurs at 
much lower voltages than would otherwise be required. 

3-245. Nitrogen, which has a relative dielectric strength 
slightly greater than dry air, and Freon, which has a rela
tive dielectric strength several times that of dry air, have 
been used as gas dielearic media in waveguides. Freon has 
a greater relative dielectric strength than does dry air or 
nitrogen; however, its vapor pressure varies considerably 
with changes in temperature and, if an arc-over or break
down occurs in the waveguide, its decomposition products 
are highly corrosive and undesirable carbon tracks remain 
on the waveguide inner surfaces. 

3-246. A gas presently used with much success as a dielec
tric medium in waveguides is sulfur hexafluoride (SF6). 

This gas has high dielectric strength, is essentially inert 
chemically and biologically, possesses a wide operating 
temperature range, does not leave carbon· tr_acks on wave~ 
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guide surf: :es after breakdown, and permits almost 8 to 10 
times the power to be transmitted through the waveguide 
at microwave frequencies as compared to that of similar 
dry air-filled waveguides. · 

3-247. In many applications, microwave transmission lines 
are quite long and subject to leakage when pressurized. 
Present standards for waveguides used in ground radar 
equipments specify that the leakage rate for a 30-psig sys
tem must not exceed 1.25 psi per hour. The waveguide orig
inating at a transmitter usually passes through areas accessi
ble to, and possibly occupied by, personnel; therefore, the 
toxity factor of the gas used to pressurize the waveguide 
must be known, to safeguard personnel against toxic effects 
arising from leaks in the waveguide, especially should the 
leak occur in closed spaces. Adequate ventilation, pro
vided by exhaust fans, may be required to keep the concen
tration of escaping gas well below a tolerable percentage in 
closed spaces occupied by personnel. 

3-248. The use of either Freon or sulfur hexafluoride as a 
dielectric medium to pressurize waveguide systems does 
permit increasing the power-handling capability of the 
waveguide system. However, in the event of arc-over or 
breakdown, both gases are subject to decomposition. Freon 
is not likely to be used in low-temperature applications be
cause of its comparatively high condensation temperature 
(a Freon-filled system operated under low-temperature con
ditions requires special treatment to keep the temperature 
of the gas above the condensation temperature). However, 
it is important to note that after breakdown, one of the 
decomposition products of Freon is phosgene, which is a 
highly toxic gas and extremely dangerous to personnel. 

3-249. Sulfur hexafluoride in its pure state is essentially 
inert and nontoxic, and has found use in medical applica
tions as a therapeutic measure to rehabilitate damaged 
lungs. In tests on humans, the gas in its pure state has been 
found to be nontoxic when inhaled in gas-oxygen mixtures 
containing as much as 80 percent sulfur hexafluoride. How
ever, when arc-over occurs in a waveguide filled with this 
gas, the decomposition products that are produced consti
tute a dangerous personnel hazard .in the form of several 
toxic gases, including fluorine. These toxic gases may not 
irritate the skin, are colorless, and cannot be detected by 
odor, but will cause extreme lung irritation and hemorrhag
ing. In animal experiments conducted in the laboratory, 
samples of sulfur hexafluoride and its decomposition prod
ucts produced by arcing proved fatal to mice and rats when 
small percentages of the gaseous compounds were intro
duced into the air chamber containing the experimental 
animals. Autopsy revealed extensive hemorrhaging in the 
lungs of the animals. 

3-250. RECOMMENDED SAFETY PRECAUTIONS. 

3-25 I. The effects of a short exposure to a high concentra
tion of sulfur hexafluoride which has been subjected to 
arcing are not fully known at this time. Tests are being 
conducted to determine the most practical means of main
taining the concentration of toxic products below a hazard
ous level in operational equipment, and to devise a system 
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which is completely safe, foolproof, and practical for field 
use. 

3-252. When a breakdown occurs within a waveguide sys
tem, the standing-wave ratio in the transmission line will 
likely increase. Depending upon the individual radar sys
tem, the increase in standing-wave ratio may cause arcing 
in the magnetron transmitter, and this in turn may actuate 
power "run-down" control circuits to stop the transmitter 
until the arc is extinguished. However, arcing may take 
place periodically until the system fails completely, or at 
least until the system performance drops below an accept
able minimum. Thus, if a maintenance technician should 
open the waveguide while effecting a repair on the system, 
he may release highly toxic gases (resulting from dielectric 
breakdown) into the area in which he is working. 

3-253. The possibility of inhaling a concentrated mixture 
in proximity to the waveguide as the pressure in the system 
is released and as the system is opened represents a serious 
hazard to personnel, especially in closed work spaces. Since 
the results of tests indicate that the decomposition products 
of sulfur hexafluoride are defini!ely hazardous to per
sonnel, the following safety precautions are recommended 
in installations where this gas is used to pressurize wave
guide systems: 

a. The portion of the waveguide system which originates 
at the transmitter and passes through confined areas should 
be well sealed and made as gas-tight as is possible. 

b. A room ventilation system should be provided in 
confined areas where leakage from the waveguide is possi
ble. The room exhaust fan should provide a complete 
change of air every several minutes to prevent concentra
tion of toxic gases. 

c. Consideration should be given to the incorporation 
of an escape valve in the waveguide system, at a point ex
ternal to any closed area or equipment shelter, to allow 
continuous leaking of the gas to the open atmosphere. TJ:,P, 
purpose of such a pressure leak is to keep the gases moving 
through the system and to expel decomposition products 
resulting from electrical breakdown to the open atmos
phere, where the gases will be diluted and dissipated harm
lessly. The rate of flow through the escape valve would 
require adjustment to a rate which is economically feasible. 
A flow rate of 2.25 liters per hour has been suggested; at 
this rate a 100-lb tank of sulfur hexafluoride connected to a 
typical waveguide system would maintain system pressuri
zation continuously for approximately 5 months. 

d. An alternative to the recommendation given in the 
previous subparagraph is to provide a gas recirculating 
system to circulate the gases from the waveguide through 
a scrubbing column of soda lime for absorption of the toxic 
gases and to return the purified gas back to the waveguide. 
(If found necessary, an absorption column containing acti
vated alumina may be used in series with the soda lime 
scrubber.) The scrubbing agent requires replacement after 
losing its effectiveness; therefore, the scrubbing columns of 
such a system must be opened periodically to remove the 
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spent absorbing agent and to recharge them with fresh 
absorbing agent. · · 

e. Infrared spectrograms have been made to obtain in
. formation on the nature of the toxic by-products resulting 
from the decomposition of sulfur hexafluoride. Based upon 
this data, respiratory protective devices may be used by 

maintenance personnel when working on pressurized wave
guides employing sulfur hexafluoride. However, the use of 
such respiratory devices should be confined to emergency 
or intermittent exposure conditions and should not be 
.relied upon as the sole safety measure for controlling the 
personnel toxicity hazard. 
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SECTION VII 

LASER/ MASER HAZARDS 

3-254. INTRODUCTION. 

3-255. In this section µie readeris acquainted with the haz
ards of LASER/MASER devices. Comprehensive coverage 
of these hazards is not possible at thinime since investiga
tions are not complete and the USAF has not established 
omcial criteria. 

3-256. LASER and MASER devices are comparatively 
new additions to man's storehouse of electronic parapher
nalia. Tremendous strides continue to be made in this new 
technology. Even though the LASER is only eight years old 
at this writing, such devices are already being used in indus
try, medicine, and the U.S. Government for a variety of 
purposes. These rapid advances, and the expanding utiliza- · 
tion of such devices, require that all personnel become 
familiar with the hazards involved. Be assured, ther_e is no 
reason to fear these hazards. Safety precautions can be writ
ten, and, when follbwed, safe working conditions will 
prevai •. 

3-257. The terms LASER and MASER are acronyms. 
MASER stands for "Microwave Amplification by Stimu
lated Emission of Radiation" and LASER stands for 
"Light Amplification by Stimulated Emission of Radia
tion." LASER is also the common term for optical 
MASERS. ' 

3-258. Air Force Regulations AFR 161-~4 and AFR 100-6 
assign responsibility for LASER/MASER devices in par- · 
ticular, and radiation hazards in general. · 

3-259. NATURE OF THE HAZARD. 

3-260. The primary hazard involved is closely related to 
the rf hazard mentioned earlier in this .Technical Order. 
LASERS and MASERS generate or amplify electromag
netic energy. Electromagnetic energy, as discussed earlier, 
can be harmful to the human organism. In this respect, 

LASERS and MASERS are identical to the conventional rf 
generators. There are, however, at least two important dif
ferences: First, there is the matter of power level. Such de
vices can generate peak power levels far exceeding that ever 
before generated. Secondly, the LASER operates in the 
visible or near-visible region of the electromagnetic spec
trum. (Many LASERS operate at infrared wavelengths. 
See Chapter 3, Section III, of this T.O.) This, then, con
stitutes a special hazard to the human eye. Consider that 
the eye functions at light frequencies. It collects and 
focuses such energy. Consequently, it can further concen
trate sub-hazard levels of power to levels hazardous to 
the internal structure of the eye. There is a divergence of 
opinion among researchers as to what these levels are and 
additional research is required before such levels can be 
authoritatively stated. 

3-261. SAFETY PRECAUTIONS. 

3-262. The following safety precautions should be ob
served when in the presence of LASER/MASER devices: 

a. Never knowingly look.into the beams of such devices, 
regardless of their power level or how distant they may be. 
When criteria becomes available, safe distances will be 
specified. 

b. Keep reflective surfaces out of LASER beams. 

c. Keep covers and shields in place when working on 
such devices. 

d. Be aware of the dangers of electrical shock due to the 
use of high voltage. 

e. The most important precaution of all is "seek the 
guidance of the responsible safety officer." He is kept up to 
date on the hazards involved. If such a safety officer is not 
available, contact the AFLC Surgeon (MCDPE) or Head
quarters GEEIA (GEESM) for guidance. 

Change 1-10 May 1967 3-35/3-36 
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CHAPTER4 

RADIATION TEST PROCEDURES 

SECTION I 

TEST EQUIPMENT 

4-1., INTRODUCTION. 

4-2. This section discusses test equipments presently in 
stock and available for detecting and measuring the in
tensity of radio-frequency radiation. The equipments listed 
are used to measure power density, either directly or indi
rectly, at microwave and radar frequencies thus enabling 
field personnel to determine the areas in which personnel 
hazards exist. 

4-3. Sufficient information is given to enable personnel to 
select test equipment necessary to conduct an investigation 
of an r-f radiation problem, and, where an applicable tech
nical manual does not cover an item of test equipment, 
information is provided to enable operation. Also, sufficient 
theory is given to enable a better understanding of equip
ment operation and to perform limited trouble shooting of 
such test equipment. 

4-4. In the field of ionizing radiations, the test equipment 
is specialized, and availability to the field is somewhat 
limited at this writing. For this reason the discussion is 
somewhat brief concerning equipments for the detection of 
ionizing radiations associated with microwave and radar 
equipments. 

4-5. SELECTION OF TEST EQUIPMENT. 

4-6. GENERAL. 

4-7. The selection of test equipment necessary to perform 
field measurements will depend to a large extent upon the 
equipment available at the site. The paragraphs which 
follow are intended to assist personnel in selecting the 
proper test equipment. 

4-8. Test equipment data for the items carried in stock are 
given in paragraph 4-11. The operation and brief theory 
discussion of'the major test equipment items is given in 
paragraph 4-27 to enable personnel to use the equipment 
and to perform limited trouble shooting in the field. A 
typical test equipment setup with component interconnec
tions used in the performance of r-f radiation tests is illus

, trated in the block diagram of figure 4-1. Test antennas, 
attenuators, bolometers, r-f cables, and power meters used 
in the performance of field intensity measurements should 
be individually calibrated and of known accuracy. Where 
ancillary items such as adapters and r-f cables are employed· 
with basic test equipments, it is important that all items be 
of matched impedances in order that standing waves be . 
kept to a minimum. 

4-9. TEST EQUIPMENT SELECTION LIST. 

4-10. Table '4-1 contains a list of test equipments for use 
in making field intensity measurements. The table is sub
divided into the various radar band designations: P-, L-, 
S-, C-, and X-bands. Since the radar set and its operating 
frequency are known, the table may be enter,ed to determine 
applicable test equipment for use within the specific radar 
band. Where test equipments cover more than one radar 
band, they are included in each band listing; where com
ponents cover only a portion of the band specified, the 
frequency range is given to enable selection of the proper 
component. · 

4-11. TEST EQUIPMENT DATA. 

4-12. GENERAL. 

4-13. The following paragraphs contain informatio~ for 
test equipment used in the performance of r-f radiation 
hazard tests. The characteristics of the test equipment is 
given where necessary to aid personnel in selecting the 
correct type of equipment f01; the desired test. 

4-14. TEST ADAPTERS. 

4-15. Table 4-2 lists several test adapters for use with r-f 
test equipment. 

4-16. TEST ANTENNAS. 

4-17. Table 4-3 lists several test antennas for use with r-f 
te~t equipment. 

4-18. MODEL 1200 DENSIOMETER. 

4-19. GENERAL DESCRIPTION. Model 1200 Densi-

CALIBRATED BOLOMETER 
ADAPTER 

ATTENUATOR MOUNT 

R·F CABLE CORO 

CALIBRATED CALIBRATED 
TEST POWER 

ANTENNA METER 

Figure 4-1. Typical Test Equipment Components, 
Interconnecting Block Diagram 
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TABLE 4-1 

Test Equipment Selection List 

TEST COMPONENT 

P BAND (0.225--0.390 GHz) 

Power Density Meter AN/USM-82 (NF-157) 

Test Antenna Probe PR-1-157 

Model 1200 Densiometer 

VHF /UHF Antenna 

Model 431B Power Meter 

Thermistor Mount Type 478A 

L BAND (0.390-1.55 GHz) 

Power Density Meter AN/USM-82 (NF-157) 

Test Antenna Probe PR-2-157 

Model 43 lB Power Meter 

Thermistor Mount Type 478A 

Model 1200 Densiometer 

Antenna A-12001 

Test Antennas 

UG-953/U Waveguide to Coax Adapter 
(with flange removed) 

Model, L (Slot Antenna) 

Model CA-L (Transitional Horn) 

Model CA-B (Broadband Conical) 

Model 1200 Densiometer 

S-Band Antenna Horn 
C-Band Antenna Horn 

S BAND (1.55-5.20 GHz) 

Power Density Meter AN/USM-82 (NF-157) 

Test Antenna Probe PR-2-157 
Test Antenna Probe PR-3-157 

Model 43 lB Power Meter 

Thermistor Mount Type 478A 

Test Antennas 

Antenna Assembly AS-23/AP 

Antenna Assembly AT-67 / AP 

Test Antenna AT-152/U 

Test Antenna AT-153/U 

UG-400/U Adapter Connector 

Model L (Slot Antenna) 

Model S (Slot Antenna) 

FREQUENCY (GHz) 

0.200-0.800 

0.200--0.225 and 0.400--0.450 

0.010-10.0 

0.750-4.0 

0.010-10.0 

1.12-1.70 

1.12-1.7 
1.0-2.3 
1.0-2.24 
1.0-10.0 

2.6-3.3 
5.0-5.9 

0.750-4.00 
3.75-10.0 

0.010-10.0 

2.5-3.75 

2.4-3.335 

2.6-4.0 

4.0-6.0 

2.6-3.95 

1.0-2.3 

2.15-4.6 
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TABLE 4-1 (Cont) 

TEST COMPONENT FREQUENCY (GHz) 

Model M (Slot Antenna) 4.45-8.0 

Model CA-L (Transitional Horn) 1.0-2.24 

Model CA-S (Transitional Horn) 2.14-4.34 
' Model CA-M (Transitional Horn) 4.19-7.74 

Model CA-B (Broadband Conical) 1.0-10.0 

C BAND (3.9-6.2 GHz) 

Power Density Meter AN/USM-82 (NF-157) 
Test Antenna Probe PR-3-157 3.75-10.0 

Model 1200 Densiometer 
C-Band Antenna Horn 5.0-5.9 

Model 43 lB Power Meter ' 
Thermistor Mount Type 478A 0.010-10.0 

Test Antennas 

Test Antenna AT-152/U 2.6-4.0 

Test Antenna AT-153/U .4.0-6.0 

Test Antenna AT-154/U 5.3-8.2 

Model S (Slot Antenna) 2.15-4.6 

Model M (Slot Antenna) 4.45-8.0 

Model CA-S (Transitional Horn) 2.14-4.34 

Model CA-M (Transitional Horn) 4.19-7.74 

Model CA-B (Broadband Conical) 1.0-10.0 

X BAND (5.2-10.9 GHz) 

Power Density M~ter AN/USM-82 (NF-157) 

Test Antenna Probe PR-3-157 3.75-10,0 

Model 43 lB Power Meter 

Thermistor Mount Type 478A 0.010-10.0 
i 

i 

Model 1200 Densiometer .. 

C-Band Antenna Horn 5.0..:5.9 

X-Band Antenna Horn 8.5-10.0 

Test Antennas 

Test Antenna AT-153/U 4.9-6.0 

Test Antenna AT-154/U 5.3-8.2 

Test Antenna AT-156/U (horn) 8.1-12.4 

Model M (Slot Antenna) 4.0-6.0 

Model S (Slot Antenna) 4.45-8.0 

Model X (Slot Antenna) 7.85-12.4 

Model CA-M (Transitional Horn) 4.19-7.74 

Model CA-B (Broadband Conical) 1.0-10.0 

4-3 
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NOMENCLATURE 
FREQUENCY RANGE 

(GHz) 

Crystal Adapter Up to 24 
UG-119/UP 

Coaxial Adapter Up to 3 
UG-273/U 

Coaxial to Waveguide 1.12 to 1.7 
Adapter UG-953/U 

Adapter Connector 5.85 to 8.2 
UG-398/U 

Adapter Connector 3.96 to 6.0 
UG-399/U 

Adapter Connector 2.6 to 3.95 
UG-400/U 

Adapter Connector 8.2 to 12.4 
UG-446/U 

T.O. 31Z-10-4 

TABLE 4---2 

Test Adapters 

DESCRIPTION 

Couples an "N" type socket to a video plug; rectifies the r-f output of 
radar sets for use in test equipments requiring video output. May be used 
as the crystal rectifier, in the relative reading type meter, used for per-
forming preliminary field intensity measurements of possible microwave 
radiation hazard areas. Impedance is 50 ohms. Accepts crystal cartridge, 
such as 1N21 or 1N23. 

Couples RF plug UG-88/U to Socket SO-239 (Navy Type 49194). 
Adapts BNC to uhf connectors. To be used with UG-119/UP to adapt 
crystal rectifier to BNC cable. May be used as part of microwave field 
intensity meter described in this section. Impedance is 50 ohms. 

This adapter may be used as an L-band test antenna. Impedance is 50 
ohms. 

This adapter is a general purpose, right-angle type, broadband apapter, 
designed to couple coaxial line "N" type fittings to standard rectangular 
waveguide, This adapter acts as a fixed-tuned transformer which is espe-
dally satisfactory for measurement applications. This adapter is used 
with Horn Antenna AT-154/U. The adapter is similar to Adapter Con-
nectors UG-397 /U, UG-400/U, and UG-446/U, except for frequency 
range and dimensions. Impedance is 50 ohms. 

This adapter connects a rectangular waveguide (2 in. x 1 in.) such as 
RG-49/U to an "N" type plug such as UG-21D/U. This adapter is used 
with Horn Antenna AT-153/U. 

This adapter is a general purpose, right-angle type, broadband adapter, 
designed to couple coaxial lines with "N" type fittings to standard 
rectangular waveguides. This adapter acts as a fixed-tuned transformer 
which is especially satisfactory for measurement applications. This 
adapter with flange removed, may be used as an S-band test antenna. The 
adapter is similar to Adapter Connectors UG-397 /U, UG-398/U, and 
UG-446/U, except for frequency range and dimensions. This adapter is 
used with Horn Antenna AT-152/U. Impedance is 50 ohms. 

This adapter is a general purpose, right-angle type, broadband adapter, 
designed to couple coaxial lines with "N" type fittings to standard rec-
tangular waveguides. This adapter acts as a fixed-tuned transformer 
which is especially satisfactory for measurement applications. The adapter 
is used with Horn Antenna AT-156/U. This adapter is similar to 
Adapter Connectors UG-397 /U, UG-398/U, and UG-400/U, except 
for frequency range and dimensions. Impedance is 50 ohms. 

ometer is a portable, field type, battery-operated power 
meter used to measure power density of r-f _energy field 
from microwave and radar equipments. (See figure 4-2.) 

a range switch and a balance control. A battery test switch 

permits checking the battery power supply using the front 

panel meter as an indicator. Four antennas are supplied for 

use with the instrument. A d-c bridge circuit utilizing a 

thermistor allows the r-f power to be read on the meter 

directly. 

a. Circuit information: A direct reading green-red deci
bel scale indicates the presence of radiated energy above or 
below the presently established maximum tolerance value 
for personnel of 0.01 watt/cm2• The densiometer is housed 
in a metal case and contains only two operating controls: 

4-4 

b. Power supply: 8 volts, d-c (two 4-volt mercury cells). 
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TABLE 4-3 

Test Antennas 

Chapter 4, Section I 
Paragraphs 4-20 to 4-21 

NOMENCLATURE' 
FREQUENCY RANGE 

DESCRIPTION (GHz) 

Antenna Assembly 2.5 to 2.75 . This is a general purpose half-.wave dipole assembly used in tuning and 
AS-23/AP checking the operation of radar equipment. The antenna is used with 

, Echo Box TS-270/UP, Signal Generator TS-155/UP, and Wavemeter 
Test Set TS-117 /GP. Impedance is 50 ohms. Gain is 3.5 db. 

Antenna Assembly 2.4 to 3.335 This is a general purpose, parabolic horntype, broadband test antenna 
AT-67/AP used for receiving. It is equipped with an "N" type fitting to connect 

with RF Plug UG-18/U. Impedance is 50 ohms. Gain is approximately 
7 db (see figure 5-11). 

Test Antenna 2.6 to 4.0 This is a general purpose, electromagnetic horn antenna designed for use 
AT-152/U as a receiving or transmitting antenna. It may be used for making field 

intensity measurements. Impedance is 50 ohms. Gain is approximately 
16.5 db (see figure 5-20). 

Test Antenna 4.0 to 6.0 This is a general purpose, electromagnetic horn antenna designed for use 
AT-153/U as a receiving or transmitting antenna. It may be used for making field 

intensity measurements. The antenna is similar to Sperry Model 327. 
Gain is 16.5 db (see figure 5-21). 

Test Antenna 5.3 to 8.2 This is a general purpose, electromagnetic horn antenna designed for use 
AT-154/U as a receiving or transmitting antenna. It may be used for making field 

intensity measurements. Gain is approximately 16.5 db (see figure 5-22). 
Test Antenna 8.1 to 12.4 This is a general purpose, electromagnetic horn antenna designed for use 
AT-156/U as a receiving or transmitting antenna. It may be used for making field 

intensity measurements. Gain is approximately 16.5 db (see figure 5-23). 

c. Frequency range: VHF 200-225 mHz e. Sensitivity: ± 1 db. 
UHF 400-450 mHz 
L-band 1170-1700 mHz 
S-band 2600-3300 mHz 
C-band 5000-5900 mHz 
X-band 8500-10,000 mHz .. 

d. Power input range: 0-0.02 watt/cm2 (0-20 mw/cm2) 

-8 to +4 db; o db 
referenced to 0.01 watt/cm2• 

f. Accuracy: ±1 db. 

g. Manufacturer: Radar Measurements Corporation 
190 Duffy Avenue, Hicksville, N. Y. 

4-20. SUPPLY DATA. The supply data is given in table 
4-4. 

4-21. BROADBAND POWER DENSITY METER 
AN/USM-82. 1 

TABLE 4-4 

Model 1200 Densiometer Supply Data 

QUANTITY NOMENCLATURE FSN 
OVER-ALL DIMENSIONS (IN.) 

WEIGHT H w D 

1 Model 1200 Densiometer 5¾ 23/s 2 1.5 lb 
I 

1 Carrying case (complete) 12 15½ 5 12 lb 

1 UHF /VHF Antenna 23/s dia 3/s 4oz 

1 S-band Antenna Horn 2½ 3¾ 63/s 12 oz 

1 C-band Antenna Horn 1½ 2½ 4 7 oz 

1 X-band Antenna Horn 13/s 1 23/s 7oz 

2 4-volt Mercury Cell 2¼z dia l3½z lg 

4-5 
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Figure 4-2. Model 1200 Densiometer 

4-22. GENERAL DESCRIPTION. Broadband Power 
Density Meter AN/USM-82 is a portable battery-operated 
power meter used to measure the power density of r-f 
energy from microwave and radar equipments throughout 
the frequency range of 200 to 10,000 mHz. (See figures 
4-6 and 4-7.) This equipment is similar to Empire Devices 
Products Corporation Model NF-157. 

a. Circuit information: A direct reading meter indicates 
the density of an r-f field directly in milliwatts per square 
centimeter. The basic measuring unit is housed in a metal 
case and contains four operating controls: a function selec
tor switch, an attenuator, a bridge balance contro1, and a 
meter sensitivity control. The function selector switch per
mits checking the battery power supply using the front 
panel meter as an indicator. One dipole and two conical 
horn antenna probes are supplied for use with the basic 
measuring unit. A d-c bridge utilizing thermistor elements 
as one arm of the bridge allows the r-f power to he read 
on the panel meter. 

b. Power supply: 10.8 volts, d-c (mercury cell). 

c. Frequency range: 200-800 mHz , 
750--4000 mHz 
3750-10,000 mHz. 

d. Power input range: 0-2 watts/cm2 

(0-2000 mw/cm2). 

e. Manufacturer: Empire Devices Products Corpora
tion, Amsterdam, N. Y. 

4-6 

4-23. SUPPLY DAT A. The supply data is given in table 
4-5. 

4-24. MODEL 431B POWER METER. 

4-25. GENERAL D3SCRIPTION. The 431B Power 
Meter, with HP temperature-compensated thermistor 
mounts, measures r-f power from 1 microwatt (- 30 dbm) 
to 10 milliwatts ( + 10 dbm) in the 10 mHz to 40 gHz fre
quency range. 

a. Circuit informatfon : The design of the Model 43 lB 
and its thermistor mount, results in almost complete free
dom from measuremer.t error caused by ambient tempera
tures changes. The instrument incorporates two self-balanc
ing bridges with one arm of each bridge being a thermistor. 
The two matched th{·rmistors, both located within the 
mount, are thermally coupled, but electrically isolated. One 
thermistor is used to absorb r-f power, the other is used to 
provide temperature ,:ompensation. Thus, the thermal 
drift problems normally associated with the thermistor
power meter arrangerr.ent are greatly reduced. A single 
setting of the zero co:itrol on the most sensitive power 
range is maintained wit:lin 1 % for all higher power ranges. 

b. Power supply: 1:.5 or 230 volts ±10%, 50 to 1000 
hertz, 21/z watts (wid·, 431A-95B Rechargeable Battery 
Pack; an option of 24 l-.ours of continuous portable opera
tion is possible). 
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TABLE 4-5 

Broadband Power Density Meter AN/USM-82 Supply Data 

Chapter 4, Section I 
Paragraphs 4--26 to 4--28 

QUANTITY NOMENCLATURE FSN 
OVER-ALL DIMENSIONS (IN.) WEIGHT 
H w D LB 

1 Broadband Power Density 6625-793-1310 
Meter AN/USM-82 
(NF-157) Including: 

1 Basic Measuring Unit 6625-592-3 793 8¼ 7¼ 133/s 10 
Model BA-157 

1 Antenna Probe 25 71/s 2¼dia 1.5 
Model PR-1-157 

1 Antenna Probe 16½ lg 15 dia 3 
Model PR-2-157 

1 Antenna Probe 12¾ lg 6dia 1 
Model PR-3-157 

1 Coaxial Cable Assembly 481g 
Model CB-157 

1 Carrying Case 17 17 24 10 
Model AC-157 

1 Battery Model BT-157, 8 lg 1 dia 1 
10.8-volt Mercury Cell 

c. Frequency range: Temperature compensated ther
mistors. 

d. Power input range: Seven ranges, full scale readings 
of 10, 30, 100, 300 microwatt and 1, 3, 10 milliwatt; also 
calibrated in dbm from - 20 to + 10. HP type478A 

HP type S486A 
HP type G486A 
HP type J486A 
HPtypeH 
HPtypeX 
HPtypeM 
HP type P 
HPtypeK 
.HPtypeR 

10 mHz to 10 gHz 
2.6-3.95 gHz 
3.95-5.85 gHz 
5.3-8.2 gHz 
7.05-10.0 gHz 
8.2-12.4 gHz 
10.0-.15.0 gHz 
12.4--18.0 gHz 
18.0-26.5 gHz 
26.5-40.0 gHz 

e. Accuracy: ±3% full scale from +20°c to +35°C. 
±5% full scale from 0°C to + 55°C. 

f. Manufacturer: Hewlett-Packard Company 
Palo Alto, California. 

4--26. SUPPLY DAT A. The supply data is given in table 
4-6. 

4-27. R-F MEASUREMENT EQUIPMENT OPERATION. 

· 4-28. MODEL 1200 DENSIOMETER. 

TABLE 4-6 

Model 431B·Power Meter Supply Data 

OVER-ALL DIMENSIONS (IN.) ' 
QUANTITY NOMENCLATURE FSN H w D 

WEIGHT 

1 431B Power Meter 6625-892-5263 6½ 7¾ 12½ 11½ lb 
(with battery) 

1 Cable (for thermistor 72 lg 
mounts) 

1 Power Cable 84½ 

1 478A Thermistor Mount 6625-886-1955 ' 21¾6 13/sdia 5 oz 

Optional 486A Thermistor 
Mount Series 

4--7 
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4-29. The Model qoo Densiometer, shown in figure 4-2, 
is a battery-operated, portable, hand-held instrument which 
provides a simple, positive means for detecting and measur
ing r-f energy in the range of vhf, uhf, and S-, C-, and 
X-bands. The meter scale is direct reading and indicates 
the presence of an r-f field in terms of db above or below 
the presently accepted tolerance value for personnel (0.01 
watt/cm2). 

4-30. Four separate antennas are furnished: a vhf/uhf an
tenna with a frequency range of 200-225 mHz and 400-
450 mHz, an S-band horn antenna with a frequency range 
of 2400-3300 mHz, a C-band horn antenna with a fre
quency range of 5000-5900 mHz, and an X-band horn 
antenna with a frequency range of 8500-10,000 mHz. 

4-31. OPERATION. To operate the Model 1200 Den
siometer, proceed as follows: 

Note 

Do not connect antenna to densiometer until in
structed to do so in the following procedure. 

a. With the thumb-operated RANGE selector switch in 
OFF position, depress the red battery test button on meter 
panel. The meter needle should move upscale and indicate 
at or above the red dot marked on the meter face. If the 
meter needle indicates downscale from the red dot, the 
batteries require replacement. 

b. Determine the frequency of :!1e r-f radiations to be 
measured; then set RANGE selector switch to the proper 
band, as indicated by the engraving on the edge of the 
switch dial. 

c. Adjust BALANCE control carefully to position the 
meter needle at the extreme left-hand portion of the green 
SAFE scale. 

d. Select the antenna which corresponds to the fre
quency range or band under investigation. Carefully con
nect the antenna to the thermistor mount, at the top of the 
densiometer case, by threading the coupling nut onto the 
antenna coaxial fitting. 

Do not use the antenna as a handle to carry the 
equipment as excessive mechanical strain may 
damage the unit. 

e. Explore the radiation field by probing with the den
siometer. If a horn antenna is being used, rotate the 
densiometer about the axis of the horn aperture to obtain 
a maximum meter indication. This will assure proper polar
ization of the horn antenna with respect to the r-f source. 

f. One meter scale is calibrated in db above and below a 
O db reference of 10 milliwatts/cm2 (0.01 watt/cm2). An
other scale, a relative SAFE-DANGEROUS scale, is col
ored green in the SAFE area and red in the DANGEROUS 
area. 
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g. When measurements have been completed, set 
RANGE selector switch to OFF position to conserve the 
batteries; then carefully remove the antenna. 

4-32. BATTERY REPLACEMENT. The Model 1200 
Densiometer is equipped with two 4-volt mercury cells 
which under normal conditions of use should have an 
operating life in excess of 50 hours. The batteries should 
both be replaced whenever the battery test indication falls 
below the red dot marking on the meter face. Spare mer
cury cells are secured, by means of elastic straps, to the 
portable carrying case. To remove and replace batteries in 
the densiometer, proceed as follows: 

a. Remove antenna from thermistor mount, and hold 
densiometer face down to expose the rear cover. 

b. Loosen screws and remove rear cover plate; then take 
out both batteries. 

c. Insert new batteries, making certain that the positive 
terminal of each battery contacts the positive terminal of 
the battery holder as indicated by the markings on the 
densiometer case. 

d. Replace rear cover plate and secure with screws. 

e. With RANGE selector switch in OFF position, de
press red battery test button on meter panel to check battery 
condition prior to use. 

4-33. DENSIOMETER THEORY. The operation of the 
densiometer is based upon the resistance-temperature char
acteristic of the thermistor. The thermistor is a resistance 
element with a negative temperature coefficient of resist
ance. When current is passed through the thermistor, heat 
is generated and the resistance of the element is lowered. 
In the densiometer, a thermistor is used to terminate an r-f 
transmission line which is connected to a test antenna. All 
of the power extracted from the r-f field by the antenna is 
fed to the short coaxial transmission line and is absorbed 
by the thermistor. The amount of power absorbed by the 
thermistor determines the amount of resistance change. 

4-34. The densiometer is basically a battery-operated 
power meter consisting of a battery power supply and a d-c 
Wheatstone bridge. The thermistor element forms one arm 
of the d-c bridge. A schematic of the densiometer is shown 
in figure 4-3. The BALANCE control, R6, is used to bal
ance the d-c bridge, and calibration resistors R7, RS, R9, 
RIO, R11, and R13 in series with the meter, Ml, are se
lected by the RANGE selector switch, SI, depending upon 
the frequency of the r-f field to be measured. 

4-35. Before the densiom~ter is placed in operation, the 
battery power supply is checked to determine whether the 
mercury cells are satisfactory. Figure 4-4 is a simplified 
schematic of the battery test circuit. When the RANGE 
selector switch, Sl, is in the OFF position, switch S3 re
moves the connection to BALANCE control R6 and 
changes the bridge circuit, and meter Ml is connected as a 
d-c voltmeter to measure the battery supply voltage. When 
battery test switch S2 is depressed, the current from the 
battery supply flows through the meter to provide an indi
cation of battery condition. When the RANGE selector 
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Figure 4-3. Schematic of Model 1200 Densiometer 

switch, S1, is in any position other than OFF, the battery 
test circuit is automatically disabled by the action of S3, 
which is interlocked with S1. 

4-36. In operation as a power density meter, the RANGE 
selector switch, S1, is set to correspond to the frequency 
band being investigated. This switch also selects the proper 
calibrated meter sensitivity resistor (Rx) to be placed in 
series with the meter, Ml. A simplified schematic of the 
power density measurement circuit is given in figure 4-5. 
The d-c bridge circuit is balanced by adjusting the BAL
ANCE control, R6, to obtain a meter indication with the 
needle at the extreme left-hand portion of the scale. When 
r-f power is supplied to thermistor THl, as a result of prob
ing an r-f ~eld with the antenna of the densiometer, the 
thermistor element changes resistance and unbalances the 
bridge. The resulting unbalance in the d-c bridge causes 
current to flow through the meter. The amount of current 
flow and, therefore, the meter indication, depends upon 

Bl 82 
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Figure 4-4. Simplified Schematic of Battery Test Circuit 

the bridge unbalance caused by a change in thermistor 
resistance. Thus, as the thermistor receives r-f power from 
the test antenna, the meter indicates the power density of 
the r-f field, in decibels referenced to 0.01 watt/cm2 (10 
mw/cm2). 

4-37. BROADBAND POWER DENSITY METER 
AN/USM-82. 

4-38. GENERAL. Broadband Power Density Meter AN/ -
USM-82, shown in figure 4-6, is designed to measure aver
age power density from 0-2 watts/crn2 (0-2000 mw /cm2) 
over the frequency range from 200 to 10,000 mHz. The 
instrument may be used to measure either pulse-modulated 
or cw radiation. The instrument is used to measure high
density r-f fields to determine the location of hazardous 
areas. It may also be used to detect r-f leakage near an
tennas, waveguides, and similar high-power r-f com
ponents. 

4-39. Three antenna probes and the associated coaxial . 
cable, shown in figure 4-7, are furnished for use with the 
basic measuring unit. The Model PR-1-157 dipole range is 
200-800 mHz, the Model PR-2-157 horn range is 750-
4000 mHz, and the Model PR-3-157 horn range is 3750-
10,000 mHz. 

4-40. BROADBAND POWER DENSITY METER 
THEORY. The opefation of the broadband power den
sity meter is based upon the resistance-temperature char
acteristics of the thermistor. When r-f power is absorbed by 
the thermistor, its temperature is raised and the resistance 
of the thermistor changes. '(he amount of power absorbed 
by the thermistor determines the amount of resistance 
change. 

4-9 
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Figure 4-S. Simplified Schematic of Power Density 
Measurement Circuit 

4-41. The basic measuring unit is a battery-operated power 
meter consisting of a battery power supply, d-c Wheatstone 
bridge, and attenuator. A schematic of the basic measuring 
unit is shown in figure 4-8. A thermistor mount containing 
two thermistor elements terminates the r-f transmission line 
in an impedance of 50 ohms and also forms one arm of the 
d-c bridge. Each thermistor normally operates within the 
resistance range of 94 to 106 ohms. The thermistors are in 
series to provide approximately 200 ohms d-c resistance as 
an arm of the bridge, and they are effectively in parallel 
to provide a SO-ohm termination for the r-f input power. 

4-42. Before tire basic measuring unit is placed in opera
tion, the battery power supply is checked to determine 
whether the batteries are in satisfactory condition. Figure 
4-9 is a simplified schematic of the battery test circuit. 
When the FUNCTION SELECTOR switch, S1( ), is set 
to the BAT. CHECK position, the meter is shunted across 
resistor RIO. The battery voltage is present across a voltage 
divider consisting of R9 {33,000-ohm multiplier resistor) 
and RIO (IOO-ohm shunt resistor) which are connected in 
series to simulate the normal operating load. The meter, 
shunted across RIO, thus provides a relative indication of 
the battery voltage as determined by the current flow 
through this simple voltmeter circui~. 

4-10 Change 1-10 May 1967 

Figure 4-6. Basic Meo,urlng Unit Modol NF-J 57 

4-43. The operation of the basic measuring unit as a power 
density meter is essentially the same as that described for 
the Model 1200 Densiometer (see paragraph 4-28). The 
d-c bridge is initially adjusted for a balance by means of the 

Figure 4-7. Antenn.a Probe Models PR-1-1S1, PR-2-1S7, 
and PR-3- J 57 and Coaxial Coble Assembly CB-157 

I 
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figure 4-8. Schematic of Broadband Power Density Meter AN/USM-82 

SET ZERO control, RI, with the FUNCTION SELEC
TOR switch, SI( ), in the ZERO ADJUST AND OPER
ATE position. Figure 4-10 is a simplified schematic of the 
d-c bridge and thermistor circuit. The FUNCTION 
SELECTOR switch, SI( ), is then set to the SENSITIVITY 
position, which connects RS and R6 through SIB to one 
arm of the d-c bridge to purposely unbalance the bridge. 
This enables the SENSITIVITY control, R7, to be ad
justed to obtain a full-scale reading on the meter. When 
the FUNCTION SELECTOR switch, SI( ), is returned to 

SI (A) 

+ 

SI (D} 

Figure 4-9. Simplified Schematic of BAT. CHECK Circuit 

the ZERO AD JUST AND OPERATE position, the bridge 
returns to a balanced condition with the meter indication 
at zero, and the instrument is ready for use as a power 
measuring device. When r-f power is applied to thermistor 
mount Tl from the attenuator and antenna probe, the 
power is dissipated in the two thermistor elements, causing 
them to change resistance and unbalance the bridge. The 
amount of resistance is approximately 12 ohms for each 
milliwatt of applied power. This change in resistance of the 
thermistor bridge arm causes current to flow through the 
meter, and the meter indicates the power density of the r-f 
field in milliwatts per square centimeter. 

4-44. The POWER LEVEL control, ATl, is a step atten
uator which is used to set the level of r-f power fed to the 
thermistor mount from the antenna probe. The step atten
uation available is either O db, 10 db, 20 db, or 30 db; 
therefore, the meter reading must be multiplied by a factor 
of 1, 10, 100, or 1000, respectively. 

4-45. MODEL 431B POWER METER. 

4-46. GENERAL. The 431B Power Meter, with HP 
temperature-compensated thermistor mounts, measures r-f 
power from 1 microwatt (- 30 dbm) to 10 milliwatts ( + 10 
dbm) in the 10-mHz to 40-gHz frequency range. Direct 
reading accuracy of the instrument is ± 3% of the full 
scale. · 

4-47. ASSOCIATED EQUIPMENT. The temperature 

4-11 
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Figure 4-10. Simplified Schematic of Bridge and Thermistor Circuit 

compensated thermistor mounts used with the instrument 
are specifically designed for the 431A/B Power Meters. 
Coaxial and waveguide thermistor mounts cover the 10-
mHz to 40-gHz frequency range. Paragraph 4-25c gives 
thermistor mount operating frequency and HP type desig
nation. 

4-48. POWER METER THEORY. The instrument in
corporates two self-balancing bridges with one arm of each 
bridge being a thermistor. The two matched thermistors, 
both located within the mount, are thermally coupled, but 
electrically isolated. One thermistor is used to absorb r-f 
power; the other is used to provide temperature compensa
tion. Thus, the thermal drift problems normally associated 
with tl:e thermistor-power meter arrangement have _been 
greatly reduced. 

4-49. The power meter circuitry incorporates two bridges 
which are made self-balancing by means of separate feed
back loops. Regenerative (positive) feedback is used in the 
detection loop; degenerative (negative) feedback in the 
metering loop. In the detection loop, the 10-kHz oscillator
amplifier supplies enough 10-kHz power to bias thermistor 
element Rn (see figure 4-11) to the operating resistance 
which balances the r-f bridge. The same amount of 10-kHz 
power is also supplied to the thermistor element Re by the 
series connected primaries of transformers TlOl and Tl02. 
When r-f power is applied to thermistor element Rv, an 
amount of IO-kHz power equal to the r-f power is removed 
from the thermistor element Rv by the self-balancing 
action of the r-f bridge. Since the primaries of TlOl and 
Tl02 are series-connected, the. same amount of IO-kHz 
power is also removed from thermistor element Re, thus, 
the action which balances the r-f bridge unbalances the 
metering bridge. The metering bridge loop automatically 

4-12 

re-balances by substituting d-c power for 10-kHz power. 
Since the 10-kHz power equaled the applied r-f power, the 
substituted d-c power is also equal to die applied r-f power. 
Instead of metering the feedback current directly, which 
would require the use of a non-linear meter scale, an analog 
current is derived which is proportional to the square o( 
the feedback. Since power is a square-law function of cur
rent, the analog current thus derived is proportional to r-f 
power, making a linear scale possible. 

4-50. OPERATION. To operate the 431B Power Meter, 
proceed as follows: 

a. Connect thermistor mount and cable to the THER
MISTOR MOUNT. 

b. Set MOUNT RES. to match thermistor mount resist
ance (100 or 200 ohms). 

c. Set RANGE to 0.01 mw. 

d. Set POWER to AC; AC and CHARGE lamp will 
glow. 

e. Adjust ZERO control for 25 to 75% of full scale on 
meter. 

f. Rotate RANGE to NULL and adjust null screw
driver adjustment for a minimum reading. 

g. Repeat steps e and f until NULL reading is within 
NULL region on the meter. 

h. Set RANGE to power range to be used and zero-set 
the meter with the ZERO and VERNIER controls. 

i. Apply r-f power to the thermistor mount and read 
power on the meter. 

4-51. APPLICATIONS. The amount of power delivered 
by an antenna depends upon (1) its capture area and (2) field 
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strength (or power density). The capture area of an antenna 
is given by the equation: 

G)..2 
A=-

4,r 

where: A = area in sq meters 

G = absolute power gain of antenna (not db) 

).. = wavelength of received signal in meters 

For an isotropic antenna (one with unity gain) this reduces 
to: 

A= )..2 
4,r 

For our purpose it would be best to show, in graph form 
(see figure 4-12), the power output in terms of dbm from 
an isotropic antenna vs frequency. The power density being 
a constant of 100 watts per square meter (radiation hazard 
level). 

Thus: 

dbm = 10 log [ 100 x ~: x 1000] 

Example: 

Hazard level = 100 watts/m2 

Frequency = 2.8 gHz 

Horn antenna gain = 10 db 

loss in 30 ft RG-9A/U = 5 db (from figure 4-13) 

Attenuator pad loss = 20 db 

Isotropic antenna output (from figure 4-12) = 19.5 

19.5 + 10 - 5-20 = + 4.5 dbm. 

The meter should read +4.5 dbm for a hazard level of 100 
watts per square meter. Other readings may be indicated as 
above or below the 100 watt per square meter hazard level. 

If an Empire Devices Dipole Antenna is used, the over-all 
gain is 0.4 db. Although the antenna itself has a gain of 
2.1 db, the loss through the transformer and conversion 
from 72 ohms to 50 ohms is 1. 7 db, resulting in a net gain 
of o.4 db. 

Example: 

Hazard level = 100 watts/m2 

Antenna gain = 0.4 db 

Frequency = 300 mHz 

Cable loss = 2.4 db 

Attenuator pad loss = 40 db 

Isotropic antenna output = 39 db (figure 4-12) 

39 +o.4 -2.4 -40 = -3 dbm. 

The meter should read - 3 dbm for a hazard level of 100 
watts per square meter. 

4-14 

For pulse radar, do not allow the meter to read 
more than zero dbm. Refer to Model 478A Oper
ating Instructions for further information. 

4-52. 3-30 MEGAHERTZ FIELD INTENSI1Y 
METER. 

4-53. A field intensity meter has been designed to measure 
field intensity in the range of 3 to 30 megahertz. This in
strument is equally sensitive at all frequencies in this range, 
and is calibrated from O to 400 volts per meter in four 
ranges. A schematic diagram of the meter is given in figure 
4-14 for information only. This instrument is not available 
in Air Force stock and must be fabricated locally. 

4-54. The antenna of the field intensity meter is purposely 
made short to represent an extremely small increment of a 
wavelength at any frequency between 3 and 30 megahertz, 
in order to avoid resonance at these frequencies. The actual 
physical length of the antenna is approximately i" milli
meter. The antenna probe is coupled to an untuned input 
circuit ·consisting of large value r-f chokes shunted by a 
swamping resistor. The received r-f energy is rectified, and 
the rectified output is filtered and applied to a sensitive d-c 
meter. The meter, which is calibrated in terms of volts per 
meter, can be switched to any of four ranges: 0-20 v /m, 
0-100 v/m, 0-200 v/m, or 0-400 v/m. The measurement 
of field intensity in terms of volts per meter can be con
verted to watts per square centimeter by using the equation: 

W = _E_2 x_l0_-4_ 
377 

where: W = power density, in watts per square centimeter 

E = field strength, in volts per meter 

377 = impedance of free space, in ohms 

4-55. MICROWAVE FIELD INTENSI1Y METER. 

4-56, A microwave field intensity meter which provides a 
relative indication of field intensity has been designed for 
use in orienting microwave or radar antennas or for locat
ing the approximate center of a beam pattern. The instru
ment consists of a crystal diode detector, a d-c meter circuit, 
and probe antennas of various lengths. 

4-57. A schematic of the microwave field intensity meter 
is shown in figure 4-15 and a bill of materials is given in 
table 4-7. The instrument is not available in Air Force 
stock and must be fabricated locally. 

4-58. The meter is not critical as to frequency, responding 
to all frequencies in the microwave region equally well. 
The shortest antenna probe which provides a usable indica
tion should always be used so that the probe represents only 
a fraction of a wavelength at the frequency under investiga
tion. The antenna probes shown in figure 4-15 are fabri
cated from the inner conductor of RG-59/U coaxial cable. 
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Figure 4-14. Schematic of Field Intensity Meter, 3-30 Megahertz 

TABLE 4-7 

Bill of Materials for Microwave Field Intensity Meter 

FSN NOMENCLATURE 

Terminal board, 2 solder lugs 

5910-727-2266 Capacitor, fixed, paper dielectric, 0.1 µ.f, 400 v 

6145-726-7236 Hook-up wire, No. 20 

Aluminum case, 16 ga, 8 in. x 5½ in. x 3 in. 

Back plate, 16 ga, 8 in. x 5½ in. 
Handle, metal, brass, 4 in. lg x 1 ¼ w 

5305-016-4354 Sheet metal screws, self-tapping, 8-32, o/s in. lg 

5305-150-9506 Bolts, 6-32, ¾ lg 

5310-176-8133 Nuts, 6-32 

5310-167-0816 Washers, No. 6 
Knob, setscrew type, ¼ in. shaft dia 

6625-240-7116 Meter, de, 0-50 µ.a 

5905-503-5873 Resistor, fixed, composition, 240 ohms, ±5%, ½ watt 

5905-502-4713 Potentiometer, linear taper, 10,000 ohms, ¼ in. spaft 

5935-321-4833 UG-30C/U connector adapter 

5935-636-5348 UG-119/UP crystal holder 
5960-504-8424 Diode, crystal, Type 1N21 (Type 1N23 may be substituted) 

5935-258-7847 UG-273 coaxial adapter 

5935-500-5363 UG-260/U BNC plug, connector 

5995-636-0270 RG-59/U coaxial cable 

UNIT 
OF 

ISSUE 

ea 
ea 

ft 
ea 

ea 
ea 
ea 
ea 

ea 
ea 
ea 
ea 
ea 
ea 
ea 
ea 
ea 
ea 
ea 
ft 

QTY 

1 
1 
1 

1 
1 
1 

12 

6 
6 

6 
1 
1 

1 
1 

1 

1 
1 

1 
1 

1½ 
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The vinyl jacket and copper shield are removed from the 
cable, and the inner conductor with its polyethylene insula
tion is soldered to a male contact to form the probe an
tenna. When the field. intensity meter is to be used, the 
shortest antenna is inserted in the UG-30C/U female con
nector first, and the sensitivity control is turned fully clock-· 
wise. If the meter indication is low, longer antenna probes 
·are inserted until a meter indication is obtained which does 
not cause the meter to indicate off-scale and is within the 
sensitivity c_ontrol range. 

. 4-59. In the bill of materials for the microwave field in
tensity meter, given in table 4-7, the item numbers refer 
to the item numbers shown in figure 4-15. Where possible, 
Federal stock numbers are given, although equivalent com
ponents may be substituted in the construction of the 
instrument without sacrificing performance. 

4-60. RADIAC EQUIPMENT DATA. 

4-61. GENERAL. 

4-62. RADIAC is the name given to the act of radiation 
detection, identification, and computation of nuclear radia
tion. This type of radiation has its origin during the disin
tegration of the nucleus of the atom of an unstable element. 
Examples of naturally radioactive sources of nuclear radia
tion, in which the nuclei of the atoms are in a continual 
process of disintegration, are radium, uranium, and radar. 
Nuclear radiation may also originate in a man-made source, 
such as the fallout resulting from a nuclear explosion. 
Whether the source be natural or artificial, nuclear radia
tion easily penetrates the human body, and if the intensity 
and duration of the radiation is sufficient, serious injury or 
death may result. This may happen without any realization 
by the person that he has been "exposed." 

4-63. In the following paragraphs, descriptions of several 
items of radiac test equipment are given, including a lim
ited coverage of their theory of operation. Procedures 
which will be of value in the measurement of radiation in 
the field are discussed, as well as precautionary measures for 
the personal safety of personnel. 

4-64. Since TR and A TR tubes which are used in various 
radar equipments contain radioactive material in varying 
amounts, reference is made to Chapter 3, paragraph 3-105, 
for information on the possible hazards due to ionizing 
radiation in the storage, handling, and usage of these tubes. 

4-65. RADIAC SET AN/PDR-39. 

4-66. PHYSICAL AND FUNCTIONAL DESCRIP
TION. Radiac Set AN/PDR-39 is a gamma-ray detecting 
and measuring instrument, having ranges from 0-5 to 
0-50,000 milliroentgens per hour: The set is a portable 
ionization chamber monitoring unit, having self-contained 
batteries. It incorporates a graphite-coa!ed polystyrene ioni
zation chamber, which is hermetically sealed at sea level 
atmospheric pressure; an amplifier circuit containing two 
subminiature tubes; and high-megohm.resistors, which are 
treated with silicon varnish and sealed in glass tubes for 
protection of humidity. 

4-67. Five meter scales are provided, each of which is col
ored differently to avoid confusion in reading. A meter· 
scale light, operated by a switch in the handle, is useful for 
operation at night. The meter readings are not cumulative; 
the meter indicates the amount of gamma radiation in milli
roentgens per hour present at any given moment; regardless 
of the time duration of the exposure. Scale ranges and 
colors on the meter scales are as follows: 

Scale Range 
Scale Color 

(milliroentgens per hour) 

0-5 Green 

0-50 White 

0-500 Yellow 

0-5,000 Orange 

0-50,000 Magenta 

4-68. Radiac Set AN/PDR-39 is designed to respcad to 
gamma radiation only. The over-al! accuracy of the instru-
ment is plus or minus 15 percent. , · 

WARNING I 
Whenever this instrument is used in an area 
where radioactive particles are present, the in
strument must be monitored to determine whether 
it has become contaminated. If it is contaminated, 
the instrument shall be decontaminated, before it 
is used again. The instrument must be free from 
all radioactive particles to provide accurate meas
urements. 

4-69. The radiac set is equipped with a radioactive beta 
ray source, inclosed in the case, to provide a check for over
all operation of the instrument. The ionization chamber is 
exposed to the beta ray source by means of a CHECK con
trol, located on the front panel of the instrument. 

4-70. THEORY OF OPERATION. Radiac Set AN/ 
PDR-39 is composed of an ionization chamber, a vacuum
tube electrometer, an amplifier, and an indicating meter. 
The ionization chamber is excited and ionized by the entry 
of a gamma ray. The resulting ions are attracted to the 
electrodes, causing a current to flow in the ionization 
chamber and the associated high-resistance external resis
tive network. This current is a measure of the intensity of 
the ionizing rays. The network furnishes five appropriate 
meter ranges, as selected by the selector switch. The vacuum
tube electrometer amplifies the very small voltage change 
due to the ionization current produced in the ionization 
chamber. The output of the vacuum-tube electrometer is 
further amplified by the amplifier tube, the output of which 
is fed to the indicating meter. The meter measures the 
change in the plate current of the amplifier tube, thereby 
indicating the intensity of radiation. 

4-71. RADIACMETER ME-118( )/G. 
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Figure 4-16. Developmental Model of Radiacmeter ME-118( )/G 

4-72. PHYSICAL AND FUNCTIONAL DESCRIP
TION. Radiacmeter ME-118( )/G, shown in figure 4-16 is 
a developmental model, portable, broadband, scintiliation
type X-ray detecting and measuring instrument, designed 
to measure low level X-radiation in the presence of high
intensity r-f (microwave) fields. The X-radiation measuring 
accuracy is plus or minus 20 percent over the intensity level 
range of 0.0005 to 50.0 roentgens per hour. This accuracy 
is maintained within strong r-f fields, up to 0.5 watt per 
cm2. The energy response of the indicator is within plus or 
minus 20 percent from 20 kilo electron volts (kev) to 1 meg 
electron volt (mev). 

4-73. The sensing unit is contained in a cylindrical metal 
enclosure having removable end caps and an attached 
handl.e. In one end of the metal box an indicating meter is 
provided,· which has a nonlinear full-scale value of 50 
roentgens with zero at the right end of the scale. Two red 
lines are also provided on the meter scale - one at the 15 
milliroentgen (mr) per hour point for calibration purposes, 
and the other at the proper point for checking the battery. 

4-74. The power supply unit is contained in a metal case, 
which has a shoulder strap to facilitate carrying in the field. 
A 6-foot shielded flexible interconnecting cable is pro
vided, to connect the power supply unit to the sensing unit. 

4-75. The radiacmeter is equipped with a small wand, con
taining material which will radiate 15 milliroentgens per 
hour, for use in calibrating the instrument. 

4-76. THEORY OF OPERATION. Radiacmeter ME-
118( )/G is composed of a sensing unit and.a power supply, 
contained within a transit case, which also contains a radia
tion source. The sensing unit utilizes thallium-activated 
potassium iodide crystals for the detector of X-radiation. 
The crystals are coated and enclosed, to reduce their sensi
tivity to moisture. When subjected to X-radiation, the crys
tals scintillate, or liberate flashes of visible light photons. 

4-20 

The amount of light liberated is a measure of the X-radia
tion intensity. A photo-multiplier tube is utilized to detect 
and amplify the feeble flashes of light, and the output of 
the tube is fed to a transistor amplifier for additional ampli
fication. Power for the operation of the transistor amplifier 
is furnished by a low-voltage, battery-operated, transistor
ized power pack, contained within the power supply unit. 
The output of the transistor amplifier is fed to the indicat
ing meter, which measures the change in transistor current, 
thereby indicating the intensity of X-radiation. 

4-77. RADIACMETER IM-9( )PD. 

4-78. PHYSICAL AND FUNCTIONAL DESCRIP
TION. Radiacmeter IM-9( )PD (Types IM-9/PD, IM-
9A/PD, IM-9B/PD, IM-9C/PD, and IM-9D/PD) are 
pocket type radiacmeters which measure and indicate the 
accumulated dose of gamma radiation to which the wearer 
has been exposed. They are small, compact, lightweight 
units, approximately the size and shape of a fountain pen, 
and are provided with a pocket clip for fastening to the 
c\othing of the wearer. -piey are all similar, differing 
mainly in manufacturer, except that the IM-9/PD has a re
movable dust cap at the charging end, while the other 
models are hermetically sealed units which incorporate a 
flexible diaphragm at the charging end. 

4-79. Located at one end of the radiacmeter is the charg
ing contact, and at the other end an optical eyepiece pro
vides a means for reading the amount of radiation to 
which the wearer has been exposed. It is read by holding 
the radiacmeter up to a source of light and looking into the 
eyepiece. · 

4-80. THEORY OF OPERATION. A quartz fiber, sup
ported by a wire but free to move, is located within an 
ionization chamber. The support wire is connected to a 
charging contact, at one end of the instrument. Before the 
radiacmeter is used to make a measurement of radiation it 
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must be charged, by the application of a d-c voltage be
tween the charging contact and the barrel of the ionization 
chamber. Charging the instrument causes the quartz fiber 
to deflect toward the wall of the ionization chamber. When 
the charging voltage is adjusted to the proper value, the 
quartz fiber will be deflected to the 0 mark on the calibrated 
scale within the chamber. The radiation to be measured 

· passes into the chamber, ionizing the air within the unit. 
The greater the amount of radiation, the greater the value 
of ionization of the air. The ionized air partially discharges 
the instrument; the greater the ionization, the greater the 
value of dissipation of the original charge applied to the 
instrument. The amount the instrument is discharged is 
registered by the distance the quartz fiber moves away from 
the wall of the chamber. This distance, indicated on the 
calibrated scale, may be read through the eyepiece, and is a 
measure of the total amount of radiation to which the 
instrument has been exposed. 

4-81. RADIAC DETECTOR CHARGER PP-354B/PD, 
PP-354C/PD. 

4-82. PHYSICAL AND FUNCTIONAL DESCRIP
TION. Radiac Detector Chargers PP-354B/PD and PP-, 
354C/PD are miniature units used to charge Radiacmeter 
IM-9( )/PD, before the radiacmeter is used to measure 
radiation dosage. The two types are identical except for 
minor differences in internal mechanical construction. The 
charger is a miniature, self-contained, fri~tional electro
static generator, actuated by a hand-rotated knob on the 
instrument. Its over-all dimensions are 11/z by 2 by 2½ 
inches, and it weighs 0.22 pound. 

4-83. THEORY OF OPERATION. When the knob on 
the changer is rotated, by hand, a friction mechanism 
within the unit generates an electrostatic charge, having an 
output voltag~ of Oto 400 volts, d-c (approximately). The 
charge is transmitted, through an internal socket, to the 
radiacmeter which is to be charged. 

4-21/4-22 
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SECTION II 

FIELD MEASUREMENT PROCEDURES 

4-84. INTRODUCTION. 

4-85. This section provides procedures for determining 
whether electromagnetic radiation fields are suffi.ci~ntly 
intense to constitute a personnel hazard and discusses the 
problems and precautions necessary in measuring r-f radia
tion levels in high electromagnetic enprgy areas. Similar 
methods will be used in measurement of EEO and fuel 
hazards. For fuel hazards average power density measure
ments must be converted to peak values using the method 
described in paragraph 5-87 of Chapter 5. 

4-86. Two methods of determining the power density of 
an r-f field emanating from a transmitting antenna are 
discussed; actual field measurements with test equipment, 
and theoretical calculations. The theoretical calculations 
and procedures given in this section are supported by infor
mation given in Chapter 5, Engineering Data. This data 
includes charts and nomograms which frequently can be 
used to simplify the theoretical calculations. 

4-87. SITE SURVEY. 

4-88. Two types of field measurements should be made 
during site survey. 

a. Transit, rod, and chain measurements to verify site 

layout maps. Structure orientations, elevations, separations, 
and heights should be verified or determined by these 
measurements. 

b. Power density measurements at all suspected person
nel hazard areas. Suspected hazard areas should be deter
minted from theoretical radar electromagnetic hazard 
profiles, radiating antenna tilts, and relative heights and 
distances of obstructions from the center line of the radiat
ing antenna. 

4-89. POWER DENSITY MEASUREMENTS. 

4-90. GENERAL. 

4-91. For illustration, suppose a study of maps, profiles; 
and antenna tilts indicates a possible personnel electro
magnetic hazard on the top platform of an AN/FPS-6 
tower (designated as Tower No. 2) from an AN/FPS-6 
heightfinder radar located on Tower No. 1. The radar 
towers are separated by ,a distance of 190 feet. (See figure 
4-17.) 

4-92. Communications should be established between the 
test team at the suspected hazard area and all points where 
the radiating radar is being controlled, since the test team 
should have full control of transmit "on-off," azimuth 

~------------190 FT.-------..i 

AN/FPS-6 

TOWER NO. I 

SET RADIATING 

D1REt'T10N OF 
INCREASED 
FIELD INTENSITY 

AN/FPS-6 

TOWER NO. 2 

FIELD INTENSITY 

MEASUREMENT AREA 

Figure 4-17. Field·lnten,ity Meter Used as an Aid to Orient Radar Beam 
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slewing, and antenna tilt or nod. Any one of several types 
of communications can be used, such as field telephones, 
intercom systems, walkie-talkies (AN/PRC-6), or equiva
lent. 

4-~3 . .-\ portable power density instrument is desirable for 
finding the radar beam. TI1e Model 1200 Densiometer is 
ideal for this purpose. 

4-94: Any of several instruments may be used to measure 
the power density of the main beam once it is located. 

a. The NF-157 Power Density Meter will measure the 
radiated wave regardless of polarization when used with 
the conical horns. It is necessary to adjust the probe for the 
frequency being measured. This probe is 1adjusted to the 
setting given in the calibration chart for the NF-157. When 
reading power density with this instrument, move the test 
horn about and across its axis for maximum reading. 

b. The Model 1200 Densiometer (with associated an
tennas), the NF-157 (with dipole), and the Model 431B 
Power Density Meter or like instrument (with dipole or 
standard FIM horn) will measure the radiated wave but 
polarization must be observed. Received signals are maxi
mized by directing the antenna at the radiating source and 
rotating the antenna for maximum received signal. A cor
rection factor is required if circular polarization is em
ployed by the radiating source. In this case, it is not advis
able that these types of instruments be used. 

4-95. PROCEDURE. 

4-96. The first step is to orient the AN/FPS-6 antenna 
beam about five degrees off the side of Tower No. 2, main
taining vertical nod operation. All existing blanking 

125FT 

lOOFT. 

75FT. 

50FT. 

25FT. 

OFT. 50FT. 100 FT. 

LEGEND 
A-AN/FPS-6 ANTENNA ON 25 FT. TOWER 
B-AN/FPS-6 ANTENNA ON 50FT. TOWER 
C-AN/FPS-6 ANTENNA ON 75 FT. TOWER 

should be removed from the radar set and all other site 
radars should be shut down. Figure 4-18 shows AN/FPS-6 
antenna beam over an adjacent tower at the lowest vertical 
tilt. 

4-97. A study of the site layout or contour map should 
provide data as to the azimuth bearing (with reference to 
true north) to which the radiating AN/FPS-6 antenna 
should be turned. A height finder usually may be slewed 
electronically to the azimuth without crossing over Tower 
No. 2, on which measurements are to be made. However, 
a search set usually must be manually slewed to the desired 
azimuth. In all cases bullring azimuths should be checked 
against electronic azimuth indicated at true north. If the 
site operates on magnetic azimuths, all electronic azimuths 
must be converted from magnetic to true. 

WARNING I 
Electromagnetic radiation hazards measuremeq.ts 
should first be made within the area that would 
be occupied by personnel who would be in the 
process of moving the radiating antenna. Should 
a hazard exist within this area, the radar set must 
be turned off when personnel are in the process 
of moving the antenna, and until such time as 
personnel are clear of the area. 

4-98. DETERMINING AZIMUTH BLANKING 
ANGLES. 

4-99. After the initial azimuth orientation of the trans
mitting antenna from site map, determine from the maps 

=±±-+++++-+-++-t-+-i-+-t-+-+-+-....f-4.. ....... 1-1-1-++-+-I _.i, 

150 FT. 

20 

200FT. 250 FT. 300 FT. 350 FT. 

NOTES: 
I. BEAM AREA DEN..OTES FIELD INTENSITY OF 

0.01 WATTS/CM2 OR GREATER. 
2. AN/FPS-6 ANTENNA SHOWN TILTED TO ITS 

LOWEST POSITIOO. ' 
3. POSSIBLE REFLECTIONS FROM TOWER STRU

CTURE AND RADAR SET BEING ILLUMINATED 
BY AN/FPS-6 BEAM ARE NOT SHOWN AS 
THEY ARE DEPENDENT UPOO ENVIROOMENlJU. 
CONDITIONS. 

Figure 4-18. Typical Radar Set AN/FPS-6 Searchlighting Adjacent Tower, Normal Power Output 
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the lowest elevation of the beam above the catwalk. Locate 
the test horn at this elevation for measurements. Slew the 
radiating antenna toward Tower No. 2 in 0.5-degree steps. 
After each step, recheck power density level by moving the 
test horn about and across its axis for maximum reading. 
Repeat the operation at higher and lower elevations to find 
the lowest elevation at which maximum reading is ob
tained. Once the beam is located, the nod may be stopped 
and the antenna depressed to its lowest tilt. With the 
antenna in this position, the power density level can be 
measured easier and with more accuracy. Continue in 0.5-
degree steps until r-f hazard level is read. Record this 
azimuth. · 

4-100. Repeat the process of paragraphs 4-95 and 4-99, 
for the other side of Tower No. 2. Record the azimuth at 
which r-f hazard level is obtained on this side. 

4-101. Mathematically adjust the azimuths obtained in 
paragraphs 4-99 and 4-100 to locate the r-f hazard five feet 
from each side of Tower No. 2. Blanking should be estab
lished between these two azimuths. 

4-102. DETERMINING ELEVATION BLANKING 
ANGLES. , 

4-103. Determine from site maps if the radar most nega
tive elevation angle will place the main beam above or 
below deck level of Tower No. 2. Slew the radiating an
tenna to the azimuth at which measurements are to be made. 
If the beam is below deck level, make hazard measurements 
along an external ladder on Tower No. 2 or by any other 
convenient means available to scale the tower side. The 
m~asurement location should be on the side of Tower No. 
2 that is not obstructed from the radiating antenna. If the 
beam is above deck, start measurements midway on the 
side of Tower No. 2 toward the radiating antenna. 1o· 
either case, start measurement well below the elevation at 
which the main beam is expected, moving upward in small 
steps. If the hazard is above deck, checks may be necessary 
up Tower No. 2 radar reflector, should a hazard not be 
f~und from deck level. If an electromagnetic hazard level 
is found, record its lowest height above ground or tower 
deck. 

4-104. Mathematically adjust this hazard height, existing 
at the most negative elevation angle, to the elevation angle 
at which the EMR.hazard is seven feet above the reflector 
(temperate tower) or the tower radome. This would be used 
as the elevation blanking angle for the AN/FPS-26 height
finder radar or for tracking radars. 

4-105. RECEIVING POINT ENVIRONMENT. 
\ 

4-106. Care should be taken when a radar antenna is 
located on a tower where the measurements are being made. 
The reflector of the passive radar should be turned so that 
its reflective surface will cause the least distortion of the 
electromagnetic field. This position would have the reflec
tor turned in' line with the beam coming from the trans
mitting antenna. This eliminates possible reflection and 
focusing of high power levels onto personnel making 
power density measurements. Some reflections will be ex-

perienced from any metallic structures in the field at the 
test point or measuring area. Thus, the pedestal of the 
passive radar antenna, the metallic floor upon which it is 
located, railings, catwalks, and other metal objects all have 
some effect. To eliminate these reflections as much as 
possible, center tower measurements should be performed 
on the side nearest the transmitting antenna when measur
ing electromagnetic hazard near deck level. 

4-107. CALCULATION OF FIELD INTENSITY. 

4-108. At the site selected for this example, a test ant~nna 
having a gain of 2.5 above that of an isotropic radiator is 
used for the field intensity measurements. A 3-db atten
uator is used between the test antenna and the bolometer 
mount to reduce the received power to one-half its value. 
The indication on the power meter is 32.5 milliwatts. The 
frequency of the radiating radar set was found to be 2700 
mHz when measured with an echo box. 

4-109. The power density of the field may be calculated 
by using the following equation: 

(1) 

where: Pr = power received, in watts 

Gr =· absolute gain of test antenna (above isotropic 
radiator as a power gain) 

A = wavelength of frequency received, in cm 

W = power density, in watts/cm2 

41t = 12.56 

Since the meter indicates 32.5 milliwatts, this reading m~st 
be multiplied by a factor of 2 to compensate for the 3-db 
attenuator. Thus, 0.065 watt, or 65 milliwatts, was received. 
The wavelength at a frequency of 2700 mHz is equal to 
11.1 cm; the gain of the test antenna is 2.5. By substituting 
these values in the equation given, the power density may 
be calculated as follows: 

W = (12.56) (0.065) 
(11.1)2 (2.5) 

W = 0.8165 
308 

W = 0.003 watt/cm2 

4-110. The test antenna should be oriented in several 
directions and at various levels of elevation about the area 
of interest from floor level to a height of at least 7 feet. By 
so doing, the measurements taken will furnish data as to 

· the field intensity to which men working at platform level 
would be subjected under identical "searchlighting" con
ditions. 
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4-111. PERSONNEL HAZARD SAFETY FACTORS. 

4-112. GENERAL. 

4-113. It should be stressed that a considerable margin of 
safety is obtained in the calculations when the data pre
sented .in this section is used. This margin of safety de
pends upon several factors and has inherently and pur
posely been compounded to lessen the possibility of a per
sonnel hazard in areas where theoretical calculations (of a 
possible hazard) are necessary in lieu of actual field meas
urements of r-f power density. 

4-114. Several of the factors contributing to the addi
tional margin of safety to personnel are briefly described 
as follow_s: -

a. Antenna-gain figures in most cases are optimistic. 

b. The radiating antenna system of a radar set is usually 
situated above ground, thus placing the center of the main 
beam some 40 to 120 feet above the ground. The fact that 
the antenna is elevated above ground aids in offering pro
tection to personnel in adjacent low buildings and similar 
structures. 

c. Since a search radar antenna beam is normally rotat
ing at some given rate, such as 5 rpm, personnel who are 
exposed do not receive radiation continuously, but only 
intermittently as the antenna beam sweeps across them. 
Thus, the moving beam adds an additional safety factor. _ 

d. The positive tilt angle of the search radar beam also 
adds a ,safety factor by raising the main beam axis above 
personnel located on the ground. 

e. Theoretical hazard calculations assume maximum 
power output, either peak or average, unless otherwise 
noted in the procedure. In practice, however, the equip
ment is seldom operated at maximum power (except in an 
emergency) because to do so would shorten the useful life 
of the magnetron or klystron. Therefore, the use of the 
maximum power output figure for theoretical calculations 
also adds a factor of safety. 

4-115. MEASUREMENT SAFETY PRECAUTIONS. 

4-116. Occasionally it is necessary and perhaps desirable 
to perform measurements either in the main beam or in 
the near field relatively close to the radiating antenna. Per
sonnel can be exposed to power densities above 0.01 watt/ 
cm2, as stated in AFM 161-7. It becomes practical to em
ploy this criteria for measurement personnel who, by neces
sity are well versed on the r-f hazard. In addition, they 
have reliable control over the factors involved and thus can 
cope with the time factor involved. However, personnel 
must not be exposed to hazard levels above 0.1 watt/cm2• 

Several techniques may suggest themselves to facilitate the 
use of time factors in making measurements. It is recom
mended that such techniques involve the movement of 
personnel into and out-of the hazard areas as opposed to 
tilting or slewing antennas toward the measurement per
sonnel. 

4-117. TRANSMITTER POWER REDUCTION. A 
useful technique for measurement of power densities above 
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0.1 watt/cm2 is to reduce as accurately as possible, the 
transmitter output power to some fractional value. Meas
urements are then taken at the desired location and the 
resulting values are extrapolated to reflect the full power 
condition. 

4-118. ANTENNA ADJUSTMENTS. Measurement per
sonnel can make use of the tilt and azimuth adjustments on 
some antennas to facilitate beam location and measure
ment. The antenna is simply slewed or tilted slowly into 
the measurement area while power-denstty readings are 
being taken. This method requires good communications 
between the antenna controller and the measurement per
sonnel to prevent accidental overexposure. 

4-119. THEORETICAL FAR-FIELD, OR 
· FRAUNHOFER, CALCULATIONS. 

4-120. FAR-FIELD t:QUATION. 

4-121. The field intensity in the far-field, or Fraunhofer, 
region may be calculated by use of the following equation: 

where: Wr = far-field power density, in watts/cm2 

Pt = average transmitter power, in watts 

Gt = power gain of antenna 

D = distance from antenna, in centimeters 

(2) 

4-122. EXAMPLE OF FAR-FIELD CALCULATIONS. 

4-123. As an example of the use of this equation, the 
hazardous distance for Radar Set AN/FPS-8 is calculated 
as follows: 

Given: 

Frequency--1300 mHz 

Peak power-I megawatt 

Average power-1080 watts 

Antenna type--cosecant squared,'25 ft long x 14 ft high 

Antenna gain-30.5 db, 1140 power gain 

From equation (2) given in paragraph 4-121 above, the 
point at which Wr=0.01 watt/cm2 may be calculated as 
follows: 

w - PtGI 
r - 41tD2 

02 = PtGt 
41tWr 

D = ... /1080 x 1140 
l 12.56 x 0.01 

D = 3110 cm (102 ft) 

4-124. From the above calculations, it would appear that 
the hazardous level of 0.01 watt/cm2 exists within 102 feet 
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'of the AN/FPS-8 antenna. This represents the maximum 
hazard distance possible. 

4-125. ANTENNA PATTERN CORRECTIONS. 

4-126. If the calculations made in accordance with the 
example outlined in paragraph 4-122 indicate a possible 
hazardous area about the antenna, the antenna pattern of 
the particular radar set should be analyzed to determine 
the electrical center line of the antenna beam with respect 
to the area in which a hazardous level is suspected to exist. 
The antenna beam pattern for Radar Set AN /FPS-8, used 
in the example of paragraph 4-123, is at an angle of + 3.2 
degrees elevation above the horizontitl, as shown in figure 
4-19. The field intensity at zero degrees is 3 db below 

maximum, while the field intensity at an a11gle of - 2 
degrees is more than 8 db below maximum. 

4-127. The use of theoretical calculations together with a 
consideration of antenna radiation patterns may be suffi
cient to determine safe are~s. Should the possible existence 
of reflections indicate a hazardous area, final decision 
should be based upon actual field measurements. If ade
quate measuring equipment is not available, then far-field 
calculations corrected for near-field effects, as outlined in 
paragraph 4-128 should be _used for guidance. 

4-128. THEORETICAL NEAR-FIELD, OR 
FRESNEL ZONE, CORRECT!~NS. 

4-129. GENERAL. 
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4-130. The purpose of the following paragraphs is to ex
plain and illustrate the application of antenna gain cor
rection factors and antenna patterns in the near-field region 
of rectangular, elliptical, · and circular aperture antennas. 

4-131. As was indicated in paragraph 4-120, the maxi
mum possible power density may be obtained by use of 
equation (2), which is as follows: 

or 

D2 = PtGt 
41tWr 

D = PtGt 
y41tWr 

(3) 

The above equations are valid for far-field calculations 
where the antenna gain and pattern is a constant. How
ever, the areas in which radiation hazards exist are most 
commonly within the near-field, or Fresnel zone, region. 
Equations (2) and (3) above become inaccurate when the 
separation distance, D, is less than the value of Dr as given 
by the following two equations (4) and (5), whichever 
value is larger: 

(4) 

and: (5) 

where: Lt = Largest linear dimension of the transmitting 
antenna. 

4-132. In all cases equations (2) and (3) must be modified 
. where accurate predicated values are desired, and when 
radiation hazards are present entirely within the ne;ir-field 
region. This modification is necessary since, within the 
riear-field, the antenna gain and pattern are functions of 
the distance, D, from the antenna. 

4-133. NEAR-FIELD CORRECTION FACTOR FOR 
ELLIPTICAL OR RECTANGULAR 
APERTURE ANTENNAS. 

4-134. In the near-field, or Fresnel zone, region of an 
antenna, the following equation may be used: 

(6) 

where: W 0 = Power density in fhe near-field in watts/cm2 

Ct = Gain correction factor of the transmitting 
antenna 

The first step in the evaluation .of Ct is to estimate the 
separable axial illuminations of the antenna. From the 
separable axial illuminations, the near-field gain correction 
attributed to each axis may be determined. The total gain 
correction factor, Ct, would be the combined effects of the 
two axial gain correction factors. Figure 4-20 shows the 
axes upon which illuminations are to be estimated. The 
vertical axis is designated Lv and the horizontal axis, Lh. 
The direction of electromagnetic radiation is along the 
axis Z. 

4-135. For estimation of the axial illuminations of ellip
tical or rectangular antennas, the data of table 2-3 becomes 
useful. The form of this data can be changed to equate 
BL/A. to the antenna axial illuminations shown in table 4-8. 

TABLE 4-8 

Antenna Axial Illuminations for Mtlgnitudes 
of BL/). 

BL/A GAIN FACTOR ILLUMINATION 

50.4 to 68.7 1.0 uniform 

68.7 to 83 0.81 cosine 

83 to 95 0.667 cosine squared 

95 to 110 0.575 cosine cubed 

110 to 116 0.515 cosine fourth 

By comparison to table 4-8 values, the illumination can be 
estimated for the vertical antenna axis from the magnitude 

Figure 4-20. Rectangular or Elliptical Antenna Axes and Radiated Seamwidths 
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of 8,.L,.j). and for the horizontal antenna axis from the 
magnitude of 811L11/). (for symbol definitions see figure 
4-20). The estimated antenna.axes illuminations are reason
able if, by calculation of the fa,tor of antenna efficiency 
(K), it is determined that this factor is within the range 
0.5<K<0,9 by the following equation: 

(7) 

where: ~o = Antenna far field gain 

A = Antenna area (same units as ).2) = (L11) (Lv) 

F11 = Horizontal antenna axis illumination gain 
factor (see table 4-8) 

Fv = Ve~tical antenna axis illumination gain factor 
(see table 4-8) · 

4-136. Caution should be ~xercised in the application of 
the previous paragraph for illumination estimation of the 
vertical axis of search radars having a cosecant squared 
vertical radiation pattern. To determine Bv for this axis 
refer to vertical radiation patterns for the angle between 
the main beam nose and the half power point beneath the 
main beam. Double this angle to obtain Bv• For example, 
for the vertical radiation pattern of the AN/FPS-8 shown 
in figure 4-19, Bv = 2(3.2 degrees) = 6.4 degrees. For 
cosecant squared antennas, other than multi-horn feed type, 
the antenna efficiency factor check should yield a factor (K) 
within the limits 0.35 <K<0,6. Should a vertical radiation 
pattern not be available for a search radar, determine the 
vertical axis illumination as follows: 

a. From 811L11/). determine the horizontal axis illumina
tion and F11 • 

b. Using 0.45 as a reasonable pessimistic factor of an
tenna efficiency, determine Fv by the equation: 

(8) 

. c. From the resultant value of Fv, select the most pessi
mistic vertical axis illumination from table 4-8 (for 
example, if 0.667 <Fv<0.81 select cosine squared 
illumination). 

For cosecant squared antennas using multi-horn feed, the 
factor of antenna efficiency should be within· the limits of 
0.5 <K<0,9 as determined by the following equation: 

(9) 

where: Pb = the total power of those horns contributing 
to the main beam. 

4-137. After the antenna axial illuminations have been 
estimated, the main beam axis near-field correction factor 
for a given distance from the antenna may be determined 
in the following manner: 

a. Normallize the given distance (normallized to unity 
at L2/).). This normallized distance is designated "P." 

For the horizontal axis: 

(10) 

For the vertical axis: 

. (11) 

b. From figure 4-21, read the near-field correction fac-. 
tor (gain reduction), C, for each axis using the axis 
illumination and "P" value. The total near-field cor
rection factor (Ct) is a sum of ~he horizontal axis 
near-field correction factor (C 11) and the vertical axis 
near-field correction factor (Cv), all in decibels. 

c. Convert Ct to a power ratio using table 5-8 in Chap-
ter 5. 

4-138. SAMPLE CALCULATION. To illustrate the pre
ceding procedures, the calculations involved in estimating 
the aperture illumination and near-field power density of 
radar set AN/FPS-6 will be made. Parameters are as 
follows: 

Frequency-1700 mHz (wavelength, 0.364 ft) 

Peak power-5 megawatts 

Average power-5400 watts 

Antenna absolute gain-7400 

Vertical beamwidth-0.93 degrees 

Horizontal beamwidth-3.26 degrees 

Antenna dimensions-7.5 ft h x 30 ft v 

Pulse width-3 microseconds 

PRF-360 pps 

The power density at 300 feet may now be calculated using 
the near-field correction as follows: 

a. The antenna axial illuminations are estimated from 
the magnitude BL/).. 

For the horizontal axis: 

8hL11/A = (3.26)(7.5)/0.364 = 68 

From table 4-8, uniform illumination is indicated. 

For the vertical axis: 

0vLv/A = (0.93)(30)/0.364 = 76.7 

From table 4-8, cosine illumination is indicated. 

b. The antenna efficiency check is made with equation 
(7) using F11 and Fv (gain factors) from table 4-8 for the 
estimated axial illuminations: 
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(7 400)(0.364)2 

K = (12.56)(7.5)(30)(1.0)(0.81) 

K = 0.429 

The antenna efficiency determined above is outside the 
limits (0.5 < K < 0.9). Hence, we look at the original 
values of (JhLh/A and OvLv/A. Sinceo'1tL1t/A approached the 
upper limit for uniform illumination, we change its esti
mated illumination to cosine. Again referring to table 4-8 
we find: 

Horizontal (cosine illumination): F11 = 0.81 

Vertical (cosine illumination): Fv = 0.81 

Substituting these values in equation (7) results in K = 0.5 3. 
This value lies within the limits, 0.5 < K < 0.9. Hence, 
cosine illumination is more reasonable for the horizontal 
axis. 

c. Determine the near-field correction factor from figure 
4-21 using the normalized distance (P) for each axis as 
follows: 

. For the horizontal axis: 

Ph = D)../L,.2 = (300)(0.364)/(7.5)2 = 1.94 

This distance, P1., is beyond the ran'ge of figure 4-21 
and, thus, in the far-field. No near-field correction is 
required and ch = 0 db 

For the vertical axis: 

Pv = D)../Lv2 = (300)(0.364)/(30)2 = 0.1213 

From figure 4-21, where P = 0.1213 and illumina
tion is cosine, C,. = 5.2 db 

Total near-field correction factor (Ct): 
~ 

ct= ch+ c,. = o + (-5.2) = -5.2 db 

Ct = 0.302 (from table 5-8) 

d. Determine the near-field power density from equation 
(6): 

W = (5400)(7400)(0.302) 
II (12,56)(300)(30.5)2 

Wn = 0.01147 watt/cm2 

4-139. POWER DENSITY ACROSS THE: MAIN 
BEAM IN THE NEAR-FIELD. 

4-140. The previous example of the AN/FPS-6 will be ~1 
used to illustrate the necessary calculations in determining 
the extent of the r-f hazard depth and width. The hazard ~ 
depth and width will be determined for the AN/FPS-6 at I 

300 feet from the antenna. 

4-141. Figures 4-22 through 4-26 provide off-beam power 
density patterns for different types of illumination. In the 
figures, x represents the distance across the beam normal
ized to unity at the antenna dimension on the same axis. 
The applicable figure for the type of illumination estimated 
in the previous paragraphs sh()uld be used. 

4-142. For convenience of the present calculation the 
following information has been determined: 

Wn (300 ft) = 0.01147 watt/cm2 

R-F hazard level = 0.01 watt/cm2 

Antenna dimensions = 7.5 ft horizontal x 30 ft vertical 

P,. = 0.1213 

P11 = 1.943 

Horizontal illumination: cosine 

Vertical illumination: cosine 

From the above data, the r-f hazard width and depth are 
found as follows: 

a. Normalize the r-f hazard power density (0.01 watt/ 
cm2) to unity at the beam center power density level. The 
normalized r-f hazard power density is designated "IE11 12" 

and is calculated by dividing the r-f hazard power density 
level by the beam center power density level as follows: 

IE 12 - 0.01 . 
· n - 0.01147 

IE 11 1
2 = 0.872 

b. Read x values from figure 4-23 since cosine illumination 
was estimated along both antenna axes. The x value is read 
at the intersection of !E11 :2 with Ph or P,.. From the graph it 
can be seen that interpolation is necessary, since the values 
of P11 fall between P = 1 and P = 2, and the values of P v 

fall between P = 0.1 and P = 0.3. Interpolation is done 
as follows: 

Horizontal x: 

For IE11 1
2 = 0.872 and P11 = 1.0; x = 0.54 

·For IE 11 i2 = 0.872 and Ph = 2.0; x = 1.07 

Interpolating for Ph = 1.943 

_ 4 (1.07- 0.54) 4 04 x_= 0.5 + 
2

_
1 

(1.9 3-1.0) = 1. 
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Figure 4-23. Fresnel Region Patterns for Rectangular Aperture with Cosine Illumination 
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Paragraphs 4--143 to 4--149 

Vertical x: 
For IEnl 2 = 0.872 and Pv = 0.1; x = 0.27 

For IEnl 2 = 0.872 and Pv = 0.3; x = 0.18 

Interpolating for Pv = 0.1215 

x = 0.27 + (0
·
18

-
0

·
27

) (0.1215-0.1) = 0.26 
0.3-0.1 

c. The personnel r-f hazard width and depth across the 
main beam at a distance of 300 ft is calculated as follows: 

Hazard width = (Lh)(x) = (7.5)(1.04) = 7.8 ft 

Hazard depth = (Lv)(x) = (30) (0.26) = 7.8 ft 

4-143. Figure 4-27 illustrates a format of tabulating the 
radiation hazard calculation data. 

4-144; At distances greater than shown in figure 4-21 
(P = 1), far-field gain and radiation patterns are used for 
power density calculations. At lateral off-axis distances 
greater than shown in figures 4-22 through 4-26, near-field 
gain and far-field radiation patterns are used for power 
density calculations. 

4-145. NEAR-FIELD AXIAL POWER DENSITY OF 
CIRCULAR APERTURE ANTENNAS. 

4-146. ·Axial power density of circular aperture antennas 
may be determined by using figures 4-28 through 4-35. To 
select the appropriate figure, the illumination of the cir
cular aperture must be estimated. For this purpose, the form 
of the data of table 2-4 is changed to associate magnitudes 
of 81/). with specified illumination types. Table 4-9 pro
vides this information. 

TABLE 4-9 

Gain Factor and 8L/). Values for Different 
Circular Aperture Illuminations 

9L/'A.· GAIN 'FACTOR (F) ILLUMINATION 

58.5 to 72.8 1.00 Uniform 

72.8 to 84.2 0.75 (1-r2) 

84.2 to 94.5 0.56 (l-r2)2 

94.S to 103.5 0.44 (1-r2)3 

An antenna efficiency check must be made to insure that 
the estimated illumination is reasonable. The factor of 
efficiency (K) should lie within the limits 0.5 < K < 0.9 as 
determined from the equation: 

(12) 

where: L = antenna diameter 

F = gain factor (see table 4-9) 

4-147. When the antenna illumination is known, the axial 
power density at a given distance, D, from th~ an,tenna may 
be determined as follows: 

a. Calculate the reference power density W
0 

at 212/). 
distance by the following equation: 

(13) 

b. Convert distance, D, to normalized distance, P, by the 
equation: 

(14) 

c. Choose the applicable figure (figures 4-28. through 
. 4-35) for the known antenna illumination. For the calcu
lated P read off the x = 0 curve, the factor (w) by which the 
reference power density W 0 must be multiplied to obtain 
the power density (Wn) at the distance D. · 

(15) 

4-148. Should the personnel r-f radiation hazard distance 
be desired: 

a. Determine the factor (w) by which W 0 must be multi
plied to obtain the r-f hazard power density level: 

W= (16) 

b. From the appropriate figure for the illumination in
volved, read the P value associated with the w determined 
off the x=O curve. 

c. Convert P to Personnel r-f radiation hazard distance 
from the equation: 

(17) 

where Dh = r-f radiation hazard distance 

4-149. SAMPLE CALCULATION. To illustrate the pre
ceding procedures, the calculations involved in estimating 
the aperture illumination, personnel r-f radiation hazard 
distance, and power density at 300 feet of Radar Set AN/ 
FPS-16 will be made. Parameters are as follows: 

Frequency-5450 mHz 

Wavelength (A)-0.181 ft 

Average power {P1)-1707 watts 

Antenna absolute gain (G1)-28,200 

Beamwidth (0)-1.1 degrees 

Antenna diameter (L)--12 ft 

4-37 



t m· 
RADAR SET AN/FPS -6: R-F RADIATION HAZARD CALCULATIONS: PERSONNEL= ~ = O.Olw/cm2 (avg) FUEL :Wh=5w/c•2 (pk) 

PEAi< POWER=~MW: PRF :~: PULSE WIDTH:~ )JSEC: DUTY CYCLE: 0.00108: AVG POWER:~00 W: FREQ: 2700 MH2 : A~ FJ: ANTENNA PWR 

GAIN:7400: ANT. DIM: HU: V 30 FT: ANT. BEAMWIDTH: H3.26; V~ DEG 

DISTANCE (D) wf L2 * 2 * Cv ch Wn "'A Lh/~ VERT HORZ HAZARD HAZARD 

Pv Ph Ct IEnl2 
- - DEPTH WIDTH X X 

FEET METERS W/cm2 FT FT db db W,tm2 FT FT 

30 9.15 3.8 2470 154.5 0.01213 0.194 -15.15 -3.15 0.0148 0.0565 0.177 0.72 0.725 21.6 5.4-4 

45 13.7 1.69 0.0182 0291 -13.4 -1.55 0.032 0.0542 0.184 0.71 0.73 21.3 5.47 

100 30.5 0.343 0.0405 0.648 -9.95 -0.35 0.0933 0.032 0.312 0.61 1.02 18.3 7.65 

150 45.8 0152 0.0608 0.972 -8.2 -0.1 0.1479 0.0225 0.444 0.525 1.245 15.75 9.35 

200 61.0 0.0857 0.081 1.295 -7.0 0 0.1995 0.0171 0.585 0.445 1.37 13.35 10.26 

250 76.2 0.0547 0.1011 1.62 -6.05 0 0.2483 0.0136 0.735 0.37 I. 31 I I.I 9.83 

300 91.5 0.038 0.1215 1.94 -5.2 0 0.302 0.01147 0.872 0.26 1.04 7.8 7.8 

344 104.9 0.0288 0.1392 2.225 -4.6 0 0.3467 0.00999 1.00 0 0 0 0 

- -,..... -* THESE VALUES ARE CONSTANT THROUGHOUT THE CALCULATIONS FOR AGIVEN FREQUENCY AND ANTENNA. 

EQUATIONS: 

PtCt 2 wh x> w =-- IEnl=- HAZARD WIDTH= (Lh) (HORIZ 
f 4,,-02 Wn 

C +Ct ** 
Wn= Wf Ct HAZARD DEPTH= (LvH VERT x> Ct= ANTILOG _v __ 

10 

**SEE TABLE 5-8 FOR DECIMALS vs db LOSS OR GAIN. 

WHERE: 
X =HAZARD Lv=ANTENNA VERTICAL DIMENSION IN crn VERT DEPTH NORMALIZED TO UNITY AT Lv 

Lh=ANTENNA HORIZONTAL DIMENSION IN cm C+=TOTAL GAIN REDUCTION IN NEAR-FIELD EXPRESSED AS A DECIMAL 

Wh=R-F HAZARD POWER DENSITY LEVEL (W/cm2 ) Pv=DISTANCE FROM ANTENNA NORMALIZED TO UNITY AT Lv.2/). 
Wf= FAR-FIELD POWER DENSITY (W/cin2) Ph= DISTANCE FROM ANTENNA NORMALIZED TO UNITY AT Lh2/ A 
Wn=NEAR-FIELD POWER DENSITY (W/cin 2 ) D = DISTANCE FROM ANTENNA IN cm 
Cv = VERTICAL LINE DISTRIBUTION GAIN IEnl~RATIO OF R-F HAZARD POWER DENSITY TO BEAM CENTER 

REDUCTION IN db POWER DENSITY 

Ch= HORIZONTAL LINE DISTRIBUTION GAIN )i=WAVE LENGTH OF RADIATED ENERGY IN c111 

REDUCTION IN db HORZ X = HAZARD WIDTH NORMALIZED TO UNITY AT Lv 

Figure 4-27. Illustration of Suggested Radiation Hazard Calculation Table, Sample Problem Shown 
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Figure 4-31. Power Density Dispersion from a Circular Aperture Antenna with (1 - r) Illumination (X = 1 to 2) 
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Figure 4-35. Power Density Dispersion from a Circular Aperture Antenna with (1-r2)3 Illumination (X = 1 to 2) 
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Paragraphs 4-150 to ~153 

a. Personnel r-f radiation hazard distance: 

(1) Estimate the antenna aperture illumination from 

the magnitude of ~I 

01 (1.1)(12) 
). = 0.181 

. 01 = 73 
). 

from table 4-9, antenna illumination is (1-r2) 

(2) Make an antenna efficiency check by equation 
(12): 1 

K - Gt).2 
- 7t212F 

K = (28,200)(0.181)2 

(3.14)2(12)2(.75) 

K = 0.867 

where F = 0. 75 is obtained from table 4-9 

This factor of antenna efficiency is within the range of 
0.5 < K < 0.9 so that estimated antenna illumination is 
reasonable. 

(3) Determine reference power density, (W0 ), from 
equation (13): 

W = PtGt).2 
0 l61tl4 

W = (1707)(28.200)[(0.181)(30.5)]2 
0 (16)(3.14)((12)(30.5)]4 

W0 = 0.001625 watt/cm2 

where: feet is converted to centimeters by the conversion 
factor 30.S 

(4) Determine w from equation (16): 

- W11 w=-
Wo 

_ 0.01 
w = -0.-0-01_6_2_5 

w = 6.15 

(5) From figure 4-30 read the P value associated with 
w = 6.15 on the curve labeled x = 0. In this case, P = 0.4. 

(6) Determine the personnei r-f radiation hazard dis
tance from equation (17): 

2l2P 
D11=--

). 

D _ (2)(12)2(0.4) 
h - 0.181 

Dh = 637 ft 

b. To find the power density 300 ft from the radar 
antenna: 

(1) Determine the P value represented by 300 feet, 
from equation (14): 

p = 0). 
212 

p = (300)(0.181) 
(2)(12)2 

P = 0.1885 

(2) From figure 4.:..30 (x = 0 curve) read w value asso
ciated with P = 0.1885. In this case w = 21.3. 

(3) Determine the_ near-field power de~sity (W
0

) at 
300 feet, from equation (15): 

W 0 = (21.3)(0.001625) 

W 0 = 0.0346 watt/cm2 

4-150. OFF-AXIS POWER DENSITY IN THE NEAR 
FIELD OF A CIRCULAR APERTURE 
ANTENNA WITH KNOWN ILLUMINA
TION. 

4-151. Figures 4-28 through 4-35 furnish data for calcu
lating off-axis as well as on-axis power density levels rela
tive to Wo- The off-axis reference power densities (w) are 
plotted for various x distances off the center axis where 
x is normalized to unity at the antenna radius. That is, 

2 (off-axis distance) x=-------1 
(18) 

4-152. To calculate the power density at an off-axis point 
at a given distance from the antenna with known illumina
tion: 

a. Determine the off-axis normalized distance, x, using 
equation (18). - · 

b. Determine the normalized distance, P, using equa
tion (14). 

c. Determine the appropriate w value for the calculated 
x and P by linear interpolation. 

d. Calculate W 0 using equation (13). 

e. Determine the power density, W 0 , using equation 
(15). 

4-153. To determine the personnel r-f radiation hazard 
width at a given distance, D, from the antenna with known 
illumination: · 

a. Determine the normalized distance, P, by equation 
(14). 

b. Calculate W 0 by equation (13). 

c. Find w by equation (16) using W 11 = 0.01 watt/cm2. 

4-47 



Chapter 4, Section II 
Paragraphs 4-154 to 4-156 

T.O. 31Z-10-4 

d. Determine the x for the known w and P from the 
applicable figure (figures 4-28 through 4-35) by linear 
interpolation. 

e. Calculate the hazard width using the following equa
tion: 

Hazard width = xL (19) 

4-154. SAMPLE CALCULATION. To illustrate the 
above procedures, sample calculations will be made on the 
AN/FPS-16. Sample calculations will be made for the 
power density four ft off center axis at 300 ft from the 
antenna, and the personnel r-f radiation hazard width 300 
ft from the antenna. 

Parameters of the AN/FPS-16 are: 

Frequency 

Wave Length().) 

Average Power (Pt) 

Antenna Absolute Gain (Gt) 

Beamwidth (0) 

Antenna Diameter (L) 

5450mHz 

0.181 ft 

1707 watts 

28,200 

1.1 degrees 

12 ft 

In paragraph 4-149 the antenna illumination was deter
mined to be (1- r2). 

4-155. Power density four feet off beam axis 300 feet from 
the antenna is calculated as follows: 

a. Determine xby equation (18): 

_ 2 (off-axis distance) X = __;_ ___ L __ ----'-

_ 2 (4 feet) 
X = ---'-~--'-

12 feet 

x = 0.667 

b. Determine P by equation (14).: 

p = D). 
2L2 

p = (300)(0.181) 
(2)(12)2 

P = 0.1885 

c. Find w from figure 4-30 by interpolating between 
x = 0.6 and x = o. 7: 

when x = 0.6 and P = 0.1885, w = 7 

whenx = 0.7 and P = 0.1885, w = 5.3 

forx = o.667, w = 7 - [ (°~~~~~~/) (7-5.3)] 

4-48 

w = 7 - 1.14 

w = 5.86 

d. Find W 0 by equation (13): 

W = PtGt"-2 
0 l61tL 4 

W = (1707)(28.200)[(0.181)(30.5)]2 
0 (16) (3.141 [ (12) (30.5)]4 

W0 = 0.001625 watt/cm2 

e. Find Wn by equation (15): 

Wn = wW0 

Wn = (5.86) (0.001625 watt/cm2) 

W 0 = 0.00953 watt/cm2 

4-156. To find the personnel r-f radiation hazard width at 
300 feet from the AN/FPS-16 antenna, proceed as follows: 

a. Determine P using equation (14): 

p = D). 
2L2 

p = (300)(0.181) 
(2) (12)2 

P = 0.1885 

b. Find W 0 by equation (13): 

W = PtGt"-2 
0 l61tL4 

W = (1707)(28.200)[(0.181)(30.5)]2 
0 (16) (3.14) [ (12) (30.5)]4 

W0 = 0.001625 watt/cm2 

c. Find w using equation (16) with W h = 0.01 watt/cm2 

- Wh w=-
Wo 

_ 0.01 
w = -0.-0-01_6_2_5 

w = 6.15 

d. Find xwhich has aw value of 6.15 at P = 0.1885: 

From figure 4-30: 

when x = 0.6 and P = 0.1885, w = 7 

when x = 0.7 and P = 0.1885, w = 5.3 

Thus, when w = 6.15, 

x = 0.7 - [ (6·;~~_;3
) (0.7-0.6)] 

x = 0.65 

e. Find hazard width using equation (19): 

Hazard width= xL = (0.65)(12 ft)= 7.8 ft 
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Paragraphs 4-157 to 4-166 

4-157. At distances greater than L2/)., far-field, gain and 
radiation patterns are used for power density calculations. 
At distances less than L2 /). and lateral off-axis distances 

. greater than L, axial power density modified by far-field 
radiation patterns are used for power density calculations. 

4-158. RHOMBIC ANTENNA POWER DENSITY 
MEASUREMENTS. 

4-159. The following paragraphs describe the methods of 
determining power densities in the vicinity of rhombic an
tennas used in the 3- to 30-megahertz range. 

4-160. THEORETICAL CALCULATIONS OF 
POWER DENSITY. 

4-161. The theoretical calculations presented here are in
cluded to enable responsible personnel to calculate the 
distance from a transmitting rhombic antenna, where the 
power density of the radiated field is 0.01 watt/cm2• Two 

• inethods are presented; the first is mathematical, the sec
ond- is graphical. The procedures for the mathematical 
method may be used for problems involving any values of 
power input, antenna gain, or power density. The nomo
gram used in the graphical method contains alJ. the 
elements necessary for the solution of problems that con-

. tain commonly used values of antenna input power and 
antenna gain. This provides a relatively quick and easy 
method for solving power density problems with a degree 
of accuracy that is sufficient for practical applications. Both 
methods require a knowledge of the antenna input power 
in watts and the antenna gain expressed as a power gain 
ratio. 

4-162. The mathematical calculations are based on the 
directivity pattern lobes containing the largest amounts of 
radio energy; that js, in the primary lobe and in the signifi
cant secondary lobes. The primary lobe is commonly 
directed at some vertical angle of radiation. Therefore, only 
a small portion of the radiated energy can be expected to 
be found at ground level beneath and in front of the an
tenna. The calculated distances are for a point located above 
the ground and within the particular lobe. 

4-163. MATHEMATICAL METHOD. 

4-164. The mathematical method is based on the follow
ing equation: 

where : d = distance, in meters 

Pt = power input to antenna, in watts 

Gt = ratio of power gain of the transmitting 
antenna over an isotropic radiator 

Pw;m2 = power density, in watts per square meter 

(20) 

The above equation may be converted to terms more con
venient for the purpose of this handbook as follows: 

a. Distance in meters (d) is converted to distance in yards 
(D) as follows: · 

and: 

D ✓0.096 GtPt d' . d = p 
2 = 1stance m yar s 

w/m 
(21) 

b. Converting power in watts per.square meter (Pw;m2) 

to watts per square centimeter (Pw/cm2): 

(22) 

c. Thus, the equation that gives the required distance in 
yards for 0.01 watt/cm2 is derived in the following equa
tions: 

(23) 

4-165. SAMPLE CALCULATION FOR PRIMARY 
LOBE. Calculate the distance in yards between a trans
mitting rhombic antenna and the point where the power 
density of the radiated energy is 0.01 watt/cm2• Assume 
the maximum rated power output of the transmitter is 
15,000 watts and the,..leg length of the rhombic antenna is 
two wavelengths at the highest operating frequency. The 
transmission line is a 600-ohm open-wire feeder system. 
From the rhombic antenna gain chart, figure 4-36, a 
rhombic antenna of two wavelengths per leg will have a 
gain of 6.5 db over a half-wave dipole. The gain in db is 
converted to a power-gain ratio of 4.5 by the use of the 
chart in figure 5-3 of Chapter 5. Multiplying the power
gain ratio of 4.5 by 1.64 gives the rhombic antenna gain 
expressed as a power-ratio gain of 7.4 over an isotropic 
antenna. From equation (23) given in paragraph 4-164c 
above: 

D = y0.00096 x 7.4 x 15,000 

D = \,./106.56 

D = 10.3 yards (approx) 

4-166. SAMPLE CALCULATION FOR SECONDARY 
LOBES. Calculating the gain and directivity of each of the 
many secondary lobes of a transmitting rhombic antenna 
is complex and laborious. To simplify this step, only two 
secondary lobes are used in the calcul_ation. One of these 

4-49 



Chapter 4, Section II 
Paragraphs 4-167 to 4-170 

T.O. 31Z-10-4 

13 

12 

ID 
0 

II 

10 

9 

~8 
z 
<t 
C!:>7 

6 

5 

4 

3 ' 

I / 
~ 

V 
V 

/ 
I 

I 
I 

I 
I 

2 3 4 5 6 7 8 
.. UMBER OF WAVELENGTHS PER LEG 

Figure 4-36. Theoretical Gain of a Rhombic Antenna 
Over a Half-Wave Dipole (Primary Lobe, Major Axis) 

lobes will be the largest of the significant secondary lobes 
radiating from the front half of the antenna, and the other 
lobe will be the largest of the secondary lobes radiating 
from the rear half of the antenna. Since the radiation pat
terns on both sides of a rhombic antenna are identical, the 
results of the calculations for one side can be applied to 
the other side. The secondary lobes that appear along the 
major axis can be neglected for these calculations, because 
they are directed at high vertical angles and have little 
effect on ground measurements of power densities around 
the antenna. 

4-167. The relative magnitudes of the secondary lobes at 
the sides of the rhombic antenna diminish successively from 
the front of the antenna and are expressed in values rela
tive to the primary lob<:. To establish the safe minimum 
distance from the front two sides, the figures of - 5.2 db 
below the magnitude of the primary lobe will be used in 
the calculation. This is the gain of the largest secondary 
lobr •<ljacent to the primary lobe in azimuth. The distance 
fror · the rear two sides will be established by using the 
figure of - 28.2 db below the magnitude of the primary 
lobe. This is the gain of the largest secondary lobe that 
appears ; the rear of the antenna. These figures, when ap
plied to the theoretical calculation, can be used to obtain 
the 0.01 watt/cm2 power density contour line for any 
rhombic antenna. The relative amplitude of the lobes of 
radiation significant to the calculations are illustrated in 
figure 4-37. 

4-168. The calculations that follow are based on the prob
lem given in the sample calculation of paragraph 4-165 
as follows: 

4-50 

LARGEST 
AT REAR 

LARGEST SECONDARY LOBE 
AT FRONT ...... ·5,2 DB 

PRIMARY LOBE O DB 

Figure 4-37. Gain of Secondary lobes Relative to 
Primary lobe 

where : x = gain of primary lobe, in db 

y = gain of antenna at the front sides, in db 
(y= x-5.3 db) 

z = gain of antenna at the rear sides, in db 
(z = x-28.2 db) 

a. From the graph in figure 5-3 of Chapter 5, convert 
gain in db to power-gain ratio: 

- 5.2 db = 0.305 power ratio 

-28.2 db= 0.0015 power ratio 

b. The result is two equations for calculating gain of a 
rhombic antenna at the sides: 

y = 0.305x (24) 

l = 0.0015x (25) 

c. The gain of the primary lobe of the transmitting 
rhombic antenna is 6.5 db over a half-wave dipole. Calcu
late the gain in db at the front and rear sides where x = 
6.5 db. 

From equation (24): 

y = 0.305x = 0.305 x 7.4 = 2.257 = 3.5 db 

From equation (25): 

z = 0.0015x = 0.0015 x 7.4 = 0.011 = -19.5 db 

Therefore, the gain at the front sides is 3.5 db and at the 
rear sides -19.5 db for a rhombic antenna with a gain of 
6.5 db in the direction of the primary lobe. 

4-169. GRAPHICAL METHOD. 

4-1 70. The nomogram given in figure 5-7 of Chapter 5 
was designed from the mathematical calculations in para
graph 4-163. The nomogram provides a quick and suffi-
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ciently accurate method for finding the distance from the 
antenna for the required power density (0.01 watt/cm2) 
within the main lobe of radiation. The power density 
nomograph is explained in paragraph 5-91 of Chapter 5. 

4-171. The use of the nomogram to obtain the distance 
in yards for a power density of 0.01 watt/cm2 is as follows: 

a. Calculate the power input to the antenna. 

b .. Calculate the antenna gain. 

c. Lay a straightedge on the nomograph between the 
calculated power input and antenna gain. Read the dis
tance in yards where the straightedge crosses the middle 
scale. , 

4-172. FIELD MEASUREMENTS OF 
POWER DENSITY (3-30 MHz: Range). 

4-173. GENERAL. 

4-174. An alternate method of determining the density of 
radio energy in a given area is by taking actual field meas
urements with a test instrument. By using suitable test 
equipment it is possible to determine power density levels 
in the transmitter building, in the proximity of transmis
sion lines, and in other" areas where mathematical calcula
tions cannot be used. The test instrument most suited to 
measure power density is a field strength meter capable of 
indicating the total density level of combined fields created 
by more· than one high-frequency transmitter and antenna 
in the immediate vicinity. The instrument must be sensitive 
to all frequencies from 3 to 30 mHz and must have an 
adequate input voltage range. 

4-175. POWER DENSITY - FIELD STRENGTH. 
RELATIONSHIP. 

4-176. An instrument that measures field strength in volts 
per meter (v /m) can be used to indicate the power density 
in watts per square meter (w /m2). The conversion of w /m2 
to v /m under free space conditions is shown in the follow
ing equation: 

E2 
P=-

377 

where: P = power density, in w/m2 

E = ..t.ield strength, in v /m 

3 77 = impedance of free space, in ohms 

Converting 0.01 watt/cm2 tow /m2: 

0.01 watt/cm2 = 100 'w /m2 

From equation (26): 

EZ = Px377 = 100x377 

E2 = 37,700 

E = 194.1 v/m 

(26) 

Thus, from the above calculations, a field strength of 194.1 
v /mis equivalent to a power density of 0.01 watt/cm2. 

4-177. From the calculations in the preceding paragraph, 
the field strength meter must reaq 194.1 v /m to indicate a 
power density level of o.m. watt/cm2. This voltage level is 
beyond the range of the commonly used field intensity 
meters, such as the AN/PRM-lA, unless a special atten
uator is used. A standard field intensity meter of this type 
also has the disadvantage of being sensitive to a single 

. frequency; thus, it cannot indicate the total field intensity 
in an area that contains the energy from two or more trans
mitting antennas radiating at different frequencies. 

4-178.- Measurements of field strength taken in terms of 
v/m can be converted to watts/cm2 using the equation: 

p = E2 
X lo-4 
377 

where P = power density, in watts/cm2 

E = field strength, in v /m 

377 = impedance of free space, in ohms 

(27) 

4-179. A more practical device for indicating power den
sity is an instrument that is broadly resonant to all fre
quencies in the high-frequency region and is calibrated to 
read field intensities of 200 v /m or greater. At the present 
time there is no such device available in Air Force stock; 
however, an instrument has been designed which can be 
fabricated locally. Refer to paragraph 4-52. 

4-180. REPORT OF ACTUAL RHOMBIC ANTENNA 
FIELD MEASUREMENT. 

4-181. GENERAL. 

4-182. Field measurements were conducted at a large 
transmitter site to verify the mathematical method of calcu
lating power density given in paragraph 4-163. At the 
location selected there were many high-power transmitters 
feeding rhombic antennas in a manner typical of Air Force 
transmitter sites. 

4-183. RESULTS OF MEASUREMENTS. 

4-184. TRANSMITTER BUILDING MEASURE
MENTS. Measurements were made inside the transmitter 
building in the vicinity of several operating transmitters. 
The highest power transmitter was operating at a peak
power input of 40,000 watts, single sideband. The highest 
field intensity indicated within the building was approxi
mately 0.4 v /m, and this reading was obtained only by 
holding the field intensity meter within a few inches of the 
transmission line at the point where it connected to the 
transmitter. 

4-185. TRANSMISSION LINE MEASUREMENTS. 
Measurements were made adjacent to the transmitter build
ing where several transmission lines run close together and 
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share the same poles. The field intensities on the ground 
beneath these transmission lines were so weak that no 
indications were obtained on the field intensity meter. 

4-186. RHOMBIC ANTENNA MEASUREMENTS. 
Field measurements were made around the rhombic an
tenna terminating the 40,000-watt transmitter. The area 
beneath and in front of the antenna was completely ex
plored for high-intensity fields, but there was no point on 
the ground at which the field intensity was great enough to 
cause a significant indication on the meter. 

4-187. COMPARISON OF FIELD MEASUREMENTS 
WITH THEORETICAL CALCULATIONS. 

4-188. The transmitter used in the field measurements had 
a peak power input of 40,000 watts (single sideband) and 
was terminated in a rhombic antenna of approximately two 
wavelengths per leg. The average radiated power output 
was calculated to be approximately 10 db greater than that 
which would be provided by an isotropic antenna. Mathe
matically, the power density level of 0.01 watt/cm2 will 
occur 20 yards from the antenna in the direction of the 
largest secondary side lobe, and 1 yard in the direction of 
the largest secondary lobe to the rear. 

4-189. In the mathematical process of calculating power 
density levels, the computations are based on the energy 
in the lobes of the radiation pattern. As these lobes are 
directed upward at vertical angles that place the primary 
concentration of energy high above the ground surface, the 
field intensity at ground level is relatively small and diffi
cult to calculate accurately. However, based on calculations 
in the main lobe area, the power density level near the 
ground surface is far below the power level of 0.01 watt/ 
cm2• 

4-190. Although field measurements were not made with
in the lobe areas, calculations indicating that low field 
intensity levels would be found near the ground surface in 
proximity to the rhombic antenna were verified by the field 
measurements. Actual field measurements have demon
strated that the power density level in a transmitter build
ing and around transmission lines is ·small enough to be 
insignificant with relation to the 0.01 watt/cm2 power 
level. 

4-191. CONCLUSIONS. 

4-192. From the study that has been made, the conclusion 
is that mathematical calculations to obtain the power den
sity level of the rhombic antenna lobe areas can only pro
vide approximate values for the ground surface. Measure
ments made with a suitable field intensity meter provide 
more satisfactory results. Any of the available standard 
field intensity meters of the proper frequency range may 
be used for such measurements. However, the standard field 
intensity meter may require addi'tional attenuation to ex
tend the range of the instrument beyond 200 v /m. The 
fields of adjacent rhombic antennas, when constructed ac
cording to good engineering practice, do not contribute 
sufficient field intensity to significantly affect measurements 
on the antenna under test. 
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4-193. It may also be concluded that the power density 
level of r-f energy on the ground beneath and in front of 
any transmitting rhombic antenna which is fed by high 
power transmitters presently in use is insignificant in rela
tion to the 0.01 watt/cm2 power level. It may also be con
cluded that if increased power 9utput is used in future 
transmitters, the power output must be increased consid
erably before there is any possibility of the power density 
level rising to 0.01 watt/cm2 on the ground near the 
antenna. 

4-194. RADIATION HAZARD . DATA FOR 
GATR OMNIDIRECTIONAL ANTENNA 
AS-726/FRT. 

4-195. GENERAL. 

4-196. The GATR Omnidirectional Antenna AS-726/ 
FRT is a 4-element collinear array, horizontally polarized, 
and operates in the frequency range of 225 to 400 mega
hertz. The antenna assembly is approximately 15 feet tall 
and is enclosed in a weatherproof radome. It is normally 
mounted on a platform approximately 65 feet above the 
ground. 

4-197. Although a maximum of 20 kilowatts may be fed 
into the antenna, the radiated power is spread over a wide 
aperture because of the omnidirectional characteristics of 
the antenna. This spread in power is beneficial from the 
standpoint of safeguarding personnel, as it prevents the 
high concentration of power that might be expected from 
a directional antenna. Since the antenna is mounted at a 
considerable height above ground, personnel at ground 
level or located in low buildings will not be exposed to 
hazardous power levels from such an installation. 

4-198. CONCLUSIONS. 

4-199. The manufacturer of the antenna recommends that 
a separation distance of at least 50 feet be maintained be
tween adjacent antenna installations of this type. If this 
recommendation is followed when additional AS-726/FRT 
antennas are mounted in proximity to one another, per
sonnel on the platform of one antenna will not be subject 
to hazardous levels of radiation from similar antenna in
stallations nearby, since the hazardous power level of 0.01 
watt/cm2 extends only 33.6 feet from the antenna. Because 
of the omnidirectional radiation pattern, it is not possible 
for personnel at ground level to be exposed to hazardous 
power levels. 

4-200. IONIZING RADIATION MEASUREMENTS. 

4-201. GENERAL. 

4-202. The problem of measuring ionizing radiations is 
not of direct concern to electronics personnel as such; 
however, since X-radiation is an undesirable by-product 
associated with many high-power r-f generators and since 
radioactive electron tubes are commonly employed in 
microwave and radar equipments, it is essential that elec
tronics personnel be aware of the inherent dangers asso
ciated with exposure to ionizing radiations. Also, many of 
the problems associated with measuring ionizing radiations 
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in the presence of r-f energy should be understood by elec
tronics personnel so that they may appreciate the many 
problems faced by qualified radiological personnel in the 
field of ionizing radiation measurt;ment techniques. 

4-203. The subject of X-ray hazards was discussed in Sec
tion I of Chapter 3 as applied to communications-electron
ics equipments. Also, the subject of radioactive material 
hazards was discussed in Section II of Chapter 3 as applied 
to electron tubes with intentionally added radioactive 
material. 

4-204. MEASUREMENTS IN THE PRESENCE OF 
R-F ENERGY. 

4-205. DETECTION OF X-RADIATION FROM R-F 
TUBES. R-f tubes in radar and microwave transmitters 
operating at extremely high voltages emit varying amounts 
of X-radiation, as explained in Section I of Chapter 3. In 
order to protect personnel from the harmful effects of 
exposure to X-radiation, it is. necessary to detect the pres
ence of this radiation, wherever it occurs. 

4-206. The detection of X-radiation which is produced 
by r-f tubes is more difficult than is the detection of radia
tion produced by X-ray equipment or by radioactive ma
terials. One reason for this added difficulty is that an ex
tremely strong r-f radiation field is present along with the 
X-radiation. This r-f radiation field may result in the pro
duction of large gradients of potential within the particular 
detector and its circuitry, which could be responsible for 
considerable error in the indicated value of X-radiation 
intensity. Proper shielding of the detector and its circuitry 
against r-f radiation may substantially reduce the errpr, but 
the amount of r-f shielding required may attenuate the 
lower energy X-radiation, before it reaches the detector, to 
such an extent that the detector may be insensitive to the 
lower energy X-rays. In the detection of X-radiation from 
r-f tubes this consideration is particularly important, be
cause energy values of X-radiation as low as 20 'kev must 
be detected. The design of most of the conventional detec
tors limits their low energy response to a point where they 
will give no response to energy values below approximately 
50 kev. 

4-207. SENSITIVITY OF THE IONIZATION CHAM
BER TO R-F. Another reason for the additional difficulty 
in the detection of X-radiation from r-f tubes lies in the 
fact that this X-radiation is generated in extremely high 
intensity pulses of very short time duration. The average 
value of X-radiation intensity is therefore relatively low. 
For example, a klystron operating at a duty cycle of 0.001 
may produce an average dose rate of X-radiation of 1 roent
gen per hour, at a distance of a few feet from the tube. 
The actual intensity in a single pulse of klystron operation 
may be in the order of 1000 roentgens per hour at the 
same distance, if the klystron operation were continuous 
instead of being pulsed. Such high instantaneous intensities 
result in highly erroneous indications from conventional 
gas-filled detectors of X-radiation such.as ionization cham
bers and Geiger-Muller tubes, rendering their reliable oper
ation difficult, if not impossible. This is due to the altera-

tion of the electric field within the detector, caused by the 
generation of sufficient ion pairs in the gas of the detector, 
as a result of the high radiation intensity. The alteration 
of the electric field within the detector changes the sensi
tivity of the detector and may even render it inoperative. 

4-208. Additional difficulties which are .encountered in 
the detection of X-radiation from r-f tubes are caused by 
the size of the radiated beam, i:he resolution of the beam, 
and the energy response of the detector. The radiated beam 
from most electronic tubes which emit X-radiation is small 
and well collimated, especially when the tubes are shielded. 
The beam escapes through small openings or faults in the 
tube body or shielding. If the beam was of high intensity 
but was only 0.5 inch in diameter, it would obviously not 
completely cover the area of a 3-inch diameter ionization 
chamber. The roentgen is defined as that amount of X
radiation which will produce, in one cubic centimeter of 
air at standard pressure and temperature, ions carrying one 
electrostatic unit (esu) of charge of either sign. The scale 
of the ionization chamber has been calibrated in accordance. 
with this definition of the roentgen and, therefore, requires 
an X-radiation field which is uniform and which com
pletely fills the cross-sectional area of the ionization cham
ber. Since a small beam will ionize only a small portion of 
the cross-section of the chamber, the amount ionized would 
average itself across the entire cross-sectional area, resulting 
in a much lower and, therefore, erroneous indication of 
m·easured intensity. 

4-209. The accuracy of intensity indications both at the 
upper and lower limits of pulse widths is another limita
tion of the ionization chamber type of detector. The var
ious repetition rates encountered in different radar and 
microwave equipments presents another variable which 
affects the accuracy of intensity indications. 

4-210. In addition to the limitations of the conventional 
ionization chamber type of detectors of X-radiation, the 
Geiger-Muller type has relatively low resolution. Due to 
their recovery time which has a range of 10 to 100 micro
seconds and sometimes more, the output signal for pulses 
longer than 10 microseconds is not proportional to pulse 
width, and calibr,1tion of the detector under these condi
tions is rendered impossible. When measuring low intensity 
radiation, the Geiger-Muller type instrument has some 
practical use, but in very high intensity fields, due to its 
low resolution, it indicates systematically low rates of 
intensity. 

4-211. SENSITIVITY OF PHOTOGRAPHIC DOSIM
ETRY TO R-F. Photographic dosimetry is in extensive 
use at the present time as a form of detection of X-radia
tion. Certain types of photographic films, when enclosed 
in a badge-type of holder, may be used for personnel moni
toring. (See paragraph 3-41.) Large films located in the 
vicinity of high power generators of X-radiation will indi
cate not only radiation intensity levels, but also the distri
bution pattern of the radiation. Energy level measurements 
may be readily made by trained personnel if sufficient time 
and auxiliary equipment is available. Photographic films, 
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particularly those types used in dosimeters, are insensitive 
to r-f radiation. 

4-212. SENSITIVITY OF THE SCINTILLATION 
TYPE DETECTOR TO R-F. The scintillation type detec
tor is a relatively new instrument in radiation survey meas
urements. It operates on a different principle than the other 
types of detectors. The X-radiation acts on a crystal, caus
ing the crystal to fluoresce and thereby produce light in the 
visible spectr~m. The visible light is converted to electrical 
energy by a photocell, the output of which is applied to an 
electronic circuit for amplification, and the amplified 
signal is fed to a meter for a visual indication of the inten
sity of the X-radiation input to the instrument. 

4-213. The scintillation detector is unaffected by r-f inter
ference, dynamic intensity levels, varying duty cycles, and 
size of the detected radiation beam. In order to reduce the 
possibility of direct pick-up of strong r-f fields by high
gain electronic amplifier circuitry, these circuits may be 
kept to ~ minimum by the use of a photo-multiplier tube 
which is optically coupled to the pickup crystal. With 
proper shielding, such a device could be built which will 
give accurate detectiQn and measurements of X-radiation in 
the presence of r-f power densities in the order of several 
watts per centimeter squared. 

4-214. IONIZING RADIATION MEASUREMENTS 
IN THE PRESENCE OF R-F ENERGY. Although de
tection and measurements of r-f radiation may be made in 
the field by qualified electronics personnel it should be 
noted here that any measurements of intensity of ionizing 
radiation, which of course includes X-radiation, shall be 
made only by qualified radiological personnel. The reason 
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for this is that, at the present time, no test equipment is 
available for use in the field by field personnel, for the 
accurate measurement of ionizing radiation in the presence 
of strong r-f radiation fields. One item of test equipment 
has been developed for this purpose, but is not yet available 
for distribution to the field; this is the Radiacmeter ME-
118( )/G, a description of which is given in paragraph 
4-71. 

4-215. SHIELDING OF CABLES. Whenever test equip
ment is set up to detect ionizing radiation in the presence 
of r-f fields, it is essential that all interconnecting cables 
be properly shielded, to avoid the possibility of r-f pickup 
by the cabling, which could be the cause of incorrect indi
cations of radiation level. 

4-216. RADIAC SET AN/PDR-39, OPERATING 
PROCEDURE. 

4-217. Radiac Set AN/PDR-39 is a self-contained nuclear 
radiation survey meter that can instantly detect gamma 
radiation. The equipment can be used to localize areas of 
radioactivity either to warn personnel of possible over
exposure to radiation or to locate lost gamma-emitting 
radioactive materials. It may also be used to determine the 
degree of radioactive contamination of clothing and equip
ment. 

4-218. Radiac Set AN/PDR-39 is a portable unit which 
requires no interconnection to any additional equipment. 
The operational procedure is therefore limited to the 
proper use of the controls on the panel of the instrument. 
Complete instructions for the operation of this radiation 
survey meter are contained in Technical Order T.O. 11H4-
7-3-81. 
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5-2. This section contains a number of mathematical 

tables, conversion tables, and graphs, which will be found 

to be of assistance in the calculation or prediction of r-f 

radiation hazards. Explanations regarding the use of the 

various tables are presented immediately preceding the 

table, where such explanations are deemed necessary. 

5-3. FREQUENCY-WAVELENGTH CONVERSION. 

5-4. Table 5-1 lists frequencies in 25-megahertz steps be
tween the values of 200 and 10,000 megahertz, and the 
equivalent values of wavelength in meters and centimeters. 
For intermediate values interpolation should be used. The 
fourth column· in the table lists the value of the square of 
the centimeter equivalent of wavelength, takeri from the 
third column, for convenience in calculations. 

TABLE 5-1 

Frequency (MHz), Wavelength().), Centimeters, Cm2 

FREQUENCY METERS. CENTIMETERS CM2 
(MHz) 

FREQUENCY 
METERS CENTIMETERS , CM2 

(MHz) 

200 1.500 150.0 22500.0 1100 0.2727 27.27 743.7 
225 1.333 133.3 17769.0 1125 0.2667 26.67 711.3 
250 1.200 120.0 14400.0 1150 0.2609 26.09 680.7 
275 1.091 109.1 11903.0 1175 0.2553 25.53 651.8 
300 1.000 100.0 10000.0 liOO 0.2500 25.00 625.0 
325 0.9231 92,31 8521.0 1225 0.2449 24.49 599.8 
350 0.8571 85.71 7346.0 1250 0.2400 24.00 576.0 
375 0.8000 80.00 6400.0 1275 0.2353 23.53 553.7 
400 0.7500 75.00 5625.0 1300 0.2308 23.08 532.7 
425 0.7059 70.59 4983.0 1325 0.2264 22.64 512.6 
450 0.6667 66.67 4445.0 1350 0.2222 22.22 493.7 
475 0.6316 63.16 3989.0 i375 0.2182 21.82 476.1 
500 0.6000 60.00 3600.0 1400 0.2143 21.43 459.2 
525 0.5714 57.14 3265.0 1425 0.2105 21.05 443.1 
550 0.5455 54.55 2976.0 1450 0.2069 20.69 428.1 
575 0.5217 52.17 2722.0 1475 0.2034 20.34 413.7 
600 0.5000 50.00 2500.0 1500 0.2000 20.00 400.0 
625 O.j800 48.00 2304.0 1525 0.1967 19.67 386.9 
650 0.4615 46.15 2130.0 1550 0.1935 19.35 374.4 
675 0.4444 44.44 1975.0 1575 0.1905 19.05 362.9 
700 0.4286 42.86 1837.0 1600 0.1875 18.75 351.6 
725 0.4138 41.38 1712.0 1625 0.1846 18.46 340.8 
750 0.4000 40.00 1600.0 1650 0.1818 18.18 330.5 
775 0.3871 38.71 1498.0 1675 0.1791 17.91 320.8 
800 0.3750 37.50 1406.0 1700 0.1765 17.65 311.5 
825 0.3636 36.36 1322.0 1725 0.1739 17.39 302.4 
850 0.3529 35.29 1245.0 1750 0.1714 17.14 293.8 
875 0.3429 34.29 1176.0 1775 0.1690 16.90 285.6 
900 0.3333 33,33 1111.0, 1800 0.1667 16.67 277.9 
925 0.3243 32.43 1052.0 1825 0.1644 16.44 270.3 
950 0.3158 31.58 997,3 1850 0.1622 16.22 263.1 
975 0.3077 30.77 946.8 1875 0.1600 16.00 256.0 

1000 0.3000 30.00 900.0 1900 0.1579 15.79 249.3 
1025 0.2927 29.27 856.7 1925 0.1558 15.58 242.7 
1050 0.2857 28.57 816.2 1950 0.1538 15.38 236.5 
1075 0.2791 27.91 779.0 1975 0.1519 15.19 

I 
230.7 
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TABLE 5-1 (Cont) 

FREQUENCY. 
METERS CENTIMETERS CM2 

(MHz) 
FREQUENCY 

METERS CENTIMETERS CM2 
(MHz) 

2000 0.1500 15.00 225.0 3550 0.0845 8.45 71.40 
2025 0.1481 14.81 219.3 3575 0.0839 8.39 70.39 
2050 0.1463 14.63 214.0 3600 0.0833 8.33 69.39 
2075 0.1446 14.46 209.1 3625 0.0828 8.28 68.56 
2100 0.1429 14.29 204.2 3650 0.0822 8.22 67.57 
2125 0.1412 14.12 199.4 3675 0.0816 8.16 66.59 
2150 0.1395 13.95 194.6 3700 0.0811 8.11 65.77 
2175 0.1379 13.79 190.2 3725 0.0805 8.05 64.80 
2200 0.1364 13.64 186.0 3750 0.0800 8.00 64.00 
2225 0.1348 13.48 181.7 3775 0.0795 7.95 63.20 
2250 0.1333 13.33 177.7 3800 0.0789 7.89 62.25 
2275 0.1319 13.19 174.0 3825 0.0784 7.84 61.47 
2300 0.1304 13.04 170.0 3850 0.0779 7.79 60.68 
2325 0.1290 12.90 166.4 3875 0.0774 7.74 59.91 
2350 0.1277 12.77 163.1 3900 0.0769 7.69 59.14 
2375 0.1263 12.63 159.5 3925 0.0764 7.64 58.37 
2400 0.1250 12.50 156.2 3950 0.0759 7.59 57.61 
2425 0.1237 12.37 153.0 3975 0.0755 7.55 57.00 
2450 0.1224 12.24 149.8 4000 0.0750 7.50 56.25 
2475 0.1212 12.12 146.9 4025 0.0745 7.45 55.50 
2500 0.1200 12.00 144.0 4050 0.0741 7.41 54.91 
2525 0.1188 11.88 141.1 4075 0.0736 7.36 54.17 
2550 0.1176 11.76 138.3 4100 0.0732 7.32 53.58 
2575 0.1165 11.65 135.7 4125 0.0727 7.27 52.85 
2600 0.1154 11.54 133.2 4150 0.0723 7.23 52.27 
2625 0.1143 11.43 130.6 4175 0.0719 7.19 51.70 
2650 0.1132 11.32 128.1 4200 0.0714 7.14 50.98 
2675 0.1121 11.21 125.7 4225 0.0710 7.10 50.41 
2700 0.1111 11.11 123.4 4250 0.0706 7.06 49.84 
2725 0.1101 11.01 121.2 4275 0.0702 7.02 49.28 
2750 0.1091 10.91 119.0 4300 0.0698 6.98 48.72 
2775 0.1081 10.81 116.9 4325 0.0694 6.94 48.16 
2800 0.1071 10.71 114.7 4350 0.0690 6.90 47.61 
2825 0.1062 10.62 112.8 4375 0.0686 6.86 47.06 
2850 0.1053 10.53 110.9 4400 0.0682 6.82 46.51 
2875 0.1043 10.43 108.8 4425 0.0678 6.78 45.97 
2900 0.1034 10.34 106.9 4450 0.0674 6.74 45.43 
2925 0.1026 10.26 105.3 4475 0.0670 6.70 44.89 
2950 0.1017 10.17 103.4 '4500 0.0667 6.67 44.49 
2975 0.1008 10.08 101.6 4525 0.0663 6.63 43.96 

. 3000 0.1000 10.00 100.0 4550 0.0659 6.59 43.43 
3025 0.0992 9.92 98.41 4575 0.0656 6.56 43.03 
3050 0.0984 9.84 96.83 4600 0.0652 6.52 42.51 
3075 0.0976 9.76 95.26 4625 0.0649 6.49 42.12 
3100 0.0968 9.68 93.70 4650 0.0645 6.45 41.60 
3125 0.0960 9.60 92.16 4675 0.0642 6.42 41.22 
3150 0.0952 9.52 90.63 4700 0.0638 6.38 40.70 
3175 0.0945 9.45 89.30 4725 0.0635 6.35 40.32 
3200 0.0938 9.38 87.98 · .. 4750 0.0632 6.32 39.94 
3225 0.0930 9.30 86.49 .. 4775 0.0628 6.28 39.44 
3250 0.0923 9.23 85.19 .. 4800 0.0625 6.25 39.06 
3275 0.0916 9.16 83.91 ' 4825 0.0622 6.22 38.69 
3300 0.0909 9.09 82.63 4850 0.0619 6.19 38.32 
3325 0.0902 9.02 81.36 4875 0.0615 6.15 37.82 
3350 0.0896 8.96 80.28 4900 0.0612 6.12 37.45 
3375 0.0889 8.89 79.03 4925 0.0609 6.09 37.09 
3400 0.0882 8.82 76.79 4950 0.0606 6.06 36.72 
3425 0.0876 8.76 76.74 4975 0.0603 6.03 36.36 
3450 0.0870 8.70 75.69 5000 0.0600 6.00 36.00 
3475 0.0863 8.63 74.48 5025 0.0597 5.97 35.64 
3500 0.0857 8.57 73.44 5050 0.0594 5.94 35.28 
3525 0.0851 8.51 72.42 5075 0.0591 5.91 34.93 
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TABLE 5-1 (Cont) 

FREQUENCY 
METERS CENTIMETERS CM2 

(MHz) 
FREQUENCY 

METERS CENTIMETERS CM2 
(MHz) 

5100 0.0588 5.88 34.57 6650 0.0451 4.51 20.34 
5125 _ 0.0585 5.85 34.22 6675 0.0449 . 4.49 20.16 
5150 0.0583 5.83 33.99 6700 0.0448 4.48 20.07 
5175- 0.0580 5.80 33.64 6725 0.0446 4.46 19.89 
5200 0.0577 5.77 33.29 6750 0.0444 4.44 19.71 
5225 0.0574 5.74 32.95 6775 0.0443 4.43 19.62 
5250 0.0571 5.71 32.60 
5275 0.0569 5.69 32.38 

6800 0.0441 4.41 19.45, 
6825 0.0440 4.40 19.36 

5300 0.0566 5.66 32.04 6850 0.0438 4.38 19.18 
5325 0.0563 5.63 31.70 6875 0.0436 4.36 19.00 
5350 0.0561 5.61 31.47 6900 0.0435 4.35 18.92 
5375 0.0558 5.58 31.14 6925 0.0433 4.33 18.75 
5400 0.0556 5.56 30.91 6950 0.0432 4.32 18.66 

·5425 0.0553 5.53 30.58 6975 0.0430 4.30 18.49 
5450 0.0550 5.50 30.25 7000 0.0429 4.29 18.40 
5475 0.0548 5.48 30.03 7025 0.0427 4.27 18.23 
5500 0.0545 5.45 29.70 7050 0.0426 4.26 18.15 
5525 0.0543 5.43 29.48 7075 0.0424 4.24 17.98 
5550 0.0541 5.41 29.27 7100 0.0423 4.23 17.89 
5575 0.0538 5.38 28.94 7125 ().042.1 4.21 17.72 
5600 0.0536 5.36 28.73 7150 0.0420 4.20 17.64 
5625 0.0533 5.33 28.41 7175 0.0418 4 .. 18 17.47 
5650 0.0531 5.31 28.20 7200 0.0417 4.17 17.39 
5675 0.0529 5.29 27.98 7225 0.0415 4.15 17.22 
5700 0.0526 5.26 27.67 7250 0.0414 4.14 17.14 
5725 0.0524 5.24 27.46 7275 0.0412 4.12 16.97 
5750 0.0522 -5.22 27.25 7300 0.0411 4.11 16.89 
5775 0.0519 5.19 26.94 7325 0.0410 4.10 16.81 
5800 0.0517 5.17 26.73 7350 0.0408 4.08 16.65 
5825 0.0515 5.15 26.52 7375 0.0407 4.07 16.56 
5850 0.0513 5.13 26.32 7400 0.0405 4.05 16.40 
5875 0.0511 5.11 26.11 7425 0.0404 4.04 16.32 
5900 0.0508 5.08 25.81 7450 0.0403 4.03 16.24 
5925 0.0506 5.06 25.60 7475 0.0402 4.02 16.16 
5950 0.0504 5.04 25.40 7500 0.0400 4.00 16.00 
5975 0.0502 5.02 25.20 7525 0.0399 3.99 15.92 
6000 0.0500 5.00 25.00 7550 0.0397 3.97 15.76 
6025 0.0498 4.98 24.80 7575 0.0396 3.96 15.68 
6050 0;0496 4.96 24.60 7600 0.0395 3.95 15.60 
6075 0.0494 4.94 24.40 7625 0.0393 3.93 15.44 
6100 0.0492 4.92 24.21 7650 0.0392 3.92 15.37 
6125 0.0490 4.90 24.01 7675 0.0391 3.91 15.29 
6150 0.0488 4.88 23.81 7700 0.0390 3.90 15.21 
6175 0.0486 4.86 23.62 7725 0.0388 3.88 15.05 
6200 0.0484 4.84 23.43 7750 0.0387 3.87 14.98 
6225 0.0482 4.82 23.23 7775 0.0386 3.86 14.90 
6250 0.0480 4.80 23.04 
6275 0.0478 4.78 22.85 

i8oo 0.0385 3.85 14.82 
7825 0.0383 3.83 14.67 

6300 0.0476 4.76 22.66 7850 0.0382 3.82 14.59 
6325 0.0474 4.74 22.47 7875 0.0381 3.81 14.52 
6350 0.0472 4.72 22.28 7900 0.0380 3.80 14.44 
6375 0.0471 4.71 22.18 7925 0.0379 3.79 14.36 
6400 0.0469 4.69 22.00 7950 0.0377 3.77 14.21 
6425 0.0467 4.67 21.81 7975 0.0376 3.76 14.14 
6450 0.0465 4.65 21.62 8000 0.0375 3.75 14.06 
6475 0.0463 4.63 21.44 8025 0.0374 3.74 13.99 · 
6500 0.0462 4.62 21.34 8050 0.0373 3.73 13.91 
6525 0.0460 4.60 21.16 8075 0.0372 3.72 1.3.84 
6550 0.0458 4.58 20.98 8100 0.0370 3.70 13.69 
6575 0.0456 4.56 20.79 8125 0.0369 3.69 13.62 
6600 0.0455 4.55 20.70 8150 0.0368 3.68 13.54 
6625 0.0453 4.53 20.52 8175 0.0367 3.67 13.47 
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TABLE 5-1 (Cont) 

~ 

FREQUENCY METERS CENTlfAETERS CM2 
(MHz) 

8200 0.0366 3.66 13.40 
8225 0.0365 3.65 13.32 
8250 0.0364 3.64 13.25 
8275 0.0363 3.63 13.18 
8300 0.0361 3.61 13.03 
8325 0.0360 3.60 12.96 
8350 0.0359 3.59 12.89 
8375 0.0358 3.58 12.82 
8400 0.0357 3.57 12.74 
8425 0.0356 3.56 12.67 
8450 0.0355 3.55 12.60 
8475 0.0354 3.54 12.53 
850,0 0.0353 3.53 12.46 
8525 0.0352 3.52 12.39 
8550 0.0351 3.51 12.32 
8575 0.0350 3.50 12.25 
8600 0.0349 3.49 12.18 
8625 0.0348 3.48 12.11 
8650 0.0347 3.47 12.04 
8675 0.0346 3.46 11.97 
8700 0.0345 3.45 11.90 
8725 0.0344 3.44 11.83 
8750 0.0343 3.43 11.76 
8,775 0.0342 3.42 11.70 
8800 0.0341 3.41 11.63 
8825 0.0340 3.40 11.56 
8850 0.0339 3.39 11.49 
8875 0.0338 3.38 11.42 
8900 0.0337 3.37 11.36 
8925 0.0336 3.36 11.29 
8950 0.0335 3.35 11.22 
8975 0.0334 3.34 11.16 
9000 0.0333 3.33 11.09 
9025 0.0332 3.32 11.02 
9050 0.0331 3.31 10.96 
9075 0.0331 3.31 10.96 
9100 0.0330 3.30 10.89 

5-5. MATHEMATICAL CONVERSION TABLE. 

5-6. Table 5-2 lists distances in feet between the values 
of 0.5 foot and 10,000 feet, and the equivalent distances in 
meters and centimeters. Between the values of 0.5 and 30 
feet, the distances are listed in increments of 0.5 foot; be
tween 25 and 1000 feet, in increments of 25 feet; and be
tween 1000 and 10,000 feet, in increments of 500 feet. For 
intermediate values interpolation should be used. Addi
tional columns in the table give the values of centimeters 
squared, square root of feet, square root of meters, recipro
cal of square root of feet, and reciprocal of square root of 
meters. 

5-7. DECIMAL-METRIC-FRACTIONAL INCH 
EQUIVALENTS. 

5-8. Table 5-3 lists fractions of one inch in increments 
of 1/64 inch and the equivalent values both in decimal 
parts of an inch and in millimeters. 

5-9. METRIC-ENGLISH EQUIVALENT LENGTHS. 

5-4 

FREQUENCY METERS CENTIMETERS CM2 
(MHz) 

9125 0.0329 3.29 10.82 
9150 0.0328 3.28 10.76 
9175 0.0327 3.27 10.69 
9200 0.0326 3.26 10.63 
9225 0.0325 3.25 10.56 
9250 0.0324 3.24 10.50 
9275 0.0323 3.23 10.43 
9300 0.0323 3.23 10.43 
9325 0.0322 3.22 10.37 
9350 0.0321 3.21 10.30 
9375 0.0320 3.20 10.24 
9400 0.0319 3.19 10.18 
9425 0.0318 3.18 10.11 
9450 0.0317 3.17 10.05 
9475 0.0317 3.17 10.05 
9500 0.0316 3.16 9.986 
9525 0.0315 3.15 9.923 
9550 0.0314 3.14 9.860 
9575 0.0313 3.13 9.797 
9600 0.0313 3.13 9.797 
9625 0.0312 3.12 9.734 
9650 0.0311 3.11 9.672 
9675 0.0310 3.10 9.610 
9700 0.0309 3.09 9.548 
9725 0.0308 3.08 9.486 
9750 0.0308 3.08 9.486 
9775 0.0307 3.07 9.425 
9800 0.0306 3.06 9.364 
9825 0.0305 3.05 9.302 

' 9850 0.0305 3.05 9.302 
9875 0.0304 3.04 9.242 
9900 0.0303 3.03 9.181 
9925 0.0302 3.02 9.120 
9950 0.0302 3.02 9.120 
9975 0.0301 3.01 9.060 

10,000 0.0300 3.00 9.000 

5-10. Table 5-4 gives equivalent lengths of one inch, one 
foot, one yard, one centimeter, one kilometer, one statute 
mile, and one nautical mile in terms of each of the other 
units. The values given may be used as multiplying factors 
to convert from one unit to another. 

5-11. METRIC-ENGLISH EQUIVALENT AREAS. 

5-12. Table 5-5 gives equivalent areas of one square cen
timeter, one square inch, one square foot, one square yard, 
and one square meter in terms of each of the other units. 
The values given may be used as multiplying factors to 
convert from one unit to another. 

5-13, POWERS OF TEN. 

5-14. A thorough knowledge of the powers of ten and 
their use will greatly assist in solving problems. Use of the 
powers of ten will enable one to work problems involving 
very small decimal values or very large whole numbers with 
minimum difficulty, without having to write out cumber
some ten- or fifteen-digit numbers, which contain nearly 



FEET METERS CM 

0.5 0.1524 15.24 

1.0 0.3048 30.48 

1.5 0.457 45.70 

2.0 0.61 61.00 

2.5 0.762 76.20 

3.0 0.915 91.5p 
3.5 1.065 106.50 

4.0 1.22 122 

4.5 1.37 137 

5.0 1.525 152.5 

5.5 1.67 167 

6 1.83 183 
6.5 1.96 196 

7 2.13 213 

7.5 2.28 228 

8 2.44 244 

8.5 2.59 259 

9 2.74 274 

9.5 2.90 290 
10 3.048 304.8 
10.5 3.20 320 
11 3.35 335 
11.5 3.5 350 
12 3.66 366 
12.5 3.81 381 

13 3.96 396 
13.5 4.11 411 

14 4.27 427 

14.5 4.42 442 

15 4.57 · 457 

15.5 4.73 473 
16 4.88 488 
16.5 5.03 503 
17 5.18 518 

17.5 5.33 533 
18 5.5 550 

18.5 5.64 564 

19 5.8 580 

19.5 5.95 595 
20 6.1 610 

20.5 6.25 625 
21 6.4 640 

21.5 6.55 655 

T.O. 31Z-10-4 

TABLE 5-2 

Mathematical Conversion Table 

CM2 Y FEET Y METERS 

2.33 X 102 0.708 0.391 

9.3 X 102 1.00 0.553 
2.025 X lQ3 1.25 0.677 

3.72 X 103 1.414 0.783 
5.8 X 103 1.57 0.875 

8.37 X 103 1.732 0.958 

1.135 X 104 1.87 1.032 
·1.48 X 104 2.00 1.105 
1.88 X 104 2.12 1.17 
2.33 X 104 2.24 1.24 
2.79 X 104 2.35 1.29 
3.35 X 104 2.45 1.35 
3.84 X 104 2.55 1.40 
4.54 X lQ4 2.65 1.46 

5.20 X 104 2.74 1.51 

5.95 X 104 2.83 1.56 
6.70 X 104 2.92 1.61 

7.50x 104 · 3.00 1.66 
8.4 X 104 3.08 1.705 

9.3 X 104 3.16 1.75 
1.03 X 105 3.24 1.79 
1.12 X 105 3.32 1.83 

1.225 X 105 3.40 1.87 

1.34 X 105 3.46 1.92 
1.45 X 105 3.54 1.95 
1.57 X 105 3.605 1.99 
1.68 X 105 3.68 2.03 

1.82 X 105 3.74 2.07 
1.95 X 105 3.81 2:10 
2.09 X 105 3.87 2.14 
2.24 X 105 3.94 2.18 
2.39 X 105 4.00 2.22 

2.53 X 105 4.06 2.25 
2.69 X 105 4.12 2.28 
2.84 X 105 4.18 2.31 

3.03 X 105 4.24 2.35 
3.18 X 105 4.30 2.38 
3.36 X 105 4.36 2.41 
3.54 X 105 4.42 2.44 
3.72 X 105 4.47 2.47 
3.91 X 105 4.54 2.5 
4.10 X lQ5 4.58 2.53 
4.29 X lQ5 4.64 2.56 

Chapter 5, Section I 

1 1 - --
Y FEET Y METERS 

1.41 2.56 

1.00 1.81 

0.80 1.48 

0.708 1.28 

0.637 1.15 

0.577 1.033 

0.435 0.97 
0.50 0.905 

0.472 0.855 

0.447 0.807 

0.425 0.775 

0.408 0.74 

0.393 0.714 

0.378 0.685 

0.365 0.663 

0.354 0.64 

0.343 0.622 

0.333 0.602 

0.325 0.586 

0.317 0.572 

0.309 0.56 

0.301 0.546 

0.294 0.535 

0.289 0.52 

0.283 , 0.512 

0.278 0.502 

0.272 0.492 

0.268 0.483 

0.263 0.475 

0.258 0.467 

0.254 0.458 

0.250 0.45 

0.247 0.445 

0.243 0.438 

0.239 0.433 

0.236 0.425 

0.233 0.42 

0.229 0.415 

0.226 0.41 

0.224 0.405 

0.220 0.40 

0.218 0.396 
0.215 0.391 
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TABLE 5-2 (Cont) 

1 1 
FEET METERS CM CM2 \/FEET V METERS - --

VFEET V METERS 

22 6.7 670 4.50 X 105 4.69 2.59 Oi213 0.386 

22.5 6.85 685 4.70 X 105 4.75 2.62 0.211 0.384 

23 7.00 700 4.9 X lQ5 4.795 2.645 0.209 0.382 

23.5 7.15 715 5.11 X 105 4.85 2.67 0.206 0.38 

24 7.30 730 5.33 X 105 4.898 2.70 0.204 0.374 

24.5 7.46 746 5.56 X 105 4.955 2.73 0.202 0.372 

25 7.62 762 5.8 X 105 5.0 2.76 0.2 0.368 

50 15.2 1520 2.31 X 106 7.01 3.9 0.1425 0.257 

75 22.9 2290 5.25 X 106 8.66 4.78 0.1155 0.208 

100 30.5 3050 9.3 X 106 10.0 5.52 0.1 0.1815 

125 38.1 3810 14.5 X lQ6 11.18 6.16 8.95 X 10-2 1.62 X 10-1 

150 45.8 4580 21.0 X lQ6 12.25 6.77 8.16 X 10-2 1.48 X 10-1 

175 53.4 5340 28.5 X lQ6 13.23 7.3 7.6 X 10-2 1.37 X 10-1 

200 61.0 6100 37.2 X 106 14.14 7.82 7.08 X 10-2 1.28 X 10-1 

225 68.6 6860 47.0 X 106 15.00 8.28 6.67 X 10-2 1.21 X 10-1 

250 76.3 7630 58.0x 106 15.80 8.75 6.33 X 10-2 1.14 X 10-1 

275 84.0 8400 70.5 X lQ6 16.60 9.17 6.02 X 10-2 1.09 X 10-1 

300 ·91.5 9150 83.6 X lQ6 17.32 9.56 5.78 X 10-2 1.05 X 10-1 

325 99.0 9900 98.0 X lQ6 17.90 9.95 5.6 X 10-2 1.00 X 10-1 

350 106.5 10650 1.135 X 108 18.70 10.03 5.35 X 10-2 9.96 X 10-2 

375 114.0 11400 1.30 X lQ8 19.35 10.70 5.17x10-2 9.35 .x 10-2 

400 122.0 12200 1.49 X 108 20.00 11.05 5.00 X 10-2 9.05 X 10-2 

425 129.5 12950 1.68 X lQ8 20.60 11.40 4.86 X lQ-2 8.77 X 10-2 

450 137.0 13700 1.88 X 108 21.20 11.70 4.72 X 10-2 8.55 X 10-2 

475 145.0 14500 2.10 X 108 21.80 12.05 4.60 X 10-2 8.3 X 10-2 

500 152.0 15200 2.25 X 108 22.35 12.30 4.47 X 10-2 8.14 X 10-2 

525 160.0 1600d 2.56 X 108 22.90 12.65 4.36 X 10-2 7.92 X 10-2 

550 167.5 16750 2.81 X 108 23.45 12.95 4.33 X 10-2 7.72 X 10-2 

575 175.0 17500 3.07 X 108 23.95 13.20 4.17 X 10-2 7.6 X 10-2 

600 182.0 18200 3,32 X 108 24.50 13.45 4.08 X 10-2 7.45 X 10-2 

625 190.0 19000 3.62 X 108 25.00 13.75 4.00 X 10-2 7.28 X 10-2 

650 198.0 19800 3.94 X 108 25.50 14.05 3,92 X 10-2 7.12 X 10-2 

675 205.0 20500' 4.22 X 108 26.00 14.30 3.85 X 10-2 7.0 X 10-2 

700 213.0 21300 4.55 X 108 26.40 14.60 3.80 X 10-2 6.85 X 10-2 

725 221.0 22100 4.90 X 108 26.90 14.85 3.72 X 10-2 6.74 X 10-2 

750 228.0 22800 5.22 X 108 27.40 15.10 3.65 X 10-2 6.62 X 10-2 

775 236.0 23600 5.58 X 108 27.80 15.25 3.60 X 10-2 6.56 X 10-2 

800 243.00 24300 5.90 X 108 28.30 15.60 3.54 X 10-2 6.42 X 10-2 

825 251.00 25100 6.3 X 108 28.7 15.80 3.48 X 10-2 6.32 X 10-2 

850 259.00 25900 6.72 X 108 29.15 16.10 3.44 X 10-2 6.22 X 10-2 

875 267.00 26700 7.14 X 108 29.60 16.30 3.38 X 10-2 6.14 X 10-2 

900 274.00 27400 7.52 X 108 30.00 16.55 3.34 X 10-2 6.05 X 10-2 

925 282.00 28200 7,92 X 108 30.40 16.75 3.30 X 10-2 5.98 X 10-2 

950 290.00 29000 8.42 X 108 30.80 16.90 3.25 X 10-2 5.92 X 10-2 

975 299.70 29970 8.98 X 108 31.20 17.30 3.20 X 10-2 5.8 X 10-2 

1000 · 305.00 30500 9.3 X 108 31.60 17.45 3.165 X 10-2 5.72 X 10-2 

1500 457.2 45720 2.09 X 109 38.73 21.38 2.58 X 10-2 4.68 X 10-2 

2000 609.6 60960 3.72 X 109 44.72 24.69 2.24 X 10-2 4.05 X 10-2 

2500 762.0 76200 5.81 X lQ9 50.00 27.60 2.00 X 10-2 3.62 X 10-2 

3000 914.4 91400 8.35 X lQ9 54.77 30.23 1.83 X 10-2 3.31 X 10-2 

3500 1066.8 106680 11.38 X 109 59.16 32.66 1.69 X 10-2 3.06 X 10-2 



FEET METERS 

4000 1219.2 
4500 1371.6 
5000 1524.0 
5500 1676.4 
6000 1828.8 
6500 1981.2 
7000 2133.6 
7500 2286.0 
8000 2438.4 
8500 2590.8 
9000 2743.2 
9500 2895.6 

10000 3048.0 

FRACTION OF 
AN INCH 

1/64 
1/32 

3/64 
1/16 

5/64 
3/32 

7/64 
1/8 

9/64 
5/32 

11/64 
3/16 

13/64 
7/32 

15/64 
1/4 

17/64 
9/32 

19/64 
5/16 

21/64 
11/32 

23/64 
3/8 

25/64 
13/32 

27/64 
7/16 

29/64 
15/32 

31/64 
1/2 

CM 

121920 
137160 
152400 
167640 
182880 
198120 
213360 
228600 
243840 
259080 
274320 
289560 
304800 

DECIMAL 

T.O. 31Z-10-4 

TABLE 5-2 (Cont) 

-
CM2 V FEET V METERS 

14.86 X 109 63.25 34.91 
18.81 X 109 67.08 37.04 
23.23 X 109 70.71 39.04 
28.10 X 109 74.16 40.94 
33.45 X 109 77.46 42.76 
39.25 X 109 80.62 44.51 
45.52 X 109 83.67 46.19 
52.26 X 109 86.60 47.81 
59.46 X 109 89.44 49.38 
67.12 X 109 92.20 50.90 
75.25 X 109 94.87 52.38 
83.84 X 109 97.47 53.81 
92.90 X 109 100.00 55.21 

TABLE 5-3 

Deci'!lal-Metric-Fractional Inch Equivalents 

METRIC 
FRACTION OF 

EQUIVALENT EQUIVALENT 
(MILLIMETERS) AN INCH 

0.0156 0.397 33/64 
0.0313 0.794 17/32 
0.0469 1.191 35/64 
0.0625 1.588 9/16 
0.0781 1.984 37/64 
0.0938 2.381 19/32 
0.1094 2.788 39/64 
0.1250 3.175 5/8 
0.1406 3.572 41/64 
0.1563 3.969 21/32 
0.1719 4.366 43/64 
0.1875 4.763 11/16 
0.2031 5.159 45/64 
0.2188 5.556 23/32 
0.2344 5.953 47/64 
0.2500 6.350 3/4 
0.2656 6.747 49/64 
0.2813 7.144 25/32 
0.2969 7.541 51/64 
0.3125 7.938 13/16 
0.3281 8.334 53/64 
0.3438 8.731 27/32 
0.3594 9.128 55/64 
0.3750 9.525 7/8 
0.3906 9.922 57/64 
0.4063 10.319 29/32 
0.4219 10.716 59/64 
0.4375 11.113 15/16 
0.4531 11.509 61/64· 
0.4688 11.906 31/32 
0.4844 12.303 63/64 
0.5000 12.700 --

Chapter 5, Section I 

1 1 - --
V FEET V METERS 

1.58 X 10-2 2.86 X 10-2 

1.49 X 10-2 2.70 X 10-2 . 
1.41 X 10-2 2.56 X 10-2 

1.35 X 10-2 2.44 X 10-2 

1.29 X 10-2 2.34 X 10-2 

1.24 X 10-2 2.25 X 10-2 

1.20 X 10-2 2.16 X 10-2 

1.16 X 10-2 2.09 X 10-2 

1.12 X 10-2 2.02 X 10-2 

1.08 X 10-2 1.96:X 10-2 
1.05 X 10-2 1.91 X 10-2 

1.03 X 10-2 1.86 X 10-2 
1.00 X 10-2 1.81 X 1()-2 

DECIMAL METRIC 
EQUIVALENT EQUIVALENT (MILLIMETERS) 

0.5156 13.097 
0.5313 13.494 
0.5469 13.891 
0.5625 14.288 
0.5781 14.684 
0.5938 15.081 
0.6094 15.478 
0.6250 15.875 
0.6406 16.272 
0.6563 16.669 
0.6719 17.066 
0.6875 17.463 
0.7031 17.859 
0.7188 18.256 
0.7344 18.653 
0.7500 19.050 
0.7656 19.447 
0.7813 19.844 
0.7969 20.241 
0.8125 20.638 
0.8281 21.034 
0.8438' 21.431 
0.8594 21.828 
0.8750 22.225 
0.8906 22.622 
0.9063 23.019 
0.9219 23.416 
0.9375 23.813 
0.9531 · 24.209 
0.9688 24.606 
0.9844 25.003 
1.0000 25.400 
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TABLE 5-4 

Metric-English Equivalent Lengths 

UNIT INCHES FEET YARDS CENTI-
METERS 

1 in. 1 0.0833 0.028 2.54 

1ft 12 1.00 0.333 30.48 

1 yd 36 3.00 1.00 91.44 

1cm 0.394 0.0328 0.0109 0.100 

1 meter 39.37 3.28 1.094 100 

1km 39,370 3,280 1,094 100,000 

1 statute 
mile 63,360 5,280 1,760 160,934 

1 nautical 
mile 72,960 6,080 2,026.7 185,318.4 

all zeros. In addition, a knowledge of powers of ten is 
almost mandatory when a slide rule is used in computations 
involving the use of very small decimal quantities as well 
as very large numbers. 

5-15. Some multiples of ten, which will be extensively 
used in problems dealing with radiation hazards, are given 
below: 

Expressed as a 
Number 

0.000001 
0.00001 
0.0001 
0.001 
0.01 
0.1 

Expressed as a 
Number 

1 
10 

100 
1,000 

10,000 
100,000 

1,000,000 

= 

= 
= 
= 
= 

= 
= 
= 
= 
= 
= 
= 

Expressed as a 
Power of Ten 

10-6 
10-s 
10-4 
lQ-3 

10-2 
10-1 

Expressed as a 
Power of Ten 

100 
101 

102 

103 
104 

105 

106 

METERS KILO- STATUTE NAUTICAL 
METERS MILES MILES 

0.0254 0.0000254 0.00001575 0.0000137 

0.3048 0.000305 0.0001895 0.0001645 

0.9144 0.000915 0.000568 0.000494 

0,01 0.00001 0.00000622 0.0000054 

1.00 0.001 0.000622 0.00054 

1,000 1 0.622 0.54 

1,609.3 1.609 1 0.87 

1,853.18 1.853 1.15 1 

As shown above, it is apparent that any decimal fraction 
may be readily changed to the number ten;times a negative 
power of ten. Also, any multiple of ten may be expressed as 
ten, to the proper (positive) power of ten. 

5-16. In the same manner that multiples of ten may be 
expressed as ten to a certain positive or negative power of 
ten, so also may any decimal number be expressed as a 
whole number multiplied by some negative power of ten. 
Likewise, any large number may be represented by some 
smaller number multiplied by some (positive) power of ten. 
For example, take the number 452. This number could be 
expressed as: 

452 = 4.52 X lQ2 

It could be expressed: 

452 = 45.2 X 10 1 

For convenience in calculations, the more generally used 
form of expressing numbers is to keep the number to the 
left of the decimal point limited to a one-digit number, i.e., 
a number between one and ten, with the remainder of the 
significant figures falling to the right of the decimal point, 
and adjust the power of ten multiplier accordingly. For 
example, various fractions and whole numbers containing 
the digits 452 may be expressed as follows: 

TABLE 5-5 

Metric-English Equivalent Areas 

UNIT SQCM SQ IN. SQ rT SQ YD 
SQ 

METER. 

1 sq cm 1 0.155 0.001075 0.000119 0.0001 

1 sq in. 6.45 1 0.00694 0.000772 0.000645 

1 sq ft 929.03 144 1 0.111 0.0932 

1 sqyd 8,361.27 1,296 9 1 0.836 

1 sq meter 10,000 1,549.99 10.76 1.19 1 
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0.0000452 = 4.52 X 10-5 
0.000452 = 4.52 X lo-4 
0.00452 = 4.52 X 10-3 
0.0452 = 4.52 X 10-2 

0.452 = 4.52 X 10-1 

4.52 = 4.52 X lQO 

45.2 = 4.52 X 101 

452 = 4.52 X 102 

4,520 = 4.52 X 103 
45,200 = 4.52 X 104 

452,000 = 4.52 X lQS 

5-17. By expressing cumbersome numbers as small num
bers multiplied by the appropriate power of ten, problems 
involving multiplication, division, powers, and roots may 
be reduced to a form which is readily handled, and which 
in many cases may be solved mentally after being reduced 
to this form. 

5-18. In using powers of ten, it is essential that the laws 
of exponents be thoroughly understood. Briefly, these laws 
may be expressed as follows: 

a. Multiplication of numbers having exponents to the 
same base (which in the present case is the base 10) is accom
plished by adding the exponents. 

b. Division of numbers having exponents to the same 
base (10) is accomplished by subtracting the exponent of. 
the divisor from the exponent of the dividend. 

c. Raising numbers to powers is accomplished by multi
plying the exponent of the base (10) by the index of the 
power. 

d. Extracting a root of a number is accomplished by 
dividing the exponent of the base (10) by the index of the 
root. 

In the following paragraphs the laws of exponents, which 
are briefly summarized above, are illustrated by means of 
examples. 

5-19. MULTIPLICATION USING POWERS OF TEN. 

5-20. In multiplication, exponents ·having the same base 
are added. Since only powers of ten are being considered, 
the base is, of cour~e, ten. Multiplication, then, is expressed 
as: 

103 X lQb = l0•+b 

For example, multiply 0.0001 by 0.00001. 

Solution: 0.0001 := 10-4; 0.00001 = 10-s 

0.0001 x 0.00001 = lo-4 x 10-s 

= 10-9 = 0.000000001 

For a second example, multiply 10,000 by 0.0001. 

Solution: 10,000 = 104; 0.0001 = lo-4 

10,000 x 0.0001 = 104 x lo-4 = 10° = 1 

For a third example, consider numbers which may be en-

countered in actual calculations, such as 300,000,000 multi
plied by o.00628. 

Solution: 300,000,000 = 3 x 108 

0.00628 = 6.28 X 10-3 

300,000,000 X 0.00628 

= 3 X 108 X 6.28 X lQ-3 

= 3 X 6.28 X lQ(S-3) 

= i8.84 X lQ5 

= 1,884,000 

It is evident from the above example that the only actual 
multiplication involved is 3 x 6.28, which can be done 
mentally. 

5-21. DIVISION USING POWERS OF TEN. 

5-22. In division, exponents of denominators are sub
tracted from exponents of numerators, provided that the 
bases are identical. Division, then, is expressed thus: 

10• - = 10•-b lQb 

For example, divide 0.0001 by 0.01. 

Solution: 0.0001 = lo-4; 0.01 = 10-2 

0.0001 lo-4 -- - -- = 10--+-<-2> = 10-2 = 0.01 0.01 - 10-2 

For a second example, divide 0.0001 by 100,000,000. 

Solution: 0.0001 = lo-4.; 100,000,000 = 108 

0.0001 = lo-4 = .lQ--4-S = l0-12 
100,000,000 10s 

= 0.000000000001 

For a third example, consider numbers which may be 
used in actual calculations, such as 0.00627 divided by 
300,000,000. 

Solution: 0.00627 = 6.27 x 10-3 
300,000,000 = 3 X 108 

0.00627 6.27 X 10-3 6.27 X 10-3-8 
= =----

300,000,000 3 X 108 3 

= 2.09 X 10-11 

5-23. RAISING TO POWERS USING POWERS OF 
TEN. 

5-24. In raising a number which is already expressed as 
a power of ten to an additional power, the exponent of the 
base is multiplied by the exponent indicating the power. 
Raising to a power is expressed as : 

(lQa)b = l0•xb 
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For example, square the number 0.001. 

Solution: 0.001 = 10-3 

(0.001)2 = (10--3)2 = 10--6 

= 0.000001 

For a second example, cube the number 100. 

Solution: 100 = 102 

1003 = (102)3 = 106 

= 1,000,000 

For a third example, consider a number whifh may occur in 
an actual calculation, such as 300,000,000 raised to the third 
power. 

Solution : 300,000,000 = 3 x 108 

(3 X lQ8) = 33 X lQ8x3 = 27 X lQ24 

Or, expressing the 27 so that only a single digit 
is to the left of the decimal point: 3.7 x 1025 

The result, 2. 7 x 1025, is too unwieldly to represent conven
tionally, since it would necessarily be written as 27 followed 
by 24 zeroes. Here is seen the real value of a knowledge of 
the use of powers of ten. 

5-25. EXTRACTING ROOTS USING POWERS OF 
TEN. 

5-26. In extracting a root of a n~mber which is already 
expressed as a power of ten, the exponent of the base is 
divided by the exponent indicating the root. Extracting a 
root is expressed as: · 

For example, extract the square root of 10,000. 

Solution: 10,000 = 104 

4 

y'104 = 102 = 102 

= 100 

For a second example, extract the square root of 100,000. 
/ 

Solution: 100,000 = 105 

5 

y'l00,000 = 102 = ? 

In this case a difficulty is encountered, because a fractional 
power of ten cannot be easily reduced to a final answer, 
except by the use of logarithms. To avoid this difficulty, 
the number from which the root is to be extracted must be 
expressed as some number, multiplied by a proper power of 
ten which is evenly divisible by the index of the root. 
Therefore, the problem should be solved thus: 

5-10 

Solution: 100,000 = 10 x 104 

yl00,000 = ylO x 104 = 102 ylO 

= 100 y'lO 

For a third example, extract a roqt of a number which may 
be encountered in an actual calculation, such as the fourth 
root of 300,000,000. 

Solution: 300,000,000 = 3 x 108 

y300,000,000 = y3 X 108 

8 

= y3 X 104 

= y3 X 102 

= 100y'3 

5-27. USING POWERS OF TEN IN SOL YING 
PROBLEMS. 

5-28. To understand the use of powers of ten in multipli
cation, division, and raising numbers to powers, consider 
the following example, in which the power density (W,) 
in a radar beam is to be calculated. 

Given: 

W _ PtGt _ 3600 x 7400 
t - 4.:D2 - 4 x 3. 14 x (2755 x 30.48)2 

Solution: 

, W _ 3600 X 7400 
f - 4 X 3.14 X (2755 X 30.48)2 

3.6 X 103 X 7.4 X lQ3 =-------------4 X 3.14 X (2,755 X 103 X 3_.048 X 10)2 

3.6 X 7.4 X lQ6 = ------------
4 X 3.14 X (2.755 X 3.048)2 X 1Q8 

3.6 X 7.4 
=-----------12.56 X (2.755 X 3.048)2 X 102 

This is as far as the problem can be simplified using powers 
of ten. If an approximation is desired, the final result can 
be calculated simply, by rounding off all decimal numbers 
to whole numbers, except the decimal numbers that are 
raised to a power (such as those within the parentheses in 
the above example). In this example, the decimal numbers 
that are squared can be rounded off to 2¾ x 3. The calcu
lation then becomes: 

W _ 4x7 . 
f - l3 X (2¾ X 3)2 X 102 

28 28 
=--------

13 X 64 X 100 83200 

= 0.0033 watt/cm2 

5-29. COMMON LOGARITHMS. 

5-30. Table 5-6 gives the common logarithms (log1n N) 
of numbers (N) from 10 to 99 inclusive. 



N 0 1 2 

10 0000 0043 0086 

11 0414 0455 0492 
12 0792 0828 0864 
13 1139 1173 1206 
14 1461 1492 1523 

15 1761 1790 1818 

16 2041 2068 2095 
17 2304 2330 2355 
18 2553 2577 2601 
19 2788 2810 2833 

20 3010 3032 3054 

21 3222 3243 3263 
22 3434 3444 3464 
23 3617 3636 3655 
24 3802 3820 3838 

25 3979 3997 4014 

26 4150 4166 4183 
27 4314 4330 4346 
28 4472 4487 4502 
29 4624 4639 . 4654 

30 4771 4786 4800 

31 4914 4928 4942 
32 5051 5065 5079 
33 5185 5198 5211 
34 5315 5328 5340 

35 5441 5453 5465 

36 5563 5575 5587 
37 5682 5694 5705 
38 5798 5809 5821 
39 5911 5922 5933 

40 6021 6031 6042 

41 6128 6138 6149 
42 6232 6243 6253 
43 ,6_:,35 6345 6355 
44 6435 6444 6454 

45 6532 6542 6551 

46 6628 6637 6646 
47 ,6721 6730 6739 
48 6812 6821 6830 
49 6902 6911 6920 

50 6990 6998 7007 

51 7076 7084 7093 
' 52 7160 7168 7177 
53 7243 7251 7259 
54 7324 7332 7340 

L 
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TABLE 5-6 

Common Logarithms 

3 4 5 

· 0128 0170 0212 

0531 0569 0607 
0899 0934 0969 
1239 1271 1303 
1553 1584 1614 

1847 1875 1903 
' 2122 2148 2175 

2380 2405 2430 
2625 2648 2672 
2856 2878 2900 

3075 3096 3118 

3284 3304 3324 
3483 3502 3522 
3674 3692 3711 
3856 3874 3892 

4031 '4048 4065 

4200 4216 4232 
4362 4378 4393 
4518 4533 4548 
4669 4683 4698 

4814 4829 4843 

4955 4969 4983 
5092 5105 5119 
5224 5237 5250 
5353 5366 5378 

5478 5490 5502 

5599 5611 5623 
5717 5729 5740 
5832 5843 5855 
5944 5955 5966 

6053 6064 6075 

6160 6170 6180 
6263 6274 6284 
6365 6375 6385 
6464 6474 6484 

6561 6571 6580 

6656 6665 6675 
6749 6758 6767 
6839 6848 6857 
6928 6937 6946 

7016 7024 7033 

7101 7110 7118 
7185 7193 7202 
7267 7275 7284 
7348 7356 7364 

Chapter 5, Section I 

6 7 8 9 

0253 0294 0334 0374 

0645 0682 0719 0755 
1004 1038 1072 1106 
1335 1367 1399 1430 
1644 1673 1703 1732 

1931 1959 1987 2014 

· 2201 2227 2253 2279 
2455 2480 · 2504 2529 
2695 . 2718 2742 2765 
2923 2945 2967 2989 

3139 3160 3181 3201 

3345 3365 3385 3404 
3541 3560 3579 3598 
3729 3747 3766 3784 
3909 3927 3945 3962 

4082 4099 4116 4133 

4249 4265 4281 4298 
4409 4425 4440 4456 
4564 •4579 4594 4609 . 
4713 4728 4742 4757 

4857 4871 4886 4900 

4995 5011 5024 5038 
5132 5145 5159 5172 
5263 5276 5289 5302 
5391 5403 5416 5428 

5514 5527 5539 5551 

5635 5647 5658 5670 
5752 5763 5775 5786 
5866 5877 5888 5899 
5977 5988 5999 6010 

6085 6096 6107 6117 

6191 6201 6212 6222 
6294 6304 6314 6325 
6395 6405 6415 6425 
6493 6503 6513 6522 

6590 6599 6609 6618 

6684 6693 6702 6712 
6776 6785 6794 6803 
6866 6875 6884 6893 
6955 6964 6972 6981 

7042 7050 7059 7067 

7126 7135 7143 7152 
. 7210 7218 7226 7235 

7292 7300 7308 7316 
7372 7380 7388 7396 
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TABLE 5-6 (Cont) 

N 0 1 2 3 4 5 6 7 8 9 

55 7404 7412 7419 7427. 7435 7443 7451 7459 7466 7474 

· 56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551 
57 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627 
58 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701 
59 7709 7716 7723 7731 7738 7745 7752 7760 7767 7774 

60 7782 7789 7796 7803 7810 7818 7825 7832 7839 7846 

61 7853 7860 7868 7875 7882 7889 7896 7903 7910 7917 
62 7924 7931 7938 7945 7952 7959 7966 7973 7980 7987 
63 7993 8000 8007 8014 8021 8028 8035 8041 8048 8055 
64 8062 8069 8075 8082 8089 8096 8102 8109 8116 8122 

65 8129 8136 8142 8149 8156 8162 8169 8176 8182 8189 

66 8195 8202 8209 8215 8222 8228 8235 8241 8248 8254 
67 8261 8267 8274 8280 8287 8293 8299 8306 8312 8319 
68 8325 8331 . 8338 8344 8351 8357 8363 8370 8376 8382 
69 8388 8395 8401 8407 8414 8420 8426 8432 8439 8445 

70 8451 8457 8463 8470 8476 8482 8488 8494 8500 8506 

71 8513 8519 8525 8531 8537 8543, 8549 8555 8561 8567 
72 8573 8579 8585 8591 8597 8603 8609 8615 8621 8627. 
73 8633 8639 8645 8651 8657 8663 8669 8675 8681 8686 
74 8692 8698 8704 8710 8716 8722 8727 8733 8739 8745 

75 8751 8756 8762 8768 8774 8779 8785 8791 8797 8802 

76 8808 8814 8820 8825 8831 8837 8842 8848 8854 8859 
77 8865 8871 8876 8882 8887 8893 8899 8904 8910 8915 
78 8921 8927 8932 8938 8943 8949 8954 8960 8965 8971 
79 8976 8982 8987 8993 8998 9004 9009 9015 9020 9025 

80 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079 

81 9085 9090 9096 9101 9106 9112 9117 9122 9128 9133 
82 9138 9143 9149 9154 9159 9165 9170 9175 9180 9186 
83 9191 9196 9201 9206 9212 9217 9222 9227 9232 9238 
84 9243 9248 9253 9258 9263 9269 9274 9279 9284 9289 

85 9294 9299 9304 9309 9315 9320 9325 9330 9335 9340 

86 9345 9350 9355 9360 9365 9370 9375 9380 9385 9390 
87 9395 9400 9405 9410 9415 9420 9425 9430 9435 9440 
88 9445 9450 9455 9460 9465 9469 9474 9479 9484 9489 
89 9494 9499 9504 9509 9513 9518 9523 9528 9533 9538 

90 9542 9547 9552 9557 9562 9566 9571 9576 9581 9586 

91 9590 9595 9660 9605 9609 9614 9619 9624 9628 9633 
92 9638 9643 9647 9652 9657 9661 9666 9671 9675 9680 
93 9685 9689 9694 9699 9703 9708 9713 9717 9722 9727 
94 9731 9736 9741 9745 9750 9754 9759 9763 9768 9773 

95 9777 9782 9786 9791 9795 9800 9805, 9809 9814 9818 

96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863 
97 9868 9872 9877 9881 9886 9890 9894 9899 9903 9908 
98 9912 9917 9921 9926 9930 9934 9939 9943 9948 9952 
99 9956 9961 9965 9969 9974 9978 9983 9987 9991 9996 
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5-,31. A knowledge of logarithms is essential to an under
standing of power relations in electronic equipments. 
Although the average person has been "exposed" to the 
study of logarithms in high school, it is often found that 
the basic principles regarding the use of logarithms are not 
cleariy remembered, especially if several years have elapsed 
since the subject was studied. It is therefore felt that a brief 
review of the basic principles will be helpful to the reader. 

5-32. BASIC PRINCIPLES OF LOGARITHMS. 

5-33. By definition, a logarithm of a given number is an 
exponent, which indicates the power to which a given base 
must be raised to equal the given number. This is a general 
rule for logarithms to any base. When "common" loga
rithms are specified, as they are here, the base used is the 
base 10. Therefore, the common logarithm of a given 
number is the exponent which indicates the power to which 
the base 10 must be raised to equal the given number. 

5-34. In order to express the logarithm of a number N 
to the base 10, it is written log10 N. Since the logarithm 
of a number N is an exponent of 10, the logarithm of the 
number 100 is 2, because the base of 10 must be raised to 
the power of\ 2, or 102, to equal 100. Similarly, the log10 
1000 is 3, because the base (10) must be raised to the third 
power, or 103, to equal 1000. It is evident, therefore, that 
the log of any number between the values of 100 and 1000 
must be between 2 and 3. For example, by reference to 
table 5-6 giving common logarithms, it can be seen that the 
log10 500 is 2;6990. Stated in the "exponential form," this 
relationship is written: 

102.6990 = 500 

Stated in "logarithmic form," it is written: 

2.6990 = log10 500 

It is obviously impractical to calculate the value of 10 
raised to the 2.6990 power by normal longhand mathe
matics, in the manner that the value of 102 is calculated by 
multiplying 10 x 10, or the value of 103 by multiplying 
10 x 10 x 10. However, reference to a log table reveals that 
the antilogarithm, which is the number corresponding to 
the given logarithm, of the number 2.6990 is 500. 

5-35. CHARACTERISTIC. In the preceding paragraph 
it was implied- that the table of common logarithms gives 
the log105OO as 2.6990. Actually, the log table gives only 
the fractional value 0.6990, while the whole number 2, 
which is called the "characteristic," is an int·eger determined 
by the number of digits to the left of the decimal point. 
The characteristic of any logarithm may be determined by 
the following rules: 

a. Characteristics of positive numbers greater than 1 are 
positive, and have a value which is one less than the num
ber of digits to the left of the decimal point. 

b. Characteristics of positive numbers less than 1 are 
negative, and have a value which is one more than the 
number of zeros to the right of the decimal point. 

It is important to note that a negative number has an imag
inary logarithm, which cannot be used in computations. 
However, since the numerical results are the same regard, 
less of the algebraic sign, computations with negative num
bers may be made by considering the numbers to be posi
tive, and when the numeriq,.l value of the result is obtained, 
the proper sign may be added as determined by the condi
tions of the problem. 

5-36. MANTISSA. The mantissa is that part of the loga
rithm of a number which appears to the right of the decimal 
point. It is the number obtained from the log table, and 
it is the same regardless of the position of the decimal point. 
in the original number. For example: 

log 500.00 = 2.6990 

log 50.00 = 1.6990 

log 5.00 = 0.6990 

log 0.50 = 9.6990 - 10 

log 0.05 = 8.6990 - 10 

It will be noted that in all of the above examples, the fig
ures 0.6990 remain the same; this portion of the logarithm 
is called the "mantissa." The position of the decimal point 
in the original number determines only the characteristic. 

5-37. MULTIPLICATION BY LOGARITHMS. 

5-38. Since a logarithm is an exponent of 10, multiplica
tion is accomplished by the addition of exponents. By the 
laws of algebra: 

a xb = ab 

10• X lQb = l0•+b 

Also: 

Finally: 

ax b = antilog of (log 10 a + log10 b) 

For example, two of the numbers in the previous para
graph, 50 and 500, may be multiplied by the use of loga
rithms as follows: 

50 x 500 = antilog of (log 10 50 + Iog10 500) 

Since: Iogrn 50 = 1.6990 

and: Iog10 500 = 2.6990 

then: Iog 10 product = 1.6990 + 2.6990 = 4.3980 

Consulting the log table for the number whose mantissa is 
3980 reveals that the number is 25. To determine the posi
tion of the decimal in the product of the multiplication, it 
is necessary to consider the characteristic. By the rule given 
in paragraph 5-35, the number has one more digit to the 
left of the decimal point than the value of the characteristic. 

5-13 
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Since the characteristic is 4, the number obtained above 
becomes 25 with a total of five digits to the left of the 

· decimal point, or 25,000. 

5-39. DIVISION BY LOGARITHMS. 

5-40. Division by logarithms is accomplished by subtrac
tion of the log of the divisor from the log of the dividend. 
For example, using two of the numbers (500 and 25,000) 
given in paragraph 5-36, divide the smaller by 'the larger. 

2
!~~

0 
= antilog of (log10 500 - log10 25000) 

Since: log10 500 = 2.6990 

and: log10 25000 = 4.3979 

then: log10 product = 2.6990 - 4.3979 = 8.3011 - 10 

Consulting the log table for the number whose mantissa 
is 3011 reveals that the number is 20. Once again this does 
not determine the position of the decimal. By the rule given 
in paragraph 5-17, a number whose characteristic is nega
tive has one less zero to the right of the decimal point than 
the value of the negative characteristic. Thus the charac
teristic of 8 - 1 O, or - 2, indicates that there should be one 
zero after the decimal and before the number 20 obtained 
as a quotient. The final quotient, therefore, is 0.02. 

5-41. RAISING TO A POWER BY LOGARITHMS. 

5-42. Raising a number to a power by logarithms is ac
complished by multiplying the log of the number by the 
exponent of the power. For example: 

253 = antilog of (3 x log10 25) 

Since: log10 25 = 1.3979 

then: log10 product = 3 x 1.3979 = 4.193 7 

Consulting the log table, the number whose mantissa is 
1937 is 15625 (the last two digits 25 being obtained by 
interpolation, since37 is approximately¼, or 0.25, of the 
difference between 1931 and 1959). The characteristic 4 
provides five digits to Nie left of the deci~al point. The 
final product, therefore, is 15,625. 

5-43. EXTRACTING A ROOT BY LOqARITHMS. 

5-4 {. Extracting a root by logarithms is acc'omplished by 
dividing the log of the number by the exponent of the 
power. For example: 

_ r,,;-z . (login 125) v 125 = antilog of 
3 

Since: log10 .125 = 2.0969 

and: 
login 125 _ 

0 6989 3 - . 

then: antilog of 0.6989 = 5 

5-14 

The characteristic O provides one digit to the left of the 
decimal point; the cube root of 125, therefore, is 5. 

5-45. USE OF LOGARITHMS IN SOLVING 
PROBLEMS. 

5-46. To illustrate the use of lo,garithms in solving prob
lems, the following example and its solution are presented: 

Given: A radar set with the following parameters: 

Average power: 4500 watts 

Antenna gain: 30 db (above that of an 
isortpic antenna) 

To find: The power density in watts per square centimeter 
along the main beam axis at a point 300 feet 
from the antenna, assuming that this point is 
located in the far field. 

Far Field Formula: 

Where: Pt = transmitted average power 

Gt = antenna gain (power gain) 

D = distance in cm 

Wr = power density in watts/cm2 

Note 

The gain of the antenna, given as 30 db ab?ve· 
that of an isotropic antenna, must be converted 
to a power gain ratio for use in the formula. The 
30 db gain is equal to a power gain of 1000. 

Substituting actual values in the formula: 

4500 X 1000 
Wr = 12.56 x (300 x 30.5)2 

(Note that the antenna gain of 30 db is converted 
to a power gain of 1000.) 

Changing to logarithmic values in the formula: 

Note 

This step is not necessary when the use of loga
rithms is understood. It is given here only for 
illustrating the actual conversion. 

3.6532 + 3.0000 
log W, = 1.0990 + [(2.4771 + 1.4843) x 2] 

Changing now to logarithmic form: 

log Wr = 3.6532 + 3.000 _: 1.0990 - 4.9542 - 2.9686 

Combining terms: 

log Wr = 6.6532 - 9.0218 
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Subtracting: (Add 10 to the characteristic of the first loga

rithm, followed by - 10 after the mantissa, to 

permit the subtraction to be completed.) 

6.6532 = 16.6532 - 10 
9.0218 

7.6314-10 

Obtaining the antilog: 

Wr = antilog 7.6314 - 10 = 0.00428 watt/cm2 

5-47. NATURAL SINES, COSINES, AND TANGENTS. 

5-48. Table 5-7 gives the natural sines, cosines, and tan
gents for angles of 0 degrees to 89 degrees inclusive, by 
degrees. 

TABLE 5-7 

Natural Sines, Cosines, and Tangents 

ANGLE SIN cos TAN 

0 0.0000 1.0000 0.0000 
1 0.0175 0.9998 0.0175 
2 0.0349 0.9994 0.0349 
3· 0.0523 0.9986 0.0524 
4 0.0698 0.9976 0.0699 
5 0.0872 0.9962 0.0875 

6 0.1045 0.9945 0.1051 

7 Q.1219 0.9925 0.1228 
8 0.1392 0.9903 0.1405 

9 0.1564 0.9877 0.1584 

10 0.1736 0.9848 0.1763 
11 0.1908 0.9816 0.1944 
12 0.2079 0.9781 0.2126 
13 0.2250 0.9744 0.2309 
14 0.2419 0.9703 0.2493 
15 0.2588 0.9659 0.2679 
16 0.2756 0.9613 0.2867 
17 0.2924 0.9563 0.3057 
18 0.3090 0.9511 0.3249 
19 0.3256 0.9455 0.3443 
20 0.3420 0.9397 0.3640 
21 0.3,584 0.9336 0.3839 
22 0.3746 0.9272 0.4040 
23 0.3907 0.9205 0.4245 
24 0.4067 0.9135 0.4452 
25 0.4226 0.9065 0.4663 
26 0.4384 0,8988 0.4877 
27 0.4540 0.8910 0.5095 
28 0.4695 0.8829 0.5317 
29 0.4848 0.8746 0.5543. 

30 0.5000 0.8660 0.5774 
31 0.5150 0.8572 0.6009 
32 0.5299 0.8480 0.6249 
33 0.5446 0.8387 0.6494 

ANGLE 

34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
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SIN cos TAN 

0.5592 0.8290 0.6745 
0.5736 0.8192 0.7002 
0.5878 0.8090 0.7265 
0.6018 0.7986 0.7536 
0.6157 0.7880 0.7813 
0.6293 0.7771 0.8098 
0.6428 0.7660 0.8391 
0.6561 0.7547 0.8693 
0.6691 0.7431 0.9004 
0.6820 0.7314 0.9325 
0.6947 0.7193 0.9657 
0.7071 0.7071 1.0000 
0.7193 0.6947 1.0355 
0.7314 0.6820 1.0724 
0.7431 0.6691 1.1106 
0.7547 0.6561 1.1504 
0.7660 0.6428 1.1918 
0.7771 0.6293 1.2349 
0.7880 0.6157 1.2799 
0.7986 0.6018 1.3270 
0.8090 0.5878 i.3764 
0.8192 0.5736 1.4281 
0.8290 0.5592 1.4826 
0.8387 0.5446 1.5399 
0.8480 0.5299 1.6003 
0.8572 0.5150 1.6643 
0.8660 0.5000 1.7321 
0.8746 0.4848 1.8040 
0.8829 0.4695 1.8807 
0.8910 0.4540 1.9626 
0.8988 0.4384 2.0503 
0.9063 0.4226 2.1445 
0.9135 0.4067 2.2460 
0.9205 . 0.3907 2.3559 
0.9272 0.3746 2.4751 
0.9336 0.3584 2.6051 
0.9397 0.3420 2.7475 
0.9455 0.3256 2.9042 
0.9511 0.3090 3.0777 
0.9563 0.29·24 3.2709 
0.9613 0.2756 3.4874 
0.9659 0.2588 3.7321 
0.9703 0.2419 4.0108 
0.9,.744 0.2250 4.3315 
0.(1781 0.2079 4.7046 
0.9816 0.1908 5.1446 
0.9848 0.1736 5.6713 
0.9877 0.1564 6.3138 
0.9903 0.1392 1:1154 
0.9925 0.1219 8.1443 
0.9945 0.1045 9.5144 
0.9962 0.0872 11.4300 
0.9976 0.0698 14.3000 
0.9986 0.0523 19.0810 
0.9994 0.0349 28.6360 
0.9998 0.0175 57.2900 
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5-49. A brief review of the use of natural trigonometric 
functions is given in the following paragraphs, and their 
application to the solution of problems dealing with radia
tion hazards. 

5-50. RIGHTTRIANGLES. 

5-51. A triangle is a figure having three sides and three 
angles; the sum of the angles is equal to 180 degrees. A 
right triangle is a triangle in which one of the angles is a 
right angle, or 90°; therefore the sum of the other two 
angles is 90°. The longer of the three sides, which in the 
case of the right triangle is the side opposite the right angle, 
is called the hypotenuse. 

5-52. In the right triangle shown in figure 5-1, functions 
of the angle A will be discussed. When the triangle is in the 
position as shown in figure 5-1, it is said to be in the stan
dard position. The side a, which is opposite the angle A, 
is called the altitude. Side b, which is opposite the angle B, 
is called the base. Side c, the hypotenuse, is opposite the 
right angle. 

5-53. TRIGONOMETRIC FUNCTIONS OF A 
RIGHT TRIANGLE. 

5-54. In the right triangle shown in figure 5-1, the trig
onometric functions of angle A are defined as follows: 

~ is the sine of angle A, and is written sin A. 
C 

~ is the cosine of angle A, and is written cos A. 
C 

"6 is the tangent of angle A, and is written tan A. 

To illustrate the use of the above functions, consider a 
right triangle having an altitude of 3 units and a hypotenuse 
of 6 units. For these values, the sine of the angle A is: 

. A a 3 sm = ~ = 6 = 0.5 

By reference to table 5-7, the angle whose sine is 0.5 is 
found to be 30°. 

B 

a 

A _____ ..._ ____________ __.C 

b 

Figure 5-1. Functions of a Right TJiangle 
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5-55. Now consider a right triangle having a base of 3 
units and a hypotenuse of 8 units. The cosine of angle A is: 

b 3 
cos A= - = - = 0.375 

C 8 

By reference to table 5-7, the angle whose cosine is 0.3 75 
is found to be 68° (approximately). 

5-56. Finally, consider a right triangle having an altitude 
of 5 units and a base of 8 units. The tangent of angle A is: 

a 5 
tan A = - = - = 0 625 b 8 . 

Referring to the tangent column of table 5-7, the angle 
whose tangent is 0.625 is found to be approximately 32 °. 

5-57. USE OF TRIGONOMETRIC FUNCTIONS IN 
SOL YING PROBLEMS. 

5-58. To illustrate the use of trigonometric functions in 
solving problems, consider the following example: 

Given: A radar set in which the antenna has a radiation 
pattern that covers a vertical angle of 60 degrees, 
with the beam center elevated + 20 degrees from 
the horizontal plane. The center of the antenna 
is 6 feet above the base of a pedestal, which is 
mounted on a 15-foot tower. See figure 5-2. 

To find: Whether any part of the main beam will illu
minate a person who is 6 feet tall, and who is on 
the ground at a distance of 100 feet. 

Solution: 

Lower edge of beam = + 20 - (½ x 60) 

= - 10 degrees 

tan 10° = ~ 
b 

a = b tan 10° = 100 x 0.1763 = 17.63 feet 

The center of the beam above ground (tower + 
pedestal) is 15 feet + 6 feet, or 21 feet, and the 
clearance of the beam above ground at 100 feet is 
21 feet - 17.63 feet, or 3.37 feet; therefore, a 6-foot 
person would have 6 feet ..... 3.3 7 feet, or 2.63 feet 
of his body illuminated by the radar beam. 

5-59. THE DECIBEL. 

5-60. The decibel is part of a larger unit called the be!. 
As originally used, the be! represented a power ratio of 
10 to 1 between the strength of two sounds. To gain a better 
understanding of the be!, consider three sounds of unequal 
power intensity. If the power intensity of the second sound 
is 10 times the power intensity of the first, its power level 
is said to be 1 bel above that of the first. If the third sound 
has a power intensity which is 10 times that of the second, 
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Figure 5-2. Calculation of Beam Clearance Above Ground at a Giv"en 
Distance from Antenna 

its level is 1 bel above that of the second. But, since the 
third sound is 100 times as intense as the first, its level is 
2 bels above that of the first. 

· 5-61. Thus a power ratio of 100 to 1 is represented by 2 
bels; a power ratio of 1000 to 1, by 3 bels; a power ratio 
of 10,000 to 1, by 4 bels, etc. It is readily seen, therefore, 
that the concept of bels represents a logarithmic relation
ship, since the logarithm of 100 to the base 10 equals 2 
(corresponding to 2 bels), the logarithm of 1000 equals 3 
(corresponding to 3 bels), etc. The exact relationship is 
given by the formula: 

P., 
Bels = log -=

Pi 

h 
P., h . w ere p~ represents t e power ratto 

5-62. This logarithmic characteristic of the bel makes it ; 
very convenient means for expressing power ratios. Since 
the bel is a rather large unit, however, its use may prove 
inconvenient. Usually, therefore, a smaller unit, the decibel, 
is used. Ten decibels equal 1 be!. A 10-to-1 power ratio, 
which is represented by 1 be!, is also represented by 10 
decibels (10 db), a 100-to-1 ratio (2 bels) is represented by 
20 db, a 1000-to-1 ratio (3 bels) is represented by 30 db, etc. 

· The formula for-bels may be rewritten to give a result in 

decibels merely by multiplying by 10. Thus, the formula 
becomes: 

b 
P .. 

Deci els (db) = 10 log p~ 

5-63. For example, assume that it is necessary to find the 
attenuation ratio of an r-f attenuator which is to be used to 
measure transmitter power output. On test, it is found that 
60,000 watts of r-f input to the attenuator produces an 
output of 6 milliwatts. To find the attenuation ratio, use 
the equation: 

A 
. . . P., 60,000 

ttenuatton ratto = p~ = 0_006 
10,000,000 

This ratio can be expressed much more conveniently 111 

terms of decibels. 

D 'b db l P.. · I 60,000 ec1 els ( ) = 10 og p~ 10 og 0_006 

= 10 log 10,000,000 = 70 decibels 

5-64. In this case, the attenuation ratio is 70 decibels. In 
other words, P:! is said to be 70 decibels up with respect to 
P1• In all instances where P:! is numerically greater than P1, 

as in the above example, the final result is expressed as a 
positive quantity. When P:! is smaller than P1, the numeri
cal result is the same, but it is expressed as a negative quan-
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tity ind~. If, for example, P~ is 0.006 watt and P1 is 60,000 
watts, then: · 

P.. 0.006 
Decibels (db) = 10 log---=- = 10 log--

P1 60,000 

= 10 log 0.0000001 = - 70 decibels 

In this case, P ~ is said to be 70 decibels down with respect 
to P1. 

5-65. Voltage and current ratios may also be expressed in 
terms of decibels, provided that the resistance (or imped
ance) remains constant. For equal resistance/i, the formulas 
are: 

db 
E., = 20 log-=
E1 

db 
L = 20 log-::. 
11 

.. The difference in the multiplying factor in these formulas 
(20 rather than 10, as in the case of power ratios) arises 
from the fact that power is proportional to voltage or cur
rent squared, and when a number is squared, the logarithm 
of that number is doubled. For power ratios, the db value 
is 10 times the logarithm of the ratio. For voltage or current 
ratios, the db value is 20 times the logarithm of the ratio. 

5-66. The relation between decibels and current, voltage, 
and power ratios can readily be determined by referring to 
table 5-8. 

TABLE 5-8 

Relation Between Decibels and Current, Voltage, and Power Ratios 

DECIBEL 
LOSS GAIN DECIBEL 

(VOLTAGE) (POWER) 
DECIBEL 

LOSS GAIN DECIBEL 
(VOLTAGE) (POWER) 

0.0 1.0000 1.000 0.0 3.7 0.6531 1.531 1.85 
0.1 0.9886 1.012 0.05 3.8 0.6457 1.549 1.90 
0.2 0.9772 1.023 0.10 3.9 0.6383 1.567 1.95 
0.3 0.9661 1.035 0.15 4.0 0.6310 1.585 2.00 
0.4 0.9550 1.047 0.20 4.1 0.6237 1.603 2.05 
0.5 0.9441 1.059 0.25 4.2 0.6166 1.622 2.10 
0.6 0.9333 1.072 0.30 4.3 0.6095 1.641 2.15 
0.7 0.9226 1.084 0.35 4.4 0.6026 1.660 2.20 
0.8 0.9120 1.096 0.40 4.5 0.5957 I.679 2.25 
0.9 0.9061 1.109 0.45 4.6 0.5886 1.698 2.30 
1.0 0.8913 1.122 0.50 4.7 0.5821 1.718 2.35 
1.1 0.8810 1.135 0.55 4.8 0.5754 1.738 2.40 
1.2 0.8710 1.148 0.60 4.9 0.5689 1.758 2.45 
1.3 0.8610 1.161 0.65 5.0 0.5623 1.778 2.50 
1.4 0.8511 1.175 0.70 5.1 0.5559 1.799 2.55 
1.5 0.8414 1.189 0.75 5.2 0.5495 1.820 2.60 
1.6 0.8318 1.202 0.80 5.3 0.5433 1.841 2.65 
1.7 0.8222 1.216 0.85 5.4 0.5370 1.862 2.70 
1.8 0.8128 1.230 0.90 5.5 0.5309 1.884 2.75 
1.9 0.8035 1.245 0.95 5.6 0.5248 1.905 2.80 
2.0 0.7943 1.259 1.00 5.7 0.5188 1.928 2.85 
2.1 · 0.7852 1.274 1.05 5.8 0.5129 1.950 2.90 
2.2 0.7762 1.288 1.10 5.9 0.5070 1.972 2.95 
2.3 0.7674 1.303 1.15 6.0 0.5012 1.995 3.00 
2.4 0.7586 1.318 1.20 6.1 0.4955 2.018 3.05 
2.5 0.7499 1.334 1.25 6.2 0.4898 2.042 3.10 
2.6 0.7413 1.349 1.30 6.3 0.4842 2.065 3.15 
2.7 0.7328 1.365 1.35 6.4 0.4786 2.089 3.20 
2.8 0.7244 1.380 1.40 6.5 0.4732 2.113 3.25 
2.9 0.7161 1.396 1.45 6.6 0.4677 2.138 3.30 
3.0 0.7079 1.413 1.50 6.7 0.4624 2.165 3.35 
3.1 0.6998 1.429 1.55 6.8 0.4571 2.188 3.40 
3.2 0.6918 1.445 I.60 6.9 0.4519 2.213 3.45 
3.3 0.6839 1.462 1.65 7.0 0.4467 2.239 3.50 
3.4 0.6761 1.479 1.70 7.1 0.4416 2.265 D5 
3.5 0.6683 1.496 1.75 7.2 0.4365 2.291 3.60 
3.6 0.6607 1.514 1.80 7.3 0.4315 2.317 3.65 
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DECIBEL LOSS GAIN• 
DECIBEL 

(VOLTAGE) (POWER) 
DECIBEL LOSS GAIN 

DECIBEL 
(VOLTAGE) (POWER) 

7.4 0.4266 2.344 3.70 12.9 0.2265 4.416 6.45 
7.5 0.4217 2.371 3.75 13.0 0.2239 4.467 6.50 
7.6 0.4169 2.399 3.80 13.1 0.2213 4.519 6.55 
7.7 0.4121 2.427 3.85 13.2 0.2188 4.571 6.60 
7.8 0.4074 2.455 3.90 13.3 0.2163 4.624 6.65 
7.9 0.4027 2.483 3.95 13.4 0.2138 4.677 6.70 
8.0 0.3981 2.512 4.00 13.S 0.2113 4.732 6.75 
8.1 0.3936 2.541 4.05 13.6 0.2089 4.786 6.80 
8.2 0.3890 2.570 4.10 13.7 0.2065 4.842 · 6.85 
8.3 0.3846 2.600 4.15 13.8 0.2042 4.898 6.90 
8.4 0.3802 2.630 4.20 13.9 · 0.2018 4.955 6.95 
8.5 0.3758 2.661 4.25 14.0 0.1995 5.012 7.00 
8.6 0.3715 2.692 4.30 14.1 0.1972 5.070 7.05 
8.7 0;3673 2.723 4.35 14.2 0.1950 5.129 7.10 
8.8 0.3631 2.754 4.40 14.3 0.1928 5.188 7.15 
8.9 0 .. 3589 2.786 4.45 14.4 0.1905 5.248 7.20 
9.0 0.3548 2.818 4.50 14.5 0.1884 5.309 7.25 
9.1 0.3508 2.851 4.55 14.6 0.1862 5.307 7.30 
9.2 0.3467 2.884 4.60 14.7 0.1841 5.433 7.35 
9.3 0.3428 2.917. 4.65 14.8 0.1820 5.495 7.40 
9.4 Q.3388 2.951 4.70 14.9 0.1799 5.559 7.45 
9.5 0.3350 2.985 4.75 15.0 0.1778 5.623 7.50 
9.6 0.3311 3.020 4.80 15.1 0.1758 5.689 7.55 
9.7 0.3273 3.055 4.85 15.2 0.1738 5.754 7.60 
9.8 0.3~36 3.090 4.90 15.3 0.1718 5.821 7.65 
9.9 0.3199 3.126 4.95 15.4 0.1698 5.888 7.70 

10.0 0.3162 3.162 5.00 15.S 0.1679 5.957 7.75 
10.1 0.3126 3.199 5.05 15.6 0.1660 6.026 7.80 
10.2 0.3090 3.236 5.10 15.7 0.1641 6.095 7.85 
10.3 0.3055 3.273 5.15 15.8 0.1622 6.166 7.90 
10.4 0.3020 3.311 5.20 15.9 0.1603 6.237 7.95 
10.5 0.2985 3.350 5.25 16.0 0.1585 6.310 8.00 
10.6 0.2951 3.388 5.30 16."1 0.1567 6.383 8.05 
10.7 0.2917 3.428 5.35 16.2 0.1549 6.457 8.10 
10.8 0.2884 3.467 5.40 16.3 0.1531 6.531 8.15 
10.9 0.2851 3.508 5.45 16.4 0.1514 6.607 8.20 
11.0 0.2818 3.548 5.50 16.5 0.1496 6.683 8.25 
11.1 0.2786 3.589 5.55 16.6 0.1479 6.761. 8.30 
11.2 0.2754 3.631 5.60 16.7 0.1462 6.839 8.35 
11.3 0.2723 3.673 5.65 16.8 0.1/445 6.918 8.40 
11.4 0.2692 3.715 5.70 16.9 0.1429 6.998 8.45 
11.5 0.2661 3.758 5.75 17.0 0.1413. 7.079 8.50 
11.6 0.2630 3.802 i 5.80 17.1 0.1396 7.161 8.55 . 
11.7 0.2600 .,.846 5.85 17.2 0.1380 7.244 8.60 
11.8 0.2570 3.890 5.:)0 17.3 0.1365 7.328 8.65 
11.9 0.2541 3.936 5.95 17.4 0.1349 7.413 8.70 
12.0 0.2512 3.981 6.00 17.5 0.1334 7.499 8.75 
12.1 0.2483 4.027 6.05 17.6 0.1318 7.586 8.80 
12.2 0.2455 4.074 6.10 17.7 0.1303 7.674 8.85 
12.3 0.2427 4.121 6.15 17.8 0.1288 7.762 8.90 
12.4 0.2399 4.160 6.20 17.9 0.1274 7.852 8.95 
12.5 0.2371 4.217 6.25 18.0 0.1259 7.943 9.00 
12.6 0.2344 4.266 6 .. ,0 18.1 0.1245 8.035 9.05 
12.7 0.2317 4.315 6.35 18.2 0.1230 8.128 9.10 
12.8 0.2291 4.365 6.40 18.3 0.1216 8.222 9.15 
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TABLE 5-8 (Cont) 

DECIBEL LOSS GAIN 
DECIBEL 

(VOLTAGE) (POWER) 

18.4 0.1202 8.318 9.20 
18. 5 0.1189 8.414 9.25 
18.6 0.1175 8.511 9.30 
18.7 0.1161 8.610 9.35 
18.8 0.1148 8.710 9.40 
18.9 0.1135 8.811 9.45 
19.0 0.1122 8.913 9.50 
19.1 0.1109 9.016 9.55 
19.2 0.1096 9.120 9.60 
19.3 0.1084 9.226 9.65 
19.4 0.1072 9.333 9.70 
19.5 0.1059 9.441 9.75 
19.6 0.1047 9.550 9.80 
19.7 0.1035 9.661 9.85 
19.8 0.1023 9.772 9.90 
19.9 0.1012 9.886 9.95 
20.0 0.1000 10.000 10.00 

Use the same Shift point This column 
#'s as 0-20 one step to repeats every 

db., but shift the right 10 db instead 
point one lOdb= of every 

s tcp to left. 3.162 20 db 
Thus, since: 30db= 
lOdb= 31.62 

0.3162. 
30db= 

0.03162 

40.0 0.01 100 20.00 
lOdb= l0db= 

0.3162 3.162 
50db= 50db= 

0.003162 316.2 

a. To find current or voltage loss or gain ratio equivalent 
to a given number of decibels, find required number of 
decibels in decibel (voltage) colt,nm and read correspond
ing ratio in loss or gain column. 

b. To find power loss or gain ratio equivalent to a given 
number of decibels, find required number of decibels in 
decibel (power) column and read corresponding ratio in 
loss or gain column. 

5-67. Conversions from voltage, current, or power ratios 
to decibels may also be made by means of the graph shown 
in figure 5-3. 

5-68. THE DBM. 

5-69. It should be clearly understood that the term decibel 
does not, in itself, indicate power, but rather a ratio of, or 
comparison between, two power values. It is very often 
desirable, however, to express a single level or quantity of 
po,•:er, voltage, or current in decibels, as for example in 

.tnsmission-line work, or in connection with the input or 
output of an amplifier. This can be done by using a fixed 
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power level as a reference. The original standard reference 
level was 6 milliwatts (0.006 watt), but to simplify calcula
tions a I-milliwatt standard has been adopted and will be 
used hereafter as the reference level. (A few equipments 
use 1 watt as a standard.) 

5-70. When 1 milliwatt is used as a reference level, the 
ratio is expressed in dbm's. The abbreviation dbm indicates 
decibels relative to a I-milliwatt standard. Thus a pulsed 
radar transmitter having an average power output of 100 
watts is said to have an average power output of 50 dbm. 
The conversion from power to dbm can be made as 
follows: 

Average power (dbm) = 10 log=:! 
.1 

(where P1 is the reference value of 0.001 watt) 

100 
10 log 0.001 

= 10 log 100,000 = 50 dbm 

5-71. Conversions from power to dbm can be made more 
readily by means of the graph shown in figure 5-4. Reason
able care should be exercised in reading the graph, using the 
appropriate dbm scale for power in either milliwatts, watts, 
kilowatts, or megawatts. 

5-72. CONVERSION OF POWER OR DBM TO 
MICROVOLTS ACROSS 50, 72, 377, 
OR 600 OHMS. 

5-73. Both the decibel and the dbm are power ratios; their 
adaptation to voltage or current ratios are meaningful only 
if the impedance is the same for both values of voltage (or 
current) in the ratio. For example, in the formula for the 
ratio, expressed in decibels, of two voltages E~ and E1 : 

It would not be possible to obtain correct information on 
the gain of a given amplifier if the input impedance differed 
from that of the output. Hence, in circuits where the im
pedances differ, the expression for the decibel equivalents 
of the voltage ratios becomes: 

d 
E.,, 12 1 b = 20 log - v _ 
E1 yZ:2 

where: E1 = input voltage 

E:! = output voltage 

Z 1 = input impedance 

Z:! = output impedance 

5-74. In calculations involving power m transmission 
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lines, it is often required to convert extremely small 
amounts of power to dbm, or to convert either of these 
values to voltage, in microvolts, which would appear across 
a load impedance of 50, 72, 377, or 600 ohms. Conversions 
from dbm or power in picowatts to microvolts across 50, 
72, 377, or 600 ohms, or vice versa, may be made directly 
by means of table 5-9. 
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5-75. ELECTRICAL AND MECHANICAL 
CONVERSION FACTORS. 

5-76. Table 5-10 lists conversion factors for electrical and 
magnetic values; energy and heat; force and power; area, 
length, and volume; weight; velocity; and a few miscellan
eous values. In many cases the conversion factor is given in 
powers of ten, to simplfy its use in calculations. 
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TABLE 5-9 

DBM Conversion Table 

MICROVOLTS MICROVOLTS MICROVOLTS MICROVOLTS PICOWATTS 
DBM ACROSS 50 ACROSS 72 ACROSS 377 ACROSS 600 

OHMS OHMS OHMS OHMS (1 X 10-12) 

0 223,607.0 268,328.0 . 614,003.0 774,596.7 1,000,000,000.0 

-3 158,314.0 189,976.0 434,272.0 548,379.4 501,200,000.0 

-6 112,094.0 134,513.0 307,768.0 388,265.4 251,250,000.0 

-9 79,358.0 95,230.0 217,863.0 274,845.4 125,900,000.0 
-12 56,192.0 67,431.0 154,236.0 194,576.5 63,100,000.0 

-15 39,780.0 47,736.0 109,182.0 137,738.9 31,620,000.0 
-18 , 28,174.0 33,809.0 77,301.0 97,519.2 15,850,000.0 
-21 19,932.0 23,919.0 54,722.0 69,034.8 7,943,000.0 
-24 14,112.0 16,934.0 38,741.0 48,873.3 3,981,000.0 
-27 9,990.0 11,988.0 27,425.0 34,597.7 1,995,000.0 

-30 7,073.0 8,487.0 19,416.0 24,494.9 1,000,000.0 
-33 5,009.0 6,011.0 13,746.0 17,341.3 501,200.0 
-36 3,546.0 4,256.0 9,732.0 12,276.8 251,200.0 

-39 2,511.0 3,013.0 6,889.0 8,691.4 125,900.0 
-42 1,776.0 2,132.0 4,877.0 6,153.0 63,100.0 

-45 1,258.0 1,509.0 3,453.0 4,355.7 31,620.0 
-48 890.0 ' 1,068.0 2,444.0 3,083.8 15,850.0 
-51 630.0 ' 756.0 1,730.0 2,183.1 7,943.0 
-54 446.0 536.0 1,225.0 1,545.5 3,981.0 
-57 316.0 379.0 867.2 1,094.0 1,995:0 

-60 223.607 268.328 614.0 774.597 1,000.0 
-63 158.314 189.976 434.3 548.379 501.2 
-66 112.094 134.513 307.8 388.265 251.25 
-69 79.358 95.230 217.9 274.845 125.9 
-72 56.192 67.431 154.2 194.576 63.1 

-75 39.780 47.736 109.2 137.739 31.62 
-78 28.174 33.809 77.3 97.519 15.85 
-81 19.932 23.919 54.72 69.035 7.943 
-84 14.112 16.934 38.74 48.873 3.981 
-87 9.990 11.988 27.42 34.598 1.995 

-90 7.073 8.487 19.42 24.495 1.0 
-93 5.009 6.011 13.75 17.341 0.5012 
-96 3.546 4.256 9.73 12.277 0.2512 
-99 2.511 3.013 6.89 8.691 0.1259 
-102 1.776 2.132 4.88 6.153 0.0631 

-105 1.256 1.509 5.45 4.356 0.03162 
-107 0.999 1.199 2.74 3.460 0.01995 
-108 0.889 1.067 2.44 3.019 0.0158 
-109 0.794 0.963 2.18 2.750 0.0126 
-110 0.707 0.849 1.94 2.449 0.01 

-111 0.628 0.754 1.73 2.177 0.0079 
-112 0.561 0.673 1.54 1.944 0.0063 
-113 0:500 0.595 1.37 1.732 0.005 
-114 0.447 0.537 1.22 1.550 0.004 

-115 0.387 0.465 1.10 1.342 0.003 
-116 0.354 0.424 0.97 1.225 0.0025 
-117 0.316 0.379 , 0.87 1.095 0.002 
-118 0.283 0.340 0.78 0.980 0.0016 

5-23 



Chapter S, Section I T.O. 31Z-10-4 

TABLE 5-10 

Electrical and Mechanical Conversion Factors 

TO CONVERT CONVERSELY 
FROM TO MULTIPLY BY MULTIPLY BY 

ELECTRICAL AND MAGNETIC 

Ampere-hours Coulombs 3.600 X 103 2.778 X 10-4 

Ampere turns Gilbert 1.257 0.7958 

Ampere turns/inch Oersteds 0.495 2.02 

. Degrees (angle) Radians 1. 745 X lQ-2 57.30 

Maxwells/square inch Gauss (maxwells/sq cm) 0.155 6.45 

ENERGY AND HEAT 

BTU Foot-pounds 778.3 1.285 X 10-3 

BTU Joules 1.055 X lQ3 9.480 X 10-4 

Ergs Foot-pounds 7.367 X lQ-S 1.356 X 107 

Horsepower (metric-542.5 ft-lb/sec) BTU/minute 41.83 2.390 X lQ-2 

Horsepower (metric-542.5 ft-lb/sec) Kilogram-calories/minute 10.54 9.485 X 10-2 

Horsepower (550 ft-lb/sec) BTU/minute 42.41 2.357 X lQ-2 

Joules Foot-pounds 0.7376 1.356 

Joules Ergs 107 lQ-7 

Kilowatt-hours BTU 3.413 X lQ3 2.930 X lQ-4 

Lumens/square foot Foot-candles 1 1 

Watts BTU/minute 5.689 X lQ-2 17.58 

Watts Ergs/second 107 lQ-7 

FORCE AND POWER 

Dynes Pounds 2.248 X lQ-6 4.448 X 105 

Foot-pounds Horsepower-hours 5.05 X 10-7 1.98 X 106 

Foot-pounds Kilowatt-hours 3.766 X lQ-7 2.665 X 106 

Grams Dynes 980.7 1.020 X 10-3 

Horsepower (550 ft-lb/sec) Watts 745.7 1.341 X 10-3 

Nepers Decibels 8.686 0.1151 

Poundals Dynes 1.383 X 104 7.233 X 10-5 

Watts Foot-pounds/minute 44.26 2.260 X lQ-2 

AREA, LENGTH, AND VOLUME 

Acres Square feet 4.356 X 104 2.296 X lQ-5 

Circular mils Square centimeters 5.067 X 10-6 1.973 X 105 

Circular mils Square mils 0.7854 1.273 

Cubic feet Gallons (liquid U.S.) 7.481 0.1337 

Cubic feet Liters 28.32 3.531 X lQ-2 

Cubic feet Tons (U.S. shipping) 0.025 40 

Cubic inches Cubic centimeters 16.39 6.102 X lQ-2 

Cubic inches Cubic meters 1.639 X lQ-5 6.102 X 104 

Cubic meters Cubic yards 1.308 0.7646 

Fathoms Feet 6.000 0.1667 

Feet Centimeters 30.48 3.281 X 10-2 

Gallons (liquid U.S.) Cubic meters 3.785 x l0-3 2.642 X 102 
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TABLE 5-10 (Cont) 

TO CONVERT 
MULTIPLY BY 

CONVERSELY 
FROM TO MULTIPLY BY 

Gallons (liquid U.S.) Gallons (liquid British) 0.8327 1.201 

Inches Centimeters 2.540' 0.3937 
Inches Mils 1000 0.001 
Kilometers Feet 3281 3.048 X lQ--4 

Leagues Miles 3 0.33 
Liters Cubic centimeters 1000 .001 

Liters Cubic inches 61.02 1.639 X 10-2 

Liters Gallons (liquid U.S.) 0.2642 3.785 ; 

Meters Yards 1.094 0.9144 
Miles (nautical) Feet 6076.103 1.646 X lQ--4 

Miles (nautical) Kilometers 1.852 0.5396 
Miles (statute) Feet 5280 1.894 x 10-4 
Miles (statute) Kilometers 1.609 0.6214 
Miles (statute) Miles (nautical) 0.8688 1.151 
Square inches Circular mils 1.273 X 106 7.854 X lQ-7 

Square inches Square centimeters 6.452 0.1550 

Square miles Acres 640 1.562 X lQ-3 

WEIGHT 

Grams Ounces 3.527 X 10-2 28.35 
Kilograms Tons, long (2240 pounds) 9.842 X lQ--4 1016 
Kilograms Tons, short (2000 pounds) 1.102 X lQ-3 907.2 
Kilograms Pounds 2.205 0.4536 
Poundals Pounds 3.108 X 10-2 32.17 

Sl~gs Pounds 32.17 3.108 X 10-2 

Tons, long (2240 pounds) Tons, short (2000 pounds) 1.120 0.8929 

VELOCITY 

Meters/minute Knots (nautical miles/hour) 3.24 X 10-2 30.866 
Meters/minute Kilometers /hour 0.06000 16.67 

Miles/hour Feet/minute 88 1.136 X 10-2 

Miles/hour Knots (nautical miles/hour) 0.8686 1.1508 

Miles/hour Kilometers/hour 1.609 0.6214 

MISCELLANEOUS 

Atmosphe~es Pounds/square inch 14.70 6.804 X 10-2 

Centigrade Fahrenheit 32 + {C 0 
X 9/5) 5/9 (F 0 

- 32) 
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SECTION II 

SYMBOLS, FORMULAS, AND NOMOGRAMS 

5-77. INTRODUCTION. 

5-78. This section contains tables of mathematical sym
bols, constants, and formulas, as w~ll as nomograms, which 
will assist in the calculation of radiation intensities. 

5-79. MATHEMATICAL SYMBOLS .. 

5-80. Tabie 5-11 lists a number of mathematical symbols, · 
together with their definitions. These symbols are used 
extensively in the discussion and calculation of radiation_ 
hazards. 

SYMBOL 

+ 

-

x or. 

. or/ 

. . 
=or:: 

-
¥ 

~or~ 

~ -
> 

>> 

< -

< 

<< 
. . . 
.l 

TABLE 5-11 

Mathematical Symbols 

DEFINI',l'ION SYMBOl DEFINITION 

Plus, positive, II Parallel to 
add 

✓ Square root 
Minus, nega-

tive, subtract !; Cube root 

Multiplied by r nth root 

Divided by In I Absolute value 
of n 

Ratio 
L Angle 

Equals 
0 Degree 

Identical with 
I Minutes of a 

Not equal to degree, feet 

Approximately " Seconds of a 
equal to degree, inches 

Greater than or J Integration 
equal to 

Greater than fl Increment of 

Much greater a: Varies as 
than 

! Factorial 
Less than or 

equal to (1) Infinity 

Less than r Summation 

Much less than Log1ox Logarithm of 
X to base 10 

Therefore 
Log X Logarithm of 

Perpendicular to X to base 

TABLE 5..a.11 (Cont) 

SYMBOL DEFINITION SYMBOL DEFINITION 

j Square root of ( ) or [ ] lndi.cate a term 
minus one or- to be treated 

- as a single 

E Base of natural 
nwnber 

logarithms % Hundredths,· 
(2. 71828) percentage 

5....:s1. MATHEMATICAL AND ELECTRONIC 
CONSTANTS. 

5-82. Table 5-12 lists a number of mathematical and 
electronic constants, which are extensively used in elec
tronic theory and calculations. The table lists the symbol 
or name of each constant and gives its numerical value. 

TABLE 5-12 

Mathematical and Electronic Constants 

SYMBOL NUMERICAL VALUE 

1T 3.1416 

1/7T 0.3183 

7r2 9. 8696 

1/7r2 0.1013 

(2 1T)2 39.4784 

1 0.0253 
(21T )2 

7T3 31. 0062 

1 
7T3 0.0322 

./7i 1.7725 

1 --- 0. 5642 fi 

:{1f" 1. 4646 

1 
~·· 0.6818 
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TABLE 5-12 (Cont) TABLE 5-12 (Cont) 

SYMBOL NUMERICAL VALUE SYMBOL NUMERICAL VALUE 

loglO 7r 0.4971 ~ 1. 732 

logl07r2 0.9943 ./5" 2.236 

log10./1r 0.2486 g Acceleration due to gravity at sea 

Radian 57. 2959° or 180° / 7r 
level, 40° latitude is 32. 1578 
ft/ sec/ sec · 

360° 27rradians ./2g" 8.020 

Arc 1° 0. 0175 radian h 6. 62 x 10-27 erg-sec (Planck's 

Arc 1° 17. 78 mils 
constant) 

E 2. 7183 (base of natural logarithms) j {=1 

1/E 0.3679 e 1. 602 x 10-12 ergs (electron volt) 

E2 7.389 µ. 0. 001 millimeter (micron) 

.ft 1. 649 m 9. 11 x 10-28 grams (electron mass) 

log10 E 0.4343 
k 1. 38 x 10-16 erg/deg C 

./2 1. 414 
(Boltzmann's constant) 

1 
0.7071 

.ff 

C 2. 9979 X 108 meters/sec or 
186,284 miles/sec in a vacuum 
(speed of light) 

5-83. GREEK ALPHABET. designations. The symbols of the Greek alphabet are used 
throughout the fields of electronics and mathematics; an 
understanding of their meaning is therefore considered 
mandatory. 

5-84. Table 5-13 lists the Greek alphabet, both in capital 

and lower case symbols, and gives their commonly assigned 

NAME 

Alpha 

Beta 

Gamma 

Delta 

Epsilon 
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CAPITAL 
LETTJ!:R 

A 

B 

r 

6 

E 

TABLE 5-13 

Greek Alphabet 

DESIGNATION 

Complex propagation constant 

Increment, determinant, permittivity 

LOWER 
CASE DESIGNATION 

LETTER 

a Angles, area, absorption 
factor, attenuation constant 

~ Angles, coefficients, phase 
constant, flux density 

y Angles, specific gravity, 
electrical conductivity, 
propagation constant 

8 Angles, density, increment 

~ Base of natural logarithms, 
dielectric constant, elec-
trical intensity 



NAME 

Zeta 

Eta 

Theta 

Iota 

Kappa 

Lambda 

Mu 

Nu 

Xi 

Omicron 

Pi 

Rho 

Sigma 

Tau 

Upsilon 

Phi 

Chi 

Psi 

Omega 

CAPITAL 
LETTER 

z 

H 

e 

I 

K 

A 

M 

N 

a 

0 

n 

p 

I 

T 

T 

c%> 

X 

i' 

.n 
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TABLE 5-13 (Cont) 

DESIGNATION 

Impedance 

Permeance 

Summation 

Scalar potential, magnetic flux, 
radiant flux 

Resistance in ohms 

Chapter 5, Section II 

LOWER 
CASE DESIGNATION · 

LETTER 

t Coordinates, coefficients 

.,., Hysteresis, coordinates, 
efficiency, intrinsic 
impedance 

8 Ang~lar phase displacement, 
time constant, reluctance 

~ Unit vector 

I( Coupling coefficient, suscep-
tibility, dielectric constant 

). Wavelength, attenuation 
constant 

µ. Prefix, micro, amplification 
factor, permeability 

II Frequency, reluctivity 

! Coordinates, output 
coefficient 

I 

0 

.,, 3.1416 

p Resistivity, volume charge 
density, coordinates 

O'',; Electrical conductivity, leak-
age coefficient, complex 
propagation constant 

T Time constant, time phase 
displacement,' transmission 
factor 

V 

cf, Phase angle 

X Angles, electrical suscep-
tibility 

,y Angles, coordinates, dielec-
tric flux, phase difference 

w Angular velocity 
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5-85. DECIMAL MULTIPLIERS. 

5-86. Table 5-14 lists the decimal multipliers commonly 
used in electronic and mathematical calculations. The table 
gives the symbol, the prefix, and the name and power of 
ten of the quantity indicated. 

SYMBOL 

Por p 

Norn 

µ 

m 

C 

d 

dk 

h 

Kork 

M 

Gorg 

Tort 

TABLE 5-14 

Decimal Multipliers 

QUANTITY 
PREFIX 

NAME 

Pico One trillionth 

Nano One billionth 

Micro One millionth 

Milli One thousandth 

Centi One hundredth 

Deci One tenth 

Deka Ten 

Hekto Hundred 

Kilo Thousand 

Mega Million 

Giga Billion 

Tera Trillion 

5-87 ~ PULSE SYSTEM CHARACTERISTICS. 

POWER 
OF TEN 

10-12 

10-9 

lQ-6 

I0-3 

10-2 

10-1 

10 

102 

103 

106 

109 

1012 

5-88. Figure 5-5 depicts the relationship of peak and 
average power versus pulse repetition time, etc. This may 
be found helpful when working on systems using pulse 
technique. From the figure: 

where: Ppk = Peak power, in watts 

d = Pulse width, in µsec 

Pnl'g = Average power, in watts 

P rt = Pulse repetition time, in seconds 

To find: Average power (P ) = (P,,k)(d) 
U\'g P,.1 

= (P,,k)(d)(P .... ) 

= (Ppk)(d.c.) 

where: Prr = Pulse repeti'tion rate, in pps 

d.c. = Duty cycle 
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p --,d r 
- pk -----------(/) 
I
I-

! 
Ir 

i Pav 

L-1 =Prt ~ 
Prr 

TIME ( µSEC) 

Figure 5-5. Pulse Power Versus Time, Characteristics 

- P,.,·g 
- d.c.· 

d.c. 
-~ 

Pulse repetition time (P,.1) = (Pp"d(d) 
urg 

1 
= P..,. 

Duty cycle (d.c.) = (d)(Prr) 

- p""!: 
- ppk 

d 
- P,.1 

1 
Duty cycle figure (D) = -d p 

( )( ,.,.) 

1 
- d.c. 

where: D = Duty cycle figure 

5-89. PARABOLIC ANTENNA CHARACTERISTICS 
NOMOGRAM. 

5-90. Figure 5-6 gives a parabolic antenna characteristics 
nomogram, which may be used to simplify the calculation 

. I 
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ANTENNA 
DIAMETER (D) 

INCHES FEET GAIN OVER FREQUENCY 
150 BEAMWIDTH ISOTROPIC ( KMC) 

( 8, DEG) (G,DB) 
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figure ~. Parabolic Antenna Characteris~ics Nomogram 
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of the angular beamwidth in degrees of the radiated beam 
from a parabolic antenna, c.nd the gain of the antenna over 
that of an isotropic radiator. In this nomogram, the antenna 
gain (G), in db, and the angular beamwidth (8) between 
the half-power points are based on the formulas: 

where: g = efficiency of aperture (55% assumed) 

D = diameter of reflector 

), = wavelength 

70 = constant (degrees) for a 10-db taper across the 
aperture 

For example, suppose it is desired to find the gain arn;l 
angular beamwidth 8 of an 8-foot parabolic antenna oper
ating at 7500 megahertz. On the nomograph, draw a 
straight line connecting the 8-foot mark on the antenna 
diameter (D, ft) scale with the 7.5 gigahertz mark on the 
frequency (GHz) scale. The results are found where the 
line crosses the beamwidth (0, deg) scale at 2.1 degrees, 
and the gain over isotropic (G, DB) scale at 43 db. 

5-91. RHOMBIC ANTENNA POWER DENSITY 
NOMOGRAM. 

5-92. Figure 5-7 gives a power density nomogram which 
is used to determine the distance D in yards from a rhombic 
antenna (3-30 mHz) at which the field intensity along the 
main beam axis can be expected to be 0.01 watt per square 
centimeter, when the total power (PT) in watts and the an
tenna power gain (G.r) over that of an isotropic radiator 
are known. The left-hand scale (PT) is the antenna power 

5-32 

input scale with a range of 1000 to 100,000 watts. The 
middle scale (D) is the distance scale and is calibrated in 
yards. The right-hand scale (GT) is the antenna gain scale 
giving power gain ratios from 1 to 30. 

5-93. To use the nomogram, lay a straightedge on the 
nomogram, connecting the point• of antenna power input 
on the left-hand scale with the point of antenna power gain 
on the right-hand scale. Read the distance in yards, where 
the straightedge crosses the middle scale, for the point at 
which a field intensity of 0.01 watt per square centimeter 
exists. 

5-94. RADAR POWER DENSITY CALCULATION 
NOMOGRAM. 

5-95. Figure 5-8 gives a radar power density calculation 
nomogram, which contains all the elements necessary for 
the solution of problems involving commonly used values 
of antenna input power and antenna gain. The nomogram 
provides a relatively fast and easy method for solving prob
lems in power density, with a degree of accuracy that is 
sufficient for practical applications. The nomogram incor
porates instructions for its use. 

5-96. FREE-SPACE ATTENUATION NOMOGRAMS. 

5-97. Figures 5-9 and 5-10 present free space attenuation 
nomograms for distances of 100 to 10,000 feet, and 1 to 100 
miles, respectively. The left-hand scales are the distance 
scales, in feet and miles, from the transmitting antenna. 
The middle scales are the path attenuation scales, calibrated 
in decibels (db) of loss. The right-hand scales are the fre
quency scales, from 200 to 10,000 megahertz. To use either 
of the nomograms, lay a straightedge between the points 
of distance on the left-hand scale of the nomogram and 
frequency on the right-hand scale. Read the loss in db, or 
path attenuation, where the straightedge crosses the middle 
scale. 
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SECTION Ill 

TEST ANTENNA GAIN CHARTS 

5-98. INTRODUCTION. 5-102. MODEL L ANTENNA 
TYPICAL GAIN CHART. 5-99. This section contains the gain charts for a number of 

calibrated microwave test antennas. These antennas may be 
used to measure an unknown antenna gain, to measure the 
directivity and radiation pattern of an antenna under test, 
to detect and measure leakage from, antennas and wave
gui_des, and to measure the power density of an r-f field. 

5-100. ANTENNA AT-67 / AP 
TYPICAL GAIN CHART. 

5-103. The Model L antenna is a general purpose, portable 
slot antenna, equipped with ground plane and standard 
coaxial fittings. It is designed for use as a transmitting or 
receiving antenna, and may be used in field intensity and 
power density measurements in the frequency range of 1.0 
to 2.3 gHz. The r-f power capacity is limited only by the 
r-f coaxial cable. A typical gain chart for the Model L 
antenna is shown in figure 5-12. 

5-104. MODEL S ANTENNA 
TYPICAL GAIN CHART. 

5-101. Antenna AT-67 /AP is a portable, general purpose, 
parabolic horn-type, broadband test antenna, equipped 
with standard coaxial fittings. It is designed for use as a 
receiving antenna, and, in conjunction with Power Meter 
TS-125 / AP, may be used in field intensity and power den
sity measurements in the frequency range of 2.4 to 3.335 
gHz. A typical gain chart for Antenna A T-67 / AP is shown 
in figure 5-11. 

5-105. The Model S antenna is a general purpose, portable 
slot antenna, equipped with ground plane and standard 
coaxial fittings. It is designed for use as a transmitting or 
receiving anten.na, and may be used in field intensity and 
power density measurements in the frequency range of 2.15 
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Figure 5-11. Antenna AT-67 / AP Typical Gain Chart 
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to 4.6 gHz. The r-f power capacity is limited only by the 
r-f coaxial cable. A typical gain chart for the Model S 
antenna is shown in figure 5-13. 

5-106. MODEL M ANTENNA 
TYPICAL GAIN CHART. 

5-107. The Model M antenna is a general purpose, port
able slot antenna, equipped with ground plane and stand
ard coaxial fittings. It is designed for use as a transmitting 
or receiving antenna, and may be used in field intensity and 
power density measurements in the frequency range of 4.45 
to 8.0 gHz. The r-f power capacity is limited only by the 
r-f coaxial cable. A typical gain chart for the Model M 

. antenna is shown in figure 5-14. 

5-108. MODEL X ANTENNA 
TYPICAL GAIN CHART. 

5-109. The Model X antenna is a general purpose, port
able slot antenna, equipped with ground plane and stand
ard coaxial fittings. It is designed for use as a transmitting 
or receiving antenna, and may be used in field intensity 
and power density measurements in the frequency range of 
7.85 to 12.4 gHz. The r-f power capacity is limited only 
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by the r-f coaxial cable. A typical gain chart for the Model 
X antenna is shown in figure 5-15. 

5-11 O. MODEL CA-L ANTENNA 
TYPICAL GAIN CHART. 

5-111. The Model CA-1 antenna is a calibrated microwave 
test antenna, equipped with a transitional horn section and 
;;tandard coaxial fittings. It is designed for use as a trans
mitting or receiving antenna for both ·field and laboratory 
use, and may be used in field intensity and power density 
measurements in the frequency range of 1.0 to 2.24 gHz. 
The r-f power capacity is limited only by the r-f coaxial 
cable assembly. A typical gain chart for the Model CA-1 
antenna is shown in figure 5-16. 

5-112. MODEL CA-S ANTENNA 
TYPICAL GAIN CHART. 

Figure 5-14. Model M Antenna Typical Gain Chart 

·5-113. The· Model CA-S antenna is a calibrated micro
wave test antenna, equipped with a transitional horn sec
tion and standard coaxial fittings. It is designed for use as 
a transmitting or receiving antenna for both field and 
laboratory use, and may be used in field intensity and power 
density measurements in the frequency range of 2. 14 to 
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figure 5-15. Model X Antenna Typical Gain Chart 
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figure 5-16. Model CA-l Antenna1 Typical Gain, Chart 

4.34 gHz. The r-f power capacity is limited only by the r-f 
coaxial cable assembly. A typical g,tin chart for the Model 
CA-S antenna is shown in figure 5-H. 

5-114. MODEL CA-M ANTEN,NA 
TYPICAL GAIN CHARl'. 

5-115. The Model CA-M antenna is a calibrated mrcro
wave test antenna, equipped with a trnnsitional horn s~c
tior and standard coaxial fittings.his designed for use as 
a transmitting or receiving antenna for both fidd and 
labor.itory .use, and may be used rn fidd intensity and power 
density ,,1easurements in the frequency range of 4.19 to 7.74 
gHz. The r-f power capacity is limited only by the r-f 
coaxial cable assembly. A typical gain chart for the Model 
CA-M antenna is shown in figure 5-18. 

5-116. MODEL CA.-B ANTENNA 
TYPICAL GAIN CHART. 

5-117. The Model CA-B antenna is a calibwced micro
wave test antenna. equipped with standard coaxial fittings. 
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This model is an omnidirecti'onal, broadband conical an
tenna, covering the frequency range of 1.0 to 10.0 gHz. 
It is designed for use as a transmitting or receiving antenna 
for both field and laboratory use, and may be used in field 
intensity and power density measurements. The r-f power 
capacity is limited only by the r-f coaxial cable assembly. 
A typical gain chart for the Model CA-B antenna is shown 
in figure 5-19. 

5-118. ANTENNA HORN AT-152/U 
TYPICAL GAIN CHART. 

5-119. Antenna Horn AT-152/U is a general purpose, 
portable· electromagnetic horn anteQtJ.a, equipped with 
standard coaxial fittings. It is designed for use as a trans
mitting or receiving antenna, and may be used in field 

· intensity and power density measurements in the frequency 
range of 2.6 to 4.0 gHz. A typical gain chart for Antenna 
Horn AT-152/U is shown in figure 5-20. 

5-120. ANTENNA HORN AT-153/U 
TYPICAL GAIN CHART. 
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5-121. Antenna Horn AT-153/U is a general purpose, 
portable electromagnetic horn antenna, equipped with 
standard coaxial fittings. It is designed for use as a trans
mitting or receiving antenna, and may be used in field in
tensity and power density measurements in the frequency 
range of 4.0 to 6.0 gHz. A typical gain chart for Antenna 
Horn AT-153/U is shown in figure 5-21. Figure 5-19. Model CA-8 Antenna Typical Gain Chart 

5-122. ANTENNA HORN AT-154/U 
TYPICAL GAIN CHART. 

5-123. Antenna Horn AT-154/U is a general purpose, 
portable electromagnetic horn antenna, equipped with 
standard coaxial fittings. It is designed for use as a trans
mitting or receiving antenna, and may- be used in field 
intensity and power density measurements in the frequency 
range of 5.3 to 8.2 gHz. A typical gain chart for Antenna 
Horn AT-154/U is shown in figure 5-22. 

5-124. ANTENNA HORN AT-156/U 
TYPICAL GAIN CHART. 

5-125. Antenna Horn AT-156/U is a general purpose, 
portable electromagnetic horn antenna, equipped with 
standard coaxial fittings. It is designed for use as a trans
mitting or receiving antenna, and may be used in field in
tensity and power density measurements in the frequency 
range of 8.1 to 12.4 gHz. A typical gain chart for Antenna 
Horn AT-156/U is shown in figure 5-23. 

5-126. RG-9 /U TYPICAL TEST CABLE 

5-127. RG-9/U coaxial cable, in a 30-foot length, includ
ing connectors at each end, used as a typical test cable, 
presents an attenuation which varies with frequency as 
shown in the attenuation chart in figure 5-24. 
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. APPENDIX I . 

X-RADIATION DAT A 

1 A-1. INTRODUCTION. 

IA-2. The purpose of this appendix is to supply addi
tional background information relating to the subject of 
X-radiation. · 

1 A-3. THE QUANTUM THEORY. 

IA--4. Electromagnetic radiation can 
1
be studied by em

ploying either of two concepts, the wave theory or the 
quantum theory. All electromagnetic waves are dual in 
nature, behaving in some ways like waves and in other 
ways like particles. However, the wave theory is generally 
employed to explain the propagation of radio waves, while 
the quantum theory is used to explain the generation of 
X-rays. · 

IA-5. The word "quantum" is taken from the Latin to 
mean a quantity or an' amount. The quantum, therefore, can 
be thought of as an elemental unit of energy or a minufe 
particle of energy. In 1900, the German physicist Max 
Planck proposed that radiated energy existed' in the form 
of multiples of a definite quantum. Thus his quantum 
theory suggests that electromagnetic waves radiated' from a 
source consist of minute particles . of energy known as 
"photons" or "quanta," and that the energy of the quan
tum for a particular radiation is directly proportional to its 
frequency. This can be expressed by the equation: 

E = hf 

where E is the energy of the quantum in ergs, f is the fre
quency of the radiation in hertz, and h is a proportionality 
constant now known as "Planck's constant." Based upon 
information available to him, Planck originally assigned 
a value to h of 6.55 x I0-27 erg-seconds, but this value has 
been revised and is now generally accepted to be 6.62 x 
10-21 erg-seconds. 

IA-6. The theory originally advanced by Planck was later 
expanded by other physicists. Albert Einstein confirmed 
much of the theory and further reasoned that radiation is 

, not a continuous flow of energy from the source as de
scribed by wave theory concepts; instead, radiation is a 
series of discontinuous packages or bursts of energy, and 
the energy in each package (photon or quantum) increases 
with frequency. 

lA-7. The energy of a photon (or quantum) at a micro
wave frequency of 109 hertz (1 gHz or 1000 mHz), when cal
culated using the equation E = hf, contains 6.62 x I0-18 ergs, 
while an X-ray photon of 101~ hertz contains 6.62 x I0-9 
ergs, or one billion ( 109) times as much energy as that of the 
microwave photon. This comparison of energy levels may 
help explain why X-rays are thought t9 behave more like 
particles than waves. 

lA-8. CONTINUOUS X-RAY SPECTRUM. 

IA-9. When an electron is emitted from the cathode, 
travels at high velocity, and is attracted to the anode or 
target of an X-ray tube, .it strikes the anode with an amount 
of kinetic energy which· is determined by the applied volt
age existing between the cathode and the anode. If the 
electron comes within the field of the nucleus of an atom, a 
part or all of its kinetic energy will be transformed into 
X-ray energy. Although the probability that an electron 
will strike a target atom in just the proper manner to com
pletely transfer all of its kinetic energy into a single photon 
is very small, it does happen occasionally. Most of the 
electrons, however, will strike a number of atoms before 
coming to rest, giving up a part of their kinetic energy 
with each collision, and this energy is converted into X-ray 
photons of lower energy (longer wavelength). 

lA-10. The term "continuous X-rays" is used to desig
nate the type of X-rays generated when high-velocity elec
trons strike target atoms. The continuous X-ray spectrum 
produced by a series of collisions consists of various wave
lengths, depending upon the target element and the applied 
voltage. A typical X-ray spectrum obtained from a tungsten 
target is illustrated in figure IA-I. 

lA-11. The X-ray output spectrum extends indefinitely 
toward the long-wavelength end, increases in intensity to a 
maximum as the wavelength-decreases, and then decreases 
rapidly at the short-wavelength end of the spectrum. As the 
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applied voltage is increased, the intensity of radiations at 
all wavelengths increases. Also, the wavelength at which 
maximum intensity occurs decreases, and the shortest wave
length emitted is exterided into the region of even shorter 
wavelengths. This means that, when considering the prac
tical range of voltages ordinarily applied to X-ray tubes, an 
increase in voltage to obtain an increase in the total in
tensity of continuous X-ray radiation effectively shifts the 
output spectrum toward the shorter wavelengths, as shown 
by the energy distribution curves given in figure lA-1 for 
applied voltages of 20, 30, and 40 kv. Therefore, as the 
voltage applied to the X-ray tube is increased, continuous 
X-radiation not only becomes more intense, but also be
comes "harder," or more penetrating (shorter wavelength). 

IA-12. The intensity of continuous X-rays is directly pro
portional to the electron current, the atomic number of the 
element used for the target material, and the square of the 
voltage across the tube. The absolute intensity of the X-ray 
beam is usually expressed in terms of ergs/cm2/sec. The 
output of an X-ray tube is usually small compared to the 
energy of the cathode rays which produce them, except for 
tubes of extremely high voltage. The efficiency of an X-ray 
tube can be expressed as : 

Eff = X-ray energy = KZV 
cathode-ray energy 

where K is a constant (approximately 1.414 x I0-9 for low
and medium-voltage tubes), Z is the atomic number of the 
target element, and V is the applied voltage. This shows 
that the efficiency is greater for heavy target atoms and high 
voltage. An X-ray tube with a tungsten target (Z=74) at 
100 kv has an efficiency of about 1 percent. 

1 A-13. CHARACTERISTIC X-RAY SPECTRA. 

lA-14. If an electron strikes a target atom with sufficient 
energy to force one of the electrons from its orbit, it will 
cause a different type of X-ray spectrum to be produced. 
When an electron is forced from one of the inner orbi.ts, or 
"shells," around the nucleus, another electron from a ring 
farther from the nucleus will move to the vacated position. 
The energy gained by an atom when an electron is moved 
away from the nucleus- is lost whe.n an electron takes its 
place, and the energy is transformed into an X-ray photon. 
This photon emitted from the atom will have an energy 
equal to the difference in the energy levels of the two shells 
confi~rned. This type of radiation is called "characteristic 
X-radiation" because each element in the atomic series has 
a unique spectrum. 

lA-15. If the electrons in an X-ray tube are focused to 
bombard a specific metal element, continuous X-radiation 
will take place over a range of wavelengths accompanied 
by high-intensity wavelengths, occurring as sharp peaks or 
lines within the continuous spectrum, which are character
istic of the element present in the target material. Further
more, if the target material is composed of a compound of 
several basic elements, the characteristic spectra resulting 
from excitation of each of the component elements will be 

lA-2 

superimposed on the continuous spectrum. These character
istic X-rays identify the particular element in the atomic 
series and fall into several groups which physicists have 
identified by the letters K, L, M, N, 0, P, and Q. 

lA-16. The energy level of any shell around the nucleus 
of an atom is determined by the atomic number and the 
distance from the nucleus. The innermost shell is known as 
the K shell; the other shells are called L, M, N, 0, P, and 
Q. The K shell has the highest energy,, the energy decreas
ing for more distant shells; the X-rays emitted when an 
electron jumps from the L shell to the K shell are known 
as a Ka line;· when one jumps from the M shell to the K 
shell, a K~ line is produced. Electrons jumping from outer 
shells to the L shell produce lines La, L~, etc. These char
acteristic X-rays (K1 L, M, etc) are designated in the order 
of increasing wavelength, that is, in the order of decreasing 
"hardness," or penetrating power. 

lA-17. Figure lA-2 illustrates a typical X-ray spectrum 
in which the characteristic spectra of K lines are present. 
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The more intense longer-wavelength peak near 0. 7 A is 
tl{e Ka line, and the less intense shorter-wavelength peak 
between 0.6 and 0. 7 A is the K~ line. Longer wavelength 
L lines occur somewhere between 3.5 to 5.5 A depending 
upon the basic element, but are much "softer" and have 
less penetrating power. 

IA-18. As previously stated, the intensity of continuous 
X-radiation is increased as the applied voltage (electron 
energy) is increased. Depending upon the target element, 
exceeding a given voltage will provide sufficient electron 
energy to produce the characteristic spectra. In figure lA-2, 
the lower energy curve of the graph represents the contin
uous X-ray spectrum produced when the voltage applied 
to an X-ray tube with a molybdenum target element is 
approximately 20 kv. When the voltage is increased above 
20 kv (35 kv in the figure), not only does the intensity of 
the continuous X-radiation increase, but the production of 
characteristic X-radiation also takes place. 

IA-19. The heavier the atomic weight of the basic element 
chosen as the target element, the greater mu·st be the elec
tron energy necessary to produce the characteristic spectra 
for that element. For example, an X-ray tube with a 
molybdenum target (atomic weight of 42) will produce 
characteristic X-ray radiations at voltages greater than 20 
kv, while a tungsten target (atomic weight of 74) will re
quire a voltage of at least 70 kv before the characteristic 
spectra occur. Therefore, in the case of the spectrum for 
tungsten, shown in figure lA-1, if the voltage applied to 
the tungsten target were increased to 70 kv, the continuous 
spectrum illustrated in the figure would increase in in
tensity, would encompass shorter-wavelength radiations, 
and would exhibit high-intensity characteristic X-ray spec
tra (Klines) at 0.18 and 0.21 A with extremely high pene
trating power. 

1 A-20. ABSORPTION OF X-RAYS. 

IA-21. IONIZATION. 

IA-22. In order to understand how X-rays are absorbed 
by human tissue and how. they can be shielded, it is neces
sary to know how X-rays give up their energy to matter. 
X-rays behave similar to •gamma rays; in fact, the only 
difference between X-rays and gamma rays of the same 
wavelength is the methods by which they are produced. 
X-rays are generated by electrons bombarding atoms, and 
gamma· rays are emitted from radioactive atoms. 

lA-23. When a charged particle (photon) drives an elec
tron from its normal orbit around an atom, the electrical 
balance is disturbed and the atom is left with a positive 
charge. The ejected electron is received by another atom, 
and this atom (having an excess of electrons) becomes 
negatively charged. The process whereby an atom becomes 
charged is called "ionization," and the charged atom is 
called a "positive ion" or a "negative ion" depending upon 
its charge. 

lA--'-24. There are three principal processes by which pho
tons give up energy to matter: the photoelectric effect, the 
Compton effect, and pair production. These processes are 
illustrated in figure 1 A-3. 

PHOTOELECTRIC EFFECT 

'-v~6~i~ED 
COMPTON EFFECT "---. 

PAIR PRODUCTION 

"'-..~cJECTED 
~SITRON 

Fi9ure 1 A-3. Absorption of X-rays 

IA-25. PHOTOELECTRIC EFFECT. 

IA-26. When electromagnetic radiation of low energy 
encounters an absorber of high atomic weight, the orbiting 
electrons i~teract with the photons, causing the entire 
energy of the photon to be transferred to an atom. If the 
photon has enough energy, it will cause an electron to be 
emitted from the atom, produc\ng an ion-pair. The energy 
not used in dislodging the electron will be in the form of 
kinetic energy of the liberated electron. The ejected photo
electrons become potential sources of ionization because 
they remove electrons from other atoms in their path. 

} 

IA-27. COMPTON EFFECT. 

IA-28. When a photon of moderate energy encounters 
matter of any atomic weight, part of the energy will be 
transferred to an atom, causing an electron to be ejected. 
The remaining energy is emitted as a photon of less energy 
or longer wavelength, which emerges from the atom at 
some angle depending upon the amount of energy lost from 
the original photon. The emerging photon will likely en
counter another atom, and the Compton effect will con• 
tinue until the photon finally undergoes photoelectric 
absorption. 

lA-3 
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lA-29. PAIR PRODUCTION. 

1 A-50. The photoelectric effect or the Compton effect do 
not effectively result in the absorption of high-energy 
photons. However, above a minimum energy level (1.02 
million electron volts), pair production occurs when pho
tons of high energy interact with absorbing material of 
high atomic weight. In this type of absorption the photon 
penetrates close to the nucleus, and its energy is converted 
into an electron-positron pair, which are ejected from the 
atom. The ejected positron has exactly the same magnitude 
of charge as the ejected electron. In the process of pair pro
duction, all of the photon energy is given up to the elec
tron-positron pair. Energy in excess of the minimum level 
necessary to cause pair production is used in the form of 
kinetic energy to acceleratt the electron and positron from 
the atom. The positron survives for a very short time, collid
ing with several electrons and losing kinetic energy with 
each collision until it finally slows down and unites with 
an electron of the absorbing material. The positron and 
electron unite to form a positronium atom; this atom then 
dissipates itself to produce two photons of electromagnetic 
energy, both traveling in opposite directions. 

lA-31. PENETRATING POWER OF X-RAYS. 

IA-32. The terms "soft" and "hard" are frequently used 
to indicate the wavelength of the radiation within the X-ray 
portion of the electromagnetic spectrum, and also to desig
nate the penetrating power of an X-ray beam. The shorter 
the wavelength, the harder the radiation and thus the 
greater its penetrating power. The penetrating power of an 
X-ray beam, is also expressed in terms of the "half-value 
layer" (HVL). The HVL is defined as the thickness of a 
standard material (such as aluminum, copper, tin, or lead) 
that will reduce the intensity (dosage rate) of the beam at a 
given point to one-half of its initial value. This value is 
accurate only when used with homogeneous X-rays, because 
a beam containing a mixture of X-rays of various wave
lengths will be filtered; that is, the soft X-rays (long wave
length) will be attenuated more than the harder X-rays. 
One method of determining the effective wavelength of an 
X-ray is to measure the HVL using two or more types of 
materials an<l compare the results with standard HVL 
graphs and charts. 

1 A-33. MASS ABSORPTION COEFFICIENT. 

I A-34. The fraction of energy absorbed per cubic cen
timeter of the absorbing material is represented by the 
symbol [J., which is called the "linear absorption coeffi
cient." A more practical representation of the ability of a 
material to absorb X-rays is called the "mass absorption 
coefficient, .. which is equal to tJ./p, where p is the density 
of the absorber. Values of iJ./p are given in standard tables 
for different substances and different wavelengths. These 
standard tables can be used to determine the energy of an 
X-ray beam, as well as the minimum thickness of a material 
necessary to reduce the intensity of the beam to a safe level. 

lA-35. X-RAY SHIELDING. 

I A-36. The most effective materials for use as radiation 

lA-4 

shields are those made of elements having high atomic 
numbers and high densities. Ideal elements for the purpose 
are lead, gold, and tungsten. However, the weight and cost 
of these metals limit their practical application. Therefore, 
some compromise is necessary, and materials such as iron, 
lead, aluminum, nickel, and chromium are frequently 
employed. 

IA-37. Shielding is accomplished by reducing the intensity 
of the radiation beam through absorption and scattering 
within the shield. The thickness of the material required 
to reduce the intensity of the radiation to 50 percent of its 
original value is called the half-value layer (HVL). Addi
tional thicknesses of the material equivalent to the HVL 
thickness reduce the intensity exponentially, as shown in 
figure IA-4. For example, one HVL thickness reduces the 
intensity of the radiation beam to 50 percent of its original 
value, two HVL thicknesses reduce the intensity to 25 per
cent of its original value, and three HVL thicknesses reduce 
it to 12.5 percent. 

IA-38. The problem of shielding X-rays begins with de
termining the character of the X-ray beam. If the radiation 
is primarily monochromatic or homogeneous, HVL tables 
can be used to determine the thickness of the shield required 
for adequate protection. Long-wavelength X-rays are easily 
absorbed by thin shields; they are also easily absorbed by 
the body if not properly shielded. If the X-radiation is 
essentially polychromatic, the longer wavelengths can be 
filtered by a light material such as aluminum or glass, and 
the effective wavelength of the remaining X-rays can be 
measured to determine the type and thickness of the second 
shield required. 

IA-39. To determine the shield thickness necessary for a 
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given amount of decrease in intensity, when the HVL for 
the material is known, use the follqwing equation: 

where l
0 

is the intensity of the incident beam, I is the in
tensity of the beam emerging from the shield, .and N is the 
number of HVL thicknesses. For example, if a beam of 
2000 mr/hr is to be decreased to 1 mr/hr, then: 

2000 . -- = 2N = approximately 2 111 (2 11 = 2048) 
1 

N = 11 

Therefore, a shield 11 times the HVL thickness should be 
used. 

lA-40. OTHER RADIATION UNITS OF 
. MEASUREMENT. 

lA-41. Several units are employed to indicate a measured 
quantity of ionizing radiation. The basic unit commonly 
used is the roentgen, discussed in paragraph 3-51. Other 
basic units commonly used in the field of radiation physics 
are the rep, rad, and rem. Units which are one-thousandth 
of the basic unit are frequently used for convenience in 
expressing small values; these are the millirep (mrep), the 
millirad (mrad), and the millirem (mrem). These units are 
briefly described in the following paragraphs. 

lA-42. REP. 

lA-43. The roentgen is the basic unit for measurement of 
ionization produced in air by X-. and gamma-radiation. 
However, soft body tissues absorb slightly more radiation 

than does air; therefore, the rep (roentgen equivalent, 
physical) came into use to express the equivalent roentgen 
in soft tissue (or water, which is the equivalent of soft 
tissue). Since soft tissue absorbs approximately 10 ergs per 
gram more than air, the energy absorption of the rep is 
equal to about 93 ergs per -gram. 

lA-44. RAD. 

lA-45. The rep was found adequate for measurements 
relating to energy absorption in soft tissue only, and inade
quate for measurement of whole-body exposure since the 
human body contains hard tissue as well as soft tissue. 
Therefore, the rad (radiation absorbed dose) was devised to 
measure the energy absorbed from any kind of radiation in 
any material. The rad is not an equivalent of the roentgen 
(83 ergs per gram in air), but it is the unit of absorbed dose 
in any medium and is equal to 100 ergs per gram. 

lA-46. REM. 

lA-47. The rem (roentgen equivalent, man) compensates 
for differences in types of radiation, and thus gives a more 
accurate estimation of the radiation hazard or expected 
biological damage. It is a measure of radiation of any type 
which produces the same biological effects in man as the 
effects resulting from the absorption of 1 roentgen of X
or gamma-radiation. 

lA-48. The rem takes into account the magnitude of the 
dose and the relative biological effectiveness (RBE) of the 
particle or photon involved. A correction factor, known as 
the RBE factor, must be applied when other types of radia
tion such as alpha, beta, and neutrons are the source of 
energy. The dose in rem is calculated as the dose in rad 
times the RBE factor (rem = rad x RBE). In the case of 
X- or gamma-radiation, the RBE factor has a value of 1; 
therefore, the rem is numerically equal to the rad for X- or 
gamma-radiation. 

lA-5/lA-6 
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