RADIATION HAZARDS

It is obvious to all that electromagnetic fields have the
power to alter and destroy tissue. We use that effect every
time a microwave oven is energized. What is not so ob-
vious, and has been the subject of considerable debate, is
the effect of lower power electromagnetic fields on public
health.

Each one of wus is subject to daily doses of
‘““non-ionizing’’ radiation, basically defined as elec-
tromagnetic fields up to 100 GHz. The sources for these
transmissions are manifold, from broadcast towers to RF
heaters and sealers used in manufacturing.

These effects are to be distinguished from those caused
by much higher frequency radiation or ““ionizing’’ radia-
tion caused by very energetic particles, such as gamma rays.
In general, non-ionizing radiation is far less of a health con-
cern than ionizing radiation, but not completely devoid of a
need for limits.

Through the efforts of ANSI C95, consensus standards
have emerged identifying safe levels for public and occupa-
tional exposure. The military has used these standards for
many years, Now increasingly, states such as Massachusetts
are enacting similar limits to protect both occupational and
public health.

The Effect of Electromagnetic Fields

Non-ionizing radiation primarily affects living tissue by
“cooking’’ it- The thermal effect is the same one that cooks
meals in a microwave oven. Here, very strong fields are
contained within a shielded enclosure making up the oven
and a powerful field at a frequency of 2450 MHz is applied.
The system works because a certain amount of the energy
applied is absorbed by the food.

Human beings, when exposed to electromagnetic energy,
also absorb part of it. In fact, human beings are most effi-
cient in absorbing energy when the body is parallel to the
electric field vector and is .4 wavelengths of the incident
field (ANSI C95.1 [1982]). Since the ‘‘standard man”’ is
considered one to be 175 ¢cm long, he is the most efficient
absorber of energy at 70 MHz. Figure 1 shows both
calculated and measured rates of absorbtion for individuals
from infants to large adults. The top line (marked 16 in the
figure) is an envelope on which the energy limits in €95.1
(1982) are based. Human beings are most sensitive to radia-
tion from 30 MHz to 300 MHz.

While the primary damaging effect is thermal, other ef-
fects have been speculated, including nervous system in-
volvement and behavioral changes. Experiments on a
number of species have indicated reversible behavioral
changes when these animals were exposed to energy levels
of 4-8 watts per kilogram. Those studies were the basis of
the choice in C95.1 to require the Specific Rate of Absorb-
tion (SAR) to be set at one tenth that level or .4 watts per
kilogram averaged over the body. Because energy levels
may peak in areas of the body exposed to strong beams,
especially when close to the source, a second level of 8 watts
per kilogram is set for peak exposure of any portion of the
body.
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Radiated power density of one milliwatt per centimeter
squared will cause specific absorption rate in humans of .4
watts per kilogram over a frequency range of 30-300 MHz,
given the data in Figure 1. Factoring in that human beings
are not as efficient absorbers over other frequency ranges,
the curve in Figure 2 can be derived. It shows the power
density limits, These are also listed in the table.

The table also shows the equivalent electric and magnetic
field components in units of volt squared per meter squared
and amps squared per meter squared. Most measuring in-
struments will detect either the electric or magnetic field
and their outputs can be directly compared against the elec-
tric or magnetic field components which make up the power
density.

It has been found that only very strong RF sources can
give rise to such fields. For instance, walkie-talkies ar power
levels under 7 watts are considered safe over the frequency
range of 300 kHz to 1 GHz and are explicitly exempted
from the requirements of the standard.
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(1) (Inverted Triangles). Experimental results scaled
from a saline-filled, realisiic model of an adult human
being under grounded conditions.**

(2) (Solid Curve}). Numerical
a block model of man
ground.

{3) (Chain-Dot). Experimental results based on a
realistic model of a human adult in conductive contaet
with ground. *

(4} (Chain-Dash). Scaling of Curve 2 for ten year old
child in conductive contact with ground.

(5) {Chain-Dot). Experimental results based on a
realistic model of a human adult 3 cm from a ground
plane *

calculations hased on
in conductive contact with
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ALLEN, S. J. and MITCHELL, J. C. Radiofrequency Radia-
tion Dosimetry Hendbonk, Second Edition, May 1978, Report
SAM-TR-78-22, USAF School of Aerospace Medicine: Brooks
Air Force Base, Texas, 1978.

**GANDHI, 0. P., HUNT, D. L. and D'ANDREA, J. A.
Deposition of Electromagnetic Energy in Animals and in
Models of Man With and Without Grounding and Reflector
Effects, Radio Science, 12(65), 1977, pp 39—i8,

THAGMANN, M. J. and GANDHI, O. P. Numerical Calcula-
tions of Electromagnetic Energy Deposition in Models of Man
with Grounding and Reflector Effects. Radio Science, 14(68),
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(6) (Dotted Line). Empirical equation developed for a
human adult in free space **

(7) (Solid Line). Numerical ecaleculations for a black
model of man in a free field; experimental data are
shown as open squares and experimental data on
models are shown as open triangles. **7

(8) (Dashed Line). Prolate spheroidal model of man in
a free field *

{9) (Dotted Line). Empirical equations for a ten year
old child. **

(10} (Chain-Dash). Scaling of Curve 2 for a one vear
old child in conductive contact with ground.

{11) {Dashed Line). Prolate spheroidal model for a ten
year old child . *

(12) (Dashed Line). Prolate spheroidal model for a one
year old child.*

{13) (Dashed Line). Empirical equations for a one year
old child.

(14) {Dashed Line).
human infant.*

Prolate spheroidal model of a

(15) {Dot). Empirical equation for a human infant.**

(16) Upper limit of the SAR for human beings of all
ages and body mass.

Power Density = 1 mW/cm2 The results of various investigators are used for cross
comparison. The cuter envelope, curve 16, is the upper-limit SAR for the range of
human beings from infant to adult {see legend).

FIGURE 1

Whole-Body-Averaged SAR for a Human Adulft, a 10 Year Old Child, a 1 Year Old Child, and a Human Infant.
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Measuring Radiation Hazards

In the far field, measurement of potential radiation
hazards is quite simple. If only a single source is giving rise
to the emissions, the polarization of its wavefront is usually
linear and can be determined. Either the electric field or the
magnetic field component can be measured. In far field
conditions, the electric (E) and magnetic (H) field com-
ponents are related under the formula:

E
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Radio freguency protection guide for whole-body exposure of
human beings
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The Appendix of C95.1 reported various biological effects, cor-
responding to Specific Absorption Rules or SAR. On the basis of
these siudies, a limit of .4 w/kg was chosen.

Therefore, measurement is simple, Conventional ap-
paratus, such as antennas, can be used to measure the
fields, and the power density (W), which is equal to

W=EXH 2)

can be calculated.

But many radiation hazards, especially those in the work-
place, are close to a source of radiation. Here, measure-
ment in the near field must be performed, and a host of
problems arise. Furthermore, multiple sources may be in-
volved, and scattering off of nearby metallic objects com-
plicates the calculations.

The first problem that arises in the near field is that the
simple relationship shown above between magnetic and
electric fields no longer applies. In fact, the relationship is
complex. This requires electric and magnetic field com-
ponents to be measured separately.

Furthermore, the polarization of either the electric or the
magnetic field cannot be easily determined, Where multiple
sources are involved, the polarization of the fields is apt to
be eliptical, meaning that its polarization and magnitude
change both amplitude and direction as it passes through
space. Because of these considerations, measurement in-
strumentation must measure all three orthogonal axes at
the same time, The power from these measurements must
then be summed. Note that in summing power for signals
which are likely to be of different phases it is necessary to
square the amplitude of the electric or magnetic field com-
ponents separately and then sum these resultants, This is
the reason why the table in Figure 2 does not list units in
terms of volts per meter, but rather volts squared per meter
squared.

Choosing Instruments

The simplest types of instruments used for measuring
radiation hazards are small loop or dipole antennas
attached to diode rectifiers. At low levels of E-fields, the
non-linearities of the diodes yield a square law relation be-
tween the incident field and the output of the detector, so
that three orthogonally mounted antennas can be summed
directly and connected to a meter. At higher power levels,
the diode becomes linear, and the output field strength
must be squared before the three elements can be summed.
Therefore, most diode instruments are specified to be used
in either low or high field modes, and use of the instrument
in the wrong mode will result in erroneous readings. These
instruments are subject to temperature variations, especial-
ly in their low field mode. Measuring brief bursts of signal
can prove problematic, and they are subject to burnout in
ranges much over one watt per centimeter squared.

For these reasons, most radiation hazard meters use
other technologies. One popular technology is the use of a
thin film thermocouple. Here, the detection element heats
up and the temperature change is measured. Three or-
thogonal receiving clements heat one or more sets of ther-
mocouples and the total temperature range is measured.
Recent advances have allowed such designs to be relatively
free of ambient temperature disturbances and allow
development of broadband units.

In addition, the following features should be looked for
in selecting instrumentation:

1. The instrumentation should be clearly marked as to its
sensitivity to either H or E fields. It should not have
spurious responses, especially to static electric fields.

2. The probe should be a small fraction of the wavelength
so as not to disturb the incident field it is attempting to
measure.



3. Its use should be independent of orientation (i.e., non-

directional and non-polarized).

Remote metering should be possible for measuring high

signal levels by the use of shielded 1/0 cables.

5. The output levels should be in true RMS to avoid prob-
lems when measuring pulsed signals.

6. The instrumentation should be convenient to usc in
terms of weight and volume.

Measuring of Potential Hazardous Fields

Before entering into measurements, a quick check of the
likely fieldstrengths to be encountered is advisable. Higher
power levels arc usually associated with the measurement of
direct radiators, such as radar. First, the equipment to be
measured should be approached from a distance. A general
calculation can be made to predict the fieldstrengths to be
encountered in such situations. The radiated power density
is equal to the following formula in the far field (defined
for the purpose of the formula .5 the aperture area squared
divided by the wavelength)

w=_PFPG
47d?
where W = power density in W/m?
Pr = transmitted power in Watts
G = antenna gain
d = distance in meters

In the near field, or where scattering is involved, com-
plications are more complex, but the field can still be
estimated from the following formula.

W = Pifab
crd?
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antenna aperture largest dimension
antenna aperture smaller dimension
3 x 10® m/sec.
frequency in Hz

where

a
b
c
d

Finally, for a radiating system, a test at less than full
power is advisable. Final readings can be calculated from
the partial power tests. In any event, during testing, com-
munication should be maintained between the operator and
the measurement personnel.

For cases where leakage is suspected, an initial inspection
with power off should be undertaken. Look for cables,
apertures, tubing and the like, which may be broken or
discontinuous. Remember not to touch potential leakage
points when the instrumentation is on, since high RF levels
might exist and could be a source of burns. Also, don’t in-
sert probes into conduits or waveguides, since these can
create strong local fields or occasionally run into moving
parts.

Emerging Law — The Massachusetts Occupational Ex-
bosure Regulations

Many states have now enacted limits similar to the ANSI
requirements for public exposure. In addition, certain
states, such as Massachusetts, now require manufacturers
to file with the state if they use RF in their manufacturing
processes. The same is true for broadcasters and hospitals.
The Massachusetts regulations are expected to set a trend
for states nationwide.

The Massachusetts regulations (440 CMR 5.00) cover
non-ionizing radiation from 10 kHz to 100 GHz, a wider
frequency range than the 300 kHz to 100 GHz range for
ANSI C95.1. The purpose of the regulations is to prevent
harmful exposure of emplovees. Separate standards cover
public health under 105 CMR 122.000.

The reach of the regulations is exceedingly broad. It ap-
plies to ‘‘any facility, machine, device, . . . generating elec-
tromagnetic fields between 10 kHz and 100 GHz and to any
person or employer . . . who operates or controls [it].”” The
focus, however, is on RF heaters and sealers, radars, in-



(a)

440 CMR 5.07:

RADIO FREQUENCY EXPOSURE LIMITS FOR NIR WORKERS

1 2 3 4
2 2 Maximum allowed
{E) (H) Equivalent,
Maximum allowed Maximum allowed Plane Wave,
Hean Squared Mean Squared Free Space
Electric Field2 Magnetic Field Power_gensity
Frequency Range Strength (V/m) Strength (A/m) {(mW/cm™ )
10 kHz - 3 MHz 400,000 5 2.5 2 100 2
3 MHz - 30 MHz 4,000 (900/£7) 0.025 (S00/£7) 900/¢
30 MHz - 300 MHz 4,000 0.025 1.0
300 MHz - 1500 MH=z 4,000 (f/300) 0.025 (£/300) £/300
1500 MHz - 100 GHz 20,000 0.125 5.0

As used in 440 CMR

(b)

07: Table 1:

frequency in megahertz (MHz)
voltage in volts

current in amperes

length in meters

cm = area 1n square centimeters
mW = power in milliwatts

5.
f
v
A
m
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440 CMR 5.07: Table 1 Qualifications:
1. RF Exposure Limits cited in 440 CMR 5.07: Table 1 are
average values over any 0.1 hour period.
2. For mixed or broadband f{fields consisting of a number of
frequencies for which different RF Exposure Limits are listed in
440 CMR 5.07: Table 1, the fraction of the RF Exposure Limits
incurred within each frequency interval shall be determined, and
the sum of all such fractions shall not exceed unity.
3. For near field exposures, the only applicable RF Exposure
Limits are the mean squared electric and magnetic field strengths
as given in 440 CMR 5.07: Table 1, column 2 and 3, For con-
venience, these limits are also expressed as the equivalent
plane-wave f{ree-space power densities shown in column 4, 440
CMR 5.07: Table 1.
4. 440 CMR 5.07: Table 1 limits may be exceeded if the ex-
posure conditions can be shown by laboratory procedures accept-
able to the Commissioner to produce specific absorption rates
(SAR) below 0.4 W/kg as averaged over the whole body, and
spatial, peak SAR values below 8 W/kg as averaged over any one
gram of tissue.

FIGURE 5(a)

Public health and occupational exposure levels of Massachusetis
laws. An *NIR worker’’ is one exposed to levels greater than the
Public Health levels, which are approximately one fifth the oc-
cupational levels.
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RADIO FREQUENCY EXPOSURE LIMITS FOR PUBLIC EXPOSURES*

Maximum Allowed

Maximum Allowed Maximum Allowed Equivalent Plane Wave
Mean Squared Mean Squared Free Space
Electric Field2 Magnetic Field2 Power Deniity**
Frequency Range Strength (V/m) Strength (A/m) {mW/cm™)
300kHz~3MHz 80,000 2 0.5 2 20-02
3MHz-30MHz 800(900/£f7) 0.005(900/£7) 180/f
30MHz-300MHz 800 0.005 0.2
300MHz~-1500MHz 800(£f/300) 0.005(£f/300) £/1500
1500MHz~100GHz 4,000 0.025 1.0

As used in Table I:
f = frequency in megahertz (MHz)

V = voltage in volts
A = current in amperes
m 3 length in meters

cm™ = area in square centimeters
mW = power in milliwatts

For mixed or broadband fields consisting of a number of frequencies for which
different Radio Frequency Protection Guides are listed in Table I, the fraction of
the Radio Frequency Exposure Limits incurred within each frequency interval
shall be determined, and the sum of all such fractions shall not exceed unity.

O

*¥ These are average values over any 0.5 hour period. See 105 CMR 122.090
Appendix A. This table does not apply to microwave ovens, refer to 105 CMR
122.040.

** See 105 CMR 122.090 Appendix A for calculation of equivalent plane wave free
space power density in the non far field region.”

REGULATORY AUTHORITY:
440 CMR 5.00: M.G.L. ¢. 149, ss. 2, 5, and 6.

FIGURE 5(h)
Maximum Public Health exposnre levels.
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dustrial microwave ovens, RF transmission lines, diathermy
and hyperthermia equipment. Compliance is the respon-
sibility of the *‘person or employee’ who operates or con-
trols the device.

There are only a few exceptions to the scope of the
regulations. Such would include facilitics of the Federal
government, amateur radio stations, and portable or
mobile radios up to 1 GHz under 7 watts. Also exempted
are licensed therapeutic uses,

The conduct prohibited under the statute is as follows:
““No person who . . . allows the operation . . . fof a
regulated device] . . . shall expose any worker . . . [to mean
squared electric or mean magnetic fieldstrength] in excess
of that specified in the rules.’” The limits specified are iden-
tical to those in €93.1, except they extend the lower fre-
quency limit down to 10 kHz.

The regulations require filing for some devices. Every
manufacturer of radar, radio, TV or communications
greater than 100 watts, RF heaters or sealers, industrial
microwave ovens, or RF diathermy or hyperthermia equip-
ment must file with the state before December 26, 1986.
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FIGURE 6
Warning symbol required where persons are exposed to hazardous
RF levels.
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FIGURE 7
Basic eleciromagnetic survey meter

The information filed is the name of the company, its
“‘safety officer,”” the manufacturer of the heater or sealer,
its serial number, date of installation, frequency, RF
power, the nature of the shielded room or ground piane
surrounding the equipment, layout of the facilities in-
cluding where workers stand and a list of areas where
workers are exposed to levels more than one fifth of those
prescribed in the standard.

The *‘RF safety officer’’ is the person within a company
who establishes and supervises a program of RF safety. He
must give instructions to any workers classified as NIR
workers (those exposed to energy levels one fifth of the
prescribed levels). The job of the RF safety officer is to
carry out the requirements of the rules and give written
notice to NIR workers of their status.

Certain areas of the facility can be cordoned off if they
are exposed to levels higher than the standard allows. War-
ning signals must be posted.

Each facility requiring notification must be surveyed to
measure the actual levels of emissions. Annual surveys are
also required. Included in the survey are warning devices,
safety interlocks, a check of workers to make sure they do
not have implants, pacemakers, ete.

These surveys must be kept on file for thirty years. Any
exposures, accidental or not, to levels greater than the stan-
dard allows, must be reported to employees. Where ex-
posures are five times the limits, the state must be notified
within 30 days.

Summary

The effects of non-ionizing radiation on public and
workers has caused considerable alarm in recent years.
Most of the alarm is unfounded, and well coordinated work
of ANSI C95 has set limits for public health. Increasingly,
concerns of workers and the public have mobilized state ac-
tion, and states such as Massachusetts have enacted laws
governing exposurc of the public and employees to non-
ionizing radiation hazards.



