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Measuring Multifrequency Magnetic 
Fields for Exposure Assessment Based on 

Induced Body Currents 
Joseph D. Bowman 

Radiation Section, Division of Biomedical and Behavioral Science, 
National Institute for Occupational Safety and Health, Cincinnati, Ohio 45226 

Standards setting committees in the United States and Great Britain 
have adopted exposure limits for magnetic fields with a single fie- 
quency in the sub-radio fiequency (sub-RF) range (1 Hz to 30 kHz). 
Since sub-RF magnetic fields in most occupational and residential 
settings have multiple fkequencies, a more practical exposure assess- 
ment approach is derived in t h i s  article. To avoid adverse health 
effects, the present exposure limits control the currents induced in the 
body by the magnetic field. In this article, limits on induced current 
are shown to be equivalent to placing limits on the magnetic field's 
derivative dB/dt, both of which are applicable to the multifiequency 
fields found in the environment. The existing exposure limits are 
therefore used to derive bounds on dFVdt. Commercially available 
gaussmeters can be used to measure sub-RE magnetic fields for com- 
parison with these limits on dB/dt exposures. To measure dB/dt, the 
gaussmeter needs a linear fiequency response, and a correction factor 
must be applied to the readout. The errors in assessing induced cur- 
rents with multiple frequencies are evaluated for other common 
methods ofmeasuring magnetic fields. These other methods can have 
acceptable accuracy, but only if the field's harmonic distortion is 
sufficiently low. Practical methods are recommended for measuring 
multifiequency magnetic fields and assessing their induced body cur- 
rents. The relationship between sub-FW magnetic fields and adverse 
health effects is not addressed in this article. BOWMAN, J.D.: MEASURING 

CURRENIS. &pi. OCCUP. ENVIRON. HYG. 10(7):628-634; 1995. 
MULTIFREQUENCY MAGNETIC FIEDS FOR EXFOSURE ASSESSMENT BASED ON INDUCED BODY 

he threshold limit value (TLV) for magnetic fields in the T sub-radio frequency (sub-RF) range is a formula:(') 

60 mT-Hz 
f BTL" = 

where f is the field's frequency (in hertz) and the magnetic field 
is expressed as the root mean squared (rms) magnetic flux 
density B in the SI units of milliTesla [l milliTesla (mT) = 10 
gauss (G)]. This formula is recommended for single frequencies 
from 1 to 300 Hz. In the United Kingdom, the National 
Radiological Protection Board (NRPB) recommends the same 
functional form for its exposure limit: BE, = C,,/f. With the 
NRPB limit, the constant C,, equals 94 mT-Hz.(2) 

Although these exposure limits assume that the field has a 
single frequency, occupational and residential magnetic fields 

in the sub-RF range generally have multiple frequencies. Fig- 
ure 1 shows the frequency spectra of occupational magnetic 
fields that have components above and below the electric 
power frequency (60 Hz in North America and Brazil; 50 Hz 
in the rest of the world). The amount of magnetic field at  these 
other frequencies can be expressed as the percent harmonic 
distortion ('%Hd): 

Measurements of the harmonic distortion in a sample of six 
workplaces found a mean value for %Hd of 51.3 percent (range 
from the 10th to the 90th percentile = 8.66 to 124%); in 18 
homes the mean was 20.3 percent (range from the 10th to the 
90th percentiles = 6.19 to 41.0%1).(~) This widespread har- 
monic distortion in sub-RF magnetic fields creates difficulties 
in using single-frequency limits to assess occupational and 
environmental exposures. 

T o  deal with multiple frequencies, this article suggests a 
modification of the existing exposure limits for sub-RF mag- 
netic fields. In addition, a method is described for measuring 
exposures with the modified formula using existing monitors. 
This analysis is concerned only with measuring exposures and 
does not address the question of adverse health effects from 
exposures to sub-RF magnetic fields.(4) 

Basis for Multifrequency Exposure Limits 
The TLV and similar exposure limits are designed to keep 
electric currents induced in the body by external magnetic 
fields below levels that are known to affect humans. The safe 
limit for induced currents was originally proposed by a com- 
mittee of the International Radiation Protection Association 
(IRPA), which has now become the International Commis- 
sion for Non-Ionizing Radiation Protection (ICNIRP).(5) In 
the IRPAACNIRP criteria, the induced current density ( J  = 
current per unit area) is limited to 10 mA/m2 rnis and below. 

T o  extend these exposure limits to multifrequency fields, 
the mathematical derivation of Equation 1 needs to be exam- 
ined.@) T o  estimate induced body currents, Faraday's law for 
magnetic induction is applied to a simple model of the human 
body in a single-frequency magnetic field. The full mathemat- 
ical derivation of this exposure limit is given in Appendix A. 

The physical ideas behind induced current limits can be 
easily understood by considering an electrical circuit placed in 
a magnetic field, as mentioned in the rationale for the IRPA 
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FIGURE 1 .  Magnetic field frequency spectra and percent harmonic 
distortion (OYH,) measured at workstations. The measurements were 
taken with an induction coil and a digital signal analyzer (Hewlett- 
Packard model 3561A). 

guidelines.(') According to Faraday's law,(') the voltage V 
induced in this circuit is: 

dB 
dt 

V = - A -  (3) 

where the circuit covers an area A. Now, the current I in the 
circuit is given by Ohm's law: V = IR, where R is the 
resistance. Therefore, the induced current I is proportional to 
the magnetic field's derivative: I = -(A/R) dB/dt. The same 
result can be derived for currents induced in conductive tissues 
within the body (e.g., the blood stream, the lymphatic system, 
intercellular fluids, and the cell cytoplasm). As shown in Ap- 
pendix A, the maximum current density J induced in a bodily 
circuit is proportional to &/dt averaged over the circuit. 

Since some adverse biological effects are known to result 
from high induced current densities J,(') this result provides a 
rationale for the evaluation of magnetic field exposures and the 

control of induced body currents. Currents within the body 
can clearly be kept in control by limiting the magnitude of 
dB/dt to which people are exposed. To assess exposures, 
dB/dt needs to be measured over the person's body and 
averaged. 

However, exposure limits such as the TLV and the IRPA/ 
ICNIRP guidelines have been designed to apply directly to the 
magnetic field B. T o  accomplish this, these criteria now as- 
sume that the field is a sinusoidal function with a single 
frequency f: 

B(t) = $B cos(2nft) (4) 

Following electrical engineering conventions, the field's 
magnitude B is expressed as the root mean square (rms): 

Now, the time derivative of Equation 4 is: dB/dt = - 2 d  
X ~B sin (2nft). Since the rms of a sine function is l / f i ,  
the rms derivative for the single-frequency sinusoidal field is: 

r m s ( g )  = 2 n f B  

Since the induced current density J is proportional to dB/dt, 
the IRPA limit on the body currents becomes: 

2.rrtB X const. = rms( J) 5 10- mA 

m2 (7) 

By solving Equation 7 for B, exposure limits are obtained in 
the form of Equation 1 with its inverse dependence on fre- 
quency. To derive the constant C,, in Equation 1, standards 
committees use simple models of the human body to estimate 
the maximum constant of proportionality in Equation 7 (Ap- 
pendix A). Since some judgment is required, different standard 
bodies have arrived at different values for C,, (e.g., 60 mT-Hz 
for the TLV and 94 mT-Hz for the NRPB in the United 
Kingdom). 

These limits on the magnetic field magnitude B (Equation 
1) can be turned into limits on dB/dt by simple substitution 
into Equation 6: 

rms ($)EL = 2 r ( f  BEL) = 2.rrCEL 

For example, the limit on dB/dt that is equivalent to the 
present TLV would be: 2.rrCE, = 377 mT-Hz = 377 mT/s 
(3.77 kG/s). 

Remarkably, Equation 8 is a valid exposure limit for mag- 
netic fields that are not a sine wave with a single frequency. 
The standards committee selected the proportionality constant 
to get the maximum induced current which could result in 
their model of the human body. Therefore, other magnetic 
fields with the same dB/dt will induce body currents less than 
the estimate from Equation 7 ,  whatever the field's frequency 
spectrum or wave shape (Appendix A). Since Equation 8 keeps 
currents induced by a sinusoidal field within the IRPA/IC- 
NIRP safety criteria, it also provides a safety limit on dB/dt of 
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any sub-RF magnetic field. Therefore, any exposure limit 
based on induced currents can be converted to a limit on 
dB/dt by Equation 8. Moreover, this limit applies to multi- 
frequency fields. 

Measuring Multifrequency Magnetic Fields 
T o  compare worker exposures with Equation 8, the magnetic 
field derivative must be measured in the multifrequency envi- 
ronment encountered in most workplaces. Two methods are 
apparent for measuring the derivative exactly with commer- 
cially available equipment: (1) calculate the derivative from a 
measurement of the frequency spectrum and (2) apply a cor- 
rection factor to the readout of a gaussmeter with a linear 
frequency response. 

The first method is based on instruments that measure the 
components of the time-dependent magnetic field B(t) ex- 
panded as a Fourier series:@) 

B(t) = ,,hc Bfcos(27Tft i- &) (9) 
f 

where: 
B, = the rms magnitude 
$f = the phase for frequency F 

The magnitudes B,plotted as a function of frequency are the 
frequency spectra shown in Figure 1. Frequency spectra for 
sub-RF magnetic fields can be measured with digital signal 
analyzers (as in Figure l ) ,  digital waveform capture instru- 
m e n t ~ , ( ~ )  and a personal monitor that uses a series of bandpass 

With the Fourier series, the time derivative of the multifre- 
quency field and its rms can now be calculated. As shown in 
Appendix B, the rms derivative is: 

This straightforward calculation (which can be programmed 
into some spectrum analyzers) gives the magnetic field deriv- 
ative from a measurement of the frequency spectrum. The 
main drawback of this method is the instrument expense and 
operator sophistication which accurate spectrum measure- 
ments require. 

Fortunately, the derivative can be measured more easily 
with commercial gaussmeters that have a linear frequency 
response (Figure 2) and a true rms signal detector.("') With a 
linear response, such a gaussmeter responds to every compo- 
nent in the frequency spectrum as (fB,); with a true rms 
detector, the frequency components are combined just as in 
the formula for rms(dB/dt) (Equation 10). Linear response 
gaussmeters are therefore measuring the derivative, but they 
are calibrated to read out in units of magnetic flux density (in 
either Tesla or gauss). To do this, the linear meter has a 
calibration constant k: 

which is chosen so that its readout Rlinear equals the rms 
magnitude rms(B) for magnetic fields with the electric power 
frequency fpOw,,. 

x 10 

x 3  

x 1  

x .3 

30 60 100 300Hz 1 kHz 

X .03 

FIGURE 2. Linear- and flat-frequency response modes of a gaussmeter. 
(Figure used by permission of Monitor Industries, Boulder, Colorado. 
No endorsement by NIOSH is implied.) 

The similarity between Equations 10 and 11 suggests that 
dB/dt can be determined exactly from the readout of a linear 
response gaussmeter multiplied by a correction factor. The 
correction factor can be determined exactly if the linear re- 
sponse meter is calibrated in a pure sinusoidal field with only 
the frequency f,,,,,. The gaussmeter is then calibrated so that 
Rlinra, = rms(B) = Bpowrr, the rms magnitude at the power 
frequency. Using Equation 11, the calibration constant k must 
be l/fP,,,,. Substituting this result into Equations 10 and 11 
gives the desired correction factor: 

In other words, the magnetic field derivative can be measured 
exactly with a linear response gaussmeter by using the correc- 
tion factor of 27rfpowcr. The correction factors are 377 sec- 
onds-' for 60-Hz fields and 314 seconds-' for 50-Hz fields. 

Discussion 
The dB/dt exposure limit derived above is proposed as a 
general approach to limiting body currents induced by sub-RF 
magnetic fields. The relationship between rms(J) and rms(dB/dt) 
is based on the combination of Faraday's and Ohm's laws, 
which is generally valid in the sub-RF range (Appendix A). 

Magnetic induction has been studied experimentally with 
measurements of the currents induced in saline solution and 
conductive gel manikins by 60-Hz magnetic fields.(' '3'') Dif- 
ferences between measured currents and calculations based on 
Faraday's and Ohm's laws are insignificant, validating their use 
for induction calculations in the sub-RF range. 

Even with a highly nonuniform magnetic field from a wire 
carrying 100 A located 1 cm from the saline solution, the 
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measured induced currents correlate with dB/dt averaged over 
the container.(") This finding suggests a method for assessing 
exposures close to sources (e.g., an electric line worker fixing 
an energized line, or an arc welder whose power cable is 
running over a shoulder). The readings from several magnetic 
field monitors worn over the worker's body can be used to 
calculate the spatial average of dB/dt. If the source is far 
enough away so that the magnetic field is uniform over the 
worker's body, a single monitor should be sufficient. 

Although the physical basis for limiting the induced body 
current by restricting dB/dt is sound, the numerical values for 
the TLV and other exposure limits based on the IRPA/ 
ICNIRP criteria are based on several simplistic assumptions 
(Appendix A). More accurate limits on dB/dt can be derived 
from realistic calculations of the currents induced in parts of 
the body where biological effects originate.(13) Whether such 
body current limits are desirable is part of the broader debate 
over possible health effects of low frequency electric and mag- 
netic fie1ds.s 

The proposed method for measuring dB/dt with a linear 
response gaussmeter is a modification of published methods for 
assessing residential power-frequency magnetic fields.(l4-I6) 
To  adapt these methods to measuring occupational exposures 
to dEVdt in the sub-RF range, the frequency spectra in the 
workplace should first be investigated. Typically, this simply 
involves an understanding of the magnetic field sources. If the 
only electric currents in the workplace come directly from AC 
power and no source of other frequencies is identified, then 
the frequency span of the magnetic field probably lies within 
the bandwidth of most power-frequency gaussmeters.(") If 
measurement accuracy is essential, this assumption should be 
validated by measuring the frequency spectrum. 

For example, the magnetic field's frequency span is 60 to 
300 Hz for the high voltage transmission line in Figure 1, and 
is 60 to 420 Hz in the TV repair shop. In these spectra, the 
harmonics of 60 Hz come from nonlinear circuit components, 
such as transformers and rectifiers. The gaussmeter in Figure 2 
is designed to maintain its linear response over a 40 to 1000-Hz 
bandwidth that encompasses these harmonics. O n  the other 
hand, the welder's arc generates a broad spectrum (Figure 1) 
which lies partially below the gaussmeter's bandwidth. In such 
cases, the frequency spectrum should be measured and the 
dB/dt calculated with Equation 10. Similar problems would 
occur with magnetic fields with components above 1000 Hz 
(e.g., fields from induction welders and induction furnaces). 

Note that some workplaces that have their own supply of 
AC electricity can have power frequencies different from the 
50 or 60 Hz supplied by electric utilities. Commercial airliners, 
for instance, have 440 Hz electric power. In these environ- 
ments, dB/dt can be measured with Equation 12. Since these 
magnetic fields are not well characterized, frequency spectra 
measurements assure that the linear response gaussmeter has 
adequate bandwidth, but are not needed to calculate dB/dt 
with Equation 12. In this equation, f,,,,, is the calibration 
frequency for the gaussmeter, not the power frequency in the 
environment. 

Choosing instrumentation whose frequency response and 
bandwidth accommodates the frequency spectra in the mag- 
netic field environment is clearly necessary for accurate dB/dt 

measurements. In addition, the meter needs a true rms time 
response, rather than a rectified average or peak response. 
Using these principles, the methods described above can ac- 
curately and efficiently assess magnetic field.exposures to con- 
trol induced body currents. 

However, approximate methods of assessing magnetic field 
exposures will be attractive to some. Gaussmeters without a 
linear frequency response have become widespread, and may 
be substituted for the recommended linear response gaussme- 
ters. In addition, calibrations are sometimes done with mag- 
netic fields with harmonic distortion instead of the recom- 
mended single-frequency field. Finally, measurements of 
multifrequency fields can be compared to the existing expo- 
sure limits for single frequencies. Therefore, the errors in these 
approximate methods need to be assessed. 

Gaussmeters with flat, narrowband, or broadband frequency 
filters can be reasonably accurate if the workplace magnetic 
field environment has suficiently low harmonic distortion. To 
demonstrate this, consider a rms gaussmeter with a frequency 
filter F(f), so its readout is 

As always, this gaussmeter is calibrated to have a unit response 
at the power frequency [i.e., F(f,,,,,) = 11. By the arguments 
given above, R F  multiplied by the correction factor 2 ~ r  f,,,,, 
equals dB/dt exactly when the field's only frequency is f,,,,, 
and is approximately correct if the field does not have too 
much harmonic distortion. 

The error from a gaussmeter with nonlinear frequency 
response is derived as a function of harmonic distortion in 
Appendix C. To illustrate these errors, consider a gaussmeter 
with a flat response [i.e., F(f)  = 1 over its frequency band- 
width]. With magnetic fields from the high voltage transmis- 
sion line in Figure 1, the 4.1 percent harmonic distortion 
comes primarily from the third harmonic. Using the formulas 
from Appendix C, the percent bias in dB/dt measured with the 
flat-response gaussmeter is -0.66 percent. The bias will be 
negative (underestimation of the exposure) if the harmonic 
distortion comes predominantly from frequencies greater than 
the power frequency. 

In general, the bias from a flat-responding gaussmeter is 
within 2 10 percent if the harmonic distortion primarily from 
the third harmonic is less than 17.4 percent. Since only 20 
percent of the workplace measurements of harmonic distortion 
have %H, less than 10 percent,(3) the flat-responding gauss- 
meters will have errors greater than 510 percent in most 
occupational environments. 

The same error calculation applies to assessing multifre- 
quency magnetic fields with an exposure limit for a single 
frequency (Equation 1). Consider an industrial hygienist who 
uses a gaussmeter with a frequency response F(f) to assess 
exposures with one of the existing limits. Suppose the hygien- 
ist logically chooses the power frequency to use in the formula 
for the limit (Equation 1). The gaussmeter readout RF com- 
pared to the exposure limit can then be rewritten as 
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This result parallels the dB/dt exposure limit (Equation 8) 
compared with the linear response gaussmeter (Equation 12). 
Therefore, errors will arise from the existing exposure limits 
used with the power frequency only if the gaussmeter has a 
nonlinear frequency response. With the flat-response meters, 
as shown above, such errors will generally be greater than 5 10 
percent in occupational magnetic fields. 

Finally, consider the errors resulting from a calibration de- 
vice that uses AC line current, rather than the single-frequency 
power supply recommended for calibrating gaussmeters.(") 
With sufficiently low harmonic distortion, line current can be 
acceptable for calibrations. The error resulting from calibration 
fields with harmonic distortion is calculated in Appendix D. If 
the calibration power supply has %H, = 4.1 percent concen- 
trated in the third harmonic (like power from the transmission 
line in Figure l),  the measurement bias is -0.66 percent. For 
most industrial hygiene applications, the errors from using line 
current for calibrating the gaussmeter can therefore be accept- 
able. 

Conclusions and Recommendations 
The TLV for sub-RF magnetic fields and other exposure limits 
derived from the IRPA/ICNIRP criteria for induced currents 
are difficult to use in most occupational environments since 
multiple frequencies are usually present. With the flat-response 
gaussmeters most commonly used for exposure assessments, 
limits designed for single frequencies are estimated to produce 
errors greater than t 10 percent in nearly 80 percent of occu- 
pational environments. 

Exposure limits based on  induced body currents can be 
modified to accommodate coincident multiple frequencies be- 
cause they are equivalent to limits on the derivative dB/dt. 
Equivalent exposure limits for dB/dt are derived from the 
numerical constants in the formulas of the single-frequency 
limits. 

The magnetic field derivative can be measured with two 
methods that apply simple calculations to the output of com- 
mercially available instruments. One  method requires a mea- 
surement of the magnetic field's frequency spectrum, which is 
presently expensive and demanding. The more flexible 
method for measuring dB/dt uses a gaussmeter with a true rms 
time response and a linear frequency response over the fre- 
quency span of the magnetic field environment. A gaussmeter 
whose frequency response is not linear can be used with 
acceptable accuracy if harmonic distortion in the environmen- 
tal magnetic field is sufficiently low. 

The gaussmeter must be calibrated against purely sinusoidal 
magnetic fields whose frequency and rms magnitude cover the 
ranges expected in the work environment. The calibrations 
can be done with A C  line current if its harmonic distortion is 
sufficiently low. 

Gaussmeter measurements should be taken at several body 
locations, bracketing the organs relevant to the health concern. 
If the source is far enough away that the magnetic field is 
uniform over the worker's body, a single monitor should be 
sufficient. T o  obtain dB/dt, the gaussmeter's readout must be 
multiplied by the correction factor 2dpp,,,,, where the power 
frequency is for the magnetic field used in the calibration. The 
dB/dt measurements are averaged over all body locations. 

The  body-averaged measurement of dB/dt is then com- 

pared with 27rC,,, where the constant C,, can be derived 
from existing limits on  sub-RF magnetic fields. Whether 
these magnetic field limits based on  induced currents are 
related to adverse chronic health effects is still a matter of 
research. 

Acknowledgments 
I am indebted to Kyle Steenland for raising the question. The 
contributions of Heinz Ahlers, David Bartley, W. Gregory 
Lotz, C. Eugene Moss, and Robert Patterson are gratefully 
acknowledged. 

References 
1. American Conference of Governmental Industrial Hygienists: 

1994-95 Threshold Limit Values for Chemical Substances and 
Physical Agents and Biological Exposure Indices, p. 11 1. 
ACGIH, Cincinnati, OH (1994). 

2. National Radiolog~al Protection Board: Advice on the Protec- 
tion of Workers and Members of the Public from the Possible 
Hazards of Electric and Magnetic Fields with Frequencies Below 
300 GHz: A Consultative Document. Chilton, Oxon, UK 
(1 9 86). 

3. Dietrich, F.M.; Feero, W.E.; Robertson, D.C.; Sicree, R.M.: 
Measurement of Power System Magnetic Fields by Waveform 
Capture. EPRI Report TR-100061. Electric Power Research 
Institute, Palo Alto, CA (1992). 

4. National Institute for Occupational Safety and Health: Proceed- 
ings of the Scientific Workshop on the Health Effects of Electric 
and Magnetic Fields on Workers. DHHS(NI0SH) Pub. No. 
91-111. P.J. Bierbauni and J.M. Peters, Eds. NIOSH, Cincinnati, 
OH (1991). 

5. International Non-ionizing Radiation Committee of the Inter- 
national Radiation Protection Association: Interim Guidelines on 
Limits of Exposure to 50/60 Hz Electric and Magnetic Fields. 
Health Physics 58:113-122 (1990). 

6. Physical Agents TLV Committee: Notice of Intended Chang- 
es-Lasers, Sub-Radiofrequency Magnetic Fields, and Light and 
Near-Infrared Radiation. Appl. Occup. Environ. Hyg. 5:879- 
892 (1990). 

7. Fink, D.G.; Christiansen, D.: Electronics Engineers' Handbook, 
3rd ed. pp. 1-27. McGraw-Hill, New York (1989). 

8. Jackson, L.B.: Signals, Systems, and Transforms, pp. 143-145. 
Addison-Wesley, Reading, MA (1991). 

9. Phillips, K.; Morandi, M.; Oehme, D.; Clouthier, P.: Charac- 
terization of Occupational Exposure to Extremely Low Fre- 
quency Magnetic Fields in a Hospital. American Industrial Hy- 
gene Conference and Exhibition, New Orleans (1993). 

10. IEEE Magnetic Fields Task Force: An Evaluation of Instrumen- 
tation Used to Measure AC Power System Magnetic Fields. IEEE 
Trans. Power Deliv. 6:l-11 (1991). 

11. Miller, D.L.: Miniature-Probe Measurements of Electric Fields 
and Currents Induced by a 60-Hz Magnetic Field in Rat and 
Human Models. Bioelectromagnetics 12:157-172 (1991). 

12. Robertson-De Mers, K.A.; Miller, D.L.: Measurement of Mag- 
netically Induced Electric Fields in Conductive Media Near a 60 
Hz Current-Carrying Wire. Bioelectromagnetics 13:20Y -222 
(1 992). 

3. Gandhi, O.P.; Chen, J.: Numerical Dosimetry of Power-Line 
Frequencies Using Anatomically-Based Models. Bioelectromag- 
netics (Suppl. 1):43-60 (1992). 

4. ANSVIEEE: IEEE Standard Procedures for Measurement of 
Power Frequency Electric and Magnetic Fields from AC Power 
Lines. ANSI/IEEE Standard 644-1 987. Institute for Electrical 
and Electronics Engineers, New York (1987). 

5. IEEE Magnetic Field Task Force: A Protocol for Spot Measure- 



APPL.OCCUP. ENVIKON.HYG. 
lO(7) JULY 1995 

Measuring Multifrequency Magnetic Fields 633 

ments of Residential Power Frequency Magnetic Fields. IEEE 
Summer Power Engineering Meeting (1992). 

16. Yost, M.G.; Lee, G.M.; Duane, D.; et al.: California Protocol for 
Measuring 60 Hz Magnetic Fields in Residences. Appl. Occup. 
Environ. Hyg. 7:772-777 (1992). 

17. Kaune, W.T.: How Uniform Can a Power-Frequency Magnetic 
Field Be? How Non-Perturbing Are Conducting Bodies at 
Power Frequencies? Personal communication (1992). 

18. Kaune, W.T.: Coupling of Living Organisms to ELF Electric and 
Magnetic Fields. In: Biological and Human Health Effects of 
Extremely Low Frequency Electromagnetic Fields, pp. 25-60. 
American Institute of Biological Science, Arlington, VA (1985). 

19. Foster, K.R.; Schwan, H.P.: Dielectric Permitivity and Electrical 
Conductivity of Biological Materials. In: Handbook ofBiologica1 
Effects of Electromagnetic Fields, pp, 27-98. C. Polk and E. 
Postow, Eds. CRC Press, Boca Raton, FL (1986). 

20. Jackson, L.B.: op. cit., pp. 173-174. 

Appendix A: Derivation of Exposure Limits Based on Induced 
Body Currents 
This appendix derives more rigorously the body current den- 
sity J induced by a sub-RF magnetic field. ( J  is a vector, as 
indicated by the bold type, which points in the direction of the 
current flow.) A simple model of the human body will be used 
to solve Faraday’s law in its integral form for the induced 
electric field E: 

J c  J A  

where the integrals are over an area A with circumference C.(’) 
The current density vector J is then obtained from Ohm’s law 
in the form: J = uE, where u is the conductivity (in units of 
Siemens per meter) for the various tissues through which the 
current flows. 

If the spatial orientation of the vector dB/dt is uniform over 
the area A, then substituting Ohm’s law into Faraday’s law 
(Equation Al )  gives: 

J c  

where 
IdB/dtl = the vector magnitude averaged over the 

e = the angle between the vector dB/dt and 
area A 

the plane of the current path C 

As was argued above (Equation 3), this result shows rigorously 
that the body current J can be controlled by limiting IdB/dtl. 
To  assess exposures, the magnitude of the magnetic field 
derivative dB/dt should be measured over the person’s body 
and averaged. 

The induced body currents can be determined uniquely 
from Faraday’s and Ohm’s laws if the second-order magnetic 
fields generated in the body by the eddy currents J can be 
neglected. These second-order magnetic fields are negligible if 
the dimensions of the object are much less than the skin depth 
6 = d(7 r fpu ) - ’  (i.e., the layer in which eddy currents are 
induced).(”) For average values of the permeability p and 
conductivity u in the human body, the skin depth for 60-Hz 

fields is estimated to be greater than 50 m,(”) which extrapo- 
lates to 2 to 400 m over the range from 30 kHz to 1 Hz. Since 
the skin depth is greater than the greatest dimension of the 
human body, Equation A2 is an accurate.equation for the 
induced body currents from oscillating magnetic fields below 
the R F  range (<30 kHz). 

Equation A2 gives instantaneous limits on the magnetic 
field. More useful are limits on the rms field (Equation 5), 
which is how they are usually measured. Taking the rms of 
Equation A2 also makes the limit valid for any magnetic field, 
whatever its frequency spectrum or waveshape. The rms func- 
tion even applies to pulsed fields if the averaging time covers 
the pulse’s duration. 

To solve Equation A2 for the magnitude of the rms induced 
current, the TLV and IRPA/ICNIRP criteria now assume 
that the magnetic field is sinusoidal (Equation 4), so that 
rms(dB/dt) is 27rfB (Equation 6). T o  evaluate the integral in 
Equation A2, simple electrical models of the human body are 
used: a round circuit the size of an average adult’s waist in the 
IRPA’s rationale(5) or an ellipsoid the size of an average man in 
the TLV rationale.(6) Both IRPA and the TLV rationale use a 
constant conductivity u = 0.2 S/m, the average value for the 
human body at 50 Hz.(19) The result is an upper bound on the 
rms induced body current: 

rms( J) I 27rfBu X geometric factor (A3) 

where the geometric factor depends on the model for the 
body. 

To illustrate the calculation of the geometric factor, consider 
the round circuit with a radius r = 5 cm assumed by IRPA.(5) 
Substituting this geometry into Equation A2 gives a geometric 
factor of A cos 0/C = (rrr2) cos 0/(27rr) = 0.025 m for a 
magnetic field that is perpendicular to the circuit (0 = 0’). 
This exposure condition maximizes the induced current, and is 
therefore the situation that must be kept under control to 
assure safe levels of J. 

The more complex and more realistic ellipsoidal model in 
the TLV’s rationale gves a maximum induced current of J = 
1.2 f B a ,  so their geometric factor is 1 . 2 / 2 ~  = 0.19 m.(6) The 
tenfold difference between these two geometric factors is one 
reason that the TLV is lower than the equivalent exposure 
guideline from IRPA/ICNIRP. 

With both the TLV and IRPAACNIRP rationales the rms 
current density is proportional to the frequency times B, as 
shown in Equation A3. The TLV rationale states this explic- 
itly.‘‘) However, the IRPA paper only lists a series of values for 
the induced current density, which obey: rms( J) = 2B for 
“50/60 Hz magnetic fields.”c5) In contrast, Equation A3 with 
the geometric factors from IRPA’s circular model gves current 
densities of 1.57 B for 50 Hz and 1.89 B for 60 Hz. The IRPA 
committee has thus rounded off the modeled relationship to 
maximize the induced current, effectively adding a safety factor 
to its exposure guidelines. Since the IRPAACNIRP guide- 
lines are not frequency dependent, the safety margn is greater 
for 50 Hz. 

The formula for frequency-dependent exposure limits 
(Equation 1) is obtained by solving Equation A3 for the 
magnetic field magnitude B: 



634 J.D. Bowman APPL.OCCUP. ENVIRON.HYG. 
lO(7) JULY 1995 

By setting rms( J) to the 10 mA/m2 safety criterion, the quan- 
tity in brackets approximates the constant C,, in these expo- 
sure limits. Substituting the parameters from the TLV rationale 
gives C,, = 41.7 mT-Hz, while the official TLV formula 
(including a safety factor) uses 60 mT-Hz.(’Z6) 

Appendix B: Derivation of the rrns Derivative for Multiple 
Frequencies 
Taking the time derivative of the magnetic field expressed as a 
Fourier series (Equation 9) gives: 

dBO = - @ 2 2dBfs in(27r  f t + 4 f )  
f 

dt 

To take the rms  (Equation 5 )  of dB/dt, Parceval’s theo- 
rem(*’) is used to give: 

rms( :) = 27r 

This result is the basis for the methods to measure the magnetic 
field derivative (Equations 10 and 11). 

Appendix C: Errors in dB/dt Measurements with a Nonlinear 
Frequency Response 
A gaussmeter with a nonlinear frequency response F(f)  can 
also be used to measure dB/dt approximately by applying the 
correction factor 27r f,,,,,. Relative to the exact procedure in 
Equation 12, the bias with the nonlinear gaussmeter is: 

Y f  
T o  evaluate this bias, assume that the harmonic distortion of 

the workplace magnetic field is dominated by the nth har- 
monic of the power frequency in the environment (i.e., f = 

nfpower). The field’s harmonic distortion (defined in Equation 
2) is approximately 

So the bias from using nonlinear gaussmeters is 

/dB\ m 
For a linear response gaussmeter [i.e., F(n) = 11, the bias is 
negative if n > 1 (a harmonic greater than f,,,,,) and positive 
if n < 1 (an under-harmonic). This result is also used to 
estimate the errors in assessing exposures to multifrequency 
fields with a single-frequency exposure limit. 

Appendix D: Calibration with Fields with Harmonic Distortion 
If the calibration field has harmonic distortion (Equation C2) 
in its power su its magnitude can be written as: rms(B) = 

against a multifrequency field will have response R;,,,,, with a 
calibration constant k’ which equals: 

Bpower d-+ (1 + Hd). A linear response gaussmeter calibrated 

If the frequency spectrum of the calibration field (or current) 
is measured, then k’ can be determined explicitly, and rms(dB/dt) 
= 27rR,’,,,,,/k‘. If the harmonic distortion is not measured, the 
approximate expression rms(dB/dt) c 27r f,,,,, R{l,e,, can 
still be used to compare exposures with the existing limits, but 
bias(dB/dt) = (k/k’) - 1. 

The bias from this approximate calibration is estimated (as in 
Appendix C) by assuming that H, is dominated by the nth 
harmonic: 

/dB\ rn 
b i a s \ x )  = 1 3 - 1  

l + n  H 

This result is used to estimate the errors from calibrating 
gaussmeters with fields that have harmonic distortion. 


