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A system is described that is capable of producing extremely low frequency (ELF) magnetic 
fields for relatively short-term exposure of cultured mammalian cells. The system uti- 
lizes a ferromagnetic core to contain and direct the magnetic field of a 1,000 turn sole- 
noidal coil and can produce a range of flux densities and induced electric fields much 
higher than those produced by Helmholtz coils. The system can generate magnetic fields 
from the microtesla (pT) range up to 0.14 T with induced electric field strengths on the 
order of 1.0 V/m. The induced electric field can be accurately varied by changing the 
sample chamber configuration without changing the exposure magnetic field. This gives 
the system the ability to separate the bioeffects of magnetic and induced electric fields. 
In the frequency range of 4-100 Hz and magnetic flux density range of 0.005-0.14 T, 
the maximum total harmonic distortion of the induced electric field is typically less than 
1 .O%. The temperature of the samples is held constant to within 0.4 "C by constant per- 
fusion of warmed culture medium through the sample chamber. o 1YY3 Wiley-Liss, Inc. 
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INTRODUCTION 

In vitro studies of electric and magnetic bioeffects typically use one of two 
exposure protocols. Either an electric field is applied directly to the sample via elec- 
trodes placed in the culture medium or uniform, time-varying magnetic fields are 
applied which induce electric fields in the sample region. The former method is 
suitable for producing relatively strong electric fields but can suffer from artifacts 
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due to ions released through electrolytic processes at the electrode-medium inter- 
face [Rosenberg et al., 1965; Pareilleux and Sicard, 19701. The electric fields in- 
duced by time-varying magnetic fields are free of potential electrode-product artifacts 
but are complicated by the fact that they depend on the geometry of the sample. 
Also, the induced electric field scales with frequency and cross-sectional area of 
the sample exposed to the magnetic field. Therefore, the electric field induced in 
small culture dishes or sample chambers exposed to extremely low frequency (ELF) 
magnetic fields is quite weak. 

A third approach that has been described uses ferromagnetic materials to contain 
and direct magnetic fields produced by permanent magnets or solenoidal coils. 
Exposure systems have been designed using this approach to apply both static, purely 
magnetic fields [Kinouchi et al., 19841 and time-varying, purely electric fields [Kaune 
et al., 19841. 

For in vitro studies of electric and magnetic bioeffects we have designed an 
exposure system that utilizes a ferromagnetic core to direct the magnetic flux gen- 
erated by a solenoidal coil. This system configuration was chosen because the field 
intensities and distributions are uniform and analyzable by simple magnetic circuit 
techniques. The system is capable of generating uniform magnetic flux density 
distributions across a wide range of magnitudes approaching the tesla range. It can 
also produce relatively uniform electric fields with magnitudes on the order of 1.0 
V/m. In order to separate the effects of electric and magnetic fields on our biological 
samples we have adopted an approach similar in concept to that of Misakian and 
Kaune [ 19901. For a given magnetic field we vary the electric field induced in the 
region of the biological sample by changing the cross-sectional area of the ionic 
culture medium in the sample chamber exposed to the magnetic field. 

CONCEPTUAL DESIGN 

The basic exposure system consists of an air-gap reactor constructed from lami- 
nations of a ferromagnetic material with a multiturn winding of magnet wire on one 
arm and an air gap in the opposite arm (Fig. 1). A rectangular, medium-filled sample 
chamber containing living cells is placed in the air gap (Fig. 2). An alternating current 
in the primary winding creates a strong magnetic field inside the ferromagnetic core 
and the air gap. If the area of the magnet armature is constant throughout its length 
and if the length of the air gap is small relative to the cross-sectional dimensions 
of the pole faces, then the magnetic flux density (B) is quite homogeneous across 
the pole faces and has a magnitude given by the equation: 

where pCl is the permeability of free space, p, is the permeability of the ferro- 
magnetic core at a given operating point, I is the current through the coil, N is the 
number of turns in the coil, lg is the length of the air gap, and is the length of the 
magnet armature. 

If we assume that pFlg >> pJs then the expression for the flux density in the 
air gap reduces to 
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Fig. 1. Conceptual drawing of system for exposing cultured cells to electromagnetic fields. An alter- 
nating current in the coil produces an alternating magnetic field in the ferromagnetic core and air gap. 
Cells and growth medium are placed in a sample holder in the air gap. 

For our exposure system N = 1,000, l8 = 0.015 m. Using these values in Eq. 
(1) we see that our system can generate 8.316 x lo-* tesla for every ampere of 
current applied to the coil or 8.316 x 

The excitation coil of our exposure system is actually composed of 2 sepa- 
rate strands of 12 gauge wire, wound 2-in-hand for 1,000 turns. Thus there are actually 
two 1,000 turn coils wound on the core. To produce a magnetic field in the air gap 
the two coils are connected in parallel. For sham-exposure experiments we con- 
nect the coils in an antiparallel configuration and apply the same current used in 
an exposure experiment. In the sham configuration the magnetic fields produced 
by the 2 coils are 180" out of phase and sum to zero. 

tesla per ampere-turn. 
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Fig. 2. Chambers to hold cultured cells and growth medium. 
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We designed the sample chambers and magnet pole pieces so that the biological 
sample and culture medium are exposed to a spatially homogeneous magnetic field. 
As a first step in the design process we calculated the magnetic field distribution 
in the air gap and surrounding area by computer. We modeled the magnet pole pieces 
in two dimensions and then calculated the solution for the magnetic scalar poten- 
tial in and around the air gap by iterated finite difference methods [Parton et al., 
1986; Hart, 19891. The magnetic scalar potential was then used to determine the 
magnetic field intensity and magnetic flux density. The calculated magnetic field 
is very homogeneous in the air gap and does not begin to decrease significantly until 
near the very edge of the pole faces (data not shown). The dimensions of the sample 
chambers were chosen to keep the sample and culture medium within a region in 
the air gap where the calculated magnetic field varies by less than 1%. 

Cells placed in the bottom of the sample chamber are covered by ionic cul- 
ture medium and are exposed to both a time-varying magnetic field and an induced 
electric field. The cross section of the medium exposed to the magnetic field is 
rectangular. The spatial distribution of the electric field induced inside a rectangu- 
lar saline-filled boundary by a homogeneous time-varying magnetic field has been 
solved by McLeod et al. [ 19831. These authors showed that the maximum induced 
electric field increases as the cross-sectional dimensions of the saline-filled rect- 
angle increase. For the special case of our exposure system, the width of the sample 
chamber is fixed, but the height of the medium in the sampIe chamber can be var- 
ied. Figure 3 shows the calculated maximum electric field induced in the bottom 
of our sample chambers by a given magnetic field as a function of medium height. 
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Fig. 3. Calculated maximum electric field induced in the bottom of a sample chamber by a given magnetic 
flux density as a function of ionic culture medium height. 
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By changing the height of the medium in the sample chamber we can control the 
magnitudes of the electric and magnetic fields independently and thus separate the 
biological effects of magnetic and electric field exposure. 

APPARATUS AND METHODS 

Core and Primary Windings 
The ferromagnetic core of our exposure system, shown in Fig. 1, has a rectan- 

gular cross section of 70 mm x 106.5 mm. The air gap in the exposure leg of the armature 
is 15 mm in length. The armature is constructed from 0.36 mm (0.014 in.) thick lami- 
nations of si1icon:steel (Allegheney Ludlum M-6). This material was chosen for its 
low coercivity (6.4 A/m) and high saturation magnetization (2.035 T). 

The laminations are carefully stacked and then clamped tightly to a rigid wooden 
frame to reduce vibration. The ends of both pole pieces are held tightly by a Delrin 
jig which clamps the laminations together at the face, maintains a constant air-gap 
width, and provides a rigid mechanical coupling between the two pole pieces. For 
sinusoidal excitation below 150 Hz, there is no perceptible vibration or hum in the 
core at any flux density thus far used. 

The system is energized by 1,000 dual-stranded turns of 12 gauge magnet wire 
wound around one leg of the armature. The energizing coil is coupled through a 
capacitor to a Tecron model 7560 power amplifier that provides up to 20 A of current 
and has a flat frequency response from DC to 45 kHz. The amplifier functions as 
a voltage source power supply. For sine waves, voltage source excitation produces 
less distortion of the waveform than current source excitation because the flux in 
the core is directly proportional to the integral of the voltage applied to the wind- 
ings [Plonus, 19781. Sine-wave input to our amplifier is provided by a Hewlett Packard 
Model FG501 function generator. 

Exposure Chambers 
Our custom-made exposure chambers (Fig. 2) are elongated Plexiglass cuvettes 

that fit snugly into the exposure system air gap. Cultured mammalian cells are grown 
on 10.5 x 50 mm glass coverslips that are placed in the bottom of the sample cham- 
bers. A graduated scale attached to the side of the sample chamber allows medium 
to be added to any desired height up to 60 mm. The glass coverslips are 10 mm shorter 
than the sample chambers and are placed in the center of the chambers. Therefore, 
there are no cells within 5 mm of the edge of the sample chamber where the elec- 
tric field decreases rapidly to zero (see Fig. 6). 

After culture medium and a coverslip seeded with cells are placed in the 
chamber, the chamber is sealed and placed in the system air gap. Medium and chemical 
agents are perfused through the chamber via inlet and outlet ports in the top of the 
chamber as shown in Figure 2. 

Sham and active exposures are performed separately. For sham exposure the 
two 1,000 turn coils are connected in an antiparallel configuration and energized 
as described above. For active exposure, the coils are connected in parallel. Our 
assay is a real-time photometric assay and for each sample, whether active or sham 
exposure, we first collect data with no current in the coils and then ramp up the 
excitation current and collect data from exposed cells. Thus each sham and active 
exposure measurement has its own internal control for comparison. 
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The electric field induced in the medium by a uniform, time-varying magnetic 
field was calculated by a computer program based on the solution of McLeod et 
al. [ 19831 and verified by measurements with an electric field probe as described 
below. 

Temperature Regulation and Stability 
The air gap and sample chamber are located inside an enclosure built of in- 

sulating foam and fiberglass. The temperature of the sample chamber is maintained 
at 37 "C by constant perfusion of warmed medium through the chamber. The medium 
is prewarmed by passage through a heat exchanger which consists of a coil of plastic 
tubing inside a constant temperature water bath. The sample chamber itself is thermally 
insulated from the magnet pole pieces by two layers of foam insulation which separate 
the sample chamber from each pole piece. To determine the stability of this tem- 
perature regulation scheme we immersed a thermistor probe in the medium in the 
sample chamber and constantly perfused the chamber with warmed medium. The 
thermistor probe was attached to a telethermometer and chart recorder which were 
used to monitor the medium temperature. After an initial warm up period the tem- 
perature of the medium remained constant at 37.1 i 0.4 "C over a 30 min measurement 
period. 

Electric Field Probe 
To verify the magnitude and spatial distribution of the electric field induced 

in our sample chambers we constructed an electric field probe. The probe consists 
of two closely spaced copper electrodes oriented perpendicular to the planes of the 
electromagnet pole faces (parallel to the direction of the magnetic field in the sample 
region). In this orientation each electrode lies approximately within a single equi- 
potential plane (see Fig. 4B) and thus produces a minimal distortion of the local 
electric field. The electrodes are 8 mm in length and the nominal electrode spac- 
ing is 5 mm (Fig. 4A shows a diagram of the probe). 

The probe was constructed to eliminate conducting loops which can be linked 
by the magnetic field and produce artifactual voltages on the probe leads. We first 
tightly twisted three fine gauge lacquered magnet wires into a bundle held together 
by a length of heat shrink tubing (Fig. 4A). The twisted portion of the wires formed 
the shaft of our probe. On one end of this shaft the wireswwere soldered to a shielded 
two-conductor cable. Each conductor was then terminated in the signal wire of a 
BNC connector. At the other end of the shaft the two signal wires were bent at right 
angles to the probe shaft and to each other. One of these wires was then bent again 
to lie parallel to the other and the two parallel portions of the wires were cut to the 
same length (8 mm, see Fig. 4A, top view). The lacquer insulation was stripped from 
the parallel segments and each was soldered to an 8 mm length of 0.8 mm diam- 
eter copper wire to form a measurement electrode. The larger gauge wire was at- 
tached to increase the surface area of each electrode and to reduce electrode 
polarization effects [Gundersen and Greenebaum, 19851. A grounded probe wire, 
shorter than the signal wires, terminated in  the twisted bundle. 

To measure the electric field in a sample chamber the shaft of the probe was 
attached to a nylon jig to keep both electrodes oriented properly and to maintain 
them at a constant height. The jig was free to slide along the entire length of the 
sample chamber and was locked in place with a thumb screw during measurements. 
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Fig. 4. A: Electric field probe used to measure the electric field distributions in the sample chamber. 
B: Electric field probe placed in the sample chamber in the orientation used for making electric field 
measurements. Representative electrical equipotential lines are drawn to illustrate that each electrode 
lies approximately within a single equipotential plane. The only distortion of the local electric field 
produced by thc elcctrodes is due to their finite thickness (0.8 mm). 

The probe electrodes were attached to the inputs of a Burr Brown 3288/16 differ- 
ential amplifier. To reduce the common mode input to the amplifier, a grounded 
electrode was placed in one corner of the sample chamber. The probe was calibrated 
by placing it between two copper electrodes in a sample chamber filled with cul- 
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ture medium [Minimum essential medium (MEM) without phenol red, Gibco, Grand 
Island, NY]. Known voltages were then applied to the outer electrodes and the 
corresponding probe output was recorded. The calibration data were fit to a straight 
line by the method of least squares. 

To determine the sensitivity of the probe to magnetic fields, the probe elec- 
trodes were shorted by soldering a copper shunt wire across them and the probe 
was placed in the system air gap and exposed to magnetic fields. The probe was 
not measurably sensitive to any magnetic field tested in the frequency and ampli- 
tude ranges from 32 to 1,220 Hz and from 30 to 150 gauss. 

Magnetic Field Probes 
Two magnetic field probes were used in this study to determine the magni- 

tude and spatial distribution of the magnetic fields in the exposure system air gap. 
A calibrated search coil consisting of 30 turns of fine gauge wire wound on a 1 cm 
diameter Teflon cylinder was provided by Dr. Martin Misakian of the National Institute 
of Standards and Technology (NIST). This coil was used to verify the calibration 
of our own Hall effect probe and F.W. Bell model 9500 magnetometer. The Hall 
effect probe has a rectangular cross section of 4 x 4 mm. The magnitude and spa- 
tial distribution of the magnetic flux density in the air gap of our system were measured 
with both probes and the results were in good agreement. 

Harmonic Distortion Measurements 
To determine the distortion of the applied magnetic and electric fields in our 

system, we digitized the output of our electric and magnetic field probes at oper- 
ating frequencies from 8 to 100 Hz using a Nicolet model 3901 digital storage 
oscilloscope. The data for each frequency were downloaded to a personal computer 
and divided into four data sets of one cycle each. The computer was used to com- 
pute the magnitude and phase of the first 20 Fourier components of each data set 
and then to average the results for the 4 data sets to produce an improved estimate 
of the magnitude of each harmonic. Total harmonic distortion (THD) was then 
calculated according to the formula : 

where A, is the amplitude of the fundamental and A,-A,, are the amplitudes of the 
next 19 higher order harmonics [Millman, 19791. 

The accuracy of this method was verified by measuring the harmonic distor- 
tion of known waveforms including square waves and known sums of sine waves. 

SYSTEM CHARACTERIZATION 

Magnetic Field Measurements 
The magnitude of the static magnetic field in the laboratory is 0.574 gauss 

and is oriented primarily in the negative z-direction. The component of the ambi- 
ent DC field directed into the floor of the laboratory is 50.7 pT. The static 
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magnetic field in the air gap is 0.59 mT and is oriented almost directly across the 
air gap. This DC field can be changed during experiments by removing the cou- 
pling capacitor from the coil-driving circuit and adding a DC bias to the input of 
the power amplifier. The AC magnetic field in the lab is very small - less than 
0.8 pT - and the AC field in the air gap is not significantly different. 

In the sham-exposure mode the counter-rotating currents in the two coils produce 
magnetic fields which sum to zero. We measured the AC magnetic field produced 
in the air gap by currents ranging from 137 mA to 1.7 A in both the sham and active 
configurations. In the active mode the currents produced fields from 11.5 to 142.2 
mT (see Table 3 ) .  In the sham configuration the measured AC magnetic field is not 
significantly different from the ambient AC magnetic field (<0.8 pT) at any of the 
above excitation currents. 

The magnetic flux density distribution produced by an exciting current of 0.125 
A at 60 Hz was measured using the probes described above. Results of these mea- 
surements are plotted in Figure 5 as a function of distance from the center of the 
air gap. In the region of the air gap occupied by the sample chamber, there was no 
measurable variation of the magnetic flux density. The flux density decreased rap- 
idly, however, near the edge of the magnet pole faces. Figure 5 shows that the flux 
density decreases to -80% of its maximum value at the edge of the pole face. The 
magnetic flux disappears rapidly outside the air gap, falling to 50% of its maxi- 
mum value within 5 mm of the edge and to less than 10% within 40 mm. 

Electric Field Measurements 
Electric field measurements in our sample chambers were made using the electric 

field probe described earlier. Sample holders were filled to varying heights with 
culture medium (MEM without phenol red, Gibco), and the probe was immersed 
in the medium within 1 mm of the liquid meniscus (see Fig. 4B). Figure 6 shows 

DISTANCE FROM CENTER OF POLE FACE (mm) 

Fig. 5.  Distribution of the magnetic field produced in and adjacent to the exposure system air gap by 
a 0.125 A exciting current at 60 Hz. Measurements were made with a Hall effect probe placed mid- 
way between the magnet pole pieces and are expressed as a function of the distance from the center 
of the pole faces. 
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Fig. 6. Spatial distribution of the electric field intensity induced by a magnetic flux density of 6.05 
mT in a sample chamber at medium heights of 35 and 50 mm. The electric field was measured using 
the electric field probe constructed and calibrated as described in the text. The solid lines denote the 
electric field distribution calculated according to the formula of McLeod et al. [ 19831 for medium heights 
of 35 and 50 mm. 

both the calculated and measured electric field as a function of distance from the 
edge of the sample chamber for medium heights of 35 and S O  mm. Table 1 com- 
pares the measured electric field in the center of the sample chamber to that calcu- 
lated according to the solution of McLeod et al. [ 19831. As shown in Figure 6, the 
calculated and measured electric fields are in excellent agreement in the center of 
the chamber but begin to diverge at the edges of the sample chamber. This diver- 
gence is presumably due to inaccuracies caused by finite probe spacing and the fact 
that the electric field is changing quite rapidly at the medium boundary. 

The harmonic distortion was measured by digitizing and analyzing the out- 
put of the electric field probe as described earlier for several different frequencies 
and magnetic flux densities. The electric field induced in the sample chamber (E,) 
is proportional to the time rate of change of magnetic flux (Faraday’s law), i.e., 
E, a o $I, where 0 is the angular frequency and @ is the magnetic flux in the core. 
Similarly, the voltage across the primary is always proportional to the time rate of 

TABLE 1. Comparison of Calculated and Measured Values of Maximum 
Electric Field Induced in Rectangular, Medium-Filled Sample Chamber 
by a 0.424 mT Sinusoidal Magnetic Field at a Frequency of 1,210 Hz 

Medium height (mm) Era,, W/m) Em,,, W/m) 

35 0.0503 0.0503 
40 0.0547 0.0546 
45 0.580 0.0579 
50 0.0612 0.0610 
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TABLE 2. Total Harmonic Distortion (THD) of 0.0625 V/m Electric Field 
Induced in Medium-Filled Sample Chamber at Several Operating 
Frequencies* 

Frequency (Hz) B (mT) THD (%) 

8 64.2 0.522 
16 32.1 0.613 
40 12.8 0.531 
60 8.56 0.492 
100 5.14 0.691 
*The chamber was filled with culture medium to a height of 55 mm. 

change of flux (Faraday's law), i.e., V a w Cp. Therefore, E, a V, at all frequencies 
of sinusoidal excitation and the harmonic distortion of the induced electric field in 
the sample chamber should be similar to that of the sinusoidal voltage source ex- 
citing the coil. 

Table 2 shows the THD of the electric field measured at operating frequen- 
cies from 8 to 100 Hz and induced electric field of 0.0625 V/m. Table 3 shows the 
THD of the electric field at an operating frequency of 32Hz and magnetic flux densities 
from 11.5 to 142.2 mT. The THD increases only slightly at the higher flux densi- 
ties tested. These flux densities are well below the saturation level of our core material, 
M6. There is also an increase in harmonic distortion as the flux density decreases 
and this places a practical minimum limit on the flux densities the system is ca- 
pable of producing for biological experiments. It is difficult to determine this lower 
limit because at the lowest values of flux density, THD calculations based on 
measurements made with either electric or magnetic field probes are corrupted by 
electrical noise in the measurement circuit. The minimum value of magnetic flux 
for which we have accurately determined that the THD of the induced electric field 
is less than 1.5% is 17.9 pT. 

Inductance 

(neglecting flux fringing, leakage flux and core losses) is given by the equation 
For the magnetic circuit shown in Figure 1, the theoretical inductance 

TABLE 3. Total Harmonic Distortion (THD) of Electric Field Induced 
in Medium-Filled Sample Chamber by 32 Hz Magnetic Fields of Various 
Flux Densities* 

B (mT) E (V/m) J (pA/rn*) THD (%) 

11.5 0.0424 77 1.06 
34.4 0.127 23 1 0.84 
69.3 0.255 464 0.38 
91.8 0.339 617 0.30 
114.7 0.426 715 0.36 
142.2 0.527 959 0.47 
*The sample chamber was filled with culture medium to a height of 47 mm. 
The current density was calculated using the measured conductivity value 
1.82 S/m for MEM at 37 "C [Mazzoleni et al., 19861. 
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where po is the permeability of free space, ps is the permeability of the ferromag- 
netic core material, AS and Ag are the areas of the ferromagnetic core and air gap, 
respectively, and ls and l9 are their effective lengths. In the case where p, >> pc, this 
reduces to 

L = (3) 

For our exposure system, Eq. ( 3 )  yields a theoretical inductance of 0.62 H. 
We measured the actual inductance of our system by measuring impedance at 60 
Hz (970 a ) ,  subtracting DC resistance (1.2 a ) ,  and attributing the remainder of 
the impedance to inductance. In this manner we measured an inductance of 2.57 kO.01 
H, which is 4 times larger than that predicted by Eq. (3). 

Ferromagnetic core losses are both energy dissipating and frequency depen- 
dent [Plonus, 19781 and cannot be corrected for in the same simple manner as DC 
resistance. To rule out the effects of core losses on our measurements, we measured 
inductance by constructing a resonating circuit and determining the resonant fre- 
quency. We placed a capacitance of known value in series with the coil and tuned 
the frequency until the coil voltage reached a maximum. From the measured reso- 
nant frequency (f,) the inductance was calculated by the formula L = 1/((2 nfC)’C), 
where C is the capacitance of the series capacitor. The inductance measured in this 
manner was also a factor of four larger than the inductance calculated from Eq. (3). 

Flux leakage increases the inductance of a system such as this. Therefore, to 
determine the extent of flux leakage and its possible effect on system inductance, 
we measured the flux in the ferromagnetic core by applying a known voltage to the 
primary winding and measuring the flux linked by test coils wound around the 
armature at various points. The flux in the core immediately adjacent to the 
primary winding was 92% of the total flux generated and that value decreased to 
38.4% in the pole face immediately adjacent to the air gap. Therefore, in the op- 
erating regime where core losses are not significant, the main factor contributing 
to nonideal system inductance is flux leakage. 

Flux leakage acts as a flux path parallel to the path through the air gap [Kusko 
and Wroblewski, 19691 and for a given current in the coil it does not affect the air 
gap magnetic flux density. Flux leakage does, however, impose an important theo- 
retical limit on the operation of our system. Because of leakage, the flux density 
in the air gap is approximately 40% of that inside the ferromagnetic core inside the 
coil. As the current in the coil increases, the ferromagnetic core inside the coil 
approaches saturation before the magnet pole pieces. The nominal saturation flux 
density of M6 is approximately 2 T therefore, the maximum air-gap magnetic flux 
density is 40% of this value or 0.8 T. 

DISCUSSION 

We have described a system for the exposure of cultured cells to ELF elec- 
tric and magnetic fields that is capable of producing much higher fields than the 
Helmholtz coils normally used in ELF electric and magnetic bioeffects research. 
The system can produce uniform magnetic field distributions with flux densities 
up to 0.14 T and induced electric field strengths on the order of 1 .O V/m with no 
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TABLE 4. Maximum and Minimum Values of System Parameters for Which the Expected Behavior 
of the System Has Been Experimentally Verified 

Maximum 9-field Minimum 9-field Maximum E-field Frequency range 

142.2 mT 17.9 pT 0.627 V/m 0-150 Hz 

possibility of contamination by electrode products. The system also allows inde- 
pendent variation of the applied electric and magnetic fields. Thus, experimental 
observations can be separated into bioeffects of either electric or magnetic field origin. 
Table 4 contains the maximum and minimum values of certain system parameters 
which have been experimentally verified. 

Because of geometric constraints imposed by the measuring equipment used 
for our biological assays, the coil and air gap of our system were placed on oppo- 
site legs of the ferromagnetic core (Fig.1). This configuration produces a signifi- 
cant amount of flux leakage as described above. The most noticeable results of this 
are a considerable increase in the inductance of the coil and a decrease in flux density 
along the length of the ferromagnetic core, which causes uneven saturation of the 
core material at high flux densities and limits the maximum achievable air-gap flux 
density. Flux leakage in such a system can be greatly reduced if the air gap and coils 
are placed on the same leg of the ferromagnetic core [Kosko and Wroblewski, 19691. 
For example, an air-gap reactor system similar to ours could be energized by two 
coils-one placed on each pole piece directly adjacent to the air gap. If the mea- 
surement equipment used in the biological assay permits, the best arrangement would 
be a system energized by one coil that completely covers the air gap during expo- 
sure and when not in use is moved to one side to allow placement and manipula- 
tion of samples in the gap. 
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