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SOME OF OUR READERS MAY NOT BE 

aware that 1991 marks the lOOth 
anniversary of the third edition 
of James Clerk Maxwell's A 
'freatise on Electricity and Mag­
netism, the ultimate reference on 
electromagnetic theory. What 
better way to recognize the im­
pact that Maxwell had . on the 

. study of electromagnetics than to 
present the first of a series of arti­
cles in Radio-Electronics on the 
subject? In this edition, we will 
take a physical, intuitive look at 
the basics of electromagnetism, 
how they relate to some common 
electronic components, and how 
to interpret some of the complex 
mathematical symbolism. Only a 
familiarity with vector algebra is 
needed. 

Maxwell's equations were first 
formulated in 1873. In his first 
publication, a mathematical 
foundation for relating electric 
and magnetic effects were given. 
In the Preface to the 1891 edition, 
J.J. Thomson noted that most of 
his students had difficulty with 
some aspects of electromagnetic 
theory. One hundred years later, 
not much has changed in that 
regard. One reason is that elec­
tromagnetic theory requires 

knowledge of some involved 
mathematics such as vector and 
tensor calculus and integral-dif­
ferential equations. 

Maxwell's idea that a changing 
electric field gives rise to an asso­
ciated magnetic field developed 
from an intuitive sense for the 
natural order in the world. By 
presenting physical concepts in 
such an "intuitive" way. the read­
er will find it easier to under­
stand Maxwell's equations, and 
his mathematical approach. Let's 
begin by examining the concept 
of an electric field. 

The electric field 
A scaler can be thought of as a 

quantity that can be completely 
characterized by its magnitude. 
Some examples of scaler quan­
tities are mass, time, and vol­
ume. A scaler field is simply an 
extension of the scaler concept. It 
is a function of position that is 
specified by its magnitude at all 
points in a region of space. Land 
elevation is a two-dimensional 
scaler field because at each point 
of latitude and longitude there is 
an associated height above sea 
level. Air temperature is an exam­
ple of a three-dimensional scaler 
field. With the appropriate in-

strument one could measure the 
height, or temperature, at each 
point. A scaler quantity is sym­
bolized by a letter, such as h, for 
height. 

A vector iS a quantity that is 
characterized by its magnitude 
and direction. Some examples of 
vectors are velocity, acceleration, 
and force. A vector field is a func­
tion of position that is specified 
by its magnitude and direction at 
all points in a region of space. An 
example of a vector field is air ve­
locity, where at each point in 
space, the magnitude and direc­
tion of air flow can be measured 
with the proper instrument. Vec­
tors are often symbolized by let­
ters with arrows above them, 
however, we will use boldface let­
ters to indicate vectors. 

When using vector notation, A 
is a vector with a specific magni­
tude and direction, and - A is a 
vector of the same magnitude but 
pointing in the opposite direc­
tion. Vectors are illustrated 
graphically by arrows, which 
have a direction and a corre­
sponding length, which is pro­
portional to the magnitude. 

The field concept allows us to 
associate something that hap­
pens at one point with what hap-
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pens at another point even 
though there may be no material 
objects connecting those points; 
examples are air temperature 
and velocity fields. Although we 
will not be directly concerned 
with them here, there are other 
types of fields, such as tensor 
fields, that assign a set of three 
vectors to each point in space, or 
quantum fields that assign 
mathematical operations to each 
point in space-time. 

Electric charges 
Experiments have shown that 

electric charges are either 
positive or negative. Like charges 
repel each other, unlike charges 
attract. The unit of charge is the 
Coulomb, C. The smallest magni­
tude of charge, e, is equal to 

e = 1.60 X 10- 19C. 
Charge follows the principle of 
conservation, which states that 
the net sum of all charges in an 
isolated system remains con­
stant. A charge can be moved, 
but it cannot be created without 
the creation of an equal and op­
posite charge. 

Experiments by Coulomb 
showed that if a charge, q 1 , was 
placed at a point in empty·space, 
nothing appears to happen. But 
if another charge, q, is placed at 
some other point, as shown in 
Fig. 1-a, it will experience a force 
in newtons 

F = [k .:!9!..] r e r12 1 

where r 1 represents a vector of 
magnitude 1 (a unit vector which 
defines the direction) directed 
from q 1 to q. r 1 is the separation 
distance in meters. The coristant 
of proportionality, k, is a number 
that is chosen to make the units 
work out. Coulomb's constant, k, 
has the value in a vacuum of 

k = 9.0 x 1Q9 N·m2JC2 

-r1 

The value of k in air is slightly 
greater. Using the mk~ system, 
the constant k can also be writ-
ten as 

k=1/(4ne0) N·m2JC2 
which will give familiar units 
such as volts, ohms, and am­
peres. Eo is the permittivity of free 
space, and is equal to 

e0 =8.85x10- 12 

The Coulomb force, Fe, on a 
charge, q, will have a magnitude 
proportional to the product of the 
charges, and inversely propor­
tional to the square of the separa­
tion distance. That force will also 
be directed away from q 1. If one of 
the charges is negative, then the 
direction will be opposite. That 
force tends to provide an acceler­
ation, a, to q in the same direc­
tion. There is, of course, an equal 
and opposite force on ql' and 
Coulomb's law for that is written 
by simply redefining r. 

If there is a number, n, of point 
charges instead of just q 1 pres­
ent, as shown in Fig. 1-b, the 
force vector of each would all add 
vectorally to give the total force 

Fe = [ k ~:1 
] r1 + ... [ k ~~n ] rn = 

kq~[r~] rk.qk 

The fact that the vector forces 
add in this manner is called lin­
ear superposition. 
' If a charge q is spread out over' 

a region of space instead of being 
located at one point, we consider 
the charge by dividing it up into 
an infinite number of infi­
nitesimal charges, dq, and sum 
the contributions from each. The 
force that is exerted on a charge 
q0 at another . point is given by 
the calculus notation 

F c = kq0f(1 /r2)rdq 
where the integration symbol f 
can be "read" as the sum of an 
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hl FIG. 1-COULOMB'S EXPERIMENTS showed that a static electric charge produces a 
u:J force Fe on another charge. A positive-point charge + q1 produces a force ·on another 
6 positive charge + q in the direction of the unit vector r1 (a). A positive charge + q1 
i5 prctduces a force Fe1 on + q in the direction of the unit vector r1. A negative charge - q2 
~ produces a force Fe2 directed opposite to r2. The total force on + q is the vector sum Fe (b). 
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infinite number of infinitesimal 
contributions. 

The electric field E 
Coulomb's law defines the force 

only at one point where q is lo­
cated. It does not define a field in 
the sense used here, but it pro­
vides a starting point to develop 
the idea of an electric field. Sup­
pose we make q a very small 
positive charge and use it as an 
instrument to explore all points 
other than where q 1 is located. 
Since q experiences a force F c at 
every point it is placed, we get the 
impression that the condition of 
space is affected by the presence 
of q 1• We can amend the state­
ment that "if q 1 were alone in 
space, nothing appears to hap­
pen" to "if q 1 were alone in space, 
then space has the propensity to 
exert a force on another charge, if 
it is present, according to Cou­
lomb's law." Since that inclina­
tion appears to apply to space, 
independent of any q, we divide q 
out of Coulomb's law to obtain a 
definition of the electric field 
(also called electric field inten­
sity) 

E= Fe =[k.9.!_] r 
q r12 1 

which can be thought of as a 
measure of the propensity. r 1 is a 
unit vector pointing from q 1 to 
whatever point in space is being 
considered and r 1 is the distance. 
That assigns an E vector to every 
point in space (except at q 1 where 
r 1 = 0). 

In the case of a number of point 
charges, n, theE field is obtained 
by linear superposition 

E = k f[-i] rkqk 
k=1 rk 

For a spread out charge distribu­
tion, summing by integration 
gives 

Figure 2 illustrates the E fields 
for a number of charge configura­
tions. The Coulomb force on any 
charge qat a point is just F c = qE 
where E is evaluated at that 
point. 

A small charge q is used to ex­
plore the field so that it has a min­
imal effect upon the object it is 
measuring. Suppose we let q ap-
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FIG. 2-THE E FIELD IS A RESULT OF the forces between static electric charges. Field 
vectors are shown in a cross section of a 3-dimensional space for a static positive-point 
charge (a) and for a static negative-point charge (b). In (c) and (d) theE fields for two static 
charges are shown; the vectors are located at their tail points. 

proach 0 . In reality, we can't vary 
the charge continuously since 
charge appears to come in multi­
p~es of e, but we can idealize the 
process. The force felt by that 
charge will decrease as the 
charge decreases, but the ratio of 
the change in force to the change 
in charge will reach some limit­
ing value. That relationship is 
written in the calculus notation 

E = lim t.F = dF 
t.q -+ 0 t.q dq 

Very small positive point 
charges (so small that their E 
fields can be neglected) can be 
thought of as ideal devices to ex­
plore the E field. 

Field characteristics 
A scaler field, as shown in Fig. 

3, can be characterized by the 
fact that a scaler value can 
change by a certain amount in a 
particular direction. In any real 
field, the values differ little from 
one point to neighboring points. 
The gradient of a scaler field is a 

mathematical operation. It gives 
a vector that points in the direc­
tion for which the value under­
goes the largest change, and 
whose magnitude is that rate of 
change. The gradient of the scal­
er field h is symbolized by Vh. If 
Vh equals zero, then the neigh­
boring points must all equal h 

FIG. 3-THE GRADIENT OF A SCALER 
FIELD is a vector field. The scaler value is 
the same along each dashed line called an 
equi-line. Each of the vectors have a mag­
nitude proportional to the greatest rate of 
change in scaler value per unit distance, 
and point in the direction of the greatest 
change. The vectors are perpendicular to 
the equi-line at their respective points. 

values . If Vh is non-zero at a 
point, then the neighboring 
points at right angles to Vh have 
the same value h. 

For example, imagine standing 
at a point on a hillside with the 
height, h, at every point known. 
Vh would point in the direction of 
maximum increase in h, and the 
maximum decrease would-be in 
the opposite direction, -Vh. If you 
walked at right angles to Vh at 
each point, you would walk along 
a level or equi-height line. If Vh 
equals zero, you would be at a flat 
spot. Vh is a vector field since it 
gives a vector for each point. 

Vector fields can be charac­
terized by the fact that they give 
the impression of flow, as shown 
in Fig. 4-a-e. In general, near any 
point the apparent flow diverges 
away from (or toward) the point, 
rotates or curls around a point, or 
is a combination of both. If the 
field describes a material, such as 
air velocity, then there is an actu­
al flow of material. 

To measure the apparent flow, 
or spreading out of the E field 
from a point, imagine an arbi­
trary closed surface, called a 
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FIG. 4-VECTOR FIELDS GIVE the impres­
sion of flow that diverges from, or curls 
around, an arbitrary point p. Both the di­
vergence and curl of the field are zero in 
(a). There is zero divergence and non-zero 
curl in (b); the curl is a vector out of the 
page at the point. In (c), the direction is 
reversed, and the vector points into the 
page. In (d) there is zero divergence but 
non-zero curl since there are non-sym­
metrical contributions around the closed 
line. Both the divergence and curl are non­
zero in (e); these fields could not be static u; 
E fields. ~ 
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Gaussian surface enclosing a 
charge q, as in Fig. 5-a. Divide 
the surface into an infinite 
number of infinitesimal surface 
areas ds. Area is a vector because 
it has a magnitude and also a di­
rection, or orientation in space 
which is taken as normal (per­
pendicular) to the surface, and 
pointing outward away from the 
enclosed volume. Each infi­
nitesimal area is essentially a 
small plane with an E vector 
through it. Because the surface 
is arbitrary, each ds and its E vec­
tor does not have to be parallel. In 
other words, E may not be nor­
mal to the plane. 

To find the apparent outflow, 
we need to consider only the com­
ponent of E normal to the plane; 
the rest is just flowing over the 
surface. The scaler, or dot prod­
uct, E·ds, does that by giving the 
product of the magnitude of E 
parallel with ds times the magni­
tude of ds. That is the same as 
the product of the magnitude of 
the effective area (the projected 
area with ds parallel to E) times 
the magnitude of E. The appar­
ent flow is electric flux. Summing 
the contributions from each ds 
over the entire surface gives the 
total flux 

1\1 = JE·ds (N/C m2) 
I!J is proportional to the charge q 
within the volume since E is pro­
portional to q. Because E obeys 
the l/r2 law, and the effective area 
obeys the r2 law, I!J is independent 
of the surface. If a number of 
point charges were contained in­
side the volume, I!J would be pro­
portional to the total charge 

because the total E field is the 
linear superposition of their E 
fields . The proportionality con­
stant is 11E0 , therefore 

1\f = q/~o 

Charges outside the volume 
would not contribute to the E 
field. The reason for that is if 
some E came in through some 
ds's, it would go out through 
some other ds's in just the right 
amounts to cancel out because of 
the llr2 and r 2 dependence. 
Graphically, lines having the di­
rection of E at each point, and 
with their closeness proportional 
to I!J are sometimes used to depict 
the E field. That's a convenient 
approach, but it must be remem­
bered that the E field is actually a 
vector at each point in space. 

If the Gaussian surface 
shrinks down to a point, then all 
the ds's would shrink to zero and 
so would flux I!J. The ratio of the 
change in flux to the change in 
volume as the surface shrinks 
reaches a limiting value. That 
limiting value is called the diver­
gence, and is symbolized by 

V · E = d\fl/dvolume 
That must be proportional to the 
charge per unit volume 

dqldvolume = p, 
which is called charge density 
within the surface, therefore 

V·E = p/~0 (N/C m) 
Since Eo is a constant and is inde­
pendent of the volume, the above 
equation could be written as 

V·~0E=p 

A number of E field instruments 
(small +q's) scattered around a 
region, would diverge away from 
a positive charge (a positive di-

en a b 
g 
z 
0 g: FIG. ~HARACTERISTIC OF AN E FIELD. In (a) a Gaussian surface composed of an 
o infinite number of infinitesimal areas d5 surrounds a positive charge q. The total apparent 
~ flow of the electric field and the electric flux is the sum of E·d5 over the entire surface, 6 which is proportional to q. Flux from charges outside the surface does not contribute 
0 because whatever flux "flows" through the surface must also flow back out. In (b), an 
<t: amperean loop composed of an infinite number of infinitesimal lengths, dl, encircles the 
a: charge. The electric circulation around the loop JE·d1 is zero. 
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vergence) or converge upon a 
negative charge (a negative diver­
gence). A field with zero diver­
gence cannot start or end at the 
point. 

The apparent rotation of theE 
field around a point can be mea­
sured by imagining an arbitrary 
closed curve, called an amperean 
loop, of length 1, encircling a 
charge q as in Fig. 5-b. Divide the 
loop into an infinite number of 
infinitesimally small lengths, dl. 
The direction of dl is taken as 
counter-clock wise. A loop is used 
because the dl's define general di­
rections around q, whereas for a 
surface, the ds's define general 
directions away from q. Each dl 
is so small that it is essentially a 
straight line segment with an E 
vector through it. The apparent 
rotation at each dl is the magni­
tude of the component of E, par­
allel to dl times the magnitude of 
dl. We must again use the dot 
product E·dl to allow for the fact 
that E may not be parallel to dl. 
That gives the magnitude of the 
E component parallel to dl times 
the magnitude of dl. 

Imagine moving around the 
loop, summing up E·dl to obtain 
the total apparent rotation, or 
electric circulation. Since E 
points radially along r, the only 
place E·dl is non-zero is where dl 
has a component parallel to r. 
But the entire loop is closed, so 
for any amount it moves out radi­
ally, it must at some place move 
that same amount inward. The 
field is symmetrical, therefore 
whenever E·dl is positive along 
some dl's, it is negative by the 
same amount along other dl's, 
with a net result of zero. In cal­
culus notation 

fE·dl=O 
The circle on the integration 
symbol reminds us that the loop 
is closed. Again, by linear super­
position, that is true for any stat­
ic charge configuration. 

If the amperean loop shrinks 
down to a point, all the dl's would 
shrink to zero, and so would o 

JE·dl (even if it weren't already 
zero). But the ratio of the 
change infE·dl to the change in 
the enclosed area as the loop 
shrinks reaches a limiting val­
ue. That limiting value is called 
the curl. a~d is_ sxwbolized by 

V x E - d(.fE dl)/darea· 
The curl is a vector, since area is a 
vector. It's direction is taken as 

continued on page 79 
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FIG. 2- CIRCUIT WILL MONITOR A POWER SUPPLY and indicate whether the 
output voltage strays more than a half a volt away from 'whatever voltage you set as the 
trigger. 

THE LOGIC PROBE CAN BE ASSEMBLED on this single-sided board. 

want. For standard TIL circuits, it's 
best to know if the voltage is more 
than half a volt away from five volts 
but, if you're really paranoid about 
this kind of thing, you can trim the 
circuit to get even closer to five volts 
than that. If you want to use the circuit 
to keep an eye on voltages that are 
higher than nine volts or so, it's a 
good idea to replace the 4-volt 
Zeners shown in the schematic with 
something higher. 

The exact threshold voltage of the 
diodes shown in Fig . 2 isn't important 
(anything around 4 volts is okay in­
cluding the standard values between 
3.3 and 4.3 volts) since the voltages 
seen by the Zeners are set by the two 
potentiometers . You can have the 
outputs of the circuit light LED's as 
shown in the schematic or, with a bit 
of work, they can trigger alarms, 
buzzers, relays, or whatever else you 
have in mind. 

If you really feel like doing some 
design work, you can keep the idea of 
a voltage monitor and throw out the 
circuit. Remember that you can use a 
comparator to do the same job. The 
front end of the logic probe is tailor­
made for an application like this but 
you'll have to do some arithmetic to 
recalculate the resistor values to set 
the comparator windows and make 
the circuit trigger on the voltages you 
want to monitor. 

If you're not sure about how to do 

that, go back over the last few col­
umns and you'll find a complete ex­
planation of the calculations you have 
to do. If there's enough interest in . 
doing this, I'll go through the math in a 
future column. 

Back issues of the magazine are 
probably in your local library but, if 
they're not, you can order back is­
sues by writing to the magazine (Ra­
dio-Electronics, Reprint 
Bookstore, PO Box 4079, Farm­
ingdale, NY 11735). 1991 back issues 
are $4.00, 1990 are $4.50, 1989 are 
$4.75, 1988 are $5 .00, 1987 are 
$5.25, and 1986 are $5.50. Indicate 
the month and year of the issue you 
want; if you don't want an entire is­
sue, or if the one you want is not in 
stock, you can order copies of arti­
cles for 50 cents a page. Shipping 
charges are $1 .25 for orders up to 
$5.00, $2.00 for $5 .01-$10.00 , 
$3.00 for $10.01-$20.00, $4.00 for 
$20.01-$30.00 , $5.00 for 
$30 . 01-$40 .00, $6.00 for 
$40.01-$50.00, and $7 .50 for or­
ders of $50.01 and up. New York 
State residents must add sales tax. 
Make checks payable to Gernsback 
Publications, Incorporated . 

When we get together next time, 
we'll look into digital scopes and, 
while they don't provide the greatest 
resolution in the world, all the circuits 
that go into them happen to be very 
interesting. R-E 
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the direction of the extended 
thumb ofthe right hand with the 
fingers wrapped in the general di­
rection taken around the loop. In 
the case of the static E field 

fE·dl=O, 
therefore 

VXE=O. 
The curl is a vector measure of 

the apparent rotation of the field 
about a point. If a number of E 
field instruments were scattered 
around a region, the group would 
not rotate. 

The divergence and curl of the 
types of fields we're discussing 
completely characterize the field; 
E can be found if V·E and V x E 
are known . This is known as 
Helmholtz's theorem. 

The curl of a vector field is al­
ways zero, if, and only if the field 
is the gradient of some scaler 
field. Consider our h field exam­
ple. If V x Vh were non-zero, then 
in following a closed path from 
some point and back to the be­
ginning, one encounters dif­
ferent rates of change of height 
times distance when taking dif­
ferent paths. fVh·dl would be 
path dependent. That would 
amount to leaving from a ,point 
at, for instance, 50 meters in 
elevation and returning only to 
find the elevation is 300 meters, 
or 2 meters, depending upon 
what path was taken! 

The divergence of a field is al­
ways zero only if the field is the 
curl of another field. Imagine 
the fields of Fig. 4 in 3-dimen­
sional space. Curl the right­
hand fingers in the direction of 
the apparent rotation around 
the point. The extended thumb 
is the direction of the curl vec­
tor at that point. Conversely, 
consider the vectors shown as 
curl vectors. Direct the thumb 
along them and the fingers will 
curl in the direction of the field 
vectors. The field vectors seem 
to cancel, and not spread out. 
Those fields are the curl of an­
other vector field. Tiy that with 
Figs. 2 or 4 and you'll get con-
flicting results. > 

Next time, we'll develop c 
Ohm's law and look at theE field §? 
in materials, which will provide ~ 
further insight into Maxwell's <D 
equations. R-E ~ 
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LAST TIME WE PRESENTED GENERAL 

concepts of electric fields and 
how they are related to static elec­
tric charges. We saw that the E 
field in empty space accounts for 
the forces between such charges. 
In this article, we'll see how the 
familiar units of volts and am­
peres are related to each other. 
Ohm's law and the concept of an 
E field in materials will be dis­
cussed with the help of a simple 
quantum theory viewpoint. 

Potential 
To quasi-statically move a 

charge q from point a to point b 
in an E field, a force that is infi­
nitely close to being equal and op­
posite to the Coulomb force must 
be applied to q . That force is 
- qE = - F c• as shown in Fig. 1. 
As we discussed in our previous 
article, when moving around a 
closed path 

fE·di = O, 
or 

'i? x E = O 
at all points. So in moving the 
charge around a closed path 

- fqE·di = O. 
The dot product gives the magni­
tude of force times distance in 

the direction moved, which is the 
work done or change in the po­
tential energy 11U. The energy ex­
pended in moving along the path 
from a to b is just the sum of the 
contributions along that path, as 
defined in the calculus notation 

L'>Uab =-J.~ E · d I (newton x meters= joules). 

The energy change is indepen­
dent of the path taken from point 
a to b. and the E field follows the 
laws of conservation; whatever 
energy is expended in moving the 
charge from point a to b is re­
covered when the charge moves 
from b to a. The energy is said to 
be stored in the E field since the 
field is responsible for the force. 

Dividing by the charge gives us 
the change in energy per unit 
charge, the potential or voltage at 
point b with respect to a is 

V - I'>Uab -
ab- q -

-J: E · d I (joules I coulomb= volts). 

The use of the name potential is 
perhaps unfortunate because it's 
easy to confuse the term with po­
tential energy. 

Recall also that since V x E = 0 , 
E must be the gradient of a scaler 

field, which we now see is the po­
tential V, therefore 
E = - 'i?V (volts/meter = newtons/coulomb). 

Along a surface of equal poten­
tial, there would be no change in 
V per length dl. Perpendicular to 
that surface the change in V per 
length would be a maximum, 
which is what the gradient tells 
us. 

Since the field is obtainable by 
linear superposition, the poten­
tial difference is simply the sum 
of the potentials . For example, 
V ac = V ab + V b e · That analysis is 
the basis ofKirchoffs voltage law, 
which states that the algebraic 
sum of the voltage ris es and 
drops around a closed path must 
equal zero. 

Electric current 
Imagine a Gaussian surface in 

space through which a number 
of q charges are moving, as 
shown in Fig. 2. (We are not con­
cerned with the type of field influ­
encing the motion, only that ~ 
there is motion.) The current ~ 
across that surface is defined as ~ 
the charge per unit time (in sec- ~ 
onds) crossing the surface. In :IJ 

order to calculate that, divide the c.o 

surface into an infinite number c.o 
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of infinitesimal surfaces, ds. The 
charges move with velocity v 
through each surface. If there are 
n charges per unit volume, then 
the cu~rent.density, or charge per 
unit area is 

J = nqv = pv (Cfm2s). 
Multiplying that by the effective 
area aljld summing the contribu­
tions by integration gives the 
total current 

I = JJ·ds (C/s = amperes). 
Positive charges flowing in one 

direction can be consider ed 
equivalent to negative charges 
flowing in the opposite direction 
(the Hall effect is a common ex­
ception) since both J and ds 
would then be negative. That is 
why a circuit can be analyzed in 
terms of either conventional cur­
rents or electron currents. 

The way current is defined is 
similar to the way we explained 
electric flux w except that flux is 
an apparent flow while current is 
due to an actual flow of charge. 
Charge conservation tells us that 
whatever charge flows into the 
surface must also flow out unless 
the c~rrent density inside is 
changing in time. That is the 
basis of Kirchhoffs current law, 
which tells us that the sum of the 
currents flowing into a junction 
is equal to the sum of the cur­
rents flowing out of that junc­
tion. Shrinking the Gaussian 
surface down to a single point 
and taking the ratio of the rate of 
change in current to the rate of 
change in volume gives the diver­
gence 

V· J =- Jp (C i m3s). 
J t 

The partial differential symbol 
a. as in d, means an infinitesimal 
change in something. It also re­
minds us that we're only inter­
ested in p's change with respect 
to time, t . The negative sign indi­
cates that a decrease in p, a n ega­
tive ap/at, gives a positive 
divergence. The net charge must 
therefore flow out through the 
surface. 

Conductivity 
(/) Up until this point we have 
~ been concerned only with 
~ charges in empty space. The 
g: space of solid materials, however, 
~ is far from empty. Atoms are !o­
Ld cated at positions called lattice 
6 points. An external E field ap­
~ plied to a solid material causes 
a: the electrons with a - e charge to 
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FIG. 1-AN ELECTRIC CHARGE q is 
moved quasi-statically from point a tobin 
a static E field along either path, com­
posed of an infinite number of lengths dl, 
by an external force qE (not shown). The 
work done or change in energy is the 
negative of the sum of all the qE ·dl's along 
the path. 

FIG. 2-CURRENT DENSITY J is the 
number of charges q per unit volume mov­
ing with velocity v through an infi­
nitesimal section ds of the Gaussian 
surface. The total current is found by sum­
ming J ·ds over the entire surface. Any 
charge that comes in through one ds must 
leave through another. Any net outflow 
must be at the expense of the charge den­
sity enclosed by the surface. 

FERMI ENERGY 
ENERGY \ 

. \:1.2 .' 
0 

MOMENTUM 

FIG. 3-ENERGY VERSUS MOMENTUM 
for electrons in a material. Temperature 
and lattice effects are neglected. Each 
electron, represented by a dot on the 
curve, has a unique energy state. Those 
are the lowest states available. The high­
est occupied energy is called the Ferll)i 
energy. 

move. Quantum theory must be 
used to describe the effects of 
temperature and the lattice upon 

the motion of charges. 
The electrons are in a state de­

scribed by their energy, mo­
m entum, and spin. No two 
electrons can be in the same 
state. Electrons can change ener­
gy only by moving to a neighbor­
ing unoccupied energy state. 
Figure 3 shows the energy versus 
momentum states, neglecting 
the effects of temperature and 
the lattice. The two possible spin 
states for each electron are not 
shown for clarity. 

The more electrons there are in 
the material, the higher the high­
est occupied energy state, or Fer­
mi level. Only electrons near the 
Fermi level can respond to exter­
nal effects such as thermal ener­
gy and electric fields. Supplying 
thermal energy excites some elec­
trons to energies just above the 
Fermi level, leaving unoccupied 
states just below. The Fermi level 
is then taken as the energy with 
50% occupancy. Electrons that 
can change energy, and hence 
momentum, are called con­
duction electrons. Thermally ex­
cited electrons have random 
momentum and velocity, and do 
not produce a net current. 

Electrons act as waves and, 
therefore, experience inter­
ference effects due to interaction 
with the lattice. At certain wave­
lengths, standing waves result 
which produce energy gaps, as 
shown in Fig. 4. If only some of 
the energy states up to the gap 
are occupied or the gap is very 
small, the material will have 
many conduction electrons since 
little external energy is required 
to excite an electron to a higher 
state. Such materials are good 
electrical conductors. A good in­
sulator (or dielectric) has oc­
cupied states up to a relatively 
large gap. A large amount of ex­
ternal energy is required to excite 
electrons to higher energies in a 
dielectric material. A material 
with a large gap and many oc­
cupied lower states exhibits no­
ticeable electrical resistance. 

If a potential difference is 
maintained across a material, an 
electric field is established. Con­
duction electrons will be sub­
jected to a force F , which is equ al 
to - eE . Electrons tend to acceler­
ate, and then "collide" and lose 
energy to the lattice. If T is the 
average time between collisions, 
which is temperature dependent 
due to thermal motion of the !at-



CONDUCTOR 

ENERGY 

0 
MOMENTUM 

a 

+ 

INSULATOR 

ENERGY 

0 
MOMENTUM 

b 

GAP 

+ 

FIG. 4-ENERGV VERSUS MOMENTUM for electrons is a lattice of atoms. The gaps in the 
curves result from interference effects with the electron waves. In a conductor (a) the 
levels below the gap are partially occupied. External energy excites .electrons to the 
unoccupied energy states. That allows them to participate in an electric current. In an 
insulator (b) the levels below the gap are filled and the energy gaps are large. Electrons 
cannot participate in a current unless a large amount of external energy is supplied. 

tice atoms, then the average elec­
tron momentum is 

F-r = - eET = m+v (N·s = kg·m/s) 
where m is the electron mass, 
and vis the average velocity. Solv­
ing for the velocity and substitut­
ing into the equation for current 
density gives us 

2 
J = ne r E 

m 

which is the vector form of Ohm's 
law. Since the number of elec­
trons n and T are properties of the 
material, the conductivity 

(J = ne2-r/m (C2s/kg = 1/(fl·m) 
is a property of the material. The 
resistivity is defined as r= 1/a. If 
the material is of uniform cross­
sectional areaS and oflength L, J 
is uniform and normal to ds, 
therefore the current is 

I= JS = <Yy_ S 
L 

or V = IR where R = rLIS is resis­
tance in more familiar units of 
ohms. 

In metals, increasing the ther­
mal energy excites electrons 
mainly into the unoccupied 
states of the lower band, but the 
time between lattice collisions 
decreases. Increasing the tem­
perature increases the resis­
tance. In some other materials 
resistance decreases with in­
creasing temperature because 
the number of conduction elec­
trons exceeds the effect of in­
creased collision time. 

Due to the low velocity of elec­
trons in most solids, the magnet­
ic effects can be neglected. 
Conduction becomes more com­
plicated in gases and liquids 
since the atoms can also move, 
and velocities can become greater 
than in solids. 

The electric field in materials 
When a material is placed in an 

external electric field E0 , the wave 
functions of the atoms are 
changed. The net effect is that 

FIG. 5-MATERIALS IN AN EXTERNAL ELECTRIC FIELD E0 exhibit electric polarization. 
The resulting separation of positive and negative charge regions produce electric dipole 
moments qR, where q is taken as positive. In a conductor (a), enough electrons are free to 
move to create a depolarization field Ed equal and opposite to E0 • The internal electric 
field E1 = E0 - Ed is zero. In an insulator or dielectric (b), electrons are restricted in 
movement and E1 is non zero. In both cases, the polarizatioo or dipole moment per unit 
volume P is related to - Ed. The vectors are shown outside the material for clarity. 

the regions with probability of 
finding electrons are shifted in 
the - E0 direction while the re­
gions with probability of finding 
the positively charged nuclei are 
shifted in the direction of + E0 

(Fig. 5 ). The shifts may not exact­
ly align parallel to E0 , and may 
not all be uniform except in what 
we call simple materials. A nega­
tive surface charge develops on 
the material near the source of 
E0 , and a positive surface charge 
develops on the opposite side. We 
say the material has an induced 
charge, or that it is electrically 
polarized. 

The induced charges produce a 
field Ed in the opposite direct ion 
to E 0 in the material. In a very 
good conductor, there are 
enough free charges so that Ed 
equals E0 , and the average field 
inside is zero. That is why metal 
is an effective shielding material, 
at least for static fields . Outside 
the conductor the E0 field vectors 
are changed so that they are nor­
mal to the surface. 

In dielectrics, the large energy 
gap means the electrons are elas­
tically attached to the lattice and 
only slight shifts are experi­
enced. E 0 and Ed don't cancel 
each other completely. In a simple 
dielectric, pairs of internal 
charges, - q and + q, are sepa­
rated by a distance R taken in the 
direction of E0 , from - q to + q. 
Those pairs of negative - q and 
positive + q charges are called 
electric dipoles. The vector quan­
tity, qR, is called the electric di­
pole moment. If there are n 
dipoles per unit volume, then a 
measure of the polarization can 
be expressed as 

P = n(qR){ (C·m/m3= Cfm2), 
which is called the dipole mo­
ment per unit volume. ~ is a 
function of the alignment and 
ranges from 0 to 1. For simple 
materials ~ = 1. Since n, q, R , and 
~ depend on the material, 

P = E0 xE 
where x, the electric suscep­
tibility, is a measure of the ease of 
polarization of the material. E0 is 
present to maintain correct 
units. The so called depolariza­
tion field Ed is equal to - "{P/E0 , 

where 'Y is a number between 0 
and 1, and is related to the geom­
etry of the material. Ed is not , in 
general, very useful. 

The surface charge ab is an ac­
tual accumulation of charges 

continued on page 82 

(/) 
m 
"'0 
-1 
m 
s: 
Ill 
m 
JJ 

59 



(/) 

S2 
z 
0 
a: 
t­
() 
w 
...J 
w 
0 
0 
<l: 
a: 

82 

ELECTROMAGNETIC THEORl 

continued from page 59 

that are bound directly to the 
atom and cannot flow. If N is of 
magnitude land is normal to the 
surface then 

ab = P·N (Cfm2). 

Imagine a Gaussian surface in­
side the dielectric. With a 
nonuniform charge distribution 
some of the bound charges will be 
displaced across the surface by P, 
leaving a net charge within the 
surface. In the same manner that 
we found V · E = pE0 , where pis the 
volume charge density of all the 
charges contributing to E, we 
can see that the volume charge 
density in the dielectric is 

V' ·P = - pb (C/m3). 
The negative sign means that the 
d ipole moment per unit volume, 
P , points from negative to 
positive in the dipoles. 

It is customary and convenient 
to consider a field associated with 
just the free charge density Pr 
since Pb is due to the response of 
the material. That field must be 
due to the total charge density 
less the bound charge density, 
therefore 

Pt = P - Pb = V' ·eaE + V' ·P = V' ·[e0 E + P]. 
The term in brackets is called the 
displacement field vector 

D = e0 E + P (C/m2 ). 

In simple dielectrics, P and E 
are parallel, and the following re­
lation holds true 

D = e0 (1 + x)E =eE. 

E0 can now be interpreted as the 
ability of empty space to support 
an electric field, and is called the 
permittivity of free space. E is the 
permittivity of the material. A 
commonly used quantity is the 
dielectric constant 

K = 1 + x = e/e0 . 

K is greater than l for any materi­
al, and goes to infinity for a con­
ductor becaus e E = 0 in a 
conductor. K can be thought of as 
a measure of the modification of 
free space by the presence of a 
material. 

From our previous analysis, we 
have obtained one of Maxwell 
equations, Gauss' law w hich 
reads 

V' ·D = Pt· 
Gauss' law says that the apparent 
spreading out of the dis place­
ment field vector D through a 
Gaussian surface is due to the 
density of free charges ins ide. 
Gauss' law doesn't say, however, 

that D is not producing a swirl. 
The static E contribution can't 
produce swirling, but the P con­
tribution can. 
Capacitance 

We know that two conductors, 
separated by a dielectric with di­
electric constant k, form a capac­
itor. If one conductor has charge 
+ q and the other - q, the mea­
sure of the amount of charge that 
must be placed on a conductor to 
change its potential by one volt is 
called the capacitance, which is 
in units of coulombs per volt 

C = q!V (farads). 
If the free charge q increases, 

the displacement field vector D , 
which equals the E0 k field also 
increases. That causes a propor­
tionate increase in voltage as E 
rises. Given a particular charge 
q, the only way to change the ca­
pacitance is to ch ange the volt­
age . That can be d one by 
changing the charge separation 
distances or by changing the 
properties of space to give dif­
ferent E's. Simply filling the sepa­
ration space with a material of 
greater dielectric constant re­
duces the E field in that space, 
which reduces the voltage and in­
creases the capacitance. 

We can use Gauss' law, withou t 
involved calculations, to deter­
mine the change in the electric 
field when any capacitor is filled 
with a dielectric. In empty space, 
P = 0 and all the charges are free 
charges, therefore 

V' ·D/e0 = V'·E = PtiE0 , 

and 
V' ·D/e0 = V' X E = O . 

If the space is filled with a simple 
dielectric, D = E0 kE, therefore 

V' ·D/eo = V'·kE = PtiEo. 
Pis aligned withE so there is no 
apparent rotation and 

V' x D/e0 = V' XkE = O . 
The divergence and curl of E 

completely characterize the field. 
By comparison, the E for a 
ch a rged cap acitor with empty 
space as a dielectric is the same 
as kE for the same charged ca­
pacitor with a dielectric constant 
k. In a capacitor filled with a di­
electric, E is reduced by llk . The 
capacitance C = qN is increased 
by k s ince the voltage potential V 
is reduced by llk. 

In our next edition, we'lllook at 
the effects of electric charges in 
motion. We 'll s ee that another 
type of field, the B field, is re­
quired to descr ibe the magn etic 
forces associated with them. R-E 

EQUIPMENT REPORT 

continued f rom page 18 

frequency steps. 
A number of scanning functions 

are available: full memory scan , mem­
ory block scan , and seek scan, (with 
two delay modes). The RB can also 
be set to scan from the frequency of 
VFO A to VFO B. The two VFO's are 
available so that you can instantly 
switch and tune between two dif­
ferent frequencies . The second VFO 
can be thought of as a sort of tempo­
rary memory location. One of the nic­
est features is that you can instantly 
transfer the frequency of the active 
VFO into the inactive one. So if 
you're tuning and come across an 
interesting signal- but not the one 
you're looking for-you can put it in­
stantly in the inactive VFO as you 
continue your search. Returning to 
the interesting frequency is only two 
keystrokes away. 

A partial list of its built-in features 
include an RS-232-compatible inter­
face that allows your computer to 
take complete control over all func­
tions of the receiver. Two antenna 
connectors are provided. One is a 
coaxial S0-239 connector for 50-
ohm anten nas , th e second is a 
spring-clip connector that can be 
used for 50- or 500-ohm antennas. 
The appropriate antenna can be se­
lected from the front panel. An exter­
nal-speaker jack and a headphone 
jack are provided, as are line-level au­
dio connectors (for recorders or 
CW/ RTTY demodula tors). A MUTE 

connector lets the RB be used in con­
junction with a transmitter. 

We were impressed by the quality 
of the Drake RB. It is easy to use 
thanks in part to the clean layout of 
the controls, and to Drake's decision 
not to clutter up the front panel with a 
lot of unnecessary controls Cwhich 
some manufacturers seem to think 
looks " hi tech" ). We were even more 
impressed by the control the RB gave 
us to hear the weaker signals we 
would have simply ignored on other 
world-band radios. 

If you're not famil iar w ith world­
band radio, don't even think of the 
RB. You simply won't appreciate what 
it can do for you. But if you're a short­
wave enthusiast who is looking for 
something special and have about 
$ 1000 to invest, then we've found the 
receiver of your dreams. R-E 



Learn the meaning behind magnetic charges and 118" fields,. 

IN OUR LAST ARTICLE, WE DISCUSSED 
the general concepts of an elec-
tric field and how they applied to 
forces between static electric 
charges. We'll now develop an in-
tuitive picture of how charges 
moving with a constant velocity 
produce an additional force, and 
how that force leads to the con-
cept of a magnetic field. 

Magnetic "charges" 
Early experiments showed that 

if two permanent magnets were 
near each other, each experi-
enced a force. In each magnet 
there appears to be two regions, 
called the north and south poles, 
that contain the source of the 
force. A pole of one magnet at-
tracts the opposite pole of the 
other magnet but repels the 
other pole, thereby creating a tor-
que. Apparently, a magnet pro-
duces something similar, but not 
identical, to that produced by an 
electric-charge distribution. A 
basic difference is that electric 
charge distribution can be sepa-
rated into two distinct regions of 
positive and negative charge, 
while experiments show that cut-
ting a magnet into smallt:~ and 
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smaller pieces simply result in 
more magnets, each having two 
poles. No matter how small a 
piece is taken, there's always an 
equal amount of north and south 
magnetic "charge." Experiments 
have shown that there's no such 
thing as an isolated single mag-
netic charge, or a magnetic mo-
nopole, only magnetic dipoles. 

Hans Christian Oersted con-
ducted experiments which 
showed that a permanent mag-
net near a conductor carrying a 
constant electric current 11 expe-
rienced a similar force as shown 
in Fig. 1-a. Expe riments by 
French physicist Andre Marie 
Ampere showed that when a con-
ductor carries a constant current 
I along an infinitesimal length dl 
and another conductor caries a 
constant current 11 along an infi-
nitesimal length dl1, the length 
dl experiences an infinitesimal 
force in newtons 

ldl X (11 dl1 X r1) 
dFm = km 2 

r1 

as shown in Fig. 1-b. r 1 is a unit 
vector directed from dl1 to dl and 
r 1 is the separation distance. In 
the mks units, km is equal to 

km = f!..of4n: (webers/(ampere x meter). 

Idl and 11 dl1 , in units of m·C/ 
s=A·m, are infinitesimal lengths 
of positive current in the direc-
tion of dl and dl1• In conductors, ". 
there are equal distribl.Jtions of 
positive and negative electric 
charges even though the nega-
tive charges are moving. Tqe E 
fields from the charges must sum 
to zero, so the dF m mu~t be djs-
tinct from the Coulomb force F~. 

The infinitesimal force equa-
tion mentioned abov~ is more 
complicated than for the static 
electric force since the direction 
of charge motion must be taken 
into account by vector multi-
plication, also known as the 
cross product x . The direction of 
11 dl1 x r 1 is defined by the right 
hand rule: curl the fingers of the 
right hand through the smallest---a--
angle from the vector 11 dl1 to the .. -~ . 
vector r 1 ; the extended thumb g 
points in the direction of I 1 s:J 
dl 1 x r 1. The magnitude of 11 <0 
dl1 x r 1 is the area of <\ paral- ~ 
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FIG. 1-A MAGNETIC FORCE Fm is produced by a constant electric current 11 in a 
conductor. A permanent magnet experiences a torque due to the force on each pole (a). In 
(b) a small current segment I dl of another conductor experiences a force due to the 
segment 11 dl1• 11 dl1 experiences an equal and opposite force. 

lelogram with sides 11 dl1 and r 1 . 

That is similar to scalar multi-
plication where A times B gives 
the area of the rectangle with 
sides A and B. The direction of 
dF m is that of the extended right 
hand thumb with the fingers 
wrapped through the smallest 
angle from I dl to 11 dl1 X r 1 • 

In Fig. 1-b, the current seg-
ment I dl experiences a force to-
wards 11 dl1 • 11 dl1 experiences an 
equal and opposite force towards 
I dl. For other current segments, 
the force on an I dl is not equal 
and opposite to that on an 11 dl1 . 

That may appear to be a violation 
of Newton's third law, however 
the actual constant currents ex-
ist only in closed loops or circuits 
as dictated by charge con-
servation. The I dl and 11 dl1 are 
only a part of each loop. The total 
force is found by summing up all 
the infinitesimal contributions 
around each closed loop. We must 
sum twice by integration, first to 
find the forces of all the 11 dl1's on 
an I dl, and then to sum the 
forces on each I dl 

Fm = ~,L(ID1 x (l 1 dl1 x r1). 
4p jj r2 

1 
The force on the entire loop com-

CIJ 
0 posed of I dl is always equal and 
~ opposite to that on the entire loop 
g: composed of 11 dl1 . 

~ Ampere went on to suggest 
u:l that in a permanent magnet, the o force F m is produced by some sort 
o of closed current loops that exist 
~ in the material. 
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The magnetic field B 
Figure 2 shows that the space 

around a constant current seg-
ment 11 dl1 can be explored using 
a very small constant current 
loop obtained by adding all its I dl 
contributions and symbolized by 
f I dl. Since each I dl will experi-
ence a force due to the presence 
of I1 dl1 even though nothing 
material connects them, one 
has the impression that the 
condition of space itself is af-
fected by the presence of the I1 
dl1 . We can say that a constant 
current gives space the propen-
sity to exert a force on another 
constant current, if it were 
present, according to Ampere's 
force law. 

To find that propensity, we re-
move I dl from the force law to 
obtain the definition of the 
magnetic field (also called mag-
netic flux density) in units of 
webers/meter2, which equals 
the tesla 

This is called the Biot-Savart 
law. The force on each I dl is 
dF m• which equals I dl X B. Op-
posite sides of the loop will ex-
perience forces in the opposite 
direction since the dl's are in 
opposite directions. The loop 
will, therefore, experience a tor-
que. Since I1 dl1 exists only as a 
part of a closed loop, the total B 
at any point in space is 

B = ~,( 11 dl1 x r1 . 
4p j r2 

1 

Any current loop is called a 
magnetic dipole because it re-
sults in a B field. 

The magnetic-field test in-
strument must be a very small 
magnetic dipole, just as a very 
small positive charge + q is the 
electric-field test instrument. 
The distinction is thatf I dl is a 
sum of all the vectors for which 
magnitudes and directions 
must be taken into account, 
whereas + q has only a magni-
tude. 

If a current I is considered as 
just an individual electric 
charge q, moving with constant 
velocity through a point, the 
magnetic force it would experi-
ence in the B field at that point 
is 

Fm=qvx B. 

If an electric field is also present, 
q would experience an additional 
electric force F c• and the total 
force would be 

F= Fe+ Fm=qE+qvx B=q[E+ (v x B)]. 

This equation is known as the 
Lorentz force law. 

MAGNETIC 
DIPOLE dB dB --,, 

1 11 dL1 ',) 

_--.:::::..._. 
dB 

I 
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FIG. 2-A SMALL MAGNETIC DIPOLE, 
composed of current segments I dl, near a 
current-carrying conductor experiences a 
torque due to opposite forces dFm on op-
posite sides. Since nothing material is 
pushing the dipole, the concept of the B 
field is used to account for the forces. 

B field characteristics 
The apparent flow of the B field 

from an infinitesimal volume 
about a point can be found by the 
same method used to find the 
electric flux. Imagine a Gaussian 
surface around a current loop 
composed of an infinite number 
of current segments I dl each pro-
ducing a dB field as shown in Fig. 
3-a. Divide the surface into an 



infinite number of infinitesimal 
ds areas. Through each ds there 
are an infinite number of dB's. 
The total B field at each ds is 
B= fdB by linear superposition. 
Taking.B·ds gives the magnitude 
of B times the magnitude of the 
effective area parallel to B. That is 
the apparent flow of B through 
ds. Summing those factors by in-
tegration over the entire surface 
gives the total apparent flow, or 
magnetic flux 

<!> = JB·ds (webers). 
I Imagine moving over the sur-

face, kdding up the dB·ds 
contributions from each I dl. At 
each ds, r points from I dl to-
wards ds. Since dB is perpen-
dicular tor, the only place dB·ds 
is non-zero is where ds is not di-
rected along r. That is where ds 
moves away from or toward I dl. 
Since the surface is closed, for 
each place we move away from I dl 
by a certain amount and direc-
tion, there must be another place 
that we move back in towards I dl 
by the same amount and in op-
posite direction. Whatever B·ds 
contribution is found over some 
of the surface is canceled by a 
- B·ds contribution over another 
part of the surface, therefore we 
can say that 

<!>=0. 
As in electric flux, any B pro-
duced by currents outside the 
surface will not contribute to the 
total. 

If the original Gaussian sur-
face is shrunk so the volume en-
closed approaches zero, the ratio 
of the change in flux to the 
change in volume would reach a 
limiting value even if the flux 
were not zero. That is the diver-
gence of B, and since <t> = 0 for 
any Gaussian surface 

V·B = O (Tfm3). 

That is the unnamed Maxwell 
equation. It simply says that the 
total spreading out, or diver-
gence, of the B field through an 
infinitesimal closed surface 
about any point is zero. Whatever 
B field appears to leave from a 
particular point must return to 
that same point. Magnetic mo-
nopoles, therefore, cannot exist. 
That relationship allows magnet-
ic dipoles, which produce equal 
amounts of outward and inward 
magnetic flux from a point. If a 
number of our B-field instru-
ments were scattered about the 

APPARENT MAGNETIC FLOW 
THROUGH A GAUSSIAN SURFACE 
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APPARENT MAGNETIC CIRCULATION 
AROUND AN AMPrREAN LOOP 
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FIG. 3-CHARACTERISTICS OF A B FIELD. In (a), a Gaussian surface composed of an 
infinite number of infinitesimal ds areas surrounding part of a current loop. The total 
apparent flow of B, the magnetic flux f B·ds, through the surface is zero. Flux from 
currents outside the surface does not contribute since whatever flux "flows" in through 
the surface also flows back out. In (b), an amperean loop composed of an infinite number 
of infinitesimal dl lengths encircles a current segment. The magnetic circulation around 
the loop fB·dl is proportional to the current encircled. For currents not encircled, fB·dl 
is zero. 

point, they would not spread out. 
The apparent rotation of the B 

field around an infinitesimal area 
containing a point can be found 
by imagining an amperean loop 
about sorrie current loop as 
shown in Fig. 3-b. Divide the am-
perean loop into an infinite 
number of infinitesimal lengths 
dL. The B field at each dL is again 
just the sum of each of the infi-
nitesimal dB contributions from 
each I dl, where B = fdB. The 
magnetic circulation around the 
loop is proportional to the cur-
rent encircled. 

If you take B·dL you get the 
magnitude ofB times the magni-
tude of the effective length paral-
lel to B, which is the apparent 
flow along dL. The direction of dL 
is taken as the direction of the 
curled fingers of the right hand 
with the extended thumb point-
ing in the direction of I dl. The 
total apparent rotation, also 
called the magnetic circulation, 
around the amperean loop is 
found by adding those parts by 
integration over the entire closed 
loopfB·dL. 

Imagine moving along the 
loop, in the direction of dL, 
adding up the dB·dL's. r points 
from I dl to dL. When we move 
a t right angles to dB, that is 
along r or I dl, where dB·dL is 
zero. At all other places there 
will be a non-negative contribu-
tion since we are always travel-

ing in one direction around the 
loop. The contributions are pro-
portional to the current I 
through the loop since B = f dB 
is proportional to that current. 
The proportionality constant is 
f-lo• so 

fB·dl= f-lol (T·m). 
If the amperean loop is shrunk 

so the area enclosed approaches 
zero, the ratio of the change in 
circulation to the change in area 
reaches a limiting value. That is 
the curl of B, which must be pro-
portional to the current per unit 
area J through the loop, therefore 

V x B = JJ.oJ (T/m3). 

That relationship is called Am-
pere's law for constant currents . 
It simply says that the total ap-
parent rotation, or curl of B, 
around any point is proportional 
to the constant current density 
at that point. The right hand rule 
gives the direction of apparent 
rotation. If a number of the B-
field instruments were scattered 
about a point, they would rotate. 

Next time, we'll discuss some 
magnetic phenomena and how in-
ductance is related to the magnetic 
field. The concept of a magnetic 
circuit will be developed based on 
an analogy to the electric circuit. 
We11 see that in matter, the mag-
netic field can be considered as the 
linear superposition of two fields, 
similar to what was shown with 
the electric field. R-E 
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Find out more about magnetic phenomena and how inductance 
is related to the magnetic field. 

IN OUR LAST EDITION, WE DISCUSSED 

the characteristics of a static 
magnetic field in empty space. In 
this article we'll look further into 
the B field and its effects on mat­
ter. Of particular importance, we 
will show that the magnetic field 
in matter can be found by using 
the linear superposition of free 
and bound current densities . 

Potential 
If you recall, the expression 

V x B = fl-oJ says that the appar­
ent rotation of the B field around 
a small region about a point is 
proportional to the current den­
sity in that region. Unless the 
current density or charge per 
unit area J is zero, B cannot be 
the gradient of a scalar potential 
and therefore is not a con­
servative field . However, in re-

CJl gions that have no current flow, 
~ V x B = 0. In that case, the field is 
~ conservative and a scalar poten­
t) tial can be defined. Suppose a 
~ small current loop, the B-field in­
w strument fidl, is moved quasi­
§ statically from point A to B in 
Cf such a region as shown in Fig. 
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1. The force in the direction of 
motion dL gives the work done 
or change in magnetic potential 
energy 

llUab=-J: [(fldl) xe]. dl . 

The work depends not only on 
the path taken but on the orien­
tation of fidl along the path. No 
work is done if (Jidl) x B is al­
ways perpendicular to dL. Work 
is done if, at any place along the 
path, fidl is rotated so that 
(fidl) x B has some component 
parallel to dL. That is the me­
chanical energy due to the work 
done against the torque. 

Addi tiona! energy is required 
to maintain the current I in the 
loop. If the loop has resistance 
R, then I2R is the rate of ther­
mal energy loss . That energy 
must come from someplace, 
and if the magnetic field en­
closed by the loop changes, 
more energy is required. We'll 

discuss the reason why addi­
tional energy is required in our 
next article. 

Previously, we saw that any 
field with zero divergence is the 
curl of some other field. Since 
V'·B = 0, it must be that 
B = V x A. The A field is called 
the magnetic vector potential. 
It is not an energy field (energy 
is a scalar quantity), but it can 
be used in energy calculations. 
The main advantage in using 
the A field is that calculations 
required to solve many real­
world problems are simplified. 
Since we won't be doing any cal­
culations here, we will just say 
that the A field is real in the 
same sense as the B field. 

We can use the analogy that 
the A field describes action at a 
distance from the B field just as 
the B field describes action at a 
distance from a current loop. 
The E field is also used to de­
scribe action at a distance from 
an electric charge. An appropri­
ate instrument can be placed in 
a region of an A field, even 
through the E and B fields are 



FIG. 1-A MAGNETIC DIPOLE IN A B 
FIELD is moved from point A to B along 
the path composed of dL· The force vector 
on any small segment of the current loop 
is dFm = ldl x B. dFm is directed out of the 
page as is the total force F = jldl x B. The 
force vector is perpendicular to dL, so the 
work done on F·dL is zero. If the dipole is 
rotated so that F was not normal to the 
paper, then work would be done. 

zero there, and an influence can 
be measured. The Bohm­
Aharanov effect is an example. 

Magnetic "current" 
Recall that V' 'B = 0 says that the 

lines of magnetic flux are closed 
lines. Nothing material flows 
along these lines but we can 
make an analogy with the closed 
path of a constant electric cur­
rent. The magnitude of Bin the 
magnetic circuit of Fig. 2- a can 
be found from fB·dL = f.LI, where 
L is the total length of the mag­
netic path, f.L describes a prop­
erty of the path material to be 
discussed later, and I is the total 
electric current enclosing the 
path. There are n turns of wire 
each carrying current I0 so 
I= ni0 . Since the material is 
uniform, the magnitude of B 
must be independent when dL 
is being summed. So, denoting 
the magnitude of B as B and 
summing by integration gives 

BL= fLnl0 . 

The magnetic flux is 
<J>=JB·ds 

where s is the cross-sectional 
area of the path. Since the area is 
uniform 

nl 
1/J=BS=-0-. 

L/ ,uS 

In the circuit shown in Fig. 2- b, 
a current I exists in a material of 
length L, conductivity u, and 
cross-sectional area S. The volt­
age is supplied by n cells, consist­
ing of V volts each. From Ohm's 
law 

FIG. 2-MAGNETIC FLUX IS ANALOGOUS TO ELECTRIC CURRENT. In (a) the magnetic 
path of length Land cross-sectional areaS is in a material of permeability f-1-· The source of 
magnetomotive force nl0 is the current 10 encircling the material n times. In (b) the 
electrical path is in a material of conductivity a. The source of electromotive force nV is a 
battery of n cells each with a voltage V. 

nV nV 
I=--=-. 

L!CJS R 

The so-called magnetomotive 
force nl0 can be compared to the 
voltage n V The magnetomotive 
force is summed in the same way 
voltages are summed. f.L is similar 
to u, which suggests that L/f.LS is 
a magnetic resistance RM, called 
reluctance. Those facts, along 
with the motivating fact that 
electric current and magnetic 
flux form closed paths (implying 
a conservation of something). al­
low analogous magnetic circuit 
equations to be developed. 

Magnetic field in materials 
In any material there are small 

curr.ent loops or magnetic di­
poles formed by the atomic-scale 
rotational and orbital motions of 
the electrons and charges in the 
nuclei, as shown in Fig. 3. The 
vector quantity Is (where s is the 
area of each atomic-current 
loop), is the magnetic dipole mo­
ment. Normally the magnetic di­
pole moments have random 
orientations, so no average or 
macroscopic magnetic field is 
present. 

When a material is placed in an 
external magnetic field B0 , the 
quantum-wave functions are 
changed in such a way that there 
is a higher probability of the 
magnetic dipole moments being 
aligned antiparallel to the B0 , as 
shown in Fig. 4- a. The direc­
tions may not all exactly align 
and may not be uniform except in 
what we call simple magnetic ma­
terials. The net effect is that mag-

netic poles appear at the ends of 
the material. We say the material 
has an induced magnetic field, a 
magnetic polarization, or simply 
that it is magnetized. This induc­
ed magnetic field is called the de­
magnetization field Bct· The total 
magnetic field in the material is 
Bi = B0 + Bct. Bct is anti parallel to 
B0 so Bi has a smaller magnitude 
than B0 • Such a material exhibit­
ing those characteristics is called 
diamagnetic. 

In some materials there are ad­
ditional magnetic dipoles result­
ing from electrons with unpaired 
spins. Their magnetic dipole mo­
ments are normally oriented ran­
domly. When placed in an 
external magnetic field, the wave 
functions are changed in such a 
way that there is a higher proba­
bility of the magnetic dipole mo­
ments being aligned parallel to 
the B0 as shown in Fig.-4b. Bct is 
aligned parallel to B0 , so Bi has 
greater magnitude than B0 • A 
material exhibiting those charac­
teristics is called paramagnetic. 

In many materials, when the 
external B0 field is removed, the 
wave functions return to their 
original form within a short time 
and Bct becomes zero. However, in 
ferromagnetic materials the wave 
functions don't return com­
pletely and in some regions, 
called magnetic domains, re­
sidual alignment remains. It is as z 
if each domain supplies a B0 to all ~ 
other domains, thus maintain- m 
ing some Bi in each. ~ 

Bct is not a particularly useful g) 
quantity. If there are n magnetic c.o 
dipoles per unit volume, then a ~ 
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FIG. 3-ATOMIC·SCALE CURRENT LOOPS 
in a material form magnetic dipoles. The 
magnitude and direction are given by the 
magnetic dipole moment Is, where s is the 
area enclosed by the loop current I. The 
direction is given by the right-hand rule. 
Normally, the directions are random and 
no net magnetic field results. 

measure of the total magnetic po­
larization is 

M = n(ls)~ (Aim) 

called the magnetic dipole mo­
ment per unit volume (or just 
magnetization). ~ is a function of 
the average alignment of the di­
poles with the external field and 
takes on values from - 1 for total 
antiparallel alignment to + 1 for 
total parallel alignment. Bd and 
M are related by a factor that 
takes into account properties of 
the material. 

We can use the idea of Ampere's 
law, which says the apparent ro­
tation of a magnetic field around 
a small region is proportional to 
the current per unit area in that 
region, to account for theM field. 
On an average, the atomic-scale 
magnetic-dipole currents cancel 
everywhere in a material except 
at the surface, as shown in Fig. 5. 
M can therefore be attributed to a 
bound surface current Ib around 
an area of magnitudeS in a mate­
rial oflength x. The magnitude of 
M is simply the magnetic dipole 
moment per unit volume as illus­
trated by 

It's sometimes convenient to de­
fine a lineal-surface current den­
sity as 

Kb=MxN (Aim) 

where N is a unit vector normal to 
the surface. The curl of M is 
found the same way Ampere's law 
for static currents was derived, 
except the current density of con­
cern is the average atomic-scale 
volume current density bound in 
the material Jb. That gives us the 
formula: 

w 
...J 
w 
0 A convenient way to separate 
o the external and internal contri­
~ butions is to consider the total 
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FIG. 4--MATERIALS IN AN EXTERNAL MAGNETIC FIELD 8 0 exhibit magnetization. In (a), 
magnetic dipole moments tend to align antiparallel to 8 0 • Demagnetization 8d opposes 
8 0 and the internal magnetic field 8 1 is smaller in magnitude than 8 0 • In (b), the dipole 
moments tend to align parallel to 8 0 due to unpaired electrons. 8 1 is greater in magnitude 
than 8 0 • In both cases the magnetization per unit volume M is related to 8d. The vectors 
are shown outside of the material for clarity. 

FIG. 5--ELECTRIC CURRENTS associated with individual magnetic dipoles cancel in· 
side the material. At the surface, however, the currents are in the same direction resulting 
in a net surface current lb. lb is bound to the surface since it consists of pieces of the 
dipole currents bound in the material. 

current density J as a linear su­
perposition of Jb due to the mate­
rial and all other currents called 
the free current density Jf" From 
Ampere's law, it can then be con­
cluded that 

1 
J1 =J - Jb =-(Vx8) - VxM= 

/10 

The term in brackets is called the 
magnetic-field intensity or just 
the magnetic field (not to be con­
fused with the B field) 

1 
H=-8 - M. 

/10 

In simple materials, B and M are 
along the same line so 
B = f!-.0 (1 + xrn) and H = f!-.H. xrn is 
called the magnetic suscep­
tibility and f!-. is the magnetic per­
meability of the material. A 
commonly used quantity is the 
relative permeability which can 
be written as 

f!-.r is less than 1 for diamagnetic 

materials and greater than 1 for 
paramagnetic materials . In fer­
romagnetic materials, f!-.r is very 
large but the H and M rela­
tionship is generally more com­
plicated and f!-.r. is not a simple 
constant. 

Ampere's law now says 
VxH=.ft 

This says that the apparent rota­
tion of the H field aroun d a small 
region is due to the density of free 
current through that region. One 
of Maxwell's great con tribuiton 
was the modification of Ampere's 
law. 

Inductance 
We know that a conductive 

loop, enclosing empty space or 
some material, forms an induc­
tor. If the loop is carrying a con­
stant current I, then a propor­
tional magnetic flux exists 
through the area s enclosed by 
the loop. The constant of propor­
tionality is the inductance, in 
units of webers per ampere, or 
henrys 
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ties, salesperson competence, quali­
ty image, etcJ, but a no-discount 
policy was not something that could 
be legally demanded. 

Over the years, all this has engen­
dered a number of dealer-manufac­
turer lawsuits, with the dealer usually 
doing the suing. I testified as an ex­
pert witness in one case where a lim­
ited-distribution Cat the time) Japa­
nese manufacturer was being sued 
by a large audio retailer. The retailer's 
claim was that the manufacturer's 
representative had promised him the 

ELECTROMAGNETICS 

continued from page 69 

L = <Jl/1 = (JB·ds)/1 (H). 

Since B may not be constant 
across the area, we sum each infi­
nitesimal contribution by inte­
gration. Note that we're con­
cerned with the flux through the 
enclosed area, not the total flux 
through a Gaussian surface en­
closing the loop, which is zero. 
For simple materials, L is inde-
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line and taken a large order, but it was 
never delivered because he dis­
covered that the retailer also owned a 
discount-appliance operation. The 
dealer was suing . for $ 100,000 in 
damages because he claimed that he 
kept a section of his store empty 
awaiting the arrival of the ordered 
equipment and lost substantial sales 
as a result. 

How did I get into the act? The 
manufacturer's lawyers wanted me to 
testify that the dealer could have 
filled his shelves with other brands of 

pendent of I since the equation 
B = J.LH is proportional to I. How­
ever, L is dependent upon the 
area since the equation JB·ds de­
pends on the total area being 
summed. The inductance (L) is 
also dependent on J.L. 

We can use Ampere's law to see 
that effect. In empty space, M = 0 
and there are no bound currents, 
so we can say 

V x H = V x 8 /f.l-o=J, 

and 
V·H = V·B = O. 

With a simple materia l filling 

Start 
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quality equipment that would have 
sold just as well. In other words, I said 
to the lawyers, you want me to say 
that the equipment under dispute 
was good, but nothing special. They 
nodded. I told them that I would be 
happy to testify to that effect, since 
that's exactly what I had been telling 
the company sales manager for 
years. In any case, I did my expert 
witness number at the trial-and the 
judge ruled against us. The manufac­
turer subsequently won on appeal 
without my help. R-E 

space, H = B/mu, so 
V x H = V x B/fL = J1 

and 
V·H=V·B/f.l-=0. 

Since the divergence and curl of 
the field completely characterize 
the fields, B is larger by J.LIJ.Lo = f.Lr 
in a filled inductor. 

In our next article, we'lllook at 
the effects of electric and magnet­
ic fields as they change with time. 
We'll see that these fields are so 
closely related to each other that 
they lead to a single electromag­
netic field. R-E 
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