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CHAPTER SIX

ELECTROSTATICS

Electrostatics is the study of stationary or static charges and the forces between them. In V., &O
this chapter, we will review Coulomb's law, which gives the electrostatic force between

two charges and then discuss the concept of the electric field, which gives the electro-

static force per unit charge. The topic of electric potential energy is discussed along with - E(t
the related topic of the electric potential, which is electric potential energy per unit

charge. One can think of the electric potential being related to the electric potential ener-

gy in the same way as the electric field is related to the electric force. Associated with the

electric field and electric potential are the concepts of field lines and equipotential lines

which are reviewed separately. Finally, a detailed discussion of the electric dipole is pre-

sented with a worked example of a real life dipole, the H,O molecule.

CHARGES

Charge may be either positive or negative. A positive charge and a negative
charge attract one another; positive repels positive; and negative repels negative. Note:
To summarize: unlike charges attract, like charges repel. The force that exists
between stationary charges is known as the electrostatic force. Materials are usually electrically
Net charge can appear on a macroscopic object due to friction. If a glass rod is neutral, but can sometimes be
rubbed on a piece of silk, electrons, which are negatively charged, flow from the charged by stripping off loose sur-
glass rod to the silk cloth. This results in the glass rod being positively charged face charges simply by rubbing.

and the silk cloth being negatively charged. The rod and cloth then attract each
other; this is known as static cling.
The SI unit of charge is the Coulomb and the fundamental unit of charge is:

e=1.60x10"19C

Both protons and electrons have this amount of charge, though protons are pos-
itively charged (q = +e), and electrons are negatively charged (q = -e).

COULOMB’S LAW lectvic ¥eld Note:
Coulomb’s law gives the magnitude of the electrostatic force F between two Coulomb's law gives the magnitude
charges qq and q, whose centers are separated by a distance r: of the force of g; on g, = the force
of g, on q;. This is analogous to
9192 Newton's law of gravity which gives
S S force of m; on my = force of my
onmy,
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Note:

The direction of the force between
two charges is determined by the
signs of the charges, ie., like
charges repel, unlike charges
attract.

MCAT Favorite:

When the distance between two
charges is doubled, the force is
reduced to 1/4 of the original force,
i.e, Fee 1/r2.

where k is called Coulomb'’s constant or the electrostatic constant, and is a num
ber that depends on the units used in the equation. In Sl units k = 1/4ngy = 8.9
x 109 Nem2/C2, where g = 8.85 x 10~12C2/Nem? and is called the permittivity
of free space. g

Coulomb’s law in Sl units is therefore:

9192 T 9192
r2 " 4mey 12

9%‘42
=899x10% 5

where the force F is in Newtons, the charges g and q are in Coulombs, and the
distance r is in meters. The direction of the force may be obtained by remember-
ing that unlike charges attract and like charges repel. The force always points along
the line connecting the centers of the two charges.

Example: A positive charge is attracted to a negative charge a certain distance
away. The charges are then moved so that they are separated by
twice the distance. How has the force of attraction changed
between them?

Solution:  Coulomb’s law states that the force between two charges varies as
the inverse of the square of the distance between them. Therefore,
if the distance is doubled, the square of the distance is quadrupled
and the force is reduced to 1/4 of what it was originally. Note that
it was not necessary to know the distance or the units being used,
but only the fact that the distance was doubled and that the rela-
tion was an inverse square law.

Example:  Negatively charged electrons are electrostatically attracted to posi-
tively charged protons (together they form hydrogen atoms).
Because electrons and protons have mass, they will be gravitation-
ally attracted to each other as well. Compare the two forces using
Coulomb’s law and Newton’s law of gravitation.
(Use my, = 1.67 x 1027 kg, me = 9.11 x 10-31 kg, and a Bohr radius
separation between the electron and proton so that
r=529x10"1m,)

Solution:  Both Coulomb’s law and Newton’s law state that the attractive
forces between the electron and proton vary as the inverse of the
square of the distance between them. As calculated in Chapter 2,
the gravitational attractive force is:

Gmpme

N 2

(6.67 X 10-11)(1.67 X 10-27)(9.11 x 10-31)
74 (5.29 x 10-11)2
=363x104 N=104N

On the other hand, the magnitude of the electrostatic attractive
force is:

b T 9p%
C 47y 2
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(8.99 % 109)(1.60 X 10-19)(1.60 X 10-19)
(5.29 x 10-11)2

=822x108N=107N

Note that the electrostatic attraction between the electron and
proton is stronger than the gravitational attraction by a factor of

approximately 1040,
s—%—%

Every electric charge sets up a surrounding electric field. The electric field can
be detected by the force it exerts on other electric charges. It is defined as the
force on a stationary positive test charge qq divided by the charge. It is therefore

a vector quantity given by:
oy ,!Mﬁz, byqo wo

cowvevition

o "
E = qo (w“l q"uﬁﬂ’*’#{ (hﬂrgt'

The electric field E points in the direction of the force F on the positive test charge
qo- In Sl units, E is measured in Newtons/Coulomb, which equals Volts/meter. The
Volt will be defined in the next section where the electric potential is discussed.

Given an electric field E in some region of space, any charge qg placed in the
field experiences a force F given by:

e Ll & voridbles see
¢ ek on cadh d :otuz(o
In this vector equation, we keep the sign of the charge, so that the force F is in
the direction of qgE: that is, in the same direction as E itself if qq is positive, but
in the opposite direction to E if qg is negative.
The force on a positive test charge qq placed a distance r from a charge q is
given by Coulomb’s Law:

9%
F= rz

Using this equation and the fact that the electric field E = F/qg, we get an equa-
tion for the electric field at any distance r from a charge q:

. 5
E=kl'2

The direction of the electric field vector is such that it points away from q if q is
a positive charge, but it points towards q if q is a negative charge.

In order to visualize the direction and magnitude of the electric field vector over
a wide number of points, it is helpful to think of field lines. Field lines, or lines of
force, as they are sometimes called, are imaginary lines that represent how a pos-
itive test charge would be accelerated in the electric field. For example, the field
lines for a negatively charged particle such as an electron would point radially
toward the charge, since the positive test charge would be attracted toward a
negative charge. Similarly, the field lines point radially away from a positive
charge, such as a proton, since the positive test charge would be repelled away
from another positive charge.

ELECTROSTATICS

Note:

The Electric field is a vector with

units given by E = =
do
Newtons/Coulomb.

Note:

A positive charge in an electric field
feels a force in the direction of the
field. A negative charge in an elec-
tric field feels a force in the direc-
tion opposite the field.

|
copfumng -
/’f ; @ effect,

Note:

The electric field of a positive
charge points radially outward
from the charge. The electric field of
a negative charge points radially
inward towards the charge.
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Note:

The electric field strength is
stronger where the field lines are
closer together and weaker where
the field lines are farther apart.

Note:

Electric fields of separate charges
add as vectors.

The direction of the electric field, at a given point, is always tangent to the field
line at that point and in the same direction. Field lines also indicate the relative
strength of the electric field. Where the field lines are closer together the electric
field is stronger; where the field lines are farther apart the electric field is weaker,

For a collection of charges, the total electric field at a point in space is the vec-
tor sum of the electric field due to each charge:

Etotal = Eq1 o qu * Eq3 + ... (vector sum)

The vector sum must be carried out using the rules of vector addition, as shown in
the following example.

Example: A positive charge of +1 x 10-5 C is located one meter away from
another positive charge of +2 x 10-5 C. At what point along the line
between the two charges is the electric field equal to zero?

Solution:  In order for the sum of two vectors to be zero, they must be equal
in magnitude and opposite in direction. Because both of the
charges are positive, the electric field vector of each charge points
away from the charge. Along the line between the two charges the
two electric field vectors point in opposite directions. If the charges
were equal in magnitude the point at which the two fields have the
same magnitude (and therefore where the resultant field is zero)
would be exactly halfway between them. However, the charges are
not equal, since one charge is half the charge of the other. Let x be
the distance from the +1 x 10-5 C charge. The distance from the
other charge is the total distance of one meter minus x, or (1-x).

Setting the magpnitudes of the two fields equal to each other to find
the distance x that will make them equal, we have:

X109 @ 1R
R T A-x2
M e AN
x2 = (1 —x)2
2x2 = (1 - x)2
V2x=1-x
x(1+V2)=1
w et 1
J x:vh'
{OM‘JEXJ 2+1
x=041Tm

As might be expected, this point is closer to the smaller charge since
the field of the larger charge is stronger.
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ELECTRIC POTENTIAL

Just as work is required to lift an object against the Earth’s gravitational field,
work must be done to move an electric charge in an electric field. The electric
potential at a point is defined as the amount of work needed to move a positive
test charge qg from infinity to that point divided by the test charge qq:

In SI units electric potential is measured in Volts (V) where 1 Volt = 1
Joule/Coulomb. The electric potential at a distance r from a point charge q is:

%

V=k9'
r

V is a scalar quantity whose sign is determined by the sign of the charge q. For a
positive charge V is positive, but for a negative charge V is negative. For a collec-
tion of charges, the total electric potential at a point in space is the scalar sum of
the electric potential due to each charge:

* Viotal = V + ... (scalar sum)

o * qu + an

Potential difference (voltage) is the difference in potential between two
points. If V, and V), are the electric potentials at points a and b, then the poten-
tial difference between a and b is Vi, — V,. From the definition of electric poten-
tial, it follows that the potential difference between a and b can be expressed as:

W
¥ ean
Vp-Va= %

where W,, is the work needed to move a test charge qq through an electric field
from a to b. The work depends only on the potentials at the two points a and b,
and is independent of the path. This means that like the gravitational force in
Chapter 3, the electrostatic force is a conservative force.

Typical voltages encountered in medical research range from the millivolt (e.g.,
the 70 to 90 millivolt potential across a cell membrane), to 10 volts (the approx-
imate pulse voltage of a pacemaker), to the tens of billions of volts (gigavolts or
GV) used to accelerate protons for nuclear medicine purposes (as in the prepara-
tion of radioisotopes).

EQUIPOTENTIAL LINES

An equipotential line is one for which the potential at every point is the same.
The potential difference between any two points on an equipotential line is zero.
From the above equation it follows that no work is done when moving a test
charge qq from one point to another on an equipotential line. Work will be done
in going from one line to another, but the work depends only on the potential
difference of the two lines and not on the path.

Example: In figure 6.1, an electron goes from point a to point b in the vicin-
ity of a very large positive charge. The electron could be made to
follow any of the paths shown. Which path requires the least work
to get the electron charge from a to b?

ELECTROSTATICS

Note:

The electric potential, V, has units
of Volts and is electric potential
energy per unit charge, so Volt =
Joule /Coulomb.

Ve =W hard b undeadand; wank vipual

Jo //‘ ihS*’-uA

Note:
The electric potential of a posi-

tive/negative charge is a positive/
negative number.

Note:

The electric potentials of separate
charges add as scalars (numbers).

yos. org.
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MCAT Favorite:

The amount of work necessary to
move a charge in an electric field
depends only on the potential dif-
ference. Recall that in the case of
gravity, the work required to move a
mass depends only on the differ-
ence in height.

Note:

Electric potential energy, U, equals
charge times electric potential: U =
gV. Change in electric potential
energy equals charge times change
in electric potential: AU = gAV.
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Figure 6.1

Solution:  As stated, the work depends only on the potential difference and
not on the path, so any of the paths shown would require the

same amount of work in moving the electron from a to b, namely:

Wab = Ge(Vp — Va)

2 .9
= Qe(krb 54 kra)

So paths |, Il, and IIl all require the same amount of work to move
the electron. (Note that W,y, is positive in this example since r, <1y,
and g, = -e).

ELECTRIC POTENTIAL ENERGY

We have already defined the electric potential V at a point in space as the
amount of work W required to move a positive test charge qo from infinity to that
point divided by qg. We now define the electric potential energy U of an arbitrary
charge q at that point in space to be the amount of work needed to move it from
infinity to the point. Using the definition of the electric potential we get:

a&-U=\|"»"=(:|V

where V is the electric potential due to the other charges. Note that the sign of U
depends on the signs of q and V. Since U = qV, it may be said that V = U/q; elec-
tric potential can also be thought of as electric potential energy per unit charge.
When Vis due to just one other charge Q, V is given by kQ/r, and U may be rewrit-
ten as:
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|

%o (oM I|'3'1'| ca : el
0 ngQ_ | ~ Note:
Electric potential energy of a two
1 charge system can be positive (two
= qQ like charges) or negative (two
4meg T unlike charges).
If the charges are both positive or both negative (in other words, like charges), U
will be positive, but if one charge is positive and the other negative (that is, unlike
charges), U will be negative. ;
Example:  If a charge of +2e and a charge of —3e are separated by a distance
of 3 nm, what is the potential energy of the system? (e is the fun-
damental unit of charge equal to 1.6 x 10719 C) !
Solution:
a3l
r
From the question stem we know that q = +2¢, Q = -3¢, and r =
3nm = 3 x 10-9m. So, putting these numbers into the equation,
and approximating k as 9.0 x 10%:
2)(1.6 X 10-19)(=3)(1.6 X 1017
s o 30 )
(3.0 X 109)
=—4.6x10"19]
THE ELECTRIC DIPOLE In A Nutshell:

Two equal and opposite charges a small distance d away from each other form
what is called an electric dipole. Suppose there is a dipole with charges +q and
—q, as shown in figure 6.2.

An electric dipole consists of two
charges of equal magnitude and
opposite sign separated by a small
distance.

d ' g
|e— d——|
Figure 6.2

The potential at any point P is given by the sum of the two potentials:

amw s
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Note:

The net force on a dipole is the sum
of the forces on the two charges.
The net torque on the dipole is the
sum of the torques due to the forces
on the two charges.

. e X
r r

' r, —
- )
(1)

For points relatively far from the dipole (compared to d), ryrp = rZand ry - rn=d
cos 8. With these approximations the potential becomes:

ad
V= k—'z— cos 0
r

%The product of qd is defined as the dipole moment p with SI units of Cem. This is
a vector quantity. Its magnitude is equal to the product qd, and its direction lies
along the line connecting the charges (dipole axis) and points from the negative
charge toward the positive charge. (Beware! Chemists often reverse this conven-
tion, having p point from the positive toward the negative charge.) In terms of
dipole moment, one can rewrite the dipole potential as:

vkjl

cos 0

Note that the potential is zero for 6 = 90° and that this is the plane that lies halfway
between +q and —q (called the perpendicular bisector of the dipole).

The electric field produced by the dipole at any point is the vector sum of each
of the individual fields due to each of the two charges. Along the perpendicular
bisector of the dipole the magnitude of the electric field can be approximated as:

Lop
e 47]'60 I'3

The field will point in the opposite direction to p.:

Example:  The H,O molecule has a dipole moment of 1.85 D, where D =
Debye unit = 3.34 x 10-30 Cem. Calculate the electric potential due
to an H,O molecule at a point 89 nm away along the axis of the
dipole. (Use k = 9 x 109 Nem2/C2,)

Solution:  Since the question asks for the potential along the axis of the dipole,
the angle 6 is given by 0°. Substituting the values into the equation
for the dipole potential and multiplying 1.85 D by 3.34 x 10-30 to
convert it to Cem:

VkP—

cos 6
3{,,9 - = g, (1.85)(3.34 X 10-39)(cos 0°)
mﬁ ex ey (89 X 109)
=7x10"13v

Now consider the case when an electric dipole is placed in a uniform external
electric field. If there is no field present, the dipole moment will assume any ran-

" dom orientation. With a uniform external electric field present, however, each of
the equal but opposite charges that make up the dipole will feel a force exerted on

|
1
|



it by the external electric field. The net force will be zero, since the force on each
charge is equal in magnitude but opposite in direction. The dipole therefore feels
no translational force. However, there will be a nonzero torque about the center:

(o fa (o [
t=F—=sin®+F5sin6

2 2
=Fdsin®
= gEd sin 0
—(qd)Esine #
= pEsin 6

where p is the magnitude of the dipole moment (p = qd), E is the magnitude of
the uniform external electric field, and 8 is the angle the dipole moment makes
with the electric field. This torque will cause the dipole to reorient itself by rotat-
ing, so that its dipole moment, p, aligns with the electric field E. This is shown in

figure 6.3.

Figure 6.3

For more information on dipole moments see Chapter 3 of the General Chemistry
Notes.

ELECTROSTATICS
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CHAPTER SEVEN
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In this chapter we will review the subject of magnetism. Unlike electrostatics where
electric charges create electric fields which exert forces on other electric charges, mag-
netism has no fundamental magnetic charges. Instead, magnetic fields are created by
moving charges, currents in wires, and permanent magnets. These magnetic fields, in
turn, exert magnetic forces on the very things that create them, i.e., moving charges,
currents in wires, and permanent magnets.

The first half of the chapter is concerned with the determination of the magnetic force
due to a given magnetic field. Since force is a vector, both the magnitude and direc-
tion of the magnetic force are considered. The second half of the chapter then exam-
ines sources of magnetic fields, including a brief review of magnetic materials, and
also a discussion of the two most common current configurations: the straight wire
and the loop of wire. :

THE MAGNETIC FIELD

In discussing the magnetic force on moving charges and on current carrying \vires, we
will assume the presence of a fixed and uniform magnetic field B. Of course, this field
must be produced by some external source such as a magnet or arrangement of cur-
rent carrying wires, but for our purposes we are only concerned with the strength and
direction of this field. :

Like all physical quantities, magnetic fields have units. The SI unit of the magnetic field

- gl
is the Tesla (T) where 1 T =1 %

Gauss where 1 Tesla = 104 Gauss.

Small magnetic fields are sometimes measured in

magnche -
A. FO%(CE ON A MOVING CHARGE
When a charge moves in a magnetic field, a magnetic force is exerted on it.
This force, like all forces, is a vector. The magnitude of F is given by:

F=qvBsin 6

In using this formula, 6 is the smallest angle between the vectors qv and B (more
on qv below), g is the charge of the moving particle, v is the particle's speed, and
B = |B | is the magnitude of the magnetic field vector.

Right-Hand Rule for the direction of the magnetic force on a moving
charge. Turning our attention to the direction of the magnetic force, we should

'\,au;su CW“:?]G

In A Nutshell:

Magnetic fields are created by mov-
ing charges and permanent mag-
nets, and in turn exert forces on
moving charges and permanent

_magnets.

MCAT Favorite:

When a charge moves parallel to (8
= 0°) or anti-parallel to (6 = 180°) a
magnetic field, the magnetic force is
zero,
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Note:

To find the direction of the magnet-
ic force, use whichever (valid) right
hand rule you prefer.

Note:

The symbol ‘x" means the magnetic
field direction is into the page, and
the symbol ." means the magnetic
field direction is out of the page.

first note that qv is a vector that depends on the velocity vector v and the sign of
the charge q. If q is nonzero and positive (positive charge), then qv points in the

same direction as v. If q is nonzero and negative (negative charge), then qv points -

in the opposite direction as v. (If q or v is zero, then the magnetic force will be
zero.) The direction of the magnetic force will be perpendicular to the plane
defined by qv and B, but this could be either of two directions. To find the correct
direction, let the thumb of the right hand (left-handed people must be careful to

use the correct hand) point in the direction of the vector qv (that is, parallel to v if |

q is positive and antiparallel to v if q is negative). Let the remaining fingers of the
right hand point in the direction of B. Your palm now points in the direction of F,
the magpnetic force on q. b

(Note: The right-hand rule as stated above may differ from what you have pre-
viously learned. A different version would have the right index finger in the direc-
tion of qv and right middle finger in the direction of B and, holding the thumb per-
pendicular to these two fingers, the right thumb points in the direction of F It is
important only to get the direction correct no matter which rule you use. If you
have committed to memory another version of the rule, and it works, then
feel free to use it.)

Because of the three-dimensional nature of problems involving magnetic fields,
scientists have chosen the following conventions to denote magnetic fields going
into the page, or coming out of the page. The symbol x represents a field going
into the page. The x represents the tail end of an arrow travelling into the page.
The symbol * represents a field coming out of the page. The ¢ represents the tip
of an arrow coming out of the page.

Example:  Suppose a proton, whose charge is +1.6 x 10-1? C, is moving with
a speed of 15 m/s in a direction parallel to a uniform magnetic field
of 3.0 T. What is the magnitude and direction of the magnetic force
on the proton?

~ Solution:  Because the proton is positively charged, the vector qv is in the
same direction as v, which is the same direction as B as stated in the
- problem. Since qv and B are pointing in the same direction, the
angle between the vectors is zero. Since sin 0° = 0 and F = qvB sin
8, the magnetic force on the proton is zero, too. Note that if the
charge had been negative (an electron, for example), the angle
between qv and B would have been 180° and since sin 180° = 0,
the magnetic force on a negative charge moving parallel to a uni-
form magnetic field would be zero as well. In general, the magnet-
ic force on a moving charge will be zero if the charge is moving par-
allel or antiparallel to the magnetic field.

i
|
|



Example:
X X
X X
X X
X X
X X
Solution:

Suppose a proton whose charge equals +1.6 x 10-19 C is moving
with a speed of 15 m/s toward the top of the page and through a
uniform magnetic field of 3.0 T directed into the page (see figure
7.1(a)). What is the magnitude and direction of the magnetic force
on the proton?

X X X

(a) (b)
Figure 7.1

Because the proton is positively charged, the vector qv is in the
same direction as v, which is perpendicular to B as stated in the
problem. (B is perpendicular to the plane of the page.) Because qv
and B are perpendicular, the angle between the vectors is 8 = 90°,
and since sin 90° = 1, the magnetic force on the proton is:

F=qvBsin 6
=qvB
= (1.6 x 10719)(15)(3.0)
=7.2x10"18N

By holding the thumb of the right hand so that it is directed
toward the top of the page, then holding the remaining fingars of
the right hand so that they point towards (into) the page, one's
right hand palm points to the left (see figure 7.1(b)). Hence, the
proton is deflected to the left on its upward journey. As the veloc-
ity of the proton changes, so does the magnetic force that it expe-

_ riences. Note that if the charge had been negative (an electron, for

example), the angle between qv and B still would have been 90°,
but the right-hand rule would have required that qv points toward
the bottom of the page, meaning one's right-hand palm would
point to the right. Hence an electron is deflected to the right on its
upward journey. One can readily see that the direction of the mag-
netic force on a negative charge moving through a magnetic field
is opposite to the direction of the magnetic force acting on a pos-
itive charge moving in the same direction.

When a charged particle moves perpendicular to a constant, uniform mag-
netic field, the resulting motion is circular motion with constant speed in the
plane perpendicular to the magnetic field. A centripetal force is always associated

MAGNETISM

Note:

The magnetic force on a moving
charged particle is always perpen-
dicular to both the velocity of the
charge and the magnetic field
direction. Thus, a magnetic force
does no work. (See Chapter 3.)

% wey . veverse

Note:

The direction of the magnetic force
on a negative charge is opposite to
the direction of the force on a posi-
tive charge moving in the same
direction as the negative one.
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Note:

A charged particle moving perpen-
dicular to a constant, uniform mag-
netic field undergoes uniform cir-
cular motion. The centripetal force
in this case is the magnetic force on
the charge.

Note:

To determine sense of rotation
(clockwise or counterclockwise) of
a charged particle undergoing uni-
form circular motion, apply right-
hand rule for magnetic force on the
particle.

Note:

For a given field direction, if posi-
tive charges circle clockwise, then
negative charges circle’ counter-
clockwise.

%6 QD

with circular motion. In this case the centripetal force is the magnetic force
(F = qvB). Since the centripetal force equals mv2/r, we get:

mv2

F=qu=T

From this equation one can solve for the orbit radius, the magnetic field, and so on:

mv mv
g e
Example:  Suppose the proton of the previous example is allowed to circle
(counterclockwise) in the same perpendicular magnetic field of 3.0
T with the same speed of 15 m/s (as in figure 7.2(a)). What is the
orbit radius r? (The mass of a proton is 1.67 x 1027 kg.)
X X X X X X X X X X
X X X X
X X X X
X X X X
p
X X X X X X X X X
. (a) (b)
Figure 7.2
Solution: By equating the centripetal force to the magnetic force and solving

for the orbit radius as shown above:
mv
)
(1.67 X 10-27)(15)
T (1.6 X 10-19)(3)
=52x10%m

Note that the direction of the magnetic force on a negative charge
moving through a uniform magnetic field is opposite to the direc-
tion of the magnetic force acting on a positive charge moving in the
same direction. Therefore, if the charge had been negative (an
antiproton, for example, which has the mass of the proton but is
negatively charged), it would have circled in the clockwise direc-
tion with the same orbit radius. (See figure 7.2 (b))

1
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B.

CURRENT

Electric current will be discussed more completely in Chapter 8. However, it is
important to realize that when two points at different electric potentials are con-
nected with a conductor (such as a metal wire), charge flows between the two
points. The flow of charge is called an electric current. The magnitude of the cur-
rent i is the amount of charge Aq passing through the conductor per unit time At,
or in the form of an equation:

Aq
A
The Sl unit of current is the Ampere (1 A =1 Coulomb/second).

Charge is transmitted by a flow of electrons in a conductor. Since electrons are
negatively charged, they go from lower potentials to higher potentials. But, by
convention, the direction of current is the direction in which positive charge
would flow, or from high to low potential. Thus the direction of current is oppo-
site to the direction of electron flow.

magnekc
FO%KCE ON A CURRENT-CARRYING WIRE

Since moving charge is subject to magnetic forces and electric current is a flow
of charge, it should come as no surprise that magnetic forces can act on a cur-
rent-carrying wire. For a straight wire of length L carrying a current i in a direc-
tion that makes an angle 8 with a uniform magnetic field B, the magnitude of the
magnetic force on the current-carrying wire is: :

F=iLBsin®

The direction of the force is given by a simple right-hand rule, the right-hand rule
for the magnetic force on currents. The force will be perpendicular to the plane
defined by B and the direction of the current flow, but this could be either of two
directions. To find the correct direction let the thumb of the right hand (left-hand-
ed people must be careful to use the correct hand) point in the direction of the cur-
rent i. Now let the remaining fingers of the right hand point in the direction of B.
The palm of the right hand now points in the direction of F, the magnetic force on
the current-carrying wire. (Note: This rule is virtually the same as the rule given
above for moving charges. Again, you should feel free to use any right-hand rule that
you have committed to memory and that gives the correct direction.)

Example:  Suppose a wire of length 2.0 m is conducting a current of 50 A
toward the top of the page and through a 30 Gauss uniform mag-
netic field directed into the page (see figure 7.3(a)). What is the
magnitude and direction of the magnetic force on the wire?

X o e XX
X X X X _
1
i=5A
o B Al 2m X X
X X X X ;
X X ¢ XX X

(a) (b)
Figure 7.3

MAGNETISM

Note:

Current is in the direction that pos-
itive charges would flow.

Note:

A current in @ magnetic field
behaves similarly to a positive
charge moving in a magnetic field
since current is a collection of mov-
ing positive charges.

Note:

For direction of magnetic force on a
current, use same right-hand rule
as for charges, but replace velocity
direction with current direction.
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Note:

Wires are electrically neutral, so
there's no magnetic force if the wire
simply moves through a magnetic
field with no current in the wire.

Flashback To
Chapter 6:

Magnetic field lines are analogous
to electric field lines, i.e., the mag-
netic field is tangent to the mag-
netic field line at any point.

Real World Analogy:

A compass is simply a small perma-
nent magnet designed so that it can
rotate to whatever direction it nat-
urally seeks. In particular, the com-
pass needle will align itself with the
local magnetic field direction in

~ such a way that the north pole of

the compass magnet points in the
field direction. The earth also acts
like a permanent magnet, having
north and south magnetic poles and
field lines that go from the north to
the south magnetic pole. So when
the north pole of a compass magnet
points along the local field line of
earth's magnetic field it is actually
pointing towards a magnetic south
pole. Thus, what we call the north-
ern direction is actually in the
direction of a magnetic south pole.

288 (D

Since 1 T = 104 Gauss, 1 Gauss = 1074 T, 30 Gauss =30 x 104 T =
3 x 103 T. The wire is conducting current toward the top of the
page and the magnetic field points into the page; therefore, the
current is perpendicular to B. The angle between them is 8 = 90°,
and since sin 90° = 1, the magnetic force on the wire is:

Solution:

F = iLB sin © = iLB
= 5.0(2.0)(3.0 x 10-3)
=30x102N=0.03N

By holding the thumb of the right hand so that it is directed
toward the top of the page, then holding the remaining fingers
towards (into) the page, the palm of the right hand points to the
left. Hence the force on the wire is to the left.

SOURCES OF MAGNETIC FIELD

The previous section dealt with the magnetic force on a moving charge and a
current-carrying wire, but did not discuss how the field was generated. Any mov-
ing charge creates a magnetic field. Magnetic fields may be set up by the “flow”
of charge in permanent magnets, or electric currents, or simply by individual mov-
ing charges (e.g., an electron moving through space). This section deals only with
permanent magnets and current-carrying wires, but it is important to realize that
each of these sources of magnetic field has, in one sense or another, a flow of
charge or a current—it is the movement of charge that gives rise to the magnetic
field. :

As with electric fields, magnetic field lines can be used to visualize the magnet-
ic field. At any point along a field line the magnetic field itself is in the tangential
direction.

' MAGNETIC MATERIALS

Materials are classified as diamagnetic, paramagnetic, and ferromagnetic. In a
diamagnetic material, the individual atoms have no net magnetic field.
Diamagnetic materials will be repelled from the pole of a strong bar magnet, so
they are sometimes called weakly antimagnetic. In paramagnetic and ferromag-
netic materials, the individual atoms do have a net magnetic field, but normally

these individual atomic fields are randomly oriented so the material itself exhibits

no net magnetic field. In a paramagnetic material under certain conditions, some
degree of alignment of the individual atomic magnetic fields can occur.
Paramagnetic materials will be attracted towards the pole of a strong bar magnet,
so they are sometimes called weakly magnetic. In a ferromagnetic material a spe-
cial effect takes place when the temperature drops below a critical value that allows
a high degree of alignment of the magnetic fields of the individual atoms to occur.
Above this critical temperature, called the Curie temperature, the material is para-
magnetic. Ferromagnetic materials are sometimes called strongly magnetic and
include iron, nickel, and cobalt, When the Curie temperature is above room tem-
perature, ferromagnetic materials are permanently magnetized at room tempera-
ture (for example, the familiar bar magnet).

When a paper with iron filings is placed on top of a permanent bar magnet, the
iron filings tend to form lines connecting the top of the magnet to the bottom of
the magnet. The iron filings are showing the magnetic field lines. All bar magnets
have a north and south pole. The north pole is the place where the magnetic field
lines emerge; the south pole is where they enter. Given two bar magnets, opposite
poles attract each other, like poles repel.

1
i
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B. CURRENT-CARRYING WIRES Note:
A current-carrying wire will produce a magnetic field in its vicinity. The mag- |
netic field of a current carrying wire is the vector sum of the magnetic fields due
to the individual moving charges that comprise the current. The final result
depends on the shape of the wire. Special cases include a long straight wire: and
the center of a circular loop of wire. |
At a perpendicular distance r from an infinitely long and straight current-carry-
ing wire the magnitude of the magnetic field produced by the current i in the wire

is given by:
Kol <
B = Sy

fw)
where |1 is the permeability of free space = 4n X 107 Tesla ® meter/Ampere =
1.26 x 106 Tem/A. The above equation shows that for a long straight wire, the

field strength drops off with distance. i
The magnetic field lines are concentric perpendicular circles about the wire. You ¥ 6'!!3

Magnetic field lines come out of
north poles and go into south poles.
Opposite magnetic poles attract
and like poles repel.

ed - mb

can use a right-hand rule to find the direction of the magnetic field produced Note:

by a long straight wire. This rule differs from the previous ones. In this rule your Qoﬂ;ﬂf :
right thumb points in the direction of the current. Your remaining right fingers |  Magnetic field lines encircle cur-
mimic the circular magnetic field lines and curl around the wire. Your fingersnow | rents. Use the right-hand rule (dif- i
show you the direction of the magnetic field lines and the direction of B itself at | ferent from the rule for magnetic :
any point. Note that this rule differs from the previous two in that it gives the | force on a moving charge) to find ;
direction of the field lines produced by the current instead of starting with a given the field direction. 3

direction of B to find the direction of a force. Also note that, as shown in a later
example, this rule may be applied to current loops as well as straight wires.

Example: A straight wire carries a current of 5 A toward the top of the page | :
(see figure 7.4(a)). What is the magnitude and direction of the |
magnetic field at point P, which is 10 cm to the left of the vvire?
What is the magnitude and direction of the magnetic field at point
Q, which is 2 cm to the right of the wire?

20 Q Iﬁg Note:

Ai=5A A For a wire in the plane of the page,
. the field lines will go into the page
10 cm | on one side of the wire and come
s e ) BBl [t ve i i s e ! out of the page on the other side of
P i the wire.
(a) (b)
Figure 7.4

danmp 2
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Note:

For a circular loop of wire, the
equation %]rl only gives the mag-
netic field at one point in space, the

point at the center of the loop.

~.a

Solution:

To find the magnitude at point P:
Kol
B=2m
(47 X 10-7)(5)
T 2ele)
=10-5 T = 0.1 Gauss

To find the magnitude at point Q:

(47 X 10-7)(5)
B=""210.02)
=5x10-5 T = 0.5 Gauss

Now to get the direction of the field for each of these points, we use
the Right-Hand Rule. Hald your right thumb towards the top of the
page. Now curl your fingers around the wire. At Q your fingers
should point into the page. Keep curling around and you notice
that at point P your fingers come out of the page. (See figure 7.4
(b)) So your answer should be: B (at P) = 0.1 Gauss, pointing out of
the page, and B (at Q) = 0.5 Gauss, pointing into the page. Note
that as we move farther from the wire, the magnitude of magnetic
field decreases.

The magnitude of the magnetic field at the center of a circular loop of current-
carrying wire of radius r is:

S

Notice that these two laws for magnetic fields look similar. For the long straight
wire, r refers to the perpendicular distance from the wire and gives B for any point
away from the wire. Howevet, r in the second case is the radius of the loop and the
expression gives the magnetic field at the loop's center point only. The following
example illustrates how to find directions.

Example:

Suppose a wire is formed into a loop that carries current clockwise
(that is, electrons flow counterclockwise) as in figure 7.5(a). Find the
direction of the magnetic field produced by this loop:

a. within the loop.

b. outside of the loop.

i
{
i
i
i
i
i
I



(a)

Solution:

(b)

Figure 7.5

Look at figure 7.5(b). By holding your right thumb anywhere
around the loop in the direction of current flow (clockwise) and
encircling the wire with the remaining fingers of the rlght hand,
your right fingers should point:

a. into the page. Thus the magnetic field within the Ioop pomts

into the page.
b. out of the page. Thus the magnetic field outside thv loop

points out of the page.

MAGNETISM

Note:

Since the magnetic field circles
around a current, it will be into the
page on one side of a current loop
(inside or outside) and out of the
page on the other side.




CHAPTER EIGHT

DC AND AC
CIRCUITS

Electric circuits pervade our everyday world, existing in myriad forms in the various
necessities of modern day living, most notably, TV's, VCR's, and stereos. In this chap-
ter we will review the essentials of DC circuits, touching only briefly and qualitatively
on the subject of AC circuits. included are the usual topics of DC circuit theory: emf,
resistance, power dissipated by resistors, Kirchhoff's laws, parallel and series resistor
circuits, capacitors, parallel and series capacitor circuits, and a brief discussion of
dielectrics. Although the topic of DC circuits can be a place to encounter a substan-
tial amount of algebra when solving complicated circuits, the emphasis on the MCAT
and in this chapter is on the essential concepts involved and on applying those con-
cepts in simple situations. Let's begin with a short review of conductors and insulators,
the essential materials of the wires of any circuit.

Some materials allow electric charge to move freely within the material. These inate-
rials are called electrical conductors. Metal atoms can easily lose one or more of their
outer electrons, which are then free to move around in the metal. This makes most
metals good electrical conductors. In most conductors, the positive ions remain fixed
and the liberated electrons are free to move.

in other materials electric charge is bound to the constituent atoms and is not free to
move. These materials severely retard the flow of electricity and are called insulators.
Most nonmetals are good insulators.

The wires to most appliances have a conducting core of copper wire perhaps, with an
insulating sheath of some plastic. The copper wire conducts the electricity fo the
appliance from the wall socket. The insulating sheath protects you from touching the
wire and getting an electric shock.

DIRECT CURRENT

A. CURRENT AND CIRCUIT VOLTAGE
The flow of charge is called an electric current. The magnitude of the current i is
the amount of charge Aq passing a given point per unit time At, and is given by:

b volume ,/'N-tom!

i=éA% f“':)(ng.‘_an go fastec

The S! unit of current is the Ampere (1 A=1 Coulomb/second). The two basic
types of current flow are direct current (DC), where the charge flows in one
direction only, and alternating current (AC), where the flow changes direction
periodically. AC current will be discussed later.

Note:

Current flows from higher potential
(positive terminal), to lower poten-
tial (negative terminal), analogous
to masses which naturally fall
(flow) from higher potential energy
to lower potential energy.

ap
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When two points at different electric potentials are connected by a conductor
(such as a metal wire), charge flows between the two points. In a conductor, only
negatively charged electrons are free to move. These act as the charge carriers, and
move from low to high potentials. By convention, however, the direction of the
current is taken as the direction in which positive charge would flow, from high
to low potential. Thus the direction of current is opposite to the direction of
electron flow.

Note: A voltage (potential difference) can be produced by an electric generator, a

R voltaic cell, or by a group of cells wired into a battery. Electromotive force (emf

Emfs are potential differences that | or g) is the name given to the voltage across the terminals of a cell when no cur-

cause current to flow. They are not | rent is flowing. Electromotive force should not be confused with a force or an elec-
forces! tric field; it is a potential difference and is measured in Volts.

age they actually furnish to q circuit is reduced by ir;, where i is the current sup-
plied by the cell. The voltageV across the terminals of the cell when current is flow-

Because cells typically haia small internal resistance r;,,; of their own, the volt-
ing out, is given in terms of the cell’s emf and internal resistance by:

V=g—irg

Note that if the cell is supplying no current (i = Q), or if the cell has no internal resis-
tance (rjpt = 0), then V = ¢. For cases in which the current supplied is greater than
zero and the internal resistance is not negligible, then V < &. When a cell is sup-
plying current (discharging), the current flows out of the positive terminal and into
the negative terminal. When a cell is being recharged, current from another source
is sent into the positive terminal. '

B. RESISTANCE
1. Resistance and Ohm's Law
Resistance R can be thought of as the opposition within a conductor to the
flow of an electric current. This opposition takes the form of an energy loss or
drop in potential. Ohm’s law states that the voltage drop across a resistor is
proportional to the current it carries, with R being the proportionality constant:

V=iR

This equation applies to a single resistor within a circuit, to any part of a cir-

I . x
Ca’h"r‘bh’ W/uu{{[!u cuit, or to an entire circuit (provided one knows how to add resistances in
-__ series and parallel). Note that the current is unchanged as it passes through
Tod

the resistor. This is because no charge is lost inside the resistor. Therefore, the
current that is supplied to several resistors wired in series must all flow through
each resistor. The Sl derived unit of electrical resistance is the Ohm (Q).

2. Resistance of a Conductor

In A Nutshell: The resistance of an object depends on its size, the type of material from
= which it is made, and its temperature. Specifically the resistance depends on:

* The resistance of a wire increases (") a. Length (L) :
with increased length. { note Resistance is directly proportional to length. A longer conductor means
* The resistance of a wire decreas- GJ”&%‘E*:B\ greater resistance, because there is a longer path that current-carrying
es with increased cross-sectional electrons must travel. For example, two wires, identical in every respect
area. | except that one is twice as long as the other, will have different resis-

tances. The longer one will have twice the resistance of the shorter one.
b. Cross-sectional area (A)

The resistance of a conductor is inversely proportional to its cross-sec-
tional area. An increase in cross-sectional area causes a decrease in resis-
tance. This is because there is an increase in the number of conduction
paths electrons can follow. For example, two wires, identical in every

s QD
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respect except that one has twice the cross-sectional area of the other,
will have different resistances. The thinner wire will have twice the resis-
tance of the thicker wire.

c. Resistivity of the conductor (p)

Some materials are intrinsically better conductors of electricity than
others. For example, copper conducts electricity much better than does
glass. The number that characterizes the intrinsic resistance to current
flow in a material is called the resistivity (p), where the SI unit of resis-
tivity is the Ohmemeter. The resistivity is therefore defined as the pro-
portionality constant relating a conductor’s resistance to the ratio of its

1 : len i giEw :
' gth over its cross-sectional area: :
| cdw dick ow qQ.
R=p% and ey petivey
of vaviablen pubstiduled,

d. Temperature
Most conductors have greater resistance at higher temperatures. This
is due to increased thermal oscillations of atoms in the conductor which
produce a greater resistance to electron flow. The resistivity can then be
thought of as a function of temperature. A few materials, such as glass,
pure silicon, and most semiconductors are exceptions to this general
rule.

3. Power Dissipated By a Resistor
Electric potential is electric potential energy per unit positive charge. Since
current is a flow of charge, it should come as no surprise that through a cur-
rent-carrying resistor there is a flow of energy. In a resistor, this electric ener-
gy is converted into heat. The rate at which the energy loss occurf is equal
to the power dissipated by the resistor and is given by:

P=
( irl
where i is the current flowing through the resistor and V is the potential drop
across the resistor. Using Ohm’s law this expression can be rewritten as:

P = i2R = VZ/R

i C. CIRCUIT LAWS

An electric circuit is a conducting path that usually has one or mora voltage
sources (such as a cell) connected to one or more passive circuit elements (such
as resistors). This subsection deals primarily with voltages, resistances, and cur-
rents in,DC circuits. ;

1. Kirchhoff’s Laws
a. At any point or junction in a circuit the sum of currents diracted
into that point equals the sum of currents directed away from that
point. This is a consequence of the conservation of electric charge.

Three wires (a, b, and ¢) meet at a junction point P as in figure 8.1.

+ A current of 5 A flows into P along wire a, and a current of 3 A
flows away from P along wire b. What is the magnitude and direc-
tion of the current along wire c?

Example:

DC anp AC CIRCUITS

Note:

Resistivity, p, is a measure of the
intrinsic resistance of a type of
material, independent of length
and cross-sectional area.

Real World Analogy:

Major home appliances such as
ovens, washers, and dryers, require
large currents for their operation.
These large currents are achieved,
in part, by using very thick wire.
Thicker wire means a larger cross-
sectional area which results in a
smaller resistance and thus a larger
current for a given voltage.

Note:
P = iV means P = (charge/second) %

(energy/charge). So P = energy/sec-
ond, as power always does.
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TeaPAC s oo

Figure 8.1

Sclution:  The sum of currents entering P must equal the sum of the currents
leaving P. Assume for now that i. flows out of P. If we find that it is

negative, then we know that it flows into P. §
!_ f i = ip + ic
| ic=5-3
ic=2A ; ¥
Note: .
g ; Ji ] Thus a current of 2 A flows out of P along wire c. Note that the total
Lt it L i current into and out of P is then zero.
| loop of a circuit. Energy lost in the ;
' resistors is gained back in the bot- b. The sum of voltage sources is equal to the sum of voltage (poten-
tery. | tial) drops around a closed circuit loop. This is a consequence of the _
| conservation of energy: All the electrical energy supplied by a source 3
gets fully used up by the rest of the circuit. No excess energy appears or '
disappears. (But remember that voltage is energy per unit charge not
just energy.) :
Note: 2 I:Resistors in Series

It has already been mentioned that the same current flows through all the

Each additional resistor in a series et : : . -
resistors in series and from the above laws we can deduce that voltage drops 1

of resistors increases the total

i Pasictonoe-anilihiE Hecreases the add in series. Therefore, using Ohm'’s law we find that resistances add in series
satal oriran isee figure 8.2). That is:
. Rs=Rqy +Ry +R3 + ... + R,
I
] Ry R,y Ry R,
| WW—AWWW—WW—- - -— W
il i Ig

Y

Ry

Figure 8.2
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Example: A circuit is wired with one cell supplying 5 V (neglect the internal
- resistance of the cell) in series together with three resistors of 3 Q,
5 Q, and 7 Q also wired in series as shown in figure 8.3. What is
the resulting voltage across, and current through, each resistor of
this circuit, as well as the entire circuit? d&\”&, w}'
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Solution:  The total resistance of the resistors is: y2. Sy R R e
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U.J.h.ﬁ:'g'ﬁ' L E\C(.L‘f«.\m?
pe 57,
Note:

Each additional resistor added in
parallel acts to decrease the total
resistance and thus increase the
current.
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? Figure 8.4

When resistors are wired in parallel, they are all wired with a common high
potential terminal and a common low potential terminal (see figure 8.4). The effect
of adding resistors in parallel is the same as that of increasing the cross-section-
al area of a conductor. It increases the paths by which current can flow and there-
by decreases resistance (there is also the analogy to viscous blood flow through
capillaries—flow resistance is reduced when several capillaries are arranged in par-
allel). The rule for combining resistances in parallel is a bit more complicated than

Q. the prewous rules. It states that the reciprocal of the equivalent resistance equals
‘%!;\.a&: 1‘ the surn of the reciprocals of their individual resistances. In equation form this may
@ Kew (r-"f\,uz.‘?%, t\t’e\awv Qo be written as:
) 1 wepintavce |
S TR Tk -
oobo ! |oo ;_‘Fowh-av Bl Ry i T Ry
5 H
o}
) “‘?\ When resistors are in parallel, the voltage drop across each is the same and is equal
g T to the voltage drop across the entire combination:
S:i85 5 109 il Vi=Vy=Vi=..V,
o = dvop oot A (el b tahl Ll
0:9.0p 9 el;lsmﬂ, i Ahab ot oF mwﬁk (ovd Y. seomp fige overd cleclvon)
% { % \? 3 ? Example:  Consider two equal resistors wired in parallel. What is the equivalent
Niaia ' resistance of the two?
a ? i
V&”Y -5x4-20 Solution:  The equation for summing resistors in parallel is:
-t \p,’t’ne \rn\%d‘(je; : 3 = o & A
G r\\mp a'lwd\;rv oVt e | Rp Ry " Ry
: Be enlive voltage ' =
Note: Virop= 10x¢<20 Find the common dendmmagor o? the rlght hand side and take the
e pe 2 inverse to find: ? '; ‘? %lf (} 1? ‘g%‘{ 5%40=50
Parallel resistqrs exferience the
same voltage drop: R
Riotal: 5y (eqration) | <R1 ¥ Rz) dei
G v:i—'::_ : 1X\0: 20 (\/ﬁ‘yfi ,{C[{b'): oV e ,]: L?’ 5 ‘T } 5
IO K AP LAN Gch v@RTOYPN Af clecbonp 4 Aewglh 40
"L.o G/L\“C\fq" C]O V—"“"\ IG {.\{"fu:jm \{‘

/'{ KL\L!:CO\“




DC anp AC CiRCUITS

Since Ry = R, in this special case, let R = Ry = Ry: Yen. pdowee p Lewdp Lﬁ«g’fh of
? g b
RZ R
R -
P 2R 9

In the above example, it is seen that the total resistance is halved by wiring two
identical resistors in parallel. More generally, when n identical resistors are wired
in parallel, the total resistance is given by R/n. Note that the voltage across each OD 0 O
of the parallel resistors is equal, and that for equal resistances the current flowing 4
b ;

through each of the resistors is also equal.

Example:  Consider two resistors wired in parallel with Ry =5 Q2 and Ry =10
Q. If the voltage across them is 10 V, what is the current through

each of the two resistors?

Solution: First the current flowing through the whole circuit must be found.
To do this, the combined resistance must be determinecl:
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Three Amps flow through the combination Ry and Rj. Since the 12\ R
resistors are in parallel Vp = Vq = V5 = 10 V. Apply Ohm’s law to i)
each resistor individually: click \Jdu’.'m fﬂcg
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As a check, note that i, =3 A=ij +i3 =2+ 1 =3 A. More current
flows through the smaller resistance. In particular note that Ry with
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Note:

The total charge on a capacitor is
zero, +Q on one plate, and -Q on
the other.

Note:

Capacitance is measured in Farads
(F) and usually given in either jLF =
1076 F, nF = 1079 F, or pF = 10-12 F

Note:

A charged parallel plate capacitor
has a uniform electric field between
the plates. The field direction is
from the positive plate to the nega-
tive plate.

304

half the resistance of Ry has twice the current. Once i, was found
to be 3 A, the problem could have been solved by noting that
because Ry is half of Ry, iy = 2iy, and i + i, = 3 A.

D. CAPACITORS AND DIELECTRICS

1.

f: how

vty

¢ rﬁﬂv\v‘w\‘a\{fn own A \a . :
LA A wetendl eftece hip...

Capacitors and Capacitance ]

When two electrically neutral plates of metal are connected to a voltage
source, positive charge builds up on the plate connected to the positive ter-
minal, and an equal amount of negative charge builds up on the plate con-
nected to the negative terminal. The two plate system stores charge and is
called a capacitor. It is important to remember that charge collects on a
capacitor any time there is a potential difference between the plates. The
capacitance C of a capacitor is defined as the ratio of charge stored (meaning
the absolute value of the charge on one plate) to the total potential difference
across the capacitor. So, if a voltage difference V is applied across the plates of
the capacitor and a charge Q collects on it (with +Q on the positive plate and
-Q on the negative plate), then the capacitance is given by:

thdvge i
&te €ov evewy Vol Q f,f S
Cio=

aV
1. o doep thip e¥eck anything?
The Sl unit of capacitance is the Farad (where 1 F = 1 Coulomb/Volt). Because
one Coulomb is such a large amount of charge, one Farad is a very large
icapacitance. Capacitances are therefore quoted in submuiltiples of the Farad
such as microfarads (1 uF = 106 F), or nanofarads (1 nF = 10~ F), or pico-
farads (1 pF = 10~12 F). Note also that the Farad should not be confused with

~ the Faraday, the unit of charge equal to the charge on a mole of elementary

charges (= 9.65 x 104 Coulombs).

The capacitance of a capacitor is dependent on the geometry of the two
conducting surfaces. For the simple case of the parallel plate capacitor, the
capacitance is given by:

L) C=Eg§

wihere g is the permittivity of free space (g = 8.85 x 1012 F/m), A is the
area of overlap of the two plates, and d is the separation of the two plates. The
separation of charges sets up an electric field between the plates of the capac-
itor. The electric field between the plates of a parallel plate capacitor is a uni-
form field whose magnitude at any point is given by:

..V

d

The direction of the electric field at any point between the plates is toward the
negative plate and away from the positive plate.

-
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nd 2. Dielectric Materials Note:

at When an insulating material (such as glass, plastic, or certain metal oxides) i
is placed between the plates of a charged-up capacitor, the voltage across the /" Dielectrics are insulators that
capacitor decreases. Such insulating materials are called dielectrics. By low- £ increase the capacitance when
ering the voltage across the charged-up capacitor the dielectric has “made = inserted between the plates of a
room for” even more charge, hence, the capacitance of the capacitor is charged capacitor.
increased. Dielectric materials are characterized by a dimensionless number

ge called the dielectric constant K, which tells by what factor the capacitance

r- of a capacitor is increased:

n-

is GREkE

a N

le where C' is the new capacitance with the dielectric, and C is the original

g capacitance.

e

f ’\ Example:  The voltage across the terminals of an isolated 3 pF capacitor is 4

d V. If a piece of ceramic having dielectric constant K = 2 is placed

between the plates, find:

a. the new charge on the capacitor.

b. the new capacitance of the capacitor.
c. the new voltage across the capacitor.

Solution: ! a. The introduction of a dielectric by itself has no effect on the
j charge stored on the isolated capacitor. There is no new
charge, so the charge is the same as before. The charge stored

is therefore given by:

Q=Q
=CV
= (3 x107°5)(4)
=12x106C
A
b. By introducing a dielectric with a value of 2, the capacitance
of the capacitor is doubled (C' = KC). Hence the new capaci-

3 tance is 6 UF. :

@ Using the relationship V' = Q'/C', the new voltage across the
: : capacitor may be determined. Putting numbers into the equa-
tion gives:

(12 X 10-6)
V= (6 %10%)

=2V

Q.«' Example:  The voltage across the terminals of a 3 pF capacitor is 4 V. Now
suppose a piece of ceramic having dielectric constant K = 2 is
placed between the plates and the voltage is held constant (e.g.,
by a battery). What is the new charge on the capacitor?

Solution: By introducing the dielectric ceramic the capacitance of the capac-
" itor has been altered. But because the voltage was held constant, (tlg Fvom _dL ovVe
the charge on the capacitor plates must have been altered. From =
the definition of dielectric constant and from the above example, it
is clear that the new capacitance is:

G =KE
=6
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Note:
Each capacitor added in parallel

acts to increase the total capa-
citance of the combination.

Note:

As with resistors, the voltage across
each parallel capacitor is the same.

Note:
Each capacitor added in series acts

to decrease the total capacitance of
the combination.

0 QD

But the new voltage is still 4 V, so the new charge must be:

Q‘ - clVI
= (6 x 10-6)(4)
=24x106C
=24 uC

Since the original charge was Q = CV = (3 x 10-6)(4) = 12 puC, by
keeping the voltage constant the battery had to supply an addi-
tional +12 pC of charge to the pos:twe plate and -12 pC to the neg-
ative plate,

Capacitors in Parallel

When wired in parallel, capacitors can be added directly. The capacitors
wired in parallel can be thought of as combining to form a single capacitor with
increased capacitance. Since the wire from one capacitor to the next is a con-
ductor and an equipotential surface, the potential of all the plates on one side
are the same (see figure 8.5).

.=c1+c2+c3+ e

(incvea pi Mg aveq of oveyd ﬂ?)
The voltage across each parallel capacitor is the same, and is equal to the
voltage across the entire combination:

\V+QC v =V,=V3=...=V,
] B ‘ : i
Co .8, sy G816 farcommames SR €7 Spusssomocamrsifi b owrsecsaames
| i = 7 s -
. o
Figure 8.5

Capacitors in Series

Each additional capacitor added in series decreases the total capacitance of
the circuit, so just as for resistors in parallel, the reciprocal of the total capaci-
tance in series is equal to the sum of the reciprocals of the individual capaci-
tances (see figure 8.6).

1 1 1 1 1

GTG GGG,

. For capacitors in series, the total voltage is the sum of the individual volt-
ages:
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Vs=Vi+Va+V3+...+V,
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Note:

Negative current means that the
current flows in the opposite direc-
tion to the direction it has when it's
positive.

Note:

The average value of an AC current
is zero since half the time it's posi-
tive and the other half of the time
it's negative by the same amount.

308 (D

ALTERNATING CURRENT

A.

B.

ALTERNATING CURRENT

Alternating current (AC) changes its direction of flow periodically. The most
common form of AC current oscillates in a sinusoidal way as shown in figure 8.7.
Note that for half of the cycle the current flows in one direction, and for the other
half of the cycle the current flows in the opposite direction. Such a current can be
described by the equation

i = lmay sin (2nft)
= | jax Sin (@)

where i is the instantaneous current at the time t, Iy is the maximum current, f
is the frequency, and o = 2nf is the angular frequency.

The most common sinusoidal current is the ordinary AC house current that oscil-
lates with a frequency f of 60 Hz. In some countries, such as England, the frequency
is 50 Hz.

5 A
+ Imax

+Irms

F'Q“

= Imax -+

Figure 8.7

RMS CURRENT

In alternating current circuits the magnitude of the current varies from a maxi-
mum positive value to a minimum negative value. A problem arises when one tries
to calculate the average current for sinusoidal AC currents: for one cycle, the sum
of the positive current flowing in one direction is exactly canceled by the sum of
the negative current that flows in the other direction. Yet there is AC current; it
delivers power. Consider the power dissipated in a resistor R that carries an AC cur-
rent i. It is given by the equation P = i2R. Therefore, in order to find the average
power dissipated, we must find the average of i2 over one period. This is equal to
lyms2, Where I, is the root-mean-square (rms) current given by:

[max

Irms = \/E




Example:  What is the rms current of an AC signal that will produce a maxi-

mum current of 1.00 A?

Solution:

C. RMS VOLTAGE

Voltage in AC circuits, like current, is sinusoidal and changes sign back and forth
over time. It can be described by an equation similar to the equation for sinusoidal
current. So just as for current, one can calculate an rms voltage:

Vmax
Vims = V2
Example:  The AC current used in a home is frequently called "1;:20 vV AC.”
Assuming that this refers to the rms voltage, what is the maximum
voltage?
Solution:  Using the above equation gives:

Vmax = \/Evrms
=V2(120)
=170V

BEEAND VACE CIRICUITS

Note:

Average power in an AC circuit is
not zero since P = iR and i2 is
always positive.

Note:

Voltage in AC circuits alternates

between positive and negative val-
ues. A negative value means that

what was the positive terminal is

now the negative and what was the

negative terminal is now the posi-

tive.



