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We have all seen the strange device, known as a Van De Graaff
Generator, that makes your hair stand on end.

The device looks like a big aluminum ball
mounted on a pedestal, and has the effect pictured
on the right. Have you ever wondered

what this device is, how it works, why it was
invented, Surely it wasn't invented to make
children’s hair stand on end... Or have you ever
shuffled your feet across the carpet on a dry winter

day and gotten the shock of your life when you touched something
metal? Have you ever wondered about static electricity and static
cling? If any of these questions have ever crossed your mind, then
here we will be amazingly interesting as we discuss Van de Graaff
generators and static electricity in general.

1.1 Understanding Static Electricity

To understand the VVan de Graaff generator and how it works, you
need to understand static electricity. Almost all of us are familiar with
static electricity because we can see and feel it in the winter. On dry
winter days, static electricity can build up in our bodies and cause a
spark to jump from our bodies to pieces of metal or other people's
bodies. We can see, feel and hear the sound of the spark when it
jumps.

In science class you may have also done some experiments with
static electricity. For example, if you rub a glass rod with a silk cloth
or if you rub a piece of amber with wool, the glass and amber will
develop a static charge that can attract small bits of paper or plastic.

To understand what is happening when your body or a glass rod
develops a static charge, you need to think about the atoms that make
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up everything we can see. All matter is made up of atoms, which are
themselves made up of charged particles. Atoms have a nucleus
consisting of neutrons and protons. They also have a surrounding
"shell"™ which is made up electrons. Typically matter is neutrally
charged, meaning that the number of electrons and protons are the
same. If an atom has more electrons than protons, it is negatively
charged. Likewise, if it has more protons than electrons, it is
positively charged. Some atoms hold on to their electrons more
tightly than others do. How strongly matter holds on to its electrons
determines its place in the Triboelectric Series. If a material is more
apt to give up electrons when in contact with another material, it is
more positive on the Triboelectric Series. If a material is more to
"capture"” electrons when in contact with another material, it is more
negative on the Triboelectric Series. The following table shows you
the Triboelectric Series for many materials you find around the
house. Positive items in the series are at the top, and negative items
are at the bottom :

. Human Hands (usually too moist though) (very
positive)

. Rabbit Fur

. Glass

. Human Hair

. Nylon

. Wool

. Fur

. Lead

. Silk

. Aluminum

. Paper

. Cotton

. Steel (neutral)

. Wood

. Amber

. Hard Rubber
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. Nickel, Copper

. Brass, Silver
. Gold, Platinum
. Polyester

. Styrene (Styrofoam)

. Saran Wrap

. Polyurethane

. Polyethylene (like scotch tape)
. Polypropylene

. Vinyl (PVC)

. Silicon

. Teflon (very negative)

The relative position of two substances
in the Triboelectric series tells you how
they
will act when brought into contact.

Glass rubbed by silk causes a charge
separation because they are several
positions apart in the table.

The same applies for amber and wool.
The farther the separation in the table,
the greater the effect.

When two non-conducting materials come into contact with each
other, a chemical bond, known as adhesion, is formed between the
two materials. Depending on the triboelectric properties of the
materials, one material may "capture” some of the electrons from the
other material. If the two materials are now separated from each
other, a charge imbalance will occur. The material that captured the
electron is now negatively charged and the material that lost an
electron is now positively charged. This charge imbalance is where
"static electricity" comes from. The term “static" electricity is
deceptive, because it implies "no motion", when in reality it is very
common and necessary for charge imbalances to flow. The spark you
feel when you touch a doorknob is an example of such flow. You
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may wonder why you don't see sparks every time you lift a piece of
paper from your desk. The amount of charge is dependent on the
materials involved and the amount of surface area that is connecting
them. Many surfaces, when viewed with a magnifying device, appear
rough or jagged. If these surfaces were flattened to allow for more
surface contact to occur, the charge (voltage) would most definitely
increase. Another important factor in electrostatics is humidity. If it
Is very humid, the charge imbalance will not remain for a useful
amount of time. Remember that humidity is the measure of moisture
in the air. If the humidity is high, the moisture coats the surface of
the material providing a low-resistance path for electron flow. This
path allows the charges to "recombine" and thus neutralize the charge
imbalance. Likewise, if it is very dry, a charge can build up to
extraordinary levels, up to tens of thousands of volts!

Think about the shock you get on a dry winter day. Depending
on the type of sole your shoes have and the material of the floor you
walk on, you can build up enough voltage to cause the charge to jump
to the doorknob, thus leaving you neutral. You may remember the
old "Static Cling" commercial. Clothes in the dryer build up an
electrostatic charge. The dryer provides a low moisture environment
that rotates, allowing the clothes to continually contact and separate
from each other. The charge can easily be high enough to cause the
material to attract and "stick™ to oppositely charged surfaces (your
body or other clothes in this case). One method you could use to
remove the "static" would be to lightly mist the clothes with some
water. Here again, the water allows the charge to leak away, thus
leaving the material neutral.

It should be noted that when dirt is in the air, the air will break
down much more easily in an electric field. This means that the dirt
allows the air to become ionized more easily. lonized air is actually
air that has been stripped of its electrons. When this occurs, it is said
to be plasma, which is a pretty good conductor. Generally speaking,
adding impurities to air improves its conductivity. You should now
realize that having impurities in the air has the same effect as having
moisture in the air. Neither condition is at all desirable for
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electrostatics. The presence of these impurities in the air, usually
means that they are also on the materials you are using. The air
conditions are a good gauge for your ,
material conditions, the materials will N\
generally break down like air, only much A\ (7
sooner. 7
[Note: Do not make the mistake of thinking
that electrostatic charges are caused by friction.
Many assume this to be true. Rubbing a balloon
on your head or dragging your feet
on the carpet will build up a charge.
Electrostatics and friction are related in that
they both are products of adhesion as discussed
above. Rubbing materials together can increase
the electrostatic charge because more surface
area is being contacted, but friction itself has nothing to do with the
electrostatic charge]

1- 2 Properties of electrostatic

1-2 -1 Electric charge

If a rod of ebonite is rubbed with fur, or a fountain pen with a
coat-sleeve, it gains the power to attract light bodies, such as pieces
of paper or tin foil. The discovery that a body could be made
attractive by rubbing is attributed to Thales (640-548 B.C). He seems
to have been led to it through the Greeks’ practice of spinning silk
with an amber spindle; the rubbing of the spindle cause the silk to be
attracted to it. The Greek world of amber is electron, and a body
made attractive by rubbing is said to be electrified or charged. The
branch of electricity is called Electrostatics.

- Characteristics of charge
1- Two types of charges, positive and negative
2- Charge is conserved
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Charges can be separated but cannot be created or destroyed.
3 - Like charges repel and unlike changes attract

1- 2- 2 Conductor and insulator
Types of Materials
1- Conductors

Example: metals, copper etc. charges are free to move.

2 - Insulators:

Example: Rubber, plastic
etc Valence Enpty En
charges are not free to Band p
move.

3- Semiconductors: E )
i i

Example: Silicon,

Empty
Example L :
ermanium Contuction
movement of charges can Band Pill "
be controlled by

temperature or doping of Conductor Insulator Semiconductor
the material.

Application: electronic devices

4- Photoconductors:

Example: Selenium

In darkness: Insulator (holds charge)
Exposed to light: conductor (charge leaks away)
Application: photocopier, laser printer

1.2.3 Positive and negative charge
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How do we know there are two types of charge ?When various
materials are rubbed together in controlled ways, certain
combinations of materials always produce positive charge on one
material and negative on the other . For example ,When glass is
rubbed with silk ,the glass become positively charged and the silk
negatively charge. Since the glass and silk have opposite charge ,they
attract one another like clothes that have rubbed together in a dryer
.Two glass rods rubbed in this manner will repel one another .since
each rod has positive charge on it .Similarly, two silk cloths so
rubbed will repel , since both cloths have negative charge .

Rubber / Rubber
[' e —— =
m
Glazs
Figure 1.1

Unlike charges attract one another and like charge repel one another

Like charge repel one another and unlike charges attract one
another as shown in figure 1.1 where a suspended rubber rod
is negatively charged is attracted to the glass rod. But another
negatively charged rubber rod will repel the suspended rubber
rod.

1-2- 4The Law of Conservation of Charge (4l ks ;5il8)

The law of conservation of charge is easily observed in
the induction charging process. Considering the example
above, one can look at the two spheres as a system. Prior to
the charging process, the overall charge of the system was
zero. There were equal numbers of protons and electrons
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within the two spheres. In diagram ii. above, electrons were
induced into moving from sphere A to sphere B. At this point,
the individual spheres become charged. The quantity of
positive charge on sphere A equals the quantity of negative
charge on sphere B. If sphere A has 1000 units of positive
charge, then sphere B has 1000 units of negative charge.
Determining the overall charge of the system is easy
arithmetic; it is simply the sum of the charges on the
individual spheres.

Overall Charge of Two Spheres = +1000 units + (-1000
units) = 0 units

The overall charge on the system of two objects is the
same after the charging process as it was before the
charging process. Charge is neither created nor destroyed
during this charging process; it is simply transferred from
one object to the other object in the form of electrons.

1-2-5 Charge and Matter

Electric charge is a characteristic of
sub-atomic particles.

Simple View

An atom is composed of 3 kinds of particles:

protons , electrons and neutrons.

Particle | Symbol | Charge Mass
P 1.6x10%°C | 1.67x10
Proton 27K
Neutron n 0 1.67x10
27K
Electron e -1.6x10 1.67x10
19C 31K
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In General, these particles
- neither created nor destroyed,

-electrons can be displaced from one atom to
another.

Electron removed —result -  positive ion
Electron added —result -  negative ion

1-2- 6 Types of Charging

1 - Charging by Contact ( or conduction)

Charging by conduction involves the contact of a
charged object to a neutral object. Suppose that a
positively charged aluminum plate is touched to a neutral
metal sphere. The neutral metal sphere becomes charged
as the result of being contacted by the charged aluminum
plate. Or suppose that a negatively charged metal sphere
is touched to the top plate of a neutral needle
electroscope. The neutral electroscope becomes charged
as the result of being contacted by the metal sphere. And
finally, suppose that an uncharged physics student stands
on an insulating platform and touches a negatively
charged Van de Graaff generator. The neutral physics
student becomes charged as the result of contact with
the Van de Graaff generator. Each of these examples
involves contact between a charged object and a neutral
object. In contrast to induction, where the charged object
is brought near but never contacted to the object being
charged, conduction charging involves making the
physical connection of the charged object to the neutral
object. Because charging by conduction involves contact,
it is often called charging by contact.
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Charging a Neutral Object by Conduction

Ametal spherewith an Upm contact, & mowe Themetal spherenow has
esecess of - charpe ishrought  from the sphereto the less excess - charge and the
near to a neutral electroscope. elecl:mmpemtrlspmd electroscopenow has a - charge,

2. Charging by Contact (or

Conduction)
= Ebhonte rod
- The process of giving s
one abject a nel \ PE= S

electnc charge by
placing it ;m» coniact
w/another object that is - -—
already charged is Metal sphese
known as charging by
contact.

= Resull: two objects with
same charge
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2 — Charging by INDUCTION

"
|
i

(1) Z)»

Meutral sphere Approaching the sphere with
a mezative rod separates the
charges in the sphere.

Electrons
flow to the

Earth wvia
wilre.
| F —+
. (4)

— erowmnd

3)

With the rod moved
awaw, the positive
charges distribwte
evenly.

With rod mearby the negative
end may be discharged.

Let us consider a neutral sphere made with the metal.
Since metal is a good conductor of electricity, so we have
chosen the object made from metal. The neutral sphere
is placed on an insulator sheet as shown in diagram
(right), so that the charge doesn’t flow out from the
system. As we can see in the figure 2; there is equal
amount of positive and negative charge on the sphere
(number of positive charge = 6 = number of negative
charge) and hence, we can say that the object is neutral
as shown in the first part of diagram.

In the second part of the diagram, we bring the
negatively charged rod (rod shown in figure 3 & 4 having
negative charge) near the sphere. Sphere have both
positive and negative charge and as the rod is brought
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near to the sphere, the negative charge in sphere are
repelled by the rod (due to same charge) and move to the
outer side of sphere. Number of positive charges are
equal to the number of negative charges. We can say,
that total charge on a system is zero.

In the third part of diagram, we ground the sphere and
negative charge move to the ground. So only positive
charge remains left. In the fourth part of diagram, positive
charge evenly spread on the sphere.

Note: In Charge by Induction method objects are not in
physically contact with each other while in remaining two
methods objects are in physically contact with each other.

18.4 Charging by Contact and by Induction

Grounding k . 4

wire

= Connection -

—— r— to ground T—
(a) (b) ()

Charging by induction.
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2.1 Coulomb’s Law

In 1785, Coulomb established the fundamental law of electric force
between two stationary, charged particles.

Objects with electric charge attract and
repel each other by exerting forces. Charges
with the same sign repel, and charges with
opposite signs attract. The magnitude of the
electrostatic force between charges can be
found using Coulomb’s Law. The
electrostatic force depends on the
magnitude of the charges, the distance
between them, and the Coulomb constant,
which is k = 8988 X 10° N-m?/c? The
Coulomb constant can also be written in
terms of the permittivity of free space, @. In
that form, the Coulomb constant is ¥ = 1/47€_The values of the
electric charges have units of Coulombs, C. Charges are often
written as multiples of the smallest possible

charge, ® ~ 1,602 x 107% c

The unit of the electrostatic force is Newtons (N).

- susponsion
head

absolute value of (charge 1) (charge 2)

electrostatic force = (Coulomb constant) o btvemcharges)
istance between char ges)’

lq,q-]
F—k ':I1ﬂq.-.

T-l.l'.
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18
F = electrostatic force between two point charges (N =kg-m/ 52)

k=1/4me, 28988 X 10° N-m/C’
k = Coulomb constant

g: = charge of the first point charge (C)
gz = charge of the second point charge (C)
r = distance between charges (m)

Experiments show that an electric force has the following
properties:

(1) The force is inversely proportional to the square of separation,
r2, between the two charged particles.

1

—

=

o

o o

(2) The force is proportional to the product of charge g: and the
charge g2 on the particles.

I oT g

(3) The force is attractive if the charges are of opposite sign and
repulsive if the charges have the same sign. We can conclude that

e
- P = E == a
T

where K is the coulomb constant = 9 x 10° N.m?/C?2.

The above equation is called Coulomb’s law, which is used to
calculate the force between electric charges. In that equation F is
measured in Newton (N), q is measured in unit of coulomb (C) and
r in meter (m). The constant K can be written as
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1

=
A e

where &, is known as the Permittivity
constant of free spac . ( £/, 4z ¢Sl dalewd) <)

€0 = 8.85 x 1012 C?/N.m?

1 1
47 47x8.85x10°1

K= =9x10°Nm?/ C?

Definition of Coulomb's law

. a statement in physics: the force of attraction or
repulsion acting along a straight line between two
electric charges is directly proportional to the product of
the charges and inversely to the square of the distance
between them

2.2 Calculation of the electric force
2.2.1 Electric force between two electric charges

The electric force between two electrons is the same as
the electric force between two protons when they are
placed as the same distance. This implies that the electric
force does not depend on the mass of the particle. Instead,
it depends on a new quantity: the electric charge.

g1 ':EQ i1 ‘:5':

12

Repulsive force
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Figure 2.2(a) Figure 2.2(b)

[

_ 192 _ —
F, =K = = Fy F11=_F11

¥

Example 2.1 Calculate the value of two equal charges if they repel
one another with a force of 0.1N when situated 50cm apart in a
vacuum. Solution

9= 10° = g2

- g 9192 0.1
F=K 0357

"> Since qu=02

q=17x10°C =1.7uC
Example 2.2

Two small charged spheres are placed 0.300 m
apart. The first has a charge of -3.00 uC (micro-
Coulombs), and the second has a charge of -12.0
HC. Do these charged spheres attract or repel?
What is the magnitude of the electrostatic force
on each sphere?
Answer: The spheres have charges with the same
sign, and so the force between them is repulsive.
The direction of the force on each sphere points
away from the other. To find the magnitude of
the force, the charge on the particles must be
converted to Coulombs. The prefix "4", meaning
"micro", indicates that the number is scaled by
106, and so 1 uC = 10°° C. The charge of the first
sphere is:
q: = -3.00 pC
g, =—3.00x10"°C
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The charge of the second sphere is:
g, = —12.0 uC

g, =—120x107°C
The magnitude of the electrostatic force on each

sphere can be found using Coulomb's Law:
lgiq2|

F =k -
72

|(-3.00x 1078 C)(~1.20% 107% C)|
(0.300 m)?
(-3.00% 1075 €)(-1.20% 10 ()|

0.0900 m?
360 %1071 2

9,00 X 1072 m?
, C?
(5 988 X 10° N~ —) (n.amn ¥ 1071+ —ﬂ)
ma’.

C:
(5 988 X 10° N- —) (u.-mu X 1n‘9—ﬂ)
m.l’.

= (8988 10° N)(0400 X 10°)
ng.sasxmﬂm F 23595 N

The magnitude of the force on each sphere is
3.595 N (Newtons).

F=(8988x 10° N-m*/C%)

F=(8988 % 10° N-m*/CH)

F=(8988%10° N-m*/C")

F

F

Example 2.3

An electron and a proton are 1.000 nm
(nanometer) from each other. The charge of an
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- - 19 0 — _
electron is 9 = ~1602 X107 C=~¢ Znd the charge of

a proton is % = t1602% 1077 C=+e po these charges
attract or repel? What is the magnitude of the
electrostatic force on these charged particles?
Answer: The electron and proton have charges
with opposite signs, and so the force between
them is attractive. The direction of the force on
each particle is in the direction of the other. To
find the magnitude of the force, the distance
between the particles must first be converted to
meters. The prefix "n", meaning "nano",
indicates that the number is scaled by 10-°, and
so 1 nm = 10° m.The distance between the
charged particles is:

r=1.000 nm
The magnitude of the electrostatic force between

the particles can be found using Coulomb's Law:
|Q'1f~1’2|

-
=

r=1000%10"m

F=k

T

e g —e)(+e
F = (8988 x 10° N-m?/C?) I(Ze)(re) >
(1.000 X 107° m)?

F =(8.988x 10° N-m?/C?)

=3
1.000 x 10718 m2
(1.602 x 1071° C)?

1.000 x 1071 m?

F =(8988x 10° N-m?/C?)

m? c?
Fx (5.955 X 10° N- R ) (2.5664 w 1QT38+1E —)
2 m?2

m? . c?
F (8.988 ¥ 107 N+ — ) (2.5664 % 10‘*“'—“)
C= m*

F =~ (8988 x 10° N)(2.5664 x 107%%)
F2=2307 x10° 1N F=2307 x 107N
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2.2.2 Electric force between more than two electric charges

Electrostatic force between three linear point charges

Example 2.4 A particle of charge q:=+6. OMC is located on
the z-axis at coordinate X1=5.1 cm . A second particle of charge
g2 =-5.0 gC is placed on the r-axis at X,=-3.4cm . What is the
magnitude and direction of the total electrostatic force acting on
a third particle of charge qz=+2.0 pC placed at the origin (

z = 0)?

Solution: The force F acting between charges 1 and 3 is given

by
143 on (6% 107°) (2% 107°)

f=k. o2 (8.988 x 107) (5.1 x 10772
Since F > 0, the force is repulsive. This means that the force

F13 exerted by charge 1 on charge 3 is directed along the —X -axis
(i.e., from charge 1 towards charge 3), and is of magnitude .F13=-
41.69 N Thus, F13=-41.69 N . Here, we adopt the convention that
forces directed along the +X -axis are positive, and vice versa.

The force F* acting between charges 2 and 3 is given by
(—5x 107°) (2 x 107F)
(3.4 x 1072)2
Since F< 0, the force is attractive. This means that the
force F23 exerted by charge 2 on charge 3 is directed along the -
X -axis (i.e., from charge 3 towards charge 2), and is of
magnitude . Thus, F23 =-77.75 N.
The resultant force Fz acting on charge 3 is the algebraic sum of
the forces exerted by charges 1 and 2 separately (the sum is
algebraic because all the forces act along the z-axis). It follows
that

f3 = fi3+ faz = —41.60 — 77.75 = —119.22N.

= +41.68 N.

= —77.75NN

f' = k. F;jz — (8.988 x 10%)

fa <0

|IPage23



24

Thus, the magnitude of the total force acting on charge 3
Is 119.22N, and the force is directed along the — X -axis (since
Fs<0 ).

Electrostatic force between three non-linear point charges

In the case of dealing with more than two 2,
chagres .The total electric forces (The ® a5
resultant electric forces) affecting the
charge q: as in figure 2.3, this force is F1, ¢,
which is the directional combination of all
the forces exchanged with the charge gz ie

—_

ZF.IJ_I_FI

s

Liy

+ By + B

To calculate the value and direction of
F1, follow these steps :

1) We take g1 & qq first, since the charges are positive. If g1
moves away from charge g. along the line connecting them
and the vector F12 is the direction of the force affecting the
charge q: the result of charge g2 and the length of the vector
proportional to the amount of force. Similarly, we take
packets q: & gs, determine the direction of force Fi3, then
determine Fi4, and so on.

2) Here we ignore the electric forces exchanged between the
charges g2 & g3 & g4 because we calculate the forces acting
on Qqa.

3) 4) To calculate the amount of force vectors each alone we
make up the Coulomb’s law as follows:
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T g

4- The sum of these forces is F1, but as shown in the
figure, the forces line is different. Therefore, we use the
vector analysis method for two compounds as follows

Fix = Fiax + Fiax + Fiax

Fiy = F1oy + F1ay + F1ay  (The resultant electric forces)

Fi=\|@y +&) o =tan —

Example 2-5 Suppose that three point charges, da, o, and qc,
are arranged at the vertices of a right-angled triangle, as shown
in the diagram. What is the magnitude and direction of the
electrostatic force acting on the third charge if ,ga=-6.0 HC ,Qp
=+40pHC,qc= +2 puC a=40m,andb=3.0m?
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Solution: The magnitude Fac of the force Fac exerted by
charge ga on charge qc is given by

6 x107%) (2 x 107°)

where use has been made of the Pythagorean theorem. The force

Is attractive (since charges g and gc are of opposite sign).

Hence, the force is directed from charge qc towards charge Qa,

as shown in the diagram. The magnitude Fy. of the

force Foc exerted by charge g on charge qcis given by

gug. (4% 1077) (2 x 107°)

fbr: = lIi:nr 12 2
(3%)

The force is repulsive (since charges g» and gc are of the same
sign). Hence, the force is directed from charge o towards
charge qc, as shown in the diagram. Now, the net force acting on
charge qc is the sum of Fac and Foc . Unfortunately, since F
ab and Fpc are vectors pointing in different directions,
they cannot be added together algebraically. Fortunately,
however, their components along the z - and y -axes can be
added algebraically. Now, it is clear, from the diagram, that
Foe is directed along the +X -axis. If follows that

foee = foo=T7.90x 103N,

foew = D

It is also clear, from the diagram, that Fac subtends an angle
8 = tan™'(a/b) = tan~*(4/3) = 53.1°

with the -X-axis, and an angle 90 ° - a with the +Y -axis. It

follows from the conventional laws of vector projection that

ac:= —faccOs8 = —(4.31 x 107%) (0.6) = —2.59 x 107°N
/ f ( :

| gc
2

k. —431x10

= (8.988x 10%) (

c

= 7.99 x 10~

— (8.988 x 107)

Face = fac c08(90° — 8) = f._ sinf = (4.31 x 1073) (0.8) = 3.45
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The z-and Y -components of the resultant force Fc acting on
charge qc are given by

foe= face+ foex=—259% 107 4+7.99 x 107° = 540 x 10~

fr:y = fﬂ.cy +fbf_-y = 3.45 % 10_3N.

Thus, from the Pythagorean theorem, the magnitude of the
resultant force is

fo= (fe? 4+ (fou)? = 64 X 10°N.
Furthermore, the resultant force subtends an angle

li;: tﬂﬂ_l(fry/frr) = 326°

with the +X -axis, and an angle 90 °- ¢ = 57.4% with the +y -axis.

Example 2-6 what is the resultant force on the charge in the
lower left corner of the square? Assume
that qg=1x107 C and a = 5cm ?

SolutionFor simplicity we number the
charges as shown in figure 2.5, then we
determine the direction of the electric
forces acted on the charge in the lower

left corner of the square Q: 24
F = Fha, + F s, + F, Fra
L, — K 2EF
— =
m. = 322
. — =2
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F12=0.072N, F13=0.036 N, Fiu=0.144 N

Fisx = F13sin45=0.025N & Fi3y = F13c0s 45 =0.025 N
Fx=Fux+ F14=0.025+0.144 = 0.169 N

Fy = Fi3y - F12=0.025-0.072 = - g 2 3
0.047 N

The resultant force equals
F=|FE)+F)

0.175N = 1 4
24 « -Z2¢g
The direction with respect to the x-axis F F
equals
-1 F‘I.‘
& = tan -
Fx = 1550

Example 2.7 A charge Q is fixed at
each of two opposite corners of a f156in
square as shown in figure 2.6. A Feoso o 1 o 2 .

charge q is placed at each of the
other two corners. (a) If the
resultant electrical force on Q is
Zero, how are Q and g
related.Solution

Fx=0 = Fio-F1x=0

then Fi2 = F13 cos 45
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a2t 2 242

F,=0= Fia, -Fuu=0 L+ 0=2"2¢q

F135m45=F14
00 1 Qg Q

K——z ~4& = -— =.F:r j
whn e o Ta]n 0=-242 ¢

Example 2.8 Two fixed charges, 1uC and -3uC are separated by
10cm as shown in figure 2.7 (a) where may a third charge be
located so that no force acts on it? (b) is the equilibrium stable or
unstable for the third charge?

3 1 2
F31 ‘ FS: ‘ @

< d > < 10cem >
Solution Fz1 = Fa

A L (=%, = 7T '::l:'—_-.
¥T=JO _ .,  =2Z=TJTO_

1.3___1 1._3____3
1f: 'G.E ﬂ]’ - F ﬂ?ﬂj

(b) This equilibrium is unstable!! Why!!

Example 2.9 Two charges are located on the positive x-axis of
a coordinate system, as shown in figure 2.8. Charge q:=2nC is
2cm from the origin, and charge g.=-3nC is 4cm from the
origin. What is the total force exerted by these two charges on a
charge g3:=5nC located at the origin?
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g3 3o a2 a1
*— 1 >

5541— Zom —b-

AL

) dcm

Solution The total force on ¢s is the vector sum of the
forces due to g1 and ¢ individually.

_ (9x107)(2 <10 7)(5 x1077)

y ~ =2.25=x10° W
(0.02)7

Fs

_(9=10°)(3=107°)(5=1077)

5 = 0.84 <10 "W
(0.04)°

Fis

Fy =F; + Fyy
L F,=0.84x107"-225x107" = -1.41x107°N

The total force is directed to the left, with magnitude 1.41x10*N.
(problem)

(1) Two protons in a molecule are separated by a distance of
3.8x10°m. Find the electrostatic force exerted by one proton
on the other.

(2) A 6.7uC charge is located 5m from a -8.4uC charge. Find
the electrostatic force exerted by one on the other.

(3) Two fixed charges, +1.0x10°C and -3.0x10°C, are 10cm
apart. (a) Where may a third charge be located so that no force
acts on it? (b) Is the equilibrium of this third charge stable or
unstable?

(4) Each of two small spheres is charged positively, the
combined charge being 5.0x10°C. If each sphere is repelled
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from the other by a force of 1.0N when the spheres are 2.0m
apart, how is the total charge distributed between the spheres?

(5) A certain charge Q is to be divided into two parts, g and Q-
g. What is the relationship of Q to g if the two parts, placed a
given distance apart, are to have a maximum Coulomb
repulsion?

(6) A 1.3uC charge is located on the x-axis at x=-0.5m, 3.2uC
charge is located on the x-axis at x=1.5m, and 2.5uC charge is
located at the origin. Find the net force on the 2.5uC charge.

(7) A point charge q:= -4.3uC is located on the y-axis at
y=0.18m, a charge q>=1.6uC is located at the origin, and a
charge g3=3.7uC is located on the x-axis at x=-0.18m. Find the
resultant force on the charge q:.

(8) Three point charges of 2uC, 7uC, and —4uC are located at
the corners of an equilateral triangle as shown in the figure
2.9. Calculate the net electric force on 7uC charge. Figure 2.9

(9) Two free point charges +g and +4q are a distance 1cm
apart. A third charge is so placed that the entire system is in
equilibrium. Find the location, magnitude and sign of the third
charge. Is the equilibrium stable?

(10) Four point charges are situated at the corners of a square
of sides a as shown in the figure 2.10. Find the resultant force
on the positive charge +q.

(11) Three point charges lie along the y-axis. A charge gi=-
9uC is at y=6.0m, and a charge g>=-8uC is at y=-4.0m. Where
must a third positive charge, gs, be placed such that the
resultant force on it is zero?
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(12) A charge qg: of +3.4uC is located at x=+2m, y=+2m and a
second charge g2=+2.7uC is located at x=-4m, y=-4m. Where
must a third charge (gs>0) be placed such that the resultant
force on gz will be zero?

(13) Two similar conducting balls of mass m are hung from silk
threads of length | and carry similar charges g as shown in the
figure 2.11. Assume that 0 is so small that tan@ can be replaced
by sin®. Show that

where X is the separation between the balls (b) If 1=120cm,
m=10g and x=5cm, what is g?
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3- 1 Electric field (oSl Jaal))
The Electric Field , Definition of the electric field ,The direction of E

Calculating E due to a charged particle and for a group of point charge

,Electric field lines , Motion of charge particles in a uniform electric
field

, Solution of some selected problems , The electric dipole in electric
field.

3 -2 Electric Flux A (il

The Electric Flux due to an Electric Field, The Electric Flux due to a
point charge, Gaussian surface, Gauss’s Law, Gauss’s law and
Coulomb’s law, Conductors in electrostatic equilibrium, Applications
of Gauss’s law.

3 -3 Electric Potential o) gl

Definition of electric potential difference, The Equipotential surfaces,
Electric Potential and Electric Field, Potential difference due to a
point charge, The potential due to a point charge, Electric Potential
Energy, Calculation of E from V.
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3-1-1 The Electric Field

The gravitational field g at a point in space was defined to be equal
to the gravitational force F acting on a test mass m, divided by the
test mass

e, (3.1)

In the same manner, an electric field at a point in space can be
defined in term of electric force acting on a test charge go placed at
that point.

3-1-2 Definition of the electric field

The electric field vector E at a point
in space is defined as ( the electric
force Facting on a positive test

g
charge placed at that point divided *°
by the magnitude of the test charge g
Jo
=

The electric field has a unit of N/C

Point charge: Any charge whether positive or negative, whose
electric field is to be found at a particular distance(point) is called
point charge.
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Test charge: Any charge whose magnitude is very small, in fact
negligible, as compared to that of the point charge, and which does
not affect the electric field of the point charge, whose magnitude is
to be found out, is called test charge.

3 -1-3 The direction of E

The direction of the electric field is always directed in the direction
that a positive test charge would be pushed or pulled if placed in the
space surrounding the source charge. Since electric field is a vector
quantity, it can be represented by a vector arrow. For any given
location, the arrows point in the direction of the electric field and their
length is proportional to the strength of the electric field at that
location.

If Q is +ve the electric field at point p in space is radially outward
from Q as shown in figure 3.2(a).

If Q is -ve the electric field at point p in space is radially inward
toward Q as shown in figure 3.2(b).

E,E K
@, O
L

Figure 3.2 (a) Figure 3.2 (b)

e

3-1-4 Calculating E due to a charged particle

Consider Fig. 3.2(a) above, the magnitude of force acting on qo is
given by Coulomb’s law
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(3.3)

The electric field of a point charge can be obtained from Coulomb's
law:

E= F — kQ.murc:eq —_ kQ-ﬁ'““ﬂ‘ﬁ’
qa qr rt

The electric field is radially outward from the point charge in all
directions. The circles represent Pc:g;rge
spherical equipotential surfaces . The electric 1

field from any number of point charges can
be obtained from a vector sum of the
individual fields. A positive number is taken to

be an outward field; the field of a negative X 3 kO
charge is toward it. The direction of the field is r
taken to be the direction of the force it would exert on a
positive test charge. The electric field is radially outward

from a positive charge and radially in toward a negative point
charge.

3-1-5 To find electric field for a group of point charges
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To find the magnitude and direction of the electric field due to
several charged particles as shown in figure
use the following steps

Eo=Ei+Ex+E3+Eq... (3.4)

Ex = E1x + Eax + E3x +Eax
Ey = E]_y + E2y + E3y +E4y

E=.E! +E;

Figure 3.3

Ey

f=tant —
E:x

The electric field from multiple point charges can be obtained by
taking

E E + E
¥ Ty 2y 'FiesultantField
Ex = E1x + EE.:-L E k
_ £ -k,
o =]
E =,\XEH + E,,
E
tan 6 = E—Y
" E,, = E, oS 0{/,”“\\E2;= E,cos B
L 1 e
the vector sum of the electric fields of the @,' 2 N @
individual charges. % i

After calculating the individual point charge fields,
their componentsmust be found and added to form the
components of the resultant field. The resultant electric field can
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then be put into polar form. Care must be taken to establish the
correct quadrant for the angle because of ambiguities in the

arctangent.

3-1-6 Electric field lines The electric lines are a convenient way
to visualize the electric filed patterns. The relation between the
electric field lines and the electric field vector is this:

(1) The tangent to a line of force at any point gives the direction of
E at that point.(2) The lines of force are drawn so that the number
of lines per unit cross-sectional area is proportional to the
magnitude of E.

(3) The lines must begin on positive charges and terminates on
negative charges.

(4) The number of lines drawn is proportional to the magnitude of
the charge.

(5) No two electric field lines can cross.

Some examples of electric line of force

» -
» -
.."". » v
'.‘v“..“ - -
» -
» -
O T
Electric field lines due to - | Electric field lines due to
ve charge +ve charge
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E
: * ] - -+ -
B - + >
— - + >
—+
- + -
o o e A 3
4| - + -
+H |- H
4 + -
EEPNE—'T S——
|-

Electric field lines due two surface charge  Electric field lines due
to +ve line

Figure 3.7 shows some examples of electric line of force
3-1 -7 Motion of charge particles in a uniform electric field

If we are given a field E, what forces will act on a charge placed in it?

We start with special case of a point charge in uniform electric field

E. The electric field will exert a force on a charged particle is given
by F=qE

The force will produce acceleration a=F/m
where m is the mass of the particle. Then we can write
F=qE =ma
The acceleration of the particle is therefore given by
a=qE/m (3.7)

If the charge is positive, the acceleration will be in the direction of
the electric field. If the charge is negative, the acceleration will be
in the direction opposite the electric field.
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3 -1- 8 Solution of some selected problems

Example 3.1 Find the electric field at 3 (-8uc
point p in figure 3.4 due to the charges
shown. 50cm
e B[ e
Solution O———0
— — — — 1 E] P 1 2
E_=E,+E,+ E,

Ex=E1-E, = -36x10°N/C , E,=E;=28.8x10°N/C
Ep = V(36x10%)%+(28.8x10%2 = 46.1N/C 0 =141°

Figure: Shows the resultant electric
field

Example 3.2 : Calculate at what distance from a negative

chargeof 5.536nCwouldthe G
electric field strength be equal to 1.90

x 10°N/C? »
Solution: q=5536nC, E=1.90x o T S
105N/C,K:90X109Nm2/C2 16 )

The symbols nC stand for nano
Coulombs. It is using the metric prefix “n”. We know that
E = Kq/d? . Substituting the values in the given formula
we get, d = 1.6 cm. Hence the electric field strength will be
equal to 1.90 x
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Example 3.3: What is the electric field inthe +gl =4

lower left corner of the square as shown in figure
3.11? Assume that g = 1x107C and a = 5cm.

(1, 2, 3, 4) and then determine the direction of .
the electric field at the point p due to the charges. ;
2

£,
a o .
—_, = Figure 3.11
e =
= 1 =
- i = = =
a = g
= e S e =

Evaluate the value of E1, E>, & E3
E, =3.6x10° N/C,
E,=1.8x10°N/C,
Es=7.2x10°N/C

Since the resultant electric field is the vector additions of all the
fields i.e.

J—— —— ——

E_=E,+FE,+E,

o

We find the vector E; need analysis to two components

Eox = E> cos45
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E>y = E; sin45
Ex = E3 - E;c0s45 = 7.2x10° - 1.8 x 10° cos45 = 6 x 10° N/C
E = E: + FE: = 7.7 = 107 N/C

Ex = -38.6°

& = tan—*

o

3- 2 Electric Flux
3 -2-1 The Electric Flux due to an Electric Field

We have already shown how electric field can be described by
lines of force. A line of force is an imaginary line drawn in
such a way that its direction at any point is the same as the
direction of the field at that point. Field lines never intersect,
since only one line can pass through a single point.

The Electric flux (@) is a measure of the number of electric
field lines penetrating some surface of area A.

Case one:

The electric flux for a plan surface perpendicular to a uniform
electric field
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To calculate the electric flux we recall that
the number of lines per unit area is
proportional to the magnitude of the electric
field. Therefore, the number of lines
penetrating the surface of area A is
proportional to the product EA. The product
of the electric filed E and the surface area A
perpendicular to the field is called the electric

flux ® . D = & A4
The electric flux ® has a unit of N.m?/C

Case Two

The electric flux for a plan surface
make an angle 0 to a uniform electric
field : Note that the number of lines that
cross-area is equal to the number that

cross the projected area A", which is &

—

— —sl .

=Aoosd

perpendicular to the field. From the figure we see that the
two area are related by A4 "'=Acos6é. The flux is given by:

T = E_ A’ ® = FA cosd

Where 0 is the angle between the electric field £and the

normal to the surface
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Case Three

In general the electric field is nonuniform over the
surface

The flux is calculated by integrating the normal
component of the field over the surface in
question.

P = _{;E‘_Ei

The net flux through the surface is proportional to the net
number of lines penetrating the surface

3-2-2 Gaussian surface

Consider several closed surfaces as shown E ~
in figure 4.6 surrounding a charge Qas in
the figure below. The flux that passes
through surfaces Si, Sz and Sz all has a
value g/ s,. Therefore we conclude that the
net flux through any closed surface is
independent of the shape of the surface

-
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3-2 3 Gauss s Law

- 'E-"
Gauss law is a very powerful theorem, A

which relates any charge distribution to the o
resulting electric field at any point in the

vicinity of the charge. As we saw the

electric field lines means that each charge q

must have g/e, flux lines coming from

it. This is the basis for an important

equation referred to as Gauss'’s law. Note the following
facts:

1. If there are charges g1, @, @, -..... ¢» inside a closed
(gaussian) surface, the total number of flux lines coming from
these charges will be

(gi+q+ g+ ....... +h)/ o (3.1)
2. The number of flux lines coming out of a closed surface is
E A E &4
the integral of Edd over the surface, i'; We

can equate both equations to get Gauss law which state that
the net electric flux through a closed gaussian surface is equal
to the net charge inside the surface divided by €o

c'Z B ooda — Hin
- =
= (3.2)

Gauss’s law

where gin is the total charge inside the gaussian surface.
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Gauss’s law states that ( the net electric flux through any
closed gaussian surface is equal to the net electric charge
inside the surface divided by the permittivity ).

Example 3.4: (a) Two charges of 8uC and -5uC are inside a cube
of sides 0.45m. What is the total electric flux through the cube? (b)
Repeat (a) if the same two charges are inside a spherical shell of
radius 0. 45 m.

Solution : @ =0/e
¢ = (+8x10%-5x106)/8.85x10? = 3.4x10°N.m?/C

Example 3.1: A solid copper sphere 15cm ot

in radius has a total charge of 40nC.

Find the electric field at the following distances. | L
i M :
measured from the center of the sphere: % 17cn;\_<" Eatin

(a) 12cm, (b) 17cm, (c) 75cm. (d) How wo(uld your * ‘ k-
answers change if the sphere were hollow? A

Solution : (a) At 12 cm the charge in side the gaussian surface is

zero so the electric field E=0 ,

b
Y i
— . F ire FAd = ==
$ E fd — = =
2 q
Edmn)==2 e__1 g
= e, 2
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E = 125x10*N/C radially outward C- E = 639N/C
radially outward

3- 3Electric Potential

3 -3-1 Definition of electric potential difference

We define the potential difference » 1t e
between two points A and B as( the €M e, s A
work done by an external agentin - - h
moving a test charge qo from A to B) v
Ve-Va=Was / qo (3.3) i.e.

The unit of the potential difference is (Joule/Coulomb) which is
known as Volt

Since the work may be (a) positive i.e Vg >Va

(b) negative i.e Vg < Va , (c)zeroi.eVg=
Va
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3-3-2 Electric Potential and Electric Field

1- Simple Case (Uniform electric field):

The potential difference between two points A
and B in a Uniform electric field E can be found
as follow, Assume that a positive test charge qo

Is moved by an external agent from A to B in
uniform electric field as shown in figure. The :
test charge qo is affected by electric force of qoE *
in the downward direction. To move the charge

from A to B an external force F of the same
magnitude to the electric force but in the opposite direction. The

work W done by the external agent is:

Wag = Fd = qud (3. 4)
The potential difference V-V is

W
e —Ty=—25 = Ed
95 (3.5)

This equation shows the relation between the potential difference
and the electric field for a special case (uniform electric field). Note
Volr MNewron

that E has a new unit (V/m). hence Meter Coulomb

2 - The relation in general case (not uniform electric

field):
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If the test charge q, is moved along a curved path from A to B as
shown in figure. The electric field exerts a force goE on the
charge. To keep the charge moving without accelerating,
an external agent must apply a force F equal to -g,E. If the test
charge moves distance dl along the path from A to B, the work done
is F.dl. The total work is given by,

W,=|Fdl =—q, | Edl

b P
b Py 1

The potential difference Vg-Va is,
Was

V, —F, =

E —
=—[Edl
@ A

If the point A is taken to infinity then Va=0 the
potential V at point B is,

= .
Ve =—[ EaT

This equation gives the general relation between the potential and
the electric field.

The Electron Volt Unit

A widely used unit of energy in atomic physics is the electron volt
(eV). ELECTRON VOLT, unit of energy, used by physicists to express
the energy of ions and subatomic particles that have been accelerated
in particle accelerators. One electron volt is equal to the amount of
energy gained by an electron traveling through an electrical potential
difference of 1 V; this is equivalent to 1.6x 107%° J. Electron volts are
commonly expressed as million electron volts (MeV ) .
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3 -3 -3 The potential due to a point charge

Assume two points A and B near to a T
positive charge g as shown in figure ‘\}\ /
5.7. To calculate the potential

/Ev B OFd af A
.‘_
difference VB-VA we assume a test / \. 9,
charge qo is moved without / { \ J

acceleration from A to B in the figure
above the electric field E is directed
to the right and dl to the left

Edl =Ecos180°dl =-Edl
(3.6)

However when we move a distance dl to the left, we are moving in

—

. . o = —fF
a direction of decreasing r
Therefore -EdI=Edr (3.7)
B N _ 5
Ve —V,=—|Edl = | EaF
= T Substitute for E
1
e e _
4me r”
We get
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e L [Eo g (1 1]
dme .;ﬁr‘ dmelry 1y

If we choose A at infinity then Va=0 this lead to the potential at
distance r from a charge q is given by

1
I-"-:LE I"r= '|':'-;!'
dmg ¥ 47E r
If V=Vi+V2+Vz+...... + Vh
1 g
V=3V, =— 22
; " 4':1I§ n 'il-‘_;-!

Example3- 2: What must the magnitude of an isolated positive
charge be for the electric potential at 10 cm from the charge to be

+100V ?
pr—_ 1
Qe P

Solution
.

gz =10 =L 10C

3 — 3 -4 Calculation of E from V
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As we have learned that both the electric field and the electric
potential can be used to evaluate the electric effects. Also we have
showed how to calculate the electric potential from the electric
field now we determine the electric field from the electric potential

=_ _ dF
by the following relation. =4

New unit for the electric field is volt/meter (v/m)

Example3 -3: What is the potential at the

q a ok
center of the square shown in figure.? Assume
that

qu= +1x 108C, qp=-2x108C, @s=+3x10%C, . P .
0a=+2x10%C, and a=1m.

Solution a. a q

Figure 5.9
1 +q, +q;+
V=3V, = 7797974
- e, v

The distance r for each charge from P is 0.71m

1 9x10°(1—2+3+2)=10"°
' 0.71

= 5001

Example3 -4: Two charges of 2uC and -6uC are located at positions
(0,0) m and (0,3) m, respectively as shown in

figure 5.13. (i) Find the total electric potential e
due to these charges at point (4,0) m. (ii) How
much work is required to bring a 3uC charge from | ) 4.0)
o to the point P P
Figure 5.13

Solution
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Vp = V]_ + V2
drg | n 12

2x10°°  6x10°°
f 5

V:me{ }:-5.3;{10%@1’[

(ii) the work required is given by
W=qg3V,=3%x10%%-6.3x103=-18.9x103)

The -ve sign means that work is done by the charge for the
movement from oo to P.
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Capacitors and Capacitance

4 -1 Capacitor
4 -2 Definition of capacitance
4 — 3 Calculation of capacitance

Parallel plate capacitor
Cylindrical capacitor
Spherical capacitor

4 — 4 Combination of capacitors

Capacitors in parallel
Capacitors in series

4.5 Energy stored in a charged capacitor (in electric field)
4 . 6 Capacitor with dielectric

problems
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4-1 Capacitor

A capacitor consists of two * Pates

conductors separated by an .

insulator Figure (4.1.) The Y

capacitance of the capacitor Pleectie 1
depends on the geometry of : T
the conductors and on the wurea | Cabaclr
material ~ separating  the e

charged conductors, called I

dielectric that is an insulating material. The two conductors carry
equal and opposite charge +q and -q.

4 -2 Definition of capacitanc e

The capacitance C of a capacitor is defined as the ratio
of the magnitude of the charge on either

. Distance (d)
conductor to the magnitude of the — -—
potential difference between them as ppiarea @ dielectric

shown in Figure |

V

4.1

The capacitance C has a unit of C/v, which is called farad
F

F=Clv
The farad is very big unit and hence we use
submultiples of farad

1uF =10 F
1nF = 10°F
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1pF = 102F

The capacitor in the circuit is represented by the symbol shown in
Figure 4.3.

4-3Calculation of capacitance
The most common type of capacitors are:-

1- Parallel-plate capacitor
2- Cylindrical capacitor

3 - Spherical capacitor

We are going to calculate the capacitance of parallel plate capacitor
using the information we learned in the previous chapters and make
use of the equation (4.1).

1- Parallel plate capacitor
Two parallel plates of equal area A are < =charge on

i . plate Plate area A
separated by distance d as shown in | |

]
R S T T S T M A N N A

figure (4.4). One plate charged with 4 =2 V
+q, the other -q. The capacitance is l

) b C_q G e ——— ]
given by =V ]

First we need to evaluate the electric field E to workout the potential
V. Using gaus law to find E, the charge per unit area on either plate
IS

_q
S=/A LE=Z

|Pageb6



57

The potential difference between the plates is equal to Ed, therefore

d
<o
The capacitance is given by c=4 9
V  qgd/g,A
. C— E A
) d (4.2)

Notice that the capacitance of the parallel plates capacitor is depends
on the geometrical dimensions of the capacitor. The capacitance is
proportional to the area of the plates and inversely proportional to
distance between the plates.

2- Cylindrical capacitor
In the same way we can calculate the capacitance of cylindrical
capacitor, the result is as follow

2 0]
o '-”758/)

Where | is the length of the cylinder, a is the radius of the
inside cylinder, and b the radius of the outer shell
cylinder.

3- Spherical Capacitor

In the same way we can calculate the capacitance of
spherical capacitor, the result is as follow

(4.3)
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c _ Ars.ab
b—a
(4.4)

Where a is the radius of the inside sphere, and b is the
radius of the outer shell sphere.

Example 4-1 An air-filled capacitor consists of two plates, each
with an area of 7.6cm?, separated by a distance of 1.8mm. If a 20V
potential difference is applied to these plates, calculate, (a) the
electric field between the plates,

(b ) the surface charge density, (¢ ) the capacitance, and (d) the
charge on each plate.

V 20 4
Solution (a) E :E: 18x10° =1.11x10 \%n

(b)O = € E =(8.8X101%) ( 1.11X10*) = 9.83X10® C/m?

-12 -4
.. é,A_ (8.85x10 )(7.36><10 ) _ 374102 F
()™ 1.8x10"

(d) g=CV = (3.74X102) (20) = 7.48X10}* C

Example 4-2 An air-filled spherical capacitor is constructed with
inner and outer shell radii of 7 and 14cm, respectively. Calculate, (a
) The capacitance of the device, (b)What potential difference
between the spheres will result in a charge of 4uC on each
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conductor?  Solution : (a)

dreyah (47 x885x107)(0.07)(0.14)

C= ~156x101F
b-a (0.14-007)
q 4x10° 5
Ve—to_"2"Y _956x10%
(b) " 7 ¢ " 156x101 g

4-4 Combination of capacitors

Sometimes the electric circuit consist of more than two capacitors,
which are, connected either in parallel or in series the equivalent
capacitance is evaluated as follow

Capacitors in parallel:
In parallel connection the capacitors are connected as shown in
figure 4.5 below where the above N\
plates are connected together with the ( N = =

positive terminal of the battery, and (- c, c
the bottom plates are connected to the AR e -
negative terminal of the battery. J
In this case the potential different ' ©
across each capacitor is equal to the +[ o ot QA
voltage of the battery V C,=C+G+C,
ie. V=V1=V,=V;
The charge on each capacitor is v ©)

1= CiV1 , 02 = CoV2 , 3= C3V3

The total charge is d=01+02+0Q3 (4-5)
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CV =(C1+C2+C3) V
The Equivalent capacitance is
C=C1+C2+C3

(4.6)

Capacitors in series

In series connection the capacitors are connected as shown in figure
6.6 below where the above plates are connected together with the
positive In this case the magnitude of — —
the charge must be the same on each — G—
plate with opposite sign i.e. i

0=01=02=0s =3 - —=1ag
The potential across each capacitor is Ilmll@ I H
o 2

F

=

v, =3 v o 9 ’ |
c, = YV2Tc . o
1 2
q
., —
3 C3

The total potential V is equal the sum of the potential across each

capacitor V=V1+V2+V3 ,
9.4 9,0
C C C, C,
1 1 11
The Equivalent capacitance is 6 - C_ t C_ t C_ (4.7)

1 2 3
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Example 4-3 Find the total capacitance for three capacitors connected
in series, given their individual capacitances are 1.000, 5.000, and 8.000
MF.

Solution : the total capacitance can be found using the equation for

L +i C=0.755 pF

. : : 1 1
capacitance in series = = — +—
Cl CZ C3

Example 4-4 if the capacitors in Example (4-3) were connected in
parallel, Find the total capacitance for three capacitors

Solution: Cp=1.000 pF + 5.000 pF + 8.000 YF = 14.000 pF.
4- 5 Energy stored in a charged capacitor (in electric fielde )

If the capacitor is connected to a power supply such as battery,
charge will be transferred from the battery to the
plates of the capacitor. This is a charging f
process of the capacitor which mean that g V
the battery perform a work to store energy
between the plates of the capacitor.
Consider uncharged capacitor is connected to Q
a battery as shown in figure 6.8, at start the ¢ v
potential across the plates is zero and the charge is zero as well. If
the switch S is closed then the charging process will start and the
potential across the capacitor will rise to reach the value equal the
potential of the battery V in time t (called charging time). at start the
potential across the plates is zero and the charge is zero as well.
Suppose that at a time t a charge q(t) has been transferred from the

Capacitor

dw = qu = — dq
C

battery to capacitor. The potential difference V(t) across the
capacitor will be q(t)/C. For the battery to transferred another
amount of charge dq it will perform a work dW
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The total work required to put a total charge Q on the capacitor is

Q d QZ
- jan- ([

Using the equation g=CV

2
w=u=_"lov-ley?
2C 2 2

Example 4-4 Three capacitors of 8uF, 10uF and 14uF
are connected to a battery of 12V. How much energy does
the battery supply if the capacitors are connected (a) in
series and (b) in parallel?

1 1 1
. . ‘ot — = + +
Solution ;: For series combination C c, c,

1
(OF

This gives C = 3.37 uF
Then the energy U is  1\2 CV? |
U =1/2 (3.37x10°) (12)? = 2.43x104)
For parallel combination C=C1+ C2 + C3
C=8+10+14=32uF
Theenergy Uis U =1/2 (32x10°) (12)% = 2.3x1073]

4.6-Capacitor with dielectric

A dielectric is a non-conducting material, such as rubber, glass or
paper. Experimentally it was found that the capacitance of a
capacitor increased when a dielectric material was inserted in the
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space between the plates. The ratio of the capacitance with the
dielectric to that without it called the dielectric constant k of the
material

K=C/Cy

Problems
1 -Two capacitors, C1=2uF and C,=16uF, are connected in parallel.

What is the value of the equivalent capacitance of the combination?

2-Calculate the equivalent capacitance of the two capacitors in the
previous exercise if they are connected in series.

3-A 100pF capacitor is charged to a potential difference of 50V, the
charging battery then being disconnected. The capacitor is then
connected in parallel with a second (initially uncharged) capacitor.
If the measured potential difference drops to 35V ,What is the
capacitance of this second capacitor ?

4-A parallel-plate capacitor has circular plates of 8.0cm radius and
1.0mm separation. What charge will appear on the plates if a potential
difference of 100V is applied?

5-A 6.0uF capacitor is connected in series with a 4.0uF

capacitor and a potential difference of 200 V is applied

across the pair. (a) What is the charge on each capacitor?

(b) What is the potential difference across each capacitor?
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Current and Resistance

5-1 - Electric Current
5-2- Ohm's Law :

5- 3 -Resistance and resistivity

5- 4 - Definition of the current density

5-5 -Definition of current in terms of the drift velocity
5- 6 Electric field inside a wire

5-7 - Combination of Resistors

5- 7 .1- Resistors in Series
5- 7 -2- Resistors in Parallel

5-7-3 - Physical facts for the series and parallel combination of
resistors

5— 8 Electrical Energy and Power
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5—1 Electric Current :

Electric Current in a wire is defined as( the net amount of charge
that passes through the wires full cross section at any point per unit
time ) Thus ,the average current |

A
s definedas I = A—? where AQ the amount of charge

that passes through the conductor at any location during the time
interval .

Current is a scalar quantity and has a unit of C/s , which is called
ampere.

Thus ,1 ampere = 1 coulomb per secand or 1A= 1€

( where 1 coulomb = 6.24x10*8 electrons )

Example 1 : what current must flow if 0.24 coulomb is to be
transferred in 15 ms ?

) i _ Q _ 0.24 __0.24X103
Solution :smceI = == = =16 A
s 15X10-3 15

Example 2 : If a current of 10 A flows for four minutes , find the
guantity of electricity transferred .

Solution : quantity of electricity ,

Q=1t=10x4x 60— 2400 C

Example 3 : A steady current of 2.5 A exists in a wire for 4.0 min . a
— how much total charge passed by a given point in the circuit
during those 4.min ? b —how many electrons would this be ?

Solution : Q = It =2.5x 240 =600 C
b - the charge on one electron 1.6 X10*° C

600 _ — 3.8 X10% electrons.

1.6 x10-19

|Page65



66

4-2 Ohm's Law :

Ohm's Law stares that the current | flow in a circuit is directly
proportional to the applied voltage V and inversely proportional to
the resistance R ,provided the temperature remains constant . Thus,

S 4 I 4
=Y o R=Y

The resistance R of a conductor is defined as the ratio V//I, where
V is the potential difference ( p.d.) across the conductor and I is
the current flowing in it.

The unit of resistance is the ohm ( €2 ) 1 ohm is defined as the
resistance which will have a current of 1 ampere flowing through it
when 1 volt is connected across it ,i.e.
potential difference ( p.d.)

current

resistance R =

(Q)=(VIA),

The resistance in the circuit is drown using this symbol

—%"ﬁ-—% —ANN—

Fixed resistor Variable resistor Potential divider

amils dagl i Bpuios daglis :ﬂ.ﬂﬂ.‘.ﬂa_-ﬁ;ﬂa_.q

{ uLl M

Resistor Color Cods .
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Color 1st Band 2nd Band Jrd Band 4th Band
Black [

Brown

White g § 1,000,000,000

Gold 01 %
Silver 0.01 10%
Hone 0%

Example 4 : Find the current of an electrical circuit that has
resistance of 50 Ohms and voltage supply of 5 Volts.

Solution: V =5V R =50Q
I=V/R=5V/50Q=0.1A =100mA

Example 5 : Find the resistance of an electrical circuit that has
voltage supply of 10 Volts and current of 5GmA.

Solution: V =10V | = 5mA = 0.005A
R=V/I=10V/0.005A =2000Q = 2kQ

Example 6 : Asmall flashlight bulb draws 300m A from its 1.5
V battery a — what is the resistance of the bulb . b — If the
battery become weak and the voltage dropsto 1.2 V . how
would the current charge ?

Solution: a-R=V/I1=15V/03A =50 Q
b- 1=V/R=12V/5.0Q=0.24 A =240 Ma
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Example 7 : what is the resistance of a coil which draws a current
of (a)50 mA

And (b) 200 A froma 120V supply ?

Solution:a R =V /I= 120V /50x10°A = 120/ 0.050
=12000/5=2400 Q =24k Q

(b)R=Z=—2_=120/0.0002 =600 000 Q =

R 200x10—-6

600k Qor0.6 M Q

4 — 3 Resistivity
It is found experimentally that the resistance R of an electrical
conductor depends on 4 factors,these being :

(a) length of the conductor .

(b) the cross —sectional area of the conductor .

( ) the type of material .

( d) the temperature of the material .

Resistance R, is directly proportional to its length # .i.e R o 7, and

resistance R is inversely proportional to its cross —sectional area A
of the conductor.icRa 1/A

where p , the constant of proportionality ,is called the resistivity
and depends on the material used .

The resistivity has unit of ohm meter (Q.m)
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Resistivity of various materials at 20°C

Material Resistwvity (£2.m)
1 Sibver 1.59=10r8
2 Copper 1. 7108
3 Gold 2. 44108
4 Adurminum 282108
o Tungesten S5.6xx108
L] Iron 10108
rJ Platinum 11108
8 Lead 20108
9 Michrome 150=10r8
10 Carbon 3.5=10r5
11 Germaniurm 046
12 Silicon <40
1= Glass 1010-1 02

Note that good conductor of electricity have a low resistivity and
good insulator have a high value of resistivity.

The reciprocal of the resistivity , called the conductivity o
- — * and has units of (Q.m )

Notice that the resistance of a conductor depends on the geometry of
the conductor, and the resistivity of the conductor depends only on
the electronic structure of the material.

Example 8: A 0.90V potential difference is maintained across a
1.5m length of tungsten wire that has a cross-sectional area of
0.60mm?2. What is the current in the wire?

Solution :From Ohm’s law
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£

A therefore,

[=— where R=
R A

V4 (G.Qt])(ﬁ.f]xlﬂ'?j _
ol (5.6x107%)(1.5)
Example 9: (a) Calculate the resistance per unit length of a 22
nichrome wire of radius 0.321mm. (b) If a potential difference of
10V is maintained cross alm length of nichrome wire, what is the

current in the wire. prichromes=1.5x10° Q.m.
Solution :(a) The cross sectional area of the wire is

A=nrt=1 (0320310 = 3.24x10 '’

The resistance per unit length is J/ £
R p 1.5« 10°°

6.434

—=r = —=4.600/m
£ A 324107
(b) The current in the wire is
_ ¥y _10 554
R 46

Nichrome wire is often used for heating elements in electric heater,
toaster and irons, since its resistance is 100 times higher than the
copper wire

Example 10 :A 2.4m length of wire that is 0.031cm? in cross section
has a measured resistance of 0.24 Q.. Calculate the conductivity of
the material

Solution :
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R=p— and ES é therefore

L 24
RA  (0.24)(3.1x107%)

=323x10°/Qm

Example 11: A 0.9V potential difference is maintained across a 1.5m
length of tungsten wire that has cross-sectional area of 0.6mm?2. What
is the current in the wire?

Solution: From Ohm's law,

I=— where R = p% therefore

_VA_ 09x6x107 _ .

T oL 5.6x10° x1.5

Example 12 : Determine the resistance of 1200m of copper cable

having a diameter of 12mm if the resistivity of copper is 1.7x 108
Q.m

Solution : The cross sectional area of cable,a=nr>=n (12/2)*=

36 x 10° m?

-8
R — ,0£ _ (1.7x107°)(1200) _ 1.7%x12 — 0.1800

A 367 x107° 36

4 — 4 -Definition of the current density

The electric current per unit cross-section area at any point in space
Is called the current density J.If the current density J in a wire of
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cross-section area A is uniform over the cross-section ,then Jis
related tthe electric current by

JZX or

| =JA

The current density is
avector quantity.

4 -5 - Definition of current in terms of the drift velocity

Consider figure shown above. Suppose there are n positive
charge particle per unit volume _ Hectric fiold
moves in the direction of the field Ny Y

from the left to the right, all move 4{ e— Bl . 2

with an average velocity called drift =
velocity v . I'l'l'

In time At each particle moves

distance vAt the shaded area in the figure, The volume of
the shaded area in the figure is equal nAvAt, the charge
AQ flowing across the end of the cylinder in time At is

AQ = nqvAAt (4.1)
where q is the charge of
each particle.
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Then the current | is
| — AQ _nhq VAAL
At At
(4.2)

= nNg1vA

1
3 — —-=ngv

This drift velocity is very small compare with the velocity of
propagation of current pulse, which is 3 x108m/s. The smaller value
of the drift velocity is due to the collisions with atoms in the
conductor.

Example 13 : A copper conductor of square cross section
1mm? on a side carries a constant current of 20A. The
density of free electrons is 8 x10% electron per cubic
meter. Find the current density and the drift velocity.

Solution : The current density is 3 — LA =20 x108 A/ m?

The drift velocity is

J 20x10°
V=—=
ng (8x10%)(1.6x107")

=1.6x10°% m\s

4 — 6 Electric field inside a wire

Equation V=1R, can be written the resistance R in terms
of the resistivity :

4

RZPX and we write Vand 1 as | =J A and

V=EL
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14
We have El=({A(p Z) = Jpt

J ziEzo'E

yo,
Where ¢ = 1/p is

SO

The conductivity

For metal conductor, p and o do not depend on V ( and hence
not on E ) .Therefore current density J is proportional to the
electrical field E in the conductor .This is the ( microscopic )
statement of Ohm's Law

4 —7 Combination of Resistors
Some times the electric circuit consist of more than two

resistors, which are, connected either in parallel or in series
the equivalent resistance is evaluated as follow:

4- 7 -1 Resistors in Series:
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The figure shows three resistor in
series, carrying a current |. For a

_ _ _ A B C D
series connection of resistors, M A AN e
the current is the same in each e i e Pl

. - - ""l AR ""l EC ""l cD
resistor. If Vap is the potential y ' . "
deference across the whole Vi

resistors, the electric energy supplied to the system per second is

IV ap . This is equal to the electric energy dissipated per second in
all the resistors.

IVap= IVag + IVec+ IVep , Hence
Vap=Vag+ Vec+ Vcp
The individual potential differences are

Vag = IRy, Vec=1R, Vep = 1IR3
Therefore

Vap=IR:1+ IR+ IR3 ,
Vap=1(R1+ Rz+ Rs)

The equivalent resistor is
R=R;+R,+R3

4-7- 2 Resistors in Parallel:
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The figure shows three resistor in parallel, between the
points A and B, A current I enter from

point A and leave from point B, setting [y R

up a potential difference V. B A S—

For a parallel connection of resistors, -

the potential difference is equal , AlL—» Yy

across each resistor. The current

branches into Iy, I, I3, through the L T

three resistors and, — W
- ‘Ff"__m

I= 11+ It I3
The current in each branch is given by

V
|1:\£ |, =25
Rl ) R2 )
I _VAB
* R
3
__ Ve +VAB _I_VAB

R R, R,

The equivalent resistance is

1 1 1 1
_I_
R R R, R, (4-4)

4- 7-3 -Physical facts for the series and parallel combination of
resistors
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Series combination

Current is the same
through all resistors

Total potential difference =
sum of the individual
potential difference

Individual potential

difference directly
proportional to the
individual resistance

Total resistance is
greater than greatest
individual resistance

Parallel combination

Potential difference is the
same through all resistors

Total Current = sum of
the individual current

Individual current
inversely proportional to
the individual resistance

Total resistance is less than
least individual resistance

Notice that parallel resistors combine in the same way that series
capacitors combine, and vice versa

Example 14: Two wires A and B of circular cross section are made
of the same metal and have equal length, but the resistance of wire A
IS three times greater than that of wire B. What is the ratio of their

cross-sectional area? How do their radii compare?

Solytion : Since R=L/A, the ratio of the resistance
Ra/Re=AA/AB. Hence, the ratio is three times. That is, the area of
wire B is three times that of B. The radius of wire b is V3 times the

radius of wire B.

4 -8 Electrical Energy and Power
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The current can flow in circuit when a battery [—»
IS connected to
(f
an electrical device through conducting I
wire as shown in P
= o=
figure . If the positive terminal of the battery <= ===
IS connected to a
1]
and the negative terminal of the battery is
connected to b
<+ |

of the device. A charge dgq moves through the device from

a to b. The hbattery perform a Work dW = dq Van.
This work is by the battery is energy dU transferred to the device in

time dt therefore.

dU= dW = dq Vap =1 dt Vs

The rate of electric energy (dU/dt) is an electric power (P).

duU
"= T Ve
Suppose a resistor replaces the electric device, the electric power is
V 2
— 2 P =
P=IR , R

The unit of power is (Joule/sec) which is known as watt (W).

Example 15 : An electric heater is constructed by applying a

potential difference of 110
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volt to a nichrome wire of total resistance 8Q. Find the current
carried by the wire and

the power rating of the heater.

Solution: SinceV =1IR |=%=%=13.8A

The power P is P = I?R = (13.8)°x8=1520W

Example 16 : A light bulb is rated at 120v/75W. The bulb is
powered by a 120v. Find the current in the bulb and its resistance.

V 75
ion- = | =—=——=.0.625A
Solution: P=1V P 120
Th ist i R—\L __120 = 1920
e resistance is | 0625

Example 16 : Two conductors of the same length and
radius are connected across the same potential difference.
One conductor has twice the resistance of the other. Which
conductor will dissipate more power?

Solution :  Since the power dissipated is given by
P=V?/R, the conductor with the lower resistance will
dissipate more power.

Example 17 :Two light bulbs both operate from 110v, but
one has power rating 25W and the other of 200W. Which
bulb has the higher resistance? Which bulb carries the
greater current?

Solution :  Since P=V?/R, and V is the same for each bulb, the
25W bulb would have the higher resistance. Since P=1V, then the
100W bulb carries the greater current

Example 18 :1f a 5507 resistor is rated at 125W, what is the
maximum allowed voltage?
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Solution : P:? , V =JPR =+125x55 = g2ov
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