PHY101 Electricity and Magnetism |
Topic 1 (Lecture 1) — Electrostatics

In this topic, we will cover:

1) Electric charge

2) Conductors, insulators and induction
3) Coulomb’s Law

4) The Principle of Superposition

Introduction

Almost all the everyday phenomena that we expegi@me based on electromagnetism. This
includes most properties of materials, includingittbonding, friction between objects, chemical
reactions, light and radio waves and the transomssif signals along nerve fibres. The only
common non-electromagnetic force we experiencedasitgtion, which is only important between
large objects, such as ourselves and the eartithef{@orces exist at the nuclear and sub-nuclear
level, responsible for nuclear binding and radivactiecay.)

Electric charge is a fundamental property of matteich causes it to experience electrical
(and magnetic) effects. Matter is composed of atamiich consist of a tiny nucleus surrounded by
electrons. The nucleus consists of protons andreres) and the protons carry a positive electric
charge. The electrons carry an equal but opp(segative) charge. Normal matter contains atoms
with the same number of electrons as protons —dheyherefore electrically neutral. An ion is an
atom (or molecule) which has lost or gained onmore electrons, and so carries an overall electric
charge.

The first systematic observations of electricabet$ were of what was known fgctional
electricity. When a plastic rod is rubbed with fur, some tetets are transferred from the fur to the
plastic, so the latter gains a net negative char§emilarly, if a glass rod is rubbed with silk,
electrons are transferred from glass to silk, soglass develops a net positive charge. (In faet,
word “electric” is derived from the Greek for ampahich was the original material observed to
obtain a charge after rubbing.)

The study of electrical properties of charges at is known aslectrostatics. Moving
electric charges constitute an electric currenty am we shall see later in the course, electric
currents generate magnetic effects. When bothtreleand magnetic effects are present, the
interactions involved are known dectromagnetic. Although for much of the course we will treat
electric and magnetic effects separately, a compmlescription of these effects requires a theory of
electromagnetism.

Electric Charge

The S.1. unit of charge is the Coulomb, C. It &ided in terms of electric current, which is
the rate of flow of charge. (This is because peally it is easier to make precise measurements of
electric currents, through their magnetic effectlje Coulomb is a very large unit. The charge on
a proton is given by e=1.602x10"C
and the charge on an electron is minus this amotfectric charge appears only in these discrete
amounts (it is said to bguantised). When an object is rubbed, the accumulated eherg small
fraction of a Coulomb — typically I8C.

The normal symbol for charge @ or g. Thus the electron and proton charges may be
denoted
Je=—€ gp=te
Charge cannot be either created or destroyed. fabisis known as the conservation of

charge:
In any isolated system, the total charge remains constant.
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Conductors and Insulators

Materials such as glass and plastic maintain aaycdrictional electric charge. Charges at
one point on their surfaces are not free to movantther part of the object. They are known as
insulators. Other examples of insulators are dry wood andeub Other materials, such as metals
and ionic solutions, allow charge to flow freelydhgh them. They are known asnductors.
Very pure, distilled water is a poor conductor, batmal tap water is quite a good conductor due to
dissolved impurities which produce ions. Earthaiggood conductor because of the water it
contains. (A third group of materials is the sesnuctors, such as silicon, germanium and gallium
arsenide. These are intermediate in behaviouryisigosome insulating and conducting properties,
largely depending on their purity.)

Electrical conduction is the movement of electi@amges. In a metal, some of the outer
electrons are not strongly bound to an individuairg and readily become free. They are then able
to move in a sea of free charge which is only attdcto the sample of metal as a whole. If extra
electrons are added at one point, the forces thest en the original electrons cause them to spread
out, so that the extra charge is distributed thiotlge conductor. In ionic solutions, it is the
movement of the ions which is responsible for tleeteical conduction.

Forces between Charges and Induction

Like charges (that is, two positive or two negaiiverges) repel each other. Similarly, two
unlike charges (one positive and one negativeadcitieach other. We can exploit this fact in the
process ofinduction to use an existing charge on one body to prodheege on other bodies.
Consider what happens if we bring a positively gbdr glass rod close to a conducting body
mounted on an insulating stand, as shown in figa¢. The positive charge on the rod will attract
free electrons to the near side of the body leaairtgficit on the far side. (This is equivalent to
positive charge being repelled to the far sidegxtNif we temporarily connect the far side of the
body to ground with a conducting wire as in figh)l{he excess positive charge will be neutralised
by electrons being attracted from the ground. dé&ively, the positive charge leaks to ground.)
This leaves the body with a net negative chargeallly (figure 1(c)) if the wire and then the glass
rod are removed, we are left with a negatively ghdrbody.

Figure 1 Charging by Induction
Think! How was charge conserved in the above process?

Coulomb’s Law

The magnitude of the force between two chargesrikpen the size of the charges. It also
depends on the distance between the charges. 8 Qfarles Augustin de Coulomb determined
the force law for electrostatic charges, and thisniown as Coulomb’s Law.

The magnitude of the force between two point chargeis directly proportional to
the product of the charges and inversely proportioal to the square of the
distance between them. The direction of the forces along the line joining the
charges.

(Note that Coulomb’s law applies fmint charges. If the charge is distributed in space,
firstly the separation distance is not well defineshd secondly one charge may affect the
distribution of the other charge. Also the chargesst be at rest; moving charges will also
experience magnetic forces.)
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Consider a point particle carrying a chagat a distance from another particle carrying
chargeQ. Coulomb’s law tells us that the magnitude offthree,F is

F :qu—? [1]

wherek is a constant. In S.I. units, the value of k is
k =8.99x 10 Nnf Czl

The constant k is usually written as

1
k= . 2
4T, 2]

(We will see later why the factor oft4s useful.) The quantits is called the permittivity of free
space, and has the value (as you could work out!)

g, =8.85x 10" C N* m®.
(We will see a more convenient way of expressimguhits later in the course.)
Expressing Coulomb’s law in vector form, we arrate
F=—99 ¢ 3]
4T 1

wheref is a unit vector which has its origin at the “smupof the force”. For example, to find the

force ong due toQ, the origin off must be placed &, as shown in figure 2. If the magnitude of

F is positive (which it will be if both charges hattee same sign), we have a repulsive force,
tending to move the charges apart.

(o

Figure 2 The force og due toQ

The Principle of Superposition

The force exerted by one charge on another is ffettad by any additional charges which
may be present. This leads to the principle oédmsuperposition, which states that the force
experienced by one charge as a result of a systernaoges is just equal to the sum of the forces
which would be produced by each of the other cleaifgé was present alone. Consider a system of
chargesy, O, 0, ... On. Using the notatiorag = Force on A due to B, the net forEg acting on
01 is simply the vector sum

F1:F12+F13+"'+F1\1

Note on unit vectors A unit vector is a dimensionless quantity thatves only to specify
direction in space. To simplify the manipulatiohvectors, it can be convenient to introduce the
unit vectorg, j, k, that lie along the, y andz axes of a given coordinate system respectivelgces

unit vectors have unit lengthi| =|j| =k | =1. In general, any vector may be written as the sfifn

three vectors parallel to each of the coordinatsax
V =Vji+Vj +Vk

b
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Putting What You Have Learnt Into Practice

Question 1
Four point charges are arranged at the cornerseaftangle as shown below. gif = -3uC,
02 = -5uC, g3 = 13uC andq; = —-15uC, find the net force og, due to the other three charges.
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Solution
The directions of the forces a@p and the coordinate axes are shown in the figlitee magnitude
of the force org; due toq, is:

— |q1q2| — (3X1O_6)X(5>< 106) =15N
AT’ 4mx8.85 10%x 0.3

la (3x1cr‘5)x(15x 106)
ATE,r2  4Tix 8.85¢ 10%x 0.4

gy (3x10°)x(13¢ 10°)
B 4mer?  4mx 8.85¢ 10x 0.5

The overall force oy is given by
F,=F,—F.co80=25 1.4 0.8 1.4

F,=-F,+ F,sin6=-1.5+ 1.4 0.6—- 0.7 |
Or F,=1.4-0.79 N

=25N

Similarly F, =

=1.4 N (note thatr,, = \r2+r%=v0.3+0.4= 05n

Question 2

Three positive point charges lie along a line asashin the figure below. The charggsandaq;
are separated by 2.0 m and areuC5and 6uC respectively, whilejs is between them. If there is
no net force omjz, how far is it situated frorg,?

2.0m
X 7
Fa2 Fa1
@ - ——> - @
01 ds 02

Solution
Since we are not told whetheg is positive or negative, we do not know whethex fbrces
between it and the other two charges are reputsiatractive, but we do know they are both the
same. By Coulomb’s law, the magnitudes of thedsrare
S e I £ o lwwl o
31~ 2 = 2 32~ 2 = 2

ATE 1 ATE X 4Te.ry,  4TE,(2-X)
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Setting these two equal, and cancelling commonggewe have
9_-_ %
X2 (2_ X)2
Cross-multiplying and taking the square root ofreside then gives us
(2-x)\a =x{q,
24, =0, +xJa, = x({Ja, +a,)
2o,  2d1x10° 5

2 =1.225nm

X= = =
Jo +Ja,  J15x10° +/ex 108 B5++/2

[There is no net force whep is 1.225 m fronuy

Question 3
The electron and proton in a hydrogen atom are A83%m apart. What is the ratio of the
gravitational to the electrostatic force betweesniR?

Solution
2
The magnitude of the electrostatic force is givenfy = 2 € 5
TE,f
Gmm,

The magnitude of the gravitational force is given By =—
;

The ratio of the forces is thus
F, _4me,Gmm,  47x8.85x 10%x 6.6% 10'x 9. 16x 1.67 10

Fes e’ (1.6>< 1019)2

=4.4x10%

Note firstly that this is extremely small! This éxips why when we deal with interactions between
elementary particles, gravitation can safely bergd. It also explains why a charged comb can lift
a piece of paper and so overcome the gravitat@att@ction of the whole earth!

Secondly, because Newton’s law of gravitation amadil@mb’s law are both inverse square laws
they have the same dependence on separation. Hassnthat the actual distancelisappears
from the above calculation.
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