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Chapter 2

Oscillations and Mechanical Waves

In this chapter we will study a special type of motion called
periodic motion (harmonic motion), which is the repeating motion of
an object in which it continues to return to a given position after a
fixed time interval. The repetitive movements of such an object are

called oscillations.
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Any periodic motion is characterized by some properties such as:
1- Amplitude (A): it is the maximum displacement of the object from
its equilibrium position. And its unit is cm or m
2- Periodic time (T): it is the time for one complete oscillation (or
cycle).  And its unit is second
3- Frequency (f): it is the number of oscillations that are completed

each second. And its unit is the Hertz (Hz) or sec™. (i.¢):

1
=7

4- Angular frequency (®): it is the number of angular oscillations that
are completed each second. And its unit is rad/sec. (i.e):
w = 27f

The Displacement in the oscillation motion:

For any oscillation motion, the displacement [x (t)] of the particle
from the origin is given as a function of time by:
x(t)=Acos(wt+ @)

Where, the time-varying quantity

This is a graph of the motion,
(ot+@) is called the phase of the gl e e

Xm "\ /\
0 \/ ll Time ({)
—X,,

The maximum displacement of the object is given when the term

motion, and the constant ¢ 1s called

Displacement

the phase constant (or phase angle).

cos(w t + @) =1. So, the maximum displacement is:

X (t)max = A
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The Velocity in the oscillation motion:

By differentiating the equation of displacement in respect to time,
we can find an expression for the velocity of a particle moving with

oscillation motion; that is,

dx (t) d

v(t) = Tt I [Acos(wt + ¢)]

v(t) = —wAsin(wt+ @)

The maximum velocity of the object is given when the term
sin(w t + @) = 1. So, the maximum velocity is:
V () max = —wWA

The Acceleration in the oscillation motion:

By differentiating the equation of velocity in respect to time, we
can find an expression for the acceleration of a particle moving with

oscillation motion; that is,

a(t) = dv (1) = 4 [—wAsin(wt + ¢)]
dt dt
a(t) = —w?Acos(wt+ @)
Since, x(t)=Acos(wt+ @)
So,

a(t) = —w?x (t)
The maximum acceleration of the object is given when the term
cos(w t+ ¢) =1. So, the maximum acceleration is:

a (Omax = —w*A
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[Simple Harmonic Motion:J

In the equation of acceleration, we found that the acceleration is
proportional to the displacement but opposite in sign, and the two
quantities are related by the square of the angular frequency.

This motion called the simple harmonic motion which can define
by: the motion where the acceleration is proportional to the
displacement but opposite in sign.

We can use Newton’s second law to learn what force must act on
the particle to give it that acceleration. If we combine Newton’s second
law and equation of acceleration, we find, for simple harmonic motion:

F = ma = —mw?x (t)
This result a restoring force that is proportional to the displacement but
opposite in sign. That is familiar to another law called hook’s law where:
F=—kx
Where k is called spring constant. So, we can express it as:

k = mw?
We can in fact take equation of force as an alternative definition of
simple harmonic motion. It says: Simple harmonic motion is the
motion executed by a particle subject to a force that is proportional

to the displacement of the particle but opposite in sign.
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Example 16:

A simple harmonic oscillator takes 12 s to undergo five complete

vibrations. Find (a) the periodic time of its motion, (b) the frequency in

hertz, and (c) the angular frequency in radians per second.
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Example 17:

The position of a particle is given by the expression:
x(t) =4cos(3rt+ m)

where x 1s in meters and t is in seconds. Determine (a) the frequency,

(b) periodic time of the motion, (c) the amplitude of the motion, (d) the
phase constant, and (e) the position of the particle at t = 0.250 s.
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Example 18:

In an engine, a piston oscillates with simple harmonic motion so

that its position varies according to the expression:
[
x(t) =5cos(2t+ E)

where x is in centimeters and t is in seconds. At t = 0, find (a) the
position of the particle, (b) its velocity, (c) its acceleration, (d) the

periodic time, and (e) the amplitude of the motion.

Page

38



104 Phys. 1436/1437(first semester) Dr. Essam Nasr

Example 19:

A block whose mass m is 680 g is fastened to a spring whose spring

constant k 1s 65 N/m. The block is pulled a distance x = 11 c¢cm from its
equilibrium position at x = 0 on a frictionless surface and released from
rest at t = 0. What are: (a) the angular frequency, (b) the frequency, (c)
the periodic time of the resulting motion, (d) the amplitude, (e) the

maximum velocity, and the maximum acceleration?
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[The Wave Motion]

The easiest wave to visualize 1s a water wave. When a pebble is
dropped in a calm pool of water, ripples travel out from the point where
the pebble enters the water. The disturbance travels out from the center
of the pattern, but the water does not travel with the wave. Mechanical
waves—such as water waves, waves on a rope, waves in a spring, and

sound waves—have two general characteristics:

« A disturbance is in some identifiable medium.
- Energy is transmitted from place to place, but the medium does not
travel between two places.
So, the wave is a way of transferring energy by means of vibration.
Waves transfer energy without a transfer of matter. For examples: sound

waves, water waves, light waves, and waves on a stretched string.

Waves can be classified into transverse waves and longitudinal

waves according to the direction of vibration:

(1) Transverse waves: displacement of the medium is perpendicular

(transverse) to the direction of the wave propagation vector.

Examples: water waves, light waves, and waves on a stretched string.

(2) Longitudinal waves : displacement of the medium is parallel to

the direction of the wave propagation vector. Examples: sound waves.
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Wave characteristics

Important basic characteristics of waves are wavelength,
wavenumber, amplitude, period, and frequency.

1- Wavelength (A): is the length of the repeating wave shape. Or it is

the distance between two points on the wave at the same phase.

2- Wavenumber (k): is the number of wavelengths in radians per unit

g j

3- Amplitude (A): is the maximum displacement of the particles of the

medium.

— } L —
— v -

Longitudinal waves
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4- The period time ( T): is the time for one wave to pass a given point.

Period 1s measured in seconds.

5- Frequency of the wave (f): is the number of waves passing a given

point in a unit of time. Frequency is measured in cycles per second or
the SI unit of hertz (Hz) with the dimensions of sec .

The relation between the frequency and periodic time is:

1
=7

6- Angular frequency (®): it is the number of angular oscillations that
are completed each second. And its unit is rad/sec. (i.e):
w = 2nf

7- The wave velocity (v): is the speed at which the wave moves.

From the definition of velocity as distance/time (distance divided

by time)—for all types of waves—the velocity is given by the following:
A=NNE= T

This equation states that the wave will advance the distance of one
wavelength in the time of one period of vibration. The velocity is

dependent upon the characteristics of the medium carrying the wave.
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The Displacement of the particles in the wave motion:

The wave motion can be described by a sinusoidal wave where the
displacement (y) of the particles from the origin is given as a function of
distance and time by:

y=Asin (kx —wt+ @)
The maximum displacement of the object is given when the term

sin (kx — w t + ¢) =1. So, the maximum displacement is:

Ymax = 4

The velocity of the particles in the wave motion:

By differentiating the equation of displacement in respect to time,
we can find an expression for the velocity of the particles moving with

wave motion; that is,

v = ﬂ=i[Asin(kx—wt+ )]
dt dt
v(t) = —wAcos (kx —wt+ @)
The maximum velocity of the object is given when the term
cos (kx —wt + @) =1. So, the maximum velocity is:
UV max = —WA

The Acceleration of the particles in the wave motion:

By differentiating the equation of velocity in respect to time, we
can find an expression for the acceleration of the particles moving with

wave motion; that is,
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_ W Acos (e —wt +
a = dt_dt[ wA cos (kx — w ®)]
a(t) = —w?Asin (kx —wt+ @)
Since, y=Asin (kx —wt+ @)
So, a=-wy

The maximum acceleration of the object is given when the term

sin (kx — w t + ¢) =1. So, the maximum acceleration is:

Example 20:

The equation of a transverse sinusoidal wave is given by:

a () max = —w?A

y =2x%X1073sin (18x — 600t + 30°) m

Find: (a) the amplitude of the wave, (b) the wavelength, (c¢) the
frequency, (d) the wave speed, and (e) the displacement at position
x=0m and time t=0 sec. (f) the particle velocity at position x=0.5m and
time t=0.01 sec, (g) the particle acceleration position x=2m and time
t=0.01 sec, (h) the maximum transverse particle velocity, and (i) the

maximum transverse particle acceleration.
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Example 21:

A sinusoidal wave travelling in the positive x-direction has

amplitude of 15cm, wavelength of 40cm, and frequency of 8Hz. The
vertical position of an element of the medium at t=0sec and x=0Ocm is
15cm. find: (a) the wave number, (b) the periodic time, (¢) the angular
frequency, (d) the wave velocity, (e) the phase constant, and (f) write a

general expression for the displacement of the wave function.
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distance squared, with the force directed along a line connecting the two
bodies. The mathematical form is the same, with the masses m; and m,

in Newton’s law replaced by q; and q, in Coulomb’s law and with
Newton’s constant G (6.67 x 10711 N.%;) replaced by Coulomb’s

constant k. There are two important differences: (1) electric forces can
be either attractive or repulsive, but gravitational forces are always
attractive, and (2) the electric force between charged elementary
particles is far stronger than the gravitational force between the

same particles.

Example 22:

The electron and proton of a hydrogen atom are separated (on the

average) by a distance of about 0.5x 107'"° m .(a) Find the magnitudes of
the electric force and the gravitational force that each particle exerts on
the other, and the ratio of the electric force F, to the gravitational force

F,. (where, e =1.9x10" C, m,= 1.67x10*" kg, m=9.11x10 " kg)

To find the electric force

2
x 102 N.2 (1.6 x 10719 ()2
F’:kqlqzzg ON.¢z- 16X1077C) —922x10°8 N
¢ r2 (0.5 x 10710 ;)2

To find the gravitational force

2
-11 m -31 =27
 Gmym, 6.67 X 10 N'_kg2 (9.1x107°"kg)(1.67 x 107" kg)

g 2z (0.5 x 10710 ;)2
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=4.05%x 10747 N
So,
F, 922x10°8
— = = 227 %x103°
F, 4.05x10~%

Example 23:

Calculate the electrical force between two charges, q; = 5 uC,

q» = - 3 uC. where the distance between them is equal to 15 c¢cm, and

Coulomb's constant equal to 9 x 10° N.m*/ C*.

Example 24:

Consider three point charges at the F33

0

30 cm q1

corners of a triangle, as shown in the Figure

{3
illustrated, where q;= 6 uC, q,= -10 uC and

qs=-8 pC. 20 cm
(a) Find the components of the force F

exerted by q, on qs.

7. ©
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(b) Find the components of the force F 5 exerted by q; on qs. (¢) Find the

resultant force on 3, in terms of components and also in terms of

magnitude and direction.
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[The Electric Field ]

The gravitational force and the electrostatic force are both capable
of acting through space, producing an effect even when there isn’t any
physical contact between the objects involved. An electric field is said
to exist in the region of space around a charged object. The electric
field exerts an electric force on any other charged object within the field.

The illustrated figure shows an object with a small positive charge

qo placed near a second object with a much larger positive charge Q. The
electric field E produced by a charge Q at the location of a small “test”

charge q is defined as the electric force F exerted by Q on q, divided by
the test charge qo:

E=

ESHN e ST

SI unit: newton per coulomb (N/C)

So, the electric field E at any point can be defined as: the electric

force acting on the positive electrical charge unit at this point.

The electric field always has the

same direction as the electric force on the tﬁ
test charge. As shown in the opposite ‘ P
figure, when a positive test charge is used,

the electric field at point A is vertical and +

downward when the charged sphere is

negative.
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While when the charged sphere 1s positive, the electric field at point A is
vertical and upward.

Once the electric field due to a given arrangement of charges is
known at some point, the force on any particle with charge q placed at

that point can be calculated from:

- -

F=F.q,
Consider a point charge Q located a distance r from a test charge
qo- According to Coulomb’s law, the magnitude of the electric force of

the charge Q on the test charge is:

Because the magnitude of the electric field at the position of the test
charge is defined as E = F/qy, we see that the magnitude of the electric

field due to the charge Q at the position of q 1s

_F _kQ
gy 1P
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Example 25: y

Charge q; = 7uC is at the origin, and Ei g\
charge q, = 25 pnC is on the x-axis, 0.3 m from \|é
the origin. (a) Find the magnitude and s é____
direction of the electric field at point P, which 8;\ L,
has coordinates (0, 0.4) m. (b) Find the force 0.400m \\\\0.500 m
on a charge of 2 x 10™ C placed at P.
D

Page
55




104 Phys. 1436/1437(first semester)

Dr. Essam Nasr

[Potential Difference and Electric Potential }

In the previous sections, we learned that when you put an electric

charge in the electric field, it influenced by an electrical force with the

magnitude of + qE and its direction is in the same direction of the

electric field. In order to remain this charge in equilibrium, (i.e. remain

in its place) it must be affected by an equivalent force, but in the

opposite direction -qE. This means that, it has to be doing a work by an

external factor against the electrical force to keep the charge movement

always in equilibrium.

This work done against the electrical
force to transfer a positive test unit charge
qo from point A to point B is known as,
the potential difference between the two

points. 1.e.

Wig Joule

=TVolt
do C

AV =Vg— V, =

@

A

qE

r £

To calculate the potential at any point, it was agreed that the

potential of the very distant points from the charges is equal to zero. In

our case, if we chose point A at infinity, the potential V5 becomes equal

to zero. And by compensating in the previous equation we get the

. , W
potential at point B where: Vg = -
o
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So, the electric potential at any point can be defined as: '"The work
done for the unity of charge to transfer a small positive test charge

from infinity to that point".

[ Calculating the Potential from the FieldJ

We can calculate the potential difference between any two points i

and f in an electric field if we know the electric field E vector all along
any path connecting those points. To make the calculation, we find the
work done on a positive test charge by the field as the charge moves
from 1 to f, and then use the previous equation.

Suppose charge qo move along the path (a) without accelerating
and consider first the work done to move the charge a differential

displacement dr and then make an integration process along the path

from A to B.
A
/ -
+Q 4 oE
a b
B

A 4
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If the amount of the electric field strength at the element (dr) is E
and makes an angle 0 with it, the test charge influenced by force + qE
and be in the same direction of the field, therefore the force which done
by the external factor to move the charge without acceleration is -qE and

be contrary to the direction of the field, and the work done becomes:

B

B
WAB=f F cos@ dr = —qof E cos@ dr
A A

And the electrical potential difference is:
Wag
4o

In special cases, where the field is uniform and parallel to the path

Vg — Vy =

B
=—fEcostr
A

of the charge, the charge movement in the opposite direction of the field
strength makes angle 0 equal to 180 ° and thus the electrical potential

difference 1is:

B

B
Vg —V, = —f Ecosl80dr=Ef dr = Ed
A

A

Where d represents the path length between points A and B.
Therefore, it 1s clear that it can express the electric field strength of

unity volts / meter.
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[Electric potential for a point chargg}

To find the potential difference between two points, such as A and
B, lies in the electric field E for a point charge Q on the extension of the

line passing along the center of the charge as the figure:

A

4\ s

The electric field E for a point charge Q at any point at distance r

from the relation:

The potential difference between two points, A and B, lies at

distances ru, rg from the point charge Q where, 0 = 0, is given from:

B

B
V—VA——fEcosOdr——j E dr

j —dr - —ijrBdr
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1™ 1 1
Vp — VA=kQ;rA— kQ(E_ a)
So,
1 1
%_kQE ) %—kQa

And that represents the potential at any point.

[Electrlc potential for a group of charg_

To calculate the electric

q:
potential for n number of point C\ f
qs

charges at a point such as p, we

calculate the potential for each /O
individual charge, ignoring the

existence of other charges, and

then collect algebraically the

values of these potentials. CI \O

an
Vp= Vl +V2 +V3 +V4_+

V, =k —+—+%+%+ ]
I Iy Ty

So,

— K anl
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Example 26:

From the opposite figure, calculate:

1- The electric potential at point P due to
the two charges (q; = 5uC, q, = -2uC).

2- The work required to bring a third
point charge of 4uC from infinity to P.

Page
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Example 27:

3
From the opposite figure, calculate: - -4x107C
0.5x10°C

1- The electric potential at point 0

10cm

due to the three charges.
Scm

2- The work required to bring an

electron (qg= 1.6x10"° C) from .O.8><10'8C

infinity to 0. 0 Sem
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[Electric Current (I): }

In this section, we study the flow of electric charges through a
piece of material. The amount of flow depends on both the material
through which the charges are passing and the potential difference
across the material. Whenever there is a net flow of charge through some
region, an electric current is said to exist. So, the electric current is a
flow of electric charge.

To define current more precisely, suppose charges are moving
perpendicular to a surface of area A (This area could be the cross-
sectional area of a wire, for example.) The current is defined as the rate
at which charge flows through this surface. If AQ is the amount of
charge that passes through this surface in a time interval At, the current I

is equal to the charge that passes through A per unit time:

AQ
I=—
At

The SI unit of current is the ampere [A], with 1 A =1 coulomb/sec.

So Electrical current is generally defined as "the rate of flow of

the electric charges" or 'the amount of electric charge passing

through the conductor per second.

And the Ampere can be defined as "The electrical current passing
through the conductor when the amount of electric charge passing

in one second is one coulomb"'.
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The Directions of Currents

Because flow has a direction, we have implicitly introduced a
convention that the direction of current corresponds to the direction
in which positive charges are flowing. The flowing charges inside
wires are negatively charged electrons that move in the opposite
direction of the current. Electric currents flow in conductors: solids
(metals, semiconductors), liquids (electrolytes, ionized) and gases

(ionized), but the flow is impeded in non-conductors or insulators.

Current Density (J):

The current density (J) in the conductor is defined as '"the

current intensity per unit area'.

J=—-  Amp./m?

Example 28:

Calculate the number of charges passing through a conductor with

cross-section area of Scm” if the electric current intensity passed in it is

3A in 6sec. As well as calculate the current density.
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[Conductivitv (6) and ohm’s law:]

When a potential difference is applied between the terminals of
conductor, an electric field and current density arises into the conductor.
If the potential difference is constant, proportionality relationship
between the current density and electric field exist where:

] < E ~]=0E
where o is called the conductivity of the material, and its unit is
Amp/volt.m .

The above equation 1s known as Ohm’s law, where Ohm’s law is

defined as "at constant temperature, the current density passing
through conductor is directly proportion with the electric field

intensity arises on it".

[Resistance (R):}

To obtain a more useful form of

Ohm’s law for practical applications,
consider a segment of straight wire of il
length € and cross-sectional area A, as v - ‘
shown in the Figure.

Suppose a potential difference AV =V, -V, is applied between the

ends of the wire, creating an electric field E and a current L. Assuming

E to be uniform, we then have AV =E¢{
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The magnitude of the current density can then be written as
/4

= E = —
J=o0 O'f

With J=1/ A, the potential difference becomes

V_ﬁ]_f[_(£>l
¢ oA \cA

Y .
The term — known as the resistance of the conductor R and can be

defined as "the impedance which the electric current found it when
pass through conductor" or ''the ratio between the potential
difference between the terminals of the conductor and electrical

current passing through it".

r= LV
cA I
This equation 1s considered as another form of ohm’s law which can be
defined according to this equation as "at constant temperature, the
electric potential between the terminals of a conductor is directly
proportion with the current intensity passing through it".
The SI unit of Resistance is the ohm Q where 1Q = volt/Ampere
Ohm defined as "the resistance of conductor, where one amp of

electric current intensity passes through it when the potential

difference between its terminals is one volt"'.
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Material that obeys this relation is said to be ohmic as seen in
figure a; otherwise, the material is non-ohmic as seen in figure b.

/

Slope

AV
-AV

(a1)
(b)

[Resistivitv (p) :}

The resistivity p of a material is defined as "the reciprocal of

conductivity", so:

1
p:—:—
o

Therefore, the unit of the resistivity i1s Q.m. and we can write the

resistance as:
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Example 29:

Calculate the resistance of copper wire 10 cm long, and the cross-

section area of 3 x 10™ cm” and resistivity 1.7 x 10°8 Q.m.

Example 30:

Calculate the electrical current intensity passing in an aluminum

wire of 20 cm long, cross-section area of 5 x 10~ cm® and resistivity

2.82 x 1078 Q.m, if the potential difference between its ends is 10V.
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[Resistances in Series]

When two or more resistors are connected end to end, they are said
to be in series. The resistors could be simple devices, such as light bulbs

or heating elements.

R, . R, Req =R, + Ry
?»—M_._W_f, a AN c

AV, AV,

I 7

A y A y

|, AV |, AV
] L ]
v | ™ L5

This connection is characterized by:
1- The current is the same in all resistors 1=1,=1,

2- The potential difference is divided on the resistors
AV = AV, + AV,
SO, AV:IReq,Vllel,VQZIRz

AV:IR1+IR2:I(R1+R2)
I116‘,q:I(1{1_'_I{2)
Req:R1+R2

the equivalent resistance of three or more resistors connected in series is:
Req:RI +R2+R3+ ...........
Note that, the equivalent resistance is greater than any of the

individual resistances.
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[Resistances in Parallel ]

When two or more resistors are connected where the ends of each

one is connected to the ends of the others in the same side, they are said
to be in parallel.

AV, = AV, = AV
R,
1 1 1
VWV .~ o
1,1 A A
R.
a A AAY &
—_— 5 IT
1 J
|

| |y
e b= ry L
AV 4

This connection is characterized by:
1- The potential differences across the resistors are the same
AV = AVl = AV2

2- The electric current is divided on the resistors.

1211+12
So,
AV AV AV
I = , L =—, [, = —
Req Rl RZ
I_AV+AV_AV(1+ 1)
Ry R, Ry R,
AV—AV<1+ 1)
Req Ry R,
1 1 1
= — 4+ —

Req Rl RZ
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The equivalent resistance of three or more resistors connected in series
1s:
1 1 1 1

= — 4+ — 4 — 4
R R, R, R,

eq

Note that, the equivalent resistance is smaller than any of the

individual resistances.

20
Example 31: —@— 2Q)
20

In the opposite figure, Find: @

1- The equivalent resistance of each circuit.

cocherentt | ] L
2- The current and the potential difference 6V 6V

on each lamp in each circuit.
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Example 32:

Three resistors (R; = 6Q, R, = 4Q), R; = 2Q)) are connected with
battery of 12V, calculate:

1- The equivalent resistance when connected in series and when
connected in parallel.

2- The current intensity passes in each resistance in each case (series and
parallel)

3- The potential difference on each resistance in each case.
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[The electromotive force ( emf.)ﬂ

A current is maintained in a closed circuit by a source of emf
among such sources are any devices (for example, batteries and
generators) that increase the potential energy of the circulating charges.
A source of emf can be thought of as a “charge pump” that forces
electrons to move in a direction opposite the electrostatic field inside the
source. The emf of a source is the work done per unit charge; hence the

SI unit of emf is the volt.

Consider the circuit consisting of :__8_:—___,—_:
a battery connected to a resistor. We ; .|+b M_i_
assume the connecting wires have no e |
resistance. If we neglect the internal I T
resistance of the battery, the potential R
drop across the battery (the terminal '

voltage) equals the emf of the battery.

Because a real battery always has some internal resistance r,
however, the terminal voltage is not equal to the emf. That may be
understood through the definition of both the electromotive force and
potential difference as follows:

The electromotive force (g):

It 1s the work done to transfer the charge unity (Coulomb) in all the
electric circuit outside and inside the source.

And from the definition of the potential difference:
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It is the work done to transfer the charge unity between two points
in the circuit outside the source.

Thus, the electromotive force can be divided into two parts:
1- external potential: to transfer charges through the external resistance

R.

2- Internal potential, to transfer charges through the internal resistance of
the source .
se=IR+Ir=1IR+r)
Due to V =1R, So:
e=V+Ir or V=c¢e¢—-1Ir

Example 33:

Battery with emf 12V and internal resistance 0.05Q connected to

3Q resistance, Calculate: the current and the terminal voltage of the

battery.
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[ Kirchhoff’s rules}

As demonstrated in the preceding section, we can analyze simple
circuits using Ohm’s law and the rules for series and parallel
combinations of resistors. There are, however, many ways in which
resistors can be connected so that the circuits formed can’t be reduced to
a single equivalent resistor. The procedure for analyzing more complex
circuits can be facilitated by the use of two simple rules called

Kirchhoff’s rules:
Kirchhoff’s first rule:

"The algebraic sum of all currents branching from any point
in f a closed circuit is equal to zero". Or, '"The sum of the currents
entering any junction must equal the sum of the currents leaving

that junction". (This rule is often referred to as the junction rule).

ZI=O or ZIin=ZIout

If we apply this rule to the junction in opposite figure:

11—12—I3=O or 11=12+I3

Kirchhoff’s second rule:

"The sum of the potential differences across all the elements
around any closed circuit loop must be zero'". (This rule is usually
called the loop rule.)

AV =0

closed loop
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When applying Kirchhoff’s rules, you must make two decisions at
the beginning of the problem:
1- Assign symbols and directions to the currents in all branches of the
circuit. Don’t worry about guessing the direction of a current incorrectly;
the resulting answer will be negative, but its magnitude will be correct.
(Because the equations are linear in the currents, all currents are to the
first power.)
2- When applying the loop rule, you must choose a direction for
traversing the loop and be consistent in going either clockwise or
counterclockwise. As you traverse the loop, record voltage drops and

rises according to the following rules, where it is assumed that

(a) If a resistor is traversed in the direction of the e

current, the change in electric potential across the A\Z\A—’m p

resistor is —IR.

(b) If a resistor is traversed in the direction ‘,\IK )

opposite the current, the change in electric “ AV = +IR ’

potential across the resistor is +IR.

(c) If a source of emf is traversed in the direction —ﬁ + .

of the emf (from - to + on the terminals), the A‘-=I+8 .

change in electric potential is +¢.

(d) If a source of emf is traversed in the direction +i9 N

opposite the emf (from + to - on the terminals), & R |} . b
AV = —

the change in electric potential is —¢.
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£,=60V
Example 34:

—F

Find the currents in the circuit shown in

opposite figure by using Kirchhoff’s rules. § p=104% & =80 9§

-

We do not need Kirchhoff’s rules to analyze this simple circ;uit, but

let’s use them anyway simply to see how they are applied. There are no
junctions in this single-loop circuit; therefore, the current is the same in
all elements. £, =60V

Let’s assume the current is clockwise as ¢

shown in the figure. Traversing the circuit in the
§ Ry,=100Q R, =800

clockwise direction, starting at a, we see thata — b

represents a potential difference of +¢,, b — ¢ 4 iI o

represents a potential difference of -IR;, ¢ — d

represents a potential difference of -€,, and d — a

represents a potential difference of -IR,.

Apply Kirchhoff’s loop rule to the single loop in the circuit:
AV =0

closed loop
81_1R1_€2_1R2=0
81 - 82 6 - 12

R,+ R, 8+10

The negative sign for I indicate that the direction of the current is

opposite the assumed direction.
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Example 35: ) H|? .

¢ [ i 4
Find the currents I, I,, and 15 in the ; -
100

circuit shown in the figure:

at
be—| I W\._> : c
10.0 V 6.0 0 ‘la
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Example 36:

Find the currents I;, I,, and I; in the

circuit shown in the figure:

Page
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[Magnetic Fields and Forces]

In our study of electricity, we described the interactions between
charged objects in terms of electric fields. Recall that an electric field
surrounds any electric charge. In addition to containing an electric field,
the region of space surrounding any moving electric charge also contains
a magnetic field. A magnetic field also surrounds a magnetic substance

making up a permanent magnet.

The symbol B has been used to represent a magnetic field; the

direction of the magnetic field B at any location 1s the direction in which
a compass needle points at that location. As with the electric field, we
can represent the magnetic field by means of drawings with magnetic
field lines.

We can define a magnetic field B at some point in space in terms
of the magnetic force ﬁB the field exerts on a charged particle moving

with a velocity ¥, which we call the test object.
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Let’s assume no electric or gravitational fields are present at the
location of the test object. Experiments on various charged particles

moving in a magnetic field give the following results:

* The magnitude ﬁB of the magnetic force exerted on the particle is
proportional to the charge q and to the speed v of the particle.

 When a charged particle moves parallel to the magnetic field vector,
the magnetic force acting on the particle is zero.

» When the particle’s velocity

The magnetic force is

vector makes any angle 8 # 0 with pcrpcndi:dar sidacsichdonic
the magnetic field, the magnetic \\\ s
force acts in a direction \
perpendicular to both ¥ and B; that S

0

1s, ﬁB is perpendicular to the plane
formed by ¥ and B.
* The magnitude of the magnetic force exerted on the moving particle is

proportional to sin 8, where 0 is the angle the particle’s velocity vector

makes with the direction of B. v
!
 The magnetic force exerted on a V..
vl ¥,
positive charge is in the direction R y
e ——
. . . v T~
opposite to the direction of the i 1 N
S T
magnetic force exerted on a negative BEGas — B I
charge moving in the same direction. - /i Bani
Fy
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We can summarize these observations by writing the magnetic
force in the form
F=gq (¥ x §)
or

Fg =Bqvsinf = B =

where 6 is the angle the particle’s velocity vector makes with the

direction of B.

The SI unit of magnetic field is the N .sec / C .m, or N/Amp .m, which
is called the tesla (T)
A non-SI magnetic-field unit in common use, called the gauss (G), is

related to the tesla through the conversion 1 T = 10* G.

Electric and magnetic forces have some important differences:

» The electric force vector is along the direction of the electric field,
whereas the magnetic force vector is perpendicular to the magnetic field.
 The electric force acts on a charged particle regardless of whether the
particle 1s moving, whereas the magnetic force acts on a charged particle

only when the particle is in motion.
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Example 37:

An electron in an old-style television picture tube moves toward

the front of the tube with a speed of 8 x 10° m/s along the x axis.
Surrounding the neck of the tube are coils of wire that create a magnetic
field of magnitude 0.025 T, directed at an angle of 60° to the x axis and
lying in the xy plane. Calculate the magnetic force on the electron, and

the acceleration of it. (e = 1.6x10™" C).
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[Motion of a Charged Particle in a Uniform Magnetic Field]

Consider the special case of a positively charged particle moving
in a uniform magnetic field with the initial velocity vector of the particle
perpendicular to the field. Let’s assume the direction of the magnetic
field is into the page. As the particle changes the direction of its velocity
in response to the magnetic force, the magnetic force remains
perpendicular to the velocity, so, the path of the particle is a circle. Due
to q was a positive charge, the rotation is counterclockwise in a magnetic
field directed into the page. If q were negative, the rotation would be
clockwise. We use the particle under a net force model to write

Newton’s second law for the particle:

ZF= Fgp = ma

Because the particle moves in a circle, we also model it as a
particle in uniform circular motion and we replace the acceleration with

centripetal acceleration:

m v muv
= r=

r qB

Fgp = quB =

That 1s, the radius of the path is proportional to the linear
momentum mv of the particle and inversely proportional to the
magnitude of the charge on the particle and to the magnitude of the

magnetic field. The angular speed of the particle is:

v qB

n= = —
r m
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The period of the motion (the time interval the particle requires to

complete one revolution) is:

These results show that, the angular speed of the particle and the
period of the circular motion do not depend on the speed of the particle
or on the radius of the orbit. The angular speed v is often referred to as
the cyclotron frequency because charged particles circulate at this
angular frequency in the type of accelerator called a cyclotron.

Example 38:

A proton is moving in a circular orbit of radius 14 cm in a uniform

0.35T magnetic field perpendicular to the velocity of the proton. Find
the speed of the proton, the angular frequency, the frequency and the
period of the motion. (m, =1.67x107"kg, q, = 1.6x107°C)
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