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1. Some experimental results
(a) The electric charge can be negative, zero, or positive.

Empirically it was known since ancient times that if amber is rubbed on fur, it acquires
the property of attracting light objects such as feathers. This phenomenon was attributed to
a new property of matter called “electric charge”. (electron is the Greek name for amber)
More experiments show that they are two distinct type of electric charge: positive (color
code: red), and negative (color code: black). The names “positive” and “negative” were
given by Benjamin Franklin.

((Note)) Amber: Wikipedia niektpov (Electron)

The Greek name for amber was nAektpov (Electron) and was connected to the Sun God,
one of whose titles was Elector or the Awakener. It is discussed by Theophrastus, possibly
the first ever mention of the material, and in the 4th century BC. The modern term electron
was coined in 1891 by the Irish physicist George Stoney, using the Greek word for amber
(and which was then translated as electrum) because of its electrostatic properties and
whilst analyzing elementary charge for the first time. The ending -on, common for all
subatomic particles, was used in analogy to the word ion.

((Note)) Amber

Amber is fossil tree resin, which is appreciated for its color and beauty. Good quality
amber is used for the manufacture of ornamental objects and jewelry. Although not
mineralized, it is often classified as a gemstone. A common misconception is that amber is
made of tree sap; it is not. Sap is the fluid that circulates through a plant's vascular system,
while resin is the semi-solid amorphous organic substance secreted in pockets and canals
through epithelial cells of the plant. Because it used to be soft and sticky tree resin, amber
can sometimes contain insects and even small vertebrates. Semi-fossilized resin or sub-
fossil amber is known as copal.
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(c)

(a) Uncharged amber rod exerts no force on papers
(b) Amber rod is rubbed against a dry cloth (a fur)
(c) Amber rod becomes charged and attracts the papers.

(1) The electric charge on a glass rod rubbed with silk is positive.
(2) The electric charge on an amber (plastic) rod rubbed with fur is negative.

((Note)) Rubber rubbed with cat fur: rubber becomes negative, while the fur
becomes positive.

Amberrod  (
Plastic rod (
Rubber (
Glass rod (

)
)
)

+)



(a)

(c)

Fig.  Plastic rod rubbed with fur

(b) Further experiments on charged objects showed that:

Charges of the same type (either both positive or both neiatlve) _

. Charges of opposite type on the other hand
3. The force direction allows us to determine the sign of an unknown electric charge
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(b)

2. Charge is quantized

An important experiment in which the charge of small oil droplets was determined was
carried out by Millikan. Millikan discovered that the charge on the oil droplets was always
a multiple of the charge of the electron (e, the fundamental charge). For example, he
observed droplets with a charge equal to +/- e, +/- 2 e, +/- 3 e, etc., but never droplets with
a charge equal to +/- 1.45 e, +/- 2.28 e, etc. The experiments strongly suggested that the
electric charge, ¢, is said to be quantized. ¢ is the standard symbol used for charge as a
variable. Electric charge exists as discrete packets

q = ne
where 7 is an integer and e is the fundamental unit of charge.

e=1.602176487 x 10° C

For electron q=-e
For proton q=+te
For neutron q=0

The SI Unit of charge is the coulomb. How many electrons are there to form 1 C? The
answer is



1C 1

— = —=6.24x10"
e 1.602176487x10

1uC=10°C (u: micro)

1nC=10°C (n: nano)

1pC=10"2C (p: pico)

1fC=10"C (f: femto)

1aC=10"8C (a: atto)

((Note))
Relation between 1 C (SI units) and 1 esu (cgs gaussian unit of charge, electrostatic unit)

We consider a force between two charges with g = 1 C. The separation between two
charges is ¥ =1 m.

po_ 4 _ (acy
dreyr’ dmey(Im)’

SI

[N].

In cgs units, the corresponding force between A (esu) [=1 C] is

q’ _ (Aesu)

@ =2 (100cm)’ [dyne]

Note that F,, = F, . and IN = 10° dyne. Then we have

cgs

1 s A 1 9 9
x10" = —-, or A= x10" =2.99792 %10
4rg, 10 4re,

So we have

1C =2.99792 x 10° esu
The charge of electron is
ge=1.60217664 x 107" C=4.80320425 x 1071 esu.

3. Charge is conserved

(@
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Consider a glass rod and a piece of silk cloth (both uncharged) shown in the upper
figure. If we rub the glass rod with the silk cloth we know that positive charge appears on
the rod (see the figure). At the same time an equal amount of negative charge appears on
the silk cloth, so that the net rod-cloth charge is actually zero. This suggests that rubbing
does not create charge but only transfers it from one body to the other, thus upsetting the
electrical neutrality of each body. Charge conservation can be summarized as follows: In
any process the charge at the beginning equals the charge at the end of the process.

((Example-2))

We consider two identical sphere conductors which are actually well separated from
one another. (Hint of HW-12)). The sphere A (with an initial charge of Q1) is touched to
sphere B (with an initial charge of (0») and then they are separated.

Conducto

A (Q1+Q2)/2
A (Q1+Q2)/2
— —_—
(Qq1+Q2)/12
B B (Q1+Q2)/2
Approaching In contact Separating

(b) Some concepts



Due to the movement of electrons, charge is transferred from one object to another.

Positive ion: the atom that loses an electron is said to be a positive ion;
Negative ion: the atom that receives an extra electron is said to be a negative ion.

H (1s)

He  (Is)?

Li (1s)%(2s)!

Ba  (15)%(2s)

B (15)%(2s)*(2p)’

C (15)%(25)*(2p)*

N (15)%(2s)*(2p)’

O (1s)%(2s)*(2p)*

F (1s)%(2s)*(2p)’

Ne  (1s)*(25)*(2p)’|

Na  (1s)’|(28)°(2p)%I(3s)’

Mg (1s)°(25)*(2p)°I(3s)?

Al (15)%(25)*(2p)°|(3)*(3p)’

Si (15)%(25)*(2p)°I(35)*(3p)*

P (15)%(25)*(2p)°|(3)*(3p)’

S (15)%(25)*(2p)°|(3s)*(3p)*

Cl (15)°(25)*(2p)°I(3s)°(3p)’

Ar  (1s)’(25)*(2p)°I(35)*(3p)°

K (15)%(29)*(2p)°|(3s)*(3p)°(3d)'
Ca  (1s)’(25)*(2p)°I(3s)*(3p)°(3d)?

Na" (sodium ion)
Na  (1s)%(25)*(2p)°|(3s)" (11 electrons)
Na®  (1s)?(25)*(2p)"| (10 electrons)

CI" (chloride ion)

Cl (1s)%(25)*(2p)°|(3s)*(3p)°> (17 electrons)
Cl  (1s)%(25)*(2p)%|(3s)*(3p)® (18 electrons)

1e Te
Be Be

2e 2e

+

Sodium atom Chlorine atom

Na ]
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donated
[1¢ | 7¢
Be B e
Ze 2e
*
Sodium ion Chlorine ion
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4. Coulomb’s law

Charles-Augustin de Coulomb (June 14, 1736, Angouléme, France — August 23, 1806,
Paris, France)

He was a French physicist. He is best known for developing Coulomb's law: the definition
of the electrostatic force of attraction and repulsion. The SI unit of charge, the coulomb,
was named after him.

The interaction between electric charges at rest is described by Coulomb’s law. Two
stationary electric charges repel or attract one another with a force proportional to the
product of the magnitude of the charges and inversely proportional to the square if the
distance between them.

We can state this compactly in vector form

9,9
F, =k, ) 2‘312

2
7



Here g1 and ¢» are numbers (scalars) giving the magnitude and sign of the respective
charges, e/, is the unit vector in the direction from charge 1 to charge 2, and Fi> is the

force acting on charge 2. Note that
F, =-F,.
The constant of proportionality (k) is written as

1
4re,

k =

e

=c*x1077 =8.98755 x 10° N m?*/C? (or V m/C)

where c is the speed of light,
¢ =2.99792458 x 10® m/s

Note that &, is the permittivity of free space and g, is the permeability of free space,

CZ
Nm

£, =8.8541878176x107"

2

U, =47 x107 (N/A?)

The coulomb is an extremely large unit. The force between two charges of 1 C each a
distance of 1 m apart is

Fo L 1OXIC ¢ 0e755%10°N

4ze, 1m?

((Note)) It is easy for you to memorize the value of ke.

k,=9x10° N m*C? (or V m/C)



The quantity & is called the permittivity constant.
& = 8.854187817x10712 C*/(N m?).
((Note))

Nm*> Nmm Jm VAsm Vm

C? CC CC 4 C C

Nm =], C=4s
W="VA J=Ws=VAs

where

J (Joule), A (Ampere), V (Volt), C (Coulomb),
s (second), N (Neuton), and W (Watt).

((Note))
The SI unit of charge is coulomb. The coulomb unit is derived from the SI unit A

(Ampere) for the electric current i. The current i is the rate dg/d¢ at which the amount of
charge (dg) moves past a point or through a region in time dz (second).

=4
dt
This relation implies that.
1C=(1A)(1s)
5. Bohr model

We now consider the Bohr model shown in this figure. The system consists of a proton
and an electron. These two particles are coupled with an attractive Coulomb interaction.



The electrical force between the electron (charge g1 = -e) and proton (charge g» = e) is

found from Coulomb’s law,

F =kt _g 194108 N

e 2
g

where e = 1.602176487 x 10" C and r3 is the Bohr radius given by
B =5.2917720859 x 107! (m) =0.52917720859 A.
This can be compared with the gravitational force between the electron and proton

G
F, =" _3.63153x10%7 N
rB

What is the angular frequency w for electrons rotating the circular orbit?

2 2
F = ! e—zzmv—zmrBa)2
dre, ry Ty
2
0= |4 € _413414x10°

dme, mry rad/s

where m is the mass of electron, m = 9.1093821545 x 102! kg.
The period is

7=2% _151983x10"%s
[0



((Note))

An important difference between the electric force and the gravitational force is that
the gravitational force is always attractive, while the electric force can be repulsive, or
attractive, depending on the charges of the particles.

((Mathematica))



Clear["Global *"];

rulel = {g - 9.80665, G- 6.6742867 10 '*,
me » 9.1093821545m10° 3!, ge » 1.602176487m 10 %%,
rB - ©.52917720859m10°'°, ¢ - 2.99792458m10°%,
1o -» 12.566370614m10° 7, €0 - 8.854187817m10 12,
mp -» 1.672621637m10™ >’} ;

1

k = /. rulel

47t €0
8.98755x% 10°
1 qe?

Fe = — //. rulel
47w e rB?

8.23872x10°8

mp me

Fg=G //. rulel

rB2

3.63153x 10 %

Fe/Fg // Simplify
2.26867 x 10%°

qe?
wl = /. rulel

4 7t €0 me rB3

4.13414x 10%°

27T
Tl = —
wl

1.51983x 1071
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6. Conductors and insulators

(a) Conductors

A conductor is a material that permits the motion of electric charge through its volume.
Examples of conductors are copper, aluminum and iron. An electric charge placed on the
end of a conductor will spread out over the entire conductor until an equilibrium
distribution is established.

(b) Insulators
In contrast, electric charge placed on an insulator stays in place: an insulator (like
glass, rubber and mylar) does not permit the motion of electric charge.

(c) Superconductors
Superconductors are materials that are perfect conductors, allowing charge to move
without any hindrance. In these chapters we discuss only conductors and insulators.

7. Principle superposition

When there are more than two charges present — the only really interesting times-we
must supplement the Coulomb’s law with one other fact of nature: the force on any charge
is the vector sum of the Coulomb forces from each of the other charges. This fact is called
“the principle of superposition.” That is all there is to electrostatics. If we combine the
Coulomb’s law and the principle of superposition, there is nothing else.

Suppose we have some arrangement of charges g1, ¢2, g3, ..., gn, fixed in space. From the
principle of superposition, the resultant force on the charge go is expressed by

((Example))
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The resultant force Fy on the charge go is given by
F,=F,+F,,+F,+F,

8. Typical example
8.1  Problem 21-8 (SP-21)

In Fig., four particles form a square. The charges are g1 = g4 = Q and g2 = g3 = ¢q. (a)
What is Q/q if the net electrostatic force on particles 1 and 4 is zero? (b) Is there any value
of ¢ that makes the net electrostatic force on each of the four particles zero? Explain.

1 4 "2
T 91 L 3
a a
_‘F__$ & \ N
o 4
= a >
((Solution))
q1=q4=0Q
2=q3=4q
Fq
‘ A
F3
a——9
Q -
F2
a a
%—? q @ X



F=F= qu
4re,a

F = Q2 = Q2
Yoarne,(N2a)?  8me,d

We find that F3 + F> has only the diagonal component from the symmetry.

V20q

2
4rs,a

(F3 + FZ )diaganal = Qq 2 (2 COS 450) =
4re,a

QZ

(F4)diaganal = 872'80(12

If the net electrostatic force on particle is zero, we have

\/Equ + 0 =0
drea”  8rms,a

or
27204+ 0* =0
0229 +0)=0

@ 2-20

(b) The net electrostatic force on the charge ¢> is

Oq V20q
F + F . = 2c0s45°) =
( 1 4)dlagonal 4 go 2 ( ) 4 gOaZ

2

q

(F3)diagonal = 472'80612

The net electrostatic force on the change ¢> is equal to zero,

V20q LT

dre,a’  Admea’

g(N20+¢)=0

=0




or

g 2

This ratio O/q is inconsistent with that obtained previously. So it is impossible to have such
a given situation.

8.2  Problem 21-35 (S-21)

In crystals of the salt cesium chloride (CsCl), cesium ions Cs" form the eight corners
of a cube and a chlorine ion CI  is at the cubes (Fig.). The edge length of the cube is 0.40
nm. The Cs" ions are each deficient one electron (and thus each has a charge of -¢), and the
CI" ion has one excess electron (and thus has a charge of —e). (a) What is the magnitude of
the net electrostatic force exerted on the CI” ion by the eight Cs+ ions at the corners of the
cube? (b) If one of the Cs+ ions is missing, the crystal is said to have a defect; what is the
magnitude of the net electrostatic force exerted on the CI” ion by the seven remaining Cs"
ions?

Qcst O \ 0.40 nm




((WileyPlus))

35. (a) Every cesium ion at a corner of the cube exerts a force of the same magnitude on
the chlorine ion at the cube center. Each force is a force of attraction and is directed toward
the cesium ion that exerts it, along the body diagonal of the cube. We can pair every cesium
ion with another, diametrically positioned at the opposite corner of the cube. Since the two
ions in such a pair exert forces that have the same magnitude but are oppositely directed,
the two forces sum to zero and, since every cesium ion can be paired in this way, the total
force on the chlorine ion is zero.

(b) Rather than remove a cesium ion, we superpose charge —e at the position of one cesium
ion. This neutralizes the ion, and as far as the electrical force on the chlorine ion is
concerned, it is equivalent to removing the ion. The forces of the eight cesium ions at the
cube corners sum to zero, so the only force on the chlorine ion is the force of the added
charge.

The length of a body diagonal of a cube is 3a , where a is the length of a cube edge. Thus,
the distance from the center of the cube to a cornerisd = (\/5 / 2)a . The force has magnitude
© g (899x10°N-m?/C?)(160x107°C)’

e
F=k—= = =19x107N.
d* (3/4)a” (3/4)(040x 10 m)’

Since both the added charge and the chlorine ion are negative, the force is one of repulsion.
The chlorine ion is pushed away from the site of the missing cesium ion.

9. Hint of HW-21



9.1 Problem 21-21 (Hint)***

2 5oLt

In Fig., particles 1 and 2 of chare g1 = g> = +3.20 x 107" C are on a y axis at distance d
= 17.0 cm from the origin. Particle 3 of charges g3 = +6.40 x 107" C is moved gradually
along the x axis from x = 0 to x = +5.0 m. At what values of x will the magnitude of the
electrostatic force on the third particle from the other two particles be (a) minimum and (b)

maximum? What are the (¢) minimum and (d) maximum magnitudes?

y

0
—
1]
0

92=q
((Solution))
gi=g2=¢g=320x10"C
g3=6.40x 10" C
d=17 cm
0=x<5.0m

From the symmetry, Fy = 0.

X

Fo299, 1 X _ 2494
Y odge, (P +d ) xE+d? Ame, (X +d?)
X
_ 244, d  _ 2499 t
dred® X° 5, dred’ (£ +1)7
(?‘H)

where t = x/d.

9.2  Problem 21-44 (Hint)

Figure shows a long, nonconducting, massless rod of length L, pivoted at its center and
balanced with a block of weight # at a distance x from the left end. At the left and right
ends of the rod are attached small conducting spheres with positive charges ¢ and 2g,
respectively. A distance 4 directly beneath each of these spheres is a fixed sphere with
positive charge Q. (a) Find the distance x when the rod is horizontal and balanced. (b) What
value should /4 have so that the rod exerts no vertical force on the bearing when the rod is

horizontal and balanced?
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Free-body diagram

We set up the equations from the conditions, ZFX =0, ZFy =0, and Zr =0 around

the origin.

9.3  Problem 21-60 (HW-21, Hint) SSM

In Fig., what are the (a) magnitude and (b) direction of the net electrostatic force on
particle 4 due to the other three particles? All four particles are fixed in the xy plane, and
g1=-320x10"°C,2=4320x 10" C, g3=+6.40x 10° C, g4 =+3.20x 10 C, ¢1 =

35.0°, d; =3.00 cm, and d> = d3 = 2.00 cm.



do
: X
v 4 *—
0,\ - dS 3
s dl
~
o
1
((Solution))
g1=-320x10°C=-¢q
q2=4q
3=2q
q4=4q
G =35°
di=3.0cm
dr=d3=2.0cm
)\
Ql 9
(12
4 2q
F3 i} g *— X
el (13 3
(ll
-q
L Fi
Y

g

REFERENCES

R.A. Ford, Homemade Lightning: Creative Experiments in Electricity 3™ edition,
McGraw-Hill, 2001).

APPENDIX:
Experimental equipment for electrostatics. You can find interesting explanation of

equipment how it works, in Wikipedia.

1. Electroscope



https://en.wikipedia.org/wiki/Electroscope
2. Electrophorous
https://en.wikipedia.org/wiki/Electrophorus
3. Faraday cage
https://en.wikipedia.org/wiki/Faraday cage
4. Van der Graaf generator
https://en.wikipedia.org/wiki/Van de Graaff generator
S. Leyden jar
https://en.wikipedia.org/wiki/Leyden jar

APPENDIX-II

Submultiples
Value 'SI symbol Name
10'c| dC | decicoulomb
1072 C | cC | centicoulomb
103Cc  mC  millicoulomb
106¢C uc P
10°C | nC | nanocoulomb
q0-12¢ pC | picocoulomb |
| 10719 C | fC | femtocoulomb
| 10718 C | aC | attocoulomb
| 10721 C | G | zeptocoulomb

10724 C yC yoctocoulomb
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Electric field

3.1 The Electric Field

3.2 Definition of the electric field

3.3 The direction of E

3.4 Calculating E duetoa charged particle

3.5 To find £ for a group of point charge

3.6 Electric field lines

3.7 Motion of charge particles in a uniform electric field
3.8 Solution of some selected problems

3.9 The electric dipole in electric field

3.10 Problems
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3.1 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

3.1)

. F
g=—
mD

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 g, placed at that point.

3.2 Definition of the electric field

The electric field vector E at a point in space is defined as the electric force

F acting on a positive test charge placed at that point divided by the
magnitude of the test charge ¢,

-t (3.2)
q,
The electric field has a unit of N/C
9o E
3.1
qo 9o
Oo—
9o F

Figure 3.1
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3.3 The direction of E

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

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

v
T

(D O

Figure 3.2 (a) Figure 3.2 (b)

3.2(a)
.3.2(b)

3.4 Calculating £ due to a charged particle

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

po_1 94,
e, r?
=L
4,
-1 2 (3.3)
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3.5 To find E for a group of point charge

To find the magnitude and direction of the electric field due to several
charged particles as shown in figure 3.3 use the following steps

(1)
9
()
|y p
(2)
(3)
E, E,
Figure 3.3
E,=E+E,+E,+E, +... (3.4)
(4)
y X
'y X (5)

Ex = Elx + E2x + E3x +E4x
Ey=Ery + Eay + Esy +Eay

E=\E! +E p (6)

6 = tan™ L (7)

X
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§ Example 3.1

Find the electric field at point p in figure 3.4 due to the charges shown.

3 (O-8uC
50cm
+2uC Es +12uC
50cm 50cm
(H——o > —(+)
E E
1 2 » 2
Figure 3.4

;’ " Solution

E =E +E,+E,

Ey=E; - E; = -36x10"N/C
E, = E;=28.8x10"N/C

E, = (36x10%*+(28.8x10%? = 46.IN/C
0 =141°

Figure 3.5 Shows the resultant electric field
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g/' Example 3.2

Find the electric field due to electric dipole along x-axis at point p,
which is a distance r from the origin, then assume r>>a

The electric dipole is positive charge and negative charge of equal
magnitude placed a distance 2a apart as shown in figure 3.6

E,sin@

2.3 -----------------------

_q 2
Figure 3.6
; Solution
E, 91 E, p
q>
E =E+E,
p

E=1 9 _p

dre, a*+r?

E, = E; sin0 - E, sinO
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Ey=E cosO + E; cosO = 2E cosO
E,=2E; cosO

1
E, = q cos@
dre, a*+r?

from the Figure

cosf=——2
vaz+r?
1 q a
Ep =
472'80 ar+r? Jar+r2
2aq

= 3.5
" dze (r2+a2)’? G3:3)

The direction of the electric field in the -ve y-axis.

The quantity 2aq is called the electric dipole momentum (P) and has a
direction from the -ve charge to the +ve charge

(b) when r>>a

L E=-2%
dre,r?

(3.6)

electric dipole
electric dipole momentum

electric dipole
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3.6 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.

Some examples of electric line of force

N
g

Electric field lines due to +ve Electric field lines due to -ve
charge charge
4 -+ = . E .
> + > B b
< + > B B
« + > T
< + > b=
: + > -
< + > + -
« + > + -
< i > 4 _
Electric field lines due to +ve Electric field lines due two
line charge surface charge

Figure 3.7 shows some examples of electric line of force

For a positive point charge, For a negative point charge,
the field lines are directed the field lines are direcred
radially ontward. radially inward.
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Notice that the rule of drawing the line of force:-

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

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

(3) No two electric field lines can cross.

3.7 Motion of charge particles in a uniform electric field

If we are given a field £, 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=qFE
The force will produce acceleration
a=F/m
where m is the mass of the particle. Then we can write
F=qgE=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.

One of the practical applications of this subject is a device called the
(Oscilloscope) See appendix A (Cathode Ray Oscilloscope) for further
information.
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3. A very small ball has a mass of 5.00 X 107 kg and
a charge of 4.00 uC. What magnitude electric field
directed upward will balance the weight of the ball so
that the ball is suspended motionless above the ground?
(a) 8.21 X 102N/C (b) 1.22 X 10*N/C (c) 2.00 X 1072N/C
(d) 5.11 X 10° N/C (e) 3.72 X 10° N/C

5. A point charge of —4.00 nC is located at (0, 1.00) m.
What is the x component of the electric field due to
the point charge at (4.00, —2.00) m? (a) 1.15 N/C
(b) —0.864 N/C (c) 1.44 N/C (d) —1.15 N/C (e) 0.864 N/C

Two point charges attract each other with an electric
force of magnitude F. If the charge on one of the par-
ticles is reduced to one-third its original value and the
distance between the particles is doubled, what is the
resulting magnitude of the electric force between
them? (a) s/ (b) 3F () zF (d) IF () 3F

49. Figure P23.49 shows the electric
M field lines for two charged parti-
cles separated by a small distance.
(a) Determine the ratio g,/q,.
(b) What are the signs of g, and g¢,?

Figure P23.49
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3.8 Solution of some selected problems

iﬂ """ Example 3.3 E

A positive point charge ¢ of mass m is
released from rest in a uniform electric

field E directed along the x-axis as shown
in figure 3.8, describe its motion.

iﬂ """ Solution

The acceleration is given by

| +++++++ +]
@
@
@
|

a=qE/lm

Since the motion of the particle in one dimension, then we can apply the
equations of kinematics in one dimension

X-Xo= Vot+ Y2 at® v=vy+at v2=v02 + 2a(x-x,)
Taking x, =0 and vo =0

x="Y%at = (gE/2m) 7

v=at=(qE/m)t

Vv =2ax = (2qE/m)x 3.7
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g " Example 3.4

In the above example suppose that a negative charged particle is
projected horizontally into the uniform field with an initial velocity v,
as shown in figure 3.9.

— <

Figure 3.9

; Solution

Since the direction of electric field £ in the y direction, and the charge is
negative, then the acceleration of charge is in the direction of -y.

a=-qE/m

The motion of the charge is in two dimension with constant acceleration,
with Vo = vo & vy =0

The components of velocity after time ¢ are given by
Vx =V, =constant
vy=at=-(qE/m)t

The coordinate of the charge after time ¢ are given by
X = Vol
y="Ysat*=-1/2 (qE/m) t*

Eliminating t we get

9E (3.8)

o 2mv,

we see that y is proportional to x>. Hence, the trajectory is parabola.
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g/' Example 3.5

Find the electric field due to electric dipole shown in figure 3.10 along
x-axis at point p which is a distance r from the origin. then assume

r>>a
; Solution
E,=E+E,
E=K—1_
(x+a)
E,=K
* N (x-a)
q
=K -
P (x—a)2 (era)2
dax
E,=Kg————
p q (xz _az)z
When x>>a then
L E=_ 2%
4re x3

2a

2a  f---
A
Keh
X
E, 4
v
El v P
Figure 3.10
3.9
X
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§ Example 3.6

What is the electric field in the lower left corner of the square as shown
in figure 3.11? Assume that ¢ = 1x10”C and a = 5cm.

; " Solution

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

Dr.Sattar A. Mutlag-16

PR
dre, a?

E -1 4

dre, 2a?
1 2

E, = =4
dre, a?

Evaluate the value of £y, E>, & E3

S Figure 3.11
E1=3.6x10" N/C,
E,=1.8x10° N/C,

E;=7.2x10°N/C

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

We find the vector E; need analysis to two components
Eox = E; cos45

Ezy = E2 sin45

E, = E; - E5c0s45 =7.2x10° - 1.8 x 10° cos45 = 6 x 10° N/C
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Ey=-E; - Exsind5 =-3.6x10° - 1.8 x 10’ sind5 = - 4.8 x 10° N/C

E=\E!+E; =17.7 x 10° N/C

0 = tan™ % =_386

X

; Example 3.7

In figure 3.12 shown, locate the point at which the electric field is zero?
Assume a = 50cm

; """ Solution

-5 2
“«—— a 4>% d j
< a+d

Figure 3.12

To locate the points at which the electric field is zero (£=0), we shall try all
the possibilities, assume the points S, V, P and find the direction of £, and
E> at each point due to the charges ¢, and g5.

The resultant electric field is zero only when E; and E; are equal in
magnitude and opposite in direction.

At the point S E; in the same direction of E, therefore £ cannot be zero in
between the two charges.
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At the point V' the direction of £ is opposite to the direction of E,, but the
magnitude could not be equal (can you find the reason?)

At the point P the direction of £ and E; are in opposite to each other and
the magnitude can be equal

E] :Ez

1 2q I Y
4, (0.5+d) 4z, (d)

o

d=30cm
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g/' """ Example 3.8 ' |

A charged cord ball of mass 1g is suspended 9
on a light string in the presence of a uniform
electric field as in figure 3.13. When pd
e

7

Ve

E=@3i+5j) x10°N/C, the ball is in equilibrium
at 6=37°. Find (a) the charge on the ball and
(b) the tension in the string.

v Figure 3.13
Solution

0
/
e
7
T
JyoXx 2 F=ma g
E,=3x10°N/C E,=5jx10°N/C
2F=T+qE+F;=0
YFy=qEx—Tsin37=0 (1)
2Fy=qE,+ Tcos37-mg=0 (2)
Substitute T from equation (1) into equation (2)
-3
g=—me __ Ux10)O8) 495107 ¢

E + E, (5+ 3 jxlOS
7 tan37 tan 37

To find the tension we substitute for ¢ in equation (1)

qEx
sin 37

T = =5.44x107°N

mg

qgE



Lenovo
Rectangle

Lenovo
Typewriter
Dr.Sattar A. Mutlag-19


Electric Field Dr.Sattar A. Mutlag-20

3.9 The electric dipole in electric field

If an electric dipole placed in an external electric field £ as shown in figure
3.14, then a torque will act to align it with the direction of the field.

O— qE
Figure 3.14
T=PxE (3.10)
T =PEsin0 (3.11)

where P is the electric dipole momentum, 0 the angle between P and E

equilibrium
(6=0, m)

v

-0 o—@

E >
Figure 3.15 (ii) Figure 3.15 (i)
dipole 6 0= 3.15()
0 0= stable equilibrium
dipole 3.15(ii)
dipole unstable equilibrium

.0=m 00=

S>-5>-5>-5>-F>-5F>5>-F>F>FO>-F>F>F>5F>F>-5>FO>-F >
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3.10 Problems

3.1) The electric force on a point
charge of 4.0uC at some point is
6.9x10*N in the positive x
direction. What is the value of the
electric field at that point?

3.2) What are the magnitude and
direction of the electric field that
will balance the weight of (a) an
electron and (b) a proton?
(Use the data in Table 1.)

3.3) A point charge of -5.2uC is
located at the origin. Find the
electric field (a) on the x-axis at
x=3 m, (b) on the y-axis at y= -4m,
(c) at the point with coordinates
X=2m, y=2m.

3.4) What is the magnitude of a
point charge chosen so that the
electric field 50cm away has the

magnitude 2.0N/C?
3.5) Two  point charges of
magnitude +2.0x107C and

+8.5x10"'C are 12cm apart. (a)
What electric field does each
produce at the site of the other? (b)
What force acts on each?

3.6) An electron and a proton are
each placed at rest in an external
electric field of 520N/C. Calculate
the speed of each particle after
48nanoseconds.

3.7) The electrons in a particle beam
each have a kinetic energy of
1.6x10°"7J. What are the magnitude
and direction of the electric field
that will stop these electrons in a
distance of 10cm?

3.8) A particle having a charge of -
2.0x10°C is acted on by a
downward electric force of 3.0x10
N in a uniform electric field. (a)
What is the strength of the electric
field? (b) What is the magnitude
and direction of the electric force
exerted on a proton placed in this
field? (c) What is the gravitational
force on the proton? (d) What is the
ratio of the electric to the
gravitational forces in this case?

3.9) Find the total electric field
along the line of the two charges
shown in figure 3.16 at the point
midway between them.

—4.7uC +9uC

O e

“«—3m——»

Figure 3.16

3.10) What is the magnitude and
direction of an electric field that
will balance the weight of (a) an
electron and (b) a proton?
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3.11) Three charges are arranged in +q } 2q

an equilateral triangle as shown in ® ) 4

figure 3.17. What is the direction

of the force on +¢? a - a

+q
[ J p [
-q +2q
a a
Figure 3.19
+Q a -0 3.14) Two point charges are a

distance d apart (Figure 3.20). Plot
E(x), assuming x=0 at the left-hand
charge. Consider both positive and
3.12) In figure 3.18 locate the pointat  pepative values of x. Plot E as
which the electric field is zero and  positive if £ points to the right and
also the point at which the electric negative if £ points to the left.

Figure 3.17

potential is zero. Take g=1uC and Assume gi=+1. 0><10'6C,
atem. ¢2=+3.0x10°C, and d=10cm.
-5q +2g ’4 ----------- doeeee >1 ,
! T M
4—500m4>‘ --------------- g e,
Figure 3.20
Figure 3.18

3.15) Calculate E (direction and
magnitude) at point P in Figure

3.21.
3.13) What is £ in magnitude and
direction at the center of the square g
shown in figure 3.19? Assume that
g=1nC and a=5cm. P,/
a
+2g +q

Figure 3.21
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3.16) Charges +g and -2¢ are fixed a
distance d apart as shown in figure
3.22. Find the electric field at
points A, B, and C.

L @
A t¢ B 24 C
Figure 3.22

3.17) A uniform electric field exists
in a region between two oppositely
charged plates. An electron is

released from rest at the surface of
the negatively charged plate and
strikes the surface of the opposite
plate, 2.0cm away, in a time
1.5x107%. (a) What is the speed of
the electron as it strikes the second
plate? (b) What is the magnitude of
the electric field E?
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Electric Flux

4.1 The Electric Flux due to an Electric Field
4.2 The Electric Flux due to a point charge
4.3 Gaussian surface

4.4 Gauss’s Law
4.5 Gauss’s law and Coulomb’s law
4.6 Conductors in electrostatic equilibrium

4.7 Applications of Gauss’s law
4.8 Solution of some selected problems

4.9 Problems
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4.1 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 (figure 4.1)

To calculate the electric flux we recall i
that the number of lines per unit area is
proportional to the magnitude of the s
electric field. Therefore, the number of S
lines penetrating the surface of area 4 is —%—>—> E
proportional to the product E4. The ——
product of the electric filed E and the A
surface area 4 perpendicular to the field .
is called the electric flux ®.

Figure 4.1

®=E.A 4.1)

The electric flux @ has a unit of N.m?/C.
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Case Two

The electric flux for a plan surface make an angle 0 to a uniform electric
field (figure 4.2)
Note that the number of lines
. Area = A

that cross-area is equal to the
number that cross the projected 174\

. L 3 8
area A°, which is perpendicular
to the field. From the figure we

I
>

»
>

see that the two area are related >

7 , E
by A'=Acos®. The flux is given % "
by: 7 >

®=EA =EAcosO A =Acoso

vy

O=FA Figure 4.2

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

normal to the surface A4 .

6=0

Case Three
In general the electric field is nonuniform over the surface (figure 4.3)

The flux is calculated by integrating the normal

component of the field over the surface in dA
question. E
©={EA (4.2)

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

Figure 4.3



Lenovo
Rectangle


Electric Flux

) net number of lines

( ) - (

g/' o Example 4.1

What is electric flux @ for closed cylinder of radius R immersed in a
uniform electric field as shown in figure 4.4?

dA
A

Figure 4.4

; Solution

= §E.d21 = jEE.dE + §E.d21 + §E.d21
€3} (2) 3)

= §Ecosl80dA + §Ecos90dA + §Ecos0dA
) (2) 3)

Since E is constant then

O=-FEA+0+ EA=zero

Exercise

Calculate the total flux for a cube immersed in uniform electric field E .
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4.2 The Electric Flux due to a point charge

To calculate the electric flux due to a point E
charge we consider an imaginary closed

spherical surface with the point charge in the

center figure 4.5, this surface is called gaussian /
surface. Then the flux is given by

dA

©={Edd = Efddcos®  (6=0)

o=_1 [aa = 1 4m>
4re r? dre r?
Figure 4.5
o=91 (4.3)
80

Note that the net flux through a spherical gaussian surface is proportional to
the charge ¢ inside the surface.

4.3 Gaussian surface

Consider several closed surfaces as shown in

figure 4.6 surrounding a charge Q as in the

figure below. The flux that passes through

surfaces S;, S, and S; all has a value ¢/ ¢,.

Therefore we conclude that the net flux through

any closed surface is independent of the shape of Figure 4.6
the surface.

Consider a point charge located outside a closed
surface as shown in figure 4.7. We can see that N
the number of electric field lines entering the
surface equal the number leaving the surface.
Therefore the net electric flux in this case is

zero, because the surface surrounds no electric
charge. Figure 4.7
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E/' Example 4.2

In figure 4.8 two equal and opposite charges of
20 and -2Q what is the flux @ for the surfaces
Sl, Sz, S3 and S4.

; """ Solution

For S, the flux ® = zero
For S, the flux ® = zero
For S; the flux ® =+20/ ¢,
For S, the flux ® =-20/ ¢,

Figure 4.8

4.4 Gauss’s Law

Gauss law is a very powerful theorem, which
relates any charge distribution to the resulting
electric field at any point in the vicinity of the
charge. As we saw the electric field lines
means that each charge ¢ must have g/g, 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, q2, ¢3, -..... ¢n inside
a closed (gaussian) surface, the total
number of flux lines coming from these
charges will be

(q1 tqgatqgst...... +qn)/80

dA

Figure 4.9

(4.4)

www.hazemsakeek.com
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2. The number of flux lines coming out of a closed surface is the integral of
E.dA over the surface, j‘;E dA

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 &,

§Ed2 _ i Gauss’s law (4.5)
&

o

where g, is the total charge inside the gaussian surface.

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.

4.5 Gauss’s law and Coulomb’s law

We can deduce Coulomb’s law from Gauss’s

law by assuming a point charge ¢, to find the dA
electric field at point or points a distance r 7

from the charge we imagine a spherical

gaussian surface of radius r and the charge ¢ at

its center as shown in figure 4.10.

roaq - din
§E.dA_€

o

§Ecos 0dA = I Because E s
£

constant for all points on the sphere, it can be factored from the inside of the
integral sign, then

Efda="r =  pa=Tr = pumt)=Iin
& &

o o o
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1 ¢
S E= — 4.6
Ars, r? 4.6)

Now put a second point charge ¢, at the point, which E is calculated. The
magnitude of the electric force that acts on it F' = Eq,

CF=—1 4%

N 2
dre, r

4.6 Conductors in electrostatic equilibrium

A good electrical conductor, such as copper, contains charges (electrons)
that are free to move within the material. When there is no net motion of
charges within the conductor, the conductor is in electrostatic equilibrium.

Conductor in electrostatic equilibrium has the following properties:

1. Any excess charge on an isolated conductor must reside entirely on its
surface. (Explain why?) The answer is when an excess charge is placed
on a conductor, it will set-up electric field inside the conductor. These
fields act on the charge carriers of the conductor (electrons) and cause
them to move i.e. current flow inside the conductor. These currents
redistribute the excess charge on the surface in such away that the
internal electric fields reduced to become zero and the currents stop, and
the electrostatic conditions restore.

2. The electric field is zero everywhere inside the conductor. (Explain
why?) Same reason as above

= E
—_— [t —>
In figure 4.11 it shows a conducting slab o A ol
in an external electric field E. The — Rt —
charges induced on the surface of the slab —>" >
. . —_ + —»
produce an electric field, which opposes >- M+ >
the external field, giving a resultant field —_— |+ —
of zero in the conductor. —_ | |+ —>
Figure 4.11
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Steps which should be followed in solving problems

1. The gaussian surface should be chosen to have the same symmetry
as the charge distribution.

2. The dimensions of the surface must be such that the surface
includes the point where the electric field is to be calculated.

3. From the symmetry of the charge distribution, determine the
direction of the electric field and the surface area vector d4, over
the region of the gaussian surface.

4. Write E.dA as E dA cos® and divide the surface into separate
regions if necessary.

5. The total charge enclosed by the gaussian surface is dg = qu,
which is represented in terms of the charge density ( dg = Adx for
line of charge, dg = odA for a surface of charge, dq = pdv for a
volume of charge).
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4.7 Applications of Gauss’s law

MC/m)
(p) dE dx
dE
0
r
—00 e
X dx
Figure 4.12
dE=K M __ g M
ro+x ro+x

dE,= dE cos0 E,= jdEy = Jcos 0dE

— 00

4.12

—> 0
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E=2 IcostE
0

dx

E= A jcos@d& <
2re, 3,

P A
27wE v

24

4re,

+00

J.cosﬁ

0

X

dx =y sec’0 dO

dx

r-+x

Gauss’s law can be used to calculate the electric field if the symmetry of
the charge distribution is high. Here we concentrate in three different

ways of charge distribution

1 2 3
Charge distribution | Linear | Surface | Volume
Charge density A c p
Unit C/m C/m*> | C/m’
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A linear charge distribution

In figure 4.13 calculate the electric field at a distance » from a uniform
positive line charge of infinite length whose charge per unit length is
A=constant.

B—>

o e e e e o FrAFF T

| L |
Figure 4.13

The electric field E is perpendicular to the line of charge and directed
outward. Therefore for symmetry we select a cylindrical gaussian surface
of radius r and length L.

The electric field is constant in magnitude and perpendicular to the surface.

The flux through the end of the gaussian cylinder is zero since E is parallel
to the surface.

The total charge inside the gaussian surface is AL.
Applying Gauss law we get

§Edd="n
gD
Ej;dA _AM
6‘0
E2mrl = /I—L
80
ng=_t 4.7)

2rgr
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A surface charge distribution
In figure 4.4 calculate the electric field due to non-conducting, infinite plane
with uniform charge per unit area .

Sk
Sy

‘E

Figure 4.14

The electric field £ is constant in magnitude and perpendicular to the plane
charge and directed outward for both surfaces of the plane. Therefore for
symmetry we select a cylindrical gaussian surface with its axis is
perpendicular to the plane, each end of the gaussian surface has area A and
are equidistance from the plane.

The flux through the end of the gaussian cylinder is EA since E is
perpendicular to the surface.

The total electric flux from both ends of the gaussian surface will be 2E4.
Applying Gauss law we get

§Ead =1
80
264=4
80
nE=2 (4.8)
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An insulated conductor.

E=2 (4.9)

Conductor

Figure 4.15

4.15
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A volume charge distribution

In figure 4.16 shows an insulating sphere of radius a has a uniform charge
density p and a total charge Q.

1) Find the electric field at point outside the sphere (>a)

2) Find the electric field at point inside the sphere (r<a)

For r>a

Figure 4.16

We select a spherical gaussian surface of radius 7, concentric with the
charge sphere where r>a. The electric field E is perpendicular to the
gaussian surface as shown in figure 4.16. Applying Gauss law we get

= o 4y
§E.dA_ ;

o

EfA=E(4m”) -9
&

L E= 0 - (forr>a) (4.10)
dre,r

o

Note that the result is identical to appoint charge.

Dr. Hazem Falah Sakeek
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For r<a

Figure 4.17

We select a spherical gaussian surface of radius 7, concentric with the
charge sphere where r<a. The electric field E is perpendicular to the
gaussian surface as shown in figure 4.17. Applying Gauss law we get

raq - din
§E.dA_g

o

It is important at this point to see that the charge inside the gaussian surface
of volume V" is less than the total charge Q. To calculate the charge gi,, we
use gin=pV", where V=4/3m". Therefore,

gin =pV =p(4/311°) (4.11)

Ef 4= E(4m) =42
&

o

4 3
E=—tn P57 __ P, 4.12)
dre,r-  4ne,r-  3e,
since p = Z 0 ;
gﬂa
LB — (forr<a) (4.13)
4re,a

-
N

@]
Note that the electric field when 2: 08
r<a is proportional to », and when .
r>a the electric field is proportional o4
to 1/r%. 10 20 3.0

r10%m
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4.8 Solution of some selected problems
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4.8 Solution of some selected problems

§/' Example 4.3

If the net flux through a gaussian surface is zero, which of the following

statements are true?

1) There are no charges inside the surface.

2) The net charge inside the surface is zero.

3) The electric field is zero everywhere on the surface.

4) The number of electric field lines entering the surface equals the
number leaving the surface.

;” " Solution

Statements (b) and (d) are true. Statement (a) is not necessarily true since
Gauss' Law says that the net flux through the closed surface equals the net
charge inside the surface divided by &,. For example, you could have an
electric dipole inside the surface. Although the net flux may be zero, we
cannot conclude that the electric field is zero in that region.

;” o Example 4.4

A spherical gaussian surface surrounds a point charge ¢g. Describe what
happens to the: flux through the surface if

1) The charge is tripled,

2) The volume of the sphere is doubled,

3) The shape of the surface is changed to that of a cube,

4) The charge is moved to another position inside the surface;

;” " Solution

1) If the charge is tripled, the flux through the surface is tripled, since the
net flux is proportional to the charge inside the surface

2) The flux remains unchanged when the volume changes, since it still
surrounds the same amount of charge.

3) The flux does not change when the shape of the closed surface changes.
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4) The flux through the closed surface remains unchanged as the charge
inside the surface is moved to another position. All of these conclusions
are arrived at through an understanding of Gauss' Law.

v .
Example 4.5

A solid conducting sphere of
radius a has a net charge +20. A
conducting spherical shell of
inner radius b and outer radius ¢
is concentric with the solid sphere a
and has a net charge —Q as shown

+20

in figure 4.18. Using Gauss’s law b

find the electric field in the

regions labeled 1, 2, 3, 4 and find

the charge distribution on the

spherical shell.

phert Figure 4.18

;” " Solution

Region (1) r<a

To find the E inside the solid sphere of radius @ we construct a gaussian
surface of radius r < a

E = 0 since no charge inside the gaussian surface.

Region Q)a<r<b
we construct a spherical gaussian surface of radius r

§E.dd = in

gO
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20
0=0
E4nr2=£
80
SLE= ! & a<r<b
e, 1?

Region ) r>c

we construct a spherical gaussian surface of radius » > ¢, the total net charge
inside the gaussian surface is ¢ = 20 + (-Q) = +Q Therefore Gauss’s law
gives

§E.dA

=

in

gO

E 4 = 2
80

S E= I g r>c
Ars, r?

Region (3)b>r<c

-0 . b<r<c

+0
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g/' Example 4.6

A long straight wire is surrounded by a hollow cylinder whose axis
coincides with that wire as shown in figure 4.19. The solid wire has a
charge per unit length of +A, and the hollow cylinder has a net charge
per unit length of +2A. Use Gauss law to find (a) the charge per unit
length on the inner and outer surfaces of the hollow cylinder and (b) the
electric field outside the hollow cylinder, a distance r from the axis.

;” " Solution

(a) Use a cylindrical Gaussian surface S; within +A
the conducting cylinder where £=0

Thus §Edd=T2=0 @5

&

o
and the charge per unit length on the inner surface
must be equal to

}\-inner =-A
Also 7\finner + 7\'outer =2\
thus Aouter = A

(b) For a gaussian surface S, outside the \‘/

conducting cylinder

§E.d1‘] qul Figure 4.19

o

E (2nrL) = L (A-A+30)L
6‘0
S E= 3
2me ¥
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g/' o Example 4.7

Consder a long cylindrical charge distribution of radius R with a
uniform charge density p. Find the electric field at distance r from the
axis where r<R.

;” " Solution

If we choose a cilindrical gaussian surface of length L and radius 7, Its
volume is 7°L, and it enclses a charge pnr2L. By applying Gauss’s law we
get,

2
ﬁ;E.dA = n pecomes E§dA _pmL
80 60
2
§dA = 27rL therefore EQnmrl) = prL
Thus
pr . . .
E=— radially outward from the cylinder axis

2¢,
Notice that the electric field will increase as p increases, and also the
electric field is proportional to r for <R. For thr region outside the cylinder
(¥>R), the electric field will decrese as r increases.
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g/' Example 4.8

Two large non-conducting sheets of +ve charge face each other as
shown in figure 4.20. What is E at points (i) to the left of the sheets (ii)
between them and (iii) to the right of
the sheets?

;” """ Solution

We know previously that for each sheet,
the magnitude of the field at any point
is

m

T
&)

(e}

E=—
2¢e,

— EFFEFFEFFEE4 4
N EEEEFEFFEFEFHG

(a) At point to the left of the two
parallel sheets

E=-E, + (-E))=-2E Figure 4.20

nE=-——
&

(b) At point between the two sheets
E=E, + (-E,) = zero

(c) At point to the right of the two parallel sheets
E=E +E=2E

SLE=—
g

o

S50 > >5 5 >5 5> 55 05 05 >-F -5 >F >-F 5
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4.9 Problems

4.1) An electric field of intensity 4.5) Four closed surfaces, Sj,
3.5x103N/C is applied the x-axis. through Ss, together with the
Calculate the electric flux through a charges -20, +Q, and -Q are
rectangular plane 0.35m wide and sketched in figure 4.21. Find the
0.70m long if (a) the plane is electric flux through each surface.
parallel to the yz plane, (b) the
plane is parallel to the xy plane,
and (c) the plane contains the y axis
and its normal makes an angle of
40° with the x axis.

4.2) A point charge of +5uC is
located at the center of a sphere
with a radius of 12cm. What is the
electric flux through the surface of
this sphere?

4.3) (a) Two charges of 8uC and -
SuC 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. 4-6) A conducting spherical shell of
45 m. radius 15cm carries a net charge of

-6.4uC uniformly distributed on its

surface. Find the electric field at

points (a) just outside the shell and

(b) inside the shell.

Figure 4.21

4.4) The electric field everywhere
on the surface of a hollow sphere of
radius 0.75m is measured to be
equal to 8.90x10°N/C and points
radially toward the center of the #7) A long, straight metal rod has a
sphere. (a) What is the net charge radius of S5cm and a gharge per uqit
within the surface? (b) What can length of 30nC/m. Find the electric
you conclude about charge inside field at the following distances
the nature and distribution of the  from the axis of the rod: (a) 3cm,
charge inside the sphere? (b) 10cm, (c) 100cm.
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4.8) A square plate of copper of
sides 50cm 1is placed in an extended
electric field of 8x10°N/C directed
perpendicular to the plate. Find (a)
the charge density of each face of
the plate and (b) the total charge on
each face.

4.9) A solid copper sphere 15cm in
radius has a total charge of 40nC.
Find the electric field at the
following distances measured from
the center of the sphere: (a) 12cm,
(b) 17cm, (c) 75cm. (d) How would
your answers change if the sphere
were hollow?

4.10) A solid conducting sphere of

radius 2cm has a positive charge of
+8uC. A conducting spherical
shell d inner radius 4cm and outer
radius Scm is concentric with the
solid sphere and has a net charge of
-4uC. (a) Find the electric field at
the following distances from the
center of this charge configuration:
(a) =1cm, (b) =3cm, (c) r=4.5cm,
and (d) =7cm.

4.11) A non-conducting sphere of

radius « is placed at the center of a
spherical conducting shell of inner
radius » and outer radius c¢, A
charge +Q is distributed uniformly
through the inner sphere (charge
density pC/m’) as shown in figure
4.22. The outer shell carries -Q.
Find E(r) (i) within the sphere
(r<a) (i1) between the sphere and
the shell (a<r<b) (ii1) inside the
shell (b<r<c) and (iv) out side the

shell and (v) What is the charge
appear on the inner and outer
surfaces of the shell?

Figure 4.22

4.12) A solid sphere of radius 40cm

has a total positive charge of 26uC
uniformly distributed throughout its
volume. Calculate the electric field
intensity at the following distances
from the center of the sphere: (a) 0
cm, (b) 10cm, (¢) 40cm, (d) 60 cm.

4.13) An insulating sphere is 8cm in

diameter, and carries a +5.7uC
charge  uniformly  distributed
throughout its interior volume.
Calculate the charge enclosed by a
concentric spherical surface with
the following radii: (a) »=2cm and
(b) =6cm.

4.14) A long conducting cylinder

(length /) carry a total charge +¢ is
surrounded by a conducting
cylindrical shell of total charge -2¢
as shown in figure 4.23. Use
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Electric Potential

5.1 Definition of electric potential difference
5.2 The Equipotential surfaces

3.3 Electric Potential and Electric Field

5.4 Potential difference due to a point charge
5.5 The potential due to a point charge

5.6 The potential due to a point charge

5.7 Electric Potential Energy

5.8 Calculation of E from V

5.9 Problems



Lenovo
Rectangle


Electric Potential Difference

The Electric Potential
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i)l e Jeaie g 58 (o080 ol sla L8 Liiganl 5 ) Ay 1 ol (g S
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o Ly Jamal) £ A e bl e el liSey (A Al Gigu Juadll 020 (3
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(1) a5 Jla

& (Lnsa) Lnols M o s Wild i V) pehans (398 gl ) m 48 s o) e
pay Alh L Joay Cag Jaall My cdum ) dudlall dlae aia aual) ol il 4l
A8lsall b3k 9335 038 gl dBlhy . Vs M awall (e A3 5Sal) de ganall A5 s
& i 43l awal) e Jsdaal) Jaadl 535 01513 L Jsdaall Jrddl ol jue aalally 43 A
rray Sis Acaidial) gl A8l 3 Ghliall L dadi pall gl d8la il hlid) e
el gl A 3

(2) a5 JUa
B 51 J8E A LS ple dy U s 84 e el (i
] A e ST B ddaal vie eldl s 3ad aagl) dil 6
“—"“",'_; sl (8 S jguiall i 1)) llily A ddaiill die xua gl

A GG ey o A Ak el B (B g
" . il Ugloas AGB o35kl (s a8l
““‘-\ = oS = //-

S -~ o

Figure 5.1

(3) gasast Jl
A&B kil o Gl dus el oSl G o) pallall Lls dglae dls olla
B 5.2 J8d A LS JBa o (e O dunge Aind e 30l 20068 e (A Ol g 56
(s Gy dua Y1 dlal) dlae Jlae M peall 5)ll) gy las) dins Gllia el
Cige go Al g8 O &l o Al Basnge (Geld) Jil 3 B dbaill xie oLl
o Jsi Wiy A B o sl laer ST ki ) Zatl) e L § Ak (e
Uil (eS8 g D Ghlie ) 4 e 268 e G Bhlie (e OS 5a0 gy Al
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E ol 568 e G (iadl s A&B b (06l agadl (58 oy a5 065, el
Lk dyjail (gE) dn oSl sl am (Fox) A )ls 358 ddand s Joduall Jadd)l ey
(e oo elmall ol ) o) Alls b Ly 058 Cuny B A G g L5

\ I/
o
/1N

Figure 5.2

* >

Byl 2 cilag L 1Y) L) (Ar 13g8 1.5volt Lgaudid (o agadl (38 4yl clilia cils 1)
A Gaa LS L adiiall agall ) adi el agadl (e ¢l aia L gall ciliadl) Gl Ay S
b a3 (38 puan s Glindll S e U digal) B guieal) id Alls

iaall L glasa g j\ad)
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S.1 Definition of electric potential difference

We define the potential difference between two points 4 and B as the work
done by an external agent in moving a test charge g, from 4 to B i.e.

VB-VA: WAB/qO (51)

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

Notice

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

(b) negative i.e I'g <V

(c)zeroie Vg=Va

Y ou should remember that the work equals

W= ﬁexf =F, cos@!

o [f 0<0<90= cos 0 i1s+ve and therefore the W 1s +ve
e [f90 <0 <180 = cos 0 1s -ve and therefore W 1s -ve

e [0 =90 between F. and 1 = therefore W is zero

The potential difference 1s independent on the path between 4 and B. Since
the work (Wagp) done to move a test charge g, from A to B 1s independent on
the path, otherwise the work 1s not a scalar quantity. (see example 5.2)
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5.2 The Equipotential surfaces

As the electric field can be represented graphically by lines of force, the
potential distribution mn an electric field may be represented graphically by
equipotential surfaces.

The equipotential surface 1s a surface such that the potential has the same
value at all points on the surface. ie. Vg -V = zero for any two points on
one surface.

The work 1s required to move a test charge between any two points on an
equipotential surface is zero. (Explain why?)

In all cases the equipotential surfaces are at right angles to the lines of force
and thus to E. (Explain why?)

A

\ 4

Y

\ 4

 J

Figure 5.3 (a) Figure 5.3 (b)

Figure 5.3 shows the equipotential surfaces (dashed lines) and the electric
field lines (bold lines), (a) for uniform electric field and (b) for electric
field due to a positive charge.
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5.3 Electric Potential and Electric Field

The potential difference between two points 4 and B in a Uniform electric
field E can be found as follow,

Assume that a positive test charge ¢, is moved by an external agent from 4
to B in uniform electric field as shown in figure 5.4.

The test charge ¢, is affected by electric
force of ¢.E in the downward direction. To B
move the charge from 4 to B an external a
force F of the same magnitude to the
electric force but in the opposite direction.

The work W done by the external agent 1s: F
N
g qoj"dl
Wap = Fd = q.Ed (5.2) YoL.E

The potential difference V-V 1s

Vo vi=""1 _ gy (5.3) i

90 4
Figure 5.4

This equation shows the relation between the potential difference and the
electric field for a special case (uniform electric field). Note that £ has a
new unit (V/m). hence,

Volt  Newton
Meter Coulomb



Lenovo
Rectangle


Electric Potential Difference

[f the test charge ¢, 1s moved along a curved path from 4 to B as shown in
figure 5.5. The electric field exerts a force g.£ on the charge. To keep the
charge moving without accelerating, an external agent must apply a force F
equal to -goE.

If the test charge moves distance d!
along the path from 4 to B, the work
done 1s F.dl. The total work 1s given

by,

w

AB

B
= [Fdl =—q,[Edl (54)
A

, C—

The potential difference V-V 1s,

W B v E
vV, -V, =q—AB --[Edl (5.5) J
[4] A
Figure 5.5

dl 3)3Y) axie ol diey Sl 23 ) 8 B (N A 0o JalSall agaa o Lis JaaY
ot eSH Jlaall dsia g An) 3Y) aniia (5 ) gemnall Aug) W 2 O gl 3y sSg

[f the point 4 is taken to infinity then J'4=0 the potential /" at point B is,
B s —
Vv, =-— j Edl (5.6)

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

Example 5.1
Derive the potential difference between points 4 and B in uniform

electric field using the general case.

§ """ Solution

B B B
V,-V, = —j Edl = —IECOSISO"dl = _[Edl (5.7)
A A A

E 1s uniform (constant) and the integration over the path 4 to B is d,
therefore

B
Vy-V,=E[dl=Ed (5.8)
A
F
V@ B J{C
" Example 5.2 el g
In figure 5.6 the test charge moved i q%;j)/
from A to B along the path shown. P
Calculate the potential difference d // ak
between A and B. //
L
A
E |

Figure 5.6
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§ Solution

Ve-Va=(Ve-Vo)y+(Ve-Va)

For the path AC the angle 0 is 135°,

Pl = &
Edl =—|Ecosl35°dl =— | dI
/ v25

VeV, =-

i C—y O

The length of the line AC is V2 d

E
—V, =——(J2d) = Ed
Ve =V, 5 (V2d) = E

For the path CB the work 1s zero and E i1s perpendicular to the path
therefore, Ve-Va =0

V,-V,=V.-V,=Ed

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 1.60207 x 107"°J. Electron volts are commonly expressed as
million electron volts (MeV) and billion electron volts (BeV or GeV).
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5.4 Potential difference due to a point charge

Assume two points 4 and B near to a positive charge ¢ as shown in figure
5.7. To calculate the potential difference V-V we assume a test charge g,
1s moved without acceleration from 4 to B.

A
> «
v . v
E B F d aF A
<
e a,
A A
| 2 |
1 r

Figure 5.7

In the figure above the electric field £ 1s directed to the right and d/ to the
left.
E.dl = Ecos180°dl = —Edl (5.10)

However when we move a distance d/ to the left, we are moving in a
direction of decreasing . Thus

dl =—dr (5.11)
Therefore
-EdI=Edr (5.12)
B I
+Vy =V, =—[Edl = [EdF (5.13)
A P4
Substitute for £
1 ¢
w = — 5.14
dre, r? ( )

We get
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Lusall §1a 8 opnladi cp e dgall (58 e aadiew gl s o) La daaY

g Ay

5.5 The potential due to a point charge

If we choose A4 at infinity then V4=0 (i.e. rA = o) this lead to the potential
at distance r from a charge ¢ 1s given by

y=—L 94 (516
dre, ¥

This equation shows that the
equipotential surfaces for a charge
are spheres concentric with the
charge as shown in figure 5.8.

Figure 5.8

iy 2 5gSH agall Loty cdilaall oy e po LiSie iy Dinil o pgSH Jlaall (o JaaY
Adlaall ga LuSe
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5.6 The potential due to a point charge

coadl ok oe SIS dind e aas Al 68l dgal sag) s 138 plasialy (e
S agall ala) oyl Al die sas Jde disd h IS e Al o peSl agall (gl

V=Vi+Vo+Vs+ ., +V,  (5.17)

o T 4,
..V—ZHLVH 4%2 (5.18)

oy Ua L lean gand Y cplual) b 5 LaY) 33k g il dad e gl die
) e ola¥) 5 LAY asa Cun o eSH Jladll 8 Juis 1S LS Ll laas

§ Example 5.3

What must the magnitude of an isolated positive charge be for the
electric potential at 10 cm from the charge to be +100V?

§" """ Solution

N

dre, ¥

Sq=Vane,r’ =100x47rx8.9x107"* x0.1=1.1x107C
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§" """ Example 5.4

What is the potential at the center of the square shown in figure 5.9?
Assume that ¢;= +1 x10*C, ¢,= -2x10°C, ¢:=+3x10°C, ¢,=+2x107*C,
and a=1m.

v .\ /
Solution

.‘.V:ZVHZ 1 49.+q9,+q,+4q, 9 /\,(\ a
’ 47&% 4 \\
' : S
The distance r for each charge from P is 0.71m a, a 3,
Fi 5.9
_9><109(1—2+3+2)><10‘8 igure

BF =500V

0.71

; Example 5.5

Calculate the electric potential due to an electric dipole as shown in
figure 5.10.

P

Figure 5.10
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§ Solution

V=2Va=V1+1

=gl L. 4 :quz—rl
h R K

When r>>2a,

ry - 11 = 2acoso and =
2
V= Kq ac?sé :Kpcozsé’ (5.19)
r ¥

where p is the dipole momentum

Note that ¥ = 0 when 6=90° but /" has the maximum positive value when
0=0" and V has the maximum negative value when 6=180".
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5.7 Electric Potential Energy

The definition of the electric potential energy of a system of charges 1s the
work required to bring them from infinity to that configuration.

To workout the electric potential energy for a system of charges, assume a
charge g, at infinity and at rest as shown in figure 5.11. If ¢, 1s moved from
infinity to a distance » from another charge ¢, then the work required is
given by

W=V
q2 g1 a0
v la ® o
4re, r 9 R
r 3
Substitute for J in the equation of work
. Figure 5.11
U=W = il (5.20)
4re, 1,
drer

To calculate the potential energy for systems containing more than two
charges we compute the potential energy for every pair of charges
separately and to add the results algebraically.

v=y 44 (5.22)
drg,ry

sl 8 St ) e sl S 13 (S0 ol yint Al b (il J) (00

JS 8 Oluaally 5olaY) 3aliy Dail) 4ad e (mpn ol (L lean pand 3 saa o

-

.D_)A

If the total electric potential energy of a system of charges is positive this
correspond to a repulsive electric forces, but if the total electric potential
energy 1s negative this correspond to attractive electric forces. (explain
why?)
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xm
Example 5.6 i 3

Three charges are held fixed as / LY
shown in figure 5.12. What is the / \\\
potential energy?  Assume that a/ \d
q=1 x10”C and a=10cm. /'/ AN
\
// \\
@ o
v +19 a +2q
Aolutien Figure 5.12

U=Ux+U13+Uxp

U=l [(w)(—q) L H9)(+29) +(—4q)(+2q)}
4re, a a a

2
y=_10 4"
dre, a

9x10°(10)Ax107)°?
0.1

=-9x1073%J

k) =

Jod. 2al) Ji. & o o Sa )3 A Al A oSl A Bl AL b of B A3
A0 e ab Lol Gl w83 )AL w ol A el S Lo Blial
O da o ALl cile 2384 B o clian &l g 2 & Jalall By &
e 9 A JaLal Bge A O (e daa 030 A L AL age L Sl AL B Gy &

CALE B A cliadl)
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5.8 Calculation of E from V

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 by the following relation.

4
E=——0 5.23
T (5.23)

New unit for the electric field 1s volt/meter (v/im)

JalSiy Jualss aDle o 50 2ally oo Jlaad) (g Al )l AN (o LaaY
O Sy e Jlaal dlayd Julitl) ddee o) sals S 26SD agall Lidle 13) Gl
-equipotential surfaces sgall & slia phand o a3 gac 2 <) Jlaal) Lo ghas

arEEs

Example 5.7

Calculate the electric field for a point charge ¢, using the equation

; """ Solution

-2 _ @/ 1 g
dl dr\ 4ne, r

q d(lj 1 ¢
E=- —| == -
dre, dr\r) 4ne,r
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5.9 Solution of some selected problems

£ s ga i A Jilsall Gand ¥ gla (G srian s jal) 138
(S Jlaall g (2 gl gl
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AEEE

Example 5.8
Two charges of 2uC and -6pC are
located at positions (0,0) m and (0,3) m,
respectively as shown in figure S.13. (i)
Find the total electric potential due to
these charges at point (4,0) m.

(i) How much work is required to
bring a 3uC charge from o to the point
o

(iii) What is the potential energy for
the three charges?

gl' """ Solution

Veo=V1+ 1,

e

dre, | 12

2x10°¢ _6><10'6
4 5

V:9><109[

(1) the work required 1s given by

-6 ‘[0,3]

(G.0) (4,0
P

Figure 5.13

}:—6.3x103volt

W=q3Vy=3x10°x-63x10°=-189x 10> ]

The -ve sign means that work is done by the charge for the movement from

o to P.

(111) The potential energy is given by
U=Upp+ Ui+ Up

(2x107°)(=6x10"%)  (2x10")3x10"%) _ (=6x10")3x10"%)

U=y
3 4

U =-55%x10"%Joule

]
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Example 5.9
A particle having a charge ¢=3x10"C moves from point a to point b
along a straight line, a total distance d=0.5m. The electric field is
uniform along this line, in the direction from a to b, with magnitude
E=200N/C. Determine the force on ¢, the work done on it by the
electric field, and the potential difference V,-V3,.

;-,. o Solution

The force is in the same direction as the electric field since the charge is
positive; the magnitude of the force 1s given by

F=qgE =3x10" x 200 = 600x10°N
The work done by this force 1s
W=Fd = 600x10” x 0.5 = 300x10"J
The potential difference 1s the work per unit charge, which is
Va-1y = Wig = 100V
Or
Va-Vy = Ed =200 x 0.5 =100V

" Example 5.10

Point charge of +12x10”C and

-12x10”C are placed 10cm part as 10cm 10cm
shown in figure 5.14. Compute the

potential at point a, b, and c. '/

Compute the potential energy of a a, a,
point charge +4x10”C if it placed at Aem oem (Aot
points a, b, and c.

| Aoz
o]

Figure 5.14
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§ Solution

We need to use the following equation at each point to calculate the
potential,

1 q
=SV = ,
Z,," " 472'50213
-9 -9
y —gxieo| 12107 212107 ) g4,
0.06 0.04
-9 -9
V. —9x10° 12x10°  —12x10°)_ ..
0.04 0.14
V —0x10° 12><10'9+—12><10‘9 o
‘ 0.1 0.14

We need to use the following equation at each point to calculate the
potential energy,

U=qV
U, = gV, = 4x107x(-900) = -36x107J
Us = qVy = 4x107x1930 = +77x107)

Us=qVe=4x10"x0=0
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g Example 5.11

A charge ¢ is distributed throughout a nonconducting spherical volume
of radius R. (a) Show that the potential at a distance r from the center
where ¥ <R, is given by

§ Solution

O ol 38 st Cag Wl Daa 4 ddamy die dliagell e a)ﬁ\d;b_\gaj'lal;ﬂ'

q(3R2 —-r )
k= 3
87s, R

Vo=V, = —J‘E.di

Jlise e Al Alise o alas LS Lelalay 5,80 7 Hl oialide e Jlaall o) Guag

oasla 08

Eout = 9 Ein = Ll
Arze, 1 4re, R’

Va-Ve=Va-Vg)+(Vg-Vs)
V,-V,=-|E,dl -|E,dl

dl = -dr Laj (S5 c0s180= -1 of 51 180° o dl & E s &5 31 f Jandls

VA—VQOZ— d}"

dr -

4;7:5 R? -[4775 r

_q {r_z]+ q F} _ qBR -1
dre R| 2 Are, | r 87e, R’

Gl glhall g8 9 4 dhasll die agall ga Jda g

V=—T aliei 5 eal) i 5,80 aha e 4 calS 1Y)

FA b Al 5eS)) 2galS
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§ Example 5.12

For the charge configuration shown in figure S.15, Show that V(r) for
the points on the vertical axis, assuming r >> a, is given by

- 1 [1+2aq}

e | r r?

s i
" Solution
Vo=Vi+ Va+ Vs |
4 .4 q r
dre (r—a) 4nme,r 4re, (r+a)
Qo
qr+ta)—q(r—a) g a
dre, (r?—a?) 4re,r
—~ () +q
2aq L4 &
dre, r*(1-a?/r?) A4ns,r Q -q
when r>>a then a°/r* <<1
T = 2aq (-a2/r)"" + 9 Figure 5.15
4re, 1 4dre r
B S b cpas b Balsa)y oanl) 3 & s G gil) ol oSy
(1+x)"=1+nx when x<<1
2aq q
V = (d+a?/r3)+
dre, r? dre ¥

1. Jawadl @/ Jlal S

et e, 2]
drs, | r r?
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Example 5.13
Derive an expression for the work +: a '.q
required to put the four charges together
as indicated in figure 5.16.

a a

. @ L

Solution e a 56
The work required to put these charges Plgiire 5,16

together 1s equal to the total electric potential
energy.

U=Up+ U+ Uyt Uy + Uy + Usy

— 2 2 2 2 2 2
Uy L |-¢. ¢ @ @ ¢ ¢
4re,

+ T
a \/Ea a a \/Ea a

[ _ 4,42 2
U= | 4q “ 2q
dre,| a V2a

47?80 \/Ea

g,a

1 [-v24g + 2q2:| —02¢

The minus sign indicates that there is attractive force between the charges

In Example 5.13 assume that if all the charges are positive, prove that
the work required to put the four charges together is

1 541¢
dre, ¢€,a

U =
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Example 5.14
In the rectangle shown in figure 5.17, ¢; = -5x10°C and ¢, = 2x10°C
calculate the work required to move a charge g3 = 3x10°C from B to A
along the diagonal of the rectangle.

q1 15cm M )
| Q3 ................................. 5cm
............ ,...... :.“ -l.
| q2
Figure 5- 1 7

;" """ Solution

from the equation Ve-Va= Wags/ qo

Va=1+V, & Ve=Vi+ V>

v 4 '—5x10—6+2x10—6' =6x10*V
4re,| 0.15 0.05

Ve =4 ——5x10’6+2x10*6_ =_78%x10*V
4re, | 0.05 0.15

o

Wea  =(Va-VB) q3

=(6 x 10* +7.8 x 10%) 3 x 10°=10.414 Joule
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Example 5.15
Two large parallel conducting plates are 10 cm a part and carry equal
but opposite charges on their facing surfaces as shown in figure 5.18.

An electron placed midway between the two plates experiences a force
-15

of 1.6 x 107" N.
What is the potential difference between the plates?

A B
QM: Solution —E
V -V =Ed —
B A
Loogslh Gl Basb e o) Jaddl Glea (Ko
O3 AN e 3 fi5al
F=eE=E=Fle L
10cm
VB-VA = 10000 x 0.1 = 1000 volt Figure 5.18

SO>S >3 >-§ >5 >3 -5 5 >F 5 >-5 -5 >F>F>F>F >5>F >
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5.10 Problems

5.1) What potential difference 1s
needed to stop an electron with an
initial speed of 4.2x10°m/s?

5.2) An 1on accelerated through a
potential  difference of 115V
experiences an increase in potential
energy of 7.37x10"""J. Calculate the
charge on the 1on.

5.3) How much energy is gained by
a charge of 75 nC moving through
a potential difference of 90V?

5.4) An infinite charged sheet has a
surface charge density o of 1.0x10"
7 C/m>. How far apart are the

equipotential ~ surfaces  whose
potentials differ by 5.0 V?

5.5) At what distance from a point
charge of 8uC would the potential
equal 3.6x10"V?

5.6) At a distance r away from a
point charge ¢, the electrical
potential 1s F=400V and the
magnitude of the electric field is
E=150N/C. Determine the value of
g and r.

5.7) Calculate the value of the
electric potential at point P due to
the charge configuration shown in
Figure 5.19. Use the values

q1=5uC, ¢»=-10uC, a=0.4m, and
b=0.5m.

Figure 5.19

5.8) Two point charges are located
as shown in Figure 5.20, where
qi=t4uC, g>=-2uC, a=0.30m, and
b =0.90m. Calculate the value of
the electrical potential at points P,
and P,.  Which point 1s at the
higher potential?

)

Figure 5.20
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5.9) Consider a point charge with
g=1.5x10°C. What is the radius of
an equipotential surface having a
potential of 30V?

5.10) Two large parallel conducting
plates are 10cm apart and carry
equal and opposite charges on their
facing surfaces. An electron placed
midway between the two plates
experiences a force of 1.6x10"N.
What 1s the potential difference
between the plates?

5.11) A point charge has ¢g=1.0x10
°C. Consider point A which is 2m
distance and point B which is Im
distance as shown in the figure
5.21(a). (a) What 1s the potential
difference FVa-V3? (b) Repeat if
points A and B are located
differently as shown in figure
5.21(b).

B A

< Q

Figure 5.21(a)

-

Figure 5.21(b)

5.12) In figure 5.22 prove that the

work required to put four charges
together on the corner of a square

_ n by  (w=-
021¢°/ &, a).
+q -q
a
-q a *q
Figure 5.22

5.13) Two charges q:+2><10'6C are

fixed in space a distance d=2cm)
apart, as shown in figure 5.23 (a)
What 1s the electric potential at
point C? (b) You bring a third
charge ¢=2.0x10°C very slowly
from infinity to C. How much
work must you do? (c) What is the
potential energy U of the
configuration when the third charge
1s in place?

C
®
1/2d
L 1/2
o /2d /2d o
q O q
Figure 5.23
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5.14) Four equal point charges of 5.15) Two point charges, Q;=+5nC

charge g=+5pC are located at the
corners of a 30cm by 40cm
rectangle. Calculate the electric
potential energy stored in this
charge configuration.

and (»,=-3nC, are separated by
35cm. (a) What is the potential
energy of the pair? What is the
significance of the algebraic sign of
your answer? (b) What 1s the
electric potential at a point midway
between the charges?
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Multiple Choice Questions

Part 1
Principles of Electrostatic

Coulomb’s Law
Electric Field
Gauss’s Law

Electric Potential Difference

Attempt the following question after the
completion of part 1



Multiple choice question for part 1

[1] Two small beads having positive charges 3 and 1 are fixed on the
opposite ends of a horizontal insulating rod, extending from the origin to the
point x=d. As in Figure 1, a third small, charged bead is free to slide on the
rod. At what position is the third bead in equilibrium?

+3q +q

()
p—y
' :

> d o
I L]
g f

Figure 1
a. x=0.366d
b. x=0.634d
@ x = 0.900d
d x=237d

[2] Two identical conducting small spheres are placed with their centers
0.300m apart. One 1s given a charge of 12.0nC and the other one a charge of
18.0nC. (a) Find the electrostatic force exerted on one sphere by the other.
(b) The spheres are connected by a conducting wire. After equilibrium has
occurred, find the electrostatic force between the two.

(a) 2.16 x 10™ N attraction; (b) 0 N repulsion

(a) 6.47 x 10°° N repulsion; (b) 2.70 x 107 N attraction
(a) 2.16 x 10” N attraction; (b) 8.99 x 107 N repulsion
(a) 6.47 x 10° N attraction; (b) 2.25 x 10° N repulsion

o op

[3] An electron is projected at an angle of 40.0° above the horizontal at a
speed of 5.20 x 10° m/s in a region where the electric field is E = 3 50 j N/C.
Neglect gravity and find (a) the time it takes the electron to return to its
maximum height, (h) the maximum height it reaches and (c) its horizontal
displacement when it reaches its maximum height.

(a) 1.09 x 10 s; (b) 0.909 mm; (¢) 2.17 m
(a) 1.69 x 10™ s; (b) 2.20 mm; (c) 4.40 m
(a) 1.09 x 107 s; (b) 4.34 mm; (¢) 0.909 m
(a) 1.30 x 10® s; (b) 1.29 mm; () 2.17 m

o o

[4] Two 1dentical metal blocks resting on a frictionless horizontal surface are
connected by a light metal spring for which the spring constant 1s £ 175 N/m
and the unscratched length is 0.350 m as in Figure 2a.
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k k
m —\VWVVWA— m 1) A VAVAVAVAVAVE T
I | |
a b
Figure 2

A charge Q is slowly placed on the system causing the spring to stretch to an
equilibrium length of 0.460 m as in Figure 2b. Determine the value of O,
assuming that all the charge resides in the blocks and that the blocks can be
treated as point charges.

a. 64.8 uC

b. 32.4 uC

c. 85.1 uC

d.42.6 uC

[5] A small plastic ball 1.00 g in mass is suspended by a 24.0 cm long string
in a uniform electric field as shown in Figure P23.52.

y

— T~ E=15x10% N/C

Figure 3

If the ball is in equilibrium when the string makes a 23.0° angle with the
vertical, what is the net charge on the ball?

d.a0.1 pe
b. 154 uC
c. 653 pC
d. 2.77 uC

[6] An object having a net charge of 24.0 uC is placed in a uniform electric
field of 6 10 N/C directed vertically. What is the mass of the object if it
"floats" in the field?
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a.0.386 g
b. 0.669 g
c.2.59¢
d. 149 ¢

[7] Four identical point charges (¢ = +14.0 uC) are located on the corners of

a rectangle as shown in Figure 4.
q q

q % q

Figure 4

The dimensions of the rectangle are L = 55.0 cm and W= 13.0 cm.
Calculate the magnitude and direction of the net electric force exerted on the
charge at the lower left corner by the other three charges. (Call the lower left
corner of the rectangle the origin.)

106 mN @ 264°
7.58 mN @ 13.3°
7.58 mN @ 84.0°
106 mN @ 193°

e oW

[8] An electron and proton are each placed at rest in an electric field of 720
N/C. Calculate the speed of each particle 44.0 ns after being released.

a. ve=1.27 x 10° m/S, v, =06.90 x 10° m/s
b. 1.=556x10°m/S, v,= 3.04 x 10’

c.  Vve=127x10"m/S, v,=6.90x 10" m/s
d. v.=3.04x10°m/S, v,=5.56x10°m/s

[9] Three point charges are arranged as shown in Figure 5.
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3nC 0.250 m 4 nC
® @ X

0.175m

-2nC?

(a) Find the vector electric field that the 4.00 nC and -2.00 nC charges
together create at the origin. (b) Find the vector force on the 3.00 nC charge.

Figure 5

a. (a) (0.144i - 0.103 j) kKN/C; (b) (0.432i - 0.308j) pN
b. (a) (-0.575i - 0.587) ) kKN/C; (b) (-1.73i- 1.76]) uN

c. (a) (-0.144i - 0.103j) kKN/C; (b) (-0.432i - 0.308j) uN
d. (a) (-0.575i + 0.587)) kN/C; (b) (-1.73i + 1.76j) uN

[10] Two 1.00 uC point charges are located on the x axis. One is at x = 0.60
m, and the other is at x = -0.60 m. (a) Determine the electric field on the y
axis at x = 0.90 m. (b) Calculate the electric force on a -5.00 uC charge
placed on the y axis at y = 0.90 m.

a. (a) (8.52 x 10’ +1.28 x 10%)N/C; (b) (-4.62 x 10™%i — 6.39 x 107%))N

b. (a) 8.52 x 10°j N/C; (b)-4.26 x 103 N
c. (a) 1.28 x 10% N/C; (b) -6.39 x 107 N
d. (a) -7.68 x 10°N/C; (b)3.84 x 10 N

[11] A 14.0uC charge located at the origin of a cartesian coordinate system
is surrounded by a nonconducting hollow sphere of radius 6.00 cm. A drill
with a radius of 0.800 mm 1s aligned along the z-axis, and a hole is drilled
in the sphere. Calculate the electric flux through the hole.

a. 176 Nm?/C
b.4.22 Nm?/C
c. 0 Nm?/C

d. 70.3 Nm?/C

[12] An electric field of intensity 2.50 kN/C is applied along the x-axis.
Calculate the electric flux through a rectangular plane 0.450 m wide and

e
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0.800 m long if (a) the plane 1s parallel to the yz plane; (b) the plane is
parallel to the xy plane; (c) the.plane contains the y-axis and its normal
makes an angle of 30.0° with the x-axis.

(a) 900 Nm?/C; (b) 0 Nm*/C; (¢) 779 Nm?/C
(a) 0 Nm%/C; (b) 900 Nm?/C; (c) 779 Nm?/C
(a) 0 Nm?/C; (b) 900 Nm*/C; (c) 450 Nm?/C
(a) 900 Nm?/C; (b) 0 Nm?/C; (c) 450 Nm?/C

a0 o

[13] A conducting spherical shell of radius 13.0 cm carries a net charge of -
7.40 uC uniformly distributed on its surface. Find the electric field at
points (a) just outside the shell and (b) inside the shell.

a (a) (-7.88 mN/C)r;  (b) (-7.88 mN/C)r
b. (a) (7.88 mN/C)r; (b) (0 mN/C)r

C (@) (-3.94 raN/C)r; (b)) (0 mN/C)r

d (a) (3.94 mN/C)r; (b) (3.94 mN/C)r

[14] A point charge of 0.0562 uC is inside a pyramid. Determine the total
electric flux through the surface of the pyramid.

a.1.27 x 10° Nm%/C?
b.6.35 x 10° Nm?/C?
c. 0 Nm?/C?

d. 3.18 x 10* Nm*/C?

[15] A large flat sheet of charge has a charge per unit area of 7.00 uC/m’.
Find the electric field intensity just above the surface of the sheet, measured
from 1ts midpoint.

7.91 x 10°> N/C up
1.98 x 10° N/C up
3.95 x 10° N/C up
1.58 x 10° N/C up

a0 o

[16] The electric field on the surface of an irregularly shaped conductor
varies from 60.0 kN/C to 24.0 kN/C. Calculate the local surface charge
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density at the point on the surface where the radius of curvature of the
surface 1s (a) greatest and (b) smallest.

a.  0.531 pC/m’%  (b) 0.212, pC/m’
b. 106, uC/m*  (b)0.425 uC/m’
c. 0425 uC/m*; (b)1.06uC/m’

d. 0212 pC/m*  (b)0.531 pC/m’

[17] A square plate of copper with 50.0 cm sides has no net charge and is
placed in a region of uniform electric field of 80.0 kN/C directed
perpendicular to the plate. Find (a) the charge density of each face of the
plate and (b) the total charge on each face.

a. (a) o =+ 0.708 uC/m?*  (b) Q =+ 0.0885 uC
b.(a)o =+1.42 uC/m*  (b) Q ==+0.354 uC
c.(a) o =+0.708 pC/m*  (b) Q0 =+ 0.177 uC
d.(a)o =+ 142 uC/m*;,  (b)Q =+0.177 uC

[18] The following charges are located inside a submarine: 5.00nC, -9.00uC,

27.0uC and -84.0uC. (a) Calculate the net electric flux through the
submarine. (b) Is the number of electric field lines leaving the submarine
greater than, equal to, or less than the number entering it?

a (a) 1.41 x 10" Nm*/C; (b) greater than
b.  (a)-6.89 x 10° Nm’/C; (b) less than
v (a) -6.89 x 10° Nm*/C; (b) equal to
d.  (a) 1.41 x 10" Nm?*/C; (b) equal to

[19] A solid sphere of radius 40.0 cm has a total positive charge of 26.0uC
uniformly distributed throughout its volume. Calculate the magnitude of the
electric field at 90.0 cm.

a. (2.89 x 10° N/O)r
b. (3.29 x 10° N/C)r
c. 0N/C

d. (1.46 x 10° N/C)r
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[20] A charge of 190 uC is at the center of a cube of side 85.0 cm long. (a)

Find the total flux through each face of the cube. (b) Find the flux through
the whole surface of the cube.

(a) 3.58 x 10° Nm*/C; (b) 2.15 x 10’ Nm*/C
(a) 4.10 x 10’ Nm*/C; (b)4.10 x 10’ Nm*/C
(a) 1.29 x 10° Nm%*/C; (b)2.15 x 10" Nm?*/C

a
b.
C.
d.  (a)6.83 x 10° Nm%C; (b)4.10 x 10’ Nm*/C

[21] A 30.0 cm diameter loop is rotated in a uniform electric field until the

position of maximum electric flux is found. The flux in this position is
found to be 3.20 x 105 Nm2/C. What is the electric field strength?

a.  3.40x10° N/C
b.  4.53x 10°N/C
c. 1.13x 10°N/C
d.  1.70 x 10° N/C

[22] Consider a thin spherical shell of radius 22.0 cm with a total charge of

34.0uC distributed uniformly on its surface. Find the magnitude of the
electric field (a) 15.0 cm and (b) 30.0 cm from the center of the charge
distribution.

a. (a)6.32x10°N/C;  (b)3.40 x 10° N/C
b. (a) ON/C; (b) 6.32 x 10° N/C
c. (a)136x10"N/C;  (b)3.40 x 10°N/C
d.  (a)ON/C; (b) 3.40 x 10° N/C

[23] A long, straight metal rod has a radius of 5.00 cm and a charge per unit
length of 30.0 nC/m. Find the electric field 100.0 cm from the axis of the
rod, where distances area measured perpendicular to the rod.

(1.08 x 10" N/C)r
(2.70 x 10* N/C)r
(5.39 x 10* N/C)r
(0 N/C)r

o o
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[24] A solid conducting sphere of radius 2.00 cm has a charge of 8.00 pC. A
conducting spherical shell of inner radius 4.00 cm and outer radius 5.00 cm
1s concentric with the solid sphere and has a charge of -4.00 uC. Find the
electric field at » = 7.00 cm from the center of this charge configuration.

a. (2.20x 10" N/O)r
b. (432 x 10" N/C)r
c.  (7.34x 10° N/C)r
d.  (1.44 x 10’ N/O)r

[25] The electric field everywhere on the surface of a thin spherical shell of
radius 0.650 m 1s measured to be equal to 790 N/C and points radially
toward the center of the sphere. (a) What 1s the net charge within the sphere's
surface? (b) What can you conclude about the nature and distribution of the
charge inside the spherical shell?

a. (a)3.71x10™°C; (b) The charge is negative, its distribution is
spherically symmetric.

b.  (a)3.71 x 10® C; (b) The charge is positive, its distribution
1s uncertain.

c.  (a)1.93x10™* C; (b) The charge is positive, its distribution 1s
spherically symmetric.

d. (a) 1.93x10™ C; (b) The charge is negative, its distribution
1S uncertain.

[26] Four identical point charges (g = +16.0 uC) are located on the corners
of a rectangle, as shown in Figure 6.

q q

Figure 6

The dimensions of the rectangle are L 70.0 cm and W= 30.0 cm. Calculate
the electric potential energy of the charge at the lower left corner due to the
other three charges.

a. 1491
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b.7.941]
c. 14017
d.342]

[27] The three charges in Figure 7 are at the vertices of an isosceles triangle.

q
4 cm
2cm
-q -q
Figure 7

Calculate the electric potential at the midpoint of the base, taking g=7.00 uC.
a.-14.2 mV
b. 11.0 mV
c. 142 mV
d.-11.0mV

[28] An msulating rod having a linear charge density = 40.0 pC/m and linear
mass density 0.100 kg/m is released from rest in a uniform electric field
E=100 V/m directed perpendicular to the rod (Fig. 8).
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(a) Determine the speed of the rod after it has traveled 2.00 m. (b)
How does your answer to part (a) change if the electric field is not
perpendicular to the rod?

(a) 0.200 m/s; (b) decreases
(a) 0.400 m/s; (b) the same
(a) 0.400 m/s; (b) decreases
(a) 0.200 m/s; (b) increases

oo

[29] A spherical conductor has a radius of 14.0 cm and a charge of 26.0uC.
Calculate the electric field and the electric potential at ¥ = 50.0 cm from the
center.

9.35 x 10° N/C, 1.67 mV
1.19 x 10’ N/C, 0.468 mV
9.35 x 10°N/C, 0.468 mV
1.19 x 10’ N/C, 1.67 mV

o op

[30] How many electrons should be removed from an initially unchanged
spherical conductor of radius 0.200 m to produce a potential of 6.50 kV at
the surface?

a. 1.81 x 10"
b.  238x10"7
c.  9.04x 10"
d.  1.06x 10"

[31] An 1on accelerated through a potential difference of 125 V experiences

an increase in kinetic energy of 9.37 x 107 J. Calculate the charge on the
on.
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Multiple choice question for part 1

a. 133x10"%C
b. 7.50x 10" C
c. L 17x10™C
d  1.60x10"cC

[32] How much work is done (by a battery, generator, or some other source
of electrical energy) in moving Avagadro's number of electrons from an
initial point where the electric potential is 9.00 V to a point where the
potential 1s -5.00 V? (The potential in each case is measured relative to a
common reference point.)

a. 0.482 MJ
b. 0.385 MJ
c. 1.35MJ

d. 0.867 MJ

[33] At a certain distance from a point charge, the magnitude of the electric
field is 600 V/m and the electric potential is -4.00 kV. (a) What is the
distance to the charge? (b) What is the magnitude of the charge?

a (a) 0.150 m;  (b) 0.445 uC
b. (a)0.150m; (b)-1.50 uC
c (a) 6.67 m; (b)2.97 nC

d (a) 6.67 m; (b) -2.97 uC

[34] An electron moving parallel to the x-axis has an initial speed of 3.70 x
10° m/s at the origin. Its speed is reduced to 1.40 x 10° m/s at the point x =
2.00 cm. Calculate the potential difference between the origin and that
point. Which point is at the higher potential?

a. -38.9V, the origin
b. 19.5V,x

é. 389V, x

d.

-19.5 V, the origin

ddddddddddddddddda

Solution of the multiple choice questions

120


Lenovo
Rectangle


Lectures in General Physics

.N Answer . No. Answer
1 b 18 b
2 c 19 a
3 a 20 a
4 d 21 b
5 d 22 d
6 d 23 c
7 a 24 v
8 b 25 a
9 b 26 C

10 27 d
11 d 28 b
12 a 29 v
13 C 30 c
14 b 31 b
1> c 52 ¢
16 d 33 d
17 & 34 a
ddddddddddddddddda
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Capacitors and capacitance

6.1 Capacitor

Insulator
A capacitor consists of two conductors separated by
an insulator Figure 6.1. The capacitance of the +q -q
capacitor depends on the geometry of the f
conductors and on the material separating the
charged conductors, called dielectric that is an g
insulating material. The two conductors carry equal \/
and opposite charge +¢ and -q. Conductor
Figure 6.1
6.2 Definition of capacitance
The capacitance C of a capacitor is defined comact Electric field
as the ratio of the magnitude of the charge apad or\ _
on either conductor to the magnitude of the ﬂ |E
potential difference between them as shown Il E
in Figure 6.2.
C =§ 6.1) L L[
Battery
The capacitance C has a unit of C/v, which Fioure 6.2
is called farad F sure o.
F=CnWn
The farad is very big unit and hence we use submultiples of farad
1uF = 10°F
InF = 10°F
1pF = 107"%F

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

B o

Figure 6.3
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6.3 Calculation of capacitance

The most common type of capacitors are:-
e Parallel-plate capacitor
e Cylindrical capacitor
e 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 (6.1).

6.3.1 Parallel plate capacitor

Two parallel plates of equal area 4 are separated by distance d as shown in
figure 6.4 bellow. One plate charged with +g¢, the other -g.

A S S

+q

$\\“\

“~._Gaussian
i - surface

Figure 6.4

The capacitance is given by C :%

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

G =q/A. (6.2)

nE=2=-9 (6.3), (4.9)
e, ¢,4

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

V= Ed =99 (6.4)
e A

o

The capacitance is given by
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Capacitors and capacitance

-4 (6.5)

c=4
V. oqd/e, A

S C=20 (6.6)

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.

(6.6)

;” o Example 6.1

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,

(c) the capacitance, and

(d) the charge on each plate.

;” """ Solution

14 20 .
a) E=—=—"=1.11x10*V/m
@) d 1.8x107 /

(b) o =¢,E =(8.85x107%)(1.11x10*) =9.83x107* C/m?

g,4A (8.85x107%)(7.6x107")
d 1.8x107°

(d) ¢g=CV =(3.74x1077)(20) = 7.48x107"' C

(©C= =374x10"2F
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6.3.2 Cylindrical capacitor

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

2
_ 2me,l 6.7)

" In(b/a)

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

6.3.3 Spherical Capacitor

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

_4re,ab
b-a

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

;” o Example 6.2

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 4pC on each conductor?

; " Solution

4rs,ab (47 x8.85x1072)(0.07)(0.14)

C

(6.8)

(@ C= =156x107"'F
b—a (0.14-0.07)
-6
(b) V :Q:LOM:Z.%XIOSV
C 1.56x10
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6.4 Combination of capacitors

Some times 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

6.4.1 Capacitors in parallel:

In parallel connection the capacitors are connected as shown in figure 6.5
below where the above plates are connected together with the positive
terminal of the battery, and the bottom plates are connected to the negative
terminal of the battery.

vA a a, a;
& T ¢
Figure 6.5

In this case the potential different across each capacitor is equal to the
voltage of the battery V

ie. V:V1:V2:V3
The charge on each capacitor is

q,=CV; q, =C,V3; q; =GV,

The total charge is
9=9,+9,+4q;
q=(C +C+ G

cod
v

The Equivalent capacitance is

C=C +C,+C, (6.9)
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6.4.2 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

Figure 6.6

In this case the magnitude of the charge must be the same on each plate with
opposite sign

i.e. q=q1=92=q3

The potential across each capacitor is

Vi=q/Cy V,=q/Cy; Vi=q/C;
The total potential V is equal the sum of the potential across each capacitor
V=V +V,+V,
V =q L + L + L
Cl CZ C3
c-49__ 1
Vo &+ete
The Equivalent capacitance is

1 i+i+L (6.10)
c ¢ G, C
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;” " Example 6.3

Find the equivalent capacitance between points a and b for the group of

capacitors shown in figure 6.7 . Ci=1uF, G=2pF, C3=3uF, C4~=4pF,
Cs=5uF, and C¢=6pF.

C,
C, ||
[

VRS
C,
a h b
K C}u I

Figure 6.7
; Solution

First the capacitor C; and Cs are connected in series so that the equivalent
capacitance Cge 18

1 I 1

=—+—=C, =2
Cde 6 3 de /’lF

® 5

(@)

Second C) and Cs are connected in parallel
Cy=1+5=6uF

The circuit become as shown below

Jol
L X0)

b
I .
ﬂ—| | 1 (ii)

Continue with the same way to reduce the circuit for the capacitor C, and
Cye to get Coyp=4pF

Dr. sattar A. Muﬂag
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4.5 Energy stored in a charged capacitor (in electric field)

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 process of the capacitor which mean that the battery perform a
work to store energy between the plates of the capacitor.

Consider uncharged capacitor is connected to a battery as shown in figure
6.8, at start the potential across the plates is zero and the charge is zero as
well.

€
I
Ii

Figure 6.8

If the switch § 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 ¢ (called charging time).

Suppose that at a time t a charge g(¢) has been transferred from the battery
to capacitor. The potential difference V{(f) across the capacitor will be
q(t)/C. For the battery to transferred another amount of charge dg it will
perform a work dW

a’W:qu:%dq (6.11)
The total work required to put a total charge Q on the capacitor is
0oqg , O
W=\dw=| Ldg==— 6.12
Jaw =[5 da=Z- (6.12)

Using the equation g=CV
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wov-2 (6.13)

2
%%:%QV:lCVZ (6.14)

1
2 2

The energy per unit volume u (energy density) in parallel plate capacitor is
the total energy stored U divided by the volume between the plates Ad

v’

u= L (6.15)

Ad Ad
. e, A
For parallel plate capacitor C = ZZ
2

s (V

u=—">— 6.16
() .16
|

u = ESOE (617)

Therefore the electric energy density is proportional with square of the
electric field.

(6.17)&(6.14)

Dr. sattar A. Mutlag
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g/' """ Example 6.5

Three capacitors of 8uF, 10pF and 14pF 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?

iﬂ """ Solution

(a) For series combination

1 1 1

c ¢ C

r_rr.

cC 8 10 14
This gives

C=3.37uF
Then the energy U is

U:%CVZ

U=1/2 (3.37x10°) (12)*=2.43x10™]
(b) For parallel combination

C=C+C,+C,

C=8+10+14=32pF
The energy U is

U=1/2 (32x10°) (12)*=2.3x107J
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g/' """ Example 6.6 S

A capacitor C; is charged to a C,

potential difference V,. This V, —— _
charging battery is then removed A

and the capacitor is connected as
shown in figure 6.9 to an Figure 6.9
uncharged capacitor (3,

G,

(a) What is the final potential difference V; across the
combination?

(b) What is the stored energy before and after the switch S is
closed?

;” """ Solution

(a) The original charge ¢, is shared between the two capacitors since they
are connected in parallel. Thus

qo = ql +q2
q=CV
CV, = ClVf + Csz

_ Cl
e+,

(b) The initial stored energy is U,
Uo = %Cl V02

The final stored energy U=U,+U,

Notice that Uyis less than U, (Explain why)

Dr. sattar A. Mutlag
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Capacitors and capacitance

g Example 6.7 C2| I
Consider the circuit shown in figure 6.10 where
Ci=6puF, C;=3pF, and V=20V. C; is first charged L8
by closing switch §;. S is then opened, and the

charged capacitor C; is connected to the W I I
uncharged capacitor C; by closing the switch S,.
Calculate the initial charge acquired by C; and Al
the final charge on each of the two capacitors. V
S

v Solution Figure 6.10

When S is closed, the charge on C; will be
0,=CV=6uF [120V=120uC

When S; is opened and S, is closed, the total charge will remain constant
and be distributed among the two capacitors,

01=120pC-0,

The potential across the two capacitors will be equal,

_9_9
Cl C2
120uF -0, _ 0,
6 uF 3uF
Therefore,
0> =40pC

01=120pC-40uC=80uC
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g' """ Example 6.8

1 2
Consider the circuit shown in figure J_ i_ CQJ—
6.11 where Ci=4pF, C=6pF, C;=2pF, V
and V=35V. C, is first charged by T C, CsI
closing switch § to point 1. S is then T T
connected to point 2 in the circuit.

(a) Calculate the initial charge Figure 6.11
acquired by Cj,

(b) Calculate the final charge on each of the three capacitors.

(¢) Calculate the potential difference across each capacitor after
the switch is connected to point 2.

g, """ Solution

When switch S is connected to point 1, the potential difference on C; is
35V. Hence the charge Q) is given by

01 = C1xV=4x35 =140uC

When switch S is connected to point 2, the charge on C; will be distributed
among the three capacitors. Notice that C; and C; are connected in series,
therefore

1 1 1 I 1 4
C C,C 6 2 6
C'=1.5uF

We know that the charges are distributed equally on capacitor connected in
series, but the charges are distributed with respect to their capacitance when
they are connected in parallel. Therefore,

140
4+15

0, x4=101.8uC

But the charge Q' on the capacitor C' is
Q'=140-101.8 =38.2uC
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Since C; and C, are connected in series then

Q2:Q3: Q' :382}1(:

To find the potential difference on each capacitor we use the relation
V=0/C

Then,
V1=25.45V
V>=6.37V
V5=19.1V

; """ Example 6.9

Consider the circuit shown in figure 6.12 where C=6uF, C,=4pF,
C3=12pF, and V=12V.

C,

e

[

I V
Figure 6.12
(a) Calculate the equivalent capacitance,

(b) Calculate the potential difference across each capacitor.

(c) Calculate the charge on each of the three capacitors.

Dr. sattar A. Mutlag
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;’ """ Solution

C, and C; are connected in parallel, therefore
C' =CytC3=4+12=16uF

Now C' is connected in series with Cy, therefore the equivalent capacitance
is

111

16 48

1 1 1 1
JE— _+_ J—
cC C C 6

C=4.36UF

The total charge O =CV =4.36x12 = 52.36uC

The charge will be equally distributed on the capacitor C; and C’
0,=0" =0=52.36uC

But Q' = C'"V’, therefore
V' =52.36/16=3.27 volts

The potential difference on C; is
V1=12-3.27=8.73volts

The potential difference on both C, and Cj is equivalent to V' since they
are connected in parallel.

Vo= V3 =3.27volts
Q2: C2V2: 1308“(:
0= C3V3=139.24uC
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;” """ Example 6.9

Four capacitors are connected as shown in Figure 6.13. (a) Find the
equivalent capacitance between points a and b. (b) Calculate the charge
on each capacitor if V,,=15V.

15uF 3uF

L4Th;rp

6UF

Figure 6.13

§ """ Solution

(a) We simplify the circuit as shown in the figure from (a) to (c).

2.5UF

SURSUIVA S

6uUF

(@) (b) (c)

Firs the 15uF and 3pF in series are equivalent to

1

S S—Y &
(1/15)+(1/3)

Next 2.5uF combines in parallel with 6pF, creating an equivalent
capacitance of 8.5uF.

The 8.5uF and 20uF are in series, equivalent to

! =5
(1/8.5)+(1/20)

96 F

Dr. sattar A. Mutlag
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(b) We find the charge and the voltage across each capacitor by working
backwards through solution figures (c) through (a).

For the 5.96uF capacitor we have

Q=CV =596x15=89.5uC

In figure (b) we have, for the 8.5uF capacitor,

AV :2:%210.5V
c 85

and for the 20pF in figure (b) and (a) Q,, =89.5uC

wr, =285 4y
c 20

Next (a) is equivalent to (b), so AV, =4.47V and AV, =10.5V

Thus for the 2.5uF and 6uF capacitors AV =10.5V
0, =CV =25%x105=263uC
O, =CV =6%x10.5=63.2uC

Therefore
0O =263uC 0, =263uC

For the potential difference across the capacitors C;s and C; are

av, =2 203 _ 95
c 15

AV, _Q_203 ooy
C 3

Dr. sattar A. Mutlag
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6.6 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 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= (6.18)

o

In figure 6.14 below two similar capacitors, one of them is filled with
dielectric material, and both are connected in parallel to a battery of
potential V. It was found that the charge on the capacitor with dielectric is
larger than the on the air filled capacitor, therefore the Cy>C,, since the
potential V' is the same on both capacitors.

c 4L _lc

- K

— T ==

Figure 6.14

If the experiment repeated in different way by placing the same charge O,
on both capacitors as shown in figure 6.15. Experimentally it was shown
that V4<V, by a factor of 1/x.

C

. Vv Cy v
— @ e

Figure 6.15
V
V,=—" (6.19)
K

Since the charge O, on the capacitors does not change, then

Dr. sattar A. Mutlag
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=L _ 9% _ 9 (6.20)

For a parallel plate capacitor with dielectric we can write the capacitance.

e, A

C=x (6.21)

g/' " Example 6.10

A parallel plate capacitor of area 4 and separation d is connected to a
battery to charge the capacitor to potential difference V,. Calculate the
stored energy before and after introducing a dielectric material.

;” """ Solution

The energy stored before introducing the dielectric material,
UO = % CO VO2
The energy stored after introducing the dielectric material,

C=x«C, and vy, Y

K

2
14 U
U:%CW:%KCO[ j =0

K K

Therefore, the energy is less by a factor of 1/k.

20
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g Example 6.11

A Parallel plate capacitor of area 0.64cm®. When the plates are in
vacuum, the capacitance of the capacitor is 4.9pF.

(a) Calculate the value of the capacitance if the space between the
plates is filled with nylon (k=3.4).

(b) What is the maximum potential difference that can be applied
to the plates without causing discharge (Emax=14><106V/m)?

g/' """ Solution

(a) C=«C, =3.4x4.9=16.7pF
(b) Vmax=Emade

To evaluate d we use the equation

_&,4_885x10"?x6.4x107
C 49x107"

o

d =1.16x10"*m

Viax = 1x10°x1.16x107=1.62x10> V

;” " Example 6.12

A parallel-plate  capacitor has a
capacitance C, in the absence of
dielectric. A slab of dielectric material of ‘
dielectric constant k and thickness d/3 is " i

inserted between the plates as shown in |

Figure 6.16. What is the new capacitance

when the dielectric is present? Figure 6.16

1/3d.
/N

23a 9@

Dr. sattar A. Mutlag
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;’ """ Solution

We can assume that two parallel plate capacitor are connected in series as
shown in figure 6.17,

K&, A e, A
c =% and ¢ =%
B > 7243 1130 ¢,
11 dj3  2d/3 23 C,
Cc (

1
C2 K-go A go A \/T

Figure 6.17
1 d (1 d (1+2k
C 3¢,A\x 3¢, A\ «

C:( 3k )gOA N C:( 3k jCo
2k+1) d 2K +1

§>-5>-5>5>5>5>5>5>5F > >F>F>F>5 5> >F >F >
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Capacitance (F)

1F=1C/V

1 uiF=10%F (u: micro)

1nF=10°F (n: nano)

1 pF=10"F (p: pico)

1fF=10F (f: femto)

1aF=10"F (a: atto)
1. Parallel plate capacitance

v Electric field lines

d

) A +q o
&»s::‘lc of G TR 8 Parallel Plate Capacitor

L Bottom side of
top plate has

charge +¢ E)}l:::gl;a-s{, \‘I
(a) (b)
P
d + Gaussian
| surface
N Path of
integration
V =Fd
(o2
E = —= g
& &4

The capacitance C is defined by


Rectangle


_ (parallel-plate capacitor)

((Note)) Example

A=25mx5cm =25%0.05m’, d=0.0lmm=10"m
C=1.11uF

2 Cylindrical capacitor

Path of surface
integration



E= F
2rmeyr
b b
Vi = —:[E -dr = —:[ Py r-rdr
b
— [ ar =L
° 2mEyr 2me, a
1 b
= 912
ey L a

Since Vpa<0 (the higher potential at » = a and the lower potential ar » = b), we put
Voa=-V (7>0).
The capacitance C is given by

(cylindrical capacitor).

3. Spherical capacitance

Total charge +¢ Total charge —¢

Gaussian

Path of surface
integration
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b
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1 b
= 912
ey L a
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b

b
1
V =—|E-dr=-— —7-rdr
b { {47[50 r
b
S TP PRI N )
e, r 4rg, r 4rg, a b 4rg,\ ab

Since Vva<0 (the higher potential at » = a and the lower potential ar » = b), we put
Voa=-V (V>0)

The capacitance C is given by

vV 14 b—a

c=9_ s [ ab ] =4reg, (;—bj (spherical capacitance)

4. Isolated capacitance

What is the capacitance when a = R and b —o, we have

C =4rg,R
where

& = 8.854187817 x 10712 C?/Nm?
((Units))

[F]=C/V =C*(CV)=C*]=C*(Nm)
or

[F] = C?%(Nm)

What is the capacitance of the Earth?
C=708.981 uF.

where the radius of the Earth (R) is
R=6.372x10°m

5. Capacitors in parallel and in series

5.1 Parallel connection



Q1 Q2

Q3

V. ¢ C2 Ca

Q1 = CIV
Qz = CzV
Q3 = C3V

Q:Q1+Q2+Q3:(C1+C2+C3)V
or

C=%:CH{Q+Q

5.2 Series connection

4
-+
y Q
1 — ¢,
- T @
L -
Vi ——,
- -Q
+
Ve ____ O3
_ _ -Q

Q= C1V1 = Csz = C3V3
V=V +V,+V,

or



1 1
+—t—
C2 C3

1_1
c ¢

QYR

6. Examples
6.1 Example-1

One frequency models real physical system (for example, transmission lines or nerve
axons) with an infinitely repeating series of discrete circuit elements such as capacitors.
Such an array is shown here. What is the capacitance between terminals X and Y for such
a line, assuming it extends indefinitely? All of the capacitors are identical and have
capacitance C.

O

Y

-
o

(Schaum’s outlines Physics for Engineering and Science, by M.E. Browne) p.281.

((Solution))
We assume that the effective capacitance Cesr is defined by the equivalent circuit given by

Ceff = C — - Ceff

|

From this equivalent circuit, we have the following relation

_C(C+C,)

eff —
2C+Cy
or
2 2
C, +CC,—C*=0

or

c, BRER Y.
2

el



6.2 Example-2
A 6 uF capacitor is charged by a 12 V battery and then disconnected. It is then

connected to an uncharged 3 uF capacitor. What is the final potential difference across
each capacitor?

((Solution))
Vo=12V
Ci=6pF
C>=3 puF
S1At>0 SZ/&»O
o — cr c2

(a) <0

Q1 |,

Vo —/— Ct Vo
- Q1




—
+
Q1-Q k a |+
¢t __ v —
-Q1+Q Ql
Q1_Q:C1V
0=CV
or
QlZ(C1+C2)V
— Ql — CIVO :8V
¢+C, C+C,
48 uF | ¥ &
B M ——
-48 uF Q|
-24 uF

Then we have

V=8V
0=CV =24uC

7. Typical examples ((25-26))
Figure displays a 12.0 V battery and three uncharged capacitors of capacitances Ci =
4.00 uF, C2=6.00 pF, and C3=3.00 uF. The switch is thrown to the left side until capacitor

1 is fully charged. Then the switch is thrown to the right. What is the final charge on (a)
capacitor 1, (b) capacitor 2, and (c) capacitor 3?



— \ —
s}
+ “
=W
G Gy
C1=4.00 uF, C2 =6.00 uF, C3=3.00 uF. 1o=12.0V
((Solution))
O, =CV, =4uF x12V =48uC
0 -0=0V, Q=GV, =GF;, Vi=n,+V,
£ :&Vz = il V, =2V,
C, 3ufF
From these relations we get
16
V, =8V, V, ==V, and 1/3:?\/
0, =0, =16uC.
Vo=Vp=12 V Q |

-Q,




\/

+Q
@-of Vv, :: C,
vy Cy B

+Q
_(Q1__Q_ V3 o C3

I_

8. The Energy of capacitance

To “charge up” a capacitor, we have to remove electrons from the positive plate and
carry them to the negative plate. In doing so, one fight against the electric field, which is
pulling them back toward the positive conductor and pushing them away from the negative
one. How much work does it take, then, to charge the capacitor up to a final amount Q?
Suppose that at some intermediate stage in the process the charge on the positive plate is
q , so that the potential difference is ¢ / C . the work you must do to transport the next piece
of charge, dg, is

*q
Vo \
d E ® Aq
\
0 Y
—-q

Fig. V,=Ed.q=CV,



AW =-Aq(Ed)
=-V,Aq

_9
A
C q

where F'is the force and F =AqE and V, = Ed = ral 9 The total work necessary, then, to go
from ¢g=0to g=0,is

2
Q __lCVZ

where Q is the total charge, Q=CV, V is the final electric potential of the capacitor.
Using the work-energy theorem, we have the potential energy U as

o _or
2C 2

U=-W =

((Note-1)) Feynman
Recalling that the capacity of a conducting sphere (relative to infinity) is

C=4rg,R
where R is the radius of sphere. Thus the energy of a charged sphere is

QZ

- R 2

((Note-2))
The energy density u is defined by

U_ 1 1g4 Al gay =1, E2
CAd  Ad2 d 2

where 4d is the volume, C = % ,and V = Ed . The total energy of the capacitance can be

rewritten as

. 1 2 43
U—IEgOEdr



e 4l 5,0l

9. Example Problem ((25-68))
A cylindrical capacitor has radii @ and b in Fig. Show that half the stored electric

potential energy lies within a cylinder whose radius is » =+ ab .

((Solution))
I
h
Y /"f_—;:?:—\'“\
~——
((Solution))
From the Gauss’ theorem, we have
E= Lt L1
2mrh g, 2reyr
The energy density is
1 1 (2 Y 2
u=—gE’==¢, =——
2 2 "\ 2meyr 8 g,r

The total energy U is

U= j u(2myhdr = j %‘9{2 4 J (2m)hdr

TEYF

In()

drs, a

_2h ildr— 2h
drme, s r

Unair is defined as


Lenovo
Placed Image


Ah
U,,=——In(—
haif 4re, (a)
r
In(—
Uy 1 n(a)
U
a
or
r b
In(—) =1In(=),
a a
or
r=xlab .
10. Dielectrics in the presence of electric field: atomic view

The molecules that make up the dielectric are modeled as dipoles. The molecules are
randomly oriented in the absence of an electric field.

Suppose that an external electric field is applied. This produces a torque on the molecules.
The molecules partially align with the electric field.



g» @& a8
- »f_ é*, é-\-
— E} Q*l -

.

> i

+ + + + + +
\

E,
(b)

An external field can polarize the dielectric whether the molecules are polar or nonpolar.
The charged edges of the dielectric act as a second pair of plates producing an induced
electric field in the direction opposite the original electric field

g -
+ —
+ =3 e
E,
+ -
e —
+ Ein(l =1
+ —_
(c)
11. Experiment (I) Charge remained constant

Walter Lewin” 8.02X MIT Physics, Electricity and Magnetism
Lecture 8

The capacitance of a set of charged parallel plates is increased by the insertion of a
dielectric material.

gk A C . .
=2—, —=K (dielectric constant)

c,=22, ¢
d C,

We discuss the physical meaning of x using the following experiments.

(a) Step-1 (closed circuit)
The capacitance (C, ) is charged to the charge O, by connecting a voltage source V.



Qo = CoVo

+Q0

_QO

(b) Step-2 (open circuit)
The voltage source is disconnected from the circuit. The charge remains unchanged
during this process.

Qo = CoVo

+Qq

-Q,

(c) Step-3 (open circuit)
A dielectric material is inserted into the space between two electrodes of the
capacitance. The capacitance changes from C;, — C . The voltage across the capacitance

changes.



+QO

-Qq

The free charge O, remains unchanged, while the voltage across the capacitance changes
from V, to V',

Qo =CV
or

O, =GV, =CV
Suppose that

C

— =K

CO

(The dielectric medium is inserted into the interlamellar space of the capacitance)
Then we have

C

— 0

C

1
K K

=

Since V, = E,d and V = Ed

E=—E,
K

where d is the separation distance between two electrodes of the capacitance. We note that



C = COI/O :%
V Vv
((Note))
1
E=—E, V==V,
K K
Since
E—af ab:K E_af_ﬁ
& d g d
we get
o,—0 o
U :l—f or o, :(l—l)af
& K & K
+T;
+
V, Air




+;

. -0
vV Dielectric d
- +0 v
-
12. Experiment I1 Constant voltage source

(a) Step-1
The capacitance ( C, ) is charged to the charge O, by connecting a voltage source V.

Qo = CoVo

+Q0

_QO

(b)  Step-TI



While the battery continues to be connected, the dielectric is inserted into a gap between
two electrodes of the capacitance. While the voltage remains unchanged as ¥, the charge

changes from Q, to Q.

+

+Q

0=CY,
Since C =«C,, we have

crv, C
2:—0:—:](’ Q:KQO
QO COI/O CO

The electric field £ remains unchanged during this process, since the applied voltage is
kept constant.

((Note))



+

V, Air

CVy=4Ao,



+0'
—abv

Dielectric

Vo

+Jb'
_Jf’

kCV,=kdo, =A(c,'-0,"),

cr, =

or

=K'O'f

' '
o,'-0p

or

' _ '
o,'=Kk0,+0,

Polarization vector P

13.




Suppose that the molecules with permanent electric dipole moments are lined neatly,
all pointing the same way, and frozen in position. There are N dipoles (with electric dipole
moment p) per cubic meters. We shall assume that N is so large that any macroscopically
small volume dz contains quite a large number of dipoles. The total dipole strength in such
a volume is pNd 7. At any point far away from this volume element compared with its size,
the electric field from these particular dipoles would be practically the same if they were
replaced by a single dipole moment of strength pNdz. We shall call pN the density of
polarization, and denoted it by P. Then Pdzis the dipole moment to be associated with any
small volume element dz.

14. Feynman’s comment on the expression of p» and o»
Feynman’s lecture on physics

ne (charge density)

We consider the above situation, where P is uniform in the above figure. We have a
positive charge at the one side

AQ =enAdo
and a negative charge
-AQ = -enAo,
where 4 is the surface area, o is the displacement, -¢ is the electron charge, and # is the

number of electrons per unit volume. From the definition, the surface charge density is
given by

O'b:%:(eé')n:pn:P



where p (= e0) is the electric dipole moment. The vector P is the polarization vector. The
magnitude P is the electric dipole moment per unit volume.
What happens to o, when P does not point to the direction perpendicular to the surface?

The total charge in the surface region (d) is equal to
AQ'=enAd

When the angle between P and the normal unit vector n (perpendicular to the surface) is 6,
the relation between d and Jis given by

d=06cosl

Then the surface charge density is
AQ'
o, = 4 =(ed)n =(ed)ncos@ = pncos@ = Pcost

or



From the Gauss’ law,

IV-Pdr=IP-nda=Iabda. (1)
Since the total charge is equal to zero, we have

Ipbdr+jabda=0, (2)

where py is the volume charge density.

';}C¥IC \\\

N
N

\

N

From Egs.(1) and (2), we get
JV -Pdr = —Ipbdr

or

((Note)) We define the current density due to the polarization vector P as



0 0 0
V'Jbza(V-P):—apb, or V-Jb+apb=0

which corresponds to the continuity of the polarization current.

15.  Displacement vector: Derivation of the o» and p» from the electric potential
(a) 1D case

Here we also assume that there is no net charge in the system. So we have only the
dipole moments to consider as sources of a distant field. The figure shows a slender column,
or cylinder, of this polarized material. Its cross section is da, and it extends vertically from
z1 to z2. The polarization density P within the column is uniform over the length and points
in the positive z direction. Now we calculate the electrical potential, at some external point,
of this column polarization. An element of the cylinder, of height dz, has a dipole moment
Pdadz. It contribution to the potential at the point A can be described by

1 (Pdadz)-r 1 Pdadzcos0

2

dVv, = =
1 Az, r 4re, r

The potential due to the entire column is

1 ]3 Pdadz cos @

2
r

vV, =
8 4re,

B3

(a)



Charge + Pda

+ Pda

1
_sz

Pda

Charge —Pda
(b)

Since dzcosf =—dr,

1 TPda(—dr) _ Pda (l 1

V. = =
14 2 4
7€, r mE, t,

i

This is precisely the same as the expression for the potential at A that would be produced
by two point charges, a positive charge of magnitude Pda sitting on the top of the column
at a distant 7> from A, and a negative charge of the same magnitude at the bottom of the
column. The source consisting of a column of uniformly polarized matter is equivalent to
two concentrated charges.

(b) General case

We consider a finite piece of dielectric material which is polarized. We define a
polarization P(r’) at each point r’ in the system. Each volume dz’ is characterized by an
electric dipole moment P(r’)dz’. The contribution of the electric potential at the point r
from the moment P(r’)dz’ is given by



P(rdr"(r—r")

dv(r) = 3
4re, |r - r'|

Then the entire potential at point 7 is obtained as

P(r")-(r—r"

dr'
1
47r80|r—r |

V(r)= j

p=P(r‘)dr’

We use the formula of the vector analysis,

1 r—r'

|: 32
|l’—l’| |r—r'

VV

and
V' (fA)= fV" A+ A-V'f,

where f'is any scalar point function and A is an arbitrary vector point function. The prime
indicates differentiation with respect to the prime coordinates. Letting 4 = P and



L
r=r’

f=

Using the relation

P(r")-(r—r") _ PV 1 _y (P(r'))_ 1
|r—r'| | l’|

V' P(r'),

[

we have

P(r'))_ |r_1r.|v'- P(r))dz'

L (o
V("):Fgoj[v'(|r_r'|

P(r')-n'

_ J- V" P(r
4re, |r —r'|

r=r

')d |]

da'+J-

P(r')

[r=rf

application of the Gauss’ theorem and #’ is the outward normal to the surface element da .
Here we define

where the volume integral of V' ( ) is replaced by a surface integral through the

:P-n:I)n’
and
p,=-V-P.

The surface charge density o, is given by the component of the polarization P normal to
the surface and the volume charge density p, is a measure of the nonuniformity of the
polarization P in side the system. So we have the final form of V(r) as

r—r'

V(r)= % _da'+ (L dr!
(1) =——I j ] [ ; ]
(c) Electric displacement D
&EV-E=p,+pp

with



where P is the polarization vector (charge per unit area). Thus we have
V-(&E+P)=p,

or
V-D=p,

It is customary to give the combination ¢,E + P a special name, the electric displacement
vector and its own symbol D,

D=¢E+P
Using the Gauss’s law, we have

IV-D d3r:J‘pf d’r=0,
or

jD-da =Ipf d’r=0,
We have

D=c¢E

P=¢y E

eE=¢E+¢e,y E

where

&
—=¢ =l+y,=K
&y

16 Capacitance with dielectric (I)
Here we discuss the capacitance of the dielectric.



rl&o  Pinal €0

-7

In this figure, o, is the free charge. P is the polarization vector. The inductive charge

0., = 0, 1s given by

Cpy=0,=P-n=P

12

where n is the vector normal to the boundary. The total electric field £ is obtained as

_ﬁ_o-ind :l — O-f

!
& & K KE,



where

Then we have
1
Oia =0y (1 - _)
K
or

1 o,
E (1-—)=—2¢
K &

where x is dielectric constant of dielectric.
Gauss’ law with dielectrics

ngKE-da:qf

Table: Dielectric constants

Dielectric constants of various substances

Dielectric

Substance Conditions constant (k)
Air gas, 0°C, 1 atm 1.000359
Methane. CHy gas, 0°C, | atm 1.00088
Hydrogen chloride, HCI gas, 0°C, 1 atm 1.0046
Water, H,O gas, 110°C, 1 atm 1.0126

liquid, 20°C 80.4
Benzene, CgHg liquid, 20°C 2.28
Methanol, CH30H liquid, 20°C 33.6
Ammonia, NHz liquid, —34°C 22.6
Mineral oil liquid, 20°C 2.24
Sodium chloride, NaCl solid, 20°C 6.12
Sulfur, S solid, 20°C 4.0
Silicon, Si solid, 20°C 11.7
Polyethylene solid, 20°C 2.25-2.3
Porcelain solid, 20°C 6.0-8.0
Paraffin wax solid, 20°C 2.1-2.5
Pyrex glass 7070 solid, 20°C 4.00

x(vacuum) = 1.000000

x(paper) = 3.5
x(transformer oil) = 4.5



k(SrTi03) =310
x(liquid water at 25°C) = 78.5

The polarization vector is defined as

or
ind :ﬁzlE
& &
or
P=¢gyFE

Thus we have

Ss
E=——yE
gO
or
O ,
I+ PE=—"
€y
or
o
E ! S — 1 E :lE

- 1+ ;(g_o I+y K
leading to the relation

Kk=1+y
where y is called the electric susceptibility.

17. Capacitance of dielectric (II)
The capacitance C of the dielectric is defined by

_9
=

C



where C, is the capacitance of the vacuum. The validity of this definition is explained in

Sec.
Ao
¢ & 0 Ao, 4
Vf Efd &d d
80
and

1 1
V=Ed=—E.d=—V
K / K 4

Thus we have the capacitance,

or

18. Capacitors with dielectrics in series and in parallel connections
We calculate the capacitance of this system. Two capacitors are connected in series.
A

A

dq

dz




A

C =& —
1
A
C, =¢,k,—
2 0 2d2
&K, égoxz 4 .s‘OAﬁﬁ
— GG, — dl dz — dl dz
G+G 80K1£+30K2— LI
dl d2 dl d2

Next we calculate the capacitance of the system where two capacitors are connected in

parallel
Al A2

«1

d

A

C =¢gx, —+
1 Old
A

C, =¢gx,—=
2 02d

A A
C=C +C, =80K'171+80K‘272

= %(K]Al +i,4,)

19. Work-energy theorem for capacitance (I)
Walter Lewin: 8.02X Electricity and Magnetism

We consider the capacitance consisting of two conducting plates which are parallel to
each other. The separation distance between two plates id d. The upper plate is positively
charged; Q = o4, while the lower late is negatively charged as —Q =—-o 4. The electric

field is constant is given by

o
E=2
80

We now consider a case when the upper plate is moved upward by a force F' (along the x
direction). Note that the weight of the upper plate is negligibly small. We use the work-
energy theorem,

AK =W =-AU



) d

|
-Q=-dA

The work is given by
W = Fdx=-AU

where F is the conservative force, and U is the potential energy

2
U=tov=toaTa=-24
2 2 & 2¢,
O=04, v=Ed="d
€
Since
2
AU =T A Ay
2¢,
the force F'is
dU 5’4

F =-"2
dx 2¢,

(<0)

which is an attractive force. If you want to move the plate to the upward, you need to
apply an external force

_ o’A
ext
2¢,




So we have the work

2 2
Wszxza Ax=0' Ax
2¢, 2¢,

where Ax is the volume. The electric field energy density is obtained as

2 2
w _o o =180E2
Ax  2¢, 2¢, 2

20.  Work energy theorem for capacitance
€)) Force on a capacitance plate: (Problem 3-26) Purcell and Morin

A parallel-plate capacitor consists of a fixed plate and a moval plate that is allowed to
slide in the direction parallel to the plates. Let x be the distance of overlap as shown in Fig.
The separation between the plates is fixed.
(a) Assume that the plates are electrically isolated, so that their charges +Q are

constant. In terms of O and the (variable) capacitance C, derive an expression for
the leftward force on the movable plate.

(b) Now assume that the plates are connected to a battery, so that the potential
difference V' is held constant. In terms of V' and the capacitance C, derive an
expression for the force.

(c) If the movable plate is held in place by an opponent force, then either of the above
two setups could be the relevant one, because nothing is moving. So the forces in
(a) and (b) should be equal. Verify that this is the case.

L

(a) 0O = constant
Work-energy theorem
AK =AW =-AU
AW =F -dr =—AU

where



2
2 2C

with QO =CV . The force F is given by
F=-VU
or

2 2
podU_@d1_@dc
dx 2 dxC 2C° dx

for the 1D system. Note that

Lx L(L-x) L
C:g7+go Z :E[gx+go(L—x)]

The capacitance C increases with increasing x.

dC L
E_E(g_g()) (>0)

(b) V' = constant
Work-energy theorem:
AK =AW =AW, —AU =F - Ar
where W, is the work required to move each of the charge increment.

AW, =VAQ, AU:%VAQ

or
AW, =2AU

Then we have
AW =AW, —AU =2AU —AU =AU =F -Ar

or



_dU _1,,dC

F="Z=_p’=% (F.>0).
de 2 dx
for the 1D system, where
dC L
—=—(c—-¢ >0
ol (£-¢) >0)
21. Displacement vector D
[ 1 +0f
-op
E
P Eo Pl
%
| | - of
a

Fig. P is the polarization of the dielectric. oris the free surface charge density due to the
free charges located on the two parallel plates. o, =o,,, ob is the bound surface

L.

charge density due to the polarization of the dielectric. Eo is an external electric

field. E is an electric field inside the dielectrics. oy is equal to P. E=E, —£. Pis
o

related to E through P =g yE .

The external field Ey inside the air (the space between two parallel metal plates is air)
is given by

o)
E,=E,=—L
0 7 g,
or
gocf)Ef-da:qf

The electric field inside the dielectric (the space between two parallel metal plates is
filled with dielectric) is given by



or
8o§|5E-da =dor =4y =4,

where gr is the free charge density and g is the bound charge density.
Here we define the electric displacement D by

D=o,=¢,E, (electric displacement)
or
qSD -da =q,

This equation states Gauss’ law in its general form. It is applicable to any dielectric medium
as well as to a vacuum. This is a useful way to express Gauss’ law, in the context of
dielectrics, because it makes reference only to free charges, and free charge is the stuff we
control (Griffiths, Introduction to electrodynamics).

Since E ,=kE,D is described as

D=¢E, =¢kxE

s

Then we get
q; :gocﬁEf -da =€01<<J.>E-da :(ﬁD.da
or
= CJS E-da=gq, (Gauss’ law with dielectric)

or
[(V-xE)dV = E, -da =gi0Qf =gi0jpde

leading to the formula



1
V- (kE)=—0p,
£

0

2s Application of the Gauss’ law
We apply the Gauss theorem on the Gaussian surface (cylindrical surface)

EAA :L(O'f -0, )A4
&

0
or

E:i(af -0,)
&

Since o, =D and o, = P, we have

&E=D-P, D=¢E+P



[

.. .. -
-g

23.  Example: D and E for the capacitor
We consider the simple case of the capacitor where the dielectric with £ between two
parallel plates.
The displacement vector D is given by
D=o,
D is related to the electric field £ by

D =gkt

or



z = - -op = - =

= D=c . E=(c-op)ep

A 4

Fig. o=0, and 0,, =0,in this Fig.
The electric field E is also derived as

£_9,7%
&y

The bound surface charge oy is obtained as
0,=0,~eE=0, gL = (l—l)
b f 0 f 0 8OK f K
In summary, we show the schematic diagram for the fields D and E in the dielectric in

the parallel-plate capacitor; the displacement vector D depends only on the free charge and
is the same inside and outside (air gaps).
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th E, D, and P
The effect of the polarization is equivalent to a charge density p, given by

10N W1

Maxwell/s equat

24.

py==V-P

The divergence of E is related to the effective charge density p,,; by

vV-P

_pr b
80

Pr+ Py

v.E=Po
‘90

€y

2

where p, is a free charge density. This equation is rewritten as

V-(&E + P)

We define D as

with



In summary
D=¢kxkE=¢E+P, V-D=gq,

25. Example: D and E for the simple case with spherical symmetry
We consider the simple case of dielectric sphere where the point charge is located at
the center.

e -

We apply the Gauss’ law for the Gaussian surface (dashed line)

JD-da =4, =4
or
D(4m?) = q,
or
p=-u
A7’

where gr (= q) is the free charges. The electric field E is related to D by a relation
D =gk

Then we have



oD

- 2
ek Ansxr

The effective charge inside the dashed line (gerr) is evaluated as

_ _ q 2y _ 4
Qo = EOJ-E -da _80—47&9 o (4rzr )_;

0

Here g.fr consists of free charge (¢) and bound charge (gv).

o q

or

1
q,=q(l——)
K

s = “ab

26. Example Problem 25-53 (SP25-53)

The space between two concentric spherical shells of radii = 1.70 cm and a = 1.20
cm is filled with a substance of dielectric constant k¥ = 23.5. A potential difference V' =
73.0 V is applied across the inner and outer shells. Determine (a) the capacitance of the
device, (b) the free charge ¢ on the inner shell, and (c) the charge ¢’ induced along the
surface of the inner shell.



((Solution))

a=1.20cm
b=1.70 cm
k=235

Voa=T73.0V

We apply the Gauss’ law for the Gaussian surface (dashed line)
ID da=q,=q (true charge)

Then we have

D(47zr2) =q
or
p=—__
47

Using the relation give by
D =gt
The electric field E is derived as

B4

E=

dr egx Angp’

Then we have

b
q q I 1
V = = —_—— :—V
“ ! dre ik’ 47Z€0K(b a) b




(a)

Q,=q9=CV,
c=9 YK _ o 1067nF
Ve 1_1
a b
(b)
q=CV,, =0.1067TnF x 73V =7.79nC
Conductor
(c)

Gaussian surface (dotted line in the vicinity of » = a)
80<'|5E-da =4y =99,
where ¢y is the bound charge (induced charge)

For the Gaussian surface just outside » = a,

E@m)=1"% o  p=A"
2
& dreqa

The electric field £ is also given by



E-—9 _
4re ka

Using the dielectric constant x, we have

q-q, = &,E(4m®) = g,—1— (4m’) =L
4re ku K

0

or
1
q,=q(l——) =7.46 nC
K
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APPENDIX
Surface charge density in terms of the polarization vector ((Feynman))

We now consider the situation in which the polarization vector P is not everywhere the
same. If the polarization is not constant, we would expect in general to find a charge density
in the volume, because more charge might come into one side of a small volume element
than leaves it on the other. How can we find out how much charge is gained or lost from a
small volume?

We calculate how much charge moves across any imaginary surface when the material
is polarized. The amount of charge that goes across a surface is just P times the surface
area if the polarization is normal to the surface. Of course, if the polarization is tangential
to the surface, no charge moves across it. Following the same arguments, it is easy to see
that the charge moved across any surface element is proportional to the component of P
perpendicular to the surface.

(a) The case of polarization vector which is normal to the top of the surface
We assume that the electric dipole moment is normal to the top of the surface.



The surface charge density is obtained as

_Nog _Ny(q0) _N,p _

» P
A Ao V

which is equal to the magnitude of the polarization vector, where V' = 40

(b) The case of polarization vector which is not normal to the top of the surface
We assume that the electric dipole moment is not normal to the top of the surface.






The surface charge density is

Nyg Nyqdcos@ N pcost

o= A Adbcos = Peost.
or

o,=P-n.
where V =Adcosb.
((Feynman))

In his book, Feynman derived the expression o, = P-n using the following Fig.



Fig. The charge moved across an element of an imaginary surface in a dielectric is
proportional to the component of P normal to the surface. d =6

REFERENCES
R.P. Feynman, R.B. Leighton, and M. Sands, The Feynman Lectures on Physics Vol.2
(Basic Book, 2010).
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The magnetic field

A bar magnet has a magnetic field
around it. This field is 3D in nature and
often represented by lines LEAVING
north and ENTERING south

The magnetic field is a vector that
has both magnitude and direction.

The direction of the magnetic field
at any point in space is the
direction indicated by the north
pole of a small compass needle
placed at that point.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 7

The properties of magnetic field line

(d) [} ()

The lines originate from the north pole and end on the south pole; they
do not start or stop in mid-space.

The magnetic field at any point is fangent to the magnetic field line at
that point.

The strength of the field is proportional to the number of lines per unit
area that passes through a surface oriented perpendicular to the lines.

The magnetic field lines will never come to cross each other.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 8
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Magnetic force on moving
charge

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Magnetic force on moving
charge

When a charge is placed in a magnetic field, it experiences a
magnetic force if two conditions are met:

1. The charge must be moving. No magnetic force acts on a
stationary charge.

2. The velocity of the moving charge must have a component that
is perpendicular to the direction of the field.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net
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Properties of the magnetic force on a
charged particle moving in a magnetic field

We can define a magnetic field B at some point in space in terms
of the magnetic force F; the field exerts on a charged particle
moving with a velocity v, which we call the test object.

Experiments on various charged
particles moving in a magnetic .
field give the following results:

\
(1) The magnitude Fg of the /

magnetic force exerted on the
particle is proportional to the @
charge g and to the speed v of

the particle.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 11

Properties of the magnetic force on a
charged particle moving in a magnetic field

(2) When a charged particle
moves parallel to the magnetic
field vector, the magnetic force
acting on the particle is zero. R,
(3) When the particle’s velocity
vector makes any angle 6 # 0 with

the magnetic field, the magnetic
force acts in a direction

The magnetic force is
=
perpendicular to both V and B.

perpendicular to both v and B; B
that is, Fg is perpendicular to the 0
plane formed by v and B.

v

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 12
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Properties of the magnetic force on a
charged particle moving in a magnetic field

(4) The magnetic force exerted J
on a positive charge is in the i
direction opposite the direction /’ Force due to
of the magnetic force exerted Vayer & y 'F:%g?fg}ﬁ?e
on a negative charge moving in G cherge
the same direction. ——
—_— v
—\\\ N
] '
e
..
Fp External
Magnetic Field

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 13

Properties of the magnetic force on a charged
particle moving in a magnetic field

(5) The magnitude of the magnetic force exerted on the
moving particle is proportional to sinB, where 6 is the angle
the particle’s velocity vector makes with the direction of B.

F, =qvBsin

Vector expression for the magnetic force on a charged particle moving
in a magnetic field

Magnetic Force Magnetic Field
— —_
1 VY B
B q
velocity of charge

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 14
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Direction of the magnetic force?
Right Hand Rule

To determine the DIRECTION of the force on a POSITIVE
charge we use a special technique that helps us understand
the 3D perpendicular nature of magnetic fields.

T F @ = out of the page

X: into the page

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Unit of Magnetic Field

Sl unit of magnetic field is the newton per coulomb-meter per
second, which is called the tesla (T):

N
C.m/s

Because a coulomb per second is defined to be an ampere,

1T=1i
A.m

1T=1

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.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net




10/15/2014

Some Approximate Magnetic Field
Magnitudes

Source of Field Field Magnitude (T)

Strong superconducting laboratory magnet 30
Strong conventional laboratory magnet 2
Medical MRI unit 1.5
Magnetic Bar 102
Surface of the Sun 102
Surface of the Earth 0.5 x 10
Inside human brain due to nerve impulses 1013
Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 17

Motion of charge particle in
- Electric field
- Magnetic field

F=qE

Force is parallel to the Field

The Electric Field

Force is perpendicular
to the Field

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net
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virrerences netween
Electric and Magnetic
Forces

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 is moving, whereas the magnetic force acts on a charged particle
only when the particle is in motion.

The electric force does work in displacing a charged particle, whereas the
magnetic force associated with a steady magnetic field does no work when
a particle is displaced because the force is perpendicular to the
displacement of its point of application.

The kinetic energy of a charged particle moving through a magnetic field
cannot be altered by the magnetic field alone. The field can alter the
direction of the velocity vector, but it cannot change the speed or kinetic

energy of the particle.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 19

Example 1

An electron in an old-style television

picture tube moves toward the front //

of the tube with a speed of 8.0x10° ' o

m/s along the x axis. Surrounding the | //

neck of the tube are coils of wire that A

create a magnetic field of magnitude g)\B y

0.025 T, directed at an angle of 60° to
the x axis and lying in the xy plane.

<l

Calculate the magnetic force on the %
electron.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 20
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Solution

Use one of the right-hand rules to
determine the direction of the force on ' b
the electron 2

F, =qvBsin —é.

<

= (1.6 x 1022 C)(8.0 x 106 m/s)(0.025 T)
(sin 60°) ¥

=2.8x101“N

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 21

Example 2

Determine the direction of the unknown variable for a proton moving
in the field using the coordinate axis given

B =-x Y
B V=+y *z X
F =42
A
A
v@@@GL) B=+Z XX[XX B==z
@@ ® @ ~ v=+x XXXX v=+y
®@®®E F=v XX XX F=xX
X XXX
B
*oYololo X

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 22
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Example 3

A spatially uniform magnetic field cannot exert a magnetic force
on a particle in which of the following circumstances? There may
be more than one correct statement.

> (a) The particle is charged.

° (b) The particle moves perpendicular to the magnetic field.

> (c) The particle moves parallel to the magnetic field.

¢ (d) The magnitude of the magnetic field changes with time.

' (e) The particle is at rest.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 23

Example 4

A particle with electric charge is fired into a region of space where the electric
field is zero. It moves in a straight line. Can you conclude that the magnetic
field in that region is zero?

° (a) Yes, you can.

> (b) No; the field might be perpendicular to the particle’s velocity.

> (c) No; the field might be parallel to the particle’s velocity.

¢ (d) No; the particle might need to have charge of the opposite sign
° to have a force exerted on it.

' (e) No; an observation of an object with electric charge gives no information about a
magnetic field.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 24
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Example 5

Classify each of the following statements as a characteristic (a) of electric
forces only, (b) of magnetic forces only, (c) of both electric and magnetic

forces, or (d) of neither electric nor magnetic forces.

(1) The force is proportional to the magnitude of the field exerting it.

(2) The force is proportional to the magnitude of the charge of the object on which

the force is exerted.

(3) The force exerted on a negatively charged object is opposite in direction to the

force on a positive charge.

(4) The force exerted on a stationary charged object is nonzero.

(5) The force exerted on a moving charged object is zero.

(6) The force exerted on a charged object is proportional to its speed.

(7) The force exerted on a charged object cannot alter the object’s speed.

(8) The magnitude of the force depends on the charged object’s direction of motion.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Example 6

Determine the initial direction x
of the deflection of char x
: ged @,
particles as they enter the .
magnetic fields shown in the B
Figure
ﬁright
—_—
——
——
+
a

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net
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X %X X X

X %X X X
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Example 7

Find the direction of the magnetic field acting on a positively
charged particle moving in the various situations shown in the
Figure if the direction of the magnetic force acting on it is as
indicated.

f —
B Fp N
Fp
v (in)
v v (out)
a (b (G
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Solve by Your self

_ITwo charged particles are projected in the same direction into a
magnetic field perpendicular to their velocities. If the particles
are deflected in opposite directions, what can you say about
them?

_IHow can the motion of a moving charged particle be used to
distinguish between a magnetic field and an electric field?

_ICan a constant magnetic field set into motion an electron
initially at rest? Explain your answer.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 28
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Charged Particle in a Magnetic
Field

Consider a +ve charged particle B.
moving in an external magnetic X X X SR
field with its velocity
perpendicular to the field.

The magnetic force is always
directed toward the center of the
circular path.

The magnetic force causes a
centripetal acceleration,
changing the direction of the
velocity of the particle.

L &
Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 3

We use the particle under a net force model to write Newton’s second
law for the particle:

F=F,=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: 5
my
Fy=qvB=""
r
This expression leads to the following equation for the radius of

the circular path:
my
¥ =—— Radius of the circular path

qB

The radius of the path is proportional to the linear momentum mv of the
particle and inversely proportional to the magnitude of the charge g on the
particle and to the magnitude of the magnetic field B.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 4
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The angular speed of the particle my
qB qB

angular speed

N <

m

The period of the motion (the time interval the particle requires
to complete one revolution) is equal to the circumference of the
circle divided by the speed of the particle:

T=—="_= £ m period of the motion

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 w is often referred to as the cyclotron frequency because
charged particles circulate at this angular frequency in the type of
accelerator called a cyclotron.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 5

General Case

If a charged particle moves in a uniform magnetic field with its
velocity at some arbitrary angle with respect to B, its path is a
helix.

Same equations apply,

with

2 2
v =V, +V;

© Tharacn ot Emcnton

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 6



Example 1

A proton is moving in a circular orbit of radius 14 cm in a uniform
0.35 T magnetic field perpendicular to the velocity of the proton.
Find the speed of the proton.

Solution
_v_48 o 4Br
r m m
(1.60 X 1071 C)(0.35 T)(0.14 m)
v pr—

1.67 X 10" kg

= 47 X 10°m/s

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 7

Example 2

In an experiment designed to measure the
magnitude of a uniform magnetic field, electrons
are accelerated from rest through a potential
difference of 350 V and then enter a uniform
magnetic field that is perpendicular to the velocity
vector of the electrons. The electrons travel along
a curved path because of the magnetic force
exerted on them, and the radius of the path is
measured to be 7.5 cm.

(A) What is the magnitude of the magnetic field?
(B) What is the angular speed of the electrons?

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 8

10/15/2014



10/15/2014

Solution (A) the magnitude of the magnetic field

AK+AU=0 my

(tma* —0) + (gAV) =0

|2 AV er
v =
mE

\/—2(—1.60 X 107 C)(850 V)
v =
9.11 X 1079 kg

=1.11 X 10" m/s

m,v

er

(9.11 X 107 kg)(1.11 X 10" m/s)

= 84X 107'T
(1.60 X 107 €)(0.075 m)
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Solution B the angular speed of the electrons

v L11X10"m/s 15 X 10° rad/
©T 0.075 m ' e

o = (1.5 X 10® rad/s)(1 rev/27 rad) = 2.4 X 107 rev/s
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Applications

» Velocity
Selector

> Mass
Spectrometer

¢ The Cyclotron

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Applications involving charged
particles moving in a magnetic field

In many applications, charged particles will move in the presence
of both magnetic and electric fields.

In that case, the total force is the sum of the forces due to the
individual fields.

In general (The Lorentz force):
F=qgE+qvxB

Electric Force Magnetic Force

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net
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Velocity Selector

|
A uniform electric field is perpendicular to a m_E : -]
uniform magnetic field. << > X‘X o
X X X Xy X X X
When the force due to the electric field is equal B X il
o . - X D X
but opposite to the force due to the magnetic B, |+-£ —to
field, the particle moves in a straight line. o alcECEGRd] o
xMIx x x!x x x| [x
+ : =
X X X ><| X X X
= + > —
gE g‘z)B b S P < x:’x X
' Slit
q a q anq —| —
This selects particles with velocities of the value I
|
E Source‘m
V=—
B © Thomson Higher Education
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Mass Spectrometer -

. X X X X X X X X
A mass spectrometer separates ions
according to their mass-to-charge ratio. RSO A
. . DG DK
A beam of ions passes through a velocity e
. N
selector and then enters a second magnetic X K H X X H X X
field where the ions move in a semicircle of x [ x x X WX x
radius r before striking a detector at P.
From the equation
Detector A
my array x Wx1 x@ x
" g¢B, 3 v
q 0 B;, X X X X
i ¥
The ratio of m/q x x| x
I’Bo Velocity selector | | t ]
= S
q v © Thomson Higher Education
Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 14
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Mass Spectrometer @ B,

E
V=—

B
m _rB B
q E

we can determine m /q by measuring the radius of curvature and
knowing the field magnitudes B, B, and E.
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The Cyclotron

A cyclotron is a device that can accelerate charged particles to
very high speeds.

high frequency
accelerating
voltage

source of protons

high-speed proton beam

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 16
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Once the particles are accelerated to the required speed, they
magnetic field.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

The Cyclotron

We can obtain an expression for the kinetic energy of the ion
when it exits the cyclotron in terms of the radius R of the dees.

we know that

m_ R, _ gBR
q v m
the kinetic energy is
1 , ¢'BR

K=—my =
2m

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 18



10/15/2014

Solve by your self

An electron moves in a circular path perpendicular to a uniform magnetic
field with a magnitude of 2.00 mT. If the speed of the electron is 1.50 x 107
m/s, determine (a) the radius of the circular path and (b) the time interval
required to complete one revolution.

An electron moves in a circular path perpendicular to a constant magnetic
field of magnitude 1.00 mT. The angular momentum of the electron about
the center of the circle is 4.00 x 102> kg.m?/s. Determine (a) the radius of
the circular path and (b) the speed of the electron.

Consider the mass spectrometer. The magnitude of the electric field
between the plates of the velocity selector is 2.50 x 10° V/m, and the
magnetic field in both the velocity selector and the deflection chamber has
a magnitude of 0.035T. Calculate the radius of the path for a singly charged
ion having a mass m = 2.18 x 1026 kg.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 19
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Magnetism and Alternating Current

>

Unit 1: Magnetic Fields

o

\
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Lecture 3: Magnetic force acting
a current-carrying conductor

Dr. Hazem Falah Sakeek
Al-Azhar University of Gaza
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Unit 1: Magnetic Fields

1.1 Magnetic Fields and Forces.

1.2 Motion of a Charged Particle in a
Uniform Magnetic Field.

1.3 Applications Involving Charged
Particles Moving in a Magnetic Field.

1.4 Magnetic Force Acting on a Current-
Carrying Conductor.

1.5 Torque on a Current Loop in a
Uniform Magnetic Field.

1.6 The Hall Effect.
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Magnetic Force on a Current
Carrying Conductor, a wire

A force is exerted on a current-
carrying wire placed in a
magnetic field.

> The current is a collection of

\
dg—

many charged particles in T XX R R (XXX KWK
g X X
motion. = (esles Ses | |xxxxk
in | X % X X X RN i X 3% K
. . . X X X X X X X X X
The direction of the force is x x §x x x x x x) \xxxxk

given by the right-hand rule

~
]
S
~
=

— X X X XXX |—— = —

‘}

o ———— X X XXX X
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Strong Magnet
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Force on a Wire, the equation

Consider a straight segment of wire of
length L and cross-sectional area A
carrying a current | in a uniform Fy
magnetic field B.

The magnetic force exerted on a charge B. A
g moving with a drift velocity v,. -
F=qv, xB S—
(I\t)ﬁ
To find the total force acting on the 7 >
wire, ~we  multiply  tigV, *xfBce
exerted on one charge by the number ’4 [ _‘

of charges in the segment. |
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Force on a Wire, the equation,
continue -

The number of charges in the segment is nAL, where n is the
number of charges per unit volume. Hence, the total magnetic force
on the segment of wire of length L is

F=(qux§)nAL A

the current in the wire is I= nqv A. Therefore,

F. _ILxB
A

where L is a vector that points in the direction of the current | and
has a magnitude equal to the length L of the segment. This
expression applies only to a straight segment of wire in a uniform I
magnetic field. avg

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 7

Magnetic Force Magnetic Field

— — — B
F,=ILxB I
current in wire A Va

The moving electrons in the wire is immersed in an
external B-Field and feels a magnetic force given by the
right hand rule as shown. | L ‘

* X F x % x % F x x X X ¥ X X
x x ¥ x x x x ¥ xx x x ¥ x x
X X X X X X x X x X X X
B, B, B,

X % ¥ X X x % ¥ x X% x % ¥ x x
X X ¥ % % X x ¥ x x X x ¥ x x
Rl WA el Ry x x ¥ % x
=0 I=0 I=0
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General Equation

Now consider an arbitrarily shaped
wire segment of uniform cross
section in a magnetic field as shown
in the Figure. 7

&l

The magnetic force exerted on a
small segment of vector length ds in
the presence of a field B is,

dF, =1dsxB

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 9

General Equation, continue

To calculate the total force Fg acting
on the wire shown in the Figure, we
integrate Equation over the length of
the wire: i

B
. b . d§>
FB=IJ ds X B

where a and b represent the
endpoints of the wire.
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Example 1

The same current-carrying wire is placed in the same
magnetic field B in four different orientations.

Rank the orientations according to the magnitude of the
magnetic force exerted on the wire, largest to smallest.

I {inte paper)
B B

PR [ |

]
! ‘

Example 2

A straight, horizontal length of copper wire is immersed in a
uniform magnetic field. The current through the wire is out of
page. Which magnetic field can possibly suspend this wire to
balance the gravity?

© © © ©

A B C D

See problem 3 in problems to solve by your self..
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Example 3

A wire bent into a semicircle
of radius R forms a closed
circuit and carries a current I.
The wire lies in the xy plane,
and a uniform magnetic field
is directed along the positive y
axis as in the Figure.

Find (A) the magnitude and
direction of the magnetic
force acting on the straight
portion of the wire and (B) on
the curved portion.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Solution

—

The force F, on the straight
portion of the wire is out of the

page.
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Solution, continue

The force F, on the curved
portion is into the page.

dF, = IdS X B

= —Bsin 0 dsk
ds = R db

o
F, = —J IRBsin 6 df k

0

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 15

™

= —IRBJ sin 0 d6 k

0
= —JRB[—cos 0]3 k
= IRB(cos ™ — cos O)ﬁ

= IRB(-1 - 1)k = —9/RBk

The force on the curved portion is the same in magnitude as the
force on a straight wire between the same two points.

The net magnetic force acting on any closed current loop in a
uniform magnetic field is zero.

F,+F, =0
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Solve by your self

1.

3.

A conductor carrying a current 1=15.0 A is directed along the positive x axis
and perpendicular to a uniform magnetic field. A magnetic force per unit
length of 0.120 N/m acts on the conductor in the negative y direction.
Determine (a) the magnitude and (b) the direction of the magnetic field in
the region through which the current passes.

A wire carries a steady current of 2.40 A. A straight section of the wire is
0.750 m long and lies along the x axis within a uniform magnetic field, B =
1.60k T. If the current is in the positive x direction, what is the magnetic

force on the section of wire? A

A straight, horizontal length of copper wire has a
current i=28 A through it. What are the magnitude .

and direction of the minimum magnetic field needed I~ B
to suspend the wire—that is, to balance the C‘) R
gravitational force on it? The linear density (mass per .
unit length) of the wire is 46.6 g/m. mg

v

Fy
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Charged Particle in a Magnetic
Field

Consider a +ve charged particle B.
moving in an external magnetic X X X SR
field with its velocity
perpendicular to the field.

The magnetic force is always
directed toward the center of the
circular path.

The magnetic force causes a
centripetal acceleration,
changing the direction of the
velocity of the particle.

L &
Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 3

We use the particle under a net force model to write Newton’s second
law for the particle:

F=F,=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: 5
my
Fy=qvB=""
r
This expression leads to the following equation for the radius of

the circular path:
my
¥ =—— Radius of the circular path

qB

The radius of the path is proportional to the linear momentum mv of the
particle and inversely proportional to the magnitude of the charge g on the
particle and to the magnitude of the magnetic field B.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 4

10/15/2014



10/15/2014

The angular speed of the particle my
qB qB

angular speed

N <

m

The period of the motion (the time interval the particle requires
to complete one revolution) is equal to the circumference of the
circle divided by the speed of the particle:

T=—="_= £ m period of the motion

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 w is often referred to as the cyclotron frequency because
charged particles circulate at this angular frequency in the type of
accelerator called a cyclotron.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 5

General Case

If a charged particle moves in a uniform magnetic field with its
velocity at some arbitrary angle with respect to B, its path is a
helix.

Same equations apply,

with

2 2
v =V, +V;

© Tharacn ot Emcnton
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Example 1

A proton is moving in a circular orbit of radius 14 cm in a uniform
0.35 T magnetic field perpendicular to the velocity of the proton.
Find the speed of the proton.

Solution
_v_48 o 4Br
r m m
(1.60 X 1071 C)(0.35 T)(0.14 m)
v pr—

1.67 X 10" kg

= 47 X 10°m/s

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 7

Example 2

In an experiment designed to measure the
magnitude of a uniform magnetic field, electrons
are accelerated from rest through a potential
difference of 350 V and then enter a uniform
magnetic field that is perpendicular to the velocity
vector of the electrons. The electrons travel along
a curved path because of the magnetic force
exerted on them, and the radius of the path is
measured to be 7.5 cm.

(A) What is the magnitude of the magnetic field?
(B) What is the angular speed of the electrons?

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 8
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Solution (A) the magnitude of the magnetic field

AK+AU=0 my

(tma* —0) + (gAV) =0

|2 AV er
v =
mE

\/—2(—1.60 X 107 C)(850 V)
v =
9.11 X 1079 kg

=1.11 X 10" m/s

m,v

er

(9.11 X 107 kg)(1.11 X 10" m/s)

= 84X 107'T
(1.60 X 107 €)(0.075 m)
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Solution B the angular speed of the electrons

v L11X10"m/s 15 X 10° rad/
©T 0.075 m ' e

o = (1.5 X 10® rad/s)(1 rev/27 rad) = 2.4 X 107 rev/s
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Applications

» Velocity
Selector

> Mass
Spectrometer

¢ The Cyclotron

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Applications involving charged
particles moving in a magnetic field

In many applications, charged particles will move in the presence
of both magnetic and electric fields.

In that case, the total force is the sum of the forces due to the
individual fields.

In general (The Lorentz force):
F=qgE+qvxB

Electric Force Magnetic Force

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net
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Velocity Selector

|
A uniform electric field is perpendicular to a m_E : -]
uniform magnetic field. << > X‘X o
X X X Xy X X X
When the force due to the electric field is equal B X il
o . - X D X
but opposite to the force due to the magnetic B, |+-£ —to
field, the particle moves in a straight line. o alcECEGRd] o
xMIx x x!x x x| [x
+ : =
X X X ><| X X X
= + > —
gE g‘z)B b S P < x:’x X
' Slit
q a q anq —| —
This selects particles with velocities of the value I
|
E Source‘m
V=—
B © Thomson Higher Education
Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 13

Mass Spectrometer -

. X X X X X X X X
A mass spectrometer separates ions
according to their mass-to-charge ratio. RSO A
. . DG DK
A beam of ions passes through a velocity e
. N
selector and then enters a second magnetic X K H X X H X X
field where the ions move in a semicircle of x [ x x X WX x
radius r before striking a detector at P.
From the equation
Detector A
my array x Wx1 x@ x
" g¢B, 3 v
q 0 B;, X X X X
i ¥
The ratio of m/q x x| x
I’Bo Velocity selector | | t ]
= S
q v © Thomson Higher Education
Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 14
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Mass Spectrometer @ B,

E
V=—

B
m _rB B
q E

we can determine m /q by measuring the radius of curvature and
knowing the field magnitudes B, B, and E.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 15

The Cyclotron

A cyclotron is a device that can accelerate charged particles to
very high speeds.

high frequency
accelerating
voltage

source of protons

high-speed proton beam

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 16
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Once the particles are accelerated to the required speed, they
magnetic field.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

The Cyclotron

We can obtain an expression for the kinetic energy of the ion
when it exits the cyclotron in terms of the radius R of the dees.

we know that

m_ R, _ gBR
q v m
the kinetic energy is
1 , ¢'BR

K=—my =
2m

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 18
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Solve by your self

An electron moves in a circular path perpendicular to a uniform magnetic
field with a magnitude of 2.00 mT. If the speed of the electron is 1.50 x 107
m/s, determine (a) the radius of the circular path and (b) the time interval
required to complete one revolution.

An electron moves in a circular path perpendicular to a constant magnetic
field of magnitude 1.00 mT. The angular momentum of the electron about
the center of the circle is 4.00 x 102> kg.m?/s. Determine (a) the radius of
the circular path and (b) the speed of the electron.

Consider the mass spectrometer. The magnitude of the electric field
between the plates of the velocity selector is 2.50 x 10° V/m, and the
magnetic field in both the velocity selector and the deflection chamber has
a magnitude of 0.035T. Calculate the radius of the path for a singly charged
ion having a mass m = 2.18 x 1026 kg.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 19
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a current-carrying conductor
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Unit 1: Magnetic Fields

1.1 Magnetic Fields and Forces.

1.2 Motion of a Charged Particle in a
Uniform Magnetic Field.

1.3 Applications Involving Charged
Particles Moving in a Magnetic Field.

1.4 Magnetic Force Acting on a Current-
Carrying Conductor.

1.5 Torque on a Current Loop in a
Uniform Magnetic Field.

1.6 The Hall Effect.
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Magnetic Force on a Current
Carrying Conductor, a wire

A force is exerted on a current-
carrying wire placed in a
magnetic field.

> The current is a collection of

\
dg—

many charged particles in T XX R R (XXX KWK
g X X
motion. = (esles Ses | |xxxxk
in | X % X X X RN i X 3% K
. . . X X X X X X X X X
The direction of the force is x x §x x x x x x) \xxxxk

given by the right-hand rule

~
]
S
~
=

— X X X XXX |—— = —

‘}

o ———— X X XXX X
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Strong Magnet
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Force on a Wire, the equation

Consider a straight segment of wire of
length L and cross-sectional area A
carrying a current | in a uniform Fy
magnetic field B.

The magnetic force exerted on a charge B. A
g moving with a drift velocity v,. -
F=qv, xB S—
(I\t)ﬁ
To find the total force acting on the 7 >
wire, ~we  multiply  tigV, *xfBce
exerted on one charge by the number ’4 [ _‘

of charges in the segment. |

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 6
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Force on a Wire, the equation,
continue -

The number of charges in the segment is nAL, where n is the
number of charges per unit volume. Hence, the total magnetic force
on the segment of wire of length L is

F=(qux§)nAL A

the current in the wire is I= nqv A. Therefore,

F. _ILxB
A

where L is a vector that points in the direction of the current | and
has a magnitude equal to the length L of the segment. This
expression applies only to a straight segment of wire in a uniform I
magnetic field. avg

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 7

Magnetic Force Magnetic Field

— — — B
F,=ILxB I
current in wire A Va

The moving electrons in the wire is immersed in an
external B-Field and feels a magnetic force given by the
right hand rule as shown. | L ‘

* X F x % x % F x x X X ¥ X X
x x ¥ x x x x ¥ xx x x ¥ x x
X X X X X X x X x X X X
B, B, B,

X % ¥ X X x % ¥ x X% x % ¥ x x
X X ¥ % % X x ¥ x x X x ¥ x x
Rl WA el Ry x x ¥ % x
=0 I=0 I=0
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General Equation

Now consider an arbitrarily shaped
wire segment of uniform cross
section in a magnetic field as shown
in the Figure. 7

&l

The magnetic force exerted on a
small segment of vector length ds in
the presence of a field B is,

dF, =1dsxB

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 9

General Equation, continue

To calculate the total force Fg acting
on the wire shown in the Figure, we
integrate Equation over the length of
the wire: i

B
. b . d§>
FB=IJ ds X B

where a and b represent the
endpoints of the wire.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 10



Example 1

The same current-carrying wire is placed in the same
magnetic field B in four different orientations.

Rank the orientations according to the magnitude of the
magnetic force exerted on the wire, largest to smallest.

I {inte paper)
B B

PR [ |

]
! ‘

Example 2

A straight, horizontal length of copper wire is immersed in a
uniform magnetic field. The current through the wire is out of
page. Which magnetic field can possibly suspend this wire to
balance the gravity?

© © © ©

A B C D

See problem 3 in problems to solve by your self..
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Example 3

A wire bent into a semicircle
of radius R forms a closed
circuit and carries a current I.
The wire lies in the xy plane,
and a uniform magnetic field
is directed along the positive y
axis as in the Figure.

Find (A) the magnitude and
direction of the magnetic
force acting on the straight
portion of the wire and (B) on
the curved portion.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Solution

—

The force F, on the straight
portion of the wire is out of the

page.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net
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Solution, continue

The force F, on the curved
portion is into the page.

dF, = IdS X B

= —Bsin 0 dsk
ds = R db

o
F, = —J IRBsin 6 df k

0

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 15

™

= —IRBJ sin 0 d6 k

0
= —JRB[—cos 0]3 k
= IRB(cos ™ — cos O)ﬁ

= IRB(-1 - 1)k = —9/RBk

The force on the curved portion is the same in magnitude as the
force on a straight wire between the same two points.

The net magnetic force acting on any closed current loop in a
uniform magnetic field is zero.

F,+F, =0
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Dr. Hazem Falah Sakeek

Dr. Hazem Falah Sakeek

Dr. Hazem Falah Sakeek

Dr. Hazem Falah Sakeek

Dr. Hazem Falah Sakeek

Dr. Hazem Falah Sakeek

Dr. Hazem Falah Sakeek


10/21/2014

Solve by your self

1.

3.

A conductor carrying a current 1=15.0 A is directed along the positive x axis
and perpendicular to a uniform magnetic field. A magnetic force per unit
length of 0.120 N/m acts on the conductor in the negative y direction.
Determine (a) the magnitude and (b) the direction of the magnetic field in
the region through which the current passes.

A wire carries a steady current of 2.40 A. A straight section of the wire is
0.750 m long and lies along the x axis within a uniform magnetic field, B =
1.60k T. If the current is in the positive x direction, what is the magnetic

force on the section of wire? A

A straight, horizontal length of copper wire has a
current i=28 A through it. What are the magnitude .

and direction of the minimum magnetic field needed I~ B
to suspend the wire—that is, to balance the C‘) R
gravitational force on it? The linear density (mass per .
unit length) of the wire is 46.6 g/m. mg

v

Fy
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The magnetic field

A bar magnet has a magnetic field
around it. This field is 3D in nature and
often represented by lines LEAVING
north and ENTERING south

The magnetic field is a vector that
has both magnitude and direction.

The direction of the magnetic field
at any point in space is the
direction indicated by the north
pole of a small compass needle
placed at that point.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 7

The properties of magnetic field line

(d) [} ()

The lines originate from the north pole and end on the south pole; they
do not start or stop in mid-space.

The magnetic field at any point is fangent to the magnetic field line at
that point.

The strength of the field is proportional to the number of lines per unit
area that passes through a surface oriented perpendicular to the lines.

The magnetic field lines will never come to cross each other.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 8
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Magnetic force on moving
charge

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Magnetic force on moving
charge

When a charge is placed in a magnetic field, it experiences a
magnetic force if two conditions are met:

1. The charge must be moving. No magnetic force acts on a
stationary charge.

2. The velocity of the moving charge must have a component that
is perpendicular to the direction of the field.
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Properties of the magnetic force on a
charged particle moving in a magnetic field

We can define a magnetic field B at some point in space in terms
of the magnetic force F; the field exerts on a charged particle
moving with a velocity v, which we call the test object.

Experiments on various charged
particles moving in a magnetic .
field give the following results:

\
(1) The magnitude Fg of the /

magnetic force exerted on the
particle is proportional to the @
charge g and to the speed v of

the particle.

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 11

Properties of the magnetic force on a
charged particle moving in a magnetic field

(2) When a charged particle
moves parallel to the magnetic
field vector, the magnetic force
acting on the particle is zero. R,
(3) When the particle’s velocity
vector makes any angle 6 # 0 with

the magnetic field, the magnetic
force acts in a direction

The magnetic force is
=
perpendicular to both V and B.

perpendicular to both v and B; B
that is, Fg is perpendicular to the 0
plane formed by v and B.

v

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 12
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Properties of the magnetic force on a
charged particle moving in a magnetic field

(4) The magnetic force exerted J
on a positive charge is in the i
direction opposite the direction /’ Force due to
of the magnetic force exerted Vayer & y 'F:%g?fg}ﬁ?e
on a negative charge moving in G cherge
the same direction. ——
—_— v
—\\\ N
] '
e
..
Fp External
Magnetic Field
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Properties of the magnetic force on a charged
particle moving in a magnetic field

(5) The magnitude of the magnetic force exerted on the
moving particle is proportional to sinB, where 6 is the angle
the particle’s velocity vector makes with the direction of B.

F, =qvBsin

Vector expression for the magnetic force on a charged particle moving
in a magnetic field

Magnetic Force Magnetic Field
— —_
1 VY B
B q
velocity of charge

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 14
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Direction of the magnetic force?
Right Hand Rule

To determine the DIRECTION of the force on a POSITIVE
charge we use a special technique that helps us understand
the 3D perpendicular nature of magnetic fields.

T F @ = out of the page

X: into the page

Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net

Unit of Magnetic Field

Sl unit of magnetic field is the newton per coulomb-meter per
second, which is called the tesla (T):

N
C.m/s

Because a coulomb per second is defined to be an ampere,

1T=1i
A.m

1T=1

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.
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Some Approximate Magnetic Field
Magnitudes

Source of Field Field Magnitude (T)

Strong superconducting laboratory magnet 30
Strong conventional laboratory magnet 2
Medical MRI unit 1.5
Magnetic Bar 102
Surface of the Sun 102
Surface of the Earth 0.5 x 10
Inside human brain due to nerve impulses 1013
Dr. HazemF. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 17

Motion of charge particle in
- Electric field
- Magnetic field

F=qE

Force is parallel to the Field

The Electric Field

Force is perpendicular
to the Field
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virrerences netween
Electric and Magnetic
Forces

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 is moving, whereas the magnetic force acts on a charged particle
only when the particle is in motion.

The electric force does work in displacing a charged particle, whereas the
magnetic force associated with a steady magnetic field does no work when
a particle is displaced because the force is perpendicular to the
displacement of its point of application.

The kinetic energy of a charged particle moving through a magnetic field
cannot be altered by the magnetic field alone. The field can alter the
direction of the velocity vector, but it cannot change the speed or kinetic

energy of the particle.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 19

Example 1

An electron in an old-style television

picture tube moves toward the front //

of the tube with a speed of 8.0x10° ' o

m/s along the x axis. Surrounding the | //

neck of the tube are coils of wire that A

create a magnetic field of magnitude g)\B y

0.025 T, directed at an angle of 60° to
the x axis and lying in the xy plane.

<l

Calculate the magnetic force on the %
electron.

Dr. Hazem F. Sakeek | www.physicsacademy.org | www.hazemsakeek.net 20
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Solution

Use one of the right-hand rules to
determine the direction of the force on ' b
the electron 2

F, =qvBsin —é.

<

= (1.6 x 1022 C)(8.0 x 106 m/s)(0.025 T)
(sin 60°) ¥

=2.8x101“N
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Example 2

Determine the direction of the unknown variable for a proton moving
in the field using the coordinate axis given

B =-x Y
B V=+y *z X
F =42
A
A
v@@@GL) B=+Z XX[XX B==z
@@ ® @ ~ v=+x XXXX v=+y
®@®®E F=v XX XX F=xX
X XXX
B
*oYololo X
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Example 3

A spatially uniform magnetic field cannot exert a magnetic force
on a particle in which of the following circumstances? There may
be more than one correct statement.

> (a) The particle is charged.

° (b) The particle moves perpendicular to the magnetic field.

> (c) The particle moves parallel to the magnetic field.

¢ (d) The magnitude of the magnetic field changes with time.

' (e) The particle is at rest.
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Example 4

A particle with electric charge is fired into a region of space where the electric
field is zero. It moves in a straight line. Can you conclude that the magnetic
field in that region is zero?

° (a) Yes, you can.

> (b) No; the field might be perpendicular to the particle’s velocity.

> (c) No; the field might be parallel to the particle’s velocity.

¢ (d) No; the particle might need to have charge of the opposite sign
° to have a force exerted on it.

' (e) No; an observation of an object with electric charge gives no information about a
magnetic field.
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Example 5

Classify each of the following statements as a characteristic (a) of electric
forces only, (b) of magnetic forces only, (c) of both electric and magnetic

forces, or (d) of neither electric nor magnetic forces.

(1) The force is proportional to the magnitude of the field exerting it.

(2) The force is proportional to the magnitude of the charge of the object on which

the force is exerted.

(3) The force exerted on a negatively charged object is opposite in direction to the

force on a positive charge.

(4) The force exerted on a stationary charged object is nonzero.

(5) The force exerted on a moving charged object is zero.

(6) The force exerted on a charged object is proportional to its speed.

(7) The force exerted on a charged object cannot alter the object’s speed.

(8) The magnitude of the force depends on the charged object’s direction of motion.
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Example 6

Determine the initial direction x
of the deflection of char x
: ged @,
particles as they enter the .
magnetic fields shown in the B
Figure
ﬁright
—_—
——
——
+
a
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Example 7

Find the direction of the magnetic field acting on a positively
charged particle moving in the various situations shown in the
Figure if the direction of the magnetic force acting on it is as
indicated.

f —
B Fp N
Fp
v (in)
v v (out)
a (b (G
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Solve by Your self

_ITwo charged particles are projected in the same direction into a
magnetic field perpendicular to their velocities. If the particles
are deflected in opposite directions, what can you say about
them?

_IHow can the motion of a moving charged particle be used to
distinguish between a magnetic field and an electric field?

_ICan a constant magnetic field set into motion an electron
initially at rest? Explain your answer.
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