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Electric Charge

Law of Electric Charges
Like charges repel and opposite charges attract.

Law of Electric Charges
The total electric charge of an isolated system is conserved.
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Elementary Charge (e)
The smallest unit of charge is known as the elementary charge which has a
magnitude of 1.602 * 10"-19.
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Quarks
Quarks are smaller parts of protons and neutrons with fractional charges.
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Charges are Quantized

The quantization of electric charge means that electric charge exists only
in discrete values. Charges in nature are integer multiples of the
elementary charge.
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Millikan oil drop experiment verified the quantization of the electric
charge. 5LsSs lisuidl ol cuis cojll 8)las dyyi.

https://www.youtube.com/watch?v=UFiPWv03f6g

What did the subatomic duck say? HOKE

"Quark, quark!"


https://www.youtube.com/watch?v=UFiPWv03f6g

Electric Charge

q= E(NP — NE)

g: the net charge of the object in coulombs (C).

e: the elementary charge, which is the magnitude of the charge
carried by a single electron or proton. (1.602 x 10"-19 coulombs)
Np: the number of protons in the object.

Ne: the number of electrons in the object.

11 Net Charge

PROBLEM

If we wanted a block of iron of mass 3.25 kg to acquire a positive charge of 0.100 C,
what fraction of the electrons would we have to remove?

Molar mass of iron (M): 56

Avogadro's number (N 4) = 6.022 x 10%* atoms/mol
atomic number of iron = 26
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Electric Charge

11 Net Charge

PROBLEM

If we wanted a block of iron of mass 3.25 kg to acquire a positive charge of 0.100 C,
what fraction of the electrons would we have to remove?

m x Ny
Mltullls == T
M
: 1 )(6. )23 > e e
Naom = B2 kL)?c{quzézoxllgLthlﬂcmymom =3.495%10% = 3.50 x10°° atoms

Each iron atom has 26

el mEss e e (1412 5e N, = Notoms % 26 electrons (since atomic

g/mol number of iron = 26)
Converted g to kg e 57
56/1000 N. = 26N, =(26)(3.495x10°) = 9.09x10“° electrons
| : o _q 0.100 C -
=e-Np, = Ny, === =624 x10"".
K ae B¢ e T 1602x10° " C
r 17
Nae _6.24x10"" _ 6.87 x10-10

Ne  9.09x10%

We found the number of
electrons removed, but the
problem asks for the fraction

Problem:
The Oxygen ion has 10 electrons, 8 protons, and 8 newtons. Find
net electric charge of Oxygen ion.

q= E(Np — NE.)

q = 1.6¥10*-19(8-10)
g=-3.2*10"-19 C.



Insulators, Conductors, Semiconductors, and
Superconductors

Insulators
Propert Conductors Semiconductors Superconductors
perty (Nonconductors) P
. Materials that Materials that can
Materials that allow I . !
easy flow of electric prevent or severely |switch between Materials with zero electrical
Definition limit the flow of conducting and

charge

electric charge

insulating states

resistance

Electron Behavior

Loosely bound
electrons that move
freely

Electrons are
tightly bound to
atoms; no free

Can have both free
electrons and holes
depending on

Electrons form Cooper pairs
and flow without resistance

movement conditions
Copper - Glass
pp. - Plastic .
- Aluminum - Silicon L N
- Rubber . - Niobium-titanium alloy
Common Examples - Gold - Germanium . . .
. - Wood . . - High-Tc ceramic materials
- Silver . - Gallium arsenide
- Pure distilled
- Salt water
water

Charge Carriers

Only negative
charges (electrons)
move in solid

No charge carriers
available for

- n-type: negative
charges
- p-type: positive

Electron pairs

conduction

conductors holes

Conductivit -

y Generally Conductivity -
decreases as . . Only works below critical
Temperature Effect unaffected by increases with

temperature temperature
. temperature temperature
increases

Operating
Temperature

Any temperature

Any temperature

Room temperature

- Traditional: 4.2 K (liquid

helium)
- High-Tc: 77.3 K (liquid
nitrogen)

- Electrical wiring

- Electrical safety

- Computer chips

- Power equipment - Transistors - MRI machines
Primary Applications | transmission - Circuit board - Electronic - Particle accelerators
- Electronic substrate devices - High-power electromagnets
components - Cable insulation - Solar cells
- Different
matenals have - Can hold static - Can be doped to . .
. different . - - Requires cooling systems
Special conductivity levels charge modify properties - Perfect diamagnetism
Characteristics y - Used as - Properties can be g

- Some are more
suitable for specific
applications

protective materials

controlled

(Meissner effect)




Insulators, Conductors, Semiconductors, and
Superconductors

Which of the following are materials that have zero resistance to
the conduction of electricity?

a. Insulators

b. Semiconductors
c. Conductors

d. Superconductors

Which of the following are materials that have (R=0 Q)?
e Insulators

e Semiconductors
e Conductors
e Superconductors




Electrostatic Charging

How to charge an object

e Electrostatic charging can be achieved through several methods using a

power supply

e Power supplies (like car batteries) use chemical reactions to create charge

separation

e Objects can be connected to Earth (grounding) to neutralize their charge

e The Earth serves as an infinite charge reservoir

Methods of charging
1.Charging by Conduction (By contact)

A negatively charged rod touches the
electroscope, so the negative charges will
move from the rod to the electroscope

: v

Neutral electroscope

Electrons transfer between objects.
Charge remains after separation.

For example:

e When the paddle touches the
electroscope, electrons move from
paddle to electroscope

¢ When you take the paddle away
(separation), those transferred
electrons STAY on the electroscope

Works with both positive and negative charges.

FIGURE 110 Charging by contact: (a) An
uncharged electroscope. (b) A negatively
charged paddle touches the electrescope. (¢)
The negatively charged paddie Is removed.

the electroscope is now negatively
charged (since the electrons
moved to the electroscope by
conduction)

Direct physical contact between charged and uncharged objects.



Electrostatic Charging

A negatively charged rod brought close to the

1.Charging by Induction electroscope. (Not touching)
Positive charges attract near the negatively NC,)W iz electros‘cope. 'S
charged rod (unlike charges) positively charged since it lost
G some electrons.
Neutral electroscope @ @ ©
! electrons are repeued away egatheedy chad Jifle 15 beought chas 16 the eleclrosope.

nd |5 remonved. (&) The negathiely charged paddle is taken away.

..:.h-ﬂ; the el from the r‘od
When ground is connected, some electrons
flow into the ground (out of the electroscope)

Induction WITHOUT Grounding Induction WITH Grounding
* No physical contact occurs e Actual charge transfer occurs through ground
* No actual charge transfer e Creates permanent charge opposite to the
e Effectis temporary source
e Charge effect disappears when source is e Charge remains after source is removed
removed ¢ Electroscope gets opposite charge of the source
e Electroscope returns to neutral state e Effectis permanent until neutralized
2- In the figure, a rod carrying a positive charge is brought close to
an uncharged electroscope without touching it. When the connection

to the ground is removed, which of the following is true? electroscope
conducting ball P
rod

3 aball and conductor are both negatively charged.

conductor

(3 aball and conductor are both positively charged.
O aball is positively charged and conductor is negatively charged.

O aball is positively charged and the conductor is uncharged. g

Induction with grounding results in opposite charge to the source.
e |f positive rod used - Electroscope becomes negatively charged
e |f negative rod used - Electroscope becomes positively charged

The correct answer is the third option.



Electrostatic Charging

The figure below shows charging by

Not touching

= ) 3 -
—
(a) (b) ()

a. Triboelectric
b. Contact

c. Grounding
d. Induction




Electrostatic Force

Coulomb’s Law: F = HdH2l |Q1Q3|
I"

Where:
* Fisthe electrostatic force between the charges (N).
* kis Coulomb's constant, which is approximately equal to k=899x10" =
¢ gland g2 are the magnitudes of the charges on the two objects, measured in coulombs (C).
* risthe distance between the centers of the two charges, measured in meters (m).

N m?’
=

b 1 Coulomb’s constant
Coulomb’s constant — — and electric permittivity
4T|_f:. 0
of free space €0

. Value of the electric

£o = 8.85x107 12 ﬁ permittivity of free

N space €0 (constant

value)
Electrostatic Force inside the Atom

PROBLEM1
What is the magnitude of the electrostatic force that the two protons inside the nucle-
us of a helium atom exert on each other?

Given:

=1.6 x10"-19 s Nm2)[+16x107" ¢)(+1.6x107" ¢
q F= khp?l)l _ [8_99 «107 N ]11 i \ - )ll e :| —
J'-=2']_O_l-‘ r \ Ce ! [leo—hmJ'

The distance between
the two protons

<

Jilwall Jod Sla ool
oyl 1agy dilaiell

You need to know
vectors addition to be
able to solve problems in
this topic.



Electrostatic Force

PROBLEM 2

What is the magnitude of the electrostatic force between a gold nucleus and an elec-
tron of the gold atom in an orbit with radius 4.88 x 107" m?

Given:
r=4.88x10"2m

gl (electron charge) =-1.6 x 10-** C
Gold atomic number =79

This means that each gold atom has
79 protons in its nucleus

This image is not given in the

problem, it is just for clarification Solution:
79 protons x the charge of one proton

one electron charge

] 21(1.60x107" ¢)|(79)(1.60 107" C)|
szl_%?l:[&wxw N,;-[? ' ! [ }'|=?.t"-3xll‘1_4 N.
-

488 x10" 2 m c
(

The distance between the electron and
the gold nucleus

©® 79Protons 118Neutrons @ 79Electrons

The nucleus of the gold atom is the
yellow and red sphere in the center.
Electrons orbit around the atom. The
problem gives the distance between
one of the electron and the atom and
asks us to calculate the force
between the atom and the electron.




Electrostatic Force

1.3 Equilibrium Position

PROBLEM
Two charged particles are placed as shown in Figure 1.16: ¢, = 0.15 pC is located at the origin,
and g, = 0.35 pC is located on the positive x-axis at x, = 040 m. Where should a third charged
particle, g5, be placed to be at an equilibrium point (such that the forces on it sum to zero}?

y

T q5 L'F]
—— Q—
=0 Fiss I Fis,s I
| |
Xy Xz
Solution:
= - This is the distance between g3
The problem stated that we need F1—>3| = |F —-,3| : and g4. Note that the distance
q3 to be at equilibrium point between gl (the origin) and gl is
x2 anditis 0.40 m
|i¥lfi'3| |th2|
Equilibrium means that the net force (x5 — X4 }2 (x> — X3 )2 )
acting on the charge is zero. '
F1-F2=0
F1="F2

Distance between gl and g3

Math stuff

tﬂ(xz - X'3)2 = ﬂh(?f;a — X )2-

— \f‘?lxz + @Xl _ 4/0.15pC(0.4 m)

X3 =

=0.16 m.

Jo +Jaz  Jo1suC + J0351C

All values in the equation are provided except for x3.
Use the variable 'x' to represent this missing value
and calculate the final answer using your calculator
and don’t worry about this math stuff, buddy.




Electrostatic Force

PROBLEM

Two identical charged balls hang from the ceiling by insulated ropes of equal
length, £ = 1.50 m (Figure 1.17). A charge g = 25.0 pC is applied to each ball.
Then the two balls hang at rest, and each supporting rope has an angle of 25.0°
with respect to the vertical (Figure 1.17a). What is the mass of each ball?
Solution: (We need to find the mass of each ball)

Key data given:
Length of each rope, L = 1.50m

(b)

_ . 6 FIGURE 117 (a) Two charged balls hanging from the
Charge on each ball, g = 25.0 uC = 25.0 x 107" C ceiling in their equilibrium position. (b) Free-body diagram for

i ) the left-hand charged ball.
Angle with the vertical, # = 25.0° g

when an object is at rest, it is at
The two balls hang at rest Q static equilibrium, net force is 0

As | mentioned before, you need
to know how to add vectors in
Net Force on x-axis =0 order to be able to solve such
. Net force on y-axis =0 problems. If you need a file that
@ explains vector addition, contact
me on Telegram: @YaserOdat

Because the
balls are at rest

As the tension force is inclined to both
axes, it needs to be resolved into its x and
y y components for force addition.

r
oA B
There are 3 forces that act on the ball,
F, X tension force T, electrostatic force Fe, force
due to gravity Fg

x-component of the
tension force T
F, o

> Forces on x-axis are equal to O.

sin is used for x component because the angle Tsing — F, =0, Liv) (ball at rest)
given is with respect to the vertical.
You can use cos but the angle will be 90-40 = 50

degrees (with respect to the horizontal T cosf — Fy =0. Cé; ForeEs on(g-ali(lstarete)qual 50,
all at res
y- component of the F=mg - .
tension force T g "@ Force of gravity formula

€ 4D o
) - _ == g2 because the two balls have
Electrostatic force é Fo R d2 , the same charge q*q =q~2



Electrostatic Force

. d/2 Sine function in trigonometry to

The given angle sinf = 7 find the distance between the
two charges:

sin(angle)=opposite/hypotenuse

P Fok—1 .
€ 2/ sin @ 2 The distance between the two
(2¢sin6) balls = d
Opposite d=2lsin(0)
(d/2)
; Since the ball is at rest, the net
half the distance between the balls T sin6 - i £ -axis is O
T cosd Fg ' orce on x-axis is O,
the net force on y-axis is O
inG= ——FE - — (A
sin Hypotenuse Qﬂv,q\\)" /fsin 0 . i
. Adjacent ‘q\‘i A cost Fg '
Hypotenuse i
p” 0 E
tan 6 = _Opposite tan0=F—e.
Adjacent - - 8
Adjacent
sin(8)/cos(B) = tan(B)
Value of Fe
2
k 2q. 2 ka*
tanf = 4/°sin“ # _ q
anfl = — 5=
mg 4mgt* sin” 0
Value of Fg
m= qu
Solving the equation for m - " P :
I SR The ball's mass required
(899x10° Nm?/C?)(25.0 hC)?
L . m= - - - =0.764116 kg.
Putting in the numerical 4(9.81 m/s?)(1.50 m)* (sin” 25.0°)(tan 25.0°)

values



Electrostatic Force

¢1.82 In the figure, the net electrostatic force on charge Q, is
zero. If @4 = +1.00 nC, determine the magnitude of Q,,.

]
Let’s call this g

+<

and this is also q -1.00 nC
(same value)

+Q

ro is the hypotenuse which is the 1.00 nC 0 (+2a, -2a)
distance between Qo and Qa. Use the

Pythagorean theorem /

T J2a, -2a)

Qo
ro ro = +/(2a)? + (2a)? = V8a® = V8a
2a
ri =1y = /a2 + (2a)? = aV5
2a
9 ince the net force on Qa is O, the net force on y-axis is O
1 —
f = tan * (—
a
r Since the net force
rlis the distance o on Qais O, the net
between Q1 and Fly | ng - Fﬂn forcein the y-
QA directionis O
. kQuQa kgQ. kg Q.
PYTHAGOREAN THEOREM Fop=—35—, Fi=—3 Fy = —
T r Ty
2 _ 2 2 ' . .
& i [C =@+ } Fy, = Fisinf = LQQAESHIQ _ 5gQ 4ein 226'57 To find the y-
<4 % ¢ = \/a? + b2 kqQ:l coel kqﬂ;‘/i?% - components of
90 T L = = - = A : each force
] W a=+/c?— b2 F-_..- F_ cos T"f (\/Ea:ﬂ
Wb=+c2—a? . o
Fy, = Fysinds® = $QuQasin45

(V8a)?



Electrostatic Force

kqQ 4 sin 26.57° i kqQacos26.57°  kQyQ,sin45°
(v5a)? (v/5a)? (V8a)?

/éq% sin 26.57° i ﬁq(%cos 26.57° :ﬁQ[,Qﬁ sin 45°
(VB (V5d)? (Va4

: 5 . . At this point you can use
q(sin 26.57° + cos26.57°) _ Qosin45° the calculator to solve the
5 N 8 equation.

1 x 107%) x 10.728 : Final answer:
Qo = Cha 3;32 ~3.036 x 107? C Q0=3nC

According to the figure below, what is the magnitude of the net
force on q1?

a.4.8 nN
b. 9.6 nN
c. 6.4 nN
d.o



= .+_E

Electrostatic Force

In the figure, g; = 10.0 uC, g, = —20.0 uC and g; = 30.0 uC. The distances along the

x— axis are measured in meters. Find the electrostatic force exerted on gsdue to the other
2
two charges gsand gz.(Use k = 9 x 107 "'l_—’;' 104 =1.0x1075).

Y ol e cilladd Gl . g5 = 30,0 4C gy = —20.0 UCs Gy = 10.0 4L s haall JS3I i
Gz 3 s i) (e A3y gy ) e 3 5l dpi gl 55Ntk gyl | iy

(L0p=10%10" k=9x10° 2 pisd)

i qr i
) e Lo 20 i - because the two force
Attraction force due to g2 . .
(negative with positive) VeCtorZi?;i;?oﬁspOSIte
q2 E
- +
o ———i—>- Fretz = F13 — Fa3
1.0 2.0 3.0 : = axis
Repulsive force due to gl qlq.;
Fis = k—| 5
T3
10 x 107%)(30 x 107
F];;ZQX].DQ( )( }
1 32
9 x 10° x 300 x 10712
' 9
293
Fr3 =k——
T3
20 x 107°)(30 x 107
ngg =90 x 1DE}( ;g )

1 9 1 —12
Fz,:;:gx 0 xiﬂox 0 135N

Foetz = F13 — Fa3
Fret3 =03N—-135N=-1.05N



Electrostatic Force

A. Calculate the magnitude of the resultant electrostatic force acting on the
charge -7.0 uC

B. Find the direction of the resultant electrostatic force acting on the charge
-7.0 uC (By finding the angle).

Solution:




Electric Field

F(r)
q

e E(r): The electric field vector at a point in space located at position
vectorr.

» F(r): The force vector acting on a charge g placed at the same
positionr.

e g: The magnitude of the charge placed at position .

E(F) =

Concepts

e Test charge is a tiny positive charge used to measure an electric field.

e A positive charge moves with the field, while a negative charge moves against it.

e Electric field lines are invisible lines that show the direction and strength of an
electric field.

e Field lines start from positive charges and end at negative charges.

e Although electric fields are 3D, they are often shown in 2D for simplicity.

e Field lines don’t cross each other.

e The closer the field lines are together, the stronger the electric field (density of the
field lines)

Electric field lines
yé always point
“towards negative
charges.

Electric field lines

always point away

from positive
charges

(a) (b)
FIGURE 2.6 Electric field lines (a) from a single positive point charge and (b) to a single negative point charge.
The lines avoid

connecting, showing
p ’ _ _ _ , the repulsive force
e \ between like charges.

FIGURE 2.7 Electric field lines from two oppositely charged point FIGURE 2.8 Electric field lines from two positive point charges with
charges. Each charge has the same magnitude. the same magnitude.



Electric Field

Concept Check 21

Concept Check 2.2

Which of the charges in the figure is Assuming that there are no charges in the four regions shown in the figure, which of the pattems could
(are) positive? \ |

represent an electric field?
a) only1

b) only 2

¢} 2and3

d) 1and 4

€) None of the pattems represent an

electric field, I — —
_——— / =
e e T
. S5 L
—

a) 1 3 4

h) 2 Electric field lines never form closed loops
and always point from higher potential to

a3 lower potential.

d) 1and 3 Self-Test Opportunity 2.1

o The figure shows a two-dimensional

e) Allthree charg@a are positive. view of electric field lines due to two
opposite charges. What is the direction

of the electric field at the five points

The strength of the electric field is

A, B, C. D, and E? At which of the five indicated by the density of the field

points is the magnitude of the electric lines: where th ey are closer
field the largest?

together, the field is stronger. In this
image, the field lines are closest
around point E, directly between
the charges, so E has the largest
electric field magnitude.

c_|F| 1 ld

qﬂl 4mEn re

e qO:A small test Charge test charge is like a tiny explorer we send into this electric
. field to understand the field strength and direction
e F: Electrostatic force

e r: The distance between the point we are measuring

the electric field and the source charge point charge, the charge that creates the
electric field

E — k ] |q| It is just the same formula
T"?



Electric Field

g 21 Three Charges
-— 3@‘_ ————————————— -F Figure 2.9 shows three fixed point charges: q, = +1.50 pC, g, = +2.50 pC, and g5 =
I —3.50 pC. Charge g, is located at (0.a). g is located at (0,0), and g, is located at (b,0).
|
I where a = 8.00 m and b = 6.00 m.
|
I PROBLEM _
i I What electric field, E do these three charges produce at the point P = (b,a)?
|
| )
_r__c;“ q-*é_,, X El - El,xx + El,géT E1ly-componentis O
- ’ ‘! | ding the el
; ; 1L.x — =75 Finding the electric
FIGURE 2.9 Locations of three point SO CEMeMEN 5 © bg field due to charge gl.
charges. kq3 b is the distance
Esy, = —= between the point P
a and gl
i E; =Ey xX + Ez 40
oh \
I A By Finding the R|q:| We need xand y
| magnitude of 2 == 5 components of E2
# | H + b
L | E2
g i i = y-component of E2
/// : E :(E]rx+E2rx)x+(Ezly+E_%1y)y
r . x-component of E2 _
+ g i/ Wy kqr “kqzcosf). [kqasin@ kqs).
| b | et o e X e et oY
' 1 \ b a+b a +b a .
FIGURE 210 Electric field due to g, and its ; ' M tan”-L{opposite/
x- and y-components at point P. Ex Ey adjecent)
N 6 « (250x107® C)(cos 53.1°
B = (899x10° N m?/c?)| 2220_C +( ) Lz )l 509 e
(6.00 m) 100 m
_ [(250x107 C)(sin 53.1°) _: -6 |
E, = (8.99x1£}"‘ N m?/C?) ( J(z )+ 250480 - Cl=-312 N/C
’ ‘ 100 m (8.00 m)

E= B +E =/(509 N/Cf +(=312 N/Cf =597 N/C

El,.] = (—.312 N/C
= tan T T

] =—315°
509 N/C

WARNING

If you don’t understand how we found the
net electric field or x and y-components of

the electric field vectors, then you need to
revise vectors and study it!




Electric Field

The figure shows the electric field lines of two point charges.

A. What is the type of charge g1 and charge q2?

B. If the magnitude of charge g2 is equal to 6.0 pC, what is the magnitude of charge q1?

C. Draw two lines on the above figure representing equipotential surfaces, one surrounding the
charge gl and the other surrounding the charge g2.

The electric field lines

Answers: point away from the
A. qlis positive, g2 is negative NS
towards the negative
charge.

B.6.0uC The electric field lines density

¢1 _ Number of field lines for g, is same around both Fharges:

& _ Number of Beld lines for g; that means the magnitudes of

the charges are equal
C.

© © This is from chapter 03

An electron is placed in a uniform electric field E as shown in the figure. Then it is
released to start its motion from rest. Which of the following statements

describes the motion of the electron?

A. The electron will move to the left. K o
B. The electron will move to the right. >
C. The electron will not move from its place. &

D. The given information is not sufficient to determine the motion of
the electron.




General Charge Distributions

Adding electric fields from multiple charges quickly becomes difficult or even
impossible especially for a vast number of charges like in real world applications.

To simplify, we use integration, especially when charges are arranged in regular
distributions (For example: along a surface or a wire).

Types of Charge Distributions:
1.0ne-dimensional (line): Charge spread along a wire.
2.Two-dimensional (surface): Charge on a metallic surface.
3.Three-dimensional (volume): Charge in a solid object.

Linear Charge Density Surface Charge Density Volume Charge Density
Q Q
A=< - = _Q
L 777 =7
dg = Adx dg=ocdA dg = pdV

Symbol Interpretation:

Q is the total charge distributed

L is the total length of the line.

A is the total area of the surface.
V is the total volume of the region.

e linear charge density A
e surface charge density o
e volume charge density p

e dxis an infinitesimal length along the line.
e dAis an infinitesimal area on the surface.
e dVis an infinitesimal volume element.

Distribution Type |Charge Density Density Formula Charge Formula

Line (1D) A ., Q=A-L dg=Adx

C/m
Q=c"-A

Surface (2D) c .2 dg=ocdA
C/m

Volume (3D) . =p-V dg=pdV

p C;’nf Q=p q=p

Note that a conducting sphere is 2D in terms of the charge distribution (surface)
when it is in electrostatic equilibrium.

Because the charge
resides only on the
surface of the sphere



General Charge Distributions

What is the unit of measuring the linear charge density on a thin
long rod?

A) C/m
B) C/m"2
C) C/m"3
D) C/N

Which of the following best represents the unit for volume charge
density?

A) Coulombs per square meter (C/m”)

B) Coulombs per meter (C/m)
C) Coulombs per cubic meter (C/m®)

D) Coulombs per second (C/s)

For a thin cylindrical rod with a uniform linear charge density A,
how is the total charge Q distributed along the length L of the rod

calculated?
AYQ=Xx L
B)Q = A/L
OQ =X x IF
D)Q=A+1L

A conducting spherical shell has a radius of R=10cm and carries a

total charge of Q=8uC. The charge is uniformly distributed over the
surface of the shell. Calculate the surface charge density on the

conducting sphere.

R=10cm =0.1m
Q=8uC=8x10"%C

L

| O

A = 47 R?
8 x107°C

A=47(0.1)* =47 x 0.01m* = 0.1256 m* o = 01256 2

—6.37 x 10°°C/m”



General Charge Distributions

A thin, flat sheet of charge has a surface charge density of ¢ = 30.0 ,uC/IIlE. If a smaller section of
this sheet has an area of 0.015 cm?, what is the total charge on this smaller section?

0.015em? = 0.015 x 10 *m? = 1.5 x 10 m? cOmg;mgﬂgm
cm”2 tom”®
Total charge formula

for a surface charge Q —ox A
distribution

Q=30.0x105C/m® x 1.5 x 10 %m? = 45 x 1072 C = 45pC

p = pico
A thin wire with a uniform charge distribution has a total charge of 8.0 C and a length of 4 m.
What is the linear charge density A of the wire?
Q 8.0uC
A= — = = 2.0 C/m
L 4m He/

Electric Field Due to Charge Distributions

¢ Point Charge:

E=k—<
2
¢ Line Charge:
A
E= 2megr
e Surface Charge:
o a
or ng siae
s,gre ZZZC' & pla Cha For a“°“;oo \uct:x'\S‘S ore
SS th ’facerge the ar



General Charge Distributions

2.5 Two infinite nonconducting plates are parallel to each other,
with a distance d = 10.0 cm between them, as shown in the figure.
Each plate carries a uniform charge distribution of &= 4.5 pC/m’.
What is the electric field, E at point P (with xp = 20.0 cm)?

a) 0 N/C E O] [°

b) 2.54% N/C

i + 4+ P
c) (—5.08x10°)x N/C I
g AL “<Xp—>|
d) (5.08x10%)% N/C oll A gl
e) (—1.02x 10°)x N/C 1
9% = a a

distances don’t matter because for infinite
the electric field due to one plates with uniform charge, the electric field
nonconducting plate generated is uniform. (Constant in magnitude
and direction at any point near the plate)

o 4.5 x 107 C/m”
2  2x885x1012C?/N . m?

E =254 x 10°N/C

Eiia1 = 2 X 2.54 x 10°N/C = 5.08 x 10°N/C

Because there are
two plates



Force due to an Electric Field

—3

F:q-ﬁ'

e For a positive charge the force F acts in the same direction as the electric field E.
* For anegative charge F acts opposite to the electric field E.

Concept Check 2.6

A small positively charged object could be placed in a uniform electric field at position A or position B in the
figure. How do the electric forces on the object at the two positions compare?

a) The magnitude of the electric force on the
object is greater at position A.

b} The magnitude of the electric force on the
object is greater at position B.

¢) There is no electric force on the object at
either position A or position B.

d) The electric force on the object at position
A has the same magnitude as the force on
the abject at position B but is in the opposite
direction.

Concept Check 2.5

A small positively charged object is
placed at rest in a uniform electric
field as shown in the figure. When
the object is released, it will

a) not move.

b) begin to move with a constant
speed.

c} begin to move with a constant
acceleration.

d) begin to move with an increasing
acceleration.

If this is constant

¢) move back and forth in simple
harmonic motion.

Since the electric field is uniform, the
force F on the object will also be
constant in magnitude and direction.
his constant force results in a
constant acceleration (from Newton's

k 4 A

e
=]

e) The electric force on the object at position A
is the same nonzero electric force as that on
the object at position B.

Electric Field

@ force >

, force @

The correct answer is e because
In a uniform electric field, the
electric field E has the same
magnitude and direction at every
point. Since the electric field E is
uniform, the force on the charge
will also be uniform (same
magnitude and direction)
regardless of its position in the
field.

F=gq-E

This is going to also be
uniform because E is

the only vector in the

If this is uniform

other side of the

second law:
F=m-a

this is going to also
be constant

equation

Concept Check 2.7

A negative charge —q is placed in a
nonuniform electric field as shown
in the figure. What is the direction
of the electric force on this negative
charge?

a) ——

(c) begin to move with a constant acceleration. T

() fp—

|

e) The force is zero.

Correct answer: C

For a negative charge F acts opposite to the
electric field E.

E is to the right (as shown in the figure)
so Fis to the left



Force due to an Electric Field

An electron (with charge ¢ = —1.6 x 107? C) is placed in a uniform electric field of magnitude
E = 2000 N/C. What is the direction and magnitude of the force acting on the electron?

Using F' = qFE:

F =(-1.6 x 10" C)(2000N/C)

F=-32x10""°N
The negative sign indicates that the force is in the direction opposite to the electric field (since the

electron has a negative charge).

Essential Formulas

Vertical Displacement due Kinetic Energy Acceleration of a Charge
to Constant Acceleration
yr — % = —5at K =gmu T m

e Kis the kinetic energy of the electron

¢ mis the mass of the object (like a charge
or an electron)

e vo:is theinitial horizontal speed



Force due to an Electric Field

SOLVED PROBLEM 2.2 Electron Moving over a Charged Plate

PROBLEM
ik An electron with a kinetic energy of 200 keV (1 eV = 1.602x10~ i J) is fired horizontally
across a horizontally oriented charged conducting plate with a surface charge density of
T .  +4.00x107° C/m’. Taking the positive direction to be upward (away from the plate), what
is the vertical deflection of the electron after it has traveled a horizontal distance of 4.00 cn?

1)

Vertical deflection is
calculated as the difference
between the final vertical
position (yf) and the initial
vertical position (yo):

3 yf-yo

(. - =X Find the vertical
0 i deflection

FIGURE 218 An electron moving to the right
with Initlal velocity 1, over a charged conducting plate

This is the equation of vertical
displacement with constant
acceleration. You have studied a a

this in the 11th Grade F =gqFE E=—

€0
o yf: Final vertical position of the object
¢ yo: Initial vertical position of the object )
e a:Acceleration of the object gl anielectron change Electric field due to
e t:Time elapsed a conducting planee
F eo & |
=== t:—f K = —muy
Newton’s Second m meq (o 2
Law: F =ma
2K
) ) Kinetic energy of the Vg = =
time = distance/speed electron m
1 22 1/ eo - T ’
- —a Substitut === | = —
Yr — Yo 5 ubstitute Y — Yo 2 \ meg o
eg-:z:f, Substitute vo
Yr — Yo = 1K
Plugging (1.602 x 10719)(4.00 x 107%)(0.04)?
values Yr— Yo =

4(8.85 x 10-12)(3.204 x 10-16)

Yyr — Yo = —0.0904 m = —9.04 cm



Electric Flux

Electric flux measures how much of an electric field "passes through" a given surface,
similar to how we can measure the amount of water flowing through a ring in a stream.

® = EAcosé

e 0O:isthe angle between E and A.
e E: Electric field strength
e A:Area of the surface (always perpendicular to the surface)

=y

.

(@) (b)

FIGURE 2.22 Water flowing with velocity of magnitude

v through a ring of area A. (a) The area vector is parallel to the
flow velocity. (b) The area vector is at an angle € to the flow
velocity.

cos(90)=0
cos(0)=1 (maximum flux)

If the Electric field is perpendicular

to the surface (6 = 90), Electric If the field is parallel to the A given angle between the field
. surface ( the surface for example (6 =60 )
fluxis O.
A

A /E
TR

=3

If the field is antiparallel to the
surface (6 =180 ), this means that
the electric field exists (leaves) the

surface in the opposite direction



Electric Flux

2.5 Electric Flux through a Cube

Figure 2.25 shows a cube thart has faces of area A in a uniform electric field, E that is
perpendicular to the plane of one face of the cube.

FIGURE 2.24 A nonuniform electric

PROBLEM il B ) . -
Whar is the nert elecrric flux passing though the cube? field, 's[passg through a differential
area, da

E

_ In this face of the cube, E is I

(b - EA COS 9 parallel to A (O degrees) A
cos(0)=+1

In this face of the cube, E is For these fa}ces, the angle is 90 (E is
perpendicular to A) cos(90)=0

antiparallel to A (180 degrees)
cos(180)=-1 ®2 = EACos(0) = +EA ®3456 = EAcos(90) =0

®1=EAcos(180) =-EA

®dnet = P1+P2+P3456
dnet= -EA+EA+0 =0

L Question ’

F shows o) pean
Olzzl;e . a cube with volume Jias b 0.001 m? Aans Liaga gl

-001 m* in a uniform electric field o s E=3.0x107 N/C glitie s
E=3.0x10*N/C that is perpendicular to nSall Ayl aaf gyieas
the plane of one face of the cube.

A-Calculate the electric fiux passing though the left (dark) face of the cube.
feagall (I seedl) Aagl uma (3l (Aluesd) 3ha)) Gueaal —

. A = s‘j = (0'1)2 = 0701 nlz PR . .

To find the area of a cube

The electric flux ®
— s A _ —2 S =
e A ETaEs ¢ =FE-A-cos(f) & = (3.0 x 1072) x 0.01 x cos(180) =- 3.0 x 10 *N - m2/C
B-If a charge +3.2 pC is placed inside the cube, find the net electric flux v
You may ask yourself: “Why &=
passing though the cube. didn’t we take into account the
external electric field passing
ccasall e lall Sl et (1) ccasal) a1 +3.2 pC m&""‘-’ & - through the cube when
the net electric flux ®net calculating the net electric
.......... flux?”
through a closed surface 5. _ 4 3.9 % 10~ i .
_______ net — o [ D,y = W 2= 3.61 x 10°N -m*/C

An external electric field
produces equal but opposite
flux through opposite faces of
the cube, resulting in zero net
flux as in Example 2.5




Electric Flux

According to the figure, a uniform electric field (E = 360 N/C) is
perpendicular to the plane of one face of the cube. If the electric
flux passing through the left shaded face is equal to (-1.2 Nm?/C),
what is the cube side length?

We need to find the
cube’s side length

sufl

A = side length®

e

The cube’s area formula.

We can firjd the are *You should know this, it
and then find the side won’t be given in the exam,
length dude

$ =F-A-cos(f)

_ o This is the angle between the
=5 A ’ CDS(]‘SU \] area vector and the electric

field vector

1.2=2360-A-(—1)

You can use the calculator at this

1.2 9 point
A= 360 0.00333 m
side lf:ngth2 = ﬂ
360

side length? = —0.00333

side length = 4/0.00333 =~ 0.0577 m



Gauss’s Law

Gauss’s Law states that the net electric flux through a closed surface is
proportional to the total charge within that surface:

e Gaussian Surface: Any closed shape used to apply Gauss’s Law.
e Gauss’s Law helps calculate electric fields, especially when shapes are symmetrical.
e Electric flux is independent of the shape and size of the object. (For closed surfaces)

Concept Check 2.8

A cylinder made of an insulating
material is placed in an electric

field as shown in the figure. The net
electric flux passing through the

surface of the cylinder is

a) positive.
b) negative. zere
c) zero.

According to Gauss Law:

=49
€o

q is the charge enclosed by the
surface. If it is O, the flux is O

A point charge g = +3.0 uC is placed at the center of a spherical surface with a radius of 0.2 m.

Concept Check 2.9

The lines in the figure are electric field lines, and the circle is a Gaussian surface. For which case(s) is (are) the
total electric flux nonzero?

a) 1only
b) 2 only

¢ 4,5 and6

d) 6only

e) 1and 2

The net charge inside the
cylinder is zero, so the flux is

___+_LZ_____
ﬁ"“w‘“\\_‘

4 5

-—-—-——'——-—-—‘_,_,—""
———

Only 1 and 2 since thereis a
charge enclosed by the circle

We did not use this, it is irrelevant As we
mentioned, Electric flux is independent of the
shape and size of the object

Using Gauss's Law, calculate the electric flux through the spherical surface.

¢p

_ 4

€o

3.0x10°%C

~ 8.85x 10 2C2/N - m?
$p =3.39 x 10°N - m?/C



Gauss’s Law

A neutral ball made of an insulating material is placed in an external
electric field as shown in the figure. The total electric flux through the

surface of the ball is:

A.Zero
B. Negative
C. Positive
D. Cannot be determined

According to Gauss's Law, the total electric flux
through a closed surface is proportional to the
net charge enclosed within the surface. In this
case, the ball is neutral, meaning it has no net
charge. Therefore, the total electric flux
through its surface is zero.

Proving Gauss’s Law

Let’s derive Gauss’s Law using Coulomb’s Law for a point charge and a spherical

Gaussian surface.

q Since the electric field is radial

Electric Field Due to a E = and constant in magnitude, we
Point Charge 4:11'(5{] “_’.""2 can take it outside the integral

Electric Flux (I)L‘ — f E . dA — E ‘% dﬂ
S S
2 q 9
bp=FE-drr* = —— | - 4nr
4?TE[}?‘

Area of a sphere

Sy, =FE-dmr? = —1 ).
E Tr Mff}ﬁ M



Gauss’s Law

7- A point charge sits at the center of a cube. The electric flux through one side of the cube is
(6.0 x 101 Nm?2/C). What is the charge at the center of the cube?

O 0.53¢C
O 3.2cC
O 16cC
O z1ic
@ — "-?enc Gauss’s Law
By symmetry, the electric flux €0

from a point charge at the center
of a cube is equally distributed
among the six faces of the cube.
Thus, the flux through one side is
one-sixth of the total flux.

Piotal = 6 % (6.0 x 10" Nm*/C) = 3.6 x 10" Nm*/C

the total flux through all
six sides of the cube

Qenc — Diotal X €0

ene = (3.6 x 10" Nm?/C) x (8.85 x 107!2 C*/N - m?)

Jenc — 3.186 C =~ 3.2C

A point charge g = +5.0 uC is placed at the center of a cube with a side length of 0.4 m.

Part (a): Calculate the total electric flux through the entire surface of the cube.

Part (b): Now, calculate the electric flux through one face of the cube if there is an additional
external electric field of E = 1000 N /C directed parallel to one of the faces. The cube still

has the charge ¢ = | 5.0 uC at its center. The flux from the
B) Piotal = Pone face + Pext central charge + the
flux from the
A _ Genc the flux is B .
) br €0 symmetrically I == externglelectnc
the total electric distributed across 6 field
flux through a allthe 8 faces of & 5.65 x 10° N - m2/C
closed surface one face — 6
By — 50x107°C Bone face = 9.42 x 10* N - m?/C
8.85 x 10-12C%/N - m? 9
]’f (bl:xt =F-A ®.. = 1000 NJ'IC * 0.16 m
$p = 5.65 x 105N - m?/C &, = 160N - m2/C

Protal = 9.42 x 10N -m?/C + 160N - m?/C
Biotal = 9.42 x 10° N - m?/C + 1.60 x 10 N - m?/C



Gauss’s Law

The diagram shows a surface shaped like a hemisphere with a radius of 0.20
m. A point charge Q=+8.0 is located at its center. Calculate the electric flux
passing through the surface due to the influence of the point charge

(u)vur
P = -
= G0
Total Flux for a Full
Sphere
8.0 x 10 ¥ 5
Dsal = - = 9.04 x 101
ol T 8,85 x 1012
1 l 2 r a
(I)}lt*lllih|llll‘l't‘ — § X (I)lul:ll == 3 x 9.04 x 10° =4.52 x 1(F

hemisphere = half of a sphere

A point charge is located at the center of a cube. If the electric flux passing through one face of the

cube is 5.0 x 10* ngfC, what is the magnitude of the charge at the center of the cube?

44 uC g = Piotal X €

3.2 uC

16 uC |
: g = (3.0 x 10°) x (8.85 x 10 '%)

2.7 uC _
g~ 2.655x10°C



Gauss’s Law

Suppose there exists a thin spherical surface (a hollow sphere) made of conductive material with
a radius of a, surrounded by another thin spherical surface made of conductive material with a
radius of b (where b > a). Both surfaces are concentric, as shown in the diagram. Each surface is

uniformly charged, resulting in a surface charge density o on each of them.

Determine the intensity of the electric field between the two spherical surfaces at a distance r b

from the center. .

Given that the surface area of a sphere is 477, use the following mathematical relations:

av
E, = s
fﬁ il =2
€n
Solution:
fﬁ’ .dA = 9 We need to calculate the
€0 electric field E(r) between the
two spheres
E(r) - 4mr® = ki
€0
q = o - 4ra® Surface charge distribution
- 4ma’
E(r) - 4nr® = g
€0
2
a-a
E(r)=——
€Ep - T
Concept Check 211

A hollow, conducting sphere is initially uncharged. A positive charge, +g,, is placed inside the sphere, as
shown in the figure. Then, a second positive charge, +q,, is placed near the sphere but outside it. Which of
the following statements describes the net electric force on each charge?

a) There is a net electric force on +g; but not on +g,. The net electric force on glis O

b) There s a net electric force on +g, but not on +g,. because the conducting sphere
o o . . .
¢) Both charges are acted on by a net electric force with the +4; +4, shields tche‘ln5|de from external
same magnitude and in the same direction. electric fields (Faraday cage
d) Both charges are acted on by a net electric force with the ¢) There Is no net electric force on effect).
same magnitude but In opposite directions. either charge.

For a conducting sphere:
e Itshields its interior from external electric fields.
e The sphere’s outer surface acquires an equal charge of the same sign as the internal charge.
e Acharge inside the sphere (+gl) experiences no net force.

e Acharge outside the sphere (+g2) interacts with the induced charge on the outer surface,
experiencing a net force.



Special Symmetries

Cylindrical Symmetry Planar Symmetry Spherical Symmetry
/\ \
2?1’6[] r /
s, b . . /
ey Bl Conducting Surface Nonconducting Surface o=
N , E/ ""~-.|‘ / -
,.
7 + A fr’ a a
E / Py L E = — = 2— /
. ~ €0 © /
FIGURE 2.33 Long wire with charge /
per unit length A surrounded by a Gausslan
surface In the form of a right cylinder
with radlus r and length L. Representative
electric field vectors are shown Inside the
cylinder.

Inside the Sphere

E=0 .
Conducting Sphere Nonconducting Sphere

The charge resides entirely on the surface, and
the electric field inside a conductor is always
zero.

Outside the Sphere

Inside the Sphere Outside the Sphere
kq E=+ 1
2 3€p imeg
Q=p-3mR®

Inside the Sphere (r < R)

alasill (e 8,8 3Spo 32 puio LBy I Outside the Sphere (r > R)
laaic lyeSIl Jlrall Ol 4

e r:The radial distance from the center of the sphere to the point of interest.
e R:Theradius of the sphere.

85801 5hnd Lo Sy L8you R



Special Symmetries

The electric field produced by an infinite, thin, non-conductive flat plate, uniformly
3.00x10"3 N/C

charged with an electric charge, is:

Assuming the charge is uniformly distributed, what is the surface charge density?

Solution:

E

Solving for the surface charge
density o (sigma)

26[]

o — ZE[]E

The electric field produced by an infinite,
uniformly charged non-conductive plate

o =2x(8.85x10 2 C*/N-m?) x (3.00 x 10°N/C)

o =531x10°*C/m’

Concept Check 212

A total of 1.45x10° excess electrons

are placed on an initially electrically
neutral wire of length 113 m. What is the
magnitude of the electric field at a point
at a perpendicular distance of 0.401m
away from the center of wire? (Hint:
Assume that 113 m is close enough to
“infinitely long.”)

a) 9.21x10 > N/C
b) 2.92x107"N/C
c) 6.77x10' N/C
d) 812x102N/C
e) 3.31x10° N/C

Solution:

We need A to
find E
A
FE =
2?I'E{]T‘
Ops.. We need

Qtofind A
= @
L
Q = ne

Q= (1.45 % 10%) - (160 x 107 ) =232 % 10 B C

- 2.32 x 1013
N 1.13

~ 2.05 x 107 C/m

E— A
N 2TI'E(]T‘

B 2.05 x 1013
~ 2m(8.85 x 10-12)(0.401)

_2.05x 1071
T 2923 x 101

~9.21 x 107*N/C




Electric Potential Energy

Electric Potential Energy (AU):
Defined as the negative of the work (W) done by the electric force:

AU=U; U =W

Electric Potential (V):
The electric potential at a point is the potential energy per unit charge:

U electric potential (V) as the
V —_ electric potential energy
q (U) per unit charge (q).

e Scalar quantity.
e The Sl units for electric potential are joules/coulomb (J/C). This combination has
been named the volt (V)

W = qFEdcosf

e E: Electric field strength.
e d: Displacement.
e 0O: Angle between field and displacement.

Eanddis 0, Th
The angle between €angle b
cos(0)=+1 €tween E ang g

£ Is 180, Cos(180)=_l

>
S
|
|
T

v

E

0
In‘
. 4

v

0 - AU=-W

— (@)....  AU=+qEd
q

m
v

v

yﬁ AU = —-W

qm” AU = —qFEdcos 8

Y

v




Equipotential Surfaces and Lines

Key Concepts:

Equipotential surfaces are imaginary surfaces where the electric potential is the same
everywhere along the surface.

Inside a conductor, the potential is uniform, making the conductor an equipotential body.
Equipotential surfaces are always perpendicular to electric field lines.

Work is zero when moving a charged particle along an equipotential surface because
there’s no change in electric potential energy.

Case 1: Single Point Charge
Concept:

e The surface of any conductor is an equipotential.
e Equipotential surfaces are closer near the charge, indicating a stronger electric field.

‘] oV

-
.
Fy ",
F ,

— ---.,_L__;g v
yd % $

[ e e The space between the
[ (FRY] equipotential surfaces is

' L larger when far from the
N v charge. (Denser surfaces

near the charge)
N, //

\‘n -

An example of equipotential surfaces around a point charge.

Case 2: Two Identical Point Charges

Concept:

Equipotential surfaces are distorted due to the repulsion between like charges.
Central symmetry results in high potential regions between charges.

You only need to know
how the surfaces look

like for identical and

opposite charges. () Q

Equipotential surfaces around a two identical charges.



Equipotential Surfaces and Lines

Case 3: Two Oppositely Charged Point Charges
Concept:
e Equipotential surfaces are distorted by the attraction between opposite charges.
e Equipotential surfaces are closer near the charge, indicating a stronger electric field.

Equipotential
surfaces are positive
and concentrated
closer to the charge.

Equipotential
surfaces are negative
and concentrated
closer to the charge.

This occurs where the positive
potential due to the positive charge

exactly cancels the negative zero-potential point
potential due to the negative charge.

An example of equipotential surfaces around two oppositely charged point charges
. _— Equipotential surfaces are
JWJuipotential surface
o always perpendicular (90
\ degrees)

-

FIGURE 3.16 Equipotential surfaces (red lines) from a constant
electric field. The purple lines with the arrowheads represent the
electric field.



Equipotential Surfaces and Lines

-

Draw two lines on the above figure representing equipotential surfaces, one surrounding
the charge q1 and the other surrounding the charge q2.

Solution:

The electric field lines radiate
outward the positive charge
and inward the negative one.

So: Aol Go do)ls> 9655 Jlowall boghas
qlis positive Al dioill L] 4y dezgall
g2 is negative leg Hurbline ol Gl iz Les

(opposite charges) g2l soluws bl au) (S
o>ill Lle Equipotential Surfaces
(3l
4] -]

10- The figure shows the electric field lines and equipotential surfaces of two point charges.
Which of the following is correct?

Blue qu,es redﬂ!ines

‘ point charges red lines

, ]l H '
m ‘ identical and positive electric field lines 4 #
01 | identical and positive | equipotential surfaces R AT

) identical and negative electric field lines

D identical and negative | equipotential surfaces




Equipotential Surfaces and Lines

1 2
o .

If charge 1is positive, what is the sign of charge 2?

Electric Potential of Various Charge
Distributions

e Electric potential is the work required to bring a unit charge to a point in space from infinity.

e Work involves a force acting over a distance, and in this context, the force comes from the
electric field.

Electric potential due to a point charge

The electric potential V at a distance r from a point charge q is derived from Coulomb's
law and the work-energy relationship:

r

Electric potential due to multiple point charges E A ————

potential due to a point
charge but find the sum of

4 L f{'q th tential
: e potentials.
. h

=1 i=1

Vtotal — vrl + If}



Electric Potential of Various Charge
Distributions

A point charge ¢ = —3.0 nC creates an electric field of magnitude E. What is the electric

potential 10 cm away from the center of the charge?

e
1 q The same . kq
V= — formula as: T r
ey T
1 9 2 2 :
=9.0 x 10° Nm?/C Itis k
4me
-9
—3.0x107° C
V =9.0 x 10 Nm?/C? x ( )
0.10 m

V==-2710V
An electric dipole consists of two point charges ¢, = +6nCand g, = —6nC, placed 10 cm
apart. O

q,=+6nC
Calculate the electric potential at the point M between the two point charges. Given M
is 6.cm from g, and 4 cm from g,.
Two point charges, two electric
potentials (System of charges)
Viotan = V1 + V2
6x107°C —6x107°C
Viotal = (9.0 x 10° Nm?/C*)———— 4 (9.0 x 10° Nm?/C*)————
total = (9.0 m/C) 5 o6m T (0% m/C) 0 04m

=900V + (—1350 V)
~500V



Electric Potential of Various Charge
Distributions

According to the figure, the magnitude of the electric potential V' produced by a point charge q at

point O is equal to +9.0 x 10% V. The distance between the charge g and point O is 0.45 m.

1. A) Calculate the magnitude of the charge g.
| _ . . 9 —%
2. B) Find the magnitude of the electric field E at point O. !
3 i
3. Q) If another point charge is placed at point O, does the magnitude of the electric field at point 1I_‘__.._..._ 0.45m —--—-—"?":

() change? Explain your answer. l

o =l R
| }7 - |
= || +9.0 x 1072V = 8.99 x 107 x 045 |
|' Fed: : q.z 4.5 x 1;.c_-_— i
A F L e Rt wlilie i |
' : iy |
| B | L 9.0 x 1[]_2 !
| ~ 045 i
| =
|I E = 02N/C |
[ P, —— — - — i
No ¥ |

j Because the point charge does not exert a force on itself Lkl 55k 3% ¥ kil L K| ad |

A negative electric charge of g=-4 uC is placed on the y-axis at y=2.0 m. Find
the electric potential at the point y=5.0 m due to this charge.
r=15.0—-2.0[=3.0m

V_gg_(gxm%(4x1m%
o 3.0

103 .
V:—32§3—: 12x10°V = 1.2 x 10V

V=-12x10"V



Finding the Electric Field from the Electric
Potential

The electric field (E) can be calculated using the electric potential (V) by finding the
rate of change of potential with respect to distance.

The symbol "d" represents
differentiation

r r Fa
E’. - ( v dv dV ) E is the first derivative of V with

dz’ {fy " dz respect to the position

Just another way to

represent differentiation. —
is the gradient operator E vv

You should know the basics differentiation to be able to solve the problems related to this
lesson.

Rules of Differentiation

represents the rate

1. Constant Rule This indicates thaty ~ ©f change of y with
is a function of x MESPECTED

If f(x) = ¢, where ¢ is a constant, then the derivative is:

dy
fi(z)=0 dx
Example:
If f(z) = 5, then f'(z) = 0. Is the same as:
f'(z)

2. Power Rule

If f(z) = 2™, where n is a number, then the derivative is:

Example:

If f(z) = °, then



Rules of Differentiation

3. Sum/Difference Rule

If f(z) = g(z) + h(z) or f(z) = g(x) — h(z), then the derivative is:
fllz)=g'(z) + K (z) or f(z)=4g'(z)— N(a)

Example:

If f(z) = 23 + z2, then

f'(z) = 32% + 2.

That’s all you need to know about differentiation. Now let’s get back to our topic.

Finding the Electric Field from the Electric
Potential

So to find the electric field from the electric potential just find the first derivative of the
electric field.

E,=-V,E,=-V,E =V

xr? o z

Don’t forget the minus Itis very easy if you know
how to find the first
derivative.

Let's consider a simple case where the electric potential changes uniformly along the z-axis:
V(z)=-52V/m

This means that for every meter you move along the z-axis, the potential decreases by 5 volts. To

find the electric field, we take the derivative of V' () with respect to z:

dV

E, = )=5V/m

on

= =(

the electric field is the
negative first derivative
of the electric potential.



Finding the Electric Field from the Electric Potential

Concept Check 3.7

Suppose an electric potential is
described by Wx, y, z) = —[5)(2 +y+2
in volts. Which of the following
expressions describes the associated
electric field, in units of volts per
meter?

a) E =5+ + 2
b) £ =100

) E =5+

=
=

E =10 +y +7

e) E =0

12- An electric potential is described in volts by V(x,y,2) =3x*+2y—5z .
What is the magnitude of an electric field at the point (+4.0m, —2.0m,—1.0m )?

0 27.0V/m
0 31.0 V/m
0 24.6 V/m
0 8.16V/m

Solution:
V= %(33‘:2 + 2y — bz) = 6z
Vy = £ (32 + 2y — 52) =2
V!= 232 +2y—5z) = -5
Evaluate the point (4, -2, -1)
V! = 6z = 6(4.0) = 24 V/m
V, = 2V/m (independent of y)

V; = —5V/m (independent of z) T =

Solution:

when deriving with
respect to x, consider z
and y constant.

E=-VV=—(V2+Vji+V32)

ov ;
V;:B—m: (52° + y + 2)., = —10z
These are constant with respect to x. The
first derivative of a constant is O
V;:ﬁ= (52° +y + 2), = -1
These are constant with respect toy. The
first derivative of a constant is O
ov
Vi=e—— =—(bz*+y+2), = -1
0z

E=-VV=—(V;2+Vj+V32)
E = — (~10z& — 1j — 13)

E =10z% + 4 + 2

av
E; = as

Finding the first derivative

E=-VV=—(V2+V;5+V;2)

/,,)
Ve
/ E=—(242+2§—5%)
\
) E=-242—-2§+52V/m

e
-

|E| = v/(—24)? + (-2)* + (5)?

This is to find the magnitude of

E. (Vector magnitude)

|E| = v/576 + 4 + 25 = v/605 ~ 24.6 V/m



Finding the Electric Field from the Electric
Potential

An electric potential is described in volts by:
Viz,y,2) =22y + 2

What is the magnitude of the electric field at the point (1.0 m, 3.0m, —2.0 m)?

Solution:

With respect to x V:: = 8%(21‘23" | z) — E(?f{i?y) = 413@}

(yand zare 6;1}
constant)
0 0
With respect to y ' =7 (92 — 2 — 2
X and z are constant) V-;f ay (2"E Yy { }.") ay (2:1: y) 2z
o . . 0
With respect to z Ir;r - — (21&2’9' } z) — —(z) =1
(xand y are constant) 83 E}z

V. = 4zy = 4(1.0)(3.0) =12V /m

9.2 _ 2 _
V, =2z =2(1.0)=2V/m
V.=1V/m

E=-VV=—(V&+V,5+V]2)

E|=v/(-12)2 + (-2)* + (- 1)?
E=-(122+27+12) E|=+144 + 4+ 1=+149 ~ 12.2V/m

E=-122 -23-12V/m



Electric Potential Energy of a System of Point
Charges

The potential energy of two point charges:

U — kQ1Q2

Consider two identical charges of g = 50uC each, placed 5. 0 m apart. Find the
electrostatic potential energy stored in the configuration.

(Use k = 9><1u'-‘ ,1.0u =1.0x107°).
A sa | 50m111...1..,,.'.,,.4_1_.i:,.q SO#C@JSJ!&‘WCHMJPJU:Q_;&I
(10p=10%x10"° k= 9x10""’ paaiul) AUl 138 45 3aal Aglty )1 auia gl

q192
r

o =

(50 x 107%)(50 x 107)
5.0

U = (9.0 x 10%)

U = (9.0 x 10°)(0.5 x 107%) = 4.5]

What happens to the magnitude of the electric potential energy of a system
of two point charges when the distance between them decreases?

a) It becomes zero.

b) It remains the same.

c) It increases. 3.7 [Four Point Charges

d) It decreases. Let's calculate pthe electric potential energy of a system of four point charges, shown in

Figure 3.31. The four point charges have the values g, = +1.0 pC, g, = +2.0 pC, g; = —3.0 puC,
and g, = +4.0 puC. The charges are placed witha = 60mand b= 40 m.

PROBLEM
y What is the electric potential energy of this system of four point charges?
E J'q_ T _q-? Bringing ¢, in from an infinite distance and placing it at (b,0) changes the potential energy
2 &l of the system through the interaction of q, with g, and the interaction of g, with g,. The
I new potential energy is
! i U= kg, 4 ks i L PL R
' - b
l Ja? + b
: Finally, bringing in ¢, and placing it at (ba) changes the potential energy of the system through
| interactions with q,, g,, and g, bringing the total electric potential energy of the system to
1 |
! u=rng kqi.rh +_Rae0 . Rgiqs kq}m 4 Ry
| a h Jﬂz + b \,lﬂz +h? ) a
l Note that the order in which the charges are brought from infinity will not change this
l result. (You can try a different order to verify this statement.) Putting in the numerical
i values, we obtain . X
! U=(30x10"" 1|+(—ﬁ.?x|n' P])+ (=75x1077 ]+
Kl qs | : 4
—Q Q—x (50x107% J) + (18x1072 ])+[—|.8x|0 J)=-62x107" |
—

FIGURE 3.31 calculating the potential
enerqy of a system of four point charges.



Electric Potential Energy of a System of Point

Charges
11- Two (+ 5.0 pC) point charges arranged at the corners of a square with side length
(10 cm) as shown in the figure. What is the potential energy of a system of two charges ?
+5.0pCa __________,
0 0.0J . ;
0O 0.80]) i !
0 1.6 : i
B %l L"iﬁEﬂf""" +5.0uC
Solution:

The diagonal of the square
is the distance between
the two charges r.

r=1v8+s2=v2s2 =5V2
r = 0.10¢/2m ~ 0.1414 m.

(5.0 x 107°%) (5.0 x 107°)
0.1414

U = (9 x 10”)

U~ 1.59J



Capacitance

Capacitance is the ability of a device to store electric charge.
What is a Capacitor?

e A capacitor is made of two separated conductors, usually called plates.

e The plates are separated by an insulating layer.

e Capacitors can take various physical forms depending on their
construction and use.

|49
C=1Av

e Cisthe capacitance (in farads, F),
e qisthecharge (in coulombs, C), 1 F
e AV is the potential difference between the plates.

e
M

<

The capacitance of a C
parallel plate capacitor d.

* €0=8.85x10"-12 F/m is the permittivity of free space,
e Aisthe area of one plate (in m"2),
e dis the separation between the plates (in meters).

The electric potential
difference V across the
plates of a parallel plate

capacitor is related to the
electric field E

E-d

=<
|



Capacitance

Given:

e Capacitance C' = 100 pF,

e Potential difference AV = 12 V.

Find: The charge ¢ on the capacitor.

Solution: Using C' = &—%
g=C-AV.
g = (100 x 107°%) - 12.

g=12x10"°C =12mC.

EXAMPLE 41 | Area of a Parallel Plate Capacitor

A parallel plate capacitor has plates that are separated by 1.00 mm (Figure 4.11).

A=?

d =1.00 mm

FIGURE 411 A parallel plate capacitor with plates separated by 1.00 mm.

PROBLEM

What is the area required to give this capacitor a capacitance of 1.00 F?

dc _ (1.00x107* m)(1.00 F)

A= (8.85x107'2 F/m)

=1.13 x10® m?.




Capacitance

According to the figure of a parallel plate capacitor, if A = 0.01 m? and d = 0.10 m, what is the

capacitance C?

E[)A
C= d
o 8.85 x 10712 x 0.01
- 0.10
8.85 x 1071
C —
0.10

C=88x10"F

Given that the capacitance C' = 1.77 x 10 2 F and the area A = 0.02 m?, find the separation d

between the plates of a parallel plate capacitor.

8.85 x 10712 x 0.02
d —
1.77 x 1012

1.77 x 10713
d =
1.77 x 1012

d=0.10m



Capacitance

According to the figure, a parallel plate capacitor in vacuum consists of two conducting
plates, each having area A and opposite charges, separated by a distance d. If the
electric potential difference between the two plates of the capacitoris 20.0 V, what is
the electric potential difference between the two plates when the distance between
them is equal to 0.5d?

Vi=FE-d;
E is constant
(doesn’t change)
Vo=E-d,
i Ve /
dy dy
Vi Va

3 =054 V=05Vi 1,=05-200V=100V

Circuit Element Symbols

= Wire —@— Galvanometer
—| I— Capacitor —@— Volumeter
—MA— l. Resistor —@— Ammeter
—L00>— | Inductor —_|}+— Battery
—_— Switch —@— AC source

FIGURE 4.8 Commonly used symbols for circuit elements.

— B Which of the following symbols represents

6 i o :
" o 4elll) gl O )
(alternating current) power source AC? . =

TAC <jba LD jaaa

_”’_
e
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