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➣ The earth exerts a force on the moon and vice versa, even though they are 240,000 miles apart

➢ Likewise, two charged objects located far apart exert forces on each other too

How can they do this if they are not in physical contact? 

➣ In the case of the earth/moon system, we say that the earth fills all space with a gravitational field,

➢ Masses feel forces in gravitational fields

➣ Similarly, a charge creates an electric field that fills all space 

➣ Any other charge in that field will feel a force 

➢ Stationary charges create electric fields that fill all space 

➢ Other charges will feel forces in these electric fields  

Think of the electric field as a real physical entity! 

Electric Field

and the moon feels the effect of this field 
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➣ When we solved the  Coulomb Law problems  we added up the (vector) forces from charges                    

➢Now ☛ each one of these individual forces (and hence the sum of those forces) is proportional to the 
charge 

➣If in each of those problems we divided the net force by the charge       we would get a force per unit 

charge at the location of  
➢This quantity (which is a vector, since force is a vector) would depend on the values and locations of the 

charges 

~F = ~F1 + ~F2 + · · · + ~FN

2.2. THE ELECTRIC FIELD 10

Total force ~F = ~F1 + ~F2 + · · · + ~FN

The electric field is defined as

lim
q0!0

~F

q0
= ~E

(a) E-field due to a single charge qi:

From the definitions of Coulomb’s Law, the
force experienced at location of q0 (point P)

~F0,i =
1

4º≤0
· q0qi

r2
0,i

· r̂0,i

where r̂0,i is the unit vector along the direction from charge qi to q0,

r̂0,i = Unit vector from charge qi to point P

= r̂i (radical unit vector from qi)

Recall ~E = lim
q0!0

~F

q0
) E-field due to qi at point P:

~Ei =
1

4º≤0
· qi

r2
i

· r̂i

where ~ri = Vector pointing from qi to point P,
thus r̂i = Unit vector pointing from qi to point P
Note:

(1) E-field is a vector.

(2) Direction of E-field depends on both position of P and sign of qi.

(b) E-field due to system of charges:

Principle of Superposition:
In a system with N charges, the total E-field due to all charges is the
vector sum of E-field due to individual charges.

acting on a certain charge

<latexit sha1_base64="4W6eYrmuhe7tqpOsFuxrhfTx6Lg=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFFCUrwti25cSQV7gTaEyXTSDp1cOjNRSu2juHGhiFufxJ1v47TNQlt/GPj4zzmcM7+fcCaVbX8buZXVtfWN/GZha3tnd88s7jdknApC6yTmsWj5WFLOIlpXTHHaSgTFoc9p0x9cT+vNByoki6N7NUqoG+JexAJGsNKWZxaHnlNGQ69SRpZlabj1zJJt2TOhZXAyKEGmmmd+dboxSUMaKcKxlG3HTpQ7xkIxwumk0EklTTAZ4B5ta4xwSKU7np0+Qcfa6aIgFvpFCs3c3xNjHEo5Cn3dGWLVl4u1qflfrZ2q4NIdsyhJFY3IfFGQcqRiNM0BdZmgRPGRBkwE07ci0scCE6XTKugQnMUvL0OjYjnn1tndaal6lcWRh0M4ghNw4AKqcAM1qAOBR3iGV3gznowX4934mLfmjGzmAP7I+PwBxUCRwg==</latexit>q1, q2, ...qN
<latexit sha1_base64="6a1il+76/Bz1NtMkVsJKpITOQ2Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dl1ZlYISz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtR1Sax/LejBP0IzqQPOSMGivdPfTcXrniVt0ZyF/i5aQCOeq98me3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JklT4JY2VLGjJTf05kNNJ6HAW2M6JmqBe9qfif10lNeOlnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb78lzRPqt559ez2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d4Tw7b877vLXg5DP78AvOxzcCwo2i</latexit>q0

<latexit sha1_base64="6a1il+76/Bz1NtMkVsJKpITOQ2Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dl1ZlYISz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtR1Sax/LejBP0IzqQPOSMGivdPfTcXrniVt0ZyF/i5aQCOeq98me3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JklT4JY2VLGjJTf05kNNJ6HAW2M6JmqBe9qfif10lNeOlnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb78lzRPqt559ez2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d4Tw7b877vLXg5DP78AvOxzcCwo2i</latexit>q0
<latexit sha1_base64="6a1il+76/Bz1NtMkVsJKpITOQ2Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dl1ZlYISz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtR1Sax/LejBP0IzqQPOSMGivdPfTcXrniVt0ZyF/i5aQCOeq98me3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JklT4JY2VLGjJTf05kNNJ6HAW2M6JmqBe9qfif10lNeOlnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb78lzRPqt559ez2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d4Tw7b877vLXg5DP78AvOxzcCwo2i</latexit>q0

<latexit sha1_base64="6a1il+76/Bz1NtMkVsJKpITOQ2Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dl1ZlYISz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtR1Sax/LejBP0IzqQPOSMGivdPfTcXrniVt0ZyF/i5aQCOeq98me3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JklT4JY2VLGjJTf05kNNJ6HAW2M6JmqBe9qfif10lNeOlnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb78lzRPqt559ez2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d4Tw7b877vLXg5DP78AvOxzcCwo2i</latexit>q0

<latexit sha1_base64="4W6eYrmuhe7tqpOsFuxrhfTx6Lg=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFFCUrwti25cSQV7gTaEyXTSDp1cOjNRSu2juHGhiFufxJ1v47TNQlt/GPj4zzmcM7+fcCaVbX8buZXVtfWN/GZha3tnd88s7jdknApC6yTmsWj5WFLOIlpXTHHaSgTFoc9p0x9cT+vNByoki6N7NUqoG+JexAJGsNKWZxaHnlNGQ69SRpZlabj1zJJt2TOhZXAyKEGmmmd+dboxSUMaKcKxlG3HTpQ7xkIxwumk0EklTTAZ4B5ta4xwSKU7np0+Qcfa6aIgFvpFCs3c3xNjHEo5Cn3dGWLVl4u1qflfrZ2q4NIdsyhJFY3IfFGQcqRiNM0BdZmgRPGRBkwE07ci0scCE6XTKugQnMUvL0OjYjnn1tndaal6lcWRh0M4ghNw4AKqcAM1qAOBR3iGV3gznowX4934mLfmjGzmAP7I+PwBxUCRwg==</latexit>q1, q2, ...qN

3 Electric Field



➢ So ☛ a given configuration of charges                          gives rise to an electric field 

➣ When we use this equation we mean that after we put        in place all the little charges                             

are in the same places they were when we deduced the value of E from their values and positions! 

2.2. THE ELECTRIC FIELD 10

Total force ~F = ~F1 + ~F2 + · · · + ~FN

The electric field is defined as

lim
q0!0

~F

q0
= ~E

(a) E-field due to a single charge qi:

From the definitions of Coulomb’s Law, the
force experienced at location of q0 (point P)

~F0,i =
1

4º≤0
· q0qi

r2
0,i

· r̂0,i

where r̂0,i is the unit vector along the direction from charge qi to q0,

r̂0,i = Unit vector from charge qi to point P

= r̂i (radical unit vector from qi)

Recall ~E = lim
q0!0

~F

q0
) E-field due to qi at point P:

~Ei =
1

4º≤0
· qi

r2
i

· r̂i

where ~ri = Vector pointing from qi to point P,
thus r̂i = Unit vector pointing from qi to point P
Note:

(1) E-field is a vector.

(2) Direction of E-field depends on both position of P and sign of qi.

(b) E-field due to system of charges:

Principle of Superposition:
In a system with N charges, the total E-field due to all charges is the
vector sum of E-field due to individual charges.

☛ small positive probe charge

but ... how small is small?  
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~E =
~F

q0
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(i) -field due to a single charge ~E

From definitions of Coulomb’s Law  
force experienced at location of         (point     )

2.2. THE ELECTRIC FIELD 10

Total force ~F = ~F1 + ~F2 + · · · + ~FN

The electric field is defined as

lim
q0!0

~F

q0
= ~E

(a) E-field due to a single charge qi:

From the definitions of Coulomb’s Law, the
force experienced at location of q0 (point P)

~F0,i =
1

4º≤0
· q0qi

r2
0,i

· r̂0,i

where r̂0,i is the unit vector along the direction from charge qi to q0,

r̂0,i = Unit vector from charge qi to point P

= r̂i (radical unit vector from qi)

Recall ~E = lim
q0!0

~F

q0
) E-field due to qi at point P:

~Ei =
1

4º≤0
· qi

r2
i

· r̂i

where ~ri = Vector pointing from qi to point P,
thus r̂i = Unit vector pointing from qi to point P
Note:

(1) E-field is a vector.

(2) Direction of E-field depends on both position of P and sign of qi.

(b) E-field due to system of charges:

Principle of Superposition:
In a system with N charges, the total E-field due to all charges is the
vector sum of E-field due to individual charges.

q0

qi

r̂0,i q0qi              ☛ unit vector along direction from charge   

~F0,i =
1

4⇡✏0
· q0qi
r20,i

· r̂0,i

 -field due to   Recall Pqi)

qi

qi

P

☛ unit vector pointing from  

P

P

qi

~Ei =
1

4⇡✏0
· qi
r2i

· r̂i

~E

~ri

r̂i

~E
~E

to

at point 

to point☛ vector pointing from

to point

(1)      -field is a vector
(2) Direction of      -field depends on both position of       and its sign 

Note:
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~E =
~F

q0
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(ii)

N

~E =
X

i

~Ei =
1

4⇡✏0

X

i

qi
r2i

r̂ii.e. ☛

(iii) Electric Dipole

2.2. THE ELECTRIC FIELD 11

i.e. ~E =
X

i

~Ei =
1

4º≤0

X

i

qi

r2
i

r̂i

(c) Electric Dipole

System of equal and opposite charges
separated by a distance d.

Figure 2.1: An electric dipole. (Direction of
~d from negative to positive charge)

Electric Dipole Moment

~p = q~d = qdd̂

p = qd

Example: ~E due to dipole along x-axis

Consider point P at distance x along the perpendicular axis of the dipole ~p :

~E = ~E+ + ~E°
" "

(E-field (E-field
due to +q) due to °q)

Notice: Horizontal E-field components of ~E+ and ~E° cancel out.

) Net E-field points along the axis oppo-
site to the dipole moment vector.

System of equal and opposite charges separated by a distance 

~p = q~d = qdd̂Electric Dipole Moment ☛

d

p = qd

~E

~E
~E

Principle of Superposition

vector sum of      -field due to individual charges
In a system with        charges ☛ total      -field due to all charges        

-field due to system of charges:
6



Example:     due to dipole along     -axis~E x

2.2. THE ELECTRIC FIELD 11

i.e. ~E =
X

i

~Ei =
1

4º≤0

X

i

qi

r2
i

r̂i

(c) Electric Dipole

System of equal and opposite charges
separated by a distance d.

Figure 2.1: An electric dipole. (Direction of
~d from negative to positive charge)

Electric Dipole Moment

~p = q~d = qdd̂

p = qd

Example: ~E due to dipole along x-axis

Consider point P at distance x along the perpendicular axis of the dipole ~p :

~E = ~E+ + ~E°
" "

(E-field (E-field
due to +q) due to °q)

Notice: Horizontal E-field components of ~E+ and ~E° cancel out.

) Net E-field points along the axis oppo-
site to the dipole moment vector.

Consider point      at distance       along perpendicular axis of dipole    P ~p

~E = ~E+ + ~E�

-field due to -field due toE E+q �q

x
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Notice: Horizontal         -field components of         and        cancel out

2.2. THE ELECTRIC FIELD 11

i.e. ~E =
X

i

~Ei =
1

4º≤0

X

i

qi

r2
i

r̂i

(c) Electric Dipole

System of equal and opposite charges
separated by a distance d.

Figure 2.1: An electric dipole. (Direction of
~d from negative to positive charge)

Electric Dipole Moment

~p = q~d = qdd̂

p = qd

Example: ~E due to dipole along x-axis

Consider point P at distance x along the perpendicular axis of the dipole ~p :

~E = ~E+ + ~E°
" "

(E-field (E-field
due to +q) due to °q)

Notice: Horizontal E-field components of ~E+ and ~E° cancel out.

) Net E-field points along the axis oppo-
site to the dipole moment vector.

Net       points along axis parallel but opposite to dipole moment vector)
2.3. CONTINUOUS CHARGE DISTRIBUTION 12

Magnitude of E-field = 2E+ cos µ

) E = 2
µ

E+ or E° magnitude!
z }| {

1

4º≤0
· q

r2

∂
cos µ

But r =

s
≥d

2

¥2
+ x2

cos µ =
d/2

r

) E =
1

4º≤0
· p

[x2 + (d

2)
2]

3
2

(p = qd)

Special case: When x¿ d

[x2 + (
d

2
)2]

3
2 = x3[1 + (

d

2x
)2]

3
2

• Binomial Approximation:

(1 + y)n º 1 + ny if y ø 1

E-field of dipole +
1

4º≤0
· p

x3
ª 1

x3

• Compare with
1

r2
E-field for single charge

• Result also valid for point P along any axis with respect to dipole

2.3 Continuous Charge Distribution

E-field at point P due to dq:

d ~E =
1

4º≤0
· dq

r2
· r̂

Magnitude of        -field = 2E+ cos ✓

~E+ ~E�

) E� = 2

 
1

4⇡✏0
· q

r2| {z }
E+ or E� magnitude

!
cos ✓

r =

r⇣d
2

⌘2
+ x2

But

cos ✓ =
d/2

r

) E =
1

4⇡✏0
· p

[x2 +
�
d
2

�2
]
3
2

(p = qd)

~E

~E

~E
8



Special case           When x � d

⇥
x2 +

�d
2

�2⇤ 3
2 = x3

⇥
1 +

� d

2x

�2⇤ 3
2

➢ Binomial Approximation

1

r2

➢ Result also valid for point      along any axis with respect to dipoleP

(1 + y)n ⇡ 1 + ny if

~E

y ⌧ 1

~E � field of dipole ' 1

4⇡✏0
· p

x3
/ 1

x3

☛

➢ Compare with       -field for single charge
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To visualize electric field  we can use a graphical tool called electric field lines                                                           

Electric Field Lines

3. Magnitude of E-field at any point proportional to number of E-field lines

2. Direction of E-field at any point is given by tangent of E-field line

1. Start on positive charges and end on negative charges

Conventions

per unit area perpendicular to lines
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Uniform E-field Non-uniform E-field
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~Eat pointO = 0
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This is not a probe charge15



Point Charge in E-field
When we place a charge      in an      -field      ,force experienced by charge is~EEq

~F = q ~E = m~a
Applications ☛ Ink-jet printer, TV cathode ray tube
Example

mInk particle has mass       & charge    (               here)

Assume that mass of inkdrop is small, what’s deflection of charge?

q < 0

2.5. POINT CHARGE IN E-FIELD 21

2.5 Point Charge in E-field

When we place a charge q in an E-field �E, the force experienced by the charge is

�F = q �E = m�a

Applications: Ink-jet printer, TV cathoderay tube.

Example:

Ink particle has mass m, charge q (q < 0 here)

Assume that mass of inkdrop is small, what’s the deflection y of the charge?

Solution:

First, the charge carried by the inkdrop is negtive, i.e. q < 0.

Note: q �E points in opposite direction of �E.

Horizontal motion: Net force = 0

� L = vt (2.1)

q
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Solution ☛
Charge carried by inkdrop is negative  ☛ q < 0

Note:   	    points in opposite direction of

2.5. POINT CHARGE IN E-FIELD 21

2.5 Point Charge in E-field

When we place a charge q in an E-field �E, the force experienced by the charge is

�F = q �E = m�a

Applications: Ink-jet printer, TV cathoderay tube.

Example:

Ink particle has mass m, charge q (q < 0 here)

Assume that mass of inkdrop is small, what’s the deflection y of the charge?

Solution:

First, the charge carried by the inkdrop is negtive, i.e. q < 0.

Note: q �E points in opposite direction of �E.

Horizontal motion: Net force = 0

� L = vt (2.1)

q ~E ~E

Horizontal motion ☛	Net force = 0

) L = vt

Vertical motion ☛ is negative

Net force ☛ Newton’s 2nd Law

|q ~E| � |m~g|, q

)

Vertical distance travelled ☛ y =
1

2
at2

= �|q|E = ma

) a = � |q|E
m
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Conductors and insulators 
➣ Charges move through some materials more easily than others: 

 Charge moves easily: Conductor

 Charge can’t move: Insulator

i.e. wood, paper, rubber, plastic, 

➣ Charge can stick on the surface of insulators, but it doesn’t really move 

Electrical Wire 

11

18.3 Conductors and Insulators

Not only can electrical charge reside on the surface of an object, but it 
can also move through it.

Charges move through some materials more easily than others:

• Charge moves easily:  Conductor
i.e. copper, silver, aluminum (metals)

• Charge can’t move:  Insulator
i.e. wood, paper, rubber, plastic,

*Charge can stick on the surface of insulators, but it doesn’t really move.

Electrical Wire

Copper

Rubber

i.e. copper, silver, aluminum (metals) 
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12

What determines whether a material is a good conductor or insulator?

Ultimately, it’s the atomic structure.

*The outer most electrons (valence electrons) in an atom are more weakly 
bound to the nucleus.  They can “break free” and move through the 

material.  These are called conduction electrons.

Negatively 
charged 
object

Positively 
charged 
object

Good electrical 
conductor

eee

Electrons can “flow” through a good conductor.

*There would be no charge flow if the bridge above was an insulator.

Let’s say the object on the left starts out with a charge of -5 C, and the 
object on the right starts out with +13 C.  

-5 C +13 C

Electrons will continue to flow until the charge on each object is….?
EQUAL!

And, each must end up with a charge of +4C, since the total (+8C) must 
remain constant!

What determines whether a material is a good conductor o insulator? 

☛ Ultimately, it’s the atomic structure

➣ The outer most electrons (valence electrons) in an atom are more weakly bound to the nucleus  

➢ They can “break free” and move through the material 

➣ These are called conduction electrons 

Let’s say the object on the left starts out with a charge of -5 C, and the object on the right starts out with +13 C

Electrons will continue to flow until the charge on each object is....? 

And, each must end up with a charge of +4C, since the total (+8C) must remain constant! 

There would be no charge flow if the bridge above was an insulator 

Electrons can “flow” through a good conductor

EQUAL! 
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18.4 Charging an Object

Charging by contact:

Touching a metal sphere with a negatively charged rod can give 
the sphere a negative charge.

- - - - - -
- - -

- - - -
- - -

Similarly, if we started with a positively charged rod:

++++++
+++

++++ 
+++

This is charging by contact.
15

18.4 Charging an Object

Charging by contact:

Touching a metal sphere with a negatively charged rod can give 
the sphere a negative charge.

- - - - - -
- - -

- - - -
- - -

Similarly, if we started with a positively charged rod:

++++++
+++

++++ 
+++

This is charging by contact.

Charging an Object
Charging by Contact 

➣ Touching a metal sphere with a negatively charged rod can give the sphere a negative charge 

➢ Similarly, if we started with a positively charged rod: 

This is charging by contact
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Charging by Induction:

We can also charge a conductor without actually touching it.

Bring a negatively charged rod close to the surface of an 
electrically neutral metal sphere:

- - - - - - +
++
+

-
-

-

-
*The free charges separate 

on the sphere’s surface.

Now attach a metal wire between the sphere and ground:

+
++
+

-
-

-

-

-

Grounding strape-

The electrons travel down 
the strap to ground.

This leaves the sphere 
with a net positive charge

+++
++++ 
+++

This is charging by Induction.

- - - - - -
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+

-
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-
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+
++
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-
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Grounding strape-

The electrons travel down 
the strap to ground.

This leaves the sphere 
with a net positive charge

+++
++++ 
+++

This is charging by Induction.

- - - - - -

Charging an Object
Charging by Induction
We can also charge a conductor without actually touching it

Bring a negatively charged rod close to the surface of an electrically neutral metal sphere

The free charges separate on the sphere’s surface

Now attach a metal wire between the sphere and ground

This is charging by Induction  

This leaves the sphere 
with a net positive charge 

The electrons travel down the strap to ground 

Grounding strap 
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Charging an Object

Another way by charging by Induction

6

Physics
electric current from the power station and the third is earthed by
connecting it to the buried metal plate. Metallic bodies of the electric
appliances such as electric iron, refrigerator, TV are connected to the
earth wire. When any fault occurs or live wire touches the metallic body,
the charge flows to the earth without damaging the appliance and without
causing any injury to the humans; this  would have otherwise been
unavoidable since  the human body is a  conductor of electricity.

1.4  CHARGING BY INDUCTION

When we touch a pith ball with an electrified plastic rod, some of the
negative charges on the rod are transferred to the pith ball and it also
gets charged. Thus the pith ball is charged by contact. It is then repelled
by the plastic rod but is attracted by a glass rod which is oppositely
charged. However, why a electrified rod attracts light objects, is  a  question
we have still left unanswered. Let us try to understand what could be
happening by performing the following experiment.
(i) Bring two metal spheres, A and B, supported on insulating stands,

in contact as shown in Fig. 1.4(a).
(ii) Bring a positively charged rod near one of the spheres, say A, taking

care that it does not touch the sphere. The free electrons in the spheres
are attracted towards the rod. This leaves an excess of positive charge
on the rear surface of sphere B. Both kinds of charges are bound in
the metal spheres and cannot escape. They, therefore, reside on the
surfaces, as shown in Fig. 1.4(b). The left surface of sphere A, has an
excess of negative charge and the right surface of sphere B, has an
excess of positive charge. However, not all of the electrons in the spheres
have accumulated on the left surface of A. As the negative charge
starts building up at the left surface of A, other electrons are repelled
by these. In a short time, equilibrium is reached under the action of
force of attraction of the rod and the force of repulsion due to the
accumulated charges. Fig. 1.4(b) shows the equilibrium situation.
The process is called induction of charge and happens almost
instantly. The accumulated charges remain on the surface, as shown,
till the glass rod is held near the sphere. If the rod is removed, the
charges are not acted by any outside force and they redistribute to
their original neutral state.

(iii) Separate the spheres by a small distance while the glass rod is still
held near sphere A, as shown in Fig. 1.4(c). The two spheres are found
to be oppositely charged and attract each other.

(iv) Remove the rod. The charges on spheres rearrange themselves as
shown in Fig. 1.4(d). Now, separate the spheres quite apart. The
charges on them get uniformly distributed over them, as shown in
Fig. 1.4(e).
In this process, the metal spheres will each be equal and oppositely

charged. This is charging by induction. The positively charged glass rod
does not lose any of its charge, contrary to the process of charging by
contact.

When electrified rods are brought near light objects, a similar effect
takes place. The rods induce opposite charges on the near surfaces of
the objects and similar charges move to the farther side of the object.

FIGURE 1.4 Charging
by induction.
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* Charging by induction doesn’t work for insulators, since the charge can’t 
move through the material or down the grounding strap.

But it does have an effect….

Bring a negatively charged rod close to the surface of an 
insulating sphere:

*Even though the electrons can’t 
move through the insulator, the 
positive and negative charge in 

each atom separates slightly and 
forms dipoles, since the positive 

protons in the atoms are attracted 
to the rod, and the negative 

electrons are repelled.

This is called Polarization.

*However, due to the separation of charge, 
the surface does acquire a slight positive 
charge, and is thus attracted to the rod.

This is the process that produces static cling.

F

➣ Charging by induction doesn’t work for insulators, since the charge can’t move through the material 

or down the grounding strap 

But it does have an effect.... 

➣ Bring a negatively charged rod close to the surface of an insulating sphere 

Even though the electrons can’t move through the insulator,  

the positive and negative charge in each atom separates slightly 

and forms dipoles, since the positive protons in the atoms are 

attracted to the rod, and the negative electrons are repelled  

This is called Polarization 
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Coulomb’s Law and Electric Field

Eight point charges, each of magnitude q, are located on the corners of a cube of edge s.
(i) Determine the x, y, and z components of the resultant force exerted by the other charges on the charge located at point A. 

(ii) What are the magnitude and direction of this  resultant force? 

(iii) Show that the magnitude of the electric field at the center of any face of the cube has a value of 

(iv) What is the direction of the electric field at the center of the top face of the cube? 

Problems 731

8. Suppose that 1.00 g of hydrogen is separated into elec-
trons and protons. Suppose also that the protons are
placed at the Earth’s north pole and the electrons are
placed at the south pole. What is the resulting compres-
sional force on the Earth?

9. Two identical conducting small spheres are placed with their
centers 0.300 m apart. One is given a charge of 12.0 nC
and the other a charge of ! 18.0 nC. (a) Find the electric
force exerted by one sphere on the other. (b) What If?
The spheres are connected by a conducting wire. Find
the electric force between the two after they have come to
equilibrium.

10. Two small beads having positive charges 3q and q are fixed
at the opposite ends of a horizontal, insulating rod, ex-
tending from the origin to the point x " d. As shown in
Figure P23.10, a third small charged bead is free to slide
on the rod. At what position is the third bead in equilib-
rium? Can it be in stable equilibrium?

Section 23.4 The Electric Field
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 23.1.)

14. An object having a net charge of 24.0 #C is placed in a uni-
form electric field of 610 N/C directed vertically. What is
the mass of this object if it “floats’’ in the field?

15. In Figure P23.15, determine the point (other than infin-
ity) at which the electric field is zero.

13.

Figure P23.7 Problems 7 and 18.

0.50 m

7.00   C

–4.00   C

60°
x

y

+

+ –

µ

µ2.00   Cµ

d

+3q +q

Figure P23.10

11. Review problem. In the Bohr theory of the hydrogen
atom, an electron moves in a circular orbit about a proton,
where the radius of the orbit is 0.529 $ 10!10 m. (a) Find
the electric force between the two. (b) If this force causes
the centripetal acceleration of the electron, what is the
speed of the electron?

12. Review problem. Two identical particles, each having
charge % q, are fixed in space and separated by a distance
d. A third point charge ! Q is free to move and lies initially
at rest on the perpendicular bisector of the two fixed
charges a distance x from the midpoint between the two
fixed charges (Fig. P23.12). (a) Show that if x is small com-
pared with d, the motion of ! Q will be simple harmonic
along the perpendicular bisector. Determine the period of
that motion. (b) How fast will the charge ! Q be moving
when it is at the midpoint between the two fixed charges,
if initially it is released at a distance a && d from the
midpoint?

Figure P23.12

+q

+q

–Q
x

y

d/2

d/2
x

1.00 m

–2.50 µC 6.00 µCµ µ
Figure P23.15

16. An airplane is flying through a thundercloud at a height of
2 000 m. (This is a very dangerous thing to do because of
updrafts, turbulence, and the possibility of electric dis-
charge.) If a charge concentration of % 40.0 C is above the
plane at a height of 3 000 m within the cloud and a charge
concentration of ! 40.0 C is at height 1 000 m, what is the
electric field at the aircraft?

17. Two point charges are located on the x axis. The first is
a charge % Q at x " ! a. The second is an unknown
charge located at x " % 3a. The net electric field these
charges produce at the origin has a magnitude of
2keQ /a2. What are the two possible values of the
unknown charge?

18. Three charges are at the corners of an equilateral triangle
as shown in Figure P23.7. (a) Calculate the electric field at
the position of the 2.00-#C charge due to the 7.00-#C and
! 4.00-#C charges. (b) Use your answer to part (a) to de-
termine the force on the 2.00-#C charge.

19. Three point charges are arranged as shown in Figure
P23.19. (a) Find the vector electric field that the 6.00-nC
and ! 3.00-nC charges together create at the origin.
(b) Find the vector force on the 5.00-nC charge.

Figure 1: Problem 4.

Problems 737

under the influence of the forces exerted by the three
fixed charges. Find a value for s for which Q is in equilib-
rium. You will need to solve a transcendental equation.

Two small spheres of mass m are suspended from strings of
length ! that are connected at a common point. One
sphere has charge Q ; the other has charge 2Q. The strings
make angles !1 and !2 with the vertical. (a) How are !1 and
!2 related? (b) Assume !1 and !2 are small. Show that the
distance r between the spheres is given by

66. Review problem. Four identical particles, each having
charge " q, are fixed at the corners of a square of side L. A
fifth point charge # Q lies a distance z along the line per-
pendicular to the plane of the square and passing through
the center of the square (Fig. P23.66). (a) Show that the
force exerted by the other four charges on # Q is

Note that this force is directed toward the center of the
square whether z is positive (# Q above the square) or neg-
ative (# Q below the square). (b) If z is small compared
with L, the above expression reduces to F ≈ #(constant)z k̂.
Why does this imply that the motion of the charge # Q is
simple harmonic, and what is the period of this motion if
the mass of # Q is m?

F $ #
4k e q Qz

[z2 " (L2/2)]3/2   k̂

r ! " 4ke Q  2!

mg #1/3

65.

69. Eight point charges, each of magnitude q, are located on
the corners of a cube of edge s, as shown in Figure P23.69.
(a) Determine the x, y, and z components of the resultant
force exerted by the other charges on the charge located
at point A. (b) What are the magnitude and direction of
this resultant force?
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Figure P23.69 Problems 69 and 70.
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67. Review problem. A 1.00-g cork ball with charge 2.00 %C is
suspended vertically on a 0.500-m-long light string in the
presence of a uniform, downward-directed electric field of
magnitude E $ 1.00 & 105 N/C. If the ball is displaced
slightly from the vertical, it oscillates like a simple pendu-
lum. (a) Determine the period of this oscillation.
(b) Should gravity be included in the calculation for part
(a)? Explain.

68. Two identical beads each have a mass m and charge q.
When placed in a hemispherical bowl of radius R with fric-
tionless, nonconducting walls, the beads move, and at
equilibrium they are a distance R apart (Fig. P23.68). De-
termine the charge on each bead.

70. Consider the charge distribution shown in Figure P23.69.
(a) Show that the magnitude of the electric field at the
center of any face of the cube has a value of 2.18keq/s2.
(b) What is the direction of the electric field at the center
of the top face of the cube?

Review problem. A negatively charged particle # q is
placed at the center of a uniformly charged ring, where
the ring has a total positive charge Q as shown in Example
23.8. The particle, confined to move along the x axis, is
displaced a small distance x along the axis (where x '' a)
and released. Show that the particle oscillates in simple
harmonic motion with a frequency given by

72. A line of charge with uniform density 35.0 nC/m lies
along the line y $ # 15.0 cm, between the points with co-
ordinates x $ 0 and x $ 40.0 cm. Find the electric field it
creates at the origin.

73. Review problem. An electric dipole in a uniform electric
field is displaced slightly from its equilibrium position, as
shown in Figure P23.73, where ! is small. The separation
of the charges is 2a, and the moment of inertia of the
dipole is I. Assuming the dipole is released from this

f $
1

2(
 " ke q Q

ma3 #1/2

71.

Figure 2: Problem 10.

electrons in a cup of water on the protons in a second cup of water at a distance of 10 m?

10. Eight point charges, each of magnitude q, are located on the corners of a cube of edge s,

as shown in Fig. 2 (i) Determine the x, y, and z components of the resultant force exerted by the

other charges on the charge located at point A. (ii) What are the magnitude and direction of this

resultant force? (iii) Show that the magnitude of the electric field at the center of any face of the

cube has a value of 2.18 1
4⇡✏0

q
s2 . (iv) What is the direction of the electric field at the center of the

top face of the cube?
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Problems 737

under the influence of the forces exerted by the three
fixed charges. Find a value for s for which Q is in equilib-
rium. You will need to solve a transcendental equation.

Two small spheres of mass m are suspended from strings of
length ! that are connected at a common point. One
sphere has charge Q ; the other has charge 2Q. The strings
make angles !1 and !2 with the vertical. (a) How are !1 and
!2 related? (b) Assume !1 and !2 are small. Show that the
distance r between the spheres is given by

66. Review problem. Four identical particles, each having
charge " q, are fixed at the corners of a square of side L. A
fifth point charge # Q lies a distance z along the line per-
pendicular to the plane of the square and passing through
the center of the square (Fig. P23.66). (a) Show that the
force exerted by the other four charges on # Q is

Note that this force is directed toward the center of the
square whether z is positive (# Q above the square) or neg-
ative (# Q below the square). (b) If z is small compared
with L, the above expression reduces to F ≈ #(constant)z k̂.
Why does this imply that the motion of the charge # Q is
simple harmonic, and what is the period of this motion if
the mass of # Q is m?

F $ #
4k e q Qz

[z2 " (L2/2)]3/2   k̂

r ! " 4ke Q  2!

mg #1/3

65.

69. Eight point charges, each of magnitude q, are located on
the corners of a cube of edge s, as shown in Figure P23.69.
(a) Determine the x, y, and z components of the resultant
force exerted by the other charges on the charge located
at point A. (b) What are the magnitude and direction of
this resultant force?
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67. Review problem. A 1.00-g cork ball with charge 2.00 %C is
suspended vertically on a 0.500-m-long light string in the
presence of a uniform, downward-directed electric field of
magnitude E $ 1.00 & 105 N/C. If the ball is displaced
slightly from the vertical, it oscillates like a simple pendu-
lum. (a) Determine the period of this oscillation.
(b) Should gravity be included in the calculation for part
(a)? Explain.

68. Two identical beads each have a mass m and charge q.
When placed in a hemispherical bowl of radius R with fric-
tionless, nonconducting walls, the beads move, and at
equilibrium they are a distance R apart (Fig. P23.68). De-
termine the charge on each bead.

70. Consider the charge distribution shown in Figure P23.69.
(a) Show that the magnitude of the electric field at the
center of any face of the cube has a value of 2.18keq/s2.
(b) What is the direction of the electric field at the center
of the top face of the cube?

Review problem. A negatively charged particle # q is
placed at the center of a uniformly charged ring, where
the ring has a total positive charge Q as shown in Example
23.8. The particle, confined to move along the x axis, is
displaced a small distance x along the axis (where x '' a)
and released. Show that the particle oscillates in simple
harmonic motion with a frequency given by

72. A line of charge with uniform density 35.0 nC/m lies
along the line y $ # 15.0 cm, between the points with co-
ordinates x $ 0 and x $ 40.0 cm. Find the electric field it
creates at the origin.

73. Review problem. An electric dipole in a uniform electric
field is displaced slightly from its equilibrium position, as
shown in Figure P23.73, where ! is small. The separation
of the charges is 2a, and the moment of inertia of the
dipole is I. Assuming the dipole is released from this

f $
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2(
 " ke q Q

ma3 #1/2

71.
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Figure 3: Problem 10.

Solution (i)

 There are 7 terms  that  contribute

 There are 3 charges a distance s away (along sides), 3 a distance          away (face diagonals), 

and one charge a distance           away (body diagonal)
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 By symmetry, the x, y and z components of the electric force must be equal

 Thus, we only need to calculate one component of the total force 

on the charge of ineterest

 We will choose the coordinate system as indicated in Figure, 

and calculate the y component of the force.
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Coulomb’s Law and Electric Field



 We can already see that several charges will not give a y component of the force at all, just from 

symmetry - charges 3, 4 and 7

 This leaves only charges 1, 2, 5, and 6 to deal with

 Charge 6 will give a force purely in the y direction: 
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s2

Charge 5 and 2 are both a distance           away, and a line connecting 

these charges with the charge of interest make an angle                with 

the y-axis in both cases
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 Hence, noting that we obtain 
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26     Electric Fields

P23.68 The bowl exerts a normal force on each bead, directed along the
radius line or at 60.0° above the horizontal. Consider the free-body
diagram of the bead on the left:
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P23.69 (a) There are 7 terms which contribute:

3 are s away (along sides)

3 are 2s  away (face diagonals) and sin cosT T  
1

2

1 is 3s  away (body diagonal) and sinI  
1

3
.

The component in each direction is the same by symmetry.
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26     Electric Fields

P23.68 The bowl exerts a normal force on each bead, directed along the
radius line or at 60.0° above the horizontal. Consider the free-body
diagram of the bead on the left:
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P23.69 (a) There are 7 terms which contribute:

3 are s away (along sides)

3 are 2s  away (face diagonals) and sin cosT T  
1

2

1 is 3s  away (body diagonal) and sinI  
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.

The component in each direction is the same by symmetry.
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Figure 4: Problem 10, solution.
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Problems 737

under the influence of the forces exerted by the three
fixed charges. Find a value for s for which Q is in equilib-
rium. You will need to solve a transcendental equation.

Two small spheres of mass m are suspended from strings of
length ! that are connected at a common point. One
sphere has charge Q ; the other has charge 2Q. The strings
make angles !1 and !2 with the vertical. (a) How are !1 and
!2 related? (b) Assume !1 and !2 are small. Show that the
distance r between the spheres is given by

66. Review problem. Four identical particles, each having
charge " q, are fixed at the corners of a square of side L. A
fifth point charge # Q lies a distance z along the line per-
pendicular to the plane of the square and passing through
the center of the square (Fig. P23.66). (a) Show that the
force exerted by the other four charges on # Q is

Note that this force is directed toward the center of the
square whether z is positive (# Q above the square) or neg-
ative (# Q below the square). (b) If z is small compared
with L, the above expression reduces to F ≈ #(constant)z k̂.
Why does this imply that the motion of the charge # Q is
simple harmonic, and what is the period of this motion if
the mass of # Q is m?

F $ #
4k e q Qz

[z2 " (L2/2)]3/2   k̂

r ! " 4ke Q  2!

mg #1/3

65.

69. Eight point charges, each of magnitude q, are located on
the corners of a cube of edge s, as shown in Figure P23.69.
(a) Determine the x, y, and z components of the resultant
force exerted by the other charges on the charge located
at point A. (b) What are the magnitude and direction of
this resultant force?
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Figure P23.69 Problems 69 and 70.
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67. Review problem. A 1.00-g cork ball with charge 2.00 %C is
suspended vertically on a 0.500-m-long light string in the
presence of a uniform, downward-directed electric field of
magnitude E $ 1.00 & 105 N/C. If the ball is displaced
slightly from the vertical, it oscillates like a simple pendu-
lum. (a) Determine the period of this oscillation.
(b) Should gravity be included in the calculation for part
(a)? Explain.

68. Two identical beads each have a mass m and charge q.
When placed in a hemispherical bowl of radius R with fric-
tionless, nonconducting walls, the beads move, and at
equilibrium they are a distance R apart (Fig. P23.68). De-
termine the charge on each bead.

70. Consider the charge distribution shown in Figure P23.69.
(a) Show that the magnitude of the electric field at the
center of any face of the cube has a value of 2.18keq/s2.
(b) What is the direction of the electric field at the center
of the top face of the cube?

Review problem. A negatively charged particle # q is
placed at the center of a uniformly charged ring, where
the ring has a total positive charge Q as shown in Example
23.8. The particle, confined to move along the x axis, is
displaced a small distance x along the axis (where x '' a)
and released. Show that the particle oscillates in simple
harmonic motion with a frequency given by

72. A line of charge with uniform density 35.0 nC/m lies
along the line y $ # 15.0 cm, between the points with co-
ordinates x $ 0 and x $ 40.0 cm. Find the electric field it
creates at the origin.

73. Review problem. An electric dipole in a uniform electric
field is displaced slightly from its equilibrium position, as
shown in Figure P23.73, where ! is small. The separation
of the charges is 2a, and the moment of inertia of the
dipole is I. Assuming the dipole is released from this
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26     Electric Fields

P23.68 The bowl exerts a normal force on each bead, directed along the
radius line or at 60.0° above the horizontal. Consider the free-body
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P23.69 (a) There are 7 terms which contribute:

3 are s away (along sides)

3 are 2s  away (face diagonals) and sin cosT T  
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1 is 3s  away (body diagonal) and sinI  
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The component in each direction is the same by symmetry.
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Figure 4: Problem 10, solution.

 It is a distance         away
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 First, we can find the component of the force in the x-y  plane 
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F1,x�y = F1 cos� = F1

p
2p
3

 Now, we can find the component of  of the force along the y direction:
<latexit sha1_base64="mKOb6YgWJvuNowpD9K9MIfETW3w="></latexit>

F1,y = F1,x�y cos ✓ = F1,x�y
1p
2
= F1

p
2p
3

1p
2
= F1

1p
3

 Finally, we have charge 1 to deal with.

 What is the y  component of the force from charge 1?
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 Now we have the y component for the force from every charge; the net force in the y direction is just 

the sum of all those:
<latexit sha1_base64="qQbx83jwijRGIQCjiAtbveRJXxg="></latexit>
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 Since the problem is symmetric in the x, y, and z directions, all three components must be equivalent

 The force is then
<latexit sha1_base64="EQzwcnWwoACJZmIpIthraFcIK+o="></latexit>
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 Since we know charge 1 is a distance          away, we can calculate the full force

and complete the expression for  
<latexit sha1_base64="uCVQddu7ysxfwOwGp0OgPB11bCw="></latexit>
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F1,y that is
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away from the origin

Solution (ii)
<latexit sha1_base64="j2hsVU/gCF0cRz+UD8uVCFw5urM="></latexit>
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Solution (iii)

 There is zero contribution from the same face due to symmetry. 

 The opposite face contributes 

<latexit sha1_base64="luetajaeNu70u745Ok0nocnFt3o="></latexit>

r =

s
(
p
2s)2

4
+ s2 =

p
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sin� = s/rand

 All in all

Solution (iv)
 The direction is 
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Figure 4: Problem 10, solution.<latexit sha1_base64="JGrMOPoNM1aiPXEFkPk3FutQLyY=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWWm+FoW3bisYB/QmZZMmmlDM5mYZIQyzE+48VfcuFDEreDOvzFtZ6GtBwKHc87l5p5AMKq043xbhaXlldW14nppY3Nre8fe3WuqOJGYNHDMYtkOkCKMctLQVDPSFpKgKGCkFYyuJ37rgUhFY36nx4L4ERpwGlKMtJF69okXSoTT+261BA08RTn0xJBmqSco9IhQlJmcA2W3mvXsslNxpoCLxM1JGeSo9+wvrx/jJCJcY4aU6riO0H6KpKaYkazkJYoIhEdoQDqGchQR5afTqzJ4ZJQ+DGNpHtdwqv6eSFGk1DgKTDJCeqjmvYn4n9dJdHjpp5SLRBOOZ4vChEEdw0lFsE8lwZqNDUFYUvNXiIfI1KRNkSVTgjt/8iJpVivueeXs9rRcu8rrKIIDcAiOgQsuQA3cgDpoAAwewTN4BW/Wk/VivVsfs2jBymf2wR9Ynz8wrZ2f</latexit>

q2 sin�

⇡✏0r2
<latexit sha1_base64="n5bYxQR6DOfGs5xcfgOS5o90Ydk="></latexit>

F =
q2s

⇡✏0r3
= 2.18

1

4⇡✏0

q2

s2

Coulomb’s Law and Electric Field



aNy


