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sec. 23.01 Properties of Electric Charges

This young woman is enjoying the
effects of electrically charging her
body. Each individual hair on her head
becomes charged and exerts a
repulsive force on the other hairs,
resulting in the “stand-up” hairdo seen
here.

The electric force between (a) oppositely
charged objects and (b) like-charged objects.

 Charges of the same sign repel one another and charges with opposite signs attract one another.
 Electric charge is always conserved in an isolated system.

When a glass rod is rubbed with silk,
electrons are transferred from the
glass to the silk.
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sec. 23.02 Charging Objects by Induction

Charging a metallic object by
induction. (a) A neutral metallic
sphere. (b) A charged rubber rod is
placed near the sphere. (c) The sphere
is grounded. (d) The ground
connection is removed. (e) The rod is
removed.

(a) A charged balloon is brought near an insulating wall. (b) A charged rod is
brought close to bits of paper.
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sec.

we can express Coulomb’s law as:

𝐹𝐹𝑒𝑒 = 𝑘𝑘𝑒𝑒
𝑞𝑞1 𝑞𝑞2
𝑟𝑟2

where 𝑘𝑘𝑒𝑒 is a constant called the Coulomb constant 

and has the value:

𝑘𝑘𝑒𝑒 = 8.9875 × 109 ⁄N � m2 C2

This constant is also written in the form

𝑘𝑘𝑒𝑒 =
1

4𝜋𝜋𝜖𝜖0
where the constant 𝜖𝜖0 is known as the permittivity of 

free space and has the value:

𝜖𝜖0 = 8.8542 × 10−12 ⁄C2 N � m2

23.03 Coulomb's Law

Coulomb’s balance, used
to establish the inverse-
square law for the electric
force.

From Coulomb’s experiments, The electric force 𝐹𝐹𝑒𝑒:

 is inversely proportional to the square of the

separation 𝑟𝑟 between the particles and directed

along the line joining them.

 is proportional to the product of the charges 𝑞𝑞1 and

𝑞𝑞2 on the two particles.

 is attractive if the charges are of opposite sign and

repulsive if the charges have the same sign.

 is a conservative force.
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sec. 23.03 Coulomb's Law

The smallest unit of charge 𝑒𝑒 known in nature is the charge on an electron (−𝑒𝑒) or a proton (+𝑒𝑒) and has a magnitude:

𝑒𝑒 = 1.60219 × 10−19 C

The charges and masses of the electron, proton, and neutron
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sec.
Example

we can express Newton's law of universal gravitation as:

𝐹𝐹𝑔𝑔 = 𝐺𝐺
𝑚𝑚1𝑚𝑚2

𝑟𝑟2

𝐹𝐹𝑔𝑔 is the gravitational force acting between two objects, 𝑚𝑚1 and 𝑚𝑚2 are the masses 

of the objects, 𝑟𝑟 is the distance between the centers of their masses, and 𝐺𝐺 is 

the gravitational constant. The gravitational constant 𝐺𝐺 has the value:

𝐺𝐺 = 6.67 × 10−11 ⁄N � m2 kg2

23.03 Coulomb's Law
23.01

The electron and proton of a hydrogen atom are separated (on the average) by a distance of approximately 5.3 × 10−11 m. Find the magnitudes of the electric
force and the gravitational force between the two particles.

𝐹𝐹𝑒𝑒 = 𝑘𝑘𝑒𝑒
𝑞𝑞𝑒𝑒 𝑞𝑞𝑝𝑝
𝑟𝑟2

𝐹𝐹𝑒𝑒 = 9 × 109 ×
−1.60 × 10−19 × 1.60 × 10−19

5.3 × 10−11 2

𝐹𝐹𝑒𝑒 = 8.2 × 10−8 N
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sec.
Example

23.03 Coulomb's Law
23.01

𝐹𝐹𝑒𝑒 = 𝑘𝑘𝑒𝑒
𝑞𝑞𝑒𝑒 𝑞𝑞𝑝𝑝
𝑟𝑟2

𝐹𝐹𝑒𝑒 = 9 × 109 ×
−1.60 × 10−19 × 1.60 × 10−19

5.3 × 10−11 2

𝐹𝐹𝑒𝑒 = 8.2 × 10−8 N

𝐹𝐹𝑔𝑔 = 𝐺𝐺
𝑚𝑚𝑒𝑒𝑚𝑚𝑝𝑝

𝑟𝑟2

𝐹𝐹𝑔𝑔 = 6.67 × 10−11 ×
9.11 × 10−31 × 1.67 × 10−27

5.3 × 10−11 2

𝐹𝐹𝑔𝑔 = 3.6 × 10−47 N

𝐹𝐹𝑒𝑒
𝐹𝐹𝑔𝑔

= 2.28 × 1039

The electron and proton of a hydrogen atom are separated (on the average) by a distance of approximately 5.3 × 10−11 m. Find the magnitudes of the electric
force and the gravitational force between the two particles.
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sec. 23.03 Coulomb's Law

�⃗�𝐹12 = 𝑘𝑘𝑒𝑒
𝑞𝑞1 𝑞𝑞2
𝑟𝑟2

�̂�𝑟

Coulomb’s law expressed in vector form for the electric force exerted by
a charge 𝑞𝑞1 on a second charge 𝑞𝑞2, written �⃗�𝐹12, is:

Two point charges separated by a distance 𝑟𝑟 exert a force on each other that is given by
Coulomb’s law. The force �⃗�𝐹21 exerted by 𝑞𝑞2 on 𝑞𝑞1 is equal in magnitude and opposite in
direction to the force �⃗�𝐹12 exerted by 𝑞𝑞1 on 𝑞𝑞2. (a) When the charges are of the same
sign, the force is repulsive. (b) When the charges are of opposite signs, the force is
attractive.
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sec.
Example

23.03 Coulomb's Law
23.02

Consider three point charges located at the corners of a right triangle as shown in the following figure, where 𝑞𝑞1 = 𝑞𝑞3 = 5.0 μC , 𝑞𝑞2 = −2.0 μC , 𝑎𝑎 = 0.1 m.
Find the resultant force exerted on 𝑞𝑞3.

𝐹𝐹13 = 𝑘𝑘𝑒𝑒
𝑞𝑞1 𝑞𝑞3

2𝑎𝑎
2

𝐹𝐹13 = 9 × 109 ×
5 × 10−6 × 5 × 10−6

2 0.1 2

𝐹𝐹13 = 11.24 N

𝐹𝐹23 = 𝑘𝑘𝑒𝑒
𝑞𝑞2 𝑞𝑞3
𝑎𝑎2

𝐹𝐹23 = 9 × 109 ×
−2 × 10−6 × 5 × 10−6

0.1 2

𝐹𝐹23 = 9 N

The force exerted by 𝑞𝑞1 on
𝑞𝑞3 is �⃗�𝐹13. The force exerted
by 𝑞𝑞2 on 𝑞𝑞3 is �⃗�𝐹23 . The
resultant force �⃗�𝐹3 exerted on
𝑞𝑞3 is the vector sum �⃗�𝐹13+
�⃗�𝐹23.
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sec.
Example

23.03 Coulomb's Law
23.02

The force exerted by 𝑞𝑞1 on
𝑞𝑞3 is �⃗�𝐹13. The force exerted
by 𝑞𝑞2 on 𝑞𝑞3 is �⃗�𝐹23 . The
resultant force �⃗�𝐹3 exerted on
𝑞𝑞3 is the vector sum �⃗�𝐹13+
�⃗�𝐹23.

𝐹𝐹3𝑥𝑥 = 𝐹𝐹13𝑥𝑥 + 𝐹𝐹23𝑥𝑥
𝐹𝐹3𝑥𝑥 = 𝐹𝐹13 cos(𝜃𝜃) + 𝐹𝐹23𝑥𝑥
𝐹𝐹3𝑥𝑥 = 𝐹𝐹13 cos(45) + 𝐹𝐹23𝑥𝑥
𝐹𝐹3𝑥𝑥 = 11.24 cos(45) + −9

𝐹𝐹3𝑥𝑥 = −1.05 N

𝐹𝐹3𝑦𝑦 = 𝐹𝐹13𝑦𝑦 + 𝐹𝐹23𝑦𝑦

𝐹𝐹3𝑦𝑦 = 𝐹𝐹13 sin(𝜃𝜃) + 0

𝐹𝐹3𝑦𝑦 = 𝐹𝐹13 sin(45) + 0

𝐹𝐹3𝑦𝑦 = 11.24 sin(45)

𝐹𝐹3𝑦𝑦 = 7.95 N

Consider three point charges located at the corners of a right triangle as shown in the following figure, where 𝑞𝑞1 = 𝑞𝑞3 = 5.0 μC , 𝑞𝑞2 = −2.0 μC , 𝑎𝑎 = 0.1 m.
Find the resultant force exerted on 𝑞𝑞3.
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sec.
Example

23.03 Coulomb's Law
23.02

The force exerted by 𝑞𝑞1 on
𝑞𝑞3 is �⃗�𝐹13. The force exerted
by 𝑞𝑞2 on 𝑞𝑞3 is �⃗�𝐹23 . The
resultant force �⃗�𝐹3 exerted on
𝑞𝑞3 is the vector sum �⃗�𝐹13+
�⃗�𝐹23.

𝐹𝐹3 = 𝐹𝐹3𝑥𝑥 2 + 𝐹𝐹3𝑦𝑦
2

𝐹𝐹3 = −1.05 2 + 7.95 2

𝐹𝐹3 = 8.02 N

𝜑𝜑 = 𝑡𝑡𝑎𝑎𝑡𝑡−1
𝐹𝐹3𝑦𝑦
𝐹𝐹3𝑥𝑥

𝜑𝜑 = 𝑡𝑡𝑎𝑎𝑡𝑡−1
7.95
−1.05

𝜑𝜑 = 97.5°
or
�⃗�𝐹3 = −1.05 ı̂+ 7.95 ̂ȷ N

𝐹𝐹𝑥𝑥
𝐹𝐹𝑦𝑦
𝐹𝐹𝑥𝑥
𝐹𝐹𝑦𝑦

𝐹𝐹𝑥𝑥
𝐹𝐹𝑦𝑦
𝐹𝐹𝑥𝑥
𝐹𝐹𝑦𝑦

𝑦𝑦

𝑥𝑥

Consider three point charges located at the corners of a right triangle as shown in the following figure, where 𝑞𝑞1 = 𝑞𝑞3 = 5.0 μC , 𝑞𝑞2 = −2.0 μC , 𝑎𝑎 = 0.1 m.
Find the resultant force exerted on 𝑞𝑞3.
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sec.
Example

23.03 Coulomb's Law
23.03

Three point charges lie along the 𝑥𝑥 axis as shown in the following figure. The positive charge 𝑞𝑞1 = 15 μC is at 𝑥𝑥 = 2 m , the positive charge 𝑞𝑞2 = 6 μC is at
the origin, and the resultant force acting on 𝑞𝑞3 is zero. What is the 𝑥𝑥 coordinate of 𝑞𝑞3?

𝐹𝐹13 = 𝑘𝑘𝑒𝑒
𝑞𝑞1 𝑞𝑞3
2− 𝑥𝑥 2 ; 𝐹𝐹23= 𝑘𝑘𝑒𝑒

𝑞𝑞2 𝑞𝑞3
𝑥𝑥2

𝑘𝑘𝑒𝑒
𝑞𝑞1 𝑞𝑞3
2− 𝑥𝑥 2 = 𝑘𝑘𝑒𝑒

𝑞𝑞2 𝑞𝑞3
𝑥𝑥2

𝑥𝑥2 𝑞𝑞1 = 2 − 𝑥𝑥 2 𝑞𝑞2

𝑥𝑥2 15 × 10−6 = 2 − 𝑥𝑥 2 6 × 10−6

15𝑥𝑥 = 2 6 − 6𝑥𝑥

15 + 6 𝑥𝑥 = 2 6

𝑥𝑥 =
2 6

15 + 6

𝑥𝑥 = 0.775 m

Three point charges are placed along the 𝑥𝑥 axis. If the
resultant force acting on 𝑞𝑞3 is zero, then the force 𝐹𝐹13
exerted by 𝑞𝑞1 on 𝑞𝑞3 must be equal in magnitude and
opposite in direction to the force 𝐹𝐹23 exerted by 𝑞𝑞2 on 𝑞𝑞3.

Photomath

Socratic
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sec.
Problem Additional problem

23.03 Coulomb's Law
23.04

Two protons in an atomic nucleus are typically separated by a distance of 2 × 10−15 m. The electric repulsion force between the protons is huge, but the
attractive nuclear force is even stronger and keeps the nucleus from bursting apart. What is the magnitude of the electric force between two protons separated
by 2 × 10−15 m?

𝐹𝐹𝑒𝑒 = 𝑘𝑘𝑒𝑒
𝑞𝑞𝑝𝑝 𝑞𝑞𝑝𝑝
𝑟𝑟2

𝐹𝐹𝑒𝑒 = 8.99 × 109 ×
1.60 × 10−19 × 1.60 × 10−19

2 × 10−15 2

𝐹𝐹𝑒𝑒 = 57.5 N
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sec.
Problem Additional problem

23.03 Coulomb's Law
23.07

Three point charges are located at the corners of an equilateral triangle as shown in the following figure. Calculate the resultant electric force on the 7.0 μC
charge.

𝐹𝐹13 = 𝑘𝑘𝑒𝑒
𝑞𝑞1 𝑞𝑞3
𝑟𝑟2

𝐹𝐹13 = 8.99 × 109 ×
2 × 10−6 × 7 × 10−6

0.5 2

𝐹𝐹13 = 0.503 N

𝐹𝐹23 = 𝑘𝑘𝑒𝑒
𝑞𝑞2 𝑞𝑞3
𝑟𝑟2

𝐹𝐹23 = 8.99 × 109 ×
−4 × 10−6 × 7 × 10−6

0.5 2

𝐹𝐹23 = 1.01 N

Phys 104 - Ch. 23 - Dr. Alismail © 15/ 59



sec.
Problem Additional problem

23.03 Coulomb's Law
23.07

𝐹𝐹3𝑥𝑥 = 𝐹𝐹13𝑥𝑥 + 𝐹𝐹23𝑥𝑥
𝐹𝐹3𝑥𝑥 = 𝐹𝐹13 cos(𝜃𝜃1) + 𝐹𝐹23 cos(𝜃𝜃2)

𝐹𝐹3𝑥𝑥 = 0.503 cos(60) + 1.01 cos(−60)

𝐹𝐹3𝑥𝑥 = 0.252 + 0.505

𝐹𝐹3𝑥𝑥 = 0.757 N

𝐹𝐹3𝑦𝑦 = 𝐹𝐹13𝑦𝑦 + 𝐹𝐹23𝑦𝑦

𝐹𝐹3𝑦𝑦 = 𝐹𝐹13 sin(𝜃𝜃1) + 𝐹𝐹23 sin(𝜃𝜃2)

𝐹𝐹3𝑦𝑦 = 0.503 sin(60) + 1.01 sin(−60)

𝐹𝐹3𝑦𝑦 = 0.436− 0.875

𝐹𝐹3𝑦𝑦 = −0.439 N

Three point charges are located at the corners of an equilateral triangle as shown in the following figure. Calculate the resultant electric force on the 7.0 μC
charge.
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sec.
Problem Additional problem

23.03 Coulomb's Law
23.07

𝐹𝐹3 = 𝐹𝐹3𝑥𝑥 2 + 𝐹𝐹3𝑦𝑦
2

𝐹𝐹3 = 0.757 2 + −0.439 2

𝐹𝐹3 = 0.875 N

𝜑𝜑 = 𝑡𝑡𝑎𝑎𝑡𝑡−1
𝐹𝐹3𝑦𝑦
𝐹𝐹3𝑥𝑥

𝜑𝜑 = 𝑡𝑡𝑎𝑎𝑡𝑡−1
−0.439
0.757

𝜑𝜑 = 329.89° (𝑜𝑜𝑟𝑟 − 30.11°)
or
�⃗�𝐹3 = 0.757�̂�𝚤 − 0.439 �̂�𝚥 N

Three point charges are located at the corners of an equilateral triangle as shown in the following figure. Calculate the resultant electric force on the 7.0 μC
charge.
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sec.
Problem Additional problem

23.03 Coulomb's Law
23.10

Two small beads having positive charges 3𝑞𝑞 and 𝑞𝑞 are fixed at the opposite ends of a horizontal, insulating rod, extending from the origin to the point 𝑥𝑥 = 𝑑𝑑.
As shown in the following figure, a third small charged bead is free to slide on the rod. At what position is the third bead in equilibrium? Can it be in stable
equilibrium?

𝐹𝐹3𝑞𝑞𝑞𝑞 = 𝑘𝑘𝑒𝑒
3𝑞𝑞 𝑄𝑄
𝑥𝑥2

; 𝐹𝐹𝑞𝑞𝑞𝑞 = 𝑘𝑘𝑒𝑒
𝑞𝑞 𝑄𝑄
𝑑𝑑 − 𝑥𝑥 2

𝑘𝑘𝑒𝑒
3𝑞𝑞 𝑄𝑄
𝑥𝑥2

= 𝑘𝑘𝑒𝑒
𝑞𝑞 𝑄𝑄
𝑑𝑑 − 𝑥𝑥 2

3 𝑑𝑑 − 𝑥𝑥 2 = 𝑥𝑥2

3 𝑑𝑑 − 𝑥𝑥 = 𝑥𝑥

𝑥𝑥 + 3𝑥𝑥 = 3𝑑𝑑

1 + 3 𝑥𝑥 = 3𝑑𝑑

𝑥𝑥 =
3

1 + 3
𝑑𝑑

This gives an equilibrium position of the third bead of:

𝑥𝑥 = 0.635𝑑𝑑
The equilibrium is stable if the third bead has positive charge

Why?
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sec.
Problem

23.03 Coulomb's Law
23.11
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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?

𝐹𝐹𝑒𝑒 = 𝑘𝑘𝑒𝑒
𝑞𝑞𝑒𝑒 𝑞𝑞𝑝𝑝
𝑟𝑟2

𝐹𝐹𝑒𝑒 = 8.99 × 109 ×
−1.6 × 10−19 × 1.6 × 10−19

0.529 × 10−10 2

𝐹𝐹𝑒𝑒 = 8.22 × 10−8 N

The magnitude of the centripetal force 𝐹𝐹𝑐𝑐 on an object of mass 𝑚𝑚 moving

at tangential speed 𝜐𝜐 along a path with radius of curvature 𝑟𝑟 is:

𝐹𝐹𝑐𝑐 = 𝑚𝑚
𝜐𝜐2

𝑟𝑟

(a) 
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sec.
Problem

23.03 Coulomb's Law
23.11
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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?

𝐹𝐹𝑒𝑒 = 𝑘𝑘𝑒𝑒
𝑞𝑞𝑒𝑒 𝑞𝑞𝑝𝑝
𝑟𝑟2

𝐹𝐹𝑒𝑒 = 8.99 × 109 ×
−1.6 × 10−19 × 1.6 × 10−19

0.529 × 10−10 2

𝐹𝐹𝑒𝑒 = 8.22 × 10−8 N

𝐹𝐹𝑐𝑐 = 𝐹𝐹𝑒𝑒

𝐹𝐹𝑐𝑐 = 𝑚𝑚𝑒𝑒
𝜐𝜐2

𝑟𝑟

𝜐𝜐 =
𝑟𝑟
𝑚𝑚𝑒𝑒

𝐹𝐹𝑐𝑐

𝜐𝜐 =
0.529 × 10−10

9.11 × 10−31
× 8.22 × 10−8

𝜐𝜐 = 2.19 × 106 ⁄m s

(b) (a) 
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sec.
Problem

23.03 Coulomb's Law
23.50
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Two known charges, −12.0 μC and 45.0 μC, and an unknown charge are located on the 𝑥𝑥 axis. The charge −12.0 μC is at the origin, and the charge 45.0 μC is
at 𝑥𝑥 = 15 cm. The unknown charge is to be placed so that each charge is in equilibrium under the action of the electric forces exerted by the other two
charges. Is this situation possible? Is it possible in more than one way? Find the required location, magnitude, and sign of the unknown charge.

𝑑𝑑 =
0.30

15− 2

𝑑𝑑 = 0.16 m
To satisfy the equilibrium of the unknown, it should

be placed at the position:

𝑥𝑥 = −0.16 m

*Hint: which is the correct location of the unknown

charge that satisfies its equilibrium.

The equilibrium of the unknown charge requires:

𝑘𝑘𝑒𝑒
−12 × 10−6 𝑄𝑄

𝑑𝑑2
= 𝑘𝑘𝑒𝑒

45 × 10−6 𝑄𝑄
𝑑𝑑 + 0.15 2

4 𝑑𝑑 + 0.15 2 = 15𝑑𝑑2

2 𝑑𝑑 + 0.15 = 15𝑑𝑑

15𝑑𝑑 − 2𝑑𝑑 = 0.30

15− 2 𝑑𝑑 = 0.30

15 cm
𝑑𝑑

−12 𝜇𝜇C
𝑥𝑥𝑄𝑄45 𝜇𝜇C

𝑦𝑦

𝑑𝑑 15 cm

−12 𝜇𝜇C
𝑥𝑥𝑄𝑄 45 𝜇𝜇C

𝑦𝑦

15 cm

−12 𝜇𝜇C
𝑥𝑥

45 𝜇𝜇C

𝑦𝑦

𝑑𝑑
𝑄𝑄
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Two known charges, −12.0 μC and 45.0 μC, and an unknown charge are located on the 𝑥𝑥 axis. The charge −12.0 μC is at the origin, and the charge 45.0 μC is
at 𝑥𝑥 = 15 cm. The unknown charge is to be placed so that each charge is in equilibrium under the action of the electric forces exerted by the other two
charges. Is this situation possible? Is it possible in more than one way? Find the required location, magnitude, and sign of the unknown charge.

15 cm
𝑑𝑑

−12 𝜇𝜇C
𝑥𝑥𝑄𝑄45 𝜇𝜇C

𝑦𝑦

𝑑𝑑 15 cm

−12 𝜇𝜇C
𝑥𝑥𝑄𝑄 45 𝜇𝜇C

𝑦𝑦

15 cm

−12 𝜇𝜇C
𝑥𝑥

45 𝜇𝜇C

𝑦𝑦

𝑑𝑑
𝑄𝑄

To find the magnitude, and sign of the unknown charge 

The equilibrium of the −12.0 μC charge requires:

𝑘𝑘𝑒𝑒
𝑄𝑄 −12 × 10−6

0.16 2 = 𝑘𝑘𝑒𝑒
45 × 10−6 −12 × 10−6

0.15 2

0.15 2𝑄𝑄 = 0.16 2 × 45 × 10−6

𝑄𝑄 =
0.0256 × 45 × 10−6

0.0225
𝑄𝑄 = 5.12 × 10−5 C

𝑄𝑄 = 51.2 𝜇𝜇C ;  positive charge
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A small positive test charge 𝑞𝑞0 placed
near an object carrying a much larger
positive charge 𝑄𝑄 experiences an
electric field 𝐸𝐸 directed as shown.

 An electric field is said to exist in the region of space around a charged object—the source charge.

 When another charged object—the test charge—enters this electric field, an electric force acts on it.

(a) For a small enough test charge 𝑞𝑞0, the
charge distribution on the sphere is
undisturbed. (b) When the test charge 𝑞𝑞0, is
greater, the charge distribution on the
sphere is disturbed as the result of the
proximity of 𝑞𝑞0.

The electric field vector 𝐸𝐸 at a point in space is

defined as the electric force 𝐹𝐹𝑒𝑒 acting on a positive test

charge 𝑞𝑞0 placed at that point divided by the test

charge:

𝐸𝐸 =
�⃗�𝐹𝑒𝑒
𝑞𝑞0

or the equation can be rearranged as:

�⃗�𝐹𝑒𝑒 = 𝑞𝑞𝐸𝐸

where we have used the general symbol 𝑞𝑞 for a charge.

This equation gives us the force on a charged particle

placed in an electric field.
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 The vector E has the SI units of newtons per coulomb (N/C).

 The electric field does not depend on the existence of the test charge—it is

established solely by the source charge.

According to Coulomb’s law, the electric force vector �⃗�𝐹𝑒𝑒 exerted by 𝑞𝑞 on the

test charge 𝑞𝑞0 is �⃗�𝐹𝑒𝑒 = ⁄𝑘𝑘e𝑞𝑞𝑞𝑞0 𝑟𝑟2 �̂�𝑟

The electric field at 𝑃𝑃, the position of the test charge, is defined by 𝐸𝐸 = ��⃗�𝐹𝑒𝑒 𝑞𝑞0,

we find that at 𝑃𝑃, the electric field created by 𝑞𝑞 is:

𝐸𝐸 = 𝑘𝑘𝑒𝑒
𝑞𝑞
𝑟𝑟2
�̂�𝑟

If the source charge 𝑞𝑞 is positive, the electric force on the test charge 𝑞𝑞0 is

directed away from the source charge 𝑞𝑞, so the electric field at point 𝑃𝑃 is

directed away from 𝑞𝑞.

If the source charge 𝑞𝑞 is negative, the electric force on the test charge 𝑞𝑞0 is

directed toward the source charge 𝑞𝑞, so the electric field at point 𝑃𝑃 is directed

toward the source charge 𝑞𝑞.

A test charge 𝑞𝑞0 at point 𝑃𝑃 is a distance 𝑟𝑟 from a point
charge 𝑞𝑞. (a) If 𝑞𝑞 is positive, then the force on the test
charge is directed away from 𝑞𝑞. (b) For the positive source
charge, the electric field at 𝑃𝑃 points radially outward from 𝑞𝑞.
(c) If 𝑞𝑞 is negative, then the force on the test charge is
directed toward 𝑞𝑞. (d) For the negative source charge, the
electric field at 𝑃𝑃 points radially inward toward 𝑞𝑞.
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A charge 𝑞𝑞1 = 7.0 μC is located at the origin, and a second charge 𝑞𝑞2 = −5.0 μC is located on the 𝑥𝑥 axis, 0.30 m from the origin (see the figure below). Find
the electric field at the point 𝑃𝑃, which has coordinates 0, 0.40 m.

𝐸𝐸1 = 𝑘𝑘𝑒𝑒
𝑞𝑞1
𝑟𝑟12

𝐸𝐸1 = 8.99 × 109 ×
7.0 × 10−6

0.40 2

𝐸𝐸1 = 3.93 × 105 ⁄N C

𝐸𝐸2 = 𝑘𝑘𝑒𝑒
𝑞𝑞2
𝑟𝑟22

𝐸𝐸2 = 8.99 × 109 ×
−5.0 × 10−6

0.50 2

𝐸𝐸2 = 1.80 × 105 ⁄N C

The total electric field
𝐸𝐸 at 𝑃𝑃 equals the vector
sum 𝐸𝐸1 + 𝐸𝐸2, where 𝐸𝐸1
is the field due to the
positive charge 𝑞𝑞1 and
𝐸𝐸2 is the field due to
the negative charge 𝑞𝑞2.
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A charge 𝑞𝑞1 = 7.0 μC is located at the origin, and a second charge 𝑞𝑞2 = −5.0 μC is located on the 𝑥𝑥 axis, 0.30 m from the origin (see the figure below). Find
the electric field at the point 𝑃𝑃, which has coordinates 0, 0.40 m.

The total electric field
𝐸𝐸 at 𝑃𝑃 equals the vector
sum 𝐸𝐸1 + 𝐸𝐸2, where 𝐸𝐸1
is the field due to the
positive charge 𝑞𝑞1 and
𝐸𝐸2 is the field due to
the negative charge 𝑞𝑞2.

𝐸𝐸𝑥𝑥 = 𝐸𝐸1𝑥𝑥 + 𝐸𝐸2𝑥𝑥
𝐸𝐸𝑥𝑥 = 0 + 𝐸𝐸2 cos(𝜃𝜃)

𝐸𝐸𝑥𝑥 = 1.80 × 105 ×
0.3
0.5

𝐸𝐸𝑥𝑥 = 1.08 × 105 ⁄N C

𝐸𝐸𝑦𝑦 = 𝐸𝐸1𝑦𝑦 + 𝐸𝐸2𝑦𝑦

𝐸𝐸𝑦𝑦 = 𝐸𝐸1 + 𝐸𝐸2 sin(𝜃𝜃)

𝐸𝐸𝑦𝑦 = 3.93 × 105 − 1.80 × 105 ×
0.4
0.5

𝐸𝐸𝑦𝑦 = 3.93 × 105 − 1.44 × 105

𝐸𝐸𝑦𝑦 = 2.49 × 105 ⁄N C
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A charge 𝑞𝑞1 = 7.0 μC is located at the origin, and a second charge 𝑞𝑞2 = −5.0 μC is located on the 𝑥𝑥 axis, 0.30 m from the origin (see the figure below). Find
the electric field at the point 𝑃𝑃, which has coordinates 0, 0.40 m.

The total electric field
𝐸𝐸 at 𝑃𝑃 equals the vector
sum 𝐸𝐸1 + 𝐸𝐸2, where 𝐸𝐸1
is the field due to the
positive charge 𝑞𝑞1 and
𝐸𝐸2 is the field due to
the negative charge 𝑞𝑞2.

𝐸𝐸 = 𝐸𝐸𝑥𝑥 2 + 𝐸𝐸𝑦𝑦
2

𝐸𝐸 = 1.08 × 105 2 + 2.49 × 105 2

𝐸𝐸 = 2.71 × 105 ⁄N C

𝜑𝜑 = tan−1
𝐸𝐸𝑦𝑦
𝐸𝐸𝑥𝑥

𝜑𝜑 = tan−1
2.49 × 105

1.08 × 105

𝜑𝜑 = 66.55°

or
𝐸𝐸 = 1.08 × 105�̂�𝚤 + 2.49 × 105�̂�𝚥 ⁄N C
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An object having a net charge of 24.0 μC is placed in a uniform electric field of ⁄610 N C directed vertically. What is the mass of this object if it “floats’’ in the
field?

𝐹𝐹𝑒𝑒 = 𝑚𝑚𝑚𝑚

𝑞𝑞𝐸𝐸 = 𝑚𝑚𝑚𝑚

𝑚𝑚 =
𝑞𝑞𝐸𝐸
𝑚𝑚

𝑚𝑚 =
24.0 × 10−6 × 610

9.8
𝑚𝑚 = 0.00149 kg

or

𝑚𝑚 = 1.49 g
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In the following figure, determine the point (other than infinity) at which the electric field is zero.

𝐸𝐸1 = 𝑘𝑘𝑒𝑒
𝑞𝑞1
𝑑𝑑2

; 𝐸𝐸2 = 𝑘𝑘𝑒𝑒
𝑞𝑞2

𝑑𝑑 + 1.00 2

𝑘𝑘𝑒𝑒
𝑞𝑞1
𝑑𝑑2

= 𝑘𝑘𝑒𝑒
𝑞𝑞2

𝑑𝑑 + 1.00 2

−2.50 × 10−6

𝑑𝑑2
=

6.00 × 10−6

𝑑𝑑 + 1.00 2

𝑑𝑑 + 1.00 2 = 2.4𝑑𝑑2

𝑑𝑑 + 1.00 = 1.55𝑑𝑑
which yields:

𝑑𝑑 = 1.82 m to the left of the −2.50 μC charge
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Three point charges are arranged as shown in the following figure. (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.

𝐸𝐸1 = 𝑘𝑘𝑒𝑒
𝑞𝑞1
𝑟𝑟12

𝐸𝐸1 = 8.99 × 109 ×
−3.00 × 10−9

0.100 2

𝐸𝐸1 = 2.7 × 103 ⁄N C

𝐸𝐸2 = 𝑘𝑘𝑒𝑒
𝑞𝑞2
𝑟𝑟22

𝐸𝐸2 = 8.99 × 109 ×
6.00 × 10−9

0.300 2

𝐸𝐸2 = 5.99 × 102 ⁄N C

(a) 
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Three point charges are arranged as shown in the following figure. (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.

𝐸𝐸𝑥𝑥 = 𝐸𝐸1𝑥𝑥 + 𝐸𝐸2𝑥𝑥
𝐸𝐸𝑥𝑥 = 0 + 𝐸𝐸2 cos(𝜃𝜃2)

𝐸𝐸𝑥𝑥 = 5.99 × 102 × cos(180)

𝐸𝐸𝑥𝑥 = −5.99 × 102 ⁄N C

𝐸𝐸𝑦𝑦 = 𝐸𝐸1𝑦𝑦 + 𝐸𝐸2𝑦𝑦

𝐸𝐸𝑦𝑦 = 𝐸𝐸1 sin(𝜃𝜃1) + 0

𝐸𝐸𝑦𝑦 = 2.7 × 103 × sin(270)

𝐸𝐸𝑦𝑦 = −2.7 × 103 ⁄N C

(a) 
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Three point charges are arranged as shown in the following figure. (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.

𝐸𝐸 = 𝐸𝐸𝑥𝑥 2 + 𝐸𝐸𝑦𝑦
2

𝐸𝐸 = −5.99 × 102 2 + −2.7 × 103 2

𝐸𝐸 = 2.77 × 103 ⁄N C

𝜑𝜑 = tan−1
𝐸𝐸𝑦𝑦
𝐸𝐸𝑥𝑥

𝜑𝜑 = tan−1
−2.7 × 103

−5.99 × 102
𝜑𝜑 = 257.49° !!

or
𝐸𝐸 = −5.99 × 103�̂�𝚤 − 2.7 × 103�̂�𝚥 ⁄N C

(a) 
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Three point charges are arranged as shown in the following figure. (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.

(b) 𝐹𝐹3 = 𝑞𝑞3𝐸𝐸

𝐹𝐹3 = 5.00 × 10−9 × 2.77 × 103

𝐹𝐹3 = 1.39 × 10−5 N

𝜑𝜑 = 257.49°
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Four point charges are at the corners of a square of side a as shown in the following figure. (a) Determine the magnitude and direction of the electric field at
the location of charge 𝑞𝑞. (b) What is the resultant force on 𝑞𝑞?

𝐸𝐸1 = 𝑘𝑘𝑒𝑒
𝑞𝑞1
𝑟𝑟12

𝐸𝐸1 = 𝑘𝑘𝑒𝑒
2𝑞𝑞
𝑎𝑎2

𝐸𝐸2 = 𝑘𝑘𝑒𝑒
𝑞𝑞2
𝑟𝑟22

𝐸𝐸2 = 𝑘𝑘𝑒𝑒
3𝑞𝑞

2𝑎𝑎
2

𝐸𝐸2 = 𝑘𝑘𝑒𝑒
3𝑞𝑞
2𝑎𝑎2

(a) 
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Four point charges are at the corners of a square of side a as shown in the following figure. (a) Determine the magnitude and direction of the electric field at
the location of charge 𝑞𝑞. (b) What is the resultant force on 𝑞𝑞?

𝐸𝐸3 = 𝑘𝑘𝑒𝑒
𝑞𝑞2
𝑟𝑟32

𝐸𝐸3 = 𝑘𝑘𝑒𝑒
4𝑞𝑞
𝑎𝑎2

(a) 
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Four point charges are at the corners of a square of side a as shown in the following figure. (a) Determine the magnitude and direction of the electric field at
the location of charge 𝑞𝑞. (b) What is the resultant force on 𝑞𝑞?

𝐸𝐸𝑥𝑥 = 𝐸𝐸1𝑥𝑥 + 𝐸𝐸2𝑥𝑥 +𝐸𝐸3𝑥𝑥

𝐸𝐸𝑥𝑥 = 𝑘𝑘𝑒𝑒
2𝑞𝑞
𝑎𝑎2

+ 𝑘𝑘𝑒𝑒
3𝑞𝑞

2𝑎𝑎2
cos 45 + 0

𝐸𝐸𝑥𝑥 = 3.06 ×
𝑘𝑘𝑒𝑒𝑞𝑞
𝑎𝑎2

𝐸𝐸𝑦𝑦 = 𝐸𝐸1𝑦𝑦 + 𝐸𝐸2𝑦𝑦 +𝐸𝐸3𝑦𝑦

𝐸𝐸𝑦𝑦 = 0 + 𝑘𝑘𝑒𝑒
3𝑞𝑞

2𝑎𝑎2
sin(45) + 𝑘𝑘𝑒𝑒

4𝑞𝑞
𝑎𝑎2

𝐸𝐸𝑦𝑦 = 5.06 ×
𝑘𝑘𝑒𝑒𝑞𝑞
𝑎𝑎2

(a) 
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Four point charges are at the corners of a square of side a as shown in the following figure. (a) Determine the magnitude and direction of the electric field at
the location of charge 𝑞𝑞. (b) What is the resultant force on 𝑞𝑞?

𝐸𝐸 = 𝐸𝐸𝑥𝑥 2 + 𝐸𝐸𝑦𝑦
2 = 3.06 ×

𝑘𝑘𝑒𝑒𝑞𝑞
𝑎𝑎2

2

+ 5.06 ×
𝑘𝑘𝑒𝑒𝑞𝑞
𝑎𝑎2

2

= 5.91 ×
𝑘𝑘𝑒𝑒𝑞𝑞
𝑎𝑎2

𝜑𝜑 = tan−1
𝐸𝐸𝑦𝑦
𝐸𝐸𝑥𝑥

= tan−1
5.06 × 𝑘𝑘𝑒𝑒𝑞𝑞

𝑎𝑎2

3.06 × 𝑘𝑘𝑒𝑒𝑞𝑞
𝑎𝑎2

= 58.83°

or

𝐸𝐸 = 3.06�̂�𝚤 + 5.06�̂�𝚥
𝑘𝑘𝑒𝑒𝑞𝑞
𝑎𝑎2

(a) 
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Four point charges are at the corners of a square of side a as shown in the following figure. (a) Determine the magnitude and direction of the electric field at
the location of charge 𝑞𝑞. (b) What is the resultant force on 𝑞𝑞?

𝐹𝐹4 = 𝑞𝑞4𝐸𝐸

𝐹𝐹4 = 𝑞𝑞 × 5.91 ×
𝑘𝑘𝑒𝑒𝑞𝑞
𝑎𝑎2

𝐹𝐹4 = 5.91 ×
𝑘𝑘𝑒𝑒𝑞𝑞2

𝑎𝑎2

𝜑𝜑 = tan−1
𝐹𝐹4𝑦𝑦
𝐹𝐹4𝑥𝑥

𝜑𝜑 = 58.83°

(b) 
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Consider the electric dipole shown in the following figure. Show that the electric field at a distant point on the +𝑥𝑥 axis is 𝐸𝐸𝑥𝑥 ≈ 4𝑘𝑘𝑒𝑒
𝑞𝑞𝑞𝑞
𝑥𝑥3

.

The electric field at any point 𝑥𝑥 is:

𝐸𝐸𝑥𝑥 = 𝐸𝐸1𝑥𝑥 + 𝐸𝐸2𝑥𝑥

𝐸𝐸𝑥𝑥 = −𝑘𝑘𝑒𝑒
−𝑞𝑞

𝑥𝑥 + 𝑎𝑎 2 + 𝑘𝑘𝑒𝑒
𝑞𝑞

𝑥𝑥 − 𝑎𝑎 2

𝐸𝐸𝑥𝑥 = 𝑘𝑘𝑒𝑒
𝑞𝑞

𝑥𝑥 − 𝑎𝑎 2 − 𝑘𝑘𝑒𝑒
𝑞𝑞

𝑥𝑥 + 𝑎𝑎 2

𝐸𝐸𝑥𝑥 = 𝑘𝑘𝑒𝑒𝑞𝑞
𝑥𝑥 + 𝑎𝑎 2 − 𝑥𝑥 − 𝑎𝑎 2

𝑥𝑥 − 𝑎𝑎 2 𝑥𝑥 + 𝑎𝑎 2

𝐸𝐸𝑥𝑥 = 𝑘𝑘𝑒𝑒𝑞𝑞
𝑥𝑥2 + 2𝑎𝑎𝑥𝑥 + 𝑎𝑎2 − 𝑥𝑥2 − 2𝑎𝑎𝑥𝑥 + 𝑎𝑎2

𝑥𝑥 − 𝑎𝑎 𝑥𝑥 + 𝑎𝑎 2
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Consider the electric dipole shown in the following figure. Show that the electric field at a distant point on the +𝑥𝑥 axis is 𝐸𝐸𝑥𝑥 ≈ 4𝑘𝑘𝑒𝑒
𝑞𝑞𝑞𝑞
𝑥𝑥3

.

𝐸𝐸𝑥𝑥 = 𝑘𝑘𝑒𝑒𝑞𝑞
𝑥𝑥2 + 2𝑎𝑎𝑥𝑥 + 𝑎𝑎2 − 𝑥𝑥2 + 2𝑎𝑎𝑥𝑥 − 𝑎𝑎2

𝑥𝑥2 − 𝑎𝑎2 2

𝐸𝐸𝑥𝑥 = 𝑘𝑘𝑒𝑒𝑞𝑞
4𝑎𝑎𝑥𝑥

𝑥𝑥2 − 𝑎𝑎2 2

When 𝑥𝑥 is much, much greater than 𝑎𝑎, we find:

𝐸𝐸𝑥𝑥 ≈ 4𝑘𝑘𝑒𝑒
𝑞𝑞𝑎𝑎
𝑥𝑥3
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Three point charges are aligned along the 𝑥𝑥 axis as shown in the following figure. Find the electric field at (a) the position 2.00, 0 and (b) the position
0, 2.00 .

𝐸𝐸1 = 𝑘𝑘𝑒𝑒
𝑞𝑞1
𝑟𝑟12

𝐸𝐸1 = 8.99 × 109 ×
−4.00 × 10−9

2.50 2

𝐸𝐸1 = 5.75 ⁄N C

𝐸𝐸2 = 𝑘𝑘𝑒𝑒
𝑞𝑞2
𝑟𝑟22

𝐸𝐸2 = 8.99 × 109 ×
5.0 × 10−9

2.00 2

𝐸𝐸2 = 11.24 ⁄N C

(a) 
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Three point charges are aligned along the 𝑥𝑥 axis as shown in the following figure. Find the electric field at (a) the position 2.00, 0 and (b) the position
0, 2.00 .

𝐸𝐸3 = 𝑘𝑘𝑒𝑒
𝑞𝑞3
𝑟𝑟32

𝐸𝐸3 = 8.99 × 109 ×
3.00 × 10−9

1.20 2

𝐸𝐸3 = 18.73 ⁄N C

𝐸𝐸 = −𝐸𝐸1 + 𝐸𝐸2 + 𝐸𝐸3
𝐸𝐸 = −5.75 + 11.24 + 18.73

𝐸𝐸 = 24.22 ⁄N C in +𝑥𝑥 direction.
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Three point charges are aligned along the 𝑥𝑥 axis as shown in the following figure. Find the electric field at (a) the position 2.00, 0 and (b) the position
0, 2.00 .

𝐸𝐸1 = 𝑘𝑘𝑒𝑒
𝑞𝑞1
𝑟𝑟12

𝐸𝐸1 = 8.99 × 109 ×
−4.0 × 10−9

2.06 2

𝐸𝐸1 = 8.47 ⁄N C

𝐸𝐸2 = 𝑘𝑘𝑒𝑒
𝑞𝑞2
𝑟𝑟22

𝐸𝐸2 = 8.99 × 109 ×
5.0 × 10−9

2.00 2

𝐸𝐸2 = 11.24 ⁄N C

(b) 
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Three point charges are aligned along the 𝑥𝑥 axis as shown in the following figure. Find the electric field at (a) the position 2.00, 0 and (b) the position
0, 2.00 .

𝐸𝐸3 = 𝑘𝑘𝑒𝑒
𝑞𝑞3
𝑟𝑟32

𝐸𝐸3 = 8.99 × 109 ×
3.0 × 10−9

2.15 2

𝐸𝐸3 = 5.83 ⁄N C
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Three point charges are aligned along the 𝑥𝑥 axis as shown in the following figure. Find the electric field at (a) the position 2.00, 0 and (b) the position
0, 2.00 .

𝐸𝐸𝑥𝑥 = 𝐸𝐸1𝑥𝑥 + 𝐸𝐸2𝑥𝑥 +𝐸𝐸3𝑥𝑥
𝐸𝐸𝑥𝑥 = 𝐸𝐸1 cos(𝜃𝜃1) + 𝐸𝐸2 cos(𝜃𝜃2) + 𝐸𝐸3 cos(𝜃𝜃3)

𝐸𝐸𝑥𝑥 = − 8.47 ×
0.50
2.06

+ 0 − 5.83 ×
0.80
2.15

𝐸𝐸𝑥𝑥 = −4.23 ⁄N C

𝐸𝐸𝑦𝑦 = 𝐸𝐸1𝑦𝑦 + 𝐸𝐸2𝑦𝑦 +𝐸𝐸2𝑦𝑦

𝐸𝐸𝑦𝑦 = 𝐸𝐸1 sin(𝜃𝜃1) + 𝐸𝐸2 sin(𝜃𝜃2) + 𝐸𝐸3 sin(𝜃𝜃3)

𝐸𝐸𝑦𝑦 = − 8.47 ×
2.00
2.06

+ 11.24 + 5.83 ×
2.00
2.15

𝐸𝐸𝑦𝑦 = 8.44 ⁄N C
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Three point charges are aligned along the 𝑥𝑥 axis as shown in the following figure. Find the electric field at (a) the position 2.00, 0 and (b) the position
0, 2.00 .

𝐸𝐸 = 𝐸𝐸𝑥𝑥 2 + 𝐸𝐸𝑦𝑦
2

𝐸𝐸 = −4.23 2 + 8.44 2

𝐸𝐸 = 9.44 ⁄N C

𝜑𝜑 = tan−1
𝐸𝐸𝑦𝑦
𝐸𝐸𝑥𝑥

𝜑𝜑 = tan−1
8.44
−4.23

𝜑𝜑 = 116.62° !!

or
𝐸𝐸 = −4.23�̂�𝚤 + 8.44�̂�𝚥 ⁄N C
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Electric field lines penetrating two
surfaces. The magnitude of the field is
greater on surface A than on surface
B.

The electric field lines for a point charge. (a) For a positive point charge, the lines are
directed radially outward. (b) For a negative point charge, the lines are directed radially
inward. Note that the figures show only those field lines that lie in the plane of the page. (c)
The dark areas are small pieces of thread suspended in oil, which align with the electric
field produced by a small charged conductor at the center.

 The electric field vector E is tangent to the electric field line at each point. The line has a direction, indicated by an arrowhead, that is the same as

that of the electric field vector.

 The number of lines per unit area through a surface perpendicular to the lines is proportional to the magnitude of the electric field in that region.

Thus, the field lines are close together where the electric field is strong and far apart where the field is weak.
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(a) The electric field lines for two point charges of
equal magnitude and opposite sign (an electric
dipole). The number of lines leaving the positive
charge equals the number terminating at the
negative charge. (b) The dark lines are small pieces
of thread suspended in oil, which align with the
electric field of a dipole.

(a) The electric field lines for two positive point
charges. (b) Pieces of thread suspended in oil,
which align with the electric field created by two
equal-magnitude positive charges.

 The lines must begin on a positive charge and terminate on a negative charge. In the case of an excess of one type of charge, some lines will begin

or end infinitely far away.

 The number of lines drawn leaving a positive charge or approaching a negative charge is proportional to the magnitude of the charge.

 No two field lines can cross.

The electric field lines for
a point charge +2𝑞𝑞 and a
second point charge −𝑞𝑞.
Note that two lines leave
+ 2𝑞𝑞 for every one that
terminates on −𝑞𝑞.
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 When a particle of charge 𝑞𝑞 and mass 𝑚𝑚 is placed in an electric field 𝐸𝐸,

the electric force exerted on the charge is 𝑞𝑞𝐸𝐸.

 If this is the only force exerted on the particle, it must be the net force and

causes the particle to accelerate according to Newton’s second law. Thus:

�⃗�𝐹𝑒𝑒 = 𝑞𝑞𝐸𝐸 = 𝑚𝑚�⃗�𝑎

 The acceleration �⃗�𝑎 of the particle is therefore:

�⃗�𝑎 = 𝑎𝑎𝑥𝑥 ̂𝚤𝚤 =
𝑞𝑞𝐸𝐸𝑥𝑥
𝑚𝑚

̂𝚤𝚤

 If 𝐸𝐸 is uniform (that is, constant in magnitude and direction), then the

acceleration is �⃗�𝑎 constant.

 If the particle has a positive charge, its acceleration is in the direction of

the electric field.

 If the particle has a negative charge, its acceleration is in the direction

opposite the electric field.

A positive point charge 𝑞𝑞 in a
uniform electric field 𝐸𝐸
undergoes constant acceleration
in the direction of the field.

Case 1:
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A positive point charge 𝑞𝑞 of mass 𝑚𝑚 is released from rest in a uniform electric field 𝐸𝐸 directed along the 𝑥𝑥 axis, as shown in the following figure. Describe its
motion.

The acceleration is constant and is given by ⁄𝑞𝑞𝐸𝐸 𝑚𝑚. The
motion is simple linear motion along the 𝑥𝑥 axis. Therefore,
we can apply the equations of kinematics in one dimension:

𝑥𝑥𝑓𝑓 = 𝑥𝑥𝑖𝑖 + 𝜐𝜐𝑥𝑥𝑖𝑖𝑡𝑡 +
1
2
𝑎𝑎𝑥𝑥𝑡𝑡2

𝜐𝜐𝑥𝑥𝑓𝑓 = 𝜐𝜐𝑥𝑥𝑖𝑖 + 𝑎𝑎𝑥𝑥𝑡𝑡

𝜐𝜐𝑥𝑥𝑓𝑓2 = 𝜐𝜐𝑥𝑥𝑖𝑖2 + 2𝑎𝑎𝑥𝑥 𝑥𝑥𝑓𝑓 − 𝑥𝑥𝑖𝑖

Choosing the initial position of the charge as 𝑥𝑥𝑖𝑖 = 0 and
assigning 𝜐𝜐𝑥𝑥𝑖𝑖 = 0 because the particle starts from rest, the
position of the particle as a function of time is:

𝑥𝑥𝑓𝑓 =
1
2
𝑎𝑎𝑥𝑥𝑡𝑡2 =

1
2
𝑞𝑞𝐸𝐸𝑥𝑥
𝑚𝑚

𝑡𝑡2

A positive point charge 𝑞𝑞 in a
uniform electric field 𝐸𝐸
undergoes constant acceleration
in the direction of the field.
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A positive point charge 𝑞𝑞 of mass 𝑚𝑚 is released from rest in a uniform electric field 𝐸𝐸 directed along the 𝑥𝑥 axis, as shown in the following figure. Describe its
motion.

A positive point charge 𝑞𝑞 in a
uniform electric field 𝐸𝐸
undergoes constant acceleration
in the direction of the field.

The speed of the particle is given by:

𝜐𝜐𝑥𝑥𝑓𝑓 = 𝑎𝑎𝑥𝑥𝑡𝑡 =
𝑞𝑞𝐸𝐸𝑥𝑥
𝑚𝑚

𝑡𝑡

The third kinematic equation gives us:

𝜐𝜐𝑥𝑥𝑓𝑓2 = 2𝑎𝑎𝑥𝑥𝑥𝑥𝑓𝑓 =
2𝑞𝑞𝐸𝐸𝑥𝑥
𝑚𝑚

𝑥𝑥𝑓𝑓
from which we can find the kinetic energy of the charge
after it has moved a distance Δ𝑥𝑥 = 𝑥𝑥𝑓𝑓 − 𝑥𝑥𝑖𝑖 :

𝐾𝐾 =
1
2
𝑚𝑚𝜐𝜐𝑥𝑥𝑓𝑓2 =

1
2
𝑚𝑚

2𝑞𝑞𝐸𝐸𝑥𝑥
𝑚𝑚

Δ𝑥𝑥 = 𝑞𝑞𝐸𝐸𝑥𝑥Δ𝑥𝑥

We can also obtain this result from the work–kinetic
energy theorem because the work done by the electric
force is 𝐹𝐹𝑒𝑒𝑥𝑥Δ𝑥𝑥 = 𝑞𝑞𝐸𝐸𝑥𝑥Δ𝑥𝑥 and 𝑊𝑊 = Δ𝐾𝐾.
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An electron and a proton are each placed at rest in an electric field of 520 ⁄N C. Calculate the speed of each particle 48.0 ns after being released.

𝜐𝜐𝑥𝑥𝑓𝑓 = 𝜐𝜐𝑥𝑥𝑖𝑖 + 𝑎𝑎𝑥𝑥𝑡𝑡 = 0 + 𝑎𝑎𝑥𝑥𝑡𝑡 =
𝑞𝑞𝐸𝐸𝑥𝑥
𝑚𝑚

𝑡𝑡

𝜐𝜐𝑒𝑒𝑥𝑥𝑓𝑓 = −
𝑒𝑒𝐸𝐸𝑥𝑥
𝑚𝑚𝑒𝑒

𝑡𝑡 (for electron)

𝜐𝜐𝑒𝑒𝑥𝑥𝑓𝑓 = −
1.60 × 10−19 × 520

9.11 × 10−31
× 48.0 × 10−9

𝜐𝜐𝑒𝑒𝑥𝑥𝑓𝑓 = −4.39 × 106 ⁄m s in a direction opposite to the field

𝜐𝜐𝑝𝑝𝑥𝑥𝑓𝑓 =
𝑒𝑒𝐸𝐸𝑥𝑥
𝑚𝑚𝑝𝑝

𝑡𝑡 (for proton)

𝜐𝜐𝑝𝑝𝑥𝑥𝑓𝑓 =
1.60 × 10−19 × 520

1.67 × 10−27
× 48.0 × 10−9

𝜐𝜐𝑝𝑝𝑥𝑥𝑓𝑓 = 2.39 × 103 ⁄m s in the same direction as the field
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The electrons in a particle beam each have a kinetic energy 𝐾𝐾. What are the magnitude and direction of the electric field that will stop these electrons in a
distance 𝑑𝑑 ?

The required electric field will be in the direction of motion

𝑊𝑊 = Δ𝐾𝐾

so,

𝐹𝐹𝑒𝑒𝑥𝑥𝑑𝑑 = 1
2
𝑚𝑚𝜐𝜐𝑥𝑥𝑖𝑖2 (since 𝜐𝜐𝑥𝑥𝑓𝑓 = 0)

which becomes:

𝑒𝑒𝐸𝐸𝑥𝑥𝑑𝑑 = 𝐾𝐾

𝐸𝐸𝑥𝑥 =
𝐾𝐾
𝑒𝑒𝑑𝑑
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A positively charged bead having a mass of 1.0 g falls from rest in a vacuum from a height of 5.0 m in a uniform vertical electric field with a magnitude of
1.0 × 104 ⁄N C. The bead hits the ground at a speed of 21 ⁄m s. Determine (a) the direction of the electric field (up or down), and (b) the charge on the bead.

The acceleration is given by:

𝜐𝜐𝑦𝑦𝑓𝑓2 = 𝜐𝜐𝑦𝑦𝑖𝑖2 + 2𝑎𝑎𝑦𝑦 𝑦𝑦𝑓𝑓 − 𝑦𝑦𝑖𝑖

𝜐𝜐𝑦𝑦𝑓𝑓2 = 0 + 2𝑎𝑎𝑦𝑦Δℎ

𝑎𝑎𝑦𝑦 =
𝜐𝜐𝑦𝑦𝑓𝑓2

2Δℎ

𝑎𝑎𝑦𝑦 =
21 2

2 × 5

𝑎𝑎𝑦𝑦 = 44.1 m/s2

𝑎𝑎𝑦𝑦 > 𝑚𝑚 ⇒ the electric field must have a downward direction

(a) 
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A positively charged bead having a mass of 1.0 g falls from rest in a vacuum from a height of 5.0 m in a uniform vertical electric field with a magnitude of
1.0 × 104 ⁄N C. The bead hits the ground at a speed of 21 ⁄m s. Determine (a) the direction of the electric field (up or down), and (b) the charge on the bead.

�𝐹𝐹𝑦𝑦 = 𝑚𝑚𝑎𝑎𝑦𝑦

𝑚𝑚𝑚𝑚 + 𝑞𝑞𝐸𝐸𝑦𝑦 = 𝑚𝑚𝑎𝑎𝑦𝑦

𝑞𝑞 =
𝑚𝑚
𝐸𝐸𝑦𝑦

(𝑎𝑎𝑦𝑦 − 𝑚𝑚)

𝑞𝑞 =
1.0 × 10−3

1.0 × 104
44.1− 9.8

𝑞𝑞 = 3.43 × 10−6 C

𝑞𝑞 = 3.43 μC

(b) 
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 Suppose an electron of charge −𝑒𝑒 is projected horizontally into
an uniform electric field 𝐸𝐸 from the origin with an initial velocity
𝜐𝜐𝑖𝑖 ̂𝚤𝚤 at time 𝑡𝑡 = 0.

 Because the electric field 𝐸𝐸 is in the positive 𝑦𝑦 direction, the
acceleration of the electron is in the negative 𝑦𝑦 direction. That is:

�⃗�𝑎 = 𝑎𝑎𝑦𝑦�̂�𝚥 = −
𝑒𝑒𝐸𝐸𝑦𝑦
𝑚𝑚𝑒𝑒

�̂�𝚥

 Because the acceleration is constant, we can apply the equations
of kinematics in two dimensions with 𝜐𝜐𝑥𝑥𝑖𝑖 = 𝜐𝜐𝑖𝑖 and 𝜐𝜐𝑦𝑦𝑖𝑖 = 0.
After the electron has been in the electric field for a time
interval, the components of its velocity at time 𝑡𝑡 are:

𝜐𝜐𝑥𝑥 = 𝜐𝜐𝑥𝑥𝑖𝑖 = 𝑐𝑐𝑜𝑜𝑡𝑡𝑐𝑐𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡

𝜐𝜐𝑦𝑦𝑓𝑓 = 𝑎𝑎𝑦𝑦𝑡𝑡 = −
𝑒𝑒𝐸𝐸𝑦𝑦
𝑚𝑚𝑒𝑒

𝑡𝑡

 Its position coordinates at time 𝑡𝑡 are:
𝑥𝑥𝑓𝑓 = 𝜐𝜐𝑥𝑥𝑖𝑖𝑡𝑡

𝑦𝑦𝑓𝑓 =
1
2
𝑎𝑎𝑦𝑦𝑡𝑡2 = −

1
2
𝑒𝑒𝐸𝐸𝑦𝑦
𝑚𝑚𝑒𝑒

𝑡𝑡2 = −
1
2
𝑒𝑒𝐸𝐸𝑦𝑦
𝑚𝑚𝑒𝑒

𝑥𝑥𝑓𝑓2

𝜐𝜐𝑥𝑥𝑖𝑖2

An electron is projected horizontally into a uniform
electric field produced by two charged plates. The
electron undergoes a downward acceleration
(opposite 𝐸𝐸), and its motion is parabolic while it is
between the plates.

 We see that 𝑦𝑦𝑓𝑓 is proportional to 𝑥𝑥𝑓𝑓2. Hence, the trajectory is a
parabola.

 After the electron leaves the field, the electric force vanishes and
the electron continues to move in a straight line in the direction
of �⃗�𝜐 with a speed 𝜐𝜐 > 𝜐𝜐𝑖𝑖.

�⃗�𝜐

Case 2:
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An electron enters the region of a uniform electric field as shown in the following figure, with 𝜐𝜐𝑖𝑖 = 3.00 × 106 m/s and 𝐸𝐸 = 200 ⁄N C. The horizontal length
of the plates is 𝑙𝑙 = 0.100 m. (a) Find the acceleration of the electron while it is in the electric field. (b) If the electron enters the field at time 𝑡𝑡 = 0, find the
time at which it leaves the field. (c) If the vertical position of the electron as it enters the field is 𝑦𝑦𝑖𝑖 = 0, what is its vertical position when it leaves the field?

An electron is projected horizontally into a uniform
electric field produced by two charged plates. The
electron undergoes a downward acceleration
(opposite 𝐸𝐸), and its motion is parabolic while it is
between the plates.

�⃗�𝜐

(a) 

(b) 

𝑎𝑎𝑦𝑦 = −
𝑒𝑒𝐸𝐸𝑦𝑦
𝑚𝑚𝑒𝑒

𝑎𝑎𝑦𝑦 = −
1.60 × 10−19 × 200

9.11 × 10−31

𝑎𝑎𝑦𝑦 = −3.51 × 1013 ⁄m s2

𝑥𝑥𝑓𝑓 = 𝜐𝜐x𝑖𝑖𝑡𝑡

or

𝑡𝑡 =
𝑥𝑥𝑓𝑓
𝜐𝜐𝑥𝑥𝑖𝑖

=
𝑙𝑙
𝜐𝜐𝑥𝑥𝑖𝑖

=
0.100

3.00 × 106
= 3.33 × 10−8 s
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An electron enters the region of a uniform electric field as shown in the following figure, with 𝜐𝜐𝑖𝑖 = 3.00 × 106 m/s and 𝐸𝐸 = 200 ⁄N C. The horizontal length
of the plates is 𝑙𝑙 = 0.100 m. (a) Find the acceleration of the electron while it is in the electric field. (b) If the electron enters the field at time 𝑡𝑡 = 0, find the
time at which it leaves the field. (c) If the vertical position of the electron as it enters the field is 𝑦𝑦𝑖𝑖 = 0, what is its vertical position when it leaves the field?

An electron is projected horizontally into a uniform
electric field produced by two charged plates. The
electron undergoes a downward acceleration
(opposite 𝐸𝐸), and its motion is parabolic while it is
between the plates.

�⃗�𝜐

𝑦𝑦𝑓𝑓 =
1
2
𝑎𝑎𝑦𝑦𝑡𝑡2

𝑦𝑦𝑓𝑓 =
1
2
−3.51 × 1013 3.33 × 10−8 2

𝑦𝑦𝑓𝑓 = −0.0195 m

or

𝑦𝑦𝑓𝑓 = −1.95 cm

If the electron enters just below the negative plate
and the separation between the plates is less than
the value we have just calculated, the electron will
strike the positive plate.

(c) 
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The Cathode Ray Tube (CRT)

 The CRT is commonly used to obtain a visual display of electronic information
in oscilloscopes, radar systems, television receivers, and computer monitors.

 The CRT is a vacuum tube in which a beam of electrons is accelerated and
deflected under the influence of electric or magnetic fields.

 The electron beam is produced by an assembly called an electron gun located
in the neck of the tube. These electrons, if left undisturbed, travel in a straight-
line path until they strike the front of the CRT, the “screen,’’ which is coated
with a material that emits visible light when bombarded with electrons.

 In an oscilloscope, the electrons are deflected in various directions by two sets
of plates placed at right angles to each other in the neck of the tube.

 An external electric circuit is used to control the amount of charge present on
the plates.

 The placing of positive charge on one horizontal plate and negative charge on
the other creates an electric field between the plates and allows the beam to be
steered from side to side.

 The vertical deflection plates act in the same way, except that changing the
charge on them deflects the beam vertically.

Schematic diagram of a cathode ray tube. Electrons leaving
the cathode C are accelerated to the anode A. In addition to
accelerating electrons, the electron gun is also used to focus
the beam of electrons, and the plates deflect the beam.
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