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ELECTRIC POTENTIAL ENERGY -Chapter 19 

Work must be done to move a charge in an electric field, and the work is related to the potential difference between two points in an electric field. A surface on which all points are at the same potential is called an equipotential surface. Several electric charges in the same vicinity have an electric potential energy due to their mutual attraction or repulsion.  Two equally and oppositely charged conductors, usually metal plates, which are near each other form a capacitor, in which electrical energy and charge can be stored. 

Important Terms
capacitor  
two oppositely charged conductors used to store charge and energy in an electric 
field between them 
electric potential   
the amount of work per unit charge to move a charge from a very 
distant point to another point in an electric field

electric potential difference   
the difference in potential between two points in an 
electric field; also known as voltage

electric potential energy
the energy stored between two charges as a result of the electric force between them; also equal to the energy needed to assemble two or more charges to a separation distance r. 

Equipotential surface  
a surface which everywhere has the same potential 

Farad  
the unit for capacitance equal to one coulomb per volt
volt   the SI unit of  potential or potential difference
Equations and Symbols

[image: image41.bmp]
Where 

EPE = electric potential energy (denoted 
            as UE on the Physics exam)
k = electric constant = 9x109  Nm2 / C2
ε0 = permittivity constant = 
        8.85 x 10-12  C2 / Nm2
q (or Q) = charge

r = distance between charges

ΔVAB = potential difference between 
              points A and B
WAB = work needed to move a charge 
           from point A to point B
Vr = potential at a point a distance r away 
        from a source charge

E = electric field

Δs = displacement along a line between 
        two points
C = capacitance

A = area of a capacitor plate
d = distance between parallel capacitor 
        plates
UE = electrical energy stored in a 
          capacitor

Potential Energy and The Electric Potential Difference
The electric potential V is defined in terms of the work we would have to do on a charge to move it against an electric field. For example, if we wanted to move a positive charge from point A to point B in the electric field shown below, we would have to do work on the charge, since the electric field would push against us. 

Just as two masses have potential energy due to the gravitational force between them, two charges Q and qo have electric potential energy EPE due to the electric force between them. We say that there is a potential difference (V between points A and B, and the equation for potential difference between two points is 
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, and is measured in joules/coulomb, or volts. 

When we apply potential difference to circuits in a later section, we will often call it voltage. If we place the charge q at point B and let it go, it would “fall” toward point A. We say that positive charges naturally want to move from a point of high potential (B) to low potential (A), and we refer to the movement of the positive charges as current. We will return to voltage and current in the next chapter.

The Electric Potential Difference Created by Point Charges

As we did for the electric field, we can write the electric potential due to a source charge Q at a distance r from the source charge:
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Unlike electric field, which is a vector quantity, electric potential is a scalar quantity; that is, there is no direction or angle associated with potential, and potentials may be added without worrying about components. However, the potential due to a positive charge is positive, and the potential due to a negative charge is negative. 
Example 1
Recall the free-response problem from chapter 18, which includes two positive charges located on the y – axis. Let Q = 4.0 μC, and a = 0.05 m.

Find the electric potential at 

(a) the origin, and

(b) at point P. 

(c) i. How much work would it take to move a positive charge q = 2 μC and 

      mass m = 2 x 10-3 kg from a distance very far away to the origin?

     ii. If this particle were placed at rest at the origin and then displaced slightly in the x – 

      direction, find its speed when it is at a very large distance from the origin.

Solution

(a) Unlike the electric field, the electric potential at the origin is not zero. 
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(b) The distanced r is the hypotenuse of the triangle of legs a and 2a:
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(c) i. At a very large distance from the origin, the potential is essentially zero. Thus the work required to move this charge from a very large distance to the origin is simply the product of the charge and the potential at the origin:
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ii. As the particle accelerates away from the origin, it essentially reaches a maximum speed when it is a very large distance from the origin. At this distance, the work done on the particle is equal to its kinetic energy, from which we can find the speed of the particle.
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19.4 Equipotential Surfaces and Their Relation to Electric Fields

An equipotential surface is one in which all of the points on the surface are at the same potential. A charged conducting sphere is an example of an equipotential surface, since it would require the same amount of work to move a charge to a point anywhere on the surface. 
In addition, if we placed another charge on the surface of the sphere, it would take no work to move it around on the sphere. In order for there to be a potential difference between two points, there must be an electric field to do work against. The electric field is constant anywhere on the surface of the sphere. 
If we draw imaginary concentric spheres around a positive charge, each sphere will be an equipotential surface. 
Note that equipotential lines are always perpendicular to the electric field lines in the region. We would have to do work to move a charge between equipotential lines, but not along an equipotential line. 

Example 2

In the figure above, three equipotential lines are drawn around a charge. Line A is at a potential of +5 V, line B is at a potential of 0 V, and line C is at – 5 V. 
(a) Is the charge positive or negative? Justify your answer.
A charge of 3 μC is placed on line C.

(b) How much work is required to move the charge along line C for one circumference, 

     returning it to its starting point?

(c) How much work is required to move the charge along line C for half the 

     circumference?

(d) How much work is required to move the charge along the radius of the circles from 

     line C to line A?

Solution

(a) The charge in the center of the circles is positive, since the electric field lines point outward away from the charge. We can also see that the charge is positive because the equipotential lines become more positive as they approach the charge. 
(b) It takes no work to move the charge around the circumference of circle C, since the entire circle is an equipotential line. 

(c) It takes no work to move the charge for any distance along the equipotential line C.

(d) 
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If we have two charged metal spheres of unequal size, we can transfer charge between them by connecting a wire from one of them to another:


The charge will redistribute itself so that both spheres will be at the same potential, but not the same charge. If the two spheres are connected by a wire, they are essentially one surface which is at one potential, or an equipotential surface. 

19.5 Capacitors and Dielectrics
We can create a uniform electric field in a region of space by taking two metal plates, setting them parallel to each other and separating them by a distance d, and placing a voltage V (such as a battery) across the plates so that one of the plates will be positive and the other negative. 


[image: image9]
The positive charges on the top plate will line up uniformly with the negative charges on the bottom plate so that each positive charge lines up with a negative charge directly across from it. This arrangement of charges creates electric field lines which are directed from the positive charges to the negative charges and are uniformly spaced to produce a uniform (constant) electric field everywhere between the plates. Conducting plates which are connected this way are called a capacitor. Capacitors are used to store charge and electric field in a circuit which can be used at a later time. 

The capacitance of the plates is defined as 
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, where q is the charge on one of the plates, and V is the voltage across the plates. The unit for capacitance is the coulomb/volt, or farad. 
One farad is a very large capacitance, so we often use microfarads ((F), or 10-6 F. The capacitance of a capacitor is proportional to the area of each plate and inversely proportional to the distance between the plates. In symbols, 
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The constant of proportionality which makes the proportion above into an equation is (o, which is called the permittivity of free space and is equal to 8.85 x 10 – 12  C2 / Nm2. The permittivity constant gives us an indication of how well space holds an electric field. The equation for a parallel plate capacitor is 
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Note that the capacitance of a capacitor ultimately only depends on its geometric dimensions, like area and distance between the plates. This is true for a capacitor of any shape. 
We can also change the capacitance of a capacitor by changing the material between the plates. If we fill the space between the plates with oil or plastic, the capacitance will increase. The oil or plastic is called a dielectric. Only capacitors with air or a vacuum between the plates are included on the AP Physics B exam.

Example 3

A capacitor has a capacitance C0. What is the effect on the capacitance if the 
(a) area of each plate is doubled? 
(b) distance between the plates is halved?

Solution

(a) If the area of each plate is doubled (assuming the plates have equal area), we can find the new capacitance by 
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. 
Twice the area gives twice the capacitance.

(b) If the distance between the plates is halved, that is, the plates are brought closer together, the new capacitance is 
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Bringing the plates closer together increases the capacitance, in this case by a factor of two. 
The electrical energy stored in a capacitor can be found by relating its charge q, voltage V, and capacitance C:
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The electric field, voltage, and distance between the plates are related by the equation
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It follows from this equation that the unit for electric field is a volt/meter, which is equivalent to a newton/coulomb. 

These equations are utilized in the review questions that follow.
CHAPTER 19 REVIEW QUESTIONS
For each of the multiple-choice questions below, choose the best answer. 

1. Electric potential

(A) is a vector quantity.

(B) is proportional to the work done in 
     an electric field.

(C) is always equal to the electric field.

(D) is zero when a charge is in an 
     electric field.

(E) is measured in N/C.

Questions 2 – 4:
A hollow metal sphere has a radius R and a charge Q placed on it.
2. The electric field inside the sphere is 
(A) zero

(B) 
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(C) 
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(D) 
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(E) 
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3. The electric potential at the surface of the sphere is
(A) zero

(B) 
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(C) 
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(D) 
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(E) 
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4. The electric potential at the center of the sphere is

(A) zero

(B) 
[image: image25.wmf]r

KQ


(C) 
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(D) 
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(E) 
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5. Two unequally sized metal spheres are each charged. A wire is connected from one sphere to the other. When the wire is removed, 
(A) the spheres will be equally charged

(B) the spheres will have the same 
     potential

(C) the spheres will have the same 
    electric field at their surfaces

(D) the spheres will be oppositely 
     charged

(E) all of the above are true.

6. Equipotential lines are always

(A) parallel to electric field lines

(B) perpendicular to electric field lines

(C) perpendicular to charged surfaces

(D) circular
(E) positive

Questions 7 - 10
Two parallel conducting plates each of area 0.004 m2 are separated by a distance of 0.001 m. A 9 V battery is connected across the plates. 
7. The electric field between the plates is 

(A) 9000 V/m

(B) 900 V/m

(C) 9 V/m

(D) 0.009 V/m

(E) 0.00011 V/m

8. The capacitance of the parallel plates is 
(A) 9.0 x 109 F
(B) 4.0 x 10-12 F

(C) 6.3 x 10-6 F

(D) 3.5 x 10-11 F

(E) 7.0 x 1011 F

9. The charge on one of the plates is 
(A) 3.2 x 10-6 C

(B) 2.1 x 10-9 C

(C) 4.4 x 10-7 C

(D) 5.2 x 10-6 C

(E) 9.0 x 10-10 C

10. If the distance between the plates is doubled and the area of each plate is doubled, which of the following is true?
(A) Both the electric field and the  
     capacitance are doubled

(B) Both the electric field and the 
     capacitance are quadrupled

(C) The electric field is halved and the 
     capacitance is unchanged
(D) The electric field is halved and the 

     capacitance is doubled
(E) Neither the electric field nor the 

     capacitance is changed.

Free Response Question

Directions: Show all work in working the following question. The question is worth 15 points, and the suggested time for answering the question is about 15 minutes. The parts within a question may not have equal weight. 
1. (15 points)

[image: image29]
Four charges, two positive and two negative, are arranged at the corners of a square of sides d. Give all answers in terms of given quantities and fundamental constants.
(a) Determine the electric potential at the center of the square.

(b) Determine the magnitude and direction of the electric field at the center of the square. 

Eight more positive and negative charges are added to the top and bottom of the square as shown below. The lines of charge approximate a uniform electric field between them. 

[image: image30]
(c) On the diagram of the lines of charge above, sketch several electric field lines between the charges. 
(d) The electric field between the charges is E. Write an expression for the capacitance of the system in terms of the given quantities and fundamental constants.
ANSWERS AND EXPLANATIONS TO CHAPTER 19 REVIEW QUESTIONS
Multiple Choice

1. B

The higher the potential difference between two points, the more work is required to move a charge between the two points.

2. A

All of the charge is on the outside of the conducting sphere, so there’s no charge or electric field inside the sphere

3. E
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 at the surface of the sphere.
4. E
Since there is no electric field inside the sphere, we don’t have to do any more work after moving our charge past the surface of the sphere. In other words, the potential from the surface of the sphere to the center doesn’t change, because there is no electric field to work against.

5. B

Since the spheres are not the same size they will not hold the same amount of charge, but since they were in contact with one another, they will be at the same potential.

6. B

Equipotential lines and electric field lines must be perpendicular to each other so that no work will be done as a charge is moved along an equipotential line.

7. A
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8. D


[image: image33.wmf](

)

F

x

m

m

Nm

C

x

d

A

C

o

11

2

2

2

12

10

5

.

3

001

.

0

004

.

0

10

85

.

8

-

-

=

÷

÷

ø

ö

ç

ç

è

æ

=

=

e


9. A
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10. C
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Free Response Question Solution
(a) 3 points
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(b) 6 points

The net electric field is downward by symmetry, and only includes the vertical components of the electric field vectors from each of the charges. The y-components of the electric field vectors are 45º from the diagonals of the square. 
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(c) 3 points

(d) 3 points
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