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electrical potential difference

Objectives

· to understand the concept of electric potential energy

· to understand the concept of electric potential difference as the work per unit charge done by an agent in moving a charge from one point to another.

· to understand the connection between equi-potential maps and electric field maps.

A. Work and Energy in the Electric Field.
First, let’s take some time to review some old definitions in preparation for tackling the idea of work and energy expended in moving charges through an electric field.  Work is defined mathematically as the component of force in the direction of motion of an object times the magnitude of the displacement of the object. Assuming that the force is constant,  Work can be done by forces opposite to the direction of motion also (negative work).  
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For example, if a box is moved at constant velocity in the horizontal direction across the floor, as in the picture below, the work done by the constant force F is 
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times the magnitude of the displacement , d, across the floor.  In this example, we say at constant speed so that the kinetic energy doesn’t change.  (Is this possible without friction??)
[image: image3.png]



If the object moves from an initial to a final point by moving along a series of paths in different directions, the net work is the sum of the work done over each of the individual paths.
The gravitational force is a conservative force. Work done by a conservative force is independent of path. Therefore, work done by the gravitational force is independent of path. If a force is a conservative force, the work done by that force can be written as the negative of a change in potential energy.  The work done by the gravitational force can then be written as 
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The work done by the electric force is analogous to when the force is mechanical in nature sowhen an object is moved from point a to point b in a constant electric field is
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where 
[image: image7.wmf]E

 is the magnitude of the electric field, 
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is the charge, 
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 is the final position, 
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is the initial position and 
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 is the angle between the electric field and the direction of motion. Since the electric field, like the gravitational field is a conservative field, the work depends only on the endpoints. 

Think about how we know that the electric field is a conservative field.  Consider the following diagram:
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A charge Q is at the center of a sphere and we wish to move a charge of one coulomb from point A to B.  The first question that comes to mind is WHO (or what) is going to move the charge?  Is it you?  Your instructor?  It should be clear that some EXTERNAL FORCE or AGENT will have to push the unit charge from A to B.  Allow us to introduce you to our External Agent whose name is EA for obvious  reasons.  Here is his picture:
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As you can see, he is pushing on a charge Q=1 (coulomb).  EA can clearly PUSH quite well but why does he have to push at all?  Let’s set the background rules.
Rules for pushing a charge from A(B:

1. For the moment, EA does the pushing.

2. EA (remember, he is our External Agent) has to move the charge (and its mass) from A to B at constant velocity.  (Why speed and not velocity?)

3. At first, the charge is at rest, but EA has to increase the speed to whatever speed he is to move the charge at.

4. Then EA does the work.

5. Then he stops the charge at the end of the trip.

How does the work in step 3 compare to the work needed in step 5?  Briefly, why is this important?  Hint: compare the Kinetic Energy to speed it up with the energy to slow it down at the end of the journey.  Do we have to worry about this?  Briefly explain.
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Now, of course, something is pushing back on the charge that EA has to move. It is, the evil Electric Field.  So TWO things are PUSHING on the charge that is to be moved, and since the charge is in equilibrium, these two forces must be equal:
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Going back to our friends, each of these guys is pushing on the charge with a force.  Two forces are acting on the charge: electric force and the force applied by the external agent.    Since these two forces are equal in magnitude and are pointing in the opposite direction, the net force on the charge is zero and hence according to Newton’s second law the velocity is constant.

Since the forces are equal and opposite, the work done by each of these forces in moving a charge from one point to another is the negative of the work done by the other force.  This is a very important concept.

Physicists, being weird, like to talk about the work done by the field rather than about the work done by the external agent.  

Since we understand why we are dealing with a conservative force we can define a potential energy such that 
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where Welec is the work done by the electric field! From what we said before, we need to remember that:


To clarify this concept, let’s go back to the case of a constant, uniform electric field as shown in the diagram below. For this case (as in all cases) we need to define a “zero” or origin for potential energy.  As in the gravitational case, the work necessary for an external agent to lift an object to a height ya above the zero (y=0) is 

PE=( force x distance) = mgya

Notice that the force is in the opposite direction to the gravitational force, as it should be. In the case shown in the diagram, the electric potential energy is
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PEa=( force x distance)
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Again, we are defining the potential energy as the negative of the work done by the field in moving the charge from x=0 to x=xa.  Think about it in the following way.  I prefer to think of potential energy as the work done by the EA in moving the charge to the coordinate xa from the origin at x=0.  The way the field is pointing (and assuming a positive charge) the field is pushing UP so the EA has to hold it back, pulling instead of pushing.  Thus, the force=-qE and the displacement is xa.  This is where the – sign comes into the equation above!

In this unit we will learn more about the Electric Potential and then actually make some measurements using some simple apparatus. But first, consider the following questions.
B. FURTHER EXAMINATION
a. Consider the diagram below. 
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(i) If a positive charge q travels a distance d from point A to point B, as in 
the diagram above, along a path parallel to a uniform electric field of magnitude E, is the work done by the field on the charge positive, negative or zero? Explain your reasoning.  How does the form of this equation compare to the work done on a mass m traveling a distance d in the almost uniform gravitational field near the surface of the earth? 
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(ii) If the charge were negative, would the work done by the field be positive, negative, or zero?  Explain your reasoning.
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(iii) If you were to calculate the work divided by the charge in parts (i) and (ii) above, would that quantity (work done by the electric field divided by the charge on which the work is done) be positive, negative, or zero?  
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IMPORTANT DEFINITION: The negative of the work done by the electric force (qE) in moving a charge from an initial point to a final point divided by the charge (-Welec/q) is called the change in electrical potential or the voltage.  The symbol for electrical potential is V and the change in potential is written as 
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(iv) In the diagram above, at which point is the potential highest, point A or point B?

b. Consider the diagram below.
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(i) The charge +q travels a distance d from point A to point B in a uniform electric field of magnitude E, but this time the path is perpendicular to the field lines.  What is the work done by the field on the charge? Explain your reasoning.
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(ii) The charge - q travels a distance d from point A to point B in a uniform electric field of magnitude E, but this time the path is perpendicular to the field lines.  What is the work done by the field on the charge? Explain your reasoning.
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(iii) What is the potential difference between points A and B in this case?

c. Consider next, the diagram below.
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(i) A charge +q travels a distance d from point A to point B in a uniform electric field of magnitude E.  The path lies at a 45° angle to the field lines. What is the work done by the field on the charge? Explain your reasoning.
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(ii) A charge - q travels a distance d from point A to point B in a uniform electric field of magnitude E.  The path lies at a 45° angle to the field lines. What is the work done by the field on the charge? Explain your reasoning.
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(iii) Is the potential difference between point A and point B positive or negative? Explain your reasoning.
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d. Consider the three diagrams below.
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        1                                       2                                             3
In each diagram determine which point is at a higher potential, point A or point B.

1.___________________

2. ___________________

3. ___________________

e. Can you find a simple rule to determine which of two points is at a higher potential? 
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C. An analogy from the world of gravity.

	


Topographical Maps – (Some of this unit is stolen from Prof. Robert Beichner – NCSU)

Overview:


This is an introduction to electrical equipotential interpretations, even though they are not mentioned in this activity.  Many of the difficulties students have with electric potential can be pointed out in a simpler analogy – gravity.  The topographical lines are analogous to the equipotentials, so this activity first addresses the same concepts, but with hills.

a. Each section will be followed by class discussion. Below is a topographical map of a certain region.  Each topographical line represents points that are at the same level above sea level.  The height between adjacent lines is 10 ft.

Describe the region represented by this map.  Each topographical line represents points that are at the same level above sea level.  The height between adjacent lines is 10 ft.
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b. Describe the directions a ball would roll if placed at positions A – D.
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c. If a ball were placed at location D and another ball were placed at location C and both were released, which would have the greater acceleration?  Which has the greater potential energy when released?  Which will have a greater speed when at the bottom of the hill?
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d. What factors does the speed at the bottom of the hill depend on?  What factors does the acceleration of the ball depend on?
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e. Is it possible to have a zero acceleration, but a non-zero height?  Is it possible to have a zero height, but a non-zero acceleration?
[image: image39.png]



f. Here is a weather map.  Compare it to the sketch above.  The numbers represent pressure. (milli-bars). Where is the wind at a maximum?  Mark it on the map.
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Let’s look at an equipotential diagram.
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The numbers represent the potential in VOLTS.  The two numbers without the V after it are the locations of charges #1 and #2.

g. How much work would be required to move a charge of 2 coulombs from i to f?  How about 3 coulombs?

h.  Pick three “interesting” points on the diagram where each one is on one of the specific equipotential lines (not the same one).  Sketch (on the diagram) the DIRECTION of the Electric Field at each of these points.  Which is bigger and why?
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i. Can you write a rule for deciding on the magnitude and direction of the electric field in such a diagram?
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j. Consider two equipotential lines that in a specific location are very close together, a small distance x.  How much work does it require to move a unit charge from one of these lines to the other at this point? The potential difference between these two points, x apart, is V.

If the electric field at these two points (very close together so that it stays the same in the gap) is E, how much work does it take to move the unit charge in terms of E?

Since these two amounts or work are the same, can you derive an equation that links the three variables above? (“yes” is NOT a sufficient answer.)

What is the sign that you put into your equation (+) or (-)?  Explain the importance of this sign and how you determined what it should be.
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k. The drawing shows a graph of a set of equipotential surfaces seen in cross section. Each is labeled according to its electric potential. A 2.8 C point charge is placed at position A. Find the work that is done on the point charge by the electric force when it is moved  

(a) from A to B, and  

(b) from A to C. 

(c) estimate the magnitude and direction of the electric field at point B.
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D. Some Experiments

For the following experiments, we will be using:

· A small power supply
· A multimeter.
· An E-Field Kit
The following information is taken from the kit and can serve as instructions for this part of the module.

[image: image47.emf]
The PASCO Field Mapper Kit
NOTE:  THESE ARE INSTRUCTIONS SUPPLIED BY PASCO.  THEY ARE SHOWN IN AS PRINTED IN THE MANUAL.  We will not follow all of these procedures but they are included for completeness. You should read all of the following.  Follow only the instructions on page 22 unless told otherwise by your instructors.
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INSTRUCTIONS

We will determine the electric field in each of the following situations – your instructor will suggest optimum dimensions.  In each case use the power supply to set up the situation and then determine the quipotentials for each configuration.  Use one volt changes for each equipotential. Knowing the distance between these equipotentials you can determine the electric field (change in potential/distance).  Be sure to show the direction of the field.  Pay attention to the fringing fields (what are they??)
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E.  The potential a distance r from a point charge.

We have shown that the force between two charges a distance r apart is given by
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This inverse square law is very important in physics as you have already learned.  A point charge creates a radial electric field that diminishes with the distance away from it. But, what is the potential (PE/q) of another charge a distance from the point charge?  Using the calculus, the calculation of potential is relatively simple, but it is very difficult for an algebra based course like this one.  So, we will resort to a graphical solution.

We already know that the Electric Field a distance r from the charge is given by 
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Using calculus we could prove that the potential energy goes as 
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as opposed to the 
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that we know for the FORCE between these two charges.  Specifically, the potential of a point a distance r from a point charge Q is given by 
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If there are a number of point charges contributing to the potential at a point, we would calculate V as
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PROBLEMS
(1) The work done by an electric force in moving a charge from point A to point B is 2.48 [image: image59.png]


10-3 J. The electric potential difference between the two points is VA − VB = 59.5 V. What is the charge?
(2) An electron and a proton, starting from rest, are accelerated through an electric potential difference of the same magnitude. In the process, the electron acquires a speed ve, while the proton acquires a speed vp. Find the ratio ve/vp.

(3) The drawing shows four point charges. The value of q is 2.02 µC, and the distance d is 1.04 m. Find the total potential at the location P. Assume that the potential of a point charge is zero at infinity. 
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(4) Three point charges, -5.35 [image: image61.png]


10-9 C, -8.50 [image: image62.png]


10-9 C, and +7.35 [image: image63.png]


10-9 C, are fixed at different positions on a circle. The total electric potential at the center of the circle is -2250 V. What is the radius of the circle?

SUMMARY

You should understand the concept of electric potential energy. You should understand the concept of electric potential difference as the work per unit charge done by an agent in moving a charge from one point to another.  And you should have been able to do the homework assignments for this topic!
Now THAT’S a BIG Voltage!!!
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The work done by an external agent in moving a charge from one point to another is the negative of the work done by the Electric Field in moving the charge between the same two points.
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