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Equipotentials and Electric Fields
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) (
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) (
Digital Function Generator
)Equipment We will create an electric field by redistributing charges on brass electrodes so that one has a net positive charge while the other has a net negative charge of equal magnitude.  Two sets of the brass electrodes (circles and parallel “strips”) are shown in the picture.  (The parallel “strips” are shown positioned for measurement.)  We will use the digital function generator (source of emf) to cause the redistribution of the charges on the brass electrodes.  (The brass strips are shown connected to the digital function generator.)  We will use a multimeter to make voltage measurements in the region between the electrodes.  	
The black lead will be fixed to one electrode and is the reference.  Again, if the black lead is grounded, the multimeter will give values of the electric potential at the position of the red lead.  The multimeter requires a small amount of current for its operation and thus it is necessary for the leads to make contact to a conducting material.  Consequently, we will put some water between the electrodes.  In order to accomplish this, the electrodes are placed in a tray that will hold the water.

Initial Preparations and Further Details of the Experiment 

1.  Place about ¼ inch of water in the bottom of the water tray.  Since the charges only move in the plane of the water tray, the experiment is two-dimensional (plane of the water tray) and thus simulates a cross section of electrodes and electric fields that are infinite perpendicular to the water tray.  For example, a circle on the water tray should behave like an infinite cylinder.

2.  Connect a long lead (wire) to the terminal on the digital function generator marked “GND.”  As we expect, “GND” is connected to the earth (ground).   Connect another long lead to the terminal marked “HI .”  

3.  In this experiment, we will use the digital function generator to provide a sinusoidal voltage.  A sinusoidal voltage is used because water is an ionic conductor.  If a constant voltage were used, the positive ions would pile up at the negative electrode and the negative ions would pile up at the positive electrode because ions cannot enter the brass electrodes.  This redistribution of charge (and chemical reactions) would mess up the electric potentials and thus we alternate the voltage to prevent painful ion buildup.  


Fortunately, the digital multimeter can handle alternating voltages.  Turn the dial on the multimeter to .  On this setting the meter measures a special average value called the “rms” or root-mean-square value.  The meter squares the voltage, averages the square of the voltage then takes the square root of the average of the square.  For the purpose of this experiment, we will just treat this value as a standard constant voltage reading.  Why does the multimeter not just measure the average value of the voltage?  (Hint:  What is the average value of a sine wave?)


4.  Connect the “GND” lead from the digital function generator to the multimeter input marked “COM.”  (As has been pointed out in a previous lab, “COM” is an abbreviation for “common” and that is another term for reference and hence the connection to “GND.”)  

5.  Connect the red multimeter lead (metal point on the end) to the “V-” input of the multimeter.   This lead will be used as the probe to measure the electric potential at various points in the water tray.  In order to make a measurement, we simply touch the probe onto the point in the water tray at which we wish to measure the electric potential.  It is best to hold the probe vertical when making measurements or the reading won’t be accurate.  Hold the probe still until the reading is steady.  With a little practice it will be easy to trace out the points that have the same potential.

Part 1.  The electric field between two parallel strips (plates) The first configuration that we will investigate is two parallel plates, one of which has a net positive charge and the other has a net negative charge of equal magnitude.  This configuration gives a relatively simple electric field pattern, and represents the prototypical parallel plate capacitor.  The goal of Procedure 1 is to determine the magnitude and direction of the electric field in the middle portion the plates.  The goal of Procedure 2 is to determine the shape and distribution of the equipotentials and then to use them to deduce the electric field.  The electric field is related to potential by the following equation:

E = V 				(1)

Procedure 1  
1.  Arrange the plates (strips) as shown lab handout.  Be sure that there is enough water in the tray to cover the bottom of the strips.  (It may be useful to remove some of the corrosion from the strips using the a green abrasive pad that should be on the table.)

2.  Connect a long lead between the “GND” input of the digital function generator (or the “COM” input of the multimeter) and the electrode (strip) at Y = 1.  Connect the long lead from the “HI ” input of the digital function generator to the electrode at Y = 8.  It is important to make good connections to the electrodes so you might consider removing some corrosion from the electrodes at the contact points.

3.  Turn on the digital function generator.  Be sure that the digital function generator is set to provide a sinusoidal voltage.  Adjust the frequency to 300 Hz.  

4.  First, touch the probe (red lead from the multimeter) to the electrode connected to “HI “ and adjust the digital function generator so that the multimeter reads about 5V.  Record the actual value in the space provided.

	Coordinate        (inches)
	y-Coordinate               (m)
	Electric Potential
(V)

	(7,2)
	
	

	(7,3)
	
	

	(7,4)
	
	

	(7,5)
	
	

	(7,6)
	
	

	(7,7)
	
	



Vmax = _________________ V

5.  Measure the electric potential at each of the coordinates listed in the table and record the values in the space provided.  Remember that the probe should be vertical while a measurement is made.  

6.  Convert the y-coordinates to meters and record the values in the second column.  

7.  Plot a graph of electric potential vs. y-coordinate in meters using Any plotting program (Excel is located on the desktop of your computer).  What is the shape of the curve?  What does the shape of the curve tell us about the magnitude of the electric field for all values of y at x=7 (in the “middle” of the plates)?  



8.  Refer to Eq. (1) and determine the magnitude of the electric field between the parallel plates from the plot.  Record your answer here and explain how you arrived at the value.  You should use Excel to determine E and its uncertainty.  The trendline feature will get you the slope.  To find the uncertainty, you will need to use the “linest” function shown generically as follows:

a.  Type your x and y values in column form.  The dependent variable (y) is the electric potential
	x
	y

	1
	2.1

	2
	3.9

	3
	6

	4
	7.9

	5
	10.1

	6
	12.1

	
	


b. Below this type the function =linest(y-values, x-values ,true, true).  Use array notation for the x and y values, i.e. B2:B7 for the y values.

c. Hit enter.  You should see the slope of your line displayed.

d. Use the mouse to highlight 2 columns and 5 rows with your linest function in the upper left hand cell.  Hit F2.  Then hit Control-Shift-Enter.  The slope should persist, but you will get an array of numbers.  To decode these numbers, use the below table.  For a linear function, there is only one slope and intercept, so columns E and F will slide left to columns A and B.  The slope remains in the upper left cell.  The intercept is in the column to the right of it.  In the row below the slope and intercept are the standard errors in the slope and intercept.  We will take these to be the uncertainties.  The remaining numbers are identified in the chart.    
 
	STATISTIC
	DESCRIPTION

	se1,se2,...,sen
	The standard error values for the coefficients m1,m2,...,mn.

	seb
	The standard error value for the constant b (seb = #N/A when const is FALSE).

	r2
	The coefficient of determination. Compares estimated and actual y-values, and ranges in value from 0 to 1. If it is 1, there is a perfect correlation in the sample — there is no difference between the estimated y-value and the actual y-value. At the other extreme, if the coefficient of determination is 0, the regression equation is not helpful in predicting a y-value. For information about how r2 is calculated, see "Remarks," later in this topic.

	sey
	The standard error for the y estimate.

	F
	The F statistic, or the F-observed value. Use the F statistic to determine whether the observed relationship between the dependent and independent variables occurs by chance.

	df
	The degrees of freedom. Use the degrees of freedom to help you find F-critical values in a statistical table. Compare the values you find in the table to the F statistic returned by LINEST to determine a confidence level for the model. For information about how df is calculated, see "Remarks," later in this topic. Example 4 shows use of F and df.

	ssreg
	The regression sum of squares.

	ssresid
	The residual sum of squares. For information about how ssreg and ssresid are calculated, see "Remarks," later in this topic.


The following illustration shows the order in which the additional regression statistics are returned.



Print your graph to include in your report.  What is the direction of the electric field and why?


|Emeasured| = _________________ V/m



9.  You should have concluded that the electric field in the middle of the plates is uniform (is constant).  For this special case, we know that

					Vba=-Ed				(3)		

d is the separation of the electrodes and the V is the potential difference between them.  For our experiment, V=Vmax and d=7 inches.  Use eq. (3) to predict what magnitude of the electric field should be (|E| = |Epredicted|) and record the value in the space provided.  Compare |Emeasured| and |Epredicted|.


|Epredicted| = _________________ V/m

Procedure 2 
Our goal for this part of the experiment is to plot (map) equipotentials.  Think about what the equipotentials should look like given the shape and symmetry of the electrodes. Proceed as follows.  

1.  Use the multimeter to measure the electric potential at the middle of the plates (coordinate (7,4.5)) and record the value as V1 in the space provided.  This value should be half of Vmax.  Is it?

V1 = _________________ V

2.  On the graph paper (page 9 of this write-up), place a mark at (7,4.5) on the graph paper.  Use the multimeter to locate several points to the right of (7,4.5) where the electric potential is the same and place marks on the graph paper at those points.  (Proceed to the right to close to (within about an inch of) the edge of the water tray.)  Draw an equipotential by sketching a smooth curve through the dots.  (Yes, this equipotential is boring.  The next ones are more interesting, at least at the edge of the plates and beyond.)

3.  Next, plot equipotentials for two potentials between V=0 and V=V1.  You may wish to use the values V2 and V3 as defined by the following arithmetic operations.





 = _________________ V		= _________________ V

Again, proceed to the right to close to (within about an inch of) the edge of the water tray.

4.  Using symmetry, extrapolate the equipotentials from the middle of the strips to the left.


5.  Using symmetry, sketch equipotentials for  and .  (Alternatively, you may wish to carry out steps 1 and 2 for V4 and V5.)

6.  Once you have mapped out the equipotentials, sketch in a representation of the electric field.  Draw the electric field lines on the handout.  Remember that the electric field must be perpendicular to the equipotentials and is directed from high potential to low potential. 

7.  Sketch the charge distribution on each plate i.e. draw charges on the plates. 

8.  Measure the potential at various positions behind the positive plate (i.e. not between the two plates.  Repeat these measurements for the region behind the negative plate.  Explain the observed  results

Part 2. The electric field between concentric cylinders In this part of the lab we will investigate a slightly less simple configuration, a small, solid cylinder and a large circular ring.  This should simulate a cross section of a long wire and coaxial cylinder.

Procedure 1
1.  Replace the plates with the small, solid brass cylinder and the large circular ring in the water tray so that they are both centered at (7,5).  The placement of the objects is shown on page 10 of this write-up.  If the large cylinder looks badly out of round, you may need to reshape it a little. 

2.  Connect the “COM” input of the multimeter or the “GND” input on the digital function generator to the small, central electrode.  

3.  Connect the large outer electrode to the red “HI ” input on the digital function generator.

4.  Touch the probe (red lead of the multimeter) to the large ring and adjust the digital function generator so that the multimeter reads about 5V.   Record the actual value as Vmax in the space provided.

Vmax = _________________ V

5.  Determine the potentials for four equipotentials by doing the following arithmetic.





=_________________ V	=_________________ V




=_________________ V	=_________________ V

6.  On the provided graph paper, (page 10), map out the equipotentials for these potentials (V1, V2, V3 and V4).  It should not take many measurements for each potential before you are able to sketch the equipotential.  

7.  On the plot, sketch the electric field between the electrodes and the charge distribution on the electrodes.

8.  What is the electric field outside both electrodes?  Describe and carry out an experiment to verify your answer.






9.  Place two field diagrams side by side.  (Please read the following two sentences carefully.)  Remember that in both cases the equipotentials are equally spaced in potential.  However, note that while the equipotentials are also equally spaced in space in the middle of the plates, they are not equally spaced in space anywhere for the coaxial cylinders.  Explain what this implies concerning the magnitude of the electric field between the cylinders.






Theory Next, we will take data that should allow us to determine how the electric potential depends on r, the distance from the center of the arrangement.  The theory is as follows.  You probably know that the electric field outside a long uniform line of charge with charge per length, , is 

							(4)

Next we will calculate the electric potential for our configuration.  We start by using the equation for potential difference


		(5)

For us, Va=0, a=radius of the small cylinder and Vb = V is the potential at any radius r.  Consequently, our equation for the electric potential becomes


			(6)

Thus, the electric potential should vary as the ln(r).  We will now test this theory.

Procedure 2
1.  Measure the electric potential, V, at the coordinates listed in the first column of the next table.  Record the measured values of V in the last column of the table.

2.  Carefully transform the coordinates to the distance from the center of the center cylinder and record the values in the table as the radius, r.  Change the units from inches to meters and also record those values.
  
	Coordinate (inches)
	Radius, r
(inches)
	Radius, r
(m)
	ln(r)
	Potential, V
(V)

	(7,1)
	
	
	
	

	(7,1.5)
	
	
	
	

	(7,2)
	
	
	
	

	(7,2.5)
	
	
	
	

	(7,3)
	
	
	
	

	(7,3.5)
	
	
	
	

	(7,4)
	
	
	
	


3.  Calculate the natural logarithm of the radius and record the values in the fourth column of the table.

4.  Plot the potential, V, (on he y-axis) vs. ln(r) (on the x-axis).  If eq. (6) is valid, the plot should be a straight line.  


5.  Obtain a best-fit straight line to this graph and use your answer to calculate the effective linear charge density (charge per length) on the center cylinder.  (Hint:  According to Eq. (6), the slope of the V vs ln(r) graph should equal .)  

Slope of graph =  _________________	


 =  _________________  C/m.

6.  Is the sign of  what you expect?  Explain.


Part 3.  Create a geometry of your own choosing and map the fields and equipotentials.  Submit an appropriate drawing and discuss your observations.  The chart on page 11 is one possible configuration




End of Lab Checkout 

1.  Empty the water tray.  

2.  Disconnect any circuits and tidy up the workstation.
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