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Force Between Current-Carrying Wires
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Introduction:  Magnetic levitation (or maglev) has become familiar terminology.  It refers to objects that rise or float when magnetic forces are involved.  One application, of course, is maglev trains.  In today's lab, we will observe a form of magnetic levitation.  What we will do is send equal current in opposite directions through two parallel wires, one of which is fixed in position.  The non-fixed wire will rise as the current increases.  We will  measure the force on the wire and use this measurement to determine the "permeability of free space" (μ0). 

 In addition to magnetic levitation, you have probably seen magnets (apparently) exert a push or a pull on objects made of iron, such as a paper clip.  There is a strange, but true, fact concerning all of these situations: 

The force that lifts a train or wire, or pulls a paper clip to a magnet, is not a magnetic force. 

The reason is simple: The magnetic force acts on moving charges (usually the electrons) and not on the bulk of the material.  It is these moving charges that push or pull on the bulk of the material via the electric force. 

Also, the statement that a magnetic force "lifts" or "pulls" can create the misconception that a magnetic force can do work.  However, a magnetic force never does work. This is because a magnetic field never changes the magnitude of the velocity (i.e., speed) of a moving charge, even though it may change the charge’s direction of motion!  

Consequently, the force that lifts a train or pulls a paper clip to a magnet cannot be a magnetic force.  Of course, magnetic forces are involved and are often equal to the actual lifting or pulling force.  However, it is always an electric force that lifts a train or wire, or pulls a paper clip. 

Theory A schematic of the experiment is shown in the next diagram. 


It can be shown that the magnitude of the force, |F| = F, on a length, l, of the upper bar is 
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The quantity d is the distance from the center of one bar to the center of the other.  In this experiment, both the upper and lower bars are part of a series circuit.  Thus, the magnitudes of the currents are equal (i.e., I1 = I2 = I ).  Consequently, eq. (1) becomes 
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We will make measurements to experimentally determine 0. 

Equipment An image of the equipment that we will use is shown below. 
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Measuring the Force 

1. Adjust the bars so that they are parallel to one another and one bar is directly over the other. This may require some adjustment of the lower bar using the screws on the posts supporting the lower bar and may also require some adjustment of the pivot points for the top bar. 

2. Adjust the counterweight so that the bars are in equilibrium a few millimeters (2-4 mm) apart. Ensure the bars remain in the proper position after adjusting the counterweight. (As stated in step 1, the bars should be parallel and one bar should be directly above the other.) 

3. Ensure the upper bar moves up and down freely and that the "damping vane" (opposite to the counterweight) does NOT contact the magnets attached to the base.  The "damping vane" and magnets act as an "eddy current brake" to keep the bar from oscillating freely. 

4. Test whether the equipment is operating properly. Turn the dial on the variac fully counterclockwise (to zero). Use the switch to turn on the variac. Slowly turn up the variac. Current will appear in the circuit and the upper bar will levitate. If not, consult your instructor. 

5. Slowly turn the dial on the variac to zero and turn it off. We are ready to use the laser. 

Warning: Do not let the laser beam shine into your eye or permanent vision damage can result! 

It is okay to look at the spot where a laser beam strikes a surface so long as the surface is not mirrored or shiny and the beam is not directly reflected into the eye. 

6. Turn on the laser and shine the beam on the mirror so it reflects and shines on a vertical meter stick (or a piece of paper affixed to a wall) one meter or so distant from the mirror.  The experimental configuration is shown in the next image. 
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7. Ensure the bars are parallel and are a few millimeters apart. This is the equilibrium position for the upper bar. 

Note: The equipment is sensitive and vibrations may displace the bars from the established equilibrium position.  This will cause the experiment to give poor results. Consequently, for the remainder of the experiment, use extreme care when touching the table or equipment. 

8. The position of the (laser) spot on the meter stick (or piece of paper) is a sensitive measure of whether the upper bar is in equilibrium and later in the lab we will use this position to determine the distance between the bars. Record the reading on the meter stick as y2 in the space provided.  (If you use a piece of paper, mark the spot on the paper and label it as y2.)  The spot is large, so ensure the position within the spot that you are using for making measurements remains consistent throughout the experiment.
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The equilibrium position should be checked occasionally throughout the experiment. If it changes, you must discard your data and begin again. 

9. Next, we will add mass to the upper bar and increase the current until the bar returns to equilibrium. When the upper bar is in equilibrium, the downward (normal) force on the bar due to the mass is balanced by the upward force on the bar due to the electrons moving through it. 
Use tweezers to CAREFULLY place a 20 mg mass on the upper bar. This should lower the upper bar and hence lower the position of the laser beam on the meter stick or paper. 

10. Turn on the variac and turn up the current until the upper bar returns to its equilibrium position as determined by the position of the laser beam on the meter stick (or piece of paper). 
Record the current in the appropriate space in the third column of the next table. Calculate I2 for each row of the table and record the values in the last column.

11. Repeat the procedure by adding masses in about 20 mg increments to the upper bar.  At each step, record the total mass on the upper bar in the first column of the following table and the current required to return the upper bar to its equilibrium position in the third column.Calculate the added weight (force due to gravity) for each row of the table and record the values in the second column.  Recall that 1 mg = 0.001 g = 1 x 10-6 kg. 
	M (mg or x 10-6 kg)
	F = Mg (N)
	I (A)
	I2 (A2)

	20.0 ± 0.1
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Data Analysis 

1. Plot the force (y-axis) vs. the current (x-axis). The best way to do this is to use Excel. 

What is the shape of the force vs. current plot? Is it linear? What should it be? Explain.

2. One technique for analyzing the data is to best fit a quadratic equation to the data. In this case, the coefficient of the quadratic term should be 0l/2d. 

3. Another technique for analyzing the data is to plot the force (y-axis) vs. the square of the current (x-axis). In this case you should get a straight line and the slope will be 0l/2d. 

4. Perform both techniques and record the experimental value of 0l/2d in the space provided and explain how you arrived at this result. 

0l/2d =  [image: image69.wmf]
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If we can determine values for d and l, we can calculate an experimental value for 0 that can be compared with the correct value of 0 =  4x10-7 N/A2. 

Measuring the Separation Between the Wires, etc.  The most difficult quantity to determine is the distance between the centers of the bars, d. We will do that two ways. 

1. Ensure the variac is off and all masses are removed from the bar. 

2. Being careful not to contact the upper bar, use the digital calipers to measure a crude value of the bar separation distance, d.  Since the bars are "thick", measure from the center of the lower bar to the center of the upper bar.  Record the value in the space provided. 
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Now, there is a better way to determine the value of d. We can use the principle of the "optical lever." The basic idea is that if a light beam (in this case our laser beam) reflects off a mirror and the mirror rotates by an angle, , the light beam rotates through an angle 2. This improves the sensitivity when measuring the angle. What we will do is push the bars together, then let the upper bar return to the equilibrium position. We will determine the angle swept out by the laser beam (2) as the upper bar moves from the contact position to the equilibrium position. This (angular) rotation of the laser beam will be used to calculate the separation between the bars, s. If we add the radii of the bars to s, we will get d.  A sketch is shown in the following two diagrams. 

3. Place a small mass on the upper bar so the bars are in contact. Record the position of the spot on the meter stick as y1. (If you are using a piece of paper, mark the position on the paper and label it y1.) 

y1 = [image: image73.wmf]
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4. Remove the small mass and allow the upper bar to return to the equilibrium position. Re-record the value of y2 in the space provided.  The value of y2 should be the same as was recorded earlier in the laboratory. 

y2 = [image: image76.wmf]

± [image: image77.wmf]

m 

[image: image78.jpg]Bars in equilibrium





5. Determine the value of y2 - y1 and record in the space provided. 

y2 - y1 = [image: image79.wmf]
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6. Measure the distances, w and b, shown in the diagrams. Record the values in the space provided. 

w (distance from the mirror to the meter stick) = [image: image81.wmf]
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b (distance from the top bar to the pivot point of the bars) = [image: image83.wmf]

± [image: image84.wmf]
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We are now ready to make some calculations, recalling that s is the separation between the bars as shown in the next diagram. 
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We can use small angle approximations to write that 

	 
	s ≈ b
	(3)


and

	 
	y2 - y1 ≈ w(2) 
	(4)


Thus,
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7. Use eq. (5) to calculate the value of s and record the value in the space provided. 

s = [image: image87.wmf]

± [image: image88.wmf]

m 

8. Finally, it should be apparent from the diagram above that the distance from the center of one bar to the center of the other, d, is given by 

	 
	d = s + R1 + R2 
	(6)



where R1 and R2 are the radii of the two bars.  Measure R1 and R2 with the digital calipers and record the values in the space provided. 

R1 = [image: image89.wmf]
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R2 = [image: image91.wmf]
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9. Calculate the value of d using eq. (6) and record the value in the space provided. 

d = [image: image93.wmf]
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Compare the two values of d. (If they are significantly different, then you have made a mistake.) 
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10. Finally, measure the length of the upper bar where there is current. Record the value in the space provided. 

l = [image: image96.wmf]
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Data Analysis and Discussion 

Use the value of l, the best value of d, and the experimental value of 0l/2d to calculate an experimental value for 0 and record it in the space provided. 

R19: 0 = [image: image98.wmf]
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R20: Compare the experimental value of 0 with the correct value. 
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