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This quarter will have an increased emphasis on error analysis, and this experiment has been chosen 

to deal with errors in some real depth (probably more than you wanted!)


In this experiment you will use a pair of high-strength 

magnets suspended by a thread.  The sketch on the right


      (         (
shows a top view of a suspended magnet, free to rotate




B
about an axis perpendicular to the page.











TOP VIEW

The magnet is represented by the short heavy arrow ( .

The magnetic field is the slender arrow B.

The magnet is suspended in the center of a large coil of radius r and nominally 200 turns. The magnetic field B is partly supplied by the Earth, and partly by the current in the coils carrying a current i : 

(1)
 B = Be + Bcoils =  Be + (oNi/(2r)  . 

The torque on the magnet in the external field is ( = ( x B. This torque acts to reduce the angle (, sending the magnet back toward B, and as a result, the magnet oscillates about the direction of B.

The rotational inertia of the coil about its CM through an axis perpendicular to the page is Irot. From torque = Irot ( we have   - Irot d2(/dt2  = (B sin ( .  At small angles this becomes   Irot d2(/dt2  = -(B (, which is of the same form as  m d2x/dt2 = -kx.  Since the mass-spring frequency is ( = ((k/m), we can write by analogy for the oscillating magnet

(2)
( = (((B/Irot).


One must calculate Irot for the magnets from 

their mass and shape, The magnetic field B is varied



            coil 

using the current in the coil. The magnets are suspended 

at the center of a large circular coil of known turns, as 

shown in the sketch at the right. This means that when 

one measures the current through the coil, one can




       SIDE VIEW

 calculate the magnetic field due to the coil.

At each of 7 magnetic field values one measures 

the period of oscillation, T (at least 3 trials!). This  gives a set of 7 data points, 

where current i is measured and angular frequency ( is found from 2(/T.

It would be bad if iron under or near the benchtop affected the magnetic field and the frequency of oscillation. To test for this effect, do a trial at several different distances from the benchtop.  Find a place where changing the distance does not affect the frequency.

At higher B fields the oscillation frequency will be higher, and if it is too high you will not be able to reliably measure it with a stopwatch. But you could use a magnetic field sensor attached to LabPro, then measure magnetic field while it swings, and determine the frequency that way. One of your 7 data points should be with no current in the coil. The upper limit on current will be where the magnet oscillations are too fast to measure. If you reach such a point, reduce the current somewhat and work down from there.  In addition to the 7 frequency measurements, do a careful measurement cancelling out the Earth's field with the field of the coils (see next page).

You are to determine the magnetic moment ( of the magnets, in A-m2, as precisely as possible, and to make a valid estimate of the uncertainty in its value. The other quantity you must determine is Beh, the horizontal component of the Earth's magnetic field, in tesla.

For a first estimate of Beh, use the coils to cancel it out. When you succeed, there will be no horizontal component of magnetic field at all, and the coil will not oscillate, it will just wander around. When you know how much coil current is needed, you can calculate Beh. But how good is this estimate?  It depends on the coil radius, the number of turns, and the current. 

How precisely do you know the 'cancelling' current? You must experimentally estimate the uncertainty in the 'cancelling' current. Your report should be clear about how you did this. Then you need the coil radius. How precisely do you know this radius? You must establish an uncertainty in the coil radius and explain how you got it. Assuming 200 turns in the coil, you can propagate errors and calculate the uncertainty in your value of Beh.

A separate estimate of Beh comes from the oscillations when no current is present. For this situation, your value will depend on values of ( and Irot.  In particular, Beh will depend on (/Irot. Since you don't yet know (, this will have to wait.

From Eqs. (1) and (2) we can write

(3)
( = 2 (f  = 2(/T = ((((Beh + (oNi/(2r))/Irot).      

Rewrite Eq. (3) so it is of the form  y = a x  + b.  Now you want to plot y vs. x and see if it is a straight line.  The directly measured quantities are period T of the magnet oscillation and the current i in the coils.  

These measured quantities must go into your plot. For each value of current and period you must estimate uncertainty. You must of course measure each period at least three times. From this set of measurements will come an uncertainty in T. Be sure to explain how you do this. For the current you may just estimate the uncertainty based on any movement of the meter reading as the experiment progresses.

(next page)

Errors in a set of set of x,y data for the equation y = ax+  b.

We will tackle the question of linear x,y data without accounting for uncertainty in the x data points, assuming the failure to fit a perfect line is due to uncertainties in the y-values.

First you will treat a 'dummy' file with cooked-up x,y data. This is provided in a file 'fit error in coeff.xls' or some equivalent title. You will have x,y data and try to determine the slope and intercept (easy using a plot and a trendline), but also the uncertainty in slope and uncertainty in intercept from the given data (not so easy).

This file will give you a column of x data, a column of y-data, a y vs. x plot,  and sliders which control coefficients a and b.

Step 1:  add a column of y(calc) = a x + b data

Step 2:  add a plot of y(calc) vs x to the plot already there

Step 3: manually adjust a and b via the sliders to get something which sort of fits the data

Step 4: add a column of (y-y(calc))^2   [this is the squared deviation of calculated from experimental y]

Step 5: sum up the squared deviations

Step 6: play a bit more with a and b trying to minimize the sum of squared deviations  (ssdev)

Step 7: record your a and b values which get somewhere near a min in ssdev

Step 8: use the Solver function to obtain a minimum in the ssd cell by adjusting coefficients a and b

Step 9: record the solver values for a and b

Step 10: compare to the trendline values - they should be the same as the solver values

Now for the uncertainties in the coefficients a and b.

Non-theoretical approach: 


I found that starting with best a and b values, if I changed the a coefficient by an amount which 


doubled the ssd, the difference in a values was basically the uncertainty in a


Ditto for b. Starting with best a and b, changing b to double the ssd gave delta-b

Excel recipe for uncertainties.

0. Let's suppose your x,y data is in cells a3..b9

1.  select an empty 2 x 2 array of cells  

2: enter " = linest(b3..b9,a3..a9,true,true)"   then press ctrl-shift-enter  (not just 'enter' !)

3: the top left cell should be the slope and the top right cell should be the intercept

4: the bottom left cell should be the slope uncertainty and bottom right the intercept uncertainty

Then you can compare the Excel recipe to my informal recipe for separately doubling the ssd.

If and when you find errors in my instructions, you must let me know right away!

(next page)

Uncertainties in ( and Beh.

From your data and plots you must determine the uncertainties in coefficient a and b.

Each coefficient depends on measured quantities, all of which have uncertainties.


period of oscillation, T


length, width, height of the magnet


mass of the magnet


coil radius

Make sure you have explained how you measured these quantities and how you estimated the uncertainty in each.

From these you will calculate uncertainty in Irot, the moment of inertia of the magnet about its center. 

In this process you must decide how to handle the slight rounding at the ends of the magnets.

Your final step is to propagate uncertainties in order to obtain ( and its uncertainty, along with Beh and its uncertainty.

