
Experiment V

     Free Fall of a Mass

I. Purpose

In this experiment, you will again study one-dimensional motion of an object under the influence of gravity.  In this case the motion is free-fall.  The purpose of this lab is to develop experience with systematic uncertainties in an experiment, and with the least-squares technique of fitting data to theory.  You will also measure g.

II. Equipment

Support stand with electromagnet


Two optical gates 

steel ball 





plastic container

computer interface box  and cables


control box for gates and electromagnet

LoggerPro 





Excel Spreadsheets

Vernier calipers

III. References

For a review of fitting and errors, see Lyons, or Appendix A of the lab manual.  You may again need to review the physics of motion in one dimension under the influence of the force due to gravity. Recall that the basic kinematic expressions for an object moving with constant acceleration are


[image: image1.wmf])

(

)

(

)

(

)

(

)

(

0

0

0

2

0

2

1

0

0

0

t

t

g

v

t

t

v

t

t

g

t

t

v

y

t

y

-

+

=

-

-

+

-

+

=

r

r

r

r

r

r

r


where 
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 are the location and velocity of the object at time t0 .

IV. Experiment

An overview of the experimental apparatus is shown in figure 1.   A support stand has an electromagnet that is used to hold a steel ball and release it on command. On its way down, the ball passes through two optical gates. The optical gate consists of a beam of light transmitted from one side of the gate and a light-sensitive receiver on the other side of the gate.  A voltage signal proportional to the intensity of the light hitting the receiver is sent to the computer via an interface box.  When the ball passes through the gates, the light beam is interrupted, and the voltage briefly disappears.  This gives the computer a precise time stamp associated with the ball passing a specific location along the support stand.

To acquire data in the computer, you will be using the LoggerPro software and two voltage probes.  One probe reads the voltage of the two optical gates, and the other probe acts as an external trigger to indicate to LoggerPro that it should start taking data as soon as the magnetic switch is released.   When you release the switch, the current going to the magnet (which is read as a voltage) is interrupted. When this signal on probe 2 becomes greater than 0.2 volts, LoggerPro will begin acquiring data. 







      

Figure 1:  Apparatus for Free-fall experiment

A. Experimental Setup











Look closely at an optical gate and its mount.  You need to develop a model for how you can relate the location of the gate to the scale on the vertical support stand, and how well you can do it (e.g.,  the uncertainty in y).  You also need to precisely determine where the center of the ball is located with respect to a point on the vertical scale when it is resting on the magnetic switch.  This is tricky because the switch is indented into the top support stand.  You will need to know the radius of the ball, R, which you can determine by measuring the diameter of the ball with a set of calipers.  

QUESTION A1:  In the space below, make a careful sketch of the detail of the top mount with the magnetic switch and the ball hanging from the switch.  Choose a coordinate system with y pointing down, and choose y=0 to be at the bottom of the bracket that holds the magnet.  Determine the distance along the scale between the center of the ball and the point you’ve called y=0, along with its uncertainty, and indicate it on your drawing.  Call this point y0.  To determine y0 you’ll probably have to make a few measurements (hint: 3 is enough) so you’ll need to propagate uncertainties to find the uncertainty in y0.  Use the calipers where possible to minimize your uncertainties.

Sketch of the magnetic mount...

Set the apparatus up with two optical gates somewhere below the magnetic switch.  Make sure the stand is level  - it can be adjusted with the wing nuts on the feet of the stand and measured with the bubble level on the stand.  

Set the upper gate (“A”) near the top of the stand, about 3 cm below the magnetic switch.  Align the lower gate (“B”) about 20 cm below it and be sure to secure them both tightly in place.  Measure and record the positions of both gates, and determine the uncertainty in the position.  Connect the cable from the B optical gate to the back of the control box. 

Energize the electromagnet and place the steel ball against it.  The ball should “stick”, because the magnetic force holding the ball in place is strong enough to balance the gravitational and normal forces acting on it in the opposite direction.  Place the plastic container directly under the ball at the base of the support, so that when the ball drops it falls into the container.  Release the ball a few times to get a feel for how the magnetic “switch” works.  Be sure that the ball will pass cleanly through both optical gates before releasing the switch.

NOTE: If you leave the ball attached to the magnetic switch for too long, the ball, which is made of steel, becomes magnetized and does not fall right away when the magnet gets de-energized.  So you should wait to put the ball on the switch until just before you want to release it.  

Start LoggerPro.  From the file menu, choose the setup called “Free Fall”: this will initialize LoggerPro with the correct settings and readout.  Check under the “Setup/Data Collection” menu that the following parameters are set. 

1. Under “Sampling” you should have a sampling rate of 1000 samples/sec and a sampling time of 0.5 seconds. 

2. Under “Triggering”, you should have Triggering enabled, with Potential 2 greater than 0.2 V 

3. Place the ball on the magnetic switch. Press the “Collect” button in LoggerPro. You will see that LoggerPro is waiting for a trigger.  Release the ball.  After 0.5 seconds, LoggerPro should stop and display your data.

Take a look at a plot of the data you acquired.   The horizontal axis will be “time”, and the vertical axis will be voltage. 

PLOT A1:

Make a graph of the data from a drop, zooming in on the pulse corresponding to the ball crossing the 2nd gate, and show your instructor.  

From this pulse, you next need to find the time that the center of the ball crossed the center of the gate.  The pulse corresponding to the ball crossing the optical gate should have a trapezoidal form.  Why does the pulse have this shape? Is it symmetric, and if not, why not?  By measuring the two times corresponding to the ball entering and exiting the gate (call these t1 and t2), and taking the average, you can determine when the center of the ball crossed the center of the gate: 

t = ½(t1+t2).  
You now need to find the uncertainty in t.  The spacing between the points in your graph is the digitization error.  LoggerPro doesn’t record t continuously but only at the sampling rate.  The time between data points is 1/(sampling rate), or 1 ms=0.001 s, for a sampling rate of 1000 samples/sec.  The uncertainty in LoggerPro’s ability to record time is about half of this value.  This gives you the uncertainty in t1 and t2, and by propagation of errors you can find the uncertainty in t.

Assuming that the clock is started when the magnet releases the ball, that the initial velocity is zero, and that the balls starts at the coordinate 
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, (which is not zero), then the equation for free fall becomes:
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V.1

QUESTION A2: 

Using your measured crossing time, your measured vertical position of the 2nd gate, and your measurement of y0, you can calculate g.  How does your measured value compare with the accepted value of 9.80 m/s2?  Show your instructor your calculated value of g.  

QUESTION A3:

What are the possible sources of error in determining g?  Show by propagation of errors how 

y, y0  and t affect the uncertainty in g.  Starting from equation V.1 above, derive the following expression, and show your instructor: 
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QUESTION A4:  

What is your uncertainty in g?  Compute each of the three terms in the expression in question A3 separately and determine which is the largest contributor to the uncertainty in g.  Do these uncertainties account for the deviation of your estimate for g from 9.80 m/s2?  If not, there may be some source of systematic error that has so far been neglected.  

In the next part, we’ll use information from two gates, with several different 2nd gate positions, to develop a set of data (y,t), and by fitting this data set to our expected behavior, we should be able to get a more precise and more accurate determination of g.

B. Acquisition of Experimental Data with Two Gates






Record data for a total of five positions of gate B, keeping the location of gate A fixed at about 3 cm below the magnetic switch.  You should think about what would be good choices for the five locations of the B gate, and be sure to carefully record gate B’s location for each data set.  Use the same LoggerPro settings for each data set, and cut and paste each data set from LoggerPro to your Excel spreadsheet.  Inspect each of your data sets using the plot feature of LoggerPro to be sure they look reasonable.  

QUESTION B1:

From your measurements of the gate locations, determine y and y for the location of gate A and for the 5 locations of gate B.  Call these yA and yB.  You will need to estimate the uncertainty in each y-value. 

C. Analysis: Falling from Rest through 2 gates






In Part A, we made an assumption that the ball is released by the magnetic switch from rest, and that at the moment the ball is released, the only force acting on the ball is gravity.  This is in fact not necessarily true because of the magnetic field associated with the switch.  Also, the exact vertical location of the ball can vary a little from drop to drop depending on how the ball is hanging from the magnet.  In this version of the analysis we’ll try to get rid of these potential sources of systematic error.  Rather than relying on only one optical gate, you will use both gates.  But we have to now deal with the fact that the ball is moving when it crosses the upper gate, so we can’t set our velocity term to 0 in the free-fall equation.  If yA is the location of the upper gate, and yB is the location of the lower gate, our free-fall equation becomes:
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The data can then be fit to a functional form of 
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V.2
where A0, A1, and A2 are parameters of the fit.  You can carry out this fit using the Excel macro ParaFit.xls.  Open the file ParaFit.xls (see Appendix F).  Enter your values of (t,t) and (y,y) (you’ll need to compute t = tB  tA and y=yB  yA and propagate uncertainties) in the X and Y columns, respectively.  Execute the macro ParaFit.  From this you will get values for the three parameters in equation V.2, their corresponding uncertainties, and reduced chi-squared 2. 

REDUCED 2 

ParaFit calculates a quantity called “reduced 2 ”, which is the total 2 divided by the number of “degrees of freedom”.  The number of degrees of freedom is defined to be the number of data points minus the number of constraints you place on the data when calculating 2.  For example, when we find an average value of N data points, we use the data to determine the average.  When we then determine 2, we are placing one constraint on the calculation of 2 because we are comparing the data to a quantity derived from the data set.  This is equivalent to fitting the data to a horizontal line.  So rather than compare the magnitude of 2 to N, we should in reality compare it to N1.  For a straight line, there are two parameters in the fit if both the slope and the intercept are allowed to vary, so there are two constraints, so we would compare the value of 2 to N-2. 

One subtlety to the fitting procedure is that, if you correctly measured the locations yA and yB, the parameter A0 in equation V.2 should be 0.  If, when you let A0 vary, the fit gives a value consistent with 0, then you can fix A0 = 0 and improve the precision of your fit (by removing one free parameter and thus adding one additional degree of freedom).  If your fit is telling you that A0 is not 0, then you should recheck your determination of yA and yB. 

Once you have a good fit with A0 = 0, copy the output tables of the ParaFit worksheet into your own Excel workbook. 

NOTE:  DO NOT make references to the cells in the ParaFit worksheet in your own Excel workbook.  This will cause Excel to crash after you close the ParaFit workbook!

QUESTION C1: 

How many degrees of freedom are there in your fit?  Find P(2, ) using CHIDIST, where  is the number of “degrees of freedom” in the determination of 2.  Recall that what goes into CHIDIST is total 2 , not the reduced value that you get from ParaFit.

QUESTION C2: 

Extract values of g and v0 and their associated uncertainties.  Be sure to include units!

PLOT C2:

Make a plot of your data, (y vs. t). Add to the plot the calculated values from fit, and show your instructor.  Be sure to include uncertainties with your data, for both the independent and dependent variables.  Display your data as points on your graph, and display the calculated values as a line.  

QUESTION C3:  Which set of uncertainties, those in y or those in t, contribute the most to your uncertainty in the determination of g?  

QUESTION C4: 
How does your value of g determined with this method compare to what you got in part A?  How does it compare to the “expected” value (which for our classroom location can be found on a pink sign out in the corridor)?  If your result does not agree with the accepted value, what are the most likely sources of systematic error?

V. Homework

1.  Complete any part of the analysis that you did not finish in class.

2.  For each function f below, compute the partial derivatives (f/(x and (f/(y.


a)  f = 5x2



b)  f = Ax2y + B


c)  f =   (x2 + y2 )1/2


d) f = ln(xy)

e)  f = A/x + B/(y1/2 )

magnet





steel ball





gate A





gate B





+y points down
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