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| ntroduction 1-0:

General I nstructions

1. Purpose of the L aboratory

The laboratory experiments described in this manual are an important part of your phys-
ics course. Most of the experiments are designed to illustrate important concepts de-
scribed in the lectures. Whenever possible, the material will have been discussed in lec-
ture before you come to the laboratory. But some of the material, like the first experi-
ment on measurement and errors, is not discussed at length in the lecture.

Other exceptions will be the three experiments on geometrical optics (Experiments 4, 5,
and 6), for which instruction will only be given in the laboratory (while you study me-
chanics in lectures). This is not because the material is unimportant but because geome-
trical optics, an area of physics permitting design of optical instruments, can be consi-
dered primarily from an experimental and practical point of view. The fundamental na-
ture of light, with its dual wave and particle properties (physical optics), will be treated in
lecture during the second semester.

The sections headed Applications and Lab Preparation Examples, which are included in
some of the manual sections, are not required reading unless your laboratory instructor
specifically assigns some part. The Applications are intended to be motivational and so
should indicate the importance of the laboratory material in medical and other applica-
tions. The Lab Preparation Examples are designed to help you prepare for the lab; you
will not be required to answer all these questions (though you should be able to answer
any of them by the end of the lab). The individual laboratory instructors may require you
to prepare answers to a subset of these problems.

2. Preparation for the L aboratory

In order to keep the total time spent on laboratory work within reasonable bounds, the
write-up for each experiment will be completed at the end of the lab and handed in before
the end of each laboratory period. Therefore, it is imperative that you spend sufficient
time preparing for the experiment before coming to laboratory. You should take advan-
tage of the opportunity that the experiments (except 3 and 8) are set up in the Lab Library
(Room 506) and that TAs there are willing to discuss the procedure with you. A prior
visit to the Lab Library is especially recommended for the optics experiments.

At each laboratory session, the instructor will take a few minutes at the beginning to go
over the experiment to describe the equipment to be used and to outline the important is-
sues. This does not substitute for careful preparation beforehand! You are expected to
have studied the manual and appropriate references at home so that you are prepared
when you arrive to perform the experiment. The instructor will be available primarily to
answer questions, aid you in the use of the equipment, discuss the physics behind the ex-
periment, and guide you in completing your analysis and write-up. Your instructor will
describe his/her policy regarding expectations during the first lab meeting.

Some experiments and write-ups may be completed in less than the three-hour laboratory

period, but under no circumstances will you be permitted to stay in the lab after the end
of the period or to take your report home to complete it. If it appears that you will be un-
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able to complete all parts of the experiment, the instructor will arrange with you to limit
the experimental work so that you have enough time to write the report during the lab pe-
riod.

Note: Laboratory equipment must be handled with care and each laboratory bench must
be returned to a neat and orderly state before you leave the laboratory. In particular, you
must turn off all sources of electricity, water, and gas.

3. Bring to Each L aboratory Session

e A pocket calculator (with basic arithmetic and trigonometric operations).

e A pad of 8.5 x 11 inch graph paper and a sharp pencil. (You will write your
reports on this paper, including your graphs. Covers and staplers will be pro-
vided in the laboratory.)

e Aruler (at least 10 cm long).

4. Graph Plotting

Frequently, a graph is the clearest way to represent the relationship between the quantities
of interest. There are a number of conventions, which we include below.

e A graph indicates a relation between two quantities, x and y, when other va-
riables or parameters have fixed values. Before plotting points on a graph, it
may be useful to arrange the corresponding values of x and y in a table.

e Choose a convenient scale for each axis so that the plotted points will occupy
a substantial part of the graph paper, but do not choose a scale which is diffi-
cult to plot and read, such as 3 or 3/4 units to a square.

e Label each axis to identify the variable being plotted and the units being used.
Mark prominent divisions on each axis with appropriate numbers.

e ldentify plotted points with appropriate symbols, such as crosses, and when
necessary draw vertical or horizontal bars through the points to indicate the
range of uncertainty involved in these points.

e Often there will be a theory concerning the relationship of the two plotted va-
riables. A linear relationship can be demonstrated if the data points fall along
a single straight line. There are mathematical techniques for determining
which straight line best fits the data, but for the purposes of this lab it will be
sufficient if you simply make a rough estimate visually. The straight line
should be drawn as near the mean of the all various pointsasisoptimal. That
is, the line need not precisely pass through the first and last points. Instead,
each point should be considered as accurate as any other point (unless there
are experimental reasons why some points are less accurate than others). The
line should be drawn with about as many points above it as below it, and with
the 'aboves' and 'belows' distributed at random along the line. (For example,
not all points should be above the line at one end and below at the other end).
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5. Error Analysis

All measurements, however carefully made, give a range of possible values referred to as
an uncertainty or error. Since all of science depends on measurements, it is important to
understand uncertainties and where they come from. Error analysis is the set of tech-
niques for dealing with them.

In science, the word "error" does not take the usual meaning of "mistake"”. Instead, we
will use it interchangeably with "uncertainty" when talking about the result of a mea-
surement. There are many aspects to error analysis and it will feature in some form in
every lab throughout this course.

5.1 Inevitability of Experimental Error

In the first experiment of the semester, you will measure the length of a pendulum. With-
out a ruler, you might compare it to your own height and (after converting to meters)
make an estimate of 1.5m. Of course, this is only approximate. To quantify this, you
might say that you are sure it is not less than 1.3m and not more than 1.7m. With a ruler,
you measure 1.62m. This is a much better estimate, but there is still uncertainty. You
couldn't possibly say that the pendulum isn't 1.62001m long. If you became obsessed
with finding the exact length of the pendulum you could buy a fancy device using a laser,
but even this will have an error associated with the wavelength of light.

Also, at this point you would come up against another problem. You would find that the
string is slightly stretched when the weight is on it and the length even depends on the
temperature or moisture in the room. So which length do you use? This is a problem of
definition. During lab you might find another example. You might ask whether to meas-
ure from the bottom, top or middle of the weight. Sometimes one of the choices is prefer-
able for some reason (in this case the middle because it is the center of mass). However,
in general it is more important to be clear about what you mean by “the length of the
pendulum” and consistent when taking more than one measurement. Note that the differ-
ent lengths that you measure from the top, bottom or middle of the weight do not contri-
bute to the error. Error refers to the range of values given by measurements of exactly the
same quantity.

5.2 Importance of Errors

In daily life, we usually deal with errors intuitively. If someone says “I'll meet you at
9:00”, there is an understanding of what range of times is OK. However, if you want to
know how long it takes to get to JFK airport by train you might need to think about the
range of possible values. You might say “It'll probably take an hour and a half, but I'll
allow two hours”. Usually it will take within about 10 minutes of this most probable time.
Sometimes it will take a little less than 1hr20, sometimes a little more than 1hr40, but by
allowing the most probable time plus three times this uncertainty of 10 minutes you are
almost certain to make it. In more technical applications, for example air traffic control,
more careful consideration of such uncertainties is essential.
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In science, almost every time that a new theory overthrows an old one, a discussion or
debate about relevant errors takes place. In this course, we will definitely not be able to
overthrow established theories. Instead, we will verify them with the best accuracy al-
lowed by our equipment. The first experiment involves measuring the gravitational acce-
leration g. While this fundamental parameter has clearly been measured with much great-
er accuracy elsewhere, the goal is to make the most accurate possible verification using
very simple apparatus which can be a genuinely interesting exercise.

There are several techniques that we will use to deal with errors throughout the course.
All of them are well explained, with more formal justifications, in “An Introduction to
Error Analysis” by John Taylor, available in the Physics Library (currently housed within
the Science Library in the Mathematics building).

6. Questions or Complaints

If you have a difficulty, you should attempt to work it through with your laboratory in-
structor. If you cannot resolve it, you may discuss such issues with:

e one of the laboratory Preceptors in Pupin Room 729;

e the Undergraduate Assistant in the Departmental Office — Pupin Room 704;
e the instructor in the lecture course, or the Director of Undergraduate Studies;
e your undergraduate advisor.

As a general rule, it is a good idea to work downward through this list, though some is-
sues may be more appropriate for one person than another.
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Experiment 1-1

Uncertainty and Error

1. Introduction

There is no such thing as a perfect measurement. All measurements have errors and un-
certainties, no matter how hard we might try to minimize them. Understanding possible
errors is an important issue in any experimental science. The conclusions we draw from
the data, and especially the strength of those conclusions, will depend on how well we
control the uncertainties.

Let’s look at an example: You measure two values 2.5 and 1.5. From theory, the ex-
pected value is 2.3, so the value 2.5 almost agrees, whereas 1.5 is far off. But if you take
into account the uncertainties (i.e. the interval in which your result is expected to lie), nei-
ther may be far off. For experimental uncertainties of 0.1 and 1.0, respectively, your two
measured values may be expressed 2.5 + 0.1 and 1.5 + 1.0. The expected value falls
within the range of the second measurement but not of the first!

This first lab deals exclusively with this important subject. The techniques studied here
will be essential for the rest of this two-semester lab course. The issues are important in
order to arrive at good judgments in any field (like medicine) in which it is necessary to
understand not just numerical results, but the uncertainties associated with those results.

2. Theory

2.1 Typesof Uncertainties

Uncertainty in a measurement can arise from three possible origins: the measuring de-
vice, the procedure of how you measure, and the observed quantity itself. Usually the
largest of these will determine the uncertainty in your data.

Uncertainties can be divided into two different types: systematic uncertainties and ran-
dom uncertainties.

2.1.1 Systematic Uncertainties

Systematic uncertainties or systematic errors always bias results in one specific direction.
They will cause your measurement to consistently be higher or lower than the accepted
value.

An example of a systematic error follows. Assume you want to measure the length of a
table in cm using a meter stick. However, the stick is made of metal that has contracted
due to the temperature in the room, so that it is less than one meter long. Therefore, all
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the intervals on the stick are smaller than they should be. Your numerical value for the
length of the table will then always be larger than its actual length no matter how often or
how carefully you measure. Another example might be measuring temperature using a
mercury thermometer in which a bubble is present in the mercury column.

Systematic errors are usually due to imperfections in the equipment, improper or biased
observation, or the presence of additional physical effects not taken into account. (An ex-
ample might be an experiment on forces and acceleration in which there is friction in the
setup and it is not taken into account!)

In performing experiments, try to estimate the effects of as many systematic errors as you
can, and then remove or correct for the most important. By being aware of the sources of
systematic error beforehand, it is often possible to perform experiments with sufficient
care to compensate for weaknesses in the equipment.

2.1.2 Random Uncertainties

In contrast to systematic uncertainties, random uncertainties are an unavoidable result of
measurement, no matter how well designed and calibrated the tools you are using. When-
ever more than one measurement is taken, the values obtained will not be equal but will
exhibit a spread around a mean value, which is considered the most reliable measure-
ment. That spread is known as the random uncertainty. Random uncertainties are also
unbiased - meaning it is equally likely that an individual measurement is too high or too
low.

From your everyday experience you might be thinking, "Stop! Whenever | measure the
length of a table with a meter stick | get exactly the same value no matter how often |
measure it!"  This may happen if your meter stick is insensitive to random measure-
ments, because you use a coarse scale (like mm) and you always read the length to the
nearest mm. But if you would use a meter stick with a finer scale, or if you interpolate to
fractions of a millimeter, you would definitely see the spread. As a general rule, if you
do not get a spread in values, you can improve your measurements by using a finer scale
or by interpolating between the finest scale marks on the ruler.

How can one reduce the effect of random uncertainties? Consider the following example.
Ten people measure the time of a sprinter using stopwatches. It is very unlikely that each
of the ten stopwatches will show exactly the same result. Even if all of the people started
their watches at exactly the same time (unlikely) some of the people will have stopped
the watch early, and others may have done so late. You will observe a spread in the re-
sults. If you average the times obtained by all ten stop watches, the mean value will be a
better estimate of the true value than any individual measurement, since the uncertainty
we are describing is random, the effects of the people who stop early will compensate for
those who stop late. In general, making multiple measurements and averaging can reduce
the effect of random uncertainty.

9/15/09 2 Experiment 1-1



Remark: We usually specify any measurement by including an estimate of the random
uncertainty. (Since the random uncertainty is unbiased we note it with a + sign). So if we
measure a time of 7.6 seconds, but we expect a spread of about 0.2 seconds, we write as a
result:

t=(76+0.2)s
indicating that the uncertainty of this measurement is 0.2 s or about 3%.

From here on, we use the term “uncertainty” to refer to random uncertainty, whereas sys-
tematic uncertainty will be specified as “error.”

2.2 Numerical Estimates of Uncertainties

For this laboratory, we will estimate uncertainties with three approximation techniques,
which we describe below. You should note which technique you are using in a particular
experiment.

2.2.1 Upper Bound

Most of our measuring devices in this lab have scales that are coarser than the ability of
our eyes to measure.

For example in the figure above, where we are measuring the length of an object against
a meter stick marked in cm, we can definitely say that our result is somewhere between
46.4 cm and 46.6 cm. We assume as an upper bound of our uncertainty, an amount equal
to half this width (in this case 0.1cm). The final result can be written:

| =(46.5+0.1) cm.
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2.2.2 Estimation from the Spread (2/3 method)

For data in which there is random uncertainty, we usually observe individual measure-
ments to cluster around the mean and drop in frequency as the values get further from the
mean (in both directions).> Find the interval around the mean that contains about 2/3 of
the measured points: half the size of this interval is a good estimate of the uncertainty in
each measurement.

The reasons for choosing a range that includes 2/3 of the values come from the underly-
ing statistics of the normal (or Gaussian) distribution. This choice allows us to accurately
add and multiply values with errors and has the advantage that the range is not affected
much by outliers and occasional mistakes. A range that always includes all of the values
is generally less meaningful.

Example:
You measure the following values of a specific quantity:
9.7,9.8, 10, 10.1, 10.1, 10.3

The mean of these six values is 10.0. The interval from 9.75 to 10.2 includes 4 of the 6
values; we therefore estimate the uncertainty to be 0.225. The result is that the best esti-
mate of the quantity is 10.0 and the uncertainty of a single measurement is 0.2.?

2.2.3 Square-Root Estimation in Counting

For inherently random phenomena that involve counting individual events or occur-
rences, we measure only a single number N. This kind of measurement is relevant to
counting the number of radioactive decays in a specific time interval from a sample of
material, for example. It is also relevant to counting the number of left-handed people in
a random sample of the population. The (absolute) uncertainty of such a single mea-
surement, N, is estimated as the square root of N. As an example, if we measure 50 ra-
dioactive decays in 1 second we should present the result as 50 + 7 decays per second.
(The quoted uncertainty indicates that a subsequent measurement performed identically
could easily result in numbers differing by 7 from 50.)

! There is a precise mathematical procedure to obtain uncertainties (standard deviations) from a number of
measured values. Here we will apply a simple “rule of thumb” that avoids the more complicated mathe-
matics of that technique. The uncertainty using the standard deviation for the group of values in our exam-
ple below is 0.2.

2 Note that about 5% of the measured values will lie outside + twice the uncertainty.
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2.3 Number of Significant Digits

The number of significant digits in a result refers to the number of digits that are rele-
vant. The digits may occur after a string of zeroes. For example, the measurement of 2.3
mm has two significant digits. This does not change if you express the result in meters as
0.0023 m. The number 100.10, by contrast, has 5 significant digits.

When you record a result, you should use the calculated error to determine how many
significant digits to keep. Let’s illustrate the procedure with the following example. As-
sume you measure the diameter of a circle to be d = 1.6232 cm, with an uncertainty of
0.102 cm. You now round your uncertainty to one or two significant digits (up to you).
So (using one significant digit) we initially quote d = (1.6232 + 0.1) cm. Now we com-
pare the mean value with the uncertainty, and keep only those digits that the uncertainty
indicates are relevant. Finally, we quote the result as d = (1.6 £ 0.1) cm for our mea-
surement.

Suppose further that we wish to use this measurement to calculate the circumference c of
the circle with the relation ¢ = nr-d. If we use a standard calculator, we might get a 10 di-
git display indicating:

€ =5.099433195 + 0.3204424507 cm.

This is not a reasonable way to write the result! The uncertainty in the diameter had only
one significant digit, so the uncertainty of the circumference calculated from the diameter
cannot be substantially better. Therefore we should record the final result as:

c=5.1+0.3cm.

(If you do intermediate calculations, it is a good idea to keep as many figures as your cal-
culator can store. The above argument applies when you record your results!)

2.4 Relative and Absolute Uncertainty

There are two ways to record uncertainties: the absolute value of the uncertainty or the
uncertainty relative to the mean value. So in the example above, you can write ¢ = (5.1 +
0.3) cm or equally well ¢ =5.1 cm (1.00 + 0.06). You can see that if you multiply out the
second form you will obtain the first, since 5.1 [1 0.06 = 0.3. The second form may look
a bit odd, but it tells you immediately that the uncertainty is 6% of the measured value.
The number 0.3 cm is the absolute uncertainty and has the same units as the mean value
(cm). The 0.06 (or 6%) is the relative uncertainty and has no units since it is the ratio of
two lengths.
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2.5 Propagation of Uncertainties

Often, we are not directly interested in a measured value, but we want to use it in a for-
mula to calculate another quantity. In many cases, we measure many of the quantities in
the formula and each has an associated uncertainty. We deal here with how to propagate
uncertainties to obtain a well-defined uncertainty on a computed quantity.

2.5.1 Adding/Subtracting Quantities

When we add or subtract quantities, their uncertainties must always be added (never sub-
tracted) to obtain the absolute uncertainty on the computed quantity.®

Take as an example measuring the length of a dog. We measure the distance between the
left wall and the tail of the dog and subtract the distance from the wall to the dog’s nose.

<1 (0.76 % 0.02)m~§{ g

(1.53 £ 0.05)m

So the total length of the dog is:
length =(1.53 + 0.05) m - (0.76 £ 0.02) m
=(1.53-0.76) £ (0.05 + 0.02) m

= (0.77 £0.07) m.

® The propagation of random uncertainties is actually slightly more complicated, but the procedure outlined
here usually represents a good approximation, and it never underestimates the uncertainty. See “Remarks
for Experts” at the end of section 2.5.2.
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2.5.2 Multiplying/Dividing Quantities

When we multiply or divide quantities, we add (never subtract) the relative uncertainties
to obtain the relative uncertainty of the computed quantity.

Take as an example the area of a rectangle, whose individual sides are measured to be:

a=25.0+£0.5cm=25.0cm (1.00 £ 0.02)
b=10.0+0.3cm=10.0 cm (1.00 £ 0.03)
The area is obtained as follows:

area =(25.0£0.5cm)-(10.0+0.3cm)
=25.0 cm (1.00 + 0.02)-10.0 cm (1.00 + 0.03)
= (25.0 cm -10.0 cm)(1.00 + (0.02 + 0.03))
= 250.0 cm?(1.00 + 0.05)
=250.0 + 12.5 cm?
=250 + 10 cm?.

Note that the final step has rounded both the result and the uncertainty to an appropriate
number of significant digits, given the uncertainty on the lengths of the sides.

Remarks. Note that uncertainties on quantities used in a mathematical relationship always
increase the uncertainty on the result. The quantity with the biggest uncertainty usually
dominates the final result. Often one quantity will have a much bigger uncertainty than
all the others. In such cases, we can simply use this main contribution.

Remarks for Experts. Our calculation of the uncertainty actually overestimates it. The
correct method does not add the absolute/relative uncertainty, but rather involves evaluat-
ing the square root of the sum of the squares. For this lab, the simpler procedure de-
scribed here will be adequate.

2.5.3 Powersand Roots

When raising a value to a certain power, its relative uncertainty is multiplied by the ex-
ponent. This applies to roots as well, since taking the root of a number is equivalent to
raising that number to a fractional power.

Squaring a quantity involves multiplying its relative uncertainty by 2, while cubing a
quantity causes its relative uncertainty to be multiplied by 3.

Taking the square root of a quantity (which is equivalent to raising the quantity to the %
power) causes its relative uncertainty to be multiplied by 1/2.. For example, if you know
the area of a square to be:
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area = 100 + 8 m? = 100 m? (1.00 + 0.08)
then it follows that the side of the square is:
side =10 m (1.00 + 0.04) =10.0 + 0.4 m.

You can convince yourself that this is true by checking it backwards using the rules de-
scribed in section 2.5.2.

2.5.4 Multiplication by a Constant

Multiplying a value by a constant does not change its relative error.

2.5.5 Other Functions

If you need to calculate the error of a calculation that does not fit into one of these rules
(such as trigonometric functions or logarithmic ones), here is a manual method that you
can use.

Based upon the error of the quantity that you determined, you can find the maximum and
minimum values of the quantity that you are calculating. The value that you found
should be roughly midway between these two quantities. Then if you split the difference
between the maximum and minimum you should obtain a reasonable estimate of the er-
ror.

Here is an example: Suppose you measure an angle to be (47.3 = 0.5)° and you want to
determine the error of sin(47.3 £ 0.5)°. You find that sin(47.3) = 0.735. Based upon your
reported uncertainty, you know that your angle could be as large as 47.8° and as small as
46.8°, and therefore you should calculate sin(47.8) = 0.741 and sin(46.8) = 0.729. So
your calculated value is 0.735 but it can be as low as 0.729 and as high as 0.741 and
therefore, if you halve the difference between 0.729 and 0.741 you get a reasonable error
estimate of 0.06. So you should report your value as 0.735 + 0.006
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3. Description and Procedure

You are to perform two experiments to practice the estimation of uncertainty and the
propagation of errors. These involve measuring the period of a pendulum and measuring
the reaction time of a human being.

3.1 Pendulum

In the first part, we measure the time it takes a pendulum to swing through a full cycle,
the period of oscillation, and compare this to the theoretical prediction. Two methods of
recording the time will be used to illustrate that different ways of making a measurement
can result in very different uncertainties. In each case, many measurements will be taken
to demonstrate the frequency of differing values. Since a number of measurements need
to be made, you may wish to perform this experiment in teams of two: one person meas-
ures the time values, the other records the results.

In the first series, the stopwatch should be started when the pendulum is at one of its
maximum positions and stopped as it returns to that position. A full period should be
measured, not the time it takes for the pendulum to travel from one maximum point to the
other. After 24 measurements, sort the measurements in bins of 50 ms. (Therefore all
measurements with times between e.g. 1.25 s and 1.29 s (inclusive) are placed in the
same bin.) Make a graph of the frequency of measurements in the bins vs. the times of
the bins. Calculate the average and estimate the uncertainty using the 2/3 rule.

In the second series, measure the time as the pendulum passes a fixed characteristic mark
in the background. For this you might use a chair or the leg of a table, or the lowest point
of the pendulum swing. In order to make sure you are again measuring a complete pe-
riod, you should take care to measure the time between when the pendulum passes
through the same point in the same direction. Perform the same experiment, making 24
measurements, and sort the measurements in bins of 50 ms. Again graph your result and
get the average and the uncertainty using the 2/3 estimate.

See if there is a substantial difference between the uncertainties of these two measure-
ments and also if the measured values (i.e. the averages) coincide within uncertainty. In
addition, measure the length | of the pendulum from the pivot point to the center of the
mass (note that you will need to guess somewhat on the location of the center of the
mass). This allows you to determine the acceleration due to gravity at the earth’s surface,
g, using the formula®:

2. g
t

* This will be covered in the 1201 lecture course. See, for example, Chapter 15 in Fundamentals of Physics,
8" Ed., by Halliday, Resnick & Walker.
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where t is the measured period. Make sure to propagate uncertainty from | and t. Finally,
compare your value of g to the accepted value:

g=9.8 m/s%
e Does the accepted value of g fall within your uncertainty?

e What are the sources of error?

3.2 Reaction Time

Next measure your reaction time to a specific stimulus. Perform this experiment with a
partner, but every student should obtain his/her own data.

One student holds a meter ruler (vertically) at the upper end and the other student places
two fingers around (but not touching) the 50 cm mark of the ruler. The first student
(quietly) releases the ruler and the second student tries to grab it as soon as possible after
he/she sees it released. Measure the distance sthe ruler falls. After performing this expe-
riment 10 times (for each student), look at the spread in the data and calculate the result-
ing uncertainty (using the 2/3 estimate). If you have a few values that are far off from all
the other values (e.g. because you were irritated or distracted) you may decide to ignore
them when you calculate your reaction time, but note in your lab report which measured
points were not used.

Use the relation®:
1 .
s=-g-t
29

to calculate your average reaction time and the corresponding uncertainty. This experi-
ment is an example of an indirect measurement. You measure a quantity (here the dis-
tance the ruler is falling) that you do not care about directly, but is necessary in order to
calculate the quantity you want to know (the reaction time).

You should report your reaction time in seconds in your lab report.

e Would it be reasonable to give your measured values with a precision measured in
millimeters? Why or why not?

e How well could you get the same initial conditions for each try?
¢ Note the major sources of error.

e Suggest improvements to the lab or shortly describe a better experiment.

> See, for example, Chapter 2 in the Halliday, Resnick & Walker text.
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4. Sample Data Sheet

4.1 Pendulum
Length of the pendulum = + cm

From Max to Max Using Reference Point

5.2 Reaction Time

O |N|O |01

BAWIN|F
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5. Applications (for those interested in everyday relevance!)

You read of a certain test intended to indicate a particular kind of cancer. The test gives
you a positive result for (80 + 10) % of all persons tested who really have this kind of
cancer (true positives). But the test also gives you a positive result for (2 + 1) % of all
healthy persons (false positives). Now you read a publication where the author performed
this test on 10,000 workers that deal with a certain chemical. The author got 400 positive
samples from these workers and claims that this is strong evidence that this particular
chemical enhances the development of this kind of cancer since it is known from litera-
ture that only (1 = 0.5) % of the population are expected to have this kind of cancer.
How reliable is the claim of the author?

Numerical Answer:

If one assumes that the 10,000 workers would mirror the average population, then there
should be:

10000-(0.010 + 0.005) = 100 + 50

persons having this cancer. Of them, the test gives:
(0.8 + 0.1)-(100 + 50) = 80 + 50

positive results (true positives).

There are then 9900 + 50 persons expected not to have this kind of cancer. Of them:
(0.02 £ 0.01)-(9900 + 50) ~ 200 + 100

give positive results (false positives).

The total number of positives in the average population is therefore 280 + 150.

So how do you judge the author’s conclusion of “strong evidence”?

If you wanted to design a new test using the same procedure but to arrive at a stronger
conclusion, and you could either increase the rate of true positives or decrease the rate of
wrong negatives, which would you choose?

Reference:

Paul Cutler: Problem Solving in Clinical Medicine, Chapter 5, Problem 5 (modified).
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6. L ab Preparation Examples

Below are some questions to help you prepare. You will not be expected to answer all
these questions as part of your lab report.

Estimation of Uncertainty:

1. You have the following distribution of measured values:

0
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5 10 15
Estimate the uncertainty using the 2/3 estimate.
2. Estimate the mean and uncertainty of the following group of values:
16s,13s,1.7s,1.4s

3. In a radioactive decay you get 16 counts. What is the absolute uncertainty of the num-
ber of counts? What is the relative uncertainty?

4. In a radioactive decay you get 1600 counts. What is the absolute uncertainty of the
number of counts? What is the relative uncertainty?

5. How many counts should you get so that the relative uncertainty is 1% or less?
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Significant digits:

6. How many significant digits has | = 0.0254 m?
7. Write t = 1.25578 + 0.1247 s with two significant digits (in the uncertainty).

Propagation of Uncertainty:

8. For a pendulum with [ = 1.0 £ 0.1 m, you measure a period oft=2.0+0.2 s.
What is the value of the earth’s acceleration g?

9. You measure the volume of a box by measuring the length of the single sides. For the
lengths of the single sides you get:

a=100+£01cm b=50£0.2cm c=75+03cm.
What is the volume of the box (including uncertainty and units) in cm®?
What is the volume of the box in m*?

10. You measure the following quantities:
A=10+£02m B=20+£02m C=25+05m/s
D=0.10+0.01s E =100 + 10 m/s*

Calculate the mean and uncertainty of:

a) A+B =
b) A-B =
c) CD=
d) C/D =
e) CD+A=

f)  %ED+C=
9 ABI/AB)=

Include units! For e)-g) perform it step by step.
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Relative and Absolute Uncertainty:

11. What is the relative uncertainty for v = 12.25 + 0.25 m/s?

12. What is the absolute uncertainty if the mean value is 120 s and the relative uncertain-
ty is 5%°?

13. Given the following measurements, which one has the highest absolute uncertainty
and which one has the highest relative uncertainty?

1=10.0+02m  1=10.0 m(1.00 £ 0.03) |=12.5+0.25m
| =7.24'm (1.00 + 0.04)

14. Given the following measurements which one has the highest absolute uncertainty
and which one has the highest relative uncertainty?

1=10.0+£0.2m t=75+0.2s d=5.6 cm (1.00 + 0.04)
v =6.4-10° m/s (1.00 + 0.03)
Caution: Don't get tricked!

Explanations:

15. Explain, using your own words, why the uncertainty decreases as you average over
several measurements.

16. Explain, using your own words, the difference between uncertainty and error as you
perform several measurements and average.

17. You measure the speed of light and get as a result ¢ = (2.25 + 0.25)-10% m/s. The val-

ue you find in books is ¢ = 299 792 458 m/s. Using these values explain the difference
between the uncertainty of your measurement and its error!
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Experiment 1-2

Forces

1. Introduction

Forces are an essential element in the study of physics. The concept of force is familiar:
effects of forces on the human body are part of everyday experience. But force has a pre-
cise meaning; forces can be measured, combined, and evaluated in exact ways. This la-
boratory is intended to demonstrate a few of the many examples of natural and familiar
forces discussed in the lecture course.

Today's experiments illustrate the nature of several forces and how they are measured.
First, we deal with the vector nature of forces and note how a situation of zero net force
at a point requires that all forces in each direction must balance. The forces arise from
the gravitational attraction to the earth (weight) of objects, which are transmitted to a
point through string tension.*

Next, we work with the force arising by stretching or contracting a spring. This kind of
force has more general applications than springs, in that the “elastic” nature of collisions
(like a tennis ball bouncing on the floor) arises from spring-like forces. You will measure
the quantitaztive relationship between the force applied and the subsequent displacement
of a spring.

Finally, we deal with an aspect of force that has not yet been discussed in lecture: the
lever. This topic will be covered in the course lectures on rotations. For the purposes of
this lab, you should see how stability against rotation adds to the concept of force the new
concept of “lever arm™.® Lever arm is an important aspect of how forces work in many
physical situations, like the forces applied by muscles on your skeleton.

2. Subject M atter

2.1 Vector Forces

In the first part of the experiment, we measure three vector forces and show that when the
system is stationary, the sum of all forces is zero. Vectors have length and direction, and
therefore are usually represented by an arrow — its length corresponds to the magnitude of
the vector, while its direction (from tail to head) corresponds to the direction of the vec-
tor. To add two vectors graphically, simply place the tail of one vector at the head of the
other. Then start from the same origin and attach the two vectors in the reverse order, we
must arrive at the same final point. From the parallelogram formed by this procedure, the

! See Chapters 5 and 12 of Fundamentals of Physics, 8" Ed., by Halliday, Resnick & Walker.
Z See Section 7-7 of Halliday, Resnick & Walker.
® This will be covered in Chapter 11 of Halliday, Resnick & Walker.
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arrow along the main diagonal represents the sum of the two vectors. (The other diagonal
is the difference of the two vectors.)

Vectors can also be added algebraically. If a vector is described in a given basis, or spe-
cific coordinate axes, e.g. u = (1,2), you must add a second vector in the same basis. For
example, if the second vector has components v = (3,-3), the components of the sum, or
resultant, vector are u+v = (1+3,2+(-3)) = (4,-1).

Just as every two added vectors give a vector sum or resultant, the opposite is also true:
every vector can be split into two “components” at right angles to each other. This is an
important tool we use in physics repeatedly. You may choose, for the convenience of
doing the problem, along which perpendicular directions to split the vector. There is
usually a favorable choice of perpendicular basis vectors in which the problem can be
described most easily.

2.1.2 Parallax

In the first part of this lab, we must draw images on paper of strings located above the
paper. It will at first appear that there are many different possibilities of where to draw
the images of the strings. If you draw lines on the sheet that seem directly below the
strings when your head is in a given position, if you move your head a few centimeters
left or right you will see that the lines are no longer covered by the strings. This effect, in
which a closer object (here the string) seems to move relative to a distant background
(here the sheet on which you draw the line) is called parallax. We will see effects of pa-
rallax several times during these labs, so it is important to learn how to handle it.

Where should the lines be drawn? A unique prescription for where to place the lines is
provided by the instruction to always look straight down on the string. Now we must de-
termine how we know when we are looking straight down on the string. Use a small mir-
ror and place the mirror on the sheet directly under the string. Both the string and the im-
age of the string in the mirror are visible. As your head moves left and right, the mirror
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image of the string moves relative to the string. When your head is located so that the
string and its mirror image exactly overlap, you are looking straight down. Make two
small marks beside the mirror where the image of the string enters and leaves the mirror.
Then, remove the mirror and draw a line through the two points on the paper with a ruler.
This line is the correct image of the string.

2.2 Springs

Ideal springs turn out to have a very simple relation between the force F applied to them
and the distance s they are stretched. This linear relationship, called “Hooke’s Law,” is
expressed by:

F=ks

where k is known as the "spring constant"“. It is the same for a specific spring, and its
value depends only on the properties of that spring. In this lab, we will measure the
forces necessary to stretch a string different distances, and from these we will determine
the spring constant of the spring.

2.2.1 Best-Fit Line

In most research laboratories, plotting measurements on a graph is found to be the pre-
ferred method of reviewing the validity of data and quantitatively measuring the relation-
ship between the variables. We often have some prior idea of the expected relationship
between the variables. In these labs, this expected relationship is almost always arranged
to be a straight line. But even if we know that ideal points fit on a precise straight line,
real measured data points will not lie on a single line - because the measurements always
have intrinsic uncertainty. Therefore when the points are plotted, we should include error
bars to indicate the uncertainties in the measured points. Because real measurements do
not all lie on a single straight line, there are a variety of possible lines you might put
through the data points. Some examples are shown in the figure below.

* Note that this denotes the force applied to the spring, not by the spring.
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Which line represents the best fit? There is actually an exact mathematical procedure to
obtain the best-fit line, but since this is a tedious calculation (and usually done on a com-
puter), we will introduce some useful “eyeball” methods that can be done easily, during
the lab session without a computer. These techniques are sufficiently precise for our pur-
poses, and with some experience they give results surprisingly close to the best computer
fits.

How does one draw the best line? First, try to draw a line with as many points (with un-
certainties included) lying above the line as below it. The gauge of how close the line is
to a point is given by the uncertainty associated with that measured point. However, all
the points at the left end should not lie on one side of the line with all the points at the
right end lying on the other side. As a rule of thumb, roughly 2/3 of the points should
have the line passing through the uncertainties. The uncertainty for the best-fit line is ob-
tained by estimating how much one could increase and decrease the slope of the line be-
fore the fit is deemed very bad.

A second method to get the best-fit line is to draw minimum and maximum slope lines
described above and then place the best-fit line exactly in the middle of these two lines.
Minimum and maximum slope lines are drawn by estimating the largest and smallest
possible slope that one can conceivably deduced from the graph. Half the difference be-
tween the minimum and maximum slopes is a good estimate of the slope uncertainty.

Remark: Often in our experiments the data points will not look as nice as in the above
examples. One or several points may not be close to any best-fit line you try. Such ano-
malous points may occur, for example, because of a mistake in measuring. In such cases,
it is acceptable to ignore these anomalies when estimating the best-fit line. (Of course
you must note this fact down in your lab report) Dropping anomalous points must be
done with extreme care and only rarely.® It is better to choose a line with as many points
above the line as below. If you are not sure of your measurements, it is better to re-
measure or to take more data points.

> More than once, data points that did not behave as theory predicted turned out to be new effects and led to
Nobel prizes!
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2.3 Lever Arm

A lever is a simple device that enables you to “trade force for distance” in a system sub-
ject to rotation about a pivot. You can choose to apply a smaller force to lift a body, so
long as you move further away from the pivot or increase the “lever arm”. Those who
have enjoyed themselves in their younger years on a playground “see-saw” understand
this principle well.

Among the first to explain the theory of levers, Archimedes is reported to have said,
“Give me a place to stand and | will move the earth.” This statement reflects the fact that
with enough available distance, the force necessary to move the earth could be applied by
a single person. The problem of course, is that there is nowhere to stand at that distance
from the earth.

If two forces, F; and F,, act on opposite sides of a pivot with lever arms (relative to the
pivot) of s, and s, the lever will remain stationary if: °

Fis = F2s.

This implies that if F1 and s; are fixed, then the product F»-s, must be constant and equal
to the product F;-s;, otherwise the lever will rotate.

3. Description and Procedure

3.1 Addition of Forces

In the first part of the experiment, we deal with three different forces. The force due to an
unknown weight is balanced by two known forces. We will check the result by graphi-
cally adding the known forces. Using vector components, we check that the components
of the three vectors in equilibrium cancel (within the uncertainty).

® The experts among you will realize that this merely requires that the two torques are equal. This will also
be covered in lecture later in the semester.
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The equipment includes a wooden board to which three pulleys are clamped. Over each
pulley, we place a string with a weight. Choose two different known weights and attach
them to two of the strings (you might begin with a 100 g and 150 g weight for example).
The three strings are tied together over the board at a “node”. Move the node, where the
strings join, around gently and try to find the equilibrium position. (The position at
which the node no longer moves, or the location to which the node returns if displaced a
few cm, represent this equilibrium position.) Place a sheet of paper on the wooden board,
under the strings. In order to have room to record the string locations, make sure that the
node is approximately in the middle of your paper and the wooden board. (You may
need to move the pulleys to accomplish this.)

You are going to draw vector representations of the forces due to each of the weights.
Starting at the node, draw the three strings on your paper using the method of parallax-
free reading. Then, draw two arrows along the lines corresponding to the strings holding
the known masses, with lengths proportional to the masses on the strings. Choose a scale
that is appropriate for your weights and the size of the paper. These arrows are vectors
representing the forces due to the known weights.

Add these two vectors graphically using the parallelogram method described above to
obtain their resultant force. The resultant of these two vectors should be opposite in di-
rection but equal in length to the vector representing the unknown force (from the un-
known mass).

e Are the two directions opposite? How far off are they?

e Measure the length of the resultant vector. From this length, calculate the magnitude
of the unknown mass, and include uncertainty.

On the electronic scale, measure the unknown mass and compare to the mass determined
by the parallelogram method.
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e Are they the same? Should they be the same?

Now draw an arrow along the third (unknown) direction with length corresponding to the
mass of the unknown weight you measured on the electronic scales.

e Specify the x and y components of all three vectors. Choose your x- and y-axis to
make the work simplest!

e Determine if the sum of all the x components gives zero within uncertainty. Do the
same for the y components. (Remember that components from two vectors pointing
in opposite directions have opposite signs.)

e Note the main sources of error.

3.2 Spring

In the second part of the experiment we plot applied force vs. stretch of the spring, make
a best-fit straight line and measure its slope. You should understand the physical interpre-
tation of this slope.

General Comment: Every line is fully determined by its slope and intercept. Whenever
you obtain a best-fit line, you should check if these two quantities are reasonable. Also,
these two quantities often have a physical interpretation that you should understand.

Pick a spring and hang it from the pivot point. You will be using this spring for the entire
experiment. Attach a 100 g weight to the bottom of the spring. Adjust the measuring ru-
ler so that a calibration mark lines up with the lower end of the spring.

Attach the force meter to the lower end of the spring and pull the spring so that it aligns
with distances you want to use as measuring points. You can use the mirror from the first
part of the experiment to get a parallax-free reading of the position of the spring. Your
uncertainty in the position should then be as small as the resolution of the ruler.

Read the force meter to determine the force you are applying to the spring by pulling it,
and estimate the uncertainty in the reading of the force meter.

e Record a total of 5 points with associated uncertainty.
e Draw a force vs. distance (stretch) graph. Don’t forget the error bars!

e Draw a best-fit line through the data points. Draw the maximum and minimum slope
on the graph. Do these in whichever order you find most convenient.

e Record the value of the slope and determine its error. Interpret its physical meaning.
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e What is the value of the intercept of your line (where the distance is zero)? How do
you interpret this when it is non-zero?

e Give the value of the spring constant including uncertainty.

e Note the main sources of error.

3.3Lever Arm

In the last part of the experiment, a pivoted lever is balanced to remain in horizontal equi-
librium. The quantitative goal is to verify that force and distance are inversely propor-
tional. (We check to see if force I lever arm = constant holds.) You will graph force vs.
1/distance for several distances from the pivot point. If a straight line can be reasonably
fit to the data, then we can conclude that there is a linear relation between force and in-
verse distance. You may find that the curve has a non-zero y-intercept, due to the fact
that we have not counted the weight of the force meter.

(NOTE: some of the lever arm setups have left and right inverted — examine your equip-
ment to see whether you need to interchange left and right in the description below.)

Level the lever arm with the black paper clamp provided. Place the 500 g weight on the
single hook to the right of the pivot. Using the meter that measures Newtons, measure the
force necessary to keep the lever in balance for each of the hooks on the right side of the
pivot. Include the uncertainty associated with each recorded force!

e Make a plot including each pair of data values: force vs. 1/lever arm. Include the er-
ror bars of the force measurement.

e Obtain the best-fit line in this graph. Comment on how well your best-fit line fits your
measured data!

e Does your best-fit line go through the origin of the graph? Should it?

e According to your best-fit line, how much force would have been necessary if the
lever arm were 10 meters long (i.e. the balance force were applied at s= 10 m)?

e Note the main sources of error.
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4. Application (to everyday experience)
How much force acts on your hip joint as you walk?

You may be tempted to respond that the force on the hip joint is simply the weight of the
body above the hip. This is indeed the force acting down from above. However, when
you walk (supported by one leg at a time) the force acting from below is actually compli-
cated. The reason is that the supporting forces consist of (a) the reaction force of the leg
bone (femur) directly supporting the hip, and (b) the forces transmitted by the muscles
connecting the hip to the femur. The latter are necessary to keep the body in balance. In
performing this function, the two kinds of forces actually operate in different directions
and have very different lever arms. In the end, for a typical person of weight, W, with
his/her weight on one leg at a time, the direct reaction force on the hip from the leg bone
is about 2.4W acting upwards, but at an angle to the vertical. (So if you weigh 125
pounds, the total upward force on your hip from direct contact with the femur is over 300
pounds!) The force from the muscle attachments on the hip acts generally downwards
(opposite direction) and is such as to balance the vertical forces and torques.’

So the balancing of forces (and torques) is an important element in dealing with the phy-
siology of the human body.

7 300
ioo/\ ‘%\lzcl}o

" References: J. R. Cameron, et al, Physics of the Human Body (Medical Physics Publishing, Madison,
1992) p.36, and: R.M. Kenedi: Biomechanics and Related Bio-Engineering Topics.
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5. Lab Preparation Examples

Vectors:

1. Add the following two vectors algebraically:
u=(12),v=(2-5).

2. Draw the two vectors described above and add them graphically.

3. Graphically add the two vectors below:

4. Draw the two vectors u = (3,-5), v = (-1,7) and graphically check if their sum points in
the same direction as the vector w = (-1,-1).

5. Split the vectors below into the two given components (X,y) and add them up:

6. Does the sum of the 5 forces F4,...,Fs below vanish?

Fi=(1,2,3) N, F2=(1,0,-5) N, F3= (0,-3,7) N, F4 = (-3,1,0) N, Fs = (1,0,0) N
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7. Show graphically that the sum of the three vectors u = (1,-2), v = (-3,4), w = (2,-2) va-
nishes.

8. Does the sum of the following three vectors vanish within uncertainty?
u=(10+1,-5+1),v=(-13+£1,7+1),w=(7+1,-3+1)
Lever arm:

9. You have a lever whose right hand lever arm is 1 mand the left is 25 cm. If you place a
mass of 1 kg on the left, how much mass do you need to place on the right so the lever
stays balanced?

10. A force F = 1.0 #0.2 N acts to the left of a pivot (length L = 0.5 #0.1 m). The right
side force acts at R = 0.20 +0.05 m. What force must act on the right side if the lever
Is balanced?

11. You want to fix a flat tire on your car (m = 1000 kg). To lift your car you use a
(massless) lever of total length 100 cm pivoted about an unknown location along its
length. How long should the distance from the car to the pivot be if you could only
push down on the end of the lever with a force of 1000 N?

Spring:
12. If a spring stretches 5 cmwhen you put 100 g on it, what is the spring constant?

13. If you set a mass of 10.0 +0.1 g on a spring with spring constant, k = 5.0 0.2 N/m,
how long will it stretch?

Best-Fit Line:

14. For the following force versus 1/distance diagram draw in the maximum and mini-

Force
o
—o—

1/Distance

mum slope and the best-fit line.
15. Fill in the table and draw a force vs. stretch diagram for the following data! Draw the

maximum and minimum slope and the best-fit line. Give the value of the spring con-
stant including uncertainty (via maximum and minimum slope curve).
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Explanations:

Stretch incm | Force in N
10 1+2
25 3+1
50 4172
75 8+1
100 9+1

17. Explain why a line fit to many measurements gives a better result than a single mea-

surement.

18. Try to explain, using forces and levers, why your biceps is such a strong muscle.

19. Put a string through a book with the binding facing upwards. Try to pull the strings
until they are horizontal! Why is this impossible (your string will usually break)?

9/15/09
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Experiment 1-3

Velocity, Acceleration, and g

1. Introduction

In this experiment you will study motion with constant velocity and motion with constant
acceleration. Ordinarily, it is difficult to examine these kinds of motion with precision,
since objects in free fall tend to move too rapidly, and frictional forces arise in most
everyday situations. These factors hinder a direct observation of the underlying physical
principles of motion, and in fact this is one of the reasons why these principles were
poorly understood until Galileo’s famous experiments. In this lab, it will be possible to
study motion in the absence of almost any friction by using a rider on an air-track. The
air-track has rows of small air jets running down its side, which support the rider on a thin
film of air and allow it to float just above the track — minimizing contact and thereby
minimizing friction. When the track is level and the rider is given a slight push, it will
move with constant velocity; when the track is slightly inclined, the rider will experience
a small acceleration due to the component of gravity which is parallel to the track.

To study the motion of the rider, you need to be able to make accurate measurements of
its position at given intervals of time. This is done using a sonar device called the Sonic
Ranger. This apparatus sends out discrete pulses of sound waves, which are reflected
back by the object or objects in its path. The Sonic Ranger is in turn connected to a
computer, which calculates the distance to the object based on the time it takes the signal
to leave the sonar module and return. If a series of such measurements is made in rapid
succession, then the computer can reconstruct the motion of the rider over some time
interval, and this information can be used for other calculations, such as the
“instantaneous” velocity or acceleration of the rider as a function of time. An essential
part of this lab is becoming familiar with using the computer to obtain and analyze data.
The computer offers many extraordinary advantages over manipulating data by hand, but
you can benefit from it only if you have learned how to use it effectively and understand
its limitations.

Dell P8O

Elastic Bumper Computer

Sonic Ranger

A// Rider with Flag

~ I_I‘I Air Track =

LIQ— Leveling Feet U

Figure 1.
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2. Set-up

2.1 Getting Started

Some of the laboratory computers require you to log on before you can view and use the
desktop screen. To log on, use the user name student and the password student. When
the desktop screen is visible, double click on the VELOCITYLAB icon to load the Sonic
Ranger software. (In this lab, all mouse clicks use the left button.) The screen shown in
Figure 2, with two empty graphs displayed, should now appear. The computer is now
ready to take data. The top graph will show position (meters) versus time (seconds),
while the bottom graph will show velocity (meters/second) versus time (seconds).

Pull-down File menu

Smart Tool button

Start/Stop button
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To begin taking data, single click on the screen’s Start button. As the data are being
collected, both graphs will display the measurements. To stop taking data, single click on
the screen’s Stop button (the button that replaced the Start button). After analyzing the
graphs, you can erase the data and begin collecting new data by single clicking on the
Start button.

The Sonic Ranger measures and records the position of an object every 0.05 seconds.
The graph of position versus time is then obtained directly from these position
measurements. The software constructs the graph of velocity versus time by calculating
the average velocity (the change in distance divided by the time interval) based on the
successive position measurements. Since the position measurements are taken very
closely together, the calculated average velocity for each interval is reasonably close to
the instantaneous velocity at any instant within that interval, as long as the rate of change
of the velocity is small.

The Sonic Ranger has two modes of operation, which are controlled by the switch on top
of the Sonic Ranger module. Move the switch to the person icon to take good-quality
data from a large object (such as a moving person) using a wide sonar beam. Move the
switch to the cart icon to take good-quality data from a small object (such as a rider
moving on an air track) using a narrowly focused sonar beam.

You can now begin taking data and displaying your results by trying the following simple
experiment. Switch the Sonic Ranger to the person mode. Stand about six to eight feet
away from the Sonic Ranger and have your lab partner point it toward you. When your
partner single clicks the Start button to begin taking data, start moving slowly toward the
Sonic Ranger. Try to see if you can move with constant velocity. Your partner can end
the data collection after you have walked for about ten seconds. Can you tell from the
graphs whether or not you have been reasonably successful in moving at constant
velocity? You may have to try a few times.

Note that the position, velocity, and time axes will automatically rescale so that all of the
data points are visible on the graphs. To change a graph scale manually, just click and
drag any number on the appropriate axis. Clicking and dragging the axis line will move
the axis in the display window. Notice that the time axes of both graphs will rescale and
move together so that the time axes of the position and velocity graphs are always
aligned.

Collect some more data by using a more complicated motion. After each data run,
compare the distance and velocity graphs and be sure that you understand how the shape
of the velocity graph can be predicted from the position graph. For each data run, you
may have to manually rescale the position and/or velocity axes to have an appropriate
display of the graph details. For example, a very small non-zero velocity might appear as
zero meters/second if the velocity scale is not sufficiently expanded.

Before starting the next part of the experiment, you may want to reset your display
settings to their original default values. To do this, simply quit the program by single
clicking on the pull-down File menu and then choosing the Quit option. A dialog box
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will ask if you want to save the activity. Choose the No option and the screen will return
to the desktop display. (You cannot save the activity, and choosing the Y es option or the
Cancel option will just make the dialog box disappear without closing the program.)
You can double click on the desktop’s VELOCITYLAB icon to restart the program. You
may follow this procedure whenever you want to clear the screen and return to the
original default settings.

2.2 Setting Up the Sonic Ranger for Use with the Air Track

Set the Sonic Ranger just at the right end of the track, and switch the Sonic Ranger to the
cart mode. Adjust the location and tilt of the device so that the sonar beam travels
horizontally along the center line of the air track. This will allow you to make sure the
Sonic Ranger is able to detect the rider when it is at the far end. Turn on the air for the
air-track and set the rider at the far left end of the track. Prop up the right side of the
track so that the rider stays at the left end. Follow the same procedure as you did before to
collect data. The distance from the Sonic Ranger to the flag on the rider will be
approximately 1.8 m, so if it is aimed correctly you should see a stationary object about
1.8 m away on the graph. If not, try to re-aim it while you are taking data or try taking
data again. You can then check the alignment more precisely by giving the rider a small
push along the air-track, and observe whether the computer plots the rider's position
smoothly throughout the length of the track. If there are “static-like” jumps in the plot,
then the sound waves are not reflecting properly back to the Sonic Ranger, and you will
need to align it more carefully.

2.3 A Note about Distances

The Sonic Ranger is unable to detect objects that are too close, because it requires a
certain amount of time between sending and receiving signals. Close objects will reflect
signals too early for the Ranger to interpret the data correctly. Therefore, always work
with distances greater than 20 cm from the Sonic Ranger to insure that the distance to the
object is determined correctly.

Note also that the scale on the air-track increases as you read toward the right. Since the
Sonic Ranger is aimed left, its scale increases toward the left, with the origin at the
faceplate of the module, not the right end of the track (see Figure 3). It is extremely
important that you keep these two scales separate in your work. You should use the
readings from the Sonic Ranger (which the computer indicates in meters) for all of your
experimental calculations, and use the scale on the air-track (which is marked in
centimeters) only for positioning the rider in the same place when you are repeating an
experiment over several trials.
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Measurement Scale
of Sonic Ranger

1.5m, 1.0m, 0.5m, 0.0m
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I |

Ruler on Air Track

Figure 3. The measurement scale of the Sonic Ranger starts at its faceplate,
and increases toward the left, oppositely of the ruler on the air track.

2.4 A Note About the Rider and Air-Track

It is important that you take care when using the rider and air-track. Don’t let the rider sit
on the track when the air is off, and don’t let the flag-side of the rider collide with the
elastic bumper. Both of these can cause the rider and air-track to scrape against each
other, leaving scratches which permanently damage the equipment.

3. Motion with Constant Ve ocity

3.1 Leveling the Air Track

To study motion with constant velocity it will be necessary to level the air-track as
carefully as possible so that the rider does not tend to accelerate in one direction. The left
side of the air-track has two adjustable feet; the right foot is not adjustable, but you may
raise it by stacking sheets of paper beneath it. (Avoid using the metal shims for leveling
the track, since you will be using them later to raise it to a fixed inclination.) The air-
track has been machined to remain extremely straight along its entire length, but because
the rider is also extremely sensitive to the slightest variation along the track, you will find
that the rider sometimes remains stationary in one region of the track but tends to drift
when it is in another region. It is not always possible to completely level the track, but
you should try to minimize these irregularities by making sure that the drift is as small as
possible in most parts of the track, and that the direction of the drifts are more or less
random. (If all the drifts tend in the same direction, then this indicates that you can make
the track more level.)
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3.2 Taking Data

Once you are satisfied that the track is sufficiently level, set the rider at the 150 cm mark.
Begin collecting data, and then give the rider a gentle push toward the left. Make sure
that you are able to take data over a substantial portion of the return trip after it has
bounced off the elastic bumper at the left end, and also make sure that the position data is
smooth and without jumps.

e Is the velocity graph what you expected? The time scales of the two graphs are
always the same, so you should be able to see how the rate of change in the
displacement graph corresponds to the velocity.

e How does motion with constant velocity on the air track compare with trying to walk
with constant velocity?

3.3 The Coefficient of Restitution

When two objects collide and bounce away from each other, they tend to lose some of
their energy in the collision, and the rebound velocity between the two objects is therefore
less than the initial velocity between them. This is why objects that are dropped will
sooner or later stop bouncing. The elasticity of the collision can be indicated by e, the
coefficient of restitution, which is defined as the speed after the collision divided by the
speed before the collision:

e:‘v,/V,.

A perfectly elastic collision, one in which no energy is lost, would therefore have a
coefficient of restitution equal to one; an elastic "super” ball is a good example of an
object whose coefficient of restitution in many collisions is often close to one. You can
calculate e for the case of the rider colliding with the elastic bumper by using the data you
collected in this experiment.

3.4 Using the Smart Tool to Read Off Data Points

To use the Smart Tool in one of the graphs; select a graph (position or velocity) by
clicking in the first quadrant of the graph and then clicking on the menu’s Smart Tool
button (this should be the second square button on the third line of icons). This will
activate crosshairs that can be used to select a data point and display its coordinate data
pair. As you get closer to a data point, the Smart Tool will “gravitate” toward that data
point. To change the position of the crosshairs of the Smart Tool, move the cursor over
the center of the Smart Tool until the pointer turns into two crossed double arrowheads
and a hand. Drag the cross hairs of the Smart Tool to the desired location. To deactivate
the Smart Tool in a graph that has been selected, just click the Smart Tool menu button
again.
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Note that if you activate the Smart Tool in the second graph before the Smart Tool has
been deactivated in the first graph, cross hairs will appear in both graphs simultaneously
and can be moved together along the common time axis.

3.5 Determining the Coefficient of Restitution
You should calculate e from the data just collected using two different methods.

In the first method, use the position versus time graph with the Smart Tool to read off and
record the (t,x) coordinates of 5 reasonably separated points before the bumper collision
and 5 reasonably separated points after the collision. Choose representative points that
are not part of extraneous effects (which occur at the ends of the motion, in the small
region of the collision, and at irregularities in the air track itself). On graph paper; plot
the (t,x) coordinates of the 5 points before the collision, draw a best fit straight line
through the 5 points, and then determine the initial velocity from the slope of this line.
Do the same for the 5 points after the collision and determine the final velocity.

e Calculate e from the ratio of the two velocities.

In the second method, use the velocity versus time graph with the Smart Tool to read off
and record the velocity values for 5 reasonably separated points before the collision and 5
reasonably separated points after the collision. Once again, choose representative points
that are not part of extraneous effects. Average the 5 values before the collision and then
average the 5 values after the collision.

e Calculate e from the ratio of these two average values.

e How would you explain any differences between the results from the two different
ways of calculating e? Which method do you think gives a more accurate value for €?
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4. Gravitational Acceleration

A small constant force can be applied to the rider by inclining the track slightly. The
component of gravity which acts on the rider parallel to the air-track is equal to gsiné,
as indicated in Figure 5.

Figure 5.

Use a few of the shims provided to elevate the right side of the air-track. NOTE: All of
the shims are 1.24mm thick.

Note that sin& equals the height of the shims divided by the length of the track between
the supports, which in this experiment is exactly 1.0 m (see Figure 6) so sinéis equal to
the height of the shims.

. B h
sinQ = 71,0 -
o
metal shims
L U 1.0m _LLF
T o
o h

Figure 6.

A convenient method for taking data is as follows. Set the rider on the air track at a given
point, say at the 150 cm mark, and release it. Start taking data and record the motion as
the rider goes down the track, bounces off the elastic bumper, goes back up the track, and
then heads back down the track.

You should print out the resulting graphs on the screen to include in your lab report. To
print: click on the File menu, then choose the Print option, and finally select OK in the
dialog box. The laboratory’s network printer is located on the side of the room (printouts
are labeled according to the number on your setup’s computer).

You can calculate the acceleration along the air track from the data displayed on the
computer screen. Using the Smart Tool simultaneously in the position and the velocity
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graphs, read off and record the (t,x) coordinates and the (t,v) coordinates at 5 different
times during the upward-downward motion that occurred after the initial bumper
collision. Choose 5 representative points that are reasonably separated and are not part of
extraneous effects (which occur at the ends of the motion, in the small region of the
collision, and at irregularities in the air track itself). For each point of time chosen, be
sure to use the x value and the v value at the same value of the time (to an accuracy of
about 0.025 seconds). The acceleration along the track can now be calculated in two
different ways.

In the first method, use the equation
X=X, +V,o(Al) + 48, (AL)?

Solve for ay, and then calculate four values for ax by using the data for four different time
intervals. Find the average of a, for this method. What value does this a, give for g?

In the second method, use the equation

V, =V, +at
On graph paper; plot the (t,v) coordinates of the 5 times chosen, draw a best straight-line
fit to the 5 points, and then determine the ax from the slope of this line. What value does
this a, give for g?

e Are your values for g close to the accepted value?

e Discuss possible sources of error in each of the two methods.
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Experiment 1-4

Geometrical Optics|: Introduction

1. Introduction

This experiment is the first in a sequence of three experiments introducing the basic ideas
of geometrical optics. These experiments are unrelated to the material you will cover in
class this semester.* They are designed to present the ideas of geometrical optics from an
empirical point of view.

In this first experiment, we utilize a simple model describing light as a bundle of rays.
We then explore the behavior of these rays as they reflect from smooth surfaces (mirrors)
and as they are transmitted, or refracted, through transparent media. We experimentally
verify Snell’s law of refraction and observe the phenomenon of total internal reflection as
a consequence of Snell’s law.

Why is optics important (besides the fact that the human eye works by the rules we de-
scribe here)? Optical instruments are used in many real-life situations in which an image
of a system is needed. Such cases apply whether the system is large or small, and wheth-
er easily accessible or not. For example, whenever you want insight into how a biologi-
cal system works, you will likely need to use imaging methods based on geometrical op-
tics. Even if you are only interested in the final data from some fancy imaging system, it
will be essential for the quality of your work that you know how to evaluate what you are
seeing and what the limitations of the method are.

Remark: It is strongly recommended that you look over the setup in the Lab Library be-
fore coming to the lab. This lab has many subparts and getting stuck at one point may
make it difficult to finish the lab. It is difficult to understand optical phenomena in the
abstract so simply reading the lab manual is insufficient preparation for this lab. Be sure
to stop by the Lab Library and let the TA show you the apparatus!

! The material in these labs is discussed in the assigned lecture course textbook (Fundamentals of Physics,
8" Ed., Halliday, Resnick & Walker, Chapters 34-38). Next semester, you will study topics in both geome-
trical and physical optics in lecture, which include interference and diffraction phenomena. Both geome-
trical and physical optics are understood as direct consequences of the wave nature of light. It is the “wa-
velength” of the light waves which is responsible for the different colors that we see (see section 2.3).
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2. Theory
2.1 Geometrical Optics

Geometrical optics is a simplified way of describing light phenomena. It is valid as long
as we do not consider cases in which light passes through small pinholes or slits, or ex-
amine the edges of shadows. In the second semester lecture and lab, you will encounter
effects such as diffraction and interference, which cannot be explained by the theory of
geometrical optics. The assumption for geometrical optics is that rays of light propagate
along straight lines until they are reflected, refracted, or absorbed at a surface.

A very simple, but important, application of geometrical optics is X-rays. (X-rays are a
type of ‘light’, with wavelengths that are much shorter than those characteristic of visible
light.) The shadow image of the skeleton made in an X-ray may be understood by simply
propagating straight lines from the source to the detector, except for those rays absorbed
by some tissue (e.g. bone) in the path.

2.2Light asRays

The concept of light rays may become more plausible to you if you imagine being in a
dark, dusty room with light from the outside entering through a small hole. You can “see”
a ray of light traveling in a straight line from the hole to wherever it hits the wall. (Your
eye actually sees the light scattered by dust particles along the path of the ray.)

We describe light using the following simple model. A light source emits rays of light in
all possible directions. Each ray propagates along a straight line until one of the following
happens. It is:

(1) reflected if it encounters a reflective material.

(2) refracted if it encounters a transparent material.

(3) absorbed if it encounters a non-reflecting, non-transparent material.

For most materials in the real world, combinations of these effects occur.

incident reflected
ray 1 ray
r
Boundary
Surface
normal

-1 refracted
ray

9/15/09 2 Experiment 1-4



In geometrical optics, we assume that each ray of light travels along a straight line indefi-
nitely unless it strikes a boundary, like a mirror or an interface between air and another
material. A source of light, such as a flashlight, produces many rays that travel nearly pa-
rallel to each other on their way to the illuminated spot on the boundary. If a ray is not
absorbed when it strikes the boundary, it splits into parts as shown in the figure above.
Both the reflected and refracted rays again travel in straight lines until they encounter
another boundary. The angles i, r, and r' are measured with respect to the normal (per-
pendicular) to the boundary surface.

Although in actuality a light ray that encounters a surface experiences all three of these
effects, there is usually one that dominates. If the boundary is a metallic mirror, only the
reflected ray is relevant, and if the boundary is a transparent medium such as water, only
the refracted ray is relevant. In sections 2.4 and 2.6, we describe the quantitative relation-
ships between the incident ray and the reflected and refracted rays. In particular, we write
the relations between the angles i and r, and between the angles i and r’ shown in the fig-
ure.

2.3 Absorption/Color (abrief aside)

The colors we perceive in light are directly correlated with the wavelength of the light ray
(for example, blue light has a shorter wavelength than red light). White light is the re-
sponse your brain perceives if light of all colors strikes your eye’s receptors.

Materials that absorb light can either decrease the reflected intensity for all colors equally
(which means that the light simply appears less bright than before) or they can selectively
decrease the intensity of some colors. An example of the second case is white light from
the sun falling onto the grass where the grass absorbs all colors except green (which it
reflects). This is why grass appears to you as green. If an object absorbs all the light, it
appears to be black.

All materials absorb to some extent, even when the light appears to pass through or re-
flects. (The best commercial mirrors reflect about 99.99% of the incoming light.)

2.4 Reflection

The ray reflected from a surface emerges at an angle equal to the angle of incidence of
the original light ray. Quantitatively, this law of reflection is expressed in terms of the
angles shown in the figure as:

r=i

There are two general types of reflection - diffuse and specular. Diffuse reflection is ex-
emplified by the reflection from the surface of this page. On a microscopic scale, the sur-
face of the paper is quite rough; consequently, parallel rays striking even nearby parts of
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the paper's surface are characterized by different angles of incidence. Each of the initially
parallel rays is reflected in a different direction. Therefore, when we shine a flashlight on
a piece of paper, irrespective of our position, we see a bright spot on the paper.? In this
case, it is not feasible to determine the relationship between i and r for any particular ray.

If parallel rays reflect from a surface which is very flat and smooth (such as that found on
a mirror or on window glass), there is a unique angle of incidence and therefore a unique
angle of reflection. This type of reflection is referred to as specular or regular. A flash-
light beam reflected specularly will only be observed if it is viewed along the direction of
reflection. We restrict our attention here to specular reflection, since only in that case the
relationship between the incident and reflected rays can be understood well enough to be
used in optical instruments.

You may have seen fresh snow glitter in the sunlight, and wonder which type of reflec-
tion that is. The explanation is that some of the small flat surfaces of the snowflake are
smooth and act like mirrors that reflect several rays in the same direction, which just hap-
pens to be where your eye is. But the totality of the surface of white snow is irregular and
reflection from the snow more often looks much like the diffuse reflection from this page.

Remark for Experts: There is of course no perfectly smooth surface in nature. Every sur-
face is rough on the atomic level. To get specular reflection, it is sufficient that surface
irregularities are small compared to the wavelength of light. So when you polish any-
thing, from optical instruments to your furniture, the desired successful appearance is ac-
complished when you have made all surface irregularities small compared to the wave-
length of light (which is about 5x10™° c¢m, or 500 nm). Since atoms are much, much
smaller than that, there is no contradiction.

2.5 Real and Virtual I mages

When you look in a mirror, you see your own image. It looks as if a copy of you is stand-
ing behind the mirror. But if you put a screen behind the image at the position where your
copy seems to stand, you would obviously not capture the image of yourself on the paper.
Your copy in the mirror or any image you cannot capture on a screen at its apparent loca-
tion is called a virtual image. If you can record the image on a screen at its apparent loca-
tion, it is called a real image. Real images are caused by the actual convergence of light
rays at a given point; virtual images are caused by light rays that diverge in such a way
that they seem to, but do not actually, converge at a certain point

Mirrors produce virtual images. In the next two labs, we will deal with many different
examples of real and virtual images.

2 Only a few of the light rays are reflected into our eyes!
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2.6 Refraction and Snell’sLaw

Light waves (rays) propagate through vacuum with a fixed velocity ¢ equal to about
300,000 km/s or 3-10® m/s. One of the consequences of our understanding of electromag-
netism, detailed in Einstein’s theory of special relativity, is that nothing can travel faster
than this speed.

As the waves travel through any material, interactions of the light with the atoms result in
a velocity v which is smaller than c. The ratio of these speeds is called the refractive in-
dex n, and is a specific constant associated with the medium:

C
n=—
\Y
For visible light traversing through most transparent media, the index varies roughly be-
tween 1 and 2.5, depending on the material. Although in actuality, light travels through

air slightly slower than it does through a vacuum, for our purposes we will consider the
refractive index to be 1. Typical glass, for example, has a refractive index of about 1.5.

When a ray of light in air encounters a medium, the change in wave velocity requires it to
change direction.® The new angle relative to the normal, shown in the figure, is the angle
of refraction (r’) given by Snell’s Law:

ne sinr’ =n;sini

which reduces to the following equation when the incident ray travels through va-
cuum/air.

., sini
sinr'="—
n

For example, if an incoming ray at an angle i = 15° encounters glass (with an refractive
index of n = 1.5), then the refracted ray will change direction and travel through the glass
at an angle of r’ = 9.9°. Since n is always larger than unity, the refracted ray entering a
material is closer to the normal than the incident ray.

2.7 Total Internal Reflection and Critical Angle

Snell’s Law describes the paths of light rays traversing interfaces between any two me-
dia. It is equally valuable for analyzing light rays traveling from air to another medium or
vice versa. If we reverse the directions of the arrows and the labeling of i and r’, our pic-
ture in the figure of section 2.2 is still a correct description of the path of the light ray.
We can therefore see that when light passes from glass to air, the ray exits with a larger
angle to the normal than the incident ray. In this example Snell’s Law can be reduced to:

® The directional change follows from a simple physical argument. This will be discussed next semester.
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nsini = sinr’. The refracted ray must have a larger angle to the normal than the incident
ray, but this angle must always be less than 90° in order for the refracted ray to emerge
on the opposite side of the interface from the incident ray. Therefore, at some maximum
incident angle the refracted ray travels along the surface; for angles beyond this, no re-
fracted ray emerges, and the ray is totally_reflected back into the glass. This angle is
called the critical angle, &, and from Snell’s Law is defined by:

sing, 1
n

An easy way to determine the index of refraction of a medium is by measuring the critical
angle and using this equation. As you can see, total internal reflection can only happen
when a light beam passes from a medium with a higher refractive index to a medium with
a lower refractive index.

2.8 Method of Parallax

In this experiment you will be analyzing the reflection and refraction of light rays by de-
termining the location of virtual images. Virtual images are difficult to locate as they
cannot be captured on a screen.

Imagine riding in a car and looking out the window at a forest on the side of the road. If
the car was stopped, you could try to line up two trees in your line of vision. You might
be temporarily successful, but as soon as the car would start moving again, those two
trees would no longer be lined up because of the shift in your perspective. You could
probably convince yourself that only if two trees were at the same location could they
stay lined up in your field of vision even if

your location changed.

>
SITION 1

PO

In the figure at right, the observer at posi-
tion 1 sees pin 2 to the left of pin 1. As the
observer moves to position 2, however, pin
2 appears to move over to the right of pin 1.
These apparent motions, parallax, are only
removed if pins 1 and 2 are at the same lo-
cation

PIN 1
° OBSERVER

~>
POSITION 2

This is the concept we will use to determine the location of virtual images. Although you
cannot capture the virtual image on a screen, you can compare its location in our line of
vision to the location of an object, called a “finder pin.” If two objects remain lined up
even when your perspective changes, you can conclude, based on the previous discus-
sion, that they are at the same location.
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Therefore, you will determine the location of the finder pin where it and the image are
lined up irrespective of your line of vision, and mark that as the location of the virtual
image.

3. Experiments

Block of Lucite

3.1 Reflection
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In the first part of the lab, we verify the law of reflection with a mirror. Mark the location
of the mirror by drawing a line along the back edge of the mirror (where the reflection
takes place). Like a line, a ray can be specified by defining two points. We specify a ray
using two pins placed in front of a mirror. The two pins form a line; when your head is
placed behind the pins so that you see them as a single pin, you are looking along the di-
rection of the incoming ray. If you now move your head to the other side of the normal,
you will find these two pins to lie on top of each other only when your eye is at the loca-
tion of the reflected ray. Mark this reflected ray by two new pins placed so that they are
lined up with the other two pins along this line of sight. You should have four pins (two
on each side of the mirror normal) that are exactly on top of each other when viewed
along either the incident or reflected directions. Remove the mirror and the pins from the
paper and draw the incoming and reflected rays using the pinholes in the paper and also
the normal to the mirror through the intersection vertex of the two rays.

e Do the two rays intersect at the reflecting edge of the mirror?

e Measure the incident and reflected angles relative to the normal.

e Estimate a reasonable uncertainty for these angles, considering the technique used to
construct and measure them.

e Are the two angles equal within uncertainty?

e What were the main errors performing this experiment?

3.2 Image from a plane mirror

In the second part, we find the virtual image of a mirror using two different methods.
Mark the location of the mirror on a new sheet of paper. Place a pin in front of the mirror
and put a second pin behind the mirror at the position at which there is no parallax be-
tween it and the original pin. The pin behind the mirror appears atop the pin in the mirror
and remains there even if you move your head. Mark the position of both pins.

e Is the position found by the absence of parallax more accurate when you hold your
head near to the mirror or far away?

The second method for locating the virtual image requires that we mark (with pins) two
different reflected rays of the first pin in front of the mirror. This is done using the same
method as in the previous section. The mirror and pins are then removed from the paper
and we extend these rays behind the mirror and mark their intersection as the location of
the virtual image.

e Does it coincide with the position found using the parallax free technique?

Now draw the lines connecting the intercepts of the reflected rays with the mirror plane
and the initial pin in front of the mirror. This line shows the actual path the light took as it
was reflected in the mirror.
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e Give a simple geometric argument why the distance between the object and the mir-
ror should exactly equal the distance between the virtual image and the mirror.

e What are the major sources of error in this part of the lab?

3.3 Multiple Reflections

Two mirrors produce multiple reflections. We will investigate two different configura-
tions and analyze the reflections produced.

First, two mirrors are placed at a 90-degree angle between them and their reflecting sur-
faces facing in. An object placed between the two mirrors should produce three images:
one image from each mirror, plus an additional image between them, which is an image
of an image, produced by reflections from both mirrors. Write your name on a small
piece of paper and hold it up to the mirrors.

e How many images do you see?

e Your name could appear written backward or forward. Note which images appear
which way.

e Explain why your name appears written forward in the middle image.

Something very different occurs if you place the two mirrors parallel and facing each
other. When you place a pin between them, you see a series of pin images in the mirror
due to multiple reflections in the mirrors.

e Explain why you see several images of the pin.

e Why do the more distant images appear dimmer?

Opjec’r Surface

n
3.4 Sndl'sLaw V(p a/ hormal

In this part, we verify Snell's Law and use it to
measure the refractive index of water. The pic-
ture at right shows the setup of the experiment. i Center
Fill the semicircular container with water and  Air pin
place it on a new piece of paper. Trace the flat E/
edge of the box on the paper, and mark the paper
at the exact center of the flat surface with a pin.

Place an object pin on the paper on the side of
the flat edge of the container. Look through the
water from the curved side of the box. Place a
locator pin so that it appears lined up with the
other two pins (object pin and center pin).

Locator

pin &

Eye
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Repeat this procedure until you have a total of 5 pairs of rays on the same diagram. (Be
sure to label which refracted ray goes with which image.) Remove everything and draw
the rays using the pinholes. Draw the normal to the edge of the box through the center
pin. Measure the angles, relative to the normal, of all the incoming and refracted rays and
plotsinivs.sinr’.

Explain why your data points should now appear on a straight line.

Draw a best-fit line. What are the slope and intercept (and associated uncertainties)?
What should the intercept be? Determine the refractive index of water from the graph.

Calculate the refractive index explicitly from each pair of rays in your data. Calculate
the mean and estimate the uncertainty of a single measurement of the refractive index.

The accepted value for the refractive index of water is about 1.33. Does the book val-
ue fall within one or two uncertainties of the mean?

Note the main sources of error.
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3.5 Total Internal Reflection and Critical Angle

Finally, we obtain the refractive index of Plexiglas (a form of transparent plastic called
Lucite in Europe) by measuring the critical angle at a planar interface with air. A Plexig-
las block with a small black groove is used as shown in the figures below. As noted ear-
lier, light rays that encounter various materials can exhibit reflection, refraction, absorp-
tion, or a combination. In this part of the experiment, we will determine the critical angle
of the interface between air and Plexiglas. The critical angle is the maximum incident an-
gle of a light ray for which refraction occurs at a given interface. When light is incident at
larger angles, it is no longer refracted and instead experiences “total internal reflection.”

i<8,

Side A

Side B

i>9,
Sida A

In the top figure, ray 1 is partially reflected back into the
Plexiglas and partially refracted into the air.

In the middle figure, ray 2 is partially reflected back into
the Plexiglas and -- in this special case -- is partially re-
fracted into the air parallel to the surface.

In the bottom figure, ray 3 is incident at an angle, which
is too large for it to be refracted; it is totally reflected.

When you view the top of the block from different angles,
you see the black mark at different positions. If you now
look along the Plexiglas surface of Side B, as shown in
the middle figure, and mark the ray location alongside B,
the angle between this point and the groove is the critical
angle. From this, one can calculate the refractive index
for the Plexiglas.

Take the Plexiglas and look along the top surface as pa-
rallel to the surface as feasible.

Measure the angle between the position of the groove and
where you see it on the top surface relative to the normal.
(This can be tricky! You may wish to lay one of the pins
horizontally on the top surface to mark where you see the
image of the black groove.)

e Determine the critical angle and use it to calculate the refractive index of the Plexig-

las.

e How well can you repeat this measurement?

e Give the major sources of error!

9/15/09
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4. Applications

Swimming pool experience:
The next time you go swimming, do the following experiment (safely!):

From underwater, look at people or trees outside the water. You will see that you can see
them when you view with your eyes at small angles relative to the normal to the water
surface. But as you look at larger angles, you find that the water surface suddenly appears
weird, somewhat like liquid mercury. This occurs because the water surface reflects like
a mirror so that you are not able to observe anything outside the pool. This is a conse-
quence of total internal reflection. (If you will not be swimming for a while, you can also
check this by looking at the water-air surface of a fish tank from below.)

Medical diagnoses:

A standard method of medical imaging utilizes ultrasonic sound echocardiography: ultra-
sonic sound waves produce images of inner body organs (along with many other applica-
tions). A wave of ultrasonic sound sent into the body is refracted and reflected as it
passes through parts of the body of different density. The wave reflected from a specific
organ is observed by a detector and produces an image. The manner in which the ultra-
sonic sound waves get reflected and refracted is similar to the case for light that we have
considered.

An important difference between light and sound waves is that sound waves propagate
faster in water than in air. (With light, it is the other way around!) This means that, for
sound, water has a lower refractive index than air! Therefore, total internal reflection oc-
curs going from air to water. To enable the sound waves to get into the body requires
having no air between the source and the body, usually accomplished by putting a layer
of gel between the sound head and the body. This also means you cannot send ultrasonic
sound through air-filled organs (like the lungs).
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The picture below shows an echocardiogram of a human heart:

LA = left atrium, LV = left ventricle, RA = right atrium, RV = right ventricle.

(Picture from: Marvin Berger: Doppler Echocardiography in Heart Disease.)
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5. Lab Preparation Problems

Absorption:

1. How many times does a ray of light get reflected on a parallel pair of mirrors (which
reflect 99% of the incoming light) such that the total intensity is down to 50%?

Reflection:

2. Explain in your own words the difference between specular and diffuse reflection us-
ing the following system and observations:

On a day with no wind, the surface of the sea can be very smooth and shiny. On the
other hand, the tops of the waves appear white in a strong storm.

Refractive index and Snell's Law:

3. What is the refractive index if a medium can slow down light to v = 2/3 c?

4. If you measure an incoming ray from the air to be at an angle of 15 degrees to the
normal, what angle will it have in the medium with an refractive index of n=1.2?

5. If you measure i = 25 degrees (air) and r’ = 20 degrees, what is the refractive index of
the medium in which you measured r’?

6. Given the following pairs of values for i and r’, draw a graph of sin r’ vs. sin i. Deter-
mine the value of n using only the slope of the graph and not the individual values from
the table.

I indegrees |0 15 30 45 60

r’ in degrees | 0 115 | 226 |33.0 |4138

7. Given the following measured values for the refractive index, what is the mean and
uncertainty (using the 2/3 rule)?

n= |124 | 121 | 129 |1.23 |1.27 |1.26

Total Internal Reflection and Critical Angle:

8. Given an refractive index of diamond n = 2.42, what is its critical angle?

9. You want to measure the refractive index of water. For that you take a glass of water
or go to your fish tank and look upwards at the air-water boundary through the side of
your glass. When look at the boundary with a small enough angle, the surface will be
(almost) 100 % reflective and you cannot see out through the boundary. With this se-
tup, you measure the critical angle to be 60 degrees. What does this data give for the
refractive index of water? Is it the same as the value you find in books?
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Experiment 1-5

Geometrical Opticsll: Thin L enses

1. Introduction

Using the concept of light rays introduced in the last experiment, we will use it to de-
scribe ray diagrams and derive the lens equation.® These are powerful tools to draw con-
clusions based on geometrical optics. In this experiment, we will verify the lens equation
for real and virtual images. In the next experiment, we will use these tools to build a
magnifying glass, microscope, and telescope.

2. Theory

2.1 Lenses

Lenses are made of glass, or a similar transparent material which refracts light at its sur-
faces. They are shaped so that they cause a bundle of parallel rays to converge to or
(seem to) diverge from, a single point, called the focal point. The focal length, f, is de-
fined as the distance between the lens and the focal point. The focal length is a fixed cha-
racteristic of a given lens, and depends only on the lens material and shape. A lens that
converges light is called convex, and its value of f is positive. A lens that diverges light is
called concave, and its value of f is negative. We deal only with converging lenses in this

lab.
qua“el k
Rays
A Axis of

Lens

Fo ccnl
Point

Thin
Lens

Remark: Sometimes lenses have a number printed on them which indicates the focal
length, in millimeters. A positive number indicates a convex/converging lens while a
negative number indicates a concave/diverging lens.

! Many approximations are made with "thin lenses”. However, even the most sophisticated treatments of
optics usually begin with these "thin lens approximations".
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Remark for Experts: If a bundle of parallel
rays falls on the lens but not along the axis
of the lens, then the focal point will be
shifted upward or downward along a line

2,

perpendicular to the axis (in the "focal Axis of

plane™). Note that the focal distance along Lens

the axis stays the same.
Focal
Plane

2.2 Ray Diagrams

Ray diagrams allow us to trace the paths of rays. They make it easier to understand how

images are formed and what lenses do.

To draw ray diagrams, follow a few simple rules illustrated in the figure below:

1. Mark the focal points of the lens on each side of the lens.

2. If two rays from a source point intersect at another point, then all rays from that
source point will intersect at the second point.

3. When drawing ray diagrams for convex lenses, it is most convenient to use three spe-
cific kinds of rays from the tip of the object (P) labeled a, b, and c in the figure and
described here:

(a) Rays that enter the lens parallel to the axis pass through the focal point behind the
lens.

(b) Rays that pass through the focal point in front of the lens leave the lens parallel to
the axis of the lens.

(c) Rays going through the center of a lens will go through the lens in a straight line
and do not bend. (These are the only rays that have no net refraction from the
lens)

Center Plane of Lens
- d
Pr .

C

b Fy Image
Object F, a’

e
b o
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2.3 LensEquation

The ray diagram described in the previous section provides a graphical method for locat-
ing images. Using the simple geometrical argument given here, with the notation indi-
cated in the figure below, we derive the lens equation. This equation relates the image
distance S, the object distance S and the focal length f.

P R f—

Object

= S [ES | S’

Since triangle COP is similar to triangle CO'P":
S _CoO_OF
S CO OP
Since triangle F,O’P’ is similar to triangle F,CR:
S-f O'F, O'P" O'P
f CF, RC OP

1)

)

Combining equations (1) and (2):
S_S-f1
S f
which reduces to:
S'f=SS-
and finally, dividing by f SS and rearranging, we obtain the thin lens equation;
1 1 1

—=—+—.
f S &

The sign convention that we have used in deriving this equation, sets f is positive for a
converging lens, Sis positive on the side of the lens where the object is placed, and S is
positive on the other side of the lens. For S>f, S is also positive and a real image exists
on the other side of the lens, as shown in the figure above. If the object were placed in-
side the focal length, i.e. if S< f, then the solution of the lens equation would give a
negative value for S and the image would appear on the same side of the lens as the ob-
ject. In section 3.4, we will see that this negative solution for S corresponds to a virtual
image located on the left side of the lens.
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The magnification of the image is the ratio of the image height to the object height. Eq.
(1) shows that this magnification is numerically equal to S/S the ratio of image distance
to object distance. The figure above also shows that the real image, formed when S, is
inverted.

2.4 Virtual Images

Consider the following thought experiment, perhaps while looking at the figure in Sec-
tion 2.3. Bring an object that is farther than a focal length from the lens closer and closer
to the focal point. As you approach the focal point, the image recedes farther and farther
away. When the object reaches the focal point, the rays exit parallel (and the image is in-
finitely far away). (Remember that this is how we define the focal point, and how we
will determine the focal length in section 3.2.) As the object gets even closer to the lens,
as shown in the figure above, the rays must diverge as they exit. If you extend the out-
going rays backward (behind the lens), you find that they intersect behind the original
object. A virtual image is formed. It cannot be captured on a screen, but you can see it
as you look through the lens - the object appears at the position of the virtual image and
enlarged.

i
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3. Experiments

Quantitative measurements using simple thin lenses will be used here to illustrate the ba-
sic features of geometrical optics. It would be deceptive, however, to stress precision in
these measurements, since precise optical instruments utilize corrected, multi-element
lenses. Instead, you will use a crude “optical bench” - a horizontal plastic meter stick,
with lenses, screens, etc., mounted on riders that slide along the stick. The centers of all
the components should be aligned at the same height so that measurements are performed
primarily along the principal axes of the lenses. Note that there is a ridge on the alumi-
num clamps that fits directly into the groove on the meter stick. Do not tighten the screws
on the clamps too much, and do not leave them so loose that things fall off and break.

Here we describe measurements of the focal length of a thin converging lens by two sim-
ple methods related directly to the definition of f. Time permitting, you should perform
all parts of the experiment for a green lens (first) and a yellow lens.

brassrod ! supports
brassri

ring

large plastic ruled screen
semi-tr anspar ent " Ea—

. . mirror

| W

black metal screen

1 L ﬁ .
metal spring holder RiNS small white sml(l ruled
for mirror metal screen transparent

SCreen
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3.1 Measuring the Focal Length —1

( SCREEN ;/_ENS

\
/

Lower the lights in the room and open the window shade a little. Using a lens and a piece
of paper, focus the image of an object outside the laboratory window (such as the facade
of Teachers College) onto the paper. Based on the fact that light from a distant source
may be safely assumed to contain only parallel rays, the distance between the lens and the
paper should be the focal length of the lens. You may already suspect that this method is
not very precise and that you will get large uncertainties. The method described in the
next section will provide more precise results.

PARALLEL RAYS FROM
DISTANT OBJECT

i

/

i

F B

e Measure this distance and estimate uncertainty for both lenses.
e Take note of the orientation of the image on your paper.

e How could you improve this simple procedure (other than going to part 2)?

3.2 Measuring the Focal Length —11
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Set up your optical bench as shown in the diagram above: place an object on one side of
the lens and a mirror on the other side.

When the object is in the focal plane of the lens (when S= f) all the rays from a point on
the object which pass through the lens will emerge in a parallel bundle (much like the
figure shown in section 2.1). The rays remain parallel after reflection from the mirror.
Any reflected parallel bundle will then pass back through the lens and converge at a point
in the original focal plane.

The location of the focal plane can thus be determined by varying the object-to-lens dis-
tance until a sharp image is formed on the object screen itself, and then the object-to-lens
distance equals the focal length. By using the backlit small triangular screened opening
as an object, you can observe the image superimposed on the object and move the lens
until the image is sharp (you may need to offset the image slightly to see this). It may be
difficult to get a completely sharp image, but do your best to optimize the sharpness of
the grid lines.

e Isthe image erect or inverted? Is it magnified?

e s the distance from the lens to mirror important? Explain why or why not.

e Measure the focal length, including a realistic uncertainty.

e |s the second result the same within uncertainty as in the first measurement (part 3.1)?

e Give the main sources of error.

3.3LensEquation

Use the same setup as in section 3.2 but instead of the mirror, use a screen. Place the lens
more than a focal length away from the object and adjust the position of the screen until
you get a sharp image on the screen. By measuring Sand S, you can verify the lens equa-
tion.

e Measure Sand S for five different pairs, including uncertainties. Plot a graph of /S
vs. 1/S with the uncertainty represented as error bars. Draw a best-fit line and get the
value of f from the intercepts with the axes.

e |s the value of f consistent with the value from the previous measurements? Is the
value of the slope of the line what it is supposed to be?

e Comment on how well the line fits your data points.

e Which of the three methods used so far should give you the best estimate for f? Ex-
plain why.

e Give the main sources of error and how you could improve this experiment.
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3.4 Virtual Images

So far, we have only dealt with cases where the object is located more than a focal length
from the lens. What happens if we put the object closer than the focal length (S< f)? We
know from section 2.4 that this causes a virtual image to be formed on the same side of
the lens as the object.

How can you locate the virtual image experimentally? The rays do not actually converge,
S0 you cannot capture the image on a screen, like you can for a real image, as shown in
section 3.2. You can, however, use the parallax method, which was used to locate the
virtual image of a pin formed by a plane mirror in the previous experiment (Experiment
1-4).

First, verify the procedure without the lens installed. Use a finder pin, which slides under
another meter stick mounted above and parallel to the optical bench, as shown in the fig-
ure below. The parallax method can be tested by placing an upright object pin at a fixed
point on the lower meter stick. While sighting along the bench, slide the finder pin until it
no longer seems to shift with respect to the fixed pin when you move your head side-
ways. The finder pin should then be directly above the fixed pin.

Upper bench

Lower bench

bject pin

Finally, place the same thin lens used the previous parts of the experiment in front of the
object pin at a distance S which should be about half of f. Locate the virtual image of the
object pin by sighting along the bench as before and moving the finder pin to eliminate
parallax between the finder pin (viewed above the lens) and the image of the object pin
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(viewed through the lens). This procedure may be easier (at least on your neck) if you
look from about a meter away from the lens

Repeat this procedure for several object positions and read off Sand S (including uncer-
tainty).

e Add the new 1/S and 1/S’ points to your previous graph (from Section 3.3) and see
whether the measured positions of the virtual image follow the prediction of the lens
equation. Is your value of f consistent with the previous values?

e In your 1S vs. 1/Sdiagram, where should points corresponding to virtual images be
located?

e Give the main sources of error for this part.

Please disassemble all parts of the experiment and leave everything the way you found it.
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4. Applications (to everyday experience)

The most important application of lenses (to us) is the human eye! The retina is located a
fixed distance from the lens. We need the ability to focus objects located at different dis-
tances in front of the eye onto the retina. These specifications require us to have an ad-
justable lens (with variable focal length). Adjusting the focal length is accomplished by
deformation of the lens through contraction of the ciliary muscles. If the eye views a dis-
tant object, the muscles are relaxed and the lens is rather flat, with a long focal length. If
the eye must examine a nearby object, the muscles contract and the lens becomes round-
er, with a shorter focal length. With advancing age, the lens loses its flexibility so that the
eye loses much of its ability to adapt to objects at close distances. (A common mispercep-
tion is that this can be compensated by “eye exercises”, which would be the case if the
problem were muscles. But the problem is not in lost vigor of the muscles, but in de-
creased flexibility of the lens!)

The two most common optical defects are nearsightedness and farsightedness. In a near-
sighted (myopic) eye, the focal length is too short even when the ciliary muscles are
completely relaxed. Thus, parallel rays from a distant object come to focus in front of the
retina and fail to form a sharp image on the retina. Vision of distant objects is blurred.
Eyeglasses with diverging lenses correct this condition.

In a farsighted (hyperopic) eye, the focal length is excessively long, even when the ciliary
muscles are fully contracted. Hence, rays from a nearby object converge toward an im-
age beyond the retina and fail to form a sharp image on the retina. Eyeglasses with con-
verging lenses can correct this condition.

RETINA

VITREOUS
HUMOR

Reference: see Physics, by Ohanian, for further information.

Picture from: Daniel Malacara: Geometrical and Instrumental  Optics.
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5. Lab Preparation Examples

Lenses:
1. What kind of lens do you have if you find a lens with -50 written on it?

2. In section 2 of the experiment, you measure 25 cm between the mirror and the lens and
10 cm between the lens and the object/screen. What is the focal length of the lens?

3. You find a pair of glasses and you find out that can focus sunlight on a spot 5 cm away
from the lens. What is the focal length of the lens?

Ray Diagrams:

4. Draw the ray diagram for the following lens-object system!

Lens Equation:

5. If the focal length of a lens is f = 100 mm. You place the object at a distance S= 250
mm. Where will you find the image? Is it a real or virtual image?

6. If the focal length of a lens is f = 100 mm. You place the object at a distance S= 50
mm. Where will you find the image? Is it a real or virtual image?

7. If the focal length of a lens is f = 100 = 10 mm. You place the object at a distance S=
150 £+ 20 mm. Where will you find the image? Is it a real or virtual image?

8. For what value of Sis the image distance S equal to the object distance S given the
focal length f.
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9. Draw a 1/S vs. 1/Sdiagram using the values listed below. Make a best curve fit and
determine f.

Sinmm S inmm vs VS
100 + 10 100 + 10 + +
150 + 15 75 + 5 + +
75 + 10 150 + 10 + +

Virtual Image:

10. Given f = 100 mm, what is the position of the virtual image if S=50 mm?

11. For S=20+£5mmand S =-40 + 5 mm, what is the value of f?
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Experiment 1-6

Geometrical Opticsllil: Optical | nstruments

1. Introduction

In this experiment, we apply the ideas of geometrical optics to build a magnifying glass,
microscope, and telescope and measure the magnifications of these systems.

2. Theory
2.1 The Near Point

In the human eye, light is focused on the retina by the elastic lens. Though the lens can
change its focal length (through contractions of the ciliary muscles), the range of focus is
limited. The closest point at which the eye can get a sharp image of an object is called the
near point. The near point is different for every person, but the value of 25 cm is an aver-
age over a random segment of the population. We use this standard reference of 25 cm
here. Young people with good eyesight may have a near point as close as 10-15 cm, and
very young children have an even smaller one. You will determine the near point for your
eyes in the course of this experiment.

2.2 Resolution

In art museums, you probably observed the following effect. As you look at an impres-
sionist painting from a distance, the picture appears sharp and easily identifiable. But as
you approach the picture, you observe that it is made up of a number of smaller objects,
large dots or blobs, and is quite coarse-grained.

What happened? Your retina consists of an array of light receptors, somewhat like the
pixels in a video camera. When you are far enough away from the picture, all light rays
from an object like a big dot fall onto a single receptor. Your visual impression from a
long distance therefore consists of various sharp points. As you approach the picture, rays
from this object begin to strike several receptors and you recognize that the blob is an ex-
tended object. If you look at the same picture, but shrunk by a factor of 10, you observe
that you can get much closer before seeing the individual blobs. Such effects are related
to the resolution limits of the eye.

The figure on the next page illustrates how an image appears on the retina. Note that the
image is inverted on the retina. We actually “see” objects upside down. (Our brains do
the work of inverting it back!) When we view an object, its size is determined by how big
the object’s image is on our retina.
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From the figure below, we see that the size of the retinal image is directly proportional to
tana = h/ s. Clearly, there is a minimum value of a that can be resolved on the retina.

EYE

J ,
< S B S =

2.3 Need for Magnification

Suppose a person with a near point of 25 cm examines the object shown in the figure
above. To see the most detail, the person should view the object so that it appears to be as
large as possible while remaining in focus. As discussed above, the size of the retinal im-
age varies as tana = h/ s. This means that the retinal image gets larger as s gets smaller
(i.e., as the object is brought closer to the eye). The largest focused image this person can
see is obtained when s = 25 cm. The size of the object when viewed at 25 cm is defined
to have a magnification of unity. Is there any way to see more detail on the object, or,
equivalently, can the object be made to appear larger? The answer is yes, and the simplest
means of making the object appear larger is to use a magnifying glass.

2.4 The Magnifying Glass

A magnifying glass is a simple converging lens with short focal length that can make an
object’s image on the retina larger. How does it work? One limitation to the detail you
see on an object is the limited angular resolution, which is due to the limited size of the
individual receptors. (There is nothing we can do about this.) But the other limitation is
that we cannot make the retinal image larger by bringing the object closer than the near
point. There is a way to overcome this limitation, and it is used in all optical magnifying
devices.
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Consider the object and lens of focal length f shown in the figure below.

lens

observer

. L
virtual image T v

(at infinity) | f

The object is placed a focal length f away from the lens. Using the lens equation, we find
that a virtual image is formed at infinity as shown. (If you feel uncomfortable thinking of
an image at infinity, you might prefer to think of it as simply a very large distance.)

If the rays of light from the ends of the object that pass through the center of the lens are
extended to the left, they also pass through the ends of the image. (If this is not obvious,
return to Experiment 1-5 and review the rules for ray tracing). This means that the angle
a'=tanh/ f is the same for both the object and the virtual image. Remember what an
image represents - looking at the object through the lens can be represented as looking
directly at the image. Since the image is very far away, its size does not appear to change
as the eye (to the right of the lens) is moved small distances back and forth.

What actually happened when you put the converging lens one focal length in front of the
object? The rays leaving the lens that actually hit the eye (not the ray shown in the figure)
will be nearly parallel and therefore the rays appear to come from an infinitely far object
— unless you are near-sighted, your eye can totally relax.

When we view the image, its size is proportional to tana '=h/ f. The angular magnifi-
cation of the magnifying glass is defined as:

_tana’_ hi/f _25cm
" tane  h/25cm  fcm

The magnification M represents the ratio of the apparent size of the object when viewed
using the magnifying glass to that of the object when viewed directly at a distance of 25
cm.

If fis less than 25 cm, the lens increases the apparent size of the object and permits you to
see more detail. Viewing an object with a magnifying glass of focal length 12.5 cm pro-
duces a retinal image twice as large as that formed when the object is viewed directly 25
cm away.

If a lens of focal length 25 cm is used as a magnifying glass, the apparent size of the ob-
ject is the same as that seen when looking directly at the object 25 cm from the eye. Us-
ing the lens, however, permits your eye to relax because it views parallel rays, just as if
the object were located very far away.
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2.5 The Microscope

For various reasons, a single lens magnifier (such as a magnifying glass) can only pro-
vide good images with relatively small magnifications. To achieve higher magnification,
a device known as a compound microscope can be used.

A compound microscope employs two lenses as shown in the next figure. The object to
be viewed is placed just beyond the focal length, F, of the first lens, called the objective
lens. The light collected by the objective lens forms a real (enlarged) image of the object
at 1. (The image is real because a screen placed at 1, would display an actual inverted
image of the object.) The second lens, the eyepiece, has a focal length f and acts as a
magnifying glass that is used to examine the image I;.

As discussed in the preceding section, the observer looking through the eyepiece (mag-
nifier) sees a virtual image |, (located near infinity) of the real image 14, acting as an ob-
ject for lens 2.

lens 1 (objective) lens 2 (eyepiece)
}é}—s ] s’ &>
bject T f
objec D
observer

real image

¥
I

virtugl image at infinity

2

How big does the original object appear? Since the eyepiece acts like a magnifying glass,
the image 11 appears to be 25 cm/f times bigger than if viewed from the standard distance
of 25 cm. The image I is itself bigger than the object by a factor (as described in the pre-
vious experiment) of S'/s.

The total magnification of the microscope is then:

M microscope ix 25 o '
P S f
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2.6 The Telescope (Optional)

The optical system of a refracting telescope has the same elements as those of a com-
pound microscope. In both instruments, the real image formed by an objective lens is
viewed through an eyepiece. However, the object of a telescope is distant, the incoming
rays are parallel and the objective lens forms the first image 14, near its focal point F, as
shown in the figure below. (By contrast, for the microscope s >> F.)

Far distant | lens 2 (eyepiece)
yn fa { N
| S/

I I, observer
|

IFinal .Im.c:lge
| near infinit lens 1 (objective)

Iz

I, again serves as the object for the eyepiece. In order for I, — the final virtual image
made by the eyepiece — to be near infinity (for relaxed viewing), the eyepiece needs to be
located so that I is also near its focal point f. Therefore, the distance between the objec-
tive lens and the eyepiece — the length of the telescope — is the sum of the focal lengths
F+f.

The angular magnification of the telescope is easily derived by noting that a, the very
small angle that the distant object would subtend for the unaided eye, is essentially the
same as the angle subtended by the image I, from the objective lens. Then from the figure
above we have:

_Y
tana= F
and angle A, subtended by I, at the eyepiece, we have:
-y
tan A= :
So:
M _tanA_y/f
telescope — m - y/iF
M F

telescope — T
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3. Experiments

Equipment List

~ opticsbox
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yellow lenses with green lenseswith black lenseswith
short focal lengths medium focal lengths long focal lengths

250 mm lenses

Note: For the lenses you use (yellow, green) you first need to determine their focal
length. You can do that using the same method as in part one of the previous lab (Lab 1-
5: Geometrical Optics I1).
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3.1 The Near point

In the first part of the lab, you will measure the near point of each eye. Place one of the
white ruled screens on an optical bench rider. Place your head so that one eye is at the
end of the meter-stick optical bench. Move the screen as close to your eye as possible,
consistent with the requirement that the screen remains in focus. The distance s is the
near point for that eye. Repeat for the other eye.

e |s the near point the same for both eyes?

e How do these values for your eyes compare to the standard value of 25 cm?

If the values you obtain are different from the conventional 25 cm value, it should not be
surprising; as you compare your values other people in the class, you will probably see a

wide variation. So as to make quantitative comparisons of instruments, we use a standar-
dized reference near point of 25 cm.
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3.2 The Reference

In the next two sections, we measure the angular magnification of a magnifying glass and
a compound microscope. These measurements are performed by comparing a ruled
screen viewed of unity magnification with another ruled screen viewed through the opti-
cal instruments (magnifying glass and compound microscope) described above.

50 c¢m Optical bench

To form a virtual image of the ruled screen at infinity with unit magnification, we use a
25-cm-focal-length-lens "magnifying” glass. Place the 25 cm lens (no color) near the end
of the 50 cm-long optical bench. Place the front surface of the ruled white screen exactly
25 cm away from the center of the lens.

Look at the screen through the lens. Unless you are a little near-sighted (i.e. cannot clear-
ly focus objects at infinity) the screen should be in sharp focus. Its apparent size should
not change as you move your head back and forth along your line of sight (because you
are actually viewing an image very far away and the motion of your head represents a
negligible fraction of that distance).

The size of the object should appear exactly the same as if you looked at the object di-
rectly from 25 cm away. Why not just look at the screen directly and forget about the
lens? Because then the screen would need to be exactly 25 cm from your eye. With the 25
cm lens, your eye can be anywhere to the left of the lens (in the figure) and the ruling on
the screen should appear to be the same size.

This system serves as the reference for subsequent measurements of magnification made
for other optical devices.
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3.3 The Magnifying Glass

In this part, we set up a magnifying glass and measure the magnification. Given the for-
mula for the magnification from section 2.5, we can compare the measurement with the
prediction. The apparatus is shown in the figure below.

K\One Meter Optical Bench

—_— Ruled Screen

=

‘===j&_/3hort focal length lens

25 cm Lens
reference &&

I
G | partially silvered mirror
| ng
I
I

%/ observer

Leave the 25 cm reference as set up in the previous part. Mount a second white ruled
screen and a short focal length lens (yellow) on the one meter optical bench, as shown in
the figure above. Leave space at the end of the bench for a partially reflecting mirror,
which will be located as close as possible to the short focal length lens.

Move the screen until the image is in focus. Look only through the centers of the lenses
to avoid edge distortion. The rulings on the screen should appear enlarged.

Insert the partially silvered mirror at a 45° angle as shown in the figure. Check that you
are still able to see the ruled screen. If you have difficulty seeing the screen, illuminate it
with the lamp supplied. Now position the 50 cm bench, on which you set up the reference
image, as shown in the figure. By rotating the partially silvered mirror, and/or adjusting
the position of the 50 cm bench, you should be able to see both the magnified and refer-
ence images.

e Count the number of divisions on the reference image that fall within one division on
the magnified image. This provides the magnification, since the rulings on both white
screens have identical spacing. Does your measurement of the magnification agree
with the prediction?

The magnification you measure here should not depend on where you position your eye.
If the magnification appears to change as you move your head along your line of sight,
you probably do not have the magnified screen exactly a focal length away from the short
focal length lens.
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3.4 The Microscope

The figure below shows the apparatus for measurement of magnification of the micro-

scope.
T Light

about 40 cm
Object
(transparent
g screen
4

about 35 o Objective lens

Removable solid
K white screen

— U —P<t o B

reference == Eyepiece

! \purﬁally silvered
L j——25 em—p N

mirror

NOTE: you may find that the distance (S+S’) should be more like 50 cm than the 35 cm
noted in the diagram above.

Place the lamp at one end of the one-meter optical bench. (The ruler fits into a hole in the
base of the lamp.) Use the transparent ruled screen as an object and place it in front of the
lamp. If you have problems illuminating the transparent screen, you can put it closer to
the lamp.

Position the solid white screen approximately 50 cm (not 35 cm as noted in the above
figure) from the object.

Place a medium focal length lens (green), to be used as the objective lens, between the
object and the screen. Position it so that the rulings of the object are focused onto the sol-
id white screen. The real image of the rulings on the white screen will appear enlarged.

Now place a short focal length lens (yellow), to be used as the eyepiece, on the other side
of the solid white screen. Position the lens as a magnifying glass to view the back of the
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white screen. (You should be able to see irregularities in the screen’s surface - do not
mark it.)

Remove the white screen. Looking through the eyepiece lens, you should see a highly
enlarged view of the object. Because of the distribution of light passing through the mi-
croscope, you must place your eye a certain distance away from the eyepiece in order to
see the entire image.

Use the reference image to measure the magnification of the microscope. If you have
trouble getting proper illumination on both the reference and magnified images, try cov-
ering one side of the transparent screen (object) with paper. This will leave one side dark
and the reference image should be visible. Note that the rulings on the transparent screen
have one-half the spacing found on the white ruled screens. Therefore, if you measure
ten reference divisions to one magnified division, the magnification of the microscope is
twenty (not ten).

e How does the measured magnification compare with the prediction?

e Draw a careful ray diagram of this instrument (using graphical definitions of "thin
lens" and "focal point™ and following three rays from a point on each object to a cor-
responding point on each image). Indicate whether each image is real or virtual, in-
verted or erect.

¢ Note the main sources of error in the experiments.

3.5 Optional: The Telescope

The last part of the experiment is optional. You can try it if you have time left.

i
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We assemble a telescope and measure its magnification. Since we want to look at a dis-
tant object, we cannot use the 25 cm reference. Instead, we use a periscope so that we can
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simultaneously look directly at an object and through the telescope. Comparison of these
permits a quantitative estimate of the magnification.

% S~PERISCOPE

L L

Set up a telescope by using a long focal length lens (black) for the objective and sighting
on a distant object outside the laboratory window. If the distant object is sufficiently
bright, you may be able to locate the intermediate image on a translucent screen and pro-
ceed as you did for the microscope. If not, set the two lenses in place directly, as indi-
cated in section 2.6.

With your eye about 5 or 10 cm behind the eyepiece, focus the telescope on a distant ob-
ject. Place the periscope between your eye and the telescope, and superimpose the re-
flected (unmagnified) image onto the magnified one.

Measure the approximate magnification of the telescope by comparing the sizes of the
two images. (Large bricks on the side of a building make a good object to use for the
comparison.)

Does the measured magnification agree approximately with that derived from the
focal lengths of the two lenses?

Note that this telescope gives an inverted virtual image. Can you make a telescope
that gives an erect image and/or one that you can photograph?

Draw a careful ray diagram for the telescope just as you did for the compound micro-
scope, and indicate the type of each image.
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4. Applications

It may seem strange that we provide yet another example based on the human eye, since
you already had that in the last experiment. As with many real-life applications, you are
only told part of the story at first (with the complexities left to later). The eye should bet-
ter be described as a system consisting of two lenses.

The index of refraction of the fluid within the eye is about 1.34 (nearly the same as wa-
ter). The index of refraction of the solid lens is about 1.44. The difference in the indices
of refraction is not large, so the refraction at the interface between them is not strong.
Therefore, though the lens provides adjustments in focal length necessary to form the im-
age on the retina at different object distances, the main contribution of focusing the in-
coming light is refraction at the cornea. This tissue layer separates the eye fluid (or hu-
mor) from the air. The difference in indices of refraction between air (1.00) and the
aqueous humor (1.34) is much larger and creates substantial refraction. This means that
the eye is more precisely treated as a system of two lenses, in which the second lens is
variable so as to fine tune the focal length of the system.

Several different optical malfunctions (e.g. farsightedness/nearsightedness) were de-
scribed in the application part of the previous experiment. These can also arise from mal-
formations of the eyeball. As described before, using an additional lens either in the form
of glasses or contact lenses can compensate these.

But a more recent approach is to change the focal length of the first lens (cornea) directly.
A high intensity laser beam can be used to evaporate thin layers of the cornea and thus
provide the cornea with a new shape. If the curvature of the cornea is increased, the light
is focused more (corrects farsightedness) or if you decrease the curvature, the light is fo-
cused less (corrects nearsightedness).
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5. Lab Preparation Problems

Magnification and Magnifying Glass:

1. The angle subtended by an image with an optical device is & = 10° and without it, the
object subtends « = 7°. What is the magnification?

2. What is the magnification of a magnifying glass with a focal length of 10 cm?

3. Assume your eyes have a focal length of 25 cm. What is the advantage for your eyes if
you still use a magnifying glass of focal length 25 cm to read a book instead of holding
the book at a distance of 25 cm?

Microscope:

4. Assume you have a microscope and measure s = 30 cm and s= 10 cm. Your second
lens has a focal length of 15 cm. What is the magnification?

5. Assume your microscope has a focal length of F = 10 cm for the first lens and f = 10
cm for the second lens. What is the magnification if you choose s= 15 cm? What if you
choose s=12 cm?

6. You build a microscope with a first lens of F =5 c¢cm and a second lens with f = 10 cm.
You separate these two lenses by a distance of 25 cm. What will the magnification of
your microscope be?

Hint: You first have to calculate s and then s!

Telescope:

7. You build a telescope with two lenses. One has a focal length of 5 cm, the other has a
focal length of 2 m. In what order do you want to place these two lenses. Which should
be the objective lens, which the eyepiece?

8. For the telescope described in 7, what is the magnification?

9. You want to build a telescope that can magnify far away objects in the following way.
Everything that appears to be separated at an angle of 1’ (1/60 of a degree) when
viewed without the telescope will appear to be separated by 1° when viewed through
the telescope. You have a 5 cm lens for the eyepiece. How do you have to choose the
objective lens such that the magnification is as described? How long will your telescope
then be? (The length of your telescope is the separation of the two lenses.)
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Experiment 1-7

Conservation of Momentum

1. Introduction

Momentum is one of the central quantities in physics and, like energy, is bound by a con-
servation law. Although conservation of momentum is less intuitive to many people than
conservation of energy, conservation of momentum can be applicable in situations where
conservation of energy is not. Sometimes, conservation of energy may not be easily uti-
lized since it can be difficult to keep track of all possible energy contributions (such as
energy contribution that deforms the metal of two cars as they collide), but conservation
of momentum may still be helpful. For some problems, momentum conservation is essen-
tial. We will see that specific problems, like the ballistic pendulum that you will study
today, require both energy and momentum conservation for their solution. Others, like
the air trough, permit prediction of details of motion in collisions where mechanical ener-
gy is conserved (elastic) as well as where mechanical energy is not conserved (inelastic).
This lab is designed to provide you with an intuitive, yet quantitative, sense of momen-
tum and some of its important applications™.

Remark: You must prepare some derivations (for the pendulum, the velocity ratios of the
riders, and the elastic collision) at home; otherwise you may not finish the lab on time!

2. Theory

2.1 Momentum Conservation

Momentum is a vector quantity, so it has magnitude and direction. To add or subtract
momenta, use the usual rules of vector addition. In this lab, we deal only with momen-
tum in one dimension, so the vector property is applicable only in the sense that if two
objects move in opposite directions, their momenta have opposite signs. This is the
source of most mistakes when performing calculations with momenta, so be careful.

Momentum is the product of mass and velocity:
p=mv.

A fundamental property of nature is that the total momentum components of any closed
system? are conserved in any physical process.

! See Chapter 9 of Fundamentals of Physics, 8" Ed., by Halliday, Resnick & Walker.
2 A closed system is one in which the sums of force components external to the specified system are neglig-
ible.
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2.2 TheAir Trough

Using the riders in the air trough, we will test momentum conservation by measuring to-
tal momentum before and after collisions. Since momentum is the product of mass and
velocity, we should, in principle, measure the mass and velocity of each object before and
after the collision. We will measure the masses with a balance. But rather than measure
the velocities directly, we will use a trick that simplifies the measurements.

We position the riders in such a way that, after they collide and move in opposite direc-
tions, they touch the ends at the same time. Since the riders started at a common position
(which we can record), we can determine the distance they traveled to the two ends of the
trough (called s; and ;). Since the times are equal, the ratio of the velocities is equal to
the ratio of the distances:

VilVe = (Si/t)/(Slt) = si/s.
This comes from simply using s=v 4.

In order to predict the velocity ratio of the two riders we are going to use momentum and
energy conservation.

A). In the first experiment performed on the air track, a large rider (of mass M) begins at
rest, while a small rider (of mass m) with an initial velocity collides with it elastically.
Therefore, we can use both momentum and energy conservation to determine the ex-
pected final velocity ratio.

Momentum conservation: MV = M-yt M-V

Energy conservation: Yomvy®= Yo mvaf+Ys M Vol

After some algebraic manipulation, the equations can be combined to read:
Vii/Vor =¥A1-M/m)

B). In the second experiment, both riders begin at rest and are exploded apart using a Tes-
la coil. This is considered like the reverse of an inelastic collision in which momentum is
conserved but not energy.

Momentum conservation: 0= mvq+ M-V
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2.3 TheBallistic Pendulum

A ballistic pendulum is an instrument used to indirectly measure the velocity of a projec-
tile. In this experiment, a small metal ball strikes a stationary pendulum (a can filled with
clay) and sticks to it. The initial velocity of the ball can be deduced by observing the
pendulum as it swings after the collision. In this experiment, we measure the velocity of
the projectile and deduce how far the pendulum should move. This is then compared to
the actual measured pendulum displacement.

It is easiest to analyze the problem by splitting it into two parts. In the first part, consider
the projectile and pendulum in the time right before and right after the collision. The
pendulum is initially at rest at its equilibrium point, whereas the projectile travels with an
initial velocity and therefore kinetic energy. When the projectile strikes the pendulum,
they stick together and move at the same velocity. Since an unknown part of the initial
Kinetic energy is used to deform the clay so the projectile can lodge into it, we cannot di-
rectly calculate the pendulum’s subsequent motion from conservation of mechanical
energy. However, momentum conservation will help us, since it is not affected by the
deformation of the clay.

More quantitatively, consider the projectile to have a mass m and initial velocity v, and
the pendulum to have a mass M and initial velocity of 0. The total initial momentum is
m-v. When the projectile and the pendulum stick together, they have total mass m + M
and we define their combined velocity to be V. The relationship from conservation of
momentum is:

mv=(m+ M)V

For the second part of the problem, we consider the motion of the pendulum after the col-
lision. After the collision, we cannot use conservation of momentum since there are
forces on the pendulum (gravity and the strings) from outside the pendulum which
change momentum. Specifically, we measure the maximum height that the pendulum
swings, h. Here, we can use energy conservation, because there are no uncontrollable
energy losses (like the energy lost when the bullet deforms the clay in the first part of the
problem). Conservation of energy requires:

Kinetic energy after the collision = Potential energy at the top of the swing,
Y(m+ M)V? = (m+ M)gh.

This relation permits us to calculate the velocity (just after collision) of the pendulum
from the maximum height that the pendulum reaches. Combined with the earlier expres-
sion, we can use it to obtain the initial velocity of the projectile.

But it is difficult to directly measure the vertical rise, h. Instead it is much easier to
measure the horizontal distance, d, that the pendulum swings through (see figure.) These
quantities are geometrically related, by the Pythagorean Theorem, as:

R’ = (R-h)? + d*
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These three equations permit you to derive the dependence of v on the quantities m, M, g,
R, d. Conversely, you can find d in terms of m, M, g, R, and v.

™.
Motion of the
Ballistic Pendulum
R
R—h
R . . P
h{
— O

projectile

d

Remark: Make sure that you go through the derivation of the steps needed to arrive at the
expressions for v and d before coming to the lab, since you will need them, and your TA
is not going to derive them for you! Since the full expressions are rather cumbersome,
you may choose to work in steps, calculating the error at each stage, before inserting val-
ues into the next step of the calculation.
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3. Experiments

3.1 TheAir Trough

In the air trough, we observe both elastic and inelastic collisions. The air trough provides
a steady airflow so that the riders move along a layer of air and the effects of friction are
negligible. Flexible steel bumpers, mounted on the riders and at the ends of the trough,
provide almost perfectly elastic collisions.

SPRING
S RING RIDER BUMPERS
D d
LEVELING
JACK

Please handle the riders with care! Don’t put them on the trough without air flowing and
store them only on the felt covered holders provided. Make sure that the bumpers are in-
serted on both ends of the riders, and don't make violent collisions! (this also compromis-
es your data).

Place a rider at rest near the center of the air trough. The trough may need a minor ad-
justment, using the leveling jack, to make it as close to horizontal as possible (note that
there may be some bowing or sagging of the trough due to its weight).

The following two experiments are performed with the air trough.

A) Elastic collision between two unequal riders. Select a large and a small rider, measure
their masses to determine the expected velocity ratio. Place the large rider at rest on the
air trough and send the small one moving toward it with an arbitrary velocity. Adjust the
positioning until you have found an initial position of the large rider such that the two
riders hit the ends of the trough at exactly the same time (you will probably have to try
this several times!). When you have determined this point, measure the distances that
each of the riders traveled to reach the end (s; and s;), and use that to determine the ratio
of their velocities. Include an uncertainty estimate.

e Compare the experimental velocity ratio to a theoretical prediction from the masses of
the riders

e What would happen if the two riders had exactly equal mass?

e What would happen if you placed the small glider stationary and send the large one
on it? Why do we not want this to happen?
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B) Inelastic separation of gliders. Connect the same two gliders together using the piston
and the cylinder, and place a toy cap between them. Explode the cap using an electric
spark from a Tesla coil. (This may require several attempts: you may need to clean the
piston and cylinder, and be very careful as you place the toy cap.) Again choose the ini-
tial location so that the riders hit the ends at exactly the same time and determine the ve-
locity ratio. Include an uncertainty estimate.

e Compare the experimental velocity ratio to a theoretical prediction from the masses of
the riders

e After bouncing off the ends, do the two riders meet again at the position from which
they started? Explain why or why not!

Safety remark: Handle the Tesla coil carefully. It produces several thousand volts and
you or others can get a serious shock!

3.2 The Ballistic Pendulum

Safety remark: Do not have the gun loaded while you are taking measurements or setting
up

In the ballistic pendulum experiment, you will shoot a small metal ball out of a piece of
tubing (gun) and embed it in the “bob” of a pendulum. The pendulum consists of an open
can filled with clay, and suspended by four strings. The velocity of the projectile is de-
termined by measuring its flight time between a pair of photocells. Using the derived eq-
uations this permits you to predict how far (d) the pendulum should swing. You measure
d by observing how far the pendulum pushes a small glider. The predicted and measured
values can then be directly compared.

Measure all of the components of the ballistic pendulum that you need for calculations.
(You may use the values for some of the pendulum parameters that are written next to the
apparatus, but be sure to measure the mass of the pendulum itself using the scales.) Use
the photogate timer to measure the time it takes the projectile to travel between the two
photogates. The small rider on the ruler is used to measure the distance that the pendulum
has traveled — you note the initial position and shoot the projectile twice without moving
the rider in between.

e Calculate the velocity of the projectile from the light gate data. With this, calculate
how far you predict the pendulum to have swung back. Compare this with the dis-
tance that the rider actually traveled according to your measurements

e The reason we shoot twice is that there is friction between the rider and the ruler on
which it rests. By performing the experiment twice, we reduce the effect of this fric-
tion. (Can you explain why?)

e Describe the main sources of error in this experiment
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e Are your prediction and measurement equal within a reasonable error?

Remark: If the clay is too stiff to perform the experiment properly and the projectile
doesn’t stick to it, remove the can and put it under the lamp provided to heat it up so that
the clay becomes malleable again.
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4. L ab Preparation Examples

Propagation of Uncertainty:

1.Givena=15+0.5mand b=3.0+ 0.6 m what is a/b?

Ballistic Pendulum:

2. You measure the following values for the pendulum experiment:

S

t

R

m

60 cm

0.01s

15m

109

1 kg

What is your predicted value for Ad?

Conversion m/s, km/h and miles/h:

4. What is 1 m/s in km/h?

5. How many miles/h is the speed of 200 km/s?

Air Trough:

6. In the elastic collision, the riders weigh m =100 g and M = 250 g. What is the ex-
pected value for vi/v; = 5,/S,?

7. In the inelastic collision, the riders weight m = 100 g and M = 250 g. What is the theo-
retical value for vi/v, = $1/s,?

Explanations:

8. You are sitting in a car of mass M. Another car with mass m= 500 kg crashes into you
with a relative velocity of 10 m/s. Explain in a few sentences (and maybe equations)
why you feel less impact if your car has M = 2000 kg as if your car has only M = 500

kg?

9/15/09

Experiment 1-7



Experiment 1-8

Projectile M otion and Conservation of Ener gy

1. Introduction

In this experiment, we use the trajectory equations of a body in two-dimensional free fall
to predict where a projectile hits the ground.* The initial (launch) velocity of the projec-
tile is determined by applying the law of conservation of energy? for the projectile travel-
ing through a long bent tube. We compare the predicted and measured location after the
fall. This lab should demonstrate the predictive power of applying physical principles
correctly, show that predictions correspond to something in the “real world”, and provide
insight about deciding what is important in making a measurement.

Remark: You must prepare some derivations at home; otherwise, you may have trouble
finishing the lab in the time given.

2. Physical Principles

2.1 Conservation of Energy

One of the most fundamental principles of physics requires that total energy be conserved
in all physical processes. This principle is sometimes difficult to apply since there are
many different kinds of energy (potential energy, kinetic energy, rotational energy, heat,
chemical energy, and mass®), and energy can be transformed from one kind to another.
We will deal primarily with the first three types of energy, and with a small loss due to
friction (which usually ends up converted into heat). In the previous lab you saw how
conservation of momentum is sometimes more useful than conservation of energy; in this
lab, we will focus on a situation where conservation of energy is the appropriate law to
use.

The kinetic energy of a point particle moving with velocity v, is given by Exin= %2 mv%.
Because the rolling ball used in this experiment is not a point object, we need to take into
account its rotational motion. This is discussed in the next section.

The potential energy for an object near the earth’s surface is given by Epei=mgh, where h
is the height above an arbitrarily chosen level. This means that when an object drops
from a vertical height h, to hy, Ah=hs-h,, the loss in potential energy is mg4h.

! See Sections 4-5, 4-6 of Fundamentals of Physics, 8" Ed., by Halliday, Resnick & Walker.
2 Chapter 8 of Halliday, Resnick & Walker.
® This is the content of Einstein's famous formula: E=mc?!
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Some energy is always lost due to friction. If we label the friction energy loss W, it fol-
lows that:

GaininK.E. = (P. E. lost) -W

2.2 Estimating the Friction L oss

If there were no friction, all the loss in potential energy (mg4h), as the ball rolls from the
release point to the launch point, would be converted to kinetic energy. However, be-
cause of friction, some of the energy will be dissipated. We need a technique to deter-
mine the energy lost to friction. Here, we find the orientation of the track such that that
when released from the top, the ball just comes to rest at the lower end of the track.
When the ball comes to rest, we know that the kinetic energy is zero, so the difference in
potential energy between the initial and final positions must have all been lost to friction.
Then, we determine the vertical distance traveled by the ball Ah’ and mg4h’ equals the
energy lost to friction. If we assume that the same amount of energy is lost to friction
when the track is tilted more steeply, we can use W=mga4h’ for all tilts. It follows that:

GaininK.E. = (P. E. lost) -W

= mgAh — mgAh'
=mg(Ah—Ah")

Remark: There are three types of ball in the experiment: steel (or brass), aluminum and
plastic. You have to measure the friction separately for each ball!

2.3 Kinetic Energy including Rotation

In this experiment, we deal with a rolling ball. We need to account for the rolling mo-
tion, so that there are two contributions to the kinetic energy:

Kinetic Energy = Kinetic Energy of center of mass + Kinetic Energy of rotation
This relationship takes the analytic form:
Exin = YamV* + %1 .o,

where m is the total mass of the object, v is the velocity of the center of mass, | is the
moment of inertia (I = 2/5 m-R for a sphere), and w is the angular velocity of rotation.
(For a rolling ball that is not sliding, @=V/R). The total kinetic energy of the rolling
sphere is:
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7
Exin =Em-v2.

As can be seen from the final result, the kinetic energy of a rolling ball is slightly larger
than that of a point object travelling at the same speed.*

2.2 Parabolic Trajectory

The motion of a mass launched into free fall with initial velocity, v, at an angle ¢ relative
to the horizontal, can be treated most easily by evaluating the horizontal (or x) and vertic-
al (or y) position in terms of the time (t) as two independent motions. This problem, in
which explicit expressions for y(t) and x(t) are obtained has been treated in your text and
in lecture. (We neglect air resistance while the ball is in free fall.)

3._Experiment

The figure shows the apparatus to be used in this experiment. A ball is released into a
tube at the release point, rolls through the tube and emerges at the launch point. You
should measure the parameters shown explicitly in the figure, and the additional parame-
ter, Ah’, which is used to estimate friction losses.

Remark: If you want to clean the tube beforehand, there should be a swab on a string
available.

RELEASE POINT

/ ANGLE ADJUSTMENT SCREW LAUNCH POINT
A1 N0
O
o
o]
L + . -
PLUME BOB  FLOOR b X

* If you have not yet had rotations in lecture, you may not follow this argument in detail. But the last equa-
tion indeed does express the kinetic energy of the rolling ball (see HRW Section 11-3). Be sure to use it.
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3.1 Prediction of Position

Before you do the experiment, you should derive a set of equations at home that predict
the x-position where the ball hits the ground (y=0). This expression should depend only
on the measured parameters shown in the figure: hy, hy, hs, D, L, as well as the value of
AR, You will need to substitute these quantities rather than parameters we do not directly
measure, like v or .

Rather than derive a single complicated formula for x in terms of symbols for all the pre-
liminary measurements, it is more convenient to calculate, in sequence, several interme-
diate quantities and then combine them to find x. Bring the sheet with your derivation of
the formulae for x in terms of the measured parameters. You should prepare this before
coming to the lab! It should be attached to the report when you are finished.

1. Find v, the magnitude of the launching velocity, by using the conservation of total
mechanical energy (incorporating the estimate of the energy lost to friction).

2. Find vy and vy, the horizontal and vertical components of v, by referring to the geo-
metry of the final section of the track.

3. Find t, the time the ball is in the air, by considering the vertical motion involving vy
and hy alone.

4. Finally, find x.
Steps 3 and 4 may be combined by using the trajectory equation y(x), obtained by elimi-
nating the time in the equations for y(t) and x(t).

Choose the heavy metal ball to be your first ball. Adjust the screw such that the ball,
when released at the release point, just makes it to the launch point before reversing di-
rection.

e Record h;" and hy'.

Increase h; with the adjustment screw so that the ball will be launched. Make sure that
that hy-h; is at least twice as big as h;’-hy’.

e Measure all the required quantities and predict where the ball will hit the floor. Place
a coin at that position. Release the ball and see if the ball hits the coin.

Repeat the experiment for the same ball with a different height h;. (Check or measure all
relevant quantities.)

e Comment on your results
Repeat the same steps for the plastic ball, then the aluminum ball.
e The difference Ah'= h;’ - hy’ provides a measure of the energy lost to friction as the

ball traverses the tube. Order the measurements of the balls from highest friction to
lowest friction. Explain why you might have expected this order.
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e Which ball would you have expected to fly the furthest horizontal distance from the
same release point? Why?

e What are the major sources of error? How far off would your results be if you had
not corrected for the friction losses in the tube? From the comparison of your results
with the predictions, how much effect might the neglected air resistance in the free-
fall trajectory have contributed?

3.2 Quantitative M easurements and Uncertainty

In this part of the experiment, you will take measurements of the hit position relative to
that predicted. These data will permit a measure of the spread, or uncertainty, from the
reproducibility of the results. You will take measurements for two balls (heavy metal and
plastic) for the same orientation of the launching tube.

Place a sheet of white paper on the floor centered at the predicted location and place a
piece of carbon paper on top of it. Tape them to the floor. Before proceeding, make a
guess of how large the spread of results will be!

Roll a single ball about twenty times using the same setup; you should obtain a number of
points marked on the white paper. These should be spread around the expected value. Do
this experiment with different papers for the heavy metal ball and for the plastic ball.

e Describe and compare the two spreads. (How large is the spread? Is it uniform in all
directions? Should it be? Is the spread the same for both balls? Should it be? Is the
spread about as big as you expected?)

e If the spread much bigger along the direction of the trajectory than perpendicular to it,
how would you interpret this?

e Make a few suggestions for how you could have improved the first part of the expe-
riment so that you would always hit a smaller area, like that of a dime!

3.3 Checking Formula

If you want to check if your derived formula for the position where the projectile hits the
ground is correct, you can use the following data:

hy = 124.3cm hs = 110.0cm
hy” = 122.7cm D = 27.7cm
h, = 119.3cm L = 29.2cm
h,” = 120.5cm

The position the projectile hits the ground is then at: x = 30.5 cm.
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4. L ab Preparation Examples

Trajectories:

1. What is your predicted value for x, assuming you measure the following values:

hy=105cm h,’=90 cm
h; =120 cm h,=80 cm hs =65 cm
L=25cm D =20cm

2. If hy’ = 125 cm and hy’ = 100 cm, what percentage of the potential energy is lost to
friction?

3. You shoot a bullet with velocity v and an angle ¢ to the horizontal direction and ob-
serve where it hits the ground. You now increase the angle with which a bullet is shot.
Does it reach further or not? Does the answer depend on what the original angle was?

Spread:

4. How do you expect the spread of measurements to appear? (Qualitatively, not quantita-
tively!)

5. Assume you cannot control the release point very well. (In the experiment we control
this quite well.) Suppose you sometimes release the ball further up the tube and some-
times further down. How do you think this would affect the spread?

6. Assume you perform the lab outdoors, where there is a strong and unsteady wind
blowing along the length of the launch tube. How will your spread look in this case?

Air Resistance:

7. We need to measure the friction in the tube in this experiment. But we do neglect the
air resistance of the ball after it is launched. How big an effect do you estimate this to
be?

8. Assume you want to make a parachute jump. You know that you can change the air
resistance by giving the air a bigger or smaller cross section to resist. But you are cu-
rious about what influence your body weight has on the maximum speed you can reach:

You know that the driving force pulling you down to earth is m-g. Furthermore you also
know that the air resistance is a function that increases with increasing velocity (and
area). (If you are not convinced of this, drive your car at different speeds and put your
hand out of the window!) Finally you remember that the maximum speed is the speed
when there is no more acceleration (i.e. the force pulling you down and the force pull-
ing you up are equal). With all this knowledge, try to explain why a heavy body can
reach a higher maximum velocity than a light one (given that they have the same shape
and size). (If you want to use an equation for the air resistance you can e.g. use F (v)=
const.- v2 which is true in some limit.)
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Experiment 1-9

Standing Waves

1. Introduction

Waves surround us. Your radio receives signals by means of electromagnetic waves and
emits waves that sound (like music) when they hit your ear. Waves are visible on the sur-
face of a body of water. The human body creates waves (like heartbeats) and diagnostics
of the body’s physical condition involve many different kinds of wave phenomena. The
natural world is full of waves, and technology has multiplied their importance to us.

All waves share certain physical similarities. In this experiment, we gain experience with
properties shared by many different kinds of waves.*

2. Theory
2.1 Waves

Waves are periodic disturbances propagating in space and time. In this lab, we will illu-
strate properties of waves using waves in a stretched string and sound in an air column.

To be able to deal with waves we introduce a number of definitions:

e The period T is the time it takes for a wave to repeat itself.

e The frequency f, defined as f = 1/T, measures the number of complete cycles the
wave repeats in one second. The unit of frequency (1/seconds) is Hertz (Hz).

e The wavelength A is the spatial separation between repeating points in a wave.
e The amplitude A of the wave is the maximum magnitude of the displacement.

If a long, taut horizontal string is sharply pulled up at some point and released, this part
of the string will vibrate up and down. Neighboring points will then follow the motion,
and the original disturbance will propagate down the string as a “traveling wave”. Since
the individual particles vibrate in a direction perpendicular to the direction of propaga-
tion, this wave is called a transverse wave. If the disturbance is periodic, i.e., repeated
continuously, a wave train will move down the string. The following figure shows the
disturbance along the string at a single instant of time, in this case for a sinusoidal wave.
If the wave is moving to the right and a second picture is taken a quarter period, T/4, lat-
er, all points on the wave will have moved an equal distance to the right, as shown by the
dotted curve. The frequency, f, of the wave is defined as the number of times per second

1 A general discussion of waves is treated in Chapter 16 of Fundamentals of Physics, 8" Ed., by Halliday,
Resnick & Walker. See Section 16-13 for standing waves. Electromagnetic Waves are covered in lecture
next semester. This experiment should familiarize you with the phenomenology of waves.
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the disturbance is repeated (thus f =1/ T). Note that the period of the motion is deter-
mined by the cause of the initializing disturbance. During each period T, the wave tra-
vels a distance of one wavelength, A; therefore the velocity of the wave is given by?
c=fA4.

D1splacement P031t10n of points a time T/4 later

Distance

% L |
R A |
A4

The figure below shows the vertical displacement of the string versus time at a fixed lo-
cation along the string. The time interval between successive identical displacements of a
given point is the period T of the wave. Remember that the wavelength of a traveling
wave can only be determined when one observes the displacement as a function of dis-
tance at one instant in time. The period, on the other hand, is obtained when one observes
the displacement of one point as a function of time at one location.

Displacement

N
Amplitude

K— Period T —

There are, in general, two types of waves: transverse and longitudinal. If the oscillation is
perpendicular to the direction of propagation of the wave, then the wave is transverse.® If
a wave changes along the direction of propagation, it is called a longitudinal wave.

2 In all the cases here, c will be a constant. But in general ¢ could be a function of the frequency. (This
effect is called dispersion).

® The two independent possibilities for making a transverse wave are referred to as the two possible polari-
zations of the wave. (If the wave oscillates diagonally, it can be viewed as a combination of vertical and
horizontal polarizations.)
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An example of a longitudinal wave is a sound wave, in which there are periodically
changing regions of low and high air pressure along the direction of wave propagation. A
sound wave is normally initiated by a vibrating solid (such as a tuning fork), which alter-
nately compresses and rarefies the air adjacent to it. The wave thus consists of pressure
variations in the air that is moving away from the fork. Since these variations oscillate
along the direction of wave propagation, the sound wave is a longitudinal traveling wave.

The definitions of f, A , and T, explained above for transverse waves, hold equally for
longitudinal waves. The diagrams in the above figures also apply, so long as we under-
stand “displacement” to mean the longitudinal (forward or backward) pressure or density
variation of air from its undisturbed equilibrium value. The relationship between wave
velocity and the other parameters is also still valid:

c=f-A

2.2 Standing Waves

So far we have considered only very simple wave disturbances. More complicated waves
are created when two or more traveling disturbances are present simultaneously in the
same medium. There is a law of superposition which states that the position of a given
point on the medium is determined by the sum of all the different disturbance effects. In
general, any number of waves can be combined to give a more complicated wave.

A particularly interesting example occurs when two waves of equal A, f, and A are travel-
ing along a taut string in opposite directions. (This occurs if the wave encounters a barrier
that reflects the wave back in the original direction while the original wave is still propa-
gating.) At some particular points on the string, the two waves will always be out of
phase, one wave will try to move the point up and other wave will try to move the point
down. The result is that the two waves will cancel each other at this particular point, and
so that point will remain stationary. This condition is known as destructive interference,
and the points at which this occurs are called nodes.

At other points on the string, the two waves will move up and down together so that the
amplitude of the disturbance at these points will be twice what it would be if only one
wave were present. This condition is known as constructive interference and the points at
which this occurs are called antinodes.

As long as the A, f, and A of the waves remain fixed, the positions of the nodes and anti-
nodes will not change. The pattern produced in this circumstance is called a standing
wave, since it looks as if it is stationary, although it is actually the sum of two waves
traveling in opposite directions. The analytic description for the displacement versus po-
sition and time with one end fixed at x = 0 is given by:

A-sin[zfx]-cos[27rf t].
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A string with both ends fixed can be excited with standing waves as shown in the figure
below. The fixed ends of the string cannot move, so the string must have nodes at these
points. It is evident that the distance between the node at a fixed end and the first anti-
node is A/4; and the distance between successive nodes (or antinodes) is A/2.

Antinode Antinode Antinode

Node J, Node l Node l, Node

Fixed endlMFixed end
I 1
J A |

™ 1

The positions on the string where A-sin[27/L-X] = 0 correspond to a node, so whenever
2n/A-x is a multiple of x, i.e.:

21
—X=N-17,
A

(x is a multiple of A/2), we find a node. Midway between two nodes we will always find
an antinode, a point where the string oscillates maximally.

Standing waves can be created in a tube of gas using sound waves. In this part of the ex-
periment, a tuning fork vibrates over the open end of a tube containing air. The tube is
sealed at the other end by the water. The motion of the fork causes longitudinal sound
waves to travel down the tube. The sound wave is reflected back up by the air-water in-
terface and the incident and reflected waves interfere with each other. The air at the
closed end of the tube is cannot move freely, so in order for a standing wave to be pro-
duced, a node must exist at the there. The air in the open end of the tube is free to move;
so when a standing wave is produced in the tube, the open end is an antinode.

Since the distance between a node and the nearest antinode in a standing wave pattern is
A4, it should be evident that the shortest tube in which a standing wave can be estab-
lished has a length of A/4. A standing wave with wavelength A can be established in
longer tubes. All that is required is that a node exist at the closed end and an antinode at
the open end — i.e. that the length of the air column is an odd multiple of A/4. When a
standing wave is produced in the tube, a resonance condition is established and the inten-
sity of the sound will increase.
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3. Experiments

3.1 Standing waves on a String

The first part of the experiment deals with transverse waves on a string. A long horizontal
string is attached to the tine of a driven tuning fork that vibrates at f = 60 Hz. The other
end is fixed at a point where it passes over a pulley. You can change the distance between
the pulley and the tuning fork by shifting the base of the tuning fork and you can hang
weights of mass M on the end of the string (which produces a string tension T=M-g). The
apparatus is pictured in the figure below:

. 60_—cyclee ) Electromagnet
uning for (60 cycle A.C.)
D/A String
/ Pulley
: 7
\Weigh’r

To A.C.

Your task is to measure the wavelengths resulting from standing waves produced for var-
ious values of the tension. In the previous section, it was stated that the distance between
two nodes in a standing wave is A/2. So the wavelength is double the distance between
adjacent nodes.

Measure the mass and length of the string. Calculate p, the linear density of the string.
Attach the string to the screw on the tuning fork and place it over the pulley. Put a mass
of 100 g on the end of the string and choose the distance between pulley and tuning fork
such that you get a standing pattern of nodes and antinodes.

e Measure the wavelength of the standing waves. You get the best results if you meas-
ure nodes in the middle of the string and if you average over several measurements.

e Calculate the velocity (including uncertainty) with which the wave propagates on the
string, using the relation between frequency and wavelength.

e Analytically calculate the velocity (including uncertainty) of propagation of waves on
a string from the physical properties of the string and the following formula:

o= [T,
Y7

where T is the tension, and p is the mass per unit length of the string. Compare your
experimental results with this prediction.

e Do this measurement/calculation for 3 different weights.

What are the main sources of error in this experiment?
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3.2 Standing Sound Waves

Tuni fork
In the second part, we meas- =&’ Tuning for

ure the wavelength of stand-
/ Reservoir

ing longitudinal waves.

Sound waves (longitudinal Meter stick
waves) are set up in a long
open tube, which is partly
filled with water, as shown
in the figure to the right. We
change the height of the wa-
ter column by lifting or lo-
wering a water reservoir.
Produce a sound wave using
a tuning fork. There are two
tuning forks, a 512 Hz one
and a 1024 Hz one. You
should perform the experiment with both of them. Strike the tuning fork and hold it at the
top of the glass tube. As you change the level of water in the tube, you find some water
levels at which the sound from the tuning fork becomes significantly louder. This occurs
whenever you have created a standing sound wave in the glass tube. By measuring the
distances between water levels that achieve successive sound maxima, you can determine
the wavelengths of the sound waves.

Water cclumn

ﬁ_/ Flexible hose

|IHIHIIlI\.IIIIIIIIIHIIHIIIIIIIIIIIJII\IIHIIIIIIl

As before, from the wavelengths of the standing waves and the frequencies, you can
compute the velocity of propagation of the sound waves for each case. This should equal
the speed of sound in air.

Remark: It is often easiest if you lower the water level continuously and hit the tuning
fork somewhat hard. However, please be careful and don't damage any equipment.

e Measure the wavelength for both tuning forks. There should be small string-rings on
the glass tube that you can use to mark the levels at which you get resonance (stand-
ing waves). To improve your data try to average over several measured values. Also
don't forget to include uncertainties.

e Calculate the speed of sound for both frequencies. Do you get the same value within
uncertainty? Is your value for the speed of sound close to the standard value of 340
m/s? What could be reasons that you get a different value?

e Was one of the tuning forks easier to hear than the other? If yes, do you have an idea
why?

e Give the main sources of error and make suggestions of how the setup could be im-
proved.
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4. Applications

Biological systems that create periodic pulses (like a beating heart) are optimized for a
range of operating conditions. The variations in the operating parameters often provide an
important diagnostic tool. For example, the period of beats in a human heart can vary;
one may ask to what extent and how often the heartbeat rate changes. To identify patterns
of heart rate, one makes use of a mathematical procedure called Fourier analysis. Besides
the dominant frequency of the heartbeat (about 1 Hz), there are other frequencies that
correspond to changes in the heart rate; Fourier analysis uses the heart rate to make a dia-
gram of the amplitudes of the lower frequencies present in the heart rate.

This may at first sound a little bit complicated, but the basic idea is simple. In the expe-
riment, we find only specific standing waves for each system. With the system parame-
ters fixed, only certain frequencies are possible: most frequencies cannot achieve a stand-
ing wave. Obviously these frequencies are special and characterize the system! If you
look now at a complicated oscillation of the system and take the Fourier spectrum, you
find that only these special frequencies contribute. Other frequencies don’t contribute at
all. A beating human heart is, of course, much more complicated than the systems we
deal with in the lab, but the basic ideas are the same!
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This picture shows the heart rate of a healthy adult over time. As one can easily see, the
heart rate changes over time. The frequencies with which the heart rate changes can most
easily be seen in the Fourier spectrum (sometimes called power spectrum) in the next fig-
ure.
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One immediately sees a prominent change in the heart rate with a frequency of about 0.4
Hz. Therefore, roughly every 2.5 s the heart rate of this person changes. This frequency
corresponds to the many little spikes we saw in the first diagram. (Another characteristic
frequency is at about 0.02 Hz, corresponding to a change about every 50 s. We will not
deal with this part here, even though it contains valuable information.)

Where does the change every 2.5 s come from? It turns out that the person took a breath
about every 2.5 s. The heart then speeds up slightly to pump more blood through the ves-
sels of the lung, where the blood is oxygenated. Subsequently, it slows down again. (This
particular frequency is called the respiratory frequency.)

The process of speeding up and slowing down is governed by the autonomic nervous sys-
tem. Some diseases (e.g. diabetes) can damage the autonomic nervous system and there-
fore stop this adaptation of the heart rate. For example, as diabetes reaches its final stage
the peak in the Fourier spectrum at the respiratory frequency vanishes.

This method has the nice feature that it is non-invasive, relatively simple, and shows dy-
namic processes rather than snapshot pictures.

Reference: Amos D. Korczyn: Handbook of Autonomic Nervous System Dysfunction.
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5. Lab Preparation Problems

Waves:
1. Is a wave on the water surface a longitudinal or transverse wave?

2. The wavelength of visible light is between 400-800 nm. What is the frequency of visi-
ble light?

Standing Waves:

3. A transformer is humming at a frequency of 60 Hz and produces a standing wave.
What is the distance between adjacent nodes? What is the distance between adjacent
antinodes?

4. You have a string and produce waves on it with 50 Hz. The wavelength you measure is
7 cm. What is the speed of the wave on this string?

5. You put a mass of 400 g on the string of experiment 1. (The string is 50 cm long and
weights 12.5 g) What distance between adjacent nodes do you then expect for a fre-
quency of 100 Hz. (Use g = 10 m/s?)

6. With a 660 Hz tuning fork you measure a distance of 25 + 2 cm between adjacent
nodes. Is the value of ¢ = 340 m/s within the uncertainty of your measured value?

Explanations:

7. If you blow air along the top of an open soda bottle you can excite a standing wave in
the bottle and you hear a sound. Explain what happens if you put some water into the
bottle and then perform the same experiment!
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Experiment 1-10

Specific Heat and M echanical Equivalent of Heat

1. Introduction

James Joule (1818-1889) was the first to establish by experiment that heat and
mechanical work are both forms of energy and that they can be quantitatively related to
one another. The purposes of this experiment are:

1. to measure the specific heat of a substance (the amount of heat that must be
applied to a unit mass of substance in order to change its temperature by one
degree) and

2. to determine by experiment the relationship between “heat” energy units (MKS -
kilocalorie) and “mechanical” energy units (MKS - Joule).

Part | - Specific Heat

|. 2. Physical Principles

The amount of heat required to raise the temperature of a unit mass of a substance by one
degree is called the specific heat of that substance. Thus, if an amount of heat Q is added
to a substance of mass, m, having a specific heat, c, the change in temperature,
AT =T, —T,, will be given by:

AT:g or Q=mcAT
mc

In the MKS system, the unit of heat is the kilocalorie and it is defined so that the specific
heat of water is one — i.e. when one kilocalorie of heat is applied to one kilogram of
water, its temperature will rise by one degree Celsius.

When two or more substances at different temperatures are brought together, they will
reach thermal equilibrium after a period of time because heat will flow from the warmer
to the cooler substance until they are both at the same temperature. If the materials which
make up the system of interest are insulated so that no heat can be transferred to or from
the surroundings, the process is said to be adiabatic. Since heat is a form of energy, the
law of conservation of energy requires that for an adiabatic process the sum of all the heat
transfers among parts of the system must be equal to zero, since no heat can be lost to or
gained from the surroundings. Note: If heat is added to a substance, then T, > T. and Q is

positive; if heat is removed, then T, < T, and Q is negative.

In this part of the experiment, a mass m,_ of lead will be heated to a temperature T,. The
hot lead will be placed in a mass m,, of water at a known temperature T,,. Since T, <T,,
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heat will flow from the lead into the water until the equilibrium temperature T, is
reached. Then the sum of the heat transfers will equal zero:

QL = rnLCL(Te_TL)
Qu = My (Te = Tw)

The specific heat ¢, of lead can be determined from the known values of temperature and
mass. (The specific heat of water, cy, is 1 kCal/ kg deg C.)

Q +Qy=0

|. 3. Experimental Apparatus

The experimental apparatus consists of the following items:

1. Ablock of lead held by a string.

2. An electrically heated kettle, in which you can bring water to a boil and then, putting
the block of lead into the boiling water, heat the lead to the same temperature. (Do not
fill the kettle more than 2/3 full.)

3. A “Styrofoam” container of negligible mass which serves to insulate the small
amount of cool water and the hot block of lead and allow them to come to thermal
equilibrium. (Put a paper cup inside the Styrofoam cube before adding water. Do not
put water directly into the cube.)

4. A thermometer for measuring the temperature of the water in the container.

A balance for weighing the water and the lead.

|. 4. Procedure

Use the above equipment to measure c, for two blocks of lead.

e Compare your result with the accepted value for the specific heat of lead and
comment on sources of error in the experiment:
kCal

c, =0.031l——
kg deg C

e Why is it advisable to start with water which is a few degrees below room
temperature?

e |t is recommended that you stir gently to assure uniform temperature in the water.
Does stirring introduce a significant source of error?

Safety Caution: Unplug the water heater when you are done, empty all the water out, and
leave the heater disconnected.
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Part |1 - Mechanical Equivalent of Heat

Il.2. Physical Principles

When an object starts with zero initial velocity and falls through a distance h, its initial
potential energy mgh is converted into kinetic energy as it falls. When the object comes
to rest after impact at the bottom of the fall, the kinetic energy is converted into the
energy of molecular vibrations (heat). This fact is apparent from the observable rise in
the object’s temperature after the fall. When the specific heat and the mass of the object
are known, the amount of heat added to the object during impact can be determined from
the change in temperature. If you are sure that all of the original mechanical energy was
transformed into heat energy and that only a negligible amount of heat escaped from the
object, you can determine the relationship between the units used for mechanical energy
and the units used for heat energy. This conversion constant is called the mechanical
equivalent of heat, J.

Shot

Thermometer

I1. 3. Experimental Apparatus

In this experiment, about 1 kg of lead “shot” (small pellets) has been placed in a
cardboard tube about one meter long, which is permanently closed at both ends, with a
metal dial thermometer mounted in one end. The cardboard is an extremely poor
conductor and has a low heat capacity. Thus, when the shot is made to fall vertically
from one end of the tube to the other a large number of times, most of the heat developed
is absorbed by the shot itself, while an insignificant portion is taken up by the cardboard
and the light thermometer stem. The mechanical equivalent of heat can be determined by
measuring h, the total distance through which the shot has fallen, and AT, the
temperature rise of the shot, and by using the value of the specific heat of lead measured
in Part I.

Safety Caution: Do not attempt to remove either of the caps from the cardboard tube; they
are meant to be permanently sealed (this prevents the spilling of any lead dust, which
accumulates in the tube.)
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Il.4. Procedure

Cool the lead shot 5-7 degrees below room temperature by placing the end of the
cardboard tube for a few minutes in an empty metal pipe which is suspended in an ice
bath. Do not get the tube wet! Agitate the shot very slightly to ensure thermal
equilibrium. Allow the thermometer to remain in contact with the shot for 2-3 minutes
before taking a reading

e After thermal equilibrium has been established, record the temperature of the shot. It
should be about 3-4 degrees below room temperature.

Proceed to invert the tube N times (approximately 75) in rapid succession. When
inverting the tube, place the lower end on the table so that the falling shot does not force
out the ends. Try to keep your hands away from the ends of the tube so that they do not
absorb the heat of your hands.

When you have completed the last inversion, repeat the procedure for recording the
temperature of the shot.

e For best accuracy the temperature of the shot should be approximately as much above
room temperature as it was below room temperature initially. Why? If this is not the
case, you should discuss the error that this would introduce in your conclusion.

Measure the total height h through which the center of mass of the shot has fallen. (Use
the marks on the outside of the tube, which indicate the location of the shot at each end of
the tube.)

e Using the value of the specific heat of lead measured in Part I, and the measured value
of hand AT, calculate J, the mechanical equivalent of heat. Recall that:

3 W _ mgh _ gh
Q mcAT CcAT

e Repeat the measurement, and compare the average value of J from your two trials

with the accepted value of 4185 Joules/kCal. What are the major sources of error in

your measurement?

9/15/09 4 Experiment 1-10



	Experiments
	Physics 1291
	General Physics I Lab
	Columbia University
	Department of Physics
	General Physics I Lab Manual
	Table of Contents




	02_Lab_1-01.pdf
	Uncertainty and Error
	The area is obtained as follows:
	Reference:


	03_Lab_1-02.pdf
	Forces
	F = k(s

	14. For the following force versus 1/distance diagram draw in the maximum and minimum slope and the best-fit line.

	08_Lab_1-07.pdf
	Conservation of Momentum
	= Potential energy at the top of the swing,
	Kinetic energy after the collision
	R
	t

	09_Lab_1-08.pdf
	Gain in K.E. = (P. E. lost) –W
	Kinetic Energy = Kinetic Energy of center of mass + Kinetic Energy of rotation
	The position the projectile hits the ground is then at: x  =  30.5 cm.


	10_Lab_1-09.pdf
	Standing Waves

	11_Lab_1-10.pdf
	Specific Heat and Mechanical Equivalent of Heat


