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TO THE TEACHER

This teacher edition c ntains all of the information found in the student edition and also includes some

additional teacher aids printed in the contrasting italic type that you are now reading Suggestions are

given in the margins for preparing apparatus, organizing'students, arid anticipating,difficulties that are

rilikely to be encou tered. Alsol for each experiment, sample data,,graphs, calculations, and sample

answers to leading uestions are given. These answers were obtained from the author's students over the

past few years an some may lack rigor and conciseness. However, they are honest and can give you an

idud of the (and .1 acceptable answers that, can be expected from a typical student.

Most of the a
schools atread
and nuclear, d

/ the 4udents
hed. Yo

highly mote
rest record

aratus needed for these experiments is simple, inexpensive, and the kind that most

have. A fev "call for more expensive apparatus such as lasers, air tracks, microwave sets

tectors which may not always be available in class quantities. For these, consider having

ork in small groups with each of the available set-ups and then rotating to another when

might also consider the possibility of doing some of the experiments as optional labs for the

ated students or as class projects in which a few students operate the apparatus while the

the data and perform the calculations individually.

Most of the materials in this book are updated versions of basic time tested physics experiments that have

been woven by several generations of physics students. Others are rather new and novel and were

adapted from ideas gleaned from physics journals ark] from projects funded by the National Science

Foundation..

-

Because there are so many excellent textbooks Currently available for introductory physics courses, this

laboratory manual is not tied to any particular textbook and almost any of the popular texts will provide'

the necessary theory and background.

Notice several features in the student edition that make thellife of the instructor a bit easier The pages

have been perforated for e* removal and have been punched for reassembly in a standard loose leaf

binder. The wide margins provide space where students can record any supplementary suggestions for

modifying th,4irocedures or improving the techniques of experimentation. Perhaps the feature that

provides the greatest help for instructors is the availability of specially written microcomputer programs

to accompany this boDk. They guide students in obtaining data during the laboratory session4
methodically check each entry and calculation In the final report, and even assign a grade for this portion

of the lab work. Suggestions for utilizing these computer programs are given on the inside back cover of

this teacher mahual.
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INTRODUCTION 4.

're

The laboratory experiments in Physics are d great source of fun as well as a
valuable& learning experience that will be remembered for the rest of our life.
Ourrent research tells us that skills learned in the Physics lab are very different
from those found in other courses.

Although textbook theiory will usually explain everything, this is not always the
case. Often, blundersand faulty calculations in the laboratory lead to unexpected
results that seem to contradict the established theory. However, there is.always
hat chance that you have discovered something new: something that others have

ne n able to observe and ekplain before. True, it does not happen often, but
be assured that it does happen often enough to make things really interesting.

Unlike many other laboratory manuals, no special studying or preparation is
needed before you start a new expeiiment. Each one starts with a very brief
introduction and any necessary explanations or theory are given as needed, either
by the laboratory instructions or by the correlated computer programs that
accompany this book.

In short, a great deal of help is now available from computer progrdms as well as
textbooks and your instructor. The rest is up to you. k,

VERIFYING DATA Wall A MICROCOMPUTER

After running the first trial, it will be helpful to make the necessary calculations
with a hand calculator and then have an Apple, PET or TRS80 microcomputer
verify the data before proceeding with your experiment.

With the appropriate disc Or cassette program loaded into the microcomputer:
enter the data for the desired experiment in response to the 'prompts on the
computer screen. The computer will let you know if th# data is reasonable and if
the precisionpf your measurements is adequate for the particular experiment.
Whether orinot the data have the desired degree of precision, the computer will
accept the data offer and then let you know if all of the computations are correct.

At this point, return to your apparatus, make any necessary corrections in your
(

procedures and techniques, and perform 'additional trials carefully recording the
data for ea h trial. Wide margins have been provided in this book for your notes,

1/special o servations, and additional data.

/
ANALYZING DATA

Space is giveh 'in each experiment for entering the results of calculations,
analyzing the data, and recording conclusions. When you are required o draw a

graph or a scale drawing for an experiment, carefully tear out a sheet of graph
paper from the\back of this book and include the graph with the lab report that yqu

submit tq the instructor. If the work is planned in adianceandif the graph paper is
used sparingly, there should be. a sufficient quantity of graph paper for the entire

course. Instructions for making graphs are given in Appendix 2.

vii



DOING AN

CHECKING, APPARATUS

When Atli receive your apparattis at the beginning of the laboratory session, report
any obvious damages, and missing or broken parts so you will not be held
responsible. Resist the temptation to play with the apparatus before youbare told to
start Because parts are easily broken aria, in many instances, the apparatus,has
been carefully prealigned by your instructor and may be difficult for you to reset.

You might find that the apparatus that you are given is a bit different from some of
those illustrated in this book. Just as there are many types of iltrid calculators
which differ slightly in appearance and in operation., there are similar differences
among types of physics apparatus made by different manufacturers. However, all
are very much alike in principle and it does not take long to learn how to use awl
particular model.

RECORDING DATA

It is always necessary to perform more than one trial for each experiment /0 ensure
that the apparatus is performing correctlar)d the observations are repeatable.
However, you must be the judge of how many trials are necessary for a particular
experiment to justify your conclusions Sometimes only two or three trials arq
needed. At other times, the data may change So much fr6m trial to trial that even
five trials may be insufficient to Prove anything. If more room is needed for your
data, use the wide margins or extra sheets of paper and rule space for any
additional columns teat you think are necessary.

In recording data for these experiments, it will usually suffice to measure to the
nearest tenth of a gram, or the nearest tenth of molt. As a rule, the precision of the ,
original measurements determines precision of the. conclusions. Itkocik:i be
unreasonable to conclude that the speed of sound in the lab is 346.59 meters per
second if distances are only measured to the nearest meter and the time is only
measured to the nearest second. To justify the .59 you would have to measure
distance to the nearest hundredth of a meter and the time to the nearest hundredth
of a second.

Above ell, be honest in recording data. When working with a group, there is
nothing wrong in recording data. obtained by your lab partners as well as your own
data. But be sure to indicate 'this fact on your _data sheets.

EVALUATING SLAB REPORTS

Near the
3

end of the lab session when all ccf your data is recorded and the evaluation
program for the experiment has been loaded into the microcomputer, enter your
name and other data into the microcomputer in response to its prompts. In return,
after all of the entries have been mtde, the computer will give you a prYntout of
your data together with a suggested grade for your laboratory'work. The grade is
based on the precision.of each data entry and the accuracy of your calculations.
Submit your completed lab report and computer printout to yoUr instructor.

viii
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EXPERIMENT MEASURING WITH PRECISION

0,1114 MI.---11

1,

NAME CLASS HOUR

4,.

LAB PARTNERS DATE

PURPOSE

When recording quantitative .measurements and arriving at conclu-
sions, it is Important to indicate the precision that was achieved by the
experimenter. The precision can vary greatly with the care that you
take, your experimental techniques, and the apparatus that is used. In
this experiment, apparatus with differing precision will be used and
the data will be recorgied using an appropriate number of significant
figures.

PROCEDURE

I

!

,

.

i

Unmarked meter stick

I I I I I -I
I 1 1

1 1 2 3 4 5... 6 7 8 9
1

10*

Meter stick divided into 10 equal parts

IllillilTITIII llllilllW III /IIIIII llitlrnii iiii11 Illlllli Ii, Iiim illI II Ilrl iiiriiiit
10 20 30 40 ' 50 60 ' 70 80 90

Iiii

Meter stick divided into 100 equal parts

10 20 ' 30 40 50 6@ 70 80 90
I

1

Convption91 meter stick, divided into 1D00 equal parts

1 Using an unmarked meter stick, measure the length of a long
lab table or other object that is more than 2 meters long. Record the
length in whole meters and any remainder to the nearest tenth of a
meter (to the best of your estimation). For example, if you were to
r cord the length as 4.9 meters-'the measurement would have two
Sign !cant figures and mean that the 4 is certain and the .9 is
estim ed. Enter your measurement in column A of the data chart.

2. Measure th.esame length using a meter stick divided into 10
equal parts. You can now determine the length of the table to- the
nearest tenth of a meter without having to estimate. To obtain greater
precision, however, measure to the nearest division and then estimate
the nearest tenth oka division. This gives the length as a three-digit
number with twoilecirnal places. The first two digits are certain ana
the last was estiated Repeat this measurement several times and
record your results in the column B of the data chart.

3. Repeat the above procedure using a *meter stick diiided info
100 qqual parts. Record the length of the table as a four-digit numb

1
AL A-

This exercise is most successful
when students are organized to work
in groups of three or four It
imporpnt that pach student make his
own measurements independently to
minimize the tendency to be influ-
enced by the results of his lab
partners If there is disageeeirient in
the data whe* all the measurements
have been completed, the members
of the group might review the meas.
urgment techniques before trials are
repeated

APPARATUS PREPARATION
A set of four specially marked meter
sticks is necessary for each group If
these are not available from scientific
supply sources, ordinary meter sticks
can be adapted by wrapping ther6-
with. paper on which scale divisions
are arefully marked: ,

A meter stick with a4s5quare cross-
section and with a different scale on
each face is available from Sargent-
Welch Scientific Co. oo



SUGGESTIONS AND TECHNIQUES

1. When high precision is required, it is usually not
advisable to start measurements from the end of the meter stick.
In the process of mass production, it is difficult for manufac-
turers to cut the meter stick with precision. Also, older sticks
may,have worn ends. A check of several meter sticks will show
that some are longer than others.

2. If you hold a meter stick dh edge whermeasuring, so that
the bottoms of the markings actually touch the item being
measured, you are more likely to gtt,the same measurements in

`successive trials.

with three decimal places. The first three. digits are certain, and the
last is estimated. Enter the data in column C of the datchart. Note
that it is more difficult now to obtain the same results during several
independent _trials, because greater precision has been achiev,ed.

4. Wing a conventionfl meter stick, with 1000 divisions, measure
the length of the table several times. Estimate to the nearest tenth of a
division to obtain measurements with five digits (four decimal
places). Enter the data in column D'of the data chart,

DATA

Length of table or other long object (in meters)

Steve

Stzve sl

Stick used A
Unmarked-10

B
divisions

C 4-

100 divisions
0

1000 divjsions

Trial 1 4.9 -4.87 4-87/ 4-8835
2 . 4.882. 4.88713

)i 19 4.88 4.800 &KM
4 4.e87 0

I

5 4:9 1.88 4-886 4.8892
6 .

. . -42887. 4.8879

(Answers are based on sample data) RELATED' QUESTIONS AND ACTIVITIES .

1. It is expected that your data in column D will vary from trial td
trial because of the difficulty in getting the same four digits that are
certain with only one uncertain digit each time. Using the data in
column D, record the length of the object usint only digits of which'
you are certaik

1 0

2;
4.88 meters.
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(EXPERIMENT 1. MEASURING WITH PRECISION

NAME

,

CLAS HOUR

2: Now record thq length of the object using the conventional
4-iumber of significant figures. Thatis, record all of the certain digits

and only the first of the estimated digits. if, She first estimated digit'

differs from trial to trial, average them. (For sample, if your
measurements were 4.8835 and 4.8878 meters', you would record the
certain digits, 4,88, and then average the uncertain 3 arty uncertain 7
se. your final measurement would be 4.885 meters.)

1.887 meters.

3. Why is it better to take several independent trials of each
measurement rather than rely.on one trial? 14.

flaying more than one trial minimizes human and random errors.

4. Suggest an improved technique that would allow you to deter-
mine the length of the table to one more certain digit.

Use a magnifying glass to read ruler. AiTerage at least 10 trials.

5. Why it is more difficult to obtain repeatable rgsults When

greMer precision is attempted?

Small errors do not show up when measurements are crude.

, 6. The purpose for using data determines how much precision is
needed(ig meas ring. Give an example of a practical situation where a
high precision (many certain digits) is needed. ,

Great prectsio is needed in space shipinavigation.

17. Give an example of a practical situation where measurements

baying many significant tgures are unnecessary and indicate

wasteful experirriental techncques.
Measuring the thickness of a textbook toithq nearest ten thousand?) of;

Millimeter has no practical purpose.
4-

4 ry
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EXPERIMENT VECTOR ADDITION OF FQRCES

NAME.

LAB PARTNERS
IN

CLASS NUR.

DATE

PURPOSE

When forces are added, both the magnitude and the direction of the

forces must be taken intokaccounl. This experiment is' designed to

reinforce the concepts involved in vector addition by the graphic

method. If necessary, refer to yourtextbook for additional information.

1. Use a commercial forc§ board or set up three scales on a

horizontal peg board as'shown in the photo.

2 Adjust the apparatus so that each of the three strings is between

10 and 20 centeleters long and the indicators on the three scales have

different readings but all are near the centert of their ranges.

.3. With the board flat on a table, grab the ring at theintersection of

the strings, lift it up,.and let it snap back once or twice to overcome

friction in the scales"and to adjust the tension for quifibrium.

4. Slip a piece.af gr ph paper beneath the thr ee trings so that the

ring is above the center f the paper and one of the strings lies directly

above ong of the grid li s on the graph paper. With a sharp pencil,

5
1 fI

Studlints should work in groups of
three or four, because the actual time
spent on adjusting the apparatus and
taking data is negligible compared
with the time that. is required for
analysis of results. Each student in a
group m,ight be required to construct
a diagt'am with a different force-
distance scale

APPARATUS PREPARATION
If pegboards are used, pencils or
standard wood golf tees can be
insetted in the holes to mount the top
of each spring scale. For each group
of students:

1 commercial force board or 1

pegboard (about 2 ft. x 2 ft.)
3 spring scales (preferably same

'manufacturer and same range)
1 ring or, Washer for ,central tie

point
string
1 piece of carboard or small note-

book to support' sheet of graph
paper beneath strings

, Spring scales marked in newtons are
preferable to spring scales marked in
grams. However, it only gram scales
are available, students can convert
their readings to newtons using the
approximation that each 10-g inter-
val marked on the spring scalb stands
for 0.1 N of force. ,



SUGGESTIONS AND TECHNIQUES

1. Before setting up the apparatus, it is a good idea to chec)
the zero reading of each- scale in the horizontal position and

-compensate accordingly.

2. When selecting a force-distance scale for drawing
vectors, use a scale-that will result in the longest vectors that can
fit in the space available.

make a: dot on the paper to show the position of the center of
the ring, andmake additional dots along each of the strings. A piece
of cardboard or a tkknotebook may be placed beneath the paper to
support it while you are making dots.

...a&

I
5. On the data chart record the scale rea gs Fl, F2, and F3, in

newtons, for each of the three scales. If the scales are ca rated in
_grams, multiply thehcale readings by .01 to get the approximat w *g ht.,

in newtons. (Thus a reading of 32 grams would be recorded
newton.)

6. Remove the paper from the apparatus and with the aid of a
straight edge and a sharp pencil connect the dots with three straight
linhs radiating -out from the center dot. These lines represent the
directions of the forces exerted byithe spring scales. Extend each of
these lines to the edge Of your paper. Then measure theang le between
the lines for scales S1 and S2 and record this angle (A), in the data
chart.

'4
7. Using a convenient scale (such as 1 cm of length represents 0.2

newton of force), start at the central dot and measure out a distance
along the force line that corresponds to the reading of spririg scale No.
1. (If the scale read .32 N, and 1 cm length is used to represent .2 N, the
measured distance should be .32/.2N/cm = 1.6 cm). Placd an
arrowhead at the end of this distance and darkhn the line betweeh the
arrowhead and central dot. You now have a force vector that
represents scale reading Fl. Repeat this procedure to construct a,/ second forceNector for scale reading F2.-

h,
8. Construct the resultant of the two vectors you haCe just drawn.

s. Measure the length of the resultant and convert this value to a
rce value using the force-distance scale that was previously

selected. Enter this resultant fbrce F(R) in the data table.

10. Now draw the force vector for the third force line. Compare it
with the resultant of the first,two force vectors. Since the net force on
the ring is zero when it is in equilibrium, the resultant Should be eqqal
in magnitude (value in newtons) and opposite in direction to the third
force vector.

. 11. Using the same paper and the same force-distance scale, find
the resultant of the third force vector and one of the-first two force
vectors. Compare the resultant to the remain ir/g force vector in each
case.

1
6



EXPERIMENT 2. VECTOR ADDITION OF FORCES
, ,

NAME:

?raPh

DATA TABLE`

is Force-Distance Scale
P

centimeter = °2 newton'

° 'Trial 1 Trial 2 Trial 3 Trial 4
..

1 Scale Fl
(N) 1:.40

4, ..

,

. /

2 leScale F2 '

(N) 0 BO r

3 Ang;e A
101

o
.

. .
.

, .

4
Resultant F (R)

, (N)
.

5
:t Scales F3

131

6 Percent
Error 5-870

RELATED QUESTIONS AND SUGGESAD ACTIVITIES

1. When three forces are in equilibrium the resultant of any /two

forces should be equal in, magnitude' to the third force and opposite in

direction. If you did not find this to betwe, calculate your percentage

error. This is done py subtracting the magnitudes of the resultant

force and the third force, dividing the difference by the magnitude of

the third, force, and then multiplying the product by 100%.

Show a sample calculation here and enter the percent error in the
4

data chart.

14Tv - 13qm .10056 5.8 % error
1: 3914

CLASS HOUR:

-

I

O
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2. Predict what would happen to the reading on the third scale if
the first two scaleS ire to be moved closer together and the strings
adjusted so they would indicate the same .forces as before.

The reading of the third scale shokild increase.

,

3. Experiment, by actually moving two of the scales closer
together and adjusting the strings so they indicate the same forces as
before. Observe the reading of the third scale and comment on the
accuracy of your prediction in the question 2 above.

My prediction was correct.
.j

ll
4. If each Of the threp"scales is applying a force in a different

direction, why is it impossible for the angle between any two of the
forces to be 180°?

The resultant of two forces at 180° is zero. Thus, the addition of a third force is

aff Impossible.

5. Suggest an improvement in the apparatus or a technique
which would permit more precise measurements and reduce the
percentage error.

The scales are calibrated to hang vertically. Since they are used horizontally

here, they should be recalibrated.

OF

0.110$4 4 DOtrn`

flute hoe
scale rendoroaoN

t.40 N i.0041 (1) ,51,40.6isc,,,
6 "4,.. 4azie

....... roadtrtgsada rdiap-.4,481.1 -1.3qNresaittt
'^.. 1.321% IP 4 4.1

'....

',..
af0 ...1.a.
1.3 6 rn 6 0.4.614

1





Remind students that 100g equals 0.1
- kg and weighs .98 newtons.

If this experiment is scheduled near
the start of the course, it will also
help to review the conversions from
centimeters to meters. For example
49.9 cm = .499 m.

r

I
SUGGESTIONS AND TECHNIQUES

1. It is ithportant that the meter stick not slip along whatever
is supporting it. Although' a commercial meter stick clamp is
preferable, a cord -with a tight slipiknot.may be satisfactory.

'2. The position of the meter-ic clamp is measured by the
position of the pointer in the center of the clamp:

3. SusPend the known and unknown masses from the meter
- stick using strong thread or lightweight cord. The weight of the

cord can be neglected in calculations. Commercial weight
hangers- might be available at your school but they are not
recommended for this experiment because their weights are not
negligible and must be added to those of the hanging masses in
all calculations.

4. When the meter stick balanced horizontally, the cords
that hold the hanging masses4ill always be perpendicular to the
meter stick, since the weight of the masses pulls them straight
down.

6. Repeat' the above procedure, using a variety of positions for
theji00-g mass and finding the corresponding position of the 200-g
mass that will balance the meter stick horizontally.

6. Substitute different known masses on each side of the point of
suspension. Repeat the above procedures.

DATA AND ANALYSIS

Location of point of suspension X(0) = meter

TABLE I TRIAL
2 3 4 5 6

Mass (grams) M(1) 100 100 100 100

Position of mass X(1) .594 47139 .'q .oil
Distance from point of
suspension. meter S(1) .100 .100 .300 -400

Force, newtons F(1) 00 1.00 1.00 1.00

Torque. Nrn 0(1) .100 .2410 300

Mass (grams) M(2) 2,a0 2c0 2r0 2:00

Position of mass X(2) 13% .3q9 302.
Distance from point of
suspension: meter S(2)._.) #435/ -03 atio .$17

Force: newtons F(2) Loo aco 2.00 2.00

Torque, Nm G(2) .102. .7A4 .300 .394 /
Percent error t .2 .3Z 0Z 1.5Z

10
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EXPERIMENT 3. TORQUES

NAME: CLASS HOUR:

1. The torque around .the, point of suspension, in' newton-
meters, equals the force creating the torque, in newtons, times the
diltance of the force from the point of suspension, in meters.
Calculate the torque exerted by each force and enter in the data chart.

2. When the Meter stick is motionless, the torques are balaficed
and the counterclockwise torque should be exactly equal to the
clockwise torque. If there is a small difference due to experimental'
error, calculate the percent error by dividing the difference by the
clockwise torque and multiplying the result by 100%.

B. WEIGHING AN UNKNOWN

PROCEDURE

1. After making sure the meter stick is balanced horizontally
when nothing is hung from it, hang a known mass on one Mde of the
meter stick and an object of unknown Irtass on the other side.
Adjust the position of the unknown until the meter stick is again
balanced horizontally. Determine and record the weight of the known
mass and record the positions of the two objects.

2. Move the known mass to several new positions. At each new
position, move the unknown until The stick is rebalanced and record
the positions of the known and the unknown.

DATA AND ANALYSIS

Location of point of suspension X(0) t. 119.8

`Grown mass m(k) = 100 g

CM

TABLE IL
TRIAL

1 2 3 4 5 6

a)
3
E
p.

0c

Position of mass (m) X(k) .916 Aft Mg
,

Distance from point
of suspension (m) S(k) 10.0,2A0 30-0 104

Force (N) F(k) 1.001.-00 LW LiV

Torque (N-m) G(k) 300 Ito 300 .400

00 3
Ec o-,i--,

Position of unknown(m) X(u) 423 .1% 168 491,

Distan from point ofce
suspension (mt S(u) ,c4552 .230 302

Torque (N-m) G(u) 400 X00.300 .400

Calculated weight (N) W(u) 1.33 Ls?. i-34, 1.32
.. ..,

Measured weight (N) W 1.32.1-32. I-32 132

Percent error E .ri 0 Lb 0 .

11
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A. Using the fact that the clockwise and counterclockwise
torques are equal when the meter stick is balanced, calculate the

--weight of the unknown and enter in the data chart.

2. Use a spring scale or commercial balance to find the weight of
the unknown. (If you measure the mass of the unknown in grams, you
can find the weight by using the approximation that each 100 g of
mass weighs 1.00 N.) Compare the measured weight with the weight

' you calculated from the torques and find your perdent error.

RELATED QUESTIONS AND ACTIVITIES

1. Suspend the meter stick way off center so that the clockwise
torque is much greater than the counterclockWise torque. Hold the
meter stick in the horizontal position and then let go. Describe what
happens and what final position the meter stick takes.

Meter stick rotates clockwise. When it comes to rest, it is almost, but not

exactly vertical.

2. Using the principles of torques that were learned in this exper-
iment, make a scale of your own and calibrate it to read weights
directly instead of distances.

3. Try a more complicated experiment by hanging several
masses on each side of a suspended meter stick, one of them an
unknown. Using the principle that the sum of the clockwise torques
and the sum of the counterclockwise torques must be equal when the
stick is balanced, calculate the weight of the unknown mass. Check
the weight by using -a sprig scale or a commercial balance.

e

12



EXPERIMENT RESOLUTION OF A FORCE INTO COMPONENTS

*

NAME CLASS HOUR

LAB PARTNERS DATE

PURPOSE -

Just as two forces acting together may be treated as a Single force,
called their resultant, a single force may be resolved into two or more
forces acting in different directions, called components of the original
force. Th6 most useful application of this resolving technique is in
taking a force which is acting at an angle to the surface of the earl
and resolving it into its vertical and horizontal componenti.

PROCEDURE

It is recommended that this experi-
ment be done with the students
working in pairs

Many teachers will wait to do one of
the procedures as a class demonstra-
tion either before or after the labora-
tory exercise.

APPARATUS PREPARATION
2 spring scales, range 0 to 20 N (or

2000 g)
1 known weight, 10.0 N (Tape 2

nickels to a 1-kg standard mass
to give it a weight of 10.0 N.)

3 lengths of string, about 20 to 30
cm each

overhead support to hang scales
as shown in drawing

1. Attach two spring scales to an overhead support and hang a \ 4,1

known weight between them as shown in the diagram. Place a piece
of graph paper behind the paper so the ring is at the center of the
paper and the vertical string holding the known weight coincides with
one of the vertical grid lines on the graph paper.

2. Using a sharp pencil, carefully mark the position of the center
of the ring on the graph paper arrd then trace the angles formed by thg
three strings radiating out from the center.

13
11.)
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3. Remove the graph paper from the apparatus. Record the
reading of the left scale (F1) and the right scale (F2) on the data chart
and also on the appropriate pencil lines that you drew on the graph
paper.

4. With a protractor, measure the angles formed between the
force lines and the horizontal grid lines of the paper. Record the value
of these angles, Al and A2, in the data chart.

5. Choose a convenient force-distance scale and construct a
vector of appropriate length for each of the two forces supplied by the
spring scales.

6. From the top of each vector arrowhead, draw a vertical'Iine
downward until it reaches the level of the vector origin. The lengths of
these lines correspond to the vertical components qj the respective
forces. Measure the length of )he vertical line Fl(v) and using the
same force-distance scale (step 5 abbve) calculate the corresponding
force and record the value in the data chart. Do the same for force
F2(v).

Fl(H) F2(H)

7. The horizontal components of the two original spring scale
forces are represented by the distances between the origin and the
bottoms of the vertical arrows. (See the diagram at the left). Measure
the lengths of these two lines and using the original force-distance
scale, calculate the value of the horizontal component forces Fl (H)
and F2(H) and enter them in the data chart.

SUGGESTIONS AND TECHNIQUES

1. When making vector diagr s, it is essential that a sharp
pencil be used with a straight ge to draw all vectors and
construction lines. The use of oint pens is not recom-
mended.

2. Always tap the appa tus nd scales before making
readings to be sure that the scale indicators are not stuck. Once
the apparatus has been properly adjusted, however, be es-
pecially careful not to disturb the equipment until all calcu-
lations have been made. In case of error, it is a good idea to
recheck the original data readings.

14 :2:3



(EXPERIMENT 4. RESOLUAN 011 A FORCE INTO COMPONENTS--

NAME CLASS HOUR:

DATA AND ANALYSIS

(AII forces are in newtons)

1.

Force exerted by left scale (F1) it,

Angle Al -3 .

Horizontal, component (F1 H)

....

Vertical.' com ponent (F1V) 3.4L

Force exerted by right scale (F2) 73
Angle A2 77
Horizontal component (F2H) .1.4

Vertical component (F2V) L. Q
v.'

Difference between horizontal
,compionents (F1H)-(F2H) O. i
Percersit error of horizontal
components l'i 7o
Sum of vertical components -3 (

(F1V) 4 (F2V) /(!)-ia-

Weight of hanging mass (m) /0-
Difference between upward and

'&..a...
'

downward forces (F1V) + (F2V)-mg = .

,

Percent error of vertical
components ' 02.81.

.

1. Using your force-distance scale, determine the magnitudes of
the horizontal and vertical components of the forces exerted by the

scales. Record the magnitudes in the data chart. You may record your
partners' values for the components-4i the remaining columns.

2. If the apparatus is stationary and a condition of equilibrium
exists, the horizontal force pulling to the left should be exactly equal
to file horizontal force pulling to the right. The two are probably not

equal because of experimental inaccuracies. Calculate the percent

error by dividing the difference by the smaller of the two horizontal
forces, and enter this value on the data chart.

3. Since the apparatus was in equilibrium, all upward and
downward forces must be equal. That is, the sum Of the vertical
components of the forces exerted by tine two scales must be equal in

magnitude to the downward known weight. If they are not equal,

calculate the percentage error.

15 1
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EXPERIMENT FORCES CAUSED BY WEIGHTS ON AN INCLINE

4

CLASS HOUR.

PURPOSE

When a weight is on an incline, only p portion of the weight acts to

force the object downhill. The relationship between the magnitude of

the downhill component of the weight and the angle of incline will be

established in this experiment.

PROCEDURE

1. Place a dynamics cart of known weight on an inclined plane

and adjust the tilt so that the block or' cart is free to slide down the

inclined plane.

2. To, make a vector diagram th.at wishow the componentlof
the weight of the cart when it is on the inclined plane, draw on graph

paper a horizontal line representing the surface of the laboratory
table. Also draw a line representing the inclined plane. The angle
between the two lines must be the same as the actual angle between

the table surface and the inclined plane. Draw a small rectangle to
,represent the cart on the incline and place a dot at its center to
indicate the position of its center of gravity. Choo'se a convenient

force-distance scaie and draw a vector verticall9 downward, starting

at the dot, to represent the weight of the cart in newtons (W).

17 r)
4.1 .

.If insufficient time is available for the
class to complete all of the experi-
ments, this one may be omitted
because the princiOles are similar to
those in experiment 4.

APPARATUS PREPARATION
-1 dynamics cart. Insert an eye-

screw in the top of the cart, near
the center, directly above the
point where the cart will balance
on your fingertip.

2 lengths of string, about 30 cm
each

2 spring scales, range 0 to 20 Alf or
20002)

A
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3. Resolve the weight vector into two components at right angles
to each otherone parallel to the .incline F(P') and the other
perpendicular to the incline F(N'). The first' component is the force
which pulls ttle block'6r cart down the inclined plane and the secorV
is the force that presses the block or cart against the inclined plane.

4. Place the block or cart on the inclined plane and connect two
spring scales to it as shown in the diagram. Pull on one spring scale
perpendicular to the plane and pull on the other spring scale parallel
to the plane. When the tension of the two spring scales has been
adjusted properly, it should be possible to remove and reinsert the
plane without disturbing the position of the cart. Record the readings
of the two spring. scales, [F(N) and F(P)).

4
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DATA AND ANALYSIS

Weight of dynamics cart, W = 12:7 newtons.

Angle of incline, A = 42-0 degrees.

Sine of angle of incline = 375
Cosine of angle of incline = 927

Component of weight parallel
to surface of inclined plane

Componen?of weight
perpendicular

to surface of inclined plane

TRIAL Spring
scale

reading' F(p)
. .

Vector
diagram

value F(P')

%
error

Spring scale
reading F(N)

.

Vector
diagram

value F(N')

6/0

error

i isf- 5. 47 1412 11:5 II-7 1-7Z

2
.

3

1. Measure the lengths of the components of the weight vector
on the vectbr diagram. Use your force-distance scale to convert these
lengths to force magnitudes, and record these values in the data chart
[F(N') and F(P')].

2. Compare the values of the components obtained from the
vector diagram with the corresponding values measured with the
spring scales. Calculate the percent error by dividing, the difference
between the dipbram value and the spring-scale valueby the spring-
scale value and multiplying by 100%.

18 r)
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EXPERIMENT S. FORCES CAUSED BY WEIGHTS ON INCLINE

NAME:

3. Cltnge the angle of incline and repeat the procedure above

for each change of incline.

SUGGESTIONS AND TECHNIQUES

Minimize the friction between the cart and the incline by
making sure that the wheels of the cart are well lubricated and

spin freely.
-

Make it a habit to gently tap a scale with your finger to be

sure that it is not stuck, immediately before making each new

reading.

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. What relationship can you establish between the magnitude of

the component along the incline and the sine orcosine.of the angle of

inclination? Them is a direct proportional relatiOnship between

the magnitude of component Jong the incline and the sae of the angle.

. 2. What relationship can you establish between the magnitude
of the component perpendicularto the incline and the sine or cosine

of the angle of inclinatitm?

There is a direct proportional relationshirkbehveqn the magnitude of the

perpendicular component and the cosine of the angle.

3. Calulate the angle of inclination that would result in a
'component parallel to the incline that hap a magnitude half as great as

the right of the cart. Angle (F/2) al" °
Set lair incline at the angle that you have calculated and use ,p spring

scale to measure the force parallel to the incline. Account for any

differences between your predictions and the actual resultS of this

trial.

14.
With the incline set at 30°, the parallel component of the izny cart was 6.5N

rather than the theoretical value of 6.35N. There is a 2% error in reading a

spririg scale and a quarter degree error in reading a protractor.

19 )
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EXPERIMENT , TIMER CALIBRATION
''.

/-
..,

, A

. NAME. CLASS HOUR.

LAB PARTNERS' DATE

PURPOSE

Any device which produces repeatable events at regularly spaced

intervals may be used as a timer. In this experiment, several timers will

be investigated and compared for their timekeeping abilities.

Investigate as. many different types of timer as time permits.

A. PENDULUM TIMER
)

PROCEDURE

1
C

1. Suspend a weight from a string approxitnately 10 centimeters

long. Fasten the top of the string to a stationary overhead support.

Start the weight swinging in a small arc. Using a stopwatch as a
standard, record the time that is necessary, for the pendulum to
complete the number of swings given in the left hand column of the

data table for .this experiment. Repeat this procedure several times

until you,are sure that the results are consistent and%repeatable.

2. Increase the length of the strine615 Cm to change thetirning
interval of the pendulum. Using the stop watch find the time that is

required for the pendulum to complete the number.
of.swings given in

the data chart.
3. Readjust the length of the string to several different values,

recording the swinging times required for each length.

4. For each pendulum length, calculate the period of the
pendulum by dividing the total time by the number of complete
swings. .

. . . ,

5, Make a period vs. lengftT graph by plotting the pendulum
period associated with each of the string lengths.,Draw a smooth

curve through the points that were plotted'

00,
1 21 f ) V

# .....)

If time is limited, note that Part B
(water clock) can be skipped if you
plan to omit Experimetti 9, Part A
(Galileo's apparatus) and Part C
(tape timer) can be skipped if you
plan to omit Experiment 19. Students
'should work on any of the timers in
pairs. -

APPARATUS PREPARATION
1 hooked standard mass, 200 g
1 string, about-75 cm long
1 support to hold pendulum
1 stopwatch

6

C

See sample graph on next pa'ge.
Before students, draw curve, check
that they Oalize it should pass
through the origin (period approach-
es zero as length approaches zero),

,r
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SUaGESTIONS AND TECHNIQUES

1. In calibrating the pendulum timer, it is customary to
measure the len.gth of the pendulum from the point of
suspension to the center of the weight. In practice this may be
found to be difficult to do with precision. If the pendulum is
measured from the point otsuipension to the top of the weight
or to the bottom of the weight, it will not,: affect the timer
calibration as long as all measurements are made to the same
point.

2. When using the water cl it important that the water
level be adjusted to the ksarrie ht before each trial; fop

'consistent results. You might wish to place a piece of sticky tape
\ on the outside Of the funnel to mark this level .

3. The rate of flow of water will decrease as the water level
becomes lower. To minimize this effect, use a large funnel and
small diameter glass tubing.

4. To get rid of air bubbles that may form in the glass
tubing, fill the funnel above the sticky tape and let the water run
through the tubing until the marked level is reached.

5. If the dots recorded by the tape timer are too close to be
counted easily, pull the tape through more_quickly to spread the
dots out, or charige the frequency of the timer if possible.

,Graph predicts pitndutum length of
25 cm will give period of 1.05 sec
Measured time for 20 swings: 2118
sec. Expeiimental period therefore
1.04-sec (1% error).

1.6
1.5

IQ
0.5
0.4

0.2
0.1

o 10, 20 30 40, 50 60
Pendulum I ninth 0,414)

6. Select a string length which appears on the calibration curve
but which was not determined experimentally. From the calibration
curve, predict the time intervals that are required for the various nurn-
bers of swings at thiSparticular length. Check these predictions exper-
imentally using the String and swinging weight.

DATA

TRIAL
Number

of
Swings

4
LENGTHS OF PEN 0 lAiiik

10cm 15 cm 30 cm 0 MI IIE crp

Time in seconds

1 1 0.2. o-b 1.2 1.1i
2 1 az.. 047 /Jo Lb
3 1 0.3 GI GB LB
4 5 3-o 42 5.4 18
5 L 5 .32 40 6-q 80 %

6 5 , 10 54, .43-2

7 . . 10 b-ii 8.0 II.q 1(9.0

A
8 10 b-4-1 8.0 11-4 IS-8
9

...
10 6-y 8-0 11-q lb-0

10 20 11.8 lb-0 22.4 31-0
.

11
4 20 121. 15-8 22..i1 31-0

.

12 20 12-6 15-6 WI WI
- Pendulum period (The time,for one )'

I °Amami I- ii 1155 I I

22



(EXPERIMENT 6. 'RISER CALIBRATION

NAME: CLASS HOUR:

. B. WATER CLOS:K.

PROCEDURE

4 5r

116

1. Make a water clock by wrapping some rubber tape around a
short length of glass tubing and inserting it in a funnel, as shown in
the illustration. Clamp the funnel to a stand. Under the 19wer end of
the tubing attach a short length of rubber tubing with, a clamp or
paper clip. This will to regulate the' flow of water.

2. Place a cylinder below the rubbertubing.lt is also a
good idea to use a beaker to prevent water frorn accidentally spilling

over the lab table. \

3. Using a stop watch, determine the, ambunt of water that is
released when you lift yourfinger and then press it down on the top of

the tubing after the time intervals given in the data chart. Run several
trials. At the end of each trial, be sure to reploce the water in the
funnel so that the water starts at thi same level each time.

23 3 II

AADARArus PREPARATION
1 funnel, top diameter 10 an (or,

larger
1 piece glass tubing. about 10 cm

long, with outside diameter to fit
into funnel base

1 piece rubber tubing, 5 cm long,
with inside-diameter to fit snugly
over glass tubing

1 pinch clamp or paper clip for
rubber tubing

1 piece of rubber tape r putty to
seal glass tubing in f nnel

1 stop watch
1 graduated, cylinder, 200 ml
1 beaker, large enough to hold

graduated cylinder
1 ringstand and clamp
sticky. tape (transparent or o- ,

paque)
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collect ,n9 tnne (in wisc)

DATA-AND ANALYSIS

Milliliters of water collected

follecting time 1 sec 3 sec 5 sec . 7 sec

Trial 1 20 7'4 12_6 182
2 26 75 12"-i 178
3 15 78 "118 1811
4

Average 20 7b 1210 181

1. Calculate the average amount of water collected in each time
interval. Prepare a graph of amount of water collected vs. collecting4
time.

2. Using your graph, pfedict the amount of water that would be
collected in 4 second?; 102 ml

The graph shows a straight line rela- Try it and see if you were right
tionship between the amount of wat-
er collected tpnd the collecting time,
unlike the curved graph for the pen-
dulum lent vs. period. 3. If Our water clock collected 25Tnilliliters of water, how much

time would that represent M seconds?

1 sec

N

APPARATUS PREPARATION
1 tape timer/.
batteries or lbw voltage ac (as

specified by manufacturer of ti-
mer)

1 stop watch
1 length of paper tape, about 5

meters Igng

i

r

Check yotir answer with a stop watch

C. TAPE TIMER

PROCEDURE

24 31



1 EXPERIMENT 6. TIMER CALIBRATION

NAME CLASS HOUR

1. Clamp a tape timer to the laboratorytable.

2. Pull a length of tape through the timer for three or four
seconds, using a stop watch to measure the time. As the tape goes
through, a vibrating clapper or a whirling chain makes a series of dots
on the tape.

3. Count the number of dots recorded on the tape, omitting the
first dot'and enter on the data chart.

4. Repeat this several times, always omitting the first dot when
counting dots.

DATA AND ANALYSIS

Time in sec . Number of dots

Tri;1 1 3.0 `1B2-

Trial 2 3.0 17q.
Trial 3 3.0 18.5
Trial 4 3.O 17LI
Trial 5 ' 3.0 178'
Triar6 3- 0 1 B 1

TOTAL 18.0 101c1

Time interval between two successive dots ADO sec

1. Find the total time and the total number of dots recorded for all
your trials.

2. From the totals, calculate the time interval in seconds that
elapsed between every two successive dots recorded by the timer.

RELATED QUESTIONS AND ACTIVITIES

1. Suppose that the time interval of one second Were-to be
defined as an interval on °lie of the clocks that you worked with
during this experiment. What is a main advantage of defining a
second in this manner?

A main advantage is that materials for these timers are inexpensive and

readily available throughout the world.

25 9 ,
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What is a main disadvantage?
Timer is not precise and intervals are not identical.

2. Which of the clocks that you calibrated during this experiment
would make the most reliable timer?

Probably the pendulum timer, provided it is always used in the same location

(so that the force of gravity is constant) and the pendulum is released from the

same position at the start of each new trial.

3. How could each of these clocks be improved to be a more
reliable and practical' timekeeper?

Pendulum timer: string as light as possible, unstretchable, firmly fixed at top,

rigid support, mechanism to count swings, put in vacuum (no air resistance).
Water clock: automatically replace water to keep level constant, be able to

measure large volumes of water Tape timer: count dots and pull tape
automatically.

4. Construct an improved timer having some of the features
described in the previous question- and calibrate it in terms of
standard seconds.

5. No clocks are perfect. Check one of your watches, clocks, or
other timers with short wave radio signals at 10.0 MHz and 20.0 MHz or
official time signals given by the telephone company (check your
phone book for the telephone number in your area) over a twenty-
four-hour period Record your results.

Time (sec)

TRIAL Timer 1 Standard Timer 2 . Standard

1

2
,

3

4

5

6

4

26



EXPERIMENT RECORDING' MOTION WITH STROBE PHOTOGRAPHS

NAME CLASS HOUR

/-
LAB PARTNERS* DATE

PURPOSE

A valuable technique for recording motion is to photograph an object
using a multiple-exposure technique called strobe photography.
Several images of an object, showing its position at different instants
of time, are recorded on a single sheet of film. If the time interval
between the exposures of the different images is known, and if the
scaling factor between distances in the photograph and actual
distances is known, the motion of the object can be analyzed.
Although any camera may be used to take the photograph, a Polaroid
camera is suggested because the photograph can be analyzed almost
immediately after exposure. This experiment will help you leam the
general principles of strobe photography and familiarize you with the

'particular Polaroid camera that is available.

There are three basic techniques for making multiple exposures of a
moving object. The first is to open the camera shutter in a darkened
room and then illuminate the object with short fialthes of light spaced
at regular intervals before closing the shutter. Pie second technique
is to place a flasher, or blinky, on the object and photograph it in a
darkened room with the camera shutter open. The third technique is
to illuminate the object continuously and rotate a stroboscopic disc in
front of the camera lens with the shutter open. Radial slits In the
rotating disc expose the film for a short interval of time ,s each of the
slits in turn moves across the front of the camera. Use all the
techniques for which eguipment is available.

Adjusting the Camera

1. Load the camera with 3000-speed black and white Polaroid
film.

2. Mount the camera on a tripod and adjust the height so that the
camera is about level with the object being photographed.

3, Attach a cable release to the camera so that the shutter may be
operated without jarring the camera.

4. Point the camera so that the plane of the film is parallel to the
path of the object being photographed.

5. Look through the viewfinder and adjust the distance between
the object and the camera so that the complete event may be
recorded on the film. Adjust the lens for the best focus with the object
in the center of the field of view. To photograph an object moving

4 0
b27 kJ

Polanod film is expensive and costs
can be prohibitive if students are
allowed to experiment individually
With cameras and accessories. To
reduce these costs somewhat, it is
suggested that students be required
to work in pairs. After each snapshot,
one student can then analyze the
positive print and the other the paper
negative.

To project a Polaroid stobe photo-
graph, punch small pinholes through
the print at key positions of interest.
When the print is placed on an
overhead projector, these points will
appear as bright spots on the screen
or blackboard, and the distances
between them can be easily meas-
ured by a student with an ordinary
meter stick.

In addition to the techniques de-
scribed in this experiment, there is a
new technique which has possible
merit. An inexpensive modulator is
now available which can be attached
to your helium-neon laser. With one
of these units, the laser can be made
to flash on and off at known rates
fro'm zero to 100 kilohertz. The light
from the laser is bright and if the
'laser is low powered, it is perfectly
safe. These devices are available
from scientific supply companies and
from manufacturers of educational
laser equipment



SUGGESTIONS AND TECHNIQUES

1. (For electric-eye Polaroid cameras.) When using 3000 -
speed black-and-white film, set the film selector on the camera
at 3000 for xenon strobe photos but at 75 for blinky oltating-
disc photos. The lens opens much wider at the 75 se ing and
lets in more light.

2. (For older, non - electric -eye Polaroid cameras.) If the
camera has shutter numbers from 1 to 8, the lens is wide open
for settings 1 through 4. The lens opening decreases in steps for
settings 5 to 8. If the camera has EV numbers from 10 to 17, the
lens is wide open for settings 10 through 13, and the opening
decrease4in steps for settings 14 to 17. The larger the opening,
she more light falls on the film.

3. (For older, non-electric-eye Polaroid cameras.) The
exposure knob must be reset at "B" after every exposure,_ as it r
automatically returns to the "I" setting.

4. The xenon strobe should not be aimed toward the dark
background, or it will cause annoying reflections. Try placing it
so that it shines along the path of the bulldozer. ,

5. The uncovered slots on the strobe disc must be equally
spaced or the exposures will not be equal time intervals apart.-

6. There is no advantage to keeping the shutter open after
the object has moved out of the camera's range. You will merely
expose the background longer and reduce the contrast between
it and the object.

through a.distance of 1.0 meter, a Polaroid camera would have to be

about 1.4 meters away.

6. If your camera has an electric eye, cover it. If your camera is an
older model with no electric eye, set the exposure knob in front of the
camera at the "B" position. With the electric eye covered or the knob
set at "B," the shutter will remain open as long as the plunger of the --""
cable release is held. The shutter willroclose when the plunger is _

released.

A. XENON STROBE LIGHT,

PROCEDURE
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EXPERIMENT 7. RECORDING MOTION WITH STROBE PHOTOGRAPHS

CLASS HOUR-NAME

1. Place a toy bulldozer on p laboratory table. Arrange a dark
background, such-as a black cloth screen, behind the bulldozer.

2 .To npoirl the position of the bulldozer as it moves across the
table, past a small square of aluminum foil near the top of the
bulldozer f F a marker and place a meter stick on the table along the
path of travel. .

3. Using a xenon strobe light, adjust the flash for the lowest
repetition, rate that is available. In a darkened room, practice several
dry, runs, until the technique's have been perfected.

, 4. Expose a film under stroboscopic light, recording the photo-
graphic conditions in the following chart. If the film is over- or under-
exposed, try another, using different exposure conditions (see
Suggestions and Techniques). This chart will be quite valuable for
future reference.

DATA

Camera Model No Film speed

Strobe Model No

Date

-
Flash rate

Distane from
came o object

Film selector or
shutter number

Quality of
exposure

-
. .

i

A

B. BLINKY

PROCEDURE

29 )
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Place a blinky (neon or incandescent flasher) on top of a bulldozer
and photograph it against a dark background with A Polaroid camera
as it travels across the top of a table for a distance of 1 meter-in a dark
room. Use a small incandescent lamp; to provide just enough
illumination to make the meter stick clearly visible in the photograph.
Record the conditions in the following chart. If the film is over- or
under-exposed, try another, using different exposure conditions (seep
Suggestions and Techniques).

Camera Model do

DATA

Film speed Date

Flash rate

Distance from
camera to object

Film selector or
shutter number

Quality of
exposure

,

C. ROTATING. STROBE DISC

PROCEDURE

,...
Toy bulldozer

Motor operated
strobe disc

Dark background

Mount a motor-operated strobe disc in front of a Polaroid camera,
following the instructions given by the manufacturer. Close all of the
slits in the disc except one, by covering them with tape. As the disc
'rotates at constant speed (given the manufacturer's instructions) the
film will be exposed for one small time interval during each revolution.

30
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EXPERIMENT 7. RECORDING MOTION WITH STROBE PHOTOGRAPHS

NAME CLASS HOUR
(

Thus, if the motor is turning the disc at a speed of 300 revolutions per

minute, the disc will rotate 5 times per second and the exposures will
be 1/5 second apart. If 'two slits at opposite ends of the disc are
uncovered, the film will be exposed twice during each revolution,

making the exposures 1/10 second apart. As additional slits are

uncovered, the interval between exposures will be 'decreased
accordingly. Connect a flashlight bulb to a dry cl and place them on
top of a toy bulldozer with the light burning continuously. Using the
rotating strobe disc, photograptr the moving bulldozer against a dark

background. Record the photographic conditions in the following
chart. If the film is over- or under-exposed try another, using different

exposure conditions (see Suggestions apd Techniques).

DATA

Camera Model No. Motor speed

1

Film speed

Exposure
interval

Distance from
camera to object

Film selector or
shutter number

Quality of
exposure

.
.

... _

c

S.

..

r
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EXPERIWNT STRAIGHT-LINE MOTION AT CONSTANT SPEED
-2--

NAME: _ CLASS HOUR

LAB PARTNERS: DATE,

PURPOSE

In this experiment, the position of a bulldozer moving in a straight.line
Is measured at various times, to determine the bulldozer's speed.

PROCEDURE

This eiperiment works best with the
working in groups of three!

one operating the bulldozer, one
keeping the time, and the third re-
cording the data. Toy bulldozers are
suggested because they are readily
available from suppliers of Project
Physics apparatus, but almost slny
battery-operated "toy will do if it
travels slowly enough to be timed for
30 seconds.

APPARATUS PREPARATION r"--

1 battery-operated toy bulldozer
1 meter stick or tape measure
1 stop watch or wrist watch with

sweep second hand

1. Allow a toy bulldozer to travel across a table top or the floor for
:a distance of 3 or 4 meters in a test run.

2. Place a tape measure or series of meter sticks along the path of
tr,avel. Start the bulldozer a few centimeters before the starting line.'

,.When the bulldozer reaches the starting line, start keeping track of
the time with a stop watch or sweep".second hand.

3. Five seconds after the bulldozer crosses the starting line,
record its -position. Without stoppins,the bulldozer, repeat this
procedure at 5-second intervals. Enter aIT of the data in the first
column of the data chart.

4. Reduce the speed of the bulldozer by forcing it to drag a load
'behind as it travels. Following the procedure above, record the
position of the- bulldozer at the end of each 5-second interval-in the
second column of the data chart.

5. Add heaVier weights behind the bulldozer, to reduce its speed
further, and record positionand time data in the remaining columrfs of
the data chart. <- \ %.J

a
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C \ SUGGESTIONS AND TECHNIQUES

1. Before recording any data, .it is a 'good idea to make
several trial runs to become familiar with the apparatus.

2. U\se fresh batteries in the bulldozer to ensure \that it will
operate When dragging heavier loads. 1

DATA AND ANALYSIS

_

Position in cm (x)

Trial

Time in sec(0 , 1 2 3 4 5 6 7 8 10

0 0 0 0 0 t
5 75 56 1-P-1 52 57

10, HO 13311`7 100 77

15 223 190 Mb 1./-16102.

. 20 305 259 z2,1 7.1 179 - A

2 372 335 2101) 251 ZZO

30 453 390-323 292
..

/ilvecrmagseecspeed

Vav 15 13 11 10

1 F_or_ea ulate the_average speed, Vey. by dividing ,the
total change in positiah. the total time interval that elapsed, t.

2. Use the data for the first trial to plot a graph of position vs.
time. . .

....
3. On the same piece of graph paper, plot a graph of position vs.')sr.

time for each of the other'trials you ran. Label each graph line with the
number of the associated trial.

4. The shape of a position vs.tim graph for motion'Rconstant
speed is a straight line. Do your -grap s have this shape?

Yes. (But foot all points lie exactly on -the? Ines.)

(

5. How does the steepness of e graph line change as the speed
. of the bulldozer is decreased? ,

The graph becomes less steep as the eed of the bulldozer is decreased_

lb
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EXPERIMENT 8. STRAIGHT LINE MOTION AT CONSTANT SPEE

6. For one of the trials, -calculate the change in position during
each 5-second interval.

Time (t)
(sec)

Position (X)
(cm) Interval

(sec)
(t)

Change in
positions
(cm) (s)

0 .

5 '52_ 0-5 52-
10 100 5-10 '"-/ 13

15 46 10-15 qb
.20 - 2_0 1 15-20

. 4- ,55
25 157. 20-25 5 b
30 2 q Z 5-30 35

Does the position change by the same amount in equal time intervals?
What d,qes this tell you about the speed?

The position did not change by exactly the same amount in equal time

'intervals. This shohs that the speed was not constant, but fluctuated

somewhat.
J

,

RELATED-QUESTIONS AND ACTIVITIES

1. Why is it wise to have three.or more pairs of position and time
values before drawing a graph -for rpotir at constant speed?

It is impossible to tell if the distance-time graph is a straight or curved line

unlesset least three points are pAtted. A straight line indicates fairly constant

speed but a curved line su sts that the speed was varying.

1

4.
35 4

4
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Ask students who get consistently
good resultsthat is, equal changes
in positionto show the rest of the
class their techniques.
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2. If you made Polarbid photOgraphs of a moving bulldozer in
Experiment 7, analyze them to find the speed of the bulldozer."

3. pn automatic position vs. time graph may be made by using 2
bulldozers. The first bulldozer pulls a wide strip of paper across the
top of the table while the.second bulldozer pulls a felt tip pen at right
angles to the paper. The pen can be held upright by sticking it in a
block of Styrofoam or other lightweight material as shown in the-
diagrani below.

,

Bulldozer-pulls
paper strip

Bulldozer pulls felt-tip
pen in Styrofoam block

Guide rail

36
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EXPERIMENT CONSTANT ACCELERATION USING AWATER CLOCK

, ,,--',.----Th

AME,

LAB PARTNERS:

i

CLASS HOUR:,

DATE:

I
,----- ,

PURPOSE'

t This experiment provides a challenge for you to obtain meaningful
data of accelerated motion using very simple apparatus that was

,
available over 400 years ago. .

PROCEDURE

GALILEO'S APPARATUS

...

It is recommended that students
work in groups of two or three. If
possible, several types of apparatus
should be set up in the laboratory -.
with provision made for students to
complete expepments at home if
they find that more time is neeci#d for
a particular set of measurements.

APPARATUS PREPARATION
1 board,at least 1 meter long, with

a channel to roll ball down
1 steel ball, 2 to 3 qm in diameter,

or equivalent
1 water clock (see Experiment 6,

Part B, for construction details)

-.

Using the apparatus shown, tilt a board about 15° with the
horiiontal. Start a steel ball from rest 15 centimeters above the barrier
at the bottom of board. At the instant the ball is released( start the
water clock; stop the clock the instant the ball hits the barrier. Repeat
.this several times, recording the quantity of water that accumulates

..u.t during each trkial. Using the same incline, increase the distande that
the ball rolls to 30 centimeters and record the amount of water that
accumulates for each of several trials at' this dista6cp. Repeat this
procedure several more times, increasing the distance that,the ball
rolls n steps of 15 centimeters. Using this technique, the, principle
characterikicsof accelerated motion will be observed, but the time
will be given in milliliters of water instead-of the more familiar units of,
seconds. 7

I

<
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IMSTANeE (c..17)
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0 51)0 1000 1500 WOO

TIME -640ARELLEC)

SUGGESTIONS-AND TECHNIQUES

1. Practice releasing the ball with one hand while starting
the water clock simultaneously with the other.

2. Refer back to Experiment 6 for additional instructions on,.
a water clock.

DATA AND ANALYSIS f
-.

Distance .
s

in cm
Trid

e
l 1

Time
(milliliters

Trial 2e

t
of water)

Trial 3 Trial 4

.

Average

time
t t2

15 P-1 I-1 13 '15 '6 22.5

30 2.5 2.40 25 VA /.. 25 t025

45 31 31 .3c:.k 31 31 cloi
.60 L-10 Ai .3q L-11 4-10 lloo0,

1-P-1..4-f3 4"i. 413 z-IL-1 IciVo
gi

1. Wh n. several trials have been completed, calculate the
average ti rs of water) for each distance and enter
these values in the "ata ch rt.

2. For each distance, calcutftgie square Of, the average time
and enter these -calculations in egidata chart.

3.. The distance covered by an object uniformly accelerated from
rest is given by the relationship; s= 1/2 ate. Thus, if a graph of s vs t2 is
plotted, it shouldj.res-ult in a perfectly straight line. Make a careful
graph with-time (in ml of water)2 on the x axis and displacement (in
cm) on the y aXis. Draw the best straight line between the points and
see how close your points come to this line.

'When your data is entered in the computer, it will compute the
best straight line between the data pointS by the least squares method
and will indi9ate how closely the dat. follows theoretical results.

38
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EXPERIMENT ACCELERATION OF A SPINNING DISC

NAME CLASS HOUR

LAB PARTNERS, DATE

PURPOSE

In free fall, objects move too fast to observe details of their motions. In
this experiment, most of thp gravitational energy is taken up by the
spinning of a disc so its motion down a slope can be readily observed.

PROCEDURE'

Arrange a disc between two mete( sticks as shown. Allow the disc
to roll°downhill between the meter' sticks for a distance of 15
centimeters. With a timer record the time from the instant the disc was
released until it has traveled the required distance. Repeat this several

times to be sure that the data are consistent. Then increase the
distance that the disc rolls in steps of 15 centimeters, running several
trials for each distance. Record all the time and distance data in the

data chart

SUGGESTIONS AND TECHNIQUES
-

1. Practice releasing the disc so it starts from rest without
any initial motion.

2. Watch out for any slipping that might take place when the
disc spins fast. Disregard any trials where slipping is observed.

3. Disregard any trials where the disc rubs against the meter
sticks at its sides.

39
(1

4.1

Students may find that some of the
apparatus does not "work well" be-
cause of excessive friction or slip-
page, and the acceleration data will
be anything but uniform. For exam-
ple, the spinning disc will probably
Start slipping along the top of the
meter sticks as its speed increases,
giving som, weird data. Encourage
the students to recognize these sour-
ces of error and see if they can
improve' the apparatus to obtain bet-
ter data. Given encouragement, they
will "invent" improvements such as
covering the top surface of the meter
sticks with masking or friction tape to
increase friction between it and the
spinning disc.

APPARATUS PREPARATION
1 circular disc, 10, to 15 cm in

diameter, with an axle firmly fixed in
the center so thfrt it will rotate with
the disc. Disc may be made of wood,
fiberboard, or metal or may even be a
rubber wheel.

2 meter sticks to act as al2
Masking or friction tape stuck
along the upper surface will
prevent slippage of the disc.

2 blocks of wood, approximately
5 cm by 5 cm (or slightly larger
than the thickness of the disc)

2' rubber bands (to hold apparatus
together at the upper and the
lower ends)

1 ringstand and clamp, or other
support (to hold the meter sticks
in a tilted position)

1 stop watch or a clock with a
sweep second hand

.
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Distance

s
in cm Trial 1

Time

Trial 2

t ( in

Trial 3

sec)

Trial 4

Average
time

t t2

Acceleration
a=2s

t2

15 4/.8 5.2 5.2 5.0 5.0 2-s 1.7_

30 6.8 7:1-1 7,2 7.0. 7.1 50 1. 2-

45 g.'d q0.8.8 q-0 8.8 77 1.1

fo.o 10.2. 10.0 10.0 10.0 104 1,z

RELATED QUESTIONS AND ACTIVITIES

1. Calculate the average time (t av) it took for the disc to cover
each of the preset distances down the slope. Enter these data in the
chart.

2 Calculate the square of the average time (t2) for each trial.
Enter these values in the data chart and plot a graph of distance vs
average time squared.

3. Compare your graph with a theoretical curve for constant
acceleration (a straight line). Repeat one of the trials and observe the
motion of the disc carefully to note any motions of the disc that might

-account for deviations from the theoretical

If you have a computer programmed for this experiment, use It to
help in.your analysis of the data.

4. The acceleration of an object starting from rest should follow
the - relationship: a = 2s7t2 if the acceleration is uniform. Using this
relationship, calculate the acceleration for each of the distances tried
and enter the results in the last column of the data chart. If the
abcelerations are not exactly equal in each case, -account for the
variations by closely observing a few more trials of your apparatus.
How do you account for the variations?

Most variations encountered in this experiment are due to inconsistent

releases and sliding of discs along the meter sticks.



EXPERIMENT ACCELERATION USING A LINEAR AIR TRACK

rnif
NAME( CLASS HOUR-

LAB PARTNERS DATE

PURPOSE

Using the almost frictionless linear air track, Many of the errors asso-
ciated with conventional apparatus are -eliminated and results
approaching the theoretical values can be obtained.

LINEAR AIR TRACK

PROCEDURE

1. Test the air track to be sure that it is perfectly level. When the
track is level, a glider will remain almost motionless when it is placed
on any portion of the track. If necessary, ask your instructor for help
in leveling the track.

2. Raise one end of the track a very small amount so the glider
starts to move slowly downhill when it is released from rest. Measure
the angle of tilt and record it for trial 1 in the data chart

3. Using a stop watch or a photogate and electronic timer,
measure the time required for the glider to slide down the air track for
a distance of 15 centimeters from rest. Check this value for
consistency by repeating the prOcedure a few times. When you are
confident that the measurement is repeatable, enter the time in the
daWchart.

4. Repeat this for several additional trials increasing the distance
in steps of 15 centimeters. Record these data for trial 1 in the data
chart.

APPARATUS PREPARATION
1 linear air track with air supply

and glider
1 meter stick (iLair track is uncal-

ibrated)
1 stop watch or a Clock with sweep

second hand

PROCEDURE
Using stop watches, which are usu-
ally reliable to the nearest tenth of a
second, produces results which are
within 5 to 10 percent of theoretical
values. With "photocell gates to start
and stop a digital timer errors are
reduced to less than 2%.
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SUGGESTIONS AND TECHNIQUES

1. Adjust the air track for the minimum flow of air that will
support the glider.

2. Many air tracks have calibrated screws at the base to
facilitate measuring the angle of tilt. If necessary, check with
your instructor to see how to make tilt adjustments and
measurements.

3. Shut off the air blower whenever the track is not being
used. This will help to prevent overheating of the motor and
reduce ambient noise levels.

DATA AND ANALYSIS

Distance
d

in cm Trial 1

Time

Trial 2

t (in sec)

Trial 3 Trial 4

Average
time

t t2 .

15 /. Li I.y 1.5 1.5 1.L-1 2.o

30 2.0 2.1 2.0 2.1 2.0 1-1.0

45 2-5 20 2-5 2.5- 2.5 69.3

60 2.8 2.9 2.8 2.8 2.8 7.8

75 , 3.2. 3.3 3:3 3-2. 3:1' /02.
, a(c) /L.1.6 13.8 . /3.8 H. to

I

a(
t) 15.y 15.'1 15.11 15.L1

4loApe .90° .90° .90° :010°
% Eerror 5.r. lo.,17. io. s.27.

1. Determine if the acceleration is uniform for each trial by
constructing a graph of s vs t2. If the graph line is not perfectly
straight, check the apparatus for any obstructions in the air flow or
irregularities in the air track or glider. Account for any variations from
a straight-line graph.
Almost all points lie on a straight line.

cs,
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EXPERIMENT 11. ACCELERATION USING A LINEAR AIR TRACK

NAME CLASS HOUR

2. For each trial, calculate the acceleration from rest using the re-
lationship a = 2s/t2, where: s is the 75 cm distance on ye9ur data table
and t is the time for the glider to travel this distance from rest. Enter
the calculated accelerations in the data chart. a(c) =

3. Theoretically, the acceleration of an object sliding without

friction down a constant slope is given by the relationship a = g sin A
where: g is the acceleration of gravity (980 cm/sec) and A is the angle
of the slope measured in degrees, with respect to the horizontal.
Calculate the theoretical acceleration for each trial, and enter the
values in the data chart. a(t) =

4. Calculate the percentage error by subtracting the calculated
and theoretical values for the acceleration, dividing by the theoretical
.value and multiplying the dividend by 100% Enter the percentage
errors values in .the bottom row of the data chart

ACTIVITIES AND RELA 'IED ,QUESTIONS

1. Wind resistance increases with velocity. Do an expelitnent to
show this using an air track, electronic timer and a modified glider of

your own design. Organize your data in tabular form and append your
results and conclusions to this lab report

2. Predict the acceleration of a glider on the air track at any angle

of slope that you have not yet tried using the relationship a = g sin A

Then actually measure' the 'acceleration of a glider down this slope
and compute the percent error.
Angle A = 2°

Acceleration that I predict is 34. cm/sec.

Acceleration found experimentally is 33 cm/sec

My % error is 2.9



EXPERIMENT P4NDULUM

NAME CLASS HOUR

LAB PARTNE8S DATE

PURPOSE

Objects In free fall accelerate towards the center of the earth under
the influence of the earth's gravitational force. In this experiment you

.will measure this acceleration by observing the movements of a
simple pendulum.

The time it takes a simple pendulum to make a complete swing (back
and forth) is called its period (T). If the pendulum is allowed to swing
through a small angle, the period is given by the equation

where: L

g

T = 2/r

is the length of the pendulum measured
from the point of suspension of the
string to the center of the pendulum bob

is the acceleration due to gravity

If you know L and T, you can determine g by rearranging the above
equation.,

47r2Lg=
T2

When L is in meters and T is in seconds, g will be in m/sec,.

PROCEDURE

N.

41\4°11411.1tit-,...00
111,1%,

'45
)

The simple pendulum method of
determining the acceleration of gray-
* is easily done by students working
in pairs or as individuals. To save
time, if a student has ,already re-
corded data using the pendulum as a
timer (Experiment 6, Part A), he or
she may use that data to do the
calculations as a homework assign-
ment, and the lab time can be used
for the swinging meter stick method.

APPARATUS PREPARATION
1 drilled steel ball, 2 cm to 3 cm in
diameter
1 string, about 75 cm long
1 support to hold pendulum
1 stop watch



\

A

SUGGESTIONS AND TECHNIQUES

1. If a ring stand is used to support the pe ulum, be sure to
clamp the base of the ring stand so that it will not vibrate as the
pendulum swings.

2. Do all calculations in the laboratory with the equipment
readily available so that any unusual results can be immediately
rechecked. Using a calculator will save a great deal of time in
making calculations.

3. You may wish to write down the value of the constant 47r2
so you don't have to calculate it each time. '

1. Suspend a steel ball from a ring stand by a string so that the
distance from the point of suspension to the center of the ball is 0.5
meter.

2. Displace the ball about 10 cm to the side and allow the ball to
swing freely.

3. Observe one complete swing of the pendgum. Notice how the
speed increases, then comes to rest as the pendulum moves away and
then repgats this on the way back to the starting point.

4. Measure the time for 20 complete swings and divide by 20 to
find the period of the pendulum (T) in seconds. Enter these values in
the chart below.

5. Lengthen or shorten the pendulum string and repeat the above
steps for as many trials as time permits. Calculate the value of g for
each set of values Lt,and T. In each case calculate your percentage
error by finding the difference between your experimental value and
the standard value, 9.8 meters /sect; dividing this difference by the
standard value; and multiplying by 100%.

TRIAL

Pendulum
length (L)
(meters)

Time for
20 swings

t (sec)

Period
(T)

(sec)

g= 4 7r 2 L E

Percent
error

T2

(m/sec2)

1 0.10 12.8 O. q.7 1.07.

2 O. /5 ---tb:0 0 80 9.3 5.37.

3 0.30 22.b 1.13 43 5 3 7.

4 O. b0 3j. 0 1.55 9.9 t. oz

5

6

7 .

8,
a

I
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EXPERIMENT 12. PENDULUM

NAME' CLASS HOUR

RELATED QUESTIONS AND ACTIVITIES

1. Friction at the point of suspension and air resistance will tend

to increase the period of the pendulum over that of the tpeoretical
valuO. Would this tend to make the experimental value for g too high

or too low?

Too low.

2. Simulate a stripon6er gravitational fOrce by placing a strong
magnet a few centimeters below the center of the steel ball so that as

the ball swings, it is pulled both by the earth's gravity and the magnet.

How does this affect, the period of the pendulum?

The period becomes less.

How_ Would it affect the experimental value-of g?

The value of g would increase.

3. The original instructions require you to displace-the pendulum

about 10 cm to the side for each trial. Devise an experiment to see

what happens to the period of the pendulum as the initial amount of

displacement is increased or decreased from this value. Record your

results below.
At large displacement angles there is a noticeable decrease in the pendulum

period.



EXPERIMENT ACCELERATION OF FREE FALL

NAME CLASS HOUR.

LAB PARTNERS: DATE.

PURPOSE

A freely falling body gains speed too quickly to observe its motion
without precise timing apparatus. In this experiment, a pendulum,
consisting of a swinging meter stick, permits accurate timing to the
nearest one-hundredth second.

PROCEDURE

Drilled steel or
brass ball

Meter stick

1. Suspend a meter stick fr6m the lower of two nails\ in a
woodeh dowel stick, as shown in Figure A.

2. Displace the bottom 'of the meter stick approximately 20 cm
from the vertical. With a watch measure the time it takes for the meter
stick to svhing back and forth 10 times. Calculate the period of the
meter' stick (time for one complete swing back and forth) and enter

, this in the 'tea chart.
Using a string approximately 210 centimeters long,, connect

one end'td the bottom of the meter stick and attach the other end to a
drilled steel or brass ball: Loop the string over the upper nail.

4. Adjust the suspension so the ball barely touches the zero mark
on the meter stick (Figure B). 1144,

5. Check the alignment of the apparatus by slowly lowering the
ball along the meter stick. it should just graze the stick all the way
down.

49

APPARATUS PREPARATION
1 ringstand and table clamp to.

hold bas's of ringstand steady
1 dowel stick, 2cm by 5 cm, with

two nails about 4 cm apart pro-
truding ,at least 3 cm

1 swivel clamp to fasten block to
ringstand

1 meter stick with two eyescrews
inserted into one end. If end of
meter stick has brass cap, drill'
small pilot holes in'end of cap to
admit screws.

1 piece of carbon paper, approx. 3
cm by 20 cm

1 length of string, approx. 2.5 met-
ers long
drilled steel or brass ball

.1 stop watch or watch with', seep
second hand

00,

The meter stick ,andball apparatus
can be operated with a bit of practice
by students working in pairs. The
swinging'mater stick acts both as a
distanbe-m)easuring device and as a
tinier witti a precision oft op sec.
Onbe the students have mastered the
ball .releasing and alignment tech-
niques, this inexpensive apparatus is
capable of measuring the accelera-
tion of gravity with an error less than
2%.



ly

SUGGESTIONS AND TECHNIQUES
L..11

1. If a ring stand is usecLtosjispend the apparatus, be sure
to clamp the base of the ring stand to the Jaboratory table to
prevent it from wobbling.

2. Do not attempt to calculate the period of the'swinging
Meter stick using the, simple-pendulum equation

T = 2 7r

The mass of a simple pendulum is concentrated in the bob,
whereas the mass of the meter stick is spread over its. entire
length.

6. Hold the string with the center of the ball at the zero mark of
the meter stick and the bottom of the stick displaced about 20 cm
from the vertical. With the apparatus in this position, releasing the
string will simultaneously release the ball and start the meter stick
swinging. The instant that the meter stick reaches its vertical position,
the ball and"the stick will collide. The interval lwtween the time d
release and the time of collision will be exactly one quarter the period
of the meter stick. The distalice that the ball fell is measured from the
top of the meter stick to the point of collision.

7. During a trial run, determine the approximate point of collision
between the ball and the meter stick. At this location jape a strip of
white paper to the meter stick and cover it with a strip of carbon
paper, placing the carbon side against the white paper. When the
experiment is repeated, the ball will leave a mark on the white paper
where it collides with the-meter stick.

8. Using the equation
2s

t2

calculate the acceleration of gravity for several trials as well as the
percentage error in each case.

DATA

1

TR
2'

AL
,3 4

Time for 10 meter stick swings (sec)
1d T =

16!..1 ibl. Ibk lb.,/

Period of meter stick (sec) T=
4,4

1.0 1.0 1.66 1.bq

Distance of fall, S (m) 117 .8It .85( .8i1 l
One-quarter

t
pe,,;d, t tsec) =

. = /4 .410 .922 ./15. .11Z2-
Acceleratio due to gravity
(m/se 7- 2s/ t2 (VI 001 cl .ci 10.0

Percent. error E = ).0%
ip
10%1.0% 20Z
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EXPERIMENT 13. ACCELERATION QF FREE frALL

NAME .

4

RELATED QUESTIONS AND ACTIVITIES

1. When the 40 and the meter st the mark left on the

white paper is a vertical line approxirrTt cm long, rather than a'
dd. In measuring the distance that the ball fell, should you measure'e,
to the Jop of this line; the diddle or,, the bottom? ,

7
To the top of the vertical line. .

Reason.
The initial contact between the ball and the meter stick should

,
occur' when the syck.is at the vertical position. As the stick continues-its swing,

-

the ball slidesd8wward along the carbbn par lea,ving a st4Ort
's

CLASS R

2. Fasten a heavy clamp to the bottorr the meter'.gtick to add

moreznass at its lower end. Predict how th, will_.affect the period of

the swinging meter stick.

Most students predict that, the per od will not change.

Measure the period and2record your, results.

The period increases. a

10:

. -

At ".

3. With a heavy clamp attached to the bottom of the meter stick,
repeat.the initialprocedure td.ineasurethe acceleration of gravity.
Predict how this'will affect the -value of gittiat you will get. Try the
experiment and compare your results with the predictions.

Attaching a heavy clamp to the lower end of the meter stick does not affect ',

the acceleration of the ball. Theperiod of,the meter stick will be a bit longer,
so the ball will fal4for a longer time.before.stlIding with the stick, but it will

also fall through a longer distancearhese two effects should cancel each
..-f. others, w .

. .

4. In th is expqriment we did not account for the friction Oc.the

cord against the upper support`nor did we account for the air.resis-
tance as^ the meter stick swings. Would these two errors add to-

t gether to increase the total error or would they tend to cancel each

4 other out?

The two errors would add together. 14 t
, .

,

0, 0

4.4

Air friction on the meter slick tends to increase the period of its swing, and

Reason,
friction between the cord and the nail tends to decrease the dstance of fall

before cqllision. The combined effects !end to give us a value of g less than

the standard 9:8 m/sec2,

,51
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this problem' of determining the
acceleration of gravity using a peo-
nograph turntable and suspended
balls is too difficult for the" average

,high school student. it is presented
as a challenge for those few students
who are highly motivatedllfi physics
and have a facility for handling sim-
ple algebra.

The ball just above the turntable
touches the turntable at time zero
The other ball hits it a time Ilater.
Since it falls from rest a distance s-=
,1x9E, then g = 2s /t2. If the turntable is
rotating at 33 1/3 revolutions per -

, minute, the time for one full revolt
tion is 1 8 sec If the angular distance

4- in degrees between the two carbon
marks is A, the turntable rotates, a
fraction A7360° of a circle while-the
second ball is falling, so the time t is 4
(118 sec) (A13602). Therefore, g in
terms of A is .

tk,
g = 2s/(1.8 sec)2 (A/36CP)2.

Ct)

5. If you enjoy math and wish to try an experiment a bit more
difficult than the others, suspend two balls over the same radius, R, of
a phonograph turntable. One ball should be just abo,ve the.turntable
and the other should be at a known diStance above this level. While
the phonograph turntable is rotting at a known speed, burn the
string between the two balls so they start falling simultaneously from
rest. The point of ,impact of each the balls will be recorded by a

- mark made by a piece of carbon paper over a sheet of white paper on
the turntable. Derive a formula which will .give the acceleration of
gravity in terms of the angular distance, A, between the two marks on
the paper. Using the formula that you derived, set up the- apparatus
and calculate the acceleration of gravity f?om the data you record.

g = 2s/(1.8 sec)2 (A/36092 where A = angular distance in degrees,

Formula
S = initial distance of higher ball above table.

where A = angular distance in degrees, s = initial distance of

Results
Since this is an open-ended experiment for the unusual

skidevil, no sample data is given. Howeveestudents can be challerrimia.b.
develop their, own refinements and See how- close they can get to the"

Vcepted value of jby varying the heights of the balls and the rotation speed
of the.turntable. (Note that if the rotation speed is changed, the time for one
revolution will no longar bie1.8 sec; if one of the balls is not directly above the

turntable, the time interval between the two impacts becomes \/261/2. -

. \/ 212/R
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EXPERIMENT MASS ANDWEIGHT

NAME
4, CLASS HOUR

LAB PARTNERS. DATE.

PURPOSE
C

Every object has a mastithat is related to difficulty in changing its It is recommended that this experi-

motion. In this experiment, we shall measure the mass andweight of ment be done with the students

several objects and see how they are related. working in pairs. Inertial balances
may be assembled with two blocks of
wood and two hacksaw blades or they
may be purchased inexpensively
from scientific supply companies.

APPARATUS PREPARATION
1 inertial balance
3 or 4 C clamps of mass roughly

100-g each

PROCEDURE

clamp to secure balance to table
spring scale to weigh C clamps
watch with sweep second hand

1. Clamp an inertial. balance to the edge of the laboratory table,

as shown in the diagram.
Displace the end of the 12alance to one side and release it so

that it vibrates horizontally. Record the number of complete
vibrations (back and forth) during a 30-sec interval and calculate the

period of the balance (the time required for 1 complete vibration),

a Increase the mass at the end of the balance by attaching
several C clamps, one at a time, and record the number of complete
vibration's during ,a 30-sec interval as each clamp is attached. Any

objects may be used in place of C clamps provided that they can be

firmly attached to the end of the balance and their masses are
identical. The center of each object must be the same distance from

the end of the balance. Calculate the period of the balance for each

number of. C clamps.

4. Plot a graph of the period of the balanc vs the number of C
clamps,or other objects that were attached..tpraw a smooth curve

between the points.

53

See sample graph on next page.
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SUGGESTIONS AND TECHNIQUES

1. When the inertial balance is in rapid oscillation, it may
help to hold a stiff piece of paper near the side of the balance so
that a click is heard with each vibration.

, 4.
2. Some inertial balances have excessive friction and will

not sustain vibrations for 30 seconds. If this is the case, the
period of the balance may be calculated using a smaller interval
of time, although the precision will probably not 'be as great.

.3. 'Counting the number of vibrations" in a set time interval,
rather than timing a set number of vibrations, minimizes the
error that can arise when miscounting very rapid vibrations. For
rapid vibrations, the chanc.*.otmiscounting is greater but so is
the total number of vibrations, so the percentage counting error
is about the same as for slow vibrations.

5. Remove the clamps and tape a stone pr another object of
unknown mass to the end of the balance. Operate the inertial balance
and determine its period with the object of unknown mass attached.
Find the point on your graph curve that corresponds to this valub for
the Oriod. The value for the number of C clamps associated with this
point tells you the mass of the object in units of C clamps.

6. Weigh each of the C clamps on a spring scale. Find the
_ average_weightict a clamp. Calculate The weight ofelfv-unknown by

, pool,
assuming that the weight is proportional to Ape:rreiss.

- 7. Weigh the unknown on the spring scale. Determine the
percent'age error between the measured weight and the weight that
was calculated using the inertial balance.

0 1 2 9
No of C clomps

44

According to the graph, the period of
.34 seconds corresponds to 1.2 "C"
clamps. Thus the unknown would be
1 "C" clamp within experimental
error.

DATA

TRIAL
-....`

, .

Number of C clamps
attached to inertial

balance

Number of vibrations
in 30 sec

,

Period
(sec)

1 0 10b 0.28
2 1.. (10 0.33
3 Z 77 0.39
4 3 (0? . 0.t-fq

5 V.721f110Wil. 88 0.3'1

6

7

8. .
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EXPERIMENT 14. MASS AND WEIGHT

NAME CLASS HOUR

TR14/
1 2 3 5 6 Average

Weight of C
clamp (N) 090 0.90 0.90 0.q0

Mass of unknown
(in number of
C clamps) M=

Calculated weight of
unknown (N) W (calc) =

Measured weight of
unknown (N) W (meas)

. C cups
3'14.1 N

a 8(3 N

zo %
Percent error E =

RELATED QUESTIONS AND ACTIVITIES

1.. How is the period of the inertial balance affected as additional
mapses are attached to the end?

As additional masses- arel'added, the period of the balance increases.

I

2. Predict the manner in which the period of the balance would

be affected if the balance were operated in a vertical rather than a

horizontal position.
if the balance is clamped to a vertical support so that the edges are horizontal
but the end vibrates up and down, the constant pull of gravity is in the same

directidit as the restoring force half the time and in the opposite direction the
rest of the time. The period should not be affected.

A Try it and record the results

ok*In the horizontal position with one clamp attached, the period of oscillation

was 0,33 sec. The period of vertical oscillation with one clamp attached was

identical,

ti
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3. Predict how the period would be affected4ka strong magnet
were held beneath the platformrwhile the balance was operated in its
normal horizontal pdsition with one C clamp or other metal weight
attached.

A strong magnet should decrease the period of oscillation because the

restoring force of the magnet is being added to the restoring force of the

spring.

Try it and record your results
With a strong alnico magnet held below the inertial balance and with one

clamp attached to the end, the period was reduced from 0.33 sec to 0.31 sec.'
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EXPERIMENT NEWTON'S SECOND LAW

NAME CLASS HOUR

LAB PARTNERS* DATE.

PURPOSE -41

According to Newton's laws of motion, the velocity of an object can
change only when a force is acting on the object. In this experiment,
the relationships between the force that is applied, the mass of the
object, and the resulting acceleration will be experimentally estab-
lished.

PRbdEDURE

,Dynamics cart

String 50.0 cm

Pulley

Milk container
and grayel

1. Place a dynamics cart on a smooth horizontal table and attach
a paper cup or milk container to it, as, shown in the diagram

2. To compensate for friction, place just enough sand or gravel in
the milk container so that the dynamics cart will move at a constant
velocity once it is started. Using a good balance, measure the total
mass of the cart, milk container, and gravel and record in the data
chart. t

3. Place two pieces of tape on the table to mark off a distancq of
50.0 cm

4. Apply an accelerating force of 0.05 N by adding 5.0 grams of
sand or gravel to the container and record the time it takes the cart to
travel between the pieces of tape, starting from rest.

5. Calculate the acceleration of the cart, u ing the equation

a = 2S

t2

57 A.

Students working in groups of two or
three should be able to do bcei parts
of this experiment during a ypical
laboratory session and. still have
some time left for plotting graphs. In
every class, there will be some stu-
dents who are dissatisfied with their
results using a stop watch and a
dynamics cart. If there is extra time, it
is a good idea to set up at least one
linear air track in the lab.

APPARATUS PREPARATION
1 pulley, clamped to table
1 dynamics cart
1 stop watch
1. length of string, about 100 cm

long
2 pieces of masking tape, about 25

cm each, for indicating a starting
and finishing line

1 milk container or paper cup for
holding sand or gravel (or stan-
dard masses)

1 set of standard masses or 1 cup
of sand or gravel

1 centrally located triple beam bal-
ance for the entire class

2 bricks or masses of about 1

kilogram each for increasing
mass of cart



See sample graph on this page.

See sample graph on next page

2o

15
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0
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SUGGESTIONS AND TECHNIQUES

1. If desired, known standard masses May be substi'.uted for
the milk container and sand and gravel. These small masses are
very expensive, however, and are not likely to improve the result
of this experiment.

2. To keep the mass of the system constant while deter-
mining the effect of increased accelerating forces, it is sug- /
gested that a container holding some sand or gravel be placed

irs(/on the cart. Transferring some of t material from the cart to
the' suspended ii2ilk container will akeake it possible to increase
the accelerating force without changing the mass of the system.

,..
0.c

6. Repeat the above procedure several more times, increasing
1 the accelerating force by 0.05 N or 0.10 N each time by adding sand to

the milk container.

7. Plot a graph of acceleration vs. force, using your data.

8. With a constant accelerating force provided by thehvel in
the milk container, vary the mass of the accelerating system (cart,
container, and gravel) by adding known masses, about 1 kilogram at a
time, strapped to the top of the cart. For each trial record the mass of
the system and the resulting acceleration. Make a graph showing how
the acceleration vanes with increased mass.

0
0.00 On 0 29 '030 040

Accelerating force 04)

DATA

Variation of Acceleration with Force (Constant Mass)

-Distance moved, S cm

Mass of cart, container, and gravel m = /4400

TRIAL
Force

(N)
Time, t

(sec)

Acceleration, a = 2s/t2
(cm /sect)

1 0.05 5."-1 3.5

2 0./0 . y2 57
3

, a 2.0 3.0 1 1

4 0.30 2..y 17

5

58
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EXPERIMENT 15. NEWTON'S SECOND LAW .0

NAME

VariatagrufAccaluration with Mass--(Constant-forcel-

Distance moved, S = 5° cm Accelerating force F = 0 40 N

TRIAL
Mass of cart, container,
gravel, and added mass

(9)

Time, t
(sec)

Acceleration, a = 2s/t2
(cm /sect) '

1 P-100 20 15
2 29 00 LID 63
3 34400 8.0 1.7
4

. , ,

5

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. According to the text book, the acceleration of an object is
directional proportional to the force that is applied. How does your

raph of acceleration vs force indicate this relationship?

The graph is not a straight line.

2 According to your tex4 book, the acceleration is inversely pro-
portional to the mass of an object providing the accelerating force is
constant. How does your graph of acceleration vs. mass show this
relationship?

The curved line of the graph indicates an inverse relationship, but increasing

wheel friction as more mass is added to the cart will cause variations from
theoretical expectations.

3. It is difficult to verify Newton's second law experimentally
using a dynamics cart because the applied force not only accelerates
the cart but also makes the wheels roll faster and faster. If your school
has a linear air track in which a glider resting on a cushion of air
moves almost frictionlessly over a rigid metal track, repeat the above
experiment, recording your data and analysis on the reverse side of
this sheet.

59 I' )
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MQ (crams)

Systematic errors caused by friction
in the wheels, angular acceleration of
the wheels, and difficulty in timing
short intervals with a stop watch are
likely to cause variations from the
theoretical direct proportionality.

An air track with automatic timing
mechanisms (such as photocell
gates) will give results that are very
close to the theoretical relationships.
This apparatbs is quite expensive,
however, and takes more time to set
up and operate than is usually avail-
able in a typical lab session.



EXPERIMENT TRAJECTORIES

46'
NAME. CLASS HOUR

LAB PARTNERS DATE

PURPOSE (
The path, or trajectory, of an object which is moving horizontally as it
rises or falls freely is a parabola. In this experiment the trajectory of a
ball which rolls off a ramp will be studied.

PROCEDURE

Ball Carbon paper covered Impact
by tracing paper board

Plotting board
covered by
graph paper

1 Align a piece of graph paper so that the long edges are
vertical, and rule a horizontal line near the top of the paper Starting at
the left edge, rule a series of vertical lines 2 cm apart.

2. Adjust the slope of the ramp on. the trajectory apparatus so
that a ball will be ejected horizontally upon reaching the bottom. Use
a carpenters level if one, is available.

3 Mount the graph paper on a plotting board, making sure that
the intersection of the firsi-verticat_line ahlk4hp horizontal line on the
graph paper is aligned with the bottom of the ramp

4. Allow the _ball to roll down the ramp and fall in front of the
graph paper. Start the'ball at daferent heights along the ramp until
one is found which will cause the ball to land at the lower right hand

61

It is recommended that this experi-
ment be done with students working

ptirs, each student should gather
individual data with the help of his
partner The apparatus is available
from suppliers of Project Physics
equipment and comes complete with
plotting board, impact board, steel
ball, and channel incline.

APPARATUS PREPARATION
1 set of trajectory apparatus
1 piece of carbon paper (2 cm by

20 cm) for each student
1 piece of tracing paper (same size

as the carbon paper) for each
student



SUGGESTIONS- AND TECHNIQUES

1. Practice releasing,the ball in exactly the same manner for
each trial. You will find that releases are more consistent if the
ball is held with a ruler instead N with the fingers prior to
release.

2. For improved data analysis, allow the ball to strike the
impact board several times at each position. The differences In

) position of the impact points at each location can be measured
to give a quantitative indication of the error.

3. Clamp the apparatus or hold it firply to be sure_that the
impact board does not move while it is being struck by the ball.

A

corner of the graph paper. Hold the ball on the ramp at this position
and tape a small block of wood to th ramp at the top of the ball so
that the same position may be easilround for future releases.

5. Cover the face of the impact board with a strip of carbon
paper, carbon side out, and then cover the carbon paper with a sheet
of,transparent tracing paper.

6. Place the imbact board on the lab table so that,the_tracing,
paper touches the Pottom of the ramp.

7. Roll a ball down the ramp and allow it to strike the impact
board and make a small mark on the tracing paper.

8. Adjust the graph paper on the plotting board so that the
intersection of the first vertical line and the horizontal line at the
upper left corner coincides with the mark on the impact board. Mark
the graph paper at this spot.

9. Move the impact board to the right until the tracing paper is
aligned with the second vertical line on the graph paper. Starting the
ball at the predetermined position on the ramp, allow the ball to roll
down and strike the impact board On the second vertical line of th
graph paper, mark the height of the impact point. Roll the bal
the ramp for several more trials, moving the impact board to each
the remaining vertical lines on,the graph paper and mark the position
of impact for each location on the graph paper.

10. With the impact board out .of the way, allow the ball to roll
down the ramp and check that it passes each of the marked points
on the graph paper as it falls in front of the plotting board.

11. Remove the graph paper from the plotting board and draw a
smooth curve connecting the points to show the trajectory.

DATA ANALYSIS

1. Remove the graph paper from the plotting board, and starting
from the left, number the vertical es consecutively

2. On each of the vertical lines, easure the distance between .
the level of release and point of impact to the nearest thousandth of a
meter and record these values on the chart thall follows.
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EXPERIMENT 16. TRAJECTORIES

NAME-

Alb

CLASS HOUR.

3. Using the equation:

S = 1/2gt?

calculate the time of fall for each of the distances recorded in the
chart. Enter these values in the next column of the chart.

4. For each of the impact points on the graph paper, measure the
horizontal distance that the ball has traveled after launching and
record these values on the data chart. Calculate the average
horizontal speed at which the ball traveled to reach each of the impact
points by dividing the horizontal distance by the tee. Enter these
values in the last column of the data chart.

Vertical

distance

(m)
S(v) =

Time

(sec)
t =

Horizontal
distance

(m}
S(h) =

Average

horizontal
speed

(m/sec) v =

0. 000 0.000 0.000-

0.03 0.025 0.020 0.80

0.010 . 0-01-45 0.0(-{0 0.89

0.02.1 0.0bb 0.0(00 0ci l

0-0y7 0.087 Q-080 0.92_

5.0(00 0.111 0. l00 090
0/.085 0.133 0.12_0 0 -q0

0.11(0 o-.15,-i 0.1,-10 0.q 1

0-152. qi11(0 0.1(90 D. ci I

p. 18?) o-icio odio 0.q2
RELATED QUESTIONS AND ACTIVITIES

1. Replace the graph paper qn the plotting board and check that
the ball follows the 'same trajectory when released from the
predetermined point. Move the entire apparatus to the edge of the
table so that the ball could continue its fall until it reached the floor
Measure the 'distance from the bottom of the ramp to the floor and
calcuVe the time that would be' required for the ball to fall this
distanee using the equation

4 S = 1/2gt2.
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Using this time and the horizpntal speed which was calculated earlier,
predict the point of impact where the ball will hit the floor. Try This
experiment and calculate your error in predicting the point of impact.

x(i) Assuming that the bottom of the ramp is 1.00 m above'the floor,

the time required ,to fall to the floor (using S =1/2 91?) is 0.45-sec. Traveling at an
average horizontal ?peed of 0.92 m/sec, in 0.45 sec the ball would cover a

horizontal distance of 0.41 m.

2. If the apparatus were placed at the edge of a cliff, 1000 meters
high, and-the ball were released on the ramp on a windless day, why
would it be difficult to predict the point of impact of the ball at the
base of the cliff?

When the ball falls a great distance, rotation will cause its path to become

curved and air resistance will have an appreciable effect on the travel time as
well as on the uniformity of the. horizontal speed.

:3. Place a penny at the edge of the table and shoot a nickel along
th'e table So that it hits the penny and they both fall off the edge. The
penny flies out farther than the nickel but both will hit the ground at
almost the same .instant. Why?
Since both coins are shot off the edge Cif the table with a vertical speed of
zero, both take the same amount of time to reach the floor. The greater
horizontal speed of the penny causes it to cover a greater horizontal distance
than the nidicer abring that time.

4. Make a strobe photograph of the ball falling in the trajectory
apparatus using one of the techniques given in Experiment 7. From
measurements on the photograph, calculate the horizontal speed of
the ball and compare it witii that determined in the data chart on the
previous page.

Refer to Experiment 7 for techniques and suggestions for making strobe

photographs.

f

4
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EXPERIMENT CENTRIPETAL FORCE

NAME: CLASS HOUR. .

LAB PARTNERS. DATE .

PURPOSE

A force which continuously changes the direction of motion of an
object so that it moves in a-circle is known as a centripetal force. In
this experiment the relationships among the mass, centripetal force,
speed, and radius of curvature will be investigated.

PROCEDURE
-7

A meter
Glass tube covered
with tape

m

2hole rubber stopper )

100 standard mass

Marker

. Light cord

4

1. Pass a strong light cord through a 10-centimeter length of
glass tubing. At one end of the cord, fasten a 100-g standard mass.
At the other end, tie a 2-hole rubber stopperas shown in the diagram.
Hold the bottom of the cord in one hand and manipulate the glass
tubing with the other so that the rubber stopper revolves overhead in
horizontal circles approximately 1 meter in radius. (See Suggestions
and Techniques.) When this has been mastered; release the standard
mass so that it is free to.move up or down. In this mode of operation

65 P

This experiment should be done with
students working in groups of three.
One student operates the apparatus,
keeping the radius constant asthe
stopper is whirled in a horizontal
Circle. A second student counts rev-

/Olutions, while a third watches the
time

APPARATUS PREPARATION
1 meter stick
1,length of fishing line, approxi-

mately.1.5 m long
1 piece of glass tubing, 10 cm

long, firepolished at ends and
covered with tape

3 or 4 two-hole stoppers of differ-
ent mass

1 100-g standard mass
2 200-g standard masses
1 piece of cellulose or masking

tape, 5-cm long, or 1 paper clip
1 stop watch or clock with sweep

second hand



4

-1

See sample graph on opposite page
Check that students realize that force
is zero when sped is zero.

" SUGGESTIONS AND TECHNIQUES
,

1. To prevent the-cord from being cut by 'the edge of the
gliss Wiping, the tubing should be fire polished by heating it in a
bunsen burner flame until the rough edge has softened into a
smooth peace. For safety, the glass ft rbing should be covered
with some Tape.

, ,-'

2. The radius of the string will be difficult to measure while
the stopper is moving. One way of measuring it isoto measure the
string before or after the actual trial. A small marker such is a
paper clip'or A piece of tape altache,d to the String about- 2 crrt-,
below the glass tubing will be helpful in maintaining a constant
radius while the stopper is being revolved.

,3. When measuring the radius be sure to measure the
distance from the center of the stopper to the denter of the top
opening of the glass tube.

. .,,
14. To keep the centripeta force fi.orri varying chning the.

experiment, it will be necessar to practice keeping the rubber
stopper revolVtrOn a hohzontal circle. If- the circle is not
horizontal, a changing centripetal force will be observed during
each revolution.

5. The values of the known masses are usually 'given in
grams. Remember to convert these values-to kilograms before
multiplying by g to get'the force in newtons.

the weight of the hanging mass supp the centripetal force which
forces the rubber stopper to move in a circle.

t /Find the speed of the rubber stopper by allowing the stopper
to whirl in a horizontal circle of constant radius (r) for twenty
revolutions while measuring the time. The speed is equal to the
distance divided by theotime: (where' the distance is 27r r for each
revoluticilic

\3. LrIcrease., the centripetal: 4orce by adding known masses to
supply -additional centripetal force. As each known mass is added;
recdrd the centripetal force and the resulting speed of the rubber
stopper, Be sure that the radius of the circle in which the stopper
moves does not ohange from trial to trial. Plot a graph of centripetal
force' vs. speed.

4. Keeping the centripetal force constant, whirl the stopper in
See sample graph on opposite page. horizont01 circles of different radii. For each radius, calculate theCheck that students relize that
speed is zero when radius is zero. speed at which the stopper moves. Plot a graph Of speed vs. radius

5. 'Keeping the radius and centripetal force constant, vary the

See sample graph near the aorres- mass that revolves by substituting different size rubber stoppers. With

ponding data table. . each substitution, you will find that the speed changes. Plot a graph
of the speed vs. mass.

66 r CO



(EXPERIMENT 17. CENTRIPETAL FORCE'

NAME

.
CLASS HOUR

Varying .the Centripetal Force

Radius of circle (= r) r = 0- 50 meter(s)

Mass of rubber stopper M(s) a 0.31 kilogram (s)

TRIAL
k Iy

M
Hanging

mass,
(kg)

F(c)
Centripetal
force, Mg

(N)

,
n,

, No of
`revolutions,

/

Total
distance,
d = 27To

(m)

Time, t
(sec)

Speed,
d =' sit
(m /sec)

1 0- (0(5.

.

-0498 24 (-(o s
,

X5.8 40
.

2 ,1 200 2.0 20 C93 11.o 5.7

r 00
,

2.9
.

zo 63 It
.

. o 5.7* .

4

..

0. 00 3.9 w 63 7.8 81 .

5

.ii

Varying title Radii-is

0 0/611Mass of rubber stopper m(s)-= kilogram(s)

C
Centripetal .force ( = weight of hanging mass) F(c) =

l.q8 newton(s)

8.0

- 40
2

ao

20
'

'r.
.0c 1.0

00
00

TRIAL
Radius,

r
(m)

No. of
revolutions,

- b n

` disTtoatnacl e,

d = 27Trn

(m)

Time, t
(sec) .

Speed, G;!.
v = dlt
(rEsec)

1 0400 10 38
.

(0.1 6.2.*

2 0.10 ' 10 41 L-11 10.7
,

b.(9

3 o.80 10 SO 7.2 to(1

4 0.C10 10' 57 749 7.5

5

_ ...
,

67..

7.0

60

E

4.0

3.0

20

1.0

. 0.0
0.00

2.0 6.0

Speed Crnieec)
8.0

0.50 1.00

Radius Cm)



"t? 8.0

E

Varying the, Mass otithe Rubber Stopper

Radius of 'circle (=r) r = 1.00 meter(s)

Centripetal force (= weight of hanging mass) F(c)= 2.0 newton(s)

140

2.0
.1111

0.0
0.000 0.020 0.040

Mass Ckq)

(This relation is not linear, although
this may not be apparent .fAv the
graph: The speed goes as 1/ fm;)

WS

TRIAL

,

m(s)
Mass of
stopper

(kg)

No. of
revolutions

n
.

edisTtoatnacl'

d; 2 irr n

(m)

Time, i
(sec)

Speed,
v = dit

0.(m/sec)

1 CM. 10 102.3 6.7 cl9

2 ooze to- (Q2.8 ii 8.5
P 0.0310 10 62.8 -8.5 71-1-

4,
-

..1.

5 ,

RELATED QUESTIONS AND ACTIVITIES

1. Examine the graphs that have been prepared and summarize
the relationships that you have found between:

The centripetal force in-
a. speed and centripetal force.

creases with the speed but is not directly proportional to it (graph, is not a
1

straigtft line.)

b. speed and radius The speed inCreaseswith the radius but.
is not directly proportional to it.

t,.

c. speed and mass of revcivind object The speed de-

creases as the mass increases

A4

2. Select a rubber stopper of unknown mass. Measure the s'peed
as it is whirled in a hOrizontal circle of the same radius and with the

,same centripetal force as in Step 6 of the Procedure. Using ytur
speed vs. mass graph, find the mass of the stopper. Check your
results by using a balance to find the mass of the stopper.

Mass from graph m(g) = O. 030 "kg

0.031 it kgMass from' bilance m(b)

Percent error E = 3Y0

*1-- 68 44



2 EXPERIMENT 17. .CENTRIPETAL FORCE

NAME six
CLASS HOUR

3. When a rubber stopper is resting on a rotating phonograph
turntable, the friction between the stopper and the turntable provides

the centripetal force which keeps the stopper from skidding off
Measure this force by placing the stopper on a stationary turntable
and pulling it with a spring scale tjntil it just starts to slide. A more

precise technique is to attach a light string to the stopper, pass the
str..ng over a pulley, and then hang known weights on the other end of

the stung until the stOpperin_ginS to slide Now place the stopper

near the center of the turntable and turn the motor on so it turns at a

known speed. If the stopper does not slide, stop the turntable, and
reposition the stopper a little closer to the rim until the minimum
radius is found at which the stopper begins to slide. Using the

equation

F = mv2/r

calculate the centripetal force and compare this with the frictional

force which was found earlier.
In a typical trial, a stopper of mass 0.036 kg was placed on a turntable with a

record revolving at 45 rpm. They stopper began to slide when it was 10 cm

(0 10 m) from the center of the turntables Calculations indicate a centripetal

force of 0 07 N compared with a spring scale reading of 0 1 N

-69

The main difficulty that.students are
likely to encounter is in determining
the speed (v) of the stopper as it
travels in a circle on the turntable.
Using a standard phonograph turn-
table, the speed can be calculated by
taking the distance for one revolution
(2 vr) and dividing it by the time t for
one revolution. At 78 rpm, t = 0 77

et 45 iptri, t - 1.33 sec, and at
33 3 rpm, t = 1.80 sec.

0



EXPERIMENT

18
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NEWTON'S THIRD LAW

NAME CLASS HOUR

LAB PARTNERS DATE

PURPOSE

The consequences of Newton's third law of motion may be observed This experiment has been successful

ns You Will rform a with students working alone or with

4.

ontrolled explosion and compare the change of momentum of each

object.

PROCEDURE tt

Carbon paper over Load Short string Dynamics cart

white paper

Long string

4,

In this experiment, two dynamics carts are placed on a table as shown

in the diagram. Their spring-operated plungers are compressed and

held in this position with a short string. The string is burned, allowing

the carts to fly apart. The change of momentum (mass times change

in velocity) of each of the carts is determined. To avoid the necessity

of using *a timer, a long string is connected between the two carts so

they will both stop at the same instant. Since the time of travel for

each of the carts is identical, and they travel at approximately

constant sped after they separate, their relative speeds may be
determined simply by measunng the distance each moves. Proceed

as follows:

st,

I measure the ragsof-each- of the -carts-using-atriple-beam
balance and record in the data chart.

2 Tie the two carts together with a short string and with a long

string (If the plungers can,,be cocked, do not cock them.)

3 Burn the short string and measure the distance that each cart

moves until it comes to the end of the long string. For help in making

this measurerpent, refer to the Suggestions and Techniques section

Record the values inthe data chart.
71

as many as our in a gr u
results have been found with stu-
dents wcIrking in pairs.

APPARATUS PREPARATION
2 dynamic carts (heavy carts with

small light wheels are prefer-
able)

2 or more weights to attach to
carts ,7

2 rubber bands to attach weights
to carts

10 lengths of short string, each 10
cm

1 length of long string, about 1 m
2 sheets of carbon paper .\\
2 sheets of white paper
tape to fasten paper to lab table
matches to burn string
1 meter stick
1 triple beam balance



SUGGESTIONS AND TECHNIQUES
-,..,

1. To measure the precise distance that,a cart travels, mark
the point where one of the wheels touches/he table before the
explosion. Near the position where the cart will stop, place a
piece of white paper covered bycarbon paper, carbon side
down. When the wheel rolls over the carbon paper it will make a
track which shOivs the farthest distance that the wheel traveled
before it was stopped. The distance between the starting point
and the end of the carbon track can be measured to the nearest
millimeter.

2. To obtain a clear impression of the wheel on the carbon
paper, wrap a single strand of thin wire around the wheel and
secure it with a small piece of tape. The thinner the wire, the
greater will be the pressure on the carbon paper.

t the rusultb u anytrt
fly apart in a straight line.

wo ca s o

4 If momentum is conserved,

mit, M2V2

Or midi m2d2

t2

where 1112 are the masses of the left- and right-hand carts,
respectively

vi," v2 are the respective speeds after separation
adr, d2 are the respective distances each cart moves

t,, t2 are the respective travel times of each cart

Since t t2, then mid2. = m2d2. Consequently, the mass ratio
m, /m2 will be inversely proportional to the distance ratio:

ms d2

Calculate the mass ratio and enter it on the data chart. Using your
distance values, calculate the inverse distance ratio (dildi) and enter
it in the data chart. Theoretically the inverse distance ratio should be
exactly equal to the mass ratio, but they will be found to differ
somewhat because of experimental conditions. Using the mass ratio
as the standard, calculate the percent error and enter this value in the

lsottom row.

5. Change the mass ratio by adding a weight on the top of one of
the carts and secure it firmly with a rubber bilnd or string. Explode the
carts an measure the distances. Enter the distance and mass data on
the chaff and calculate the percentage error.

f
6. Change the mass ratio several additional times, recording the

data in the chart together with the percentage error in each case.

"i AI 72



EXPERIMENT 18. NEWTON'S THIRD LAW

NAMES CLASS HOUR

DATA

TRIAL

1 2 3 4 5 6 7 8

Mass of. eft-hand
cart, M7 = 1.446 1.% 2.50 130

1

J

(kg)
Mass of right-hand
cart, I77 2 =

(kg)
1.413 1.413 /.25 Z30 1.2.6

11712

Distance left-had
cart moves,
(m)

1.02 1.02. 240 0.S1S

d,=

Distance right-hand
cart moves, d 2 =
(m)

012

sLs

at:Aft oda 071g

0.100 0512.i o.6140

d2/d1 1.oS 1433 01918 1.2.1

Flercent error E = Lfl 2 85 52

RELATED QUESTIONS AND ACTIVITIES

1. Analyze the experimental errors that occurred in each of the

trials. If all of the errors were in the same direction, it indicates that
there may have been a syskmatic error in the equipment or
experimental techniques. For ekmple, one of the carts may have had

more friction than the other. Identify and account for any such errors

Data ab e does not indicate any systematic errors.

2. If the spring-operated pliingers are compressed mole or are
compressed less during successive trials, it witvary the amount of
force that is pushing the two carts apart. In theory, how should this

affect the relative distance that each cart travels?
The distances should not be affected at all. Thp force would affect the time of

travel but this is not measured in this experiment.

73
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Some differences .will be observed
from trial to trial because of random
errors in measurement and tech-
nique.

Again, any differences in data are
likely to be due to systematic or
random errors rather than new
discoveries in physics. Learning to
recognize negative results might be
more important than merely
confirming known theory.

Prove your answer by setting up an experiment and recording the
data below.

3. :immediately after the string has been burned, the force of the
plunger pushes the two carts apart, causing them to accelerate until
the plunger has been fully extended. For precise results, this sho
distance should not - - i_ME A' .1 - ..

ti-7aVelecTifter the explosion. Devise and try an im
technique that would take this factor into account for the expel.'
Record your idea and the experimental res Its below.
Since the force on each plunger by the er is identical during the
acceleration, the acceleration ratio of th two carts will be inversely
proportional to.the mass ratio. Thus, since e times for accelerated motion
are identical, the distance ratio during the acce ation phase will be identical

to the distance ratio after the forces cease to act e instructions above are
purposely vague to add interest to the experiment

4 Repeat the experiment using a linear air track, if one is
available. Because the gliders rest on a cushion of air, there is
negligible friction and it Is possible to obtain more precise results

DATA:

A linear air track is one of the most useful pieces of apparatus for

experimentation in the physics lab. Because there is little frictional resistance

and no changes in angular momentum (due to rotating wheels), excellent

results may be obtained. Students will soon find that apparatus with improved

precision often presents additional problems, such as effects of air resistance

and difficulties in making precise distance and time measurements, which did

not appear when measurements were less precise.

74



EXPERIMEN CONSERVATION OF ENERGY IN A PENDULUM

NAME CLASS HOUR

LAB PARTNERS' DATE

PURPOSE

4

Mechanical energy may exist as potential (stored) energy or as
kinetic (moving) energy. In this experiment con Versions between

these two forms of energy will be Investigated.

ENERGY IN A PENDULUM

Displacing a pendulum to the side increases the gravitational
potential energy of the earth-pendulum system by an amount given

by the equation

PE = mgh

where:

PE is the potential energy

m is the mass of the pendulum

g is the acceleration of gravity
(9.8 m/sec2)

h is the vertical height of the pendulum aboi

its original position.

The potential energy is in Joules if m is in kilograms, g is in m/sec2,
and h is in meters.

If the pendulum is displaced to the side and then released, it starts
moving as it falls, and potential energy is converted to kinetic energy.
The kinetic energy of the moving pendulum is given by the equation:

\

KE = 1/2mv2

where:

KE is the kinetic energy

m is the mass Of the pendulum

v is the speed of the pendulum

75

Students working in groups of two
pr-the-cheifenge-ef-thte---7-

experiment.

APPARATUS PREPARATION
1 drilled brass ball or a standard

mass of at least 200 g
1 length of a string at least 0.5 m

long
1 ticker tape timer (Several types

are available but the type illus-
trated here is highly recommen-
ded.)

1 meter stick
1 stop watch or watch with sweep

second hand
approximately 8 m of ticker tape



SUGGESTIONS AND TECHNIQUES

1. Use apendulum that is at least 0.5 meter long.

2. When measuring the distance between the pendulum
bob and the top ofAhe table, you may measure to any part of the
pendulum bob, as long as the same part of the bob is used for
each measeirement.

3. To find the distande traveled in 10 dot intervals, measure
the distance between the first and last of 11 dots on the tape.

4. You may wish to substitute a photographic strobe system
'for the ticker tape-timer. Refer back to Experiment 7 on strobe
techniques if necessary.'

4

PROCEDURE

1. Measure. the mass of a pendulum bob and record in the data
chart.

2. Calculate the period of a ticker tape timer by pulling the tape
through for 3 seconds and counting the number Of dots that it makes.

3. Attach the end of the tape to the pendulum bob, as shown in
the illustration. Measure the height that the pendulum bob is above,
the table-when- the pendulum- is-in-its- vertical-equilibriuM:position.
Displace the pendulum to one side until the vertical distance between
the.pendulum and the table is 0.020 meter higher than it was at the

, equilibrium position.

4. Start the timer and release the pendulum. When the pendulum
has swung over to the other side and is just starting back down, stop
the tirrier and examine the tape.

5. Calculate the maximum speed that the pendulum achieved
during its swing by measuring the distance and calculating the time
that is associated with the 10 longest consecutive dot intervals on

P1
$ J76



EXPERIMENT 19: CONSERVATION OF ENERGY IN A PENDULUM

(
NAME CLASS HOUR

the paper. Record the distance and time for the 10 dot intervals and
speed calculation in the--. \ a chart.

6: Using the speed calcu ated in the previous step, calculate th
maximum kinetic energy of,the pendulum using the relationship:

KE = 1/2mv2

7. Repeat the above procedure, drawing the pendulum bob back
farther so that it is 0.40 meter higher above the table than it was in its
equilibriuin position. Repeat this for several, more trialg, increasing
the vertical distance by 0.020 meter for each tri91.

DATA

Timer Calibration

TRIAL 'Total time (sec) T(t) No_of dots n Time interval per dot (sec)t

1 5.0 38o 0.0132
2 5.0 3 87 0.012.q

3 5.o 375 0.0133

. Mass of pendulum bob, m = 1.00 kg

TRIAL N 1 2 3 4 5 6

Height of bob (h)
above equilibrium
position (meters)

)
.020 0.040 0.060 0.080 0.100 0 120

Potential energy
PE = mgh (joules)

0. 0.39 05q 0.78 0.98

Maximum distance
traveled in 10 dot
intervals (meters) S =

0.07 0.0ci 0.12. sp.iL-1 olio
'

Time corresponding
,

to 10 dot intervals
(sec) t =

0.13 o.t3 0.13 0.13 0.13

Maximum speed,
(m/sec) v'. 0.94 00 042- 1'1 1.2-

Kinetic energy
KE = 1/2mv2 (joules) 0.15 0.2.f4 0142 0422. C51/0

Percent error E = 2570 331. 2.9% '2.12 22.Z -

77

The fact that the kinetic energy is
roughly 25% under the potential en-
ergy for each trial indicates that there
is a systematic error in the sample
data.

Re-analysis of the tapes by the stu-
dent fricheatld that a 10-dot interval
with his a5paratus was much -:too
great and that distances between
dots varied considerably within this .
interval.

Recalculations using a lime of .013
sec and the largest distance between
two successive dots on the tape
reduced the error to less than 5% for
each trial
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1

1

k

l

RELATED QUESTIONS -,

1. Examine your data chart and note the similarities between the
values for the potential and kinetic energies in each case. Explain why
these two values should be.exactly equal, in thebry.

The kinetic energies are less than the respective potential energies in each

trial. According to the law of conservation of energies, without losses the

energies should be always equal.

2. Calculate th .- fo . V

difference between the potential and kinetic energy by the potential r
energy and expressing it as a percentage. Enter this in the bottom row
of the data chart.

C-alcuialiohs:
+.........

8o

78



EXPERIMENT ENERGY CHANGES ON A TILTED AIR TRACK

NAME CLASS HOUR

LAB PARTNERS DATE

The linear air track offers an excellent opportunity to observe changes
of mechanical energy because any losses due to friction-, are

negligible. Because theoretical calculations and actual observatibris
can offer results which are practically identical, you can make a game
out of how close you can predict the distance a glider wilt move on a
tilted air track.

PROCEDURE

1. With ,the air track horizontal, stretch a rubber band between

two supports and allow a glider to rest against the rubber band in its
equilibrium position,-as-- shown -in -the- diagram.

2. Calculate the potential energy that is stored in the rubber band
when the glider is moved 1 centimeter from its equilibrium position
into the rubber band. Because the forces exerted by a stretched
rubber band are not linear with the stretching distance. incorrect
conclusions will be reached if you try to find the rubber band energy

by multiplying the total force by the total stretching distance. It will be

necessary to fincl the energy in small steps and then add them to find
the total potential energy necessary to stretch the rubber band 1:0

centimeter. To do this, follow the procedure given in steps 3 and 4

belove--

79 Si

Students enjoy this experiment be-
cause the corjcepts are simple and it'_

provides a real challenge to perform
precise measurements.

Errors as high as 75% are likely
unless good laboratory techniques
are used.

APPARATUS PREPARATION

linear air track
glider
rubber band launcher
long, thin rubber band (or chain oft

smaller ones)
meter stick

The, air track illustrated here has an
integral blower a4he left end. Other
models lave separate blowers at-
tached to the track by a hose. If the,

?rack does not already have a rubber
band launcher, one can be impro-
vised by using two ring stands as
sho in the diagram.



1

.5

4,

<-... ,.,
3. Tie one end of a light cord to the glider and pass the other end

over a pulley to a hanging paper cup. Plate sand or gravel intolhe

-5\4 'cup until the glider moves into the rubber band 0.1 centimeter from its
equilibrium position. Weigh the cup and sand on a balance. Record

sif the balance indication (which most likely will be in grams) in the data
chart. Multiply grams x 0.001 for mass in kilograms.

,

\--, 4. Increase the amount 'of sand or gravel in the cup in steps that
will stretch the rubber band up to 1.0 centimeters In 0.1 centimeter
steps. For each step, record theweight of thalcup and sand in the dafa
table. These data will be used to calculate the stored Nential energy
when the data is arialyzed later.

5. Raise one end of the track until it is sufficiently high so the
glider will not reach the far end of the track after being shot out of the
rubber band launcher stretched to 1 centimeter. Measure the angle of
inclination of the track and record it on the data chart.

6. Predict the maximum distande that the glider wilWavel up the
track after the rubber band is released. This can be done by equating
the rubber band potential energy to the increase of gravitational
potential energy (mgh, where m is the glider mass, g is the
acceleration due to gravity, and h is the height the glider rises after
the rubber band is released).

7. Try this several times, changing the distance that the rubber
band is stretched or changing thertiass of the glider.

t

DATA ANALYSIS
*

1. Calculate the potential energy in the rubber band When the
glider.stretches it 0.010 meter. One way to do this is to multiply the
stretching force by 0.001 meter to find the Work in joules to stretch the
rubt?er band for.the first millimeter. Record this in the last column of
the data chart. For ,eech succeeding millimeter stretch, multiply the
increase in force by 0.001 meter to find the extra potential energy in
ct.j.laJ

When this has been done for all 10 millimeteit, add the energies
in the last column to find the total energy. You might wish to check
this value by plotting stretching force vs. distance,on a graph and
then finding the total energy by measuring the area under the graph
line.

To save time, you might wish to enter only the data for
columns A and B and then let your laboratory computer calculatathe
total rubber band energy from these data.

e

80 1 I
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EXPERIMENT 20. ENERGY CHANGES ON A TILTED.AIR TRACK

NAME

e. ,

Distance,
(millimeters)

d=

Distance
(meters)

S = ,

Mass of
cup and

. sand
in kilograms

s m=

.Stretching
lorce

(newtons)
E =mg

Potential
-Energy
(Joules)

1

Q

.

.001 _
\

\....._

1`'

I

2

..

.

.002.

. 4

4
o

,

3 003

4.,

,
ii

4 .004 .t,

r
'. . &

t,

.5
,.

tt
.005 ,

/

(i.)2 .006

7
, .

,,p07"--

.

.

...

8

..

.008

,

.
i

IA
9 /.1. .009

.1k.

C

-

,,

.1.7'

,
10

,

.010

,

,..

Total potential energy
. (Joules) ,PE.K

.: t:
. .

81

CLASS HOUR

Typical sample data for this chart is
not given because of the vanations
exp.enenced with individual rubber
bands and the non-linearity of their
stretching forces. Look for repeat-
able data ±1t% among several in-
dependent trials.

7

, .



To avoid trigonortletric calculations,
have students calculate the increase
in.height and then refer to the actual
air track to find the distance along
the track 'which corresponds to this
change in height.

The average student is'likely to be off
by about 50% in his prediction of the
distance along the track that the
glider will travel. These large errors

= provide a real opportunity for stud-
, ents to improve both the!ir measur-

ing techniques and the rubber band
launcher. According to the sample
data, it is obvious that the launcher
does not conform to Hooke's Liw of
the ideal spring

41k

A

,*

4

4

2. Calculates the height to which the Oder will rise Using the rela-
tionship h =14/mg, where. PE is the energy stored in th rubber band
when strefEhed 1 centimeter, m is the mass of the glide* in kilograms
and g is the acceleration of gravity ( g = 9.8 m/sec). Enter this value in
the chart below. ,

3. Cilculate the distance along the track that the glider will cover
,;before coming to a stop. Do this by dividing the height, h, by the sine
of the angle of inclination, A. Enter this _predicted distance in the
chart. s

4. Now, experimenVto find the actual distance that the glider will
moye up the track after being launched from the rubber band
strefshecrone .centimeter, Enter this experimental value in the chart
and calculate the perbentage error between the predicted and the
measured values.

TRIAL

1 2 3

Inclined
Angle
A=

30 50

4 5

Rubber band
energy, Fs

(joules)
o0008 0.00416 o-009q

Glider mass
(kg) rri = 0.250 0160 0.2_50

Predicted height
rise (meters)

h=
0.0003 0.0.001 0.00(4

Predicted
distanceAmeters1

d(P) =
(:)35 7$9

Actual distance
meters d(A) =

60.037 0.12 0.25

Percent .error yb

0qb.

b5

RELATED QUE3TIONS AND )ZCTIVITIES

.1 How would the motion of the glider c nge if the tilt of the air
track weee increased?

The\tncc.ease in.height would be the same b t. the distance along the track

would b) less.

82 84
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EXPERI1VENT 20. ENERGY CHANGES ON A TILTED TRACK

2. Describe the changes that take place in the kinetic energy of

the, glider, from the time the rubber band is. released until the glider

returns to the original release position.
Upon release, the KE increases until the glider leaves the rubber band

launcper As the glider continues uputhe track, its KE decreases, bedorn ing

zero when the glider stops momentarily at the highest point. As the glider

returns, the KE increases until it reaches the rubbe; band, then decreases to

zero as the glider stretches the rubber band.

Describe the changesin potential energy-that take place from

the time the rubber' band is released until the glider returns to the

original release position.
. .

The PE of the rubber band system decreases upon release, and the

gravitational PE increases as thq) goes up the tr 7lit- During the return ,

trip, the gravitational PE decreases, and the PE of the rubber band system

increases when the- vlider reaches the rubber band and stretches it

f

is

4: if you are especially successful in making gaccurati pIddi-6:
bons, record the Specific techniques that you developed in stretching ,

the rubber band( in measuring distances, or in releasing the stretched

rubber' band for consistent trials.

A compass (the kind used for making circles) was used as an aid in finding

small differences in height along the tilted fir track This helpeiledetect 4'

differences as small as 1 mm

0

/
4
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EXPERIMENT SIMPLE HARMONIC MOTION ON A LINEAR AIR TRACK

NAME . CLASS HOUR

LAB PARTNERS. DATE

ga

PURPOSE

if an object supported by springs is started in motion, it will move
back and forth in a periodic motion called simple harmonic motion.
The period of the motion dep4nds upon, the mass of the object and
the constants of the sprIn that support it. In this experiment, we
shall investigate the relation hips between the mass, the spring
constants, and the resulting riod of the system.

! PROCEDURE

Spring Kr

Cord to adjust
spring tension

Spring K2

Glider
Linear air track

1 Measure the mass of a glider, place it cotta level linear air track,
and attach springs with known-spring conStants to each end of the
glider as shown in the diagram. (If you do not know the spring
constants, see Suggestions and Techniques )

2. With .the apparatus -arranged as shown in the diagram,
displace the glider along the track 5,0 centimeters from its equilibrium
position. Release the glider and measure the time that is required for
the glider to make twenty complete oscillations back and forth
Calculate the period of the glider b dividing the eby the number
of Oscillations. Increase the initial di lacerrient orthe glider in steps
of 5 cm and in each case calculate the resulting oscillation period of

the glider.
3. Add known masses to the glider to incre4 its mass and, by

eAperiment, find the relationship between,the,map of the glider and
its period 'of oscillation.

4. .Change the tension on the springs by adjusting the length of

'r the cord attached to the right post of the air track. The tension can be

measured by using a spring scale or by attaching weights to

85
86.

It is suggested that students perform
this experiment working in pairs. If
there are nqt enough air tracks avail-
able for everyone in the class, permit
some of the students to calibrate
springs and others to do Part B of the
experiment first, If atall possible, try
to have every student assigned to an
air track for al -least part of the
session.

APPARATUS PREPARATION
1 air track and `blower
3 or more springs

ach spring should be stretch-
a om about 4 cm to 20 cm.
without damage and have a
spring constant of about 24.1/m
(or 2000 dynesicm) Stiffer
springs will work but oscillations
willnot be sustained as long.

1 length of string, about 1 m long
1 balance to measure mass of

glider and glider weights
1 meter stick or air track is uncal-

ibrated)
1 set of standard masses, 20 g to

100 g, or -1 spring scale .

If only 1 lab session is available for
this experiment, it is not likely that
any students can finish unless they
are given springs that have bden'
calibrated in advance

$

4



,

SUGGESTIONS AND TECHNliakS

1. Use lightweight springs that have small spring constants.
Suitable springs, made especially for this purpose, are supplied
by the manufacturers of air tracks as accessories. Since the
mass of the springs is so low, its effect on calculations may be
neglected.

2. To measure the spring constant of a spring, hang the
spring from an overhead support and stretch it with known
weights. As each weigbt_is addad, record its value in newtons-
and the length of the spring in meters. Plot'a draph of your data
showing-the stretching force (the weight) vs. the length of the
spring, and connect the points with the best straight line. Select
any Iwo points on the line. The difference in the force

-coofdinates of the points, divided by the difference in the length
coordinates, is the spring constant in newtons per meter. I.

the free end of the cord and hanging them over the edge of the table
with the aid of a pulley. Find the relationship between the tension and
the period of oscillation.

5. Substitute springs having different spring constants from
those originally used. Find the relationship between the spring
constant and the period of oscillation.

DATA

Variation of Period with Initial Displacement

Spring constant

Spring .constant K (2) =

Glider mass

K(1) =

Initial tension of springs

M=

F=

2.0

_2 o

0.290
0.735

yN/runn

kg

N

TRIAL'

Initial
displacement

(meters)
s -

Total time
(sec)

t =
i

.

No of oscillations
n -

Period
(sec)
T

1

,
0.05 30 20 1.5

2 0.10 '4,30 20 165
3 0.15 30

_
2o. 1 . 5

4

5
.. .

6 '
.

7
R'7

ma
---,

86



EXPERIMENT 21. SIMPLE HARMONIC MOTION ON A LINEAR AIR TRACK

NAME ' ° CLASS HOUR

Variation of Period with MasS

Spring constant

Spring constant

Initial tension of springs

Initial displacement

2.0 N/m

Z.O N/m

0.735

S = 0-10
N

TRIAL
.

Glider
mass

. (4<gy

Total time
(sec)
t =

No. of Oscillations
n =

A

Period
(sec)
T =

'1 0%21-16. 30 Z0 1.5

2 . 0.360 .36 . 20 1. 8

.0.1-180 1-12- 10 11
4 O. 60O 1 4:17 20 t

$.

2..q
5 .

Variation of' Period with Spring Tension

Spring constant K(1) =

Spring constant =

Initial displacement "S =

Glider mass

2:0 N/m

O. /0 im

M= ZLIO kg

TRIAL

.---,-

Spring-
tension'

(N)
F =

Total:tithe
(sec)
t =

No. of oscillations
n =

Period
(sec)

' T =

. 1 0.735
.

34
.

2.0

2 0.588. .30 2.0 1-5

3 O'Ll90 2-0 1.5

a 4 0131-13. . 30 , 20 1-,5
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Variation of Period with Different Spring Constants

Glider mass

Initial tension of springs

Initial displacement

0.2440 kg

0.'735 N

0 ° to m

Spring
constant k,=

(N/m)

Spring
constant k2=

(N/r1.

Total time
(sec)

t =

No of
oscillations

n =

Period
(sec)
T =

2.0 I,4 3,4- 4 ao 1.7

2-0. .2.0 3o
.. 2.0 1.5

2..0 2.5 z8 2-0

2.7 2.b 2-8 2.0 i.q
2.7 i ..-- Zb ao 1.3A

RELATED QUESTIONS AND ACTIVITIES

1. As the glider moves farther from its equilibrium position, what
happens to each of the following?

,The magnitude of the restoring force Since the springs are stretched

and compressed more, the force increase.

The speed. The potential energy increases at the expense of kinetic

energy. sd the speed decreases

2 What happens to the *lad of the glider as each of the
following is increased?

4The initial displacement No change

The glider mass

The spring tension 4

The spring constants

Period increases.

No change

Peri6d decreases

3 On the air track, the theoretical relations between the period of
oscillation (T), the-mass of the glider (m), and the spring constants (k,
and k2) is given by the equation

3- =2 7 k t.k 2

Insert your measured values for the mass and spring co4tants in the
above equation and compare the theoretical periods of gacillation with
the experimental values you have obtained

When k, was 2.0 N/rp, k2 was 2.5 Nlm, and m was 0.240 kg. the eXgrerimental

period wall 1 4 sec. Thiltheoretical value is 1 5 sec The error is less that) 7%.

-41 -8938,
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EXPERIMENT

(
OSCILLATING MASS HANGING FROM A SPRING

,l

NAME CLASS HOUR

LAB PARTNERS. DATE

PURPOSE

The period of oscillation of a mass, bouncing at the bottom of a coiled
spring is predicted from theoretical calculations and then is measured
experimentally to compare results.

PROCEDURE

Weight suspended
from spring
A

t
,

Y

1 Suspend a spring with a known spring constant from a rigid
overhead support. At the bottom of the spring, hang a known mass.

2. Stretth the spring and release it so that the mass bounces up
and down. Find the period of oscillation by measuring the total time
that it takes to make 10 or 20 bounces and then divide by the number of
bounc'es to find the time for one oscillation.

3 Calculate the theoretical period ,using the equation:

T = 2 Tr 77
viihere

.',
'T T is the period of oscillation in seconds

II

.

m is the mass in kilograms'.

k is the spring constant in newtons per meter, 90

89

2,

,

APPARATUS PREPARATION
1 set of standard masses 20 g to

it
^...,

1 spring, with spring constant of
about 2 N/m (or 2000 dynes/cm)

1 ringstand with spring support
and clamp

6:,

e Wr

e
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Compare the theoretical value obtained, using the equation with the
experimental value and calculate the percentage error.

4. Repeat steps 2 and 3 using heavier masses.

DATA

TRIAL
Mass

(kg)

m=

Spring
constant

(N/m)

K=

Total
time
(sec)

t=

No. of
bounces

n=

Experimental
period
(sec)

T(E) =

Predicted
period
(sec)
T(P)

Percent
error

E 1

1 0.020 2.0 lz.b , 20 0)o3 063 0
2 0.030 2.0 is./1 Zo. 0.77 0.17 , 0
3 0.050 2.0 20.0 20 1.00 1.0 0
4- O. oio 2.0 21.8 20 1.0c1 1.1 0
5 0,080 2.0 25.0 ao 1.25 1.3 0

SUGGESTIONS AND TECHNIQUES

1. The best results are obtained using a spring with a small
spring constant.

2. A convenient way- to suspend the spring and mass is to
clamp the base of a ring stand.to the edge of the laboratory table
and suspend the ring over the edge.

3. Make sure that the motion of,the mass is vertical.
Horizontal oscillations will cause errors.

4. Avoid, using a mass that is so heavy that it distorts the
spring beyond its elastic limit.

RELATED QUESTIONS AND ACTIVITIrS

1 Unless the mass of your hanging weight is much larger than the
mass of the spring, an error Witbe encountered because part of the
spring is always bouncing along with the hging mIss Recalculate
the theoretical period by taking this into account. 46-d one third the

- mass of the spring to the entire mass of the hanging weight to find the
effective mass that is bouncing. Then recalculate the theoretical period
of oscillation and comment on your results below.

41t

9
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EXPERIMENT 22. OSCILLATING MASS HANGING FROM A SPRING (`k

NAME CLASS HOUR

2. Make a stroboscopic photograph of t -mass hanging from a
spring during one half an oscillation. Anal photograph to
determine the relative velocities of the mass during various portions of
4ts travels. Summarize your analysis and paste the photograph in the
space below

91

92
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EXPERIMENT MECHANICAL RESONANCE

w 0/IIIIIIOMMAINVIIMM-

7

NAME CLASS HOUR

LAB PARTNERS DATE
41.

PURPOSE

Two swingin or vibrating objects are said to be in mechanical
resonance when the maximum amount of energy can be transferred
from one to the other. In this experiment, we shall investigate how the
amount of energy transferred depends upon the natural period or
frequency of the two objects.

PROCEDURE

It is recommended that students do
this experimept working in pairs.
Because all the equipment can be
easily adapted from common, readily
available materials, this experiment
can also be done as a homework
assignment.

APPARATUS PREPARATION
For average or slow students, sus-
pend two pendulums consisting of
drilled brass balls or hooked weights
(50 to 200 g) from a horizontal string
fastened to a vertical support at each
end,

.
F above-average students, use the
ha saw blade suspension illustra-
ted' at the left (unlike the horizontal
string suspension, it causes reson-
ance when the pendulums are of
unequal length)

For superior students, have them try
_ _both. VeISJOD .0.1...thIls1PPaLatLIS....aly

explain the ilaritles and diffe
ences in the 'r ults.

1 Suspend- a weight from /a string attached to a horizontal
hacksaw blade or a horizontal string. Measure the length of the
pendulumthe distance from the ppint of suspension to the center of

.1 ' . the weight arid record it.

2 Allow the pendulum to swing back and forth, apd time several
swings to determine the, natural period of the pendulum

3 Suspend a second pendylum from the same horizontal support,
making the second pendulum twice as long as the first pendulum.
Displace'the first pendulum a known horizontal distance and release it

' while the Second one is hanging still. As the first pendulum swings,

9,3'

k 4



E Clength of pendulum 1= 27.1 em)
`912

10

10 20 30 40 50
Length of pendulum 2 (cm)

Sample graph is based on data for
horizontal string

DATA FOR HACKSAW BLADE
Length of pendulum 1: 20.0 cm
Initial displacement: 10.0 cm

Length of
pendulum 2

(cm)

7.9.3

Maximum
hor.

(cm)

3.0

2-55 3 8

23.3 6.6
200
lg.°
17.0

/40.3

lb-0'

SUGGESTIONS AND TECHNIQUES

1. Although the length of the first pendulum is not im portal,
25 centimeters will be a convenient length for most laboratory
purposes.

2. For consistency of results, the first pendulum should be
Started swinging from the same point each trial. -A marker
attached to a pile of books or a ring stand will be found useful lor
this purpose. 4

3. The horizontal displacement of the second pendulum
Nom its equilibrium position may be measured by holding a meter
stick near the pendulum. Another way to measure this distance is
toilluminate the pendulum with a high intensity lamp and observe
the shadow of the pendulum on a piece of graph paper that is held
vertically on the other side. With each swing of the pendulum,
note the maximum displacement of the pendulum before it starts
swinging back.

some of its energy will be transferred through the overhead support to
the second pendulums As energy is supplied, the second pendulum will
swing in arcs of greater andgreater amplitude which reach a maximum
and then diminish. Record the magnitude of the greatest horizontal
displacement that is observed.

4. Shorten the length of he second pendulum a little bit it a time
until the second pendulum is approximately half the length of the first.
For each new length record the maximum horizontal displacement of
the second pendulum as it receives energy from the first pendulum.
The initial displacement of the first pendulum should be the same each
time. On graph paper, plot the maximum horizontal displacement of
the second pendulum vs. the pendulum length.

7- DATA

TRIAL

Length of
pendulum 1

121 =

Initial
displacement

S1 =

Length of
pendulum 2

L2 -

Maximum horizontal
displacement
S2 (max) --

1 27.1 oil 10.8CM .118. 8 ctn. I.3 env
2 z7. I cert. 10.8 Crrt '13.3011- 2.6 cm,
3 2.71 ent7 10. 8 CM/ 38.0 tilt 3.8 r-nt,
4 _ 2.7.1 tiff, 10. B ctn 34.6 CA, 1-1. 5 Ott

5 27.1 cm, 10.8 0111, 23.1 Mt 0.8 ant ,.

6 23.1 Dn. 10.8 unt, 23.1 Cm, 6.3 ctlii
7 -- Z71 tom. lo.8 Ott. 18.1.(ent 1:5 ,nti
8 174 Oti,' i0.8 Ott 13.5 CM k3 CA
9' .

, 10

11
I

12 - .



EXPERIMENT 23. MECHANICAL RESONANCE

NAME CLASS HOUR

RELATED QUESTIONS AND ACTIVITIES

1. What is the relationship between the length of the first
pendulum and the lengths of the second pendulum when maximum
energy tranfer.is produced?
When the pendullghs are suspended from a horizontal string, both pendulums
are the same length for maximum energy transfer. When the pendulums are
suspended from a hacksaw blade that is fixed at one end, maximum energy
transfer occurs when the pendulum that is closer to the support is a bit longer

than the other pendUldin.
2. Change the ,length of the first pendulum and repeat the

experiment to deteithirie the maximum amplitude of the second
pendulum as energy ir,received. State the conclusions that you can
dravallom this observation.

For maximum energy transfer, the length of the second pendulum must be

increased or decreased in step with the first pendulum.

3. With the second pendulum set for a length which will produce
maximum energy transfer, allow it to swing by itself and record its
period of vibration.

How does this period compare with the period of 'the first pendulum?

Its period of vibration is the same as the period of vibration of the first

pendulum

4. Although maximum resonance should theoretically be ob-
served whEvl the two pendulums are the same length, you may have
noticed that your results do not confirm this. One major reason is that a
length of the hacksaw blade is vibrating in addition to that of the string
and the Andulum bob. Measure the distances between the fixed end of
the hacksaw blade and the rioints of suspension of each of the two
pendulums and find the correction factors that must be added to the
lengths of each pendulum toiccount for this error.

Correction factor for pendului-n 1 is + cm
Correction factor for pendulum 2 is + cm

5. Set the length of pendulum 1 to 30.0 cm. Using your correction
factors (item 4 above) predict the length of pendulum 2 that will give
maximum resonance with pendulum 1.

L(2) = . cm

6. Experiment to confirm the prediction recorded in item 5 and
,calculate the percent error if the predicted length and actual length of

pendulum 2 differ when resonance occurs.

% error =
95 95

0



EXPERIMENT SLIDING FRICTION

.1 mi
NAME CLASS HOUR:

LAB PARTNERS DATE

RPOSE

Friction retards motion when two objects are in contact. In this
experiment we shall learn how to measure frictional forces and how to
predict them.

PROCEDURE

1. Find the frictional force betweeii two pieces of wood by placing

a board on a horizontal table and pulling a small block over it using the
apparatus arrangement showri in the diagrw, To use this apparatus,
add gravel slowly to the bucket until it is hiOav_y, enough to cause the

block to slide at a tonstant velocity when it is started with a push Of the

finger. Weigh the bucket and the gravel on a scale to find the force of

sliding friction (Fi).
2. Find the force which"` is pushing the two surfaces together (FN)

by weighing the small wooden blocrlf the surfaces are horizontal, the

weight Of the upper blook is pushing the two blocks together but the

weight of the lower piece of wood is irrelevant.

3. Calculate the coefficient of sliding friCtion (C) between the two,

suFfaces using the'relationship

C = Fr/FN

97
(.1 6.,

It is recommended that students
work in pairs for this experiment. A'
considerable amount of work can
also be given as a hom.e assignment
if students are lent spring scales or if
they are encouraged to make their
own balances using the techniques
learned in Experiment 3.

APPARATUS PREPARATION
level table
1 board about 1 m long
1 wood block (piece Of a 2 by 4)
1 bucket (small plastic food con-

tainer or paper cup)
1 cup of gravel (br pebbles, lead
v shot, or sand)
1 pulley and clamp
1 length of string (about 1 m long)
1 set of weights to be added to the

weight of the block
1 spring scale



V

Or,

1

SUGGESTIONS AND TECHNIQUES

1. The bucket which provides the force necessary to
overcome friction should be light ip weight. If sliding occurs
before any gravel is added to the Bucket, substitute a lighter
bucket.

2. The cord which connects the block and the bucket should
be strong land light in weight-so that its weight does not seriously,
affect the calculations.

,3. Check that the block and the pulley are aligned so that the
cprd between them is horizontal.

4. Surfaces are rarely uniform, and the block is likely to catch
on rough spots as it is pulled horizontally. Several trials night be
necessary to be sibre that the motion is most nearly uniform as the
block encounters these rough spots.

4. Find the coefficient of faction by another techniqqe. With the
cord and bu6ket.idisconnected from the apparatus, slow/ tilt the loWer
piece of wood until the upper block slides downhill at a uniform speed
when started moving. (See Figure A.) Measure the angle of tilt at Which
this occurs. Draw a right triangle on a piece of graph paper, with the
angle of till as one of the angles of the triangle Divide the length of the
side opposite the angle of tilt by the length of the base. (See Figure B )
The result of this division is the tangent of the inclination angle and is
equal to the coefficient of friction.

4

Figure A

Side opposite
angle pf tilt

Angle of tilt

Figure B a

5. Repeat the above procedure using different surfaces, such as
leather on metal, metal oni metal, and rubber on concrete.

98 97
-
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EXPERIMENT 24. SLIDING FRICTION

NAME CLASS HOUR

DATA

FT LAL

(

Type of
surfaces

Weight of bucket
and gravel,

(N)
Fi

Weight of
block,

(N)
FN

Coefficient
of friction,
C - Fi/FN

Angle
of 0

tilt
A=

Coefficient of
friction from angle

of tilt diagram
C=

1 wood 0.52 i.0i-1 0.31 no 0.31

2 II 0.106 Z. t3° 0.11 11
0 0.31

3 1 0.15 2..21 0.-2.9 0,51° 0 .2ci

4 Il 0.S9 3.1t 019' 116° 0.2q

5 t

8

44,

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. Predict how the force of friction will be affected if the area of
contact is seduced by having the block slide on one of its narrow edges

. instead of on its widelce.
It should not make any difference.

it and record your results.Try
It actually did make a difference. An

additional 0.05N was needed for the horizontal force with the block on an
edge. Perhaps the side of the block was not as smooth as the face..

2. How would the motion of the block be affected if the cord that
is pulling it Is not horizontal?

The angle between the cord and the direction of motion increases as the

block approaches the pulley. This reduceS the amount of force which pulls

the block forward. With less force, the block sldws down and stops.
=,

.This effect wa,cbservefk,Try' it."and record your observations. 'This
Z17 3

99

If newton Scales are not available,
students can measure masses in
greets and use thp, approximation
that a i-g mass weighs 0.01 N.
Although this approximation has a
2% error, the 'error cancels out when
the'ratio of two weights is found.

0
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Component
or weight
overcoming -

tetion(Ff)

Weight
Vector

4.s-component
/ .roF weight.

pushing
eurree..e. 5
together

F j;)

3. In the fourth step, the loWer piece of wood was tilted until the
block just started sliding down the incline. Then the coefficient of
friction was found by measuring two sides of a triangle. ExpFain why
dividing the lengths of two sides of a triangle gives the same result as
dividing the force of friction by the perpendicular force. *

Tie coeffic4nt of..friCtion remains the same, whetherrthe block and board are

horizontal ortilted together. When they are tilted and the weight of the block

can lust barely overcome the force of sliding friction, the triangle formed by

the weight vector, the component overcoming friction, and the component

pushing the surfaces together is similar to the triangle in Fig B, so the raps of

corresponding sides is the same

4 Why is it necessary to start the block,moving with a smap push
for each trial'

There is a static friction force between the stationary surfaces that is greater

than the force of sliding friction between.a.e..saraa surfaces

5. Find the coefficient of friction for other materials and compare
your results with those foubd in reference books ,

Point out that experimental results seldom agree with thqse in reference

books because of many variable.; which ace difficult to control Some of these

are the variety of the
1

material, the smoothness, humidity conditions, and dust

6. Find the coefficient of friction between two pieces of 'Metal
when they are dry and when they are lubricated with different kinds of
motor oil and-bil additives

Oil additives will be found to make a considerable difference in the coefficient

Of friction between two,merals This extension of the experiment is highly

motivating and makes an excellent homework assignment

so,

9 9
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EXPERIMENT. BOYLE'S LAW

,rJ NAMk ,CLASS HOUR

LAB PARTNERS

PURPOSE

if no external forces are applied to a free gas, the gas will expand
continuously until its volume becomes infinite. When pressure is
applied, however, the volume of gas will be limited to a finite value and
a simple expression may be found to relate the presiure and volume if
the temperature is held constant. This relationship, known as Boyle's
Law, will be investigated in this experiment.

PROCEDURE

4t

ATE

-""eva_

4
This experiment can -be. done by
students working as individuals or in
parrs, but preferably not in. larger
-roups.

The apparatus is very easyto ma'4nip-
u:dte and obtaining datd presents no
prolem. The mayor difficulty that
will be experienced is thgt of data
processing. To obtain meaningful
results di conventional KS units
requires that more than multi-o,
plication nd long divjsion Problems
be solved! Since hand calculations
will discourage all bill the most
dedicated students,. it is strongly
recommended that students use

slide rules or electronic calculators.

APPARATUS- PRIATION
1 Boyle's Law a aratus, plastic

syringe type
/ 1 ringetand and clamp

1 'set standard masses
(total mass 5 kg or less)

Several different types of Boyle's
Law apparatus are dvadlible from
scientific supply. companies. The
plastic syringe type, which was de-
veloped by Harvard Project Physics,
is preferred 'because it is inexpen-
siye, easy to manipulate. and does
not. contain mercufy. The potential)
dangers of r1ercury poisoning are
pretent whens inevitable spills permit
the mercury to contact the stun,

1 Mount a plastiC syringe on a ring stapd as shown in the diagram.
Trap some air in the syringe by placing the piston in the cylinder and
sealing off 'the lower end. The pressure on the ti-aPped air is the
barometric pressure plus the pressure that is exerted by the weight of

the piston.

2. Calculate the pressure exerted by the piston by dividing its
weight (in newtons) by the cross-sectional area of the piston face (in `,

m2). If the weight of the piston is not knavn, it can be found with a

balance. To find the area A of the piston face, measure its radius r, and

use the equation A = fir2.

101

100
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SUGGESTIONS AND TECHNIQUES ,

1. If the piston seems tote stuck, give it a slight twist.

2. It is important that the temperature of the trapped air be
kept constant during the experiMent. If thb experiment is
prolonged, check the temperature in the laboratory at intervals to
be sure that it has not changed. Be careful not to warm the syringe
by touching it unnecessarily with your bands. Also, be careful to
make any press'ure changes gradually. Rapid changes of
pressure cause sudden temperature jumps whioh-Ijive undesired
results.

3. The atmospheric pressure Pa in unit of N/m2 may be foond by
using the equation

Pa = hdg

where:

h is the height of mercury in a barometer in meters

d is the density of mercury (1.35 X 104 kglm3)

g is the acceleration dui to gravity (9.8 m/sec2)

4. Add known weights to the piston one at a time and record the
pressure and the volume of the trapped air as each weight is added.

5. If the apparatus permits, turn the syringe upside down so that
the weight of the piston will tend to reduce the effects of the
atmospheric pressure on the trapped air. Record additional pressure-
volurrie data with the apparatus in this positions

If a barometer is not available, the air
pressure may be considered to be Radius of
"normal' r

The value that should be entered
under "piston mass- is the mass of
the piston plus the mass of any
additional weights that are added to
the piston.

The total pressure is the sum of the
pressure caused by the weigh of the
piston plus the atmospheric pres-
sure.

4

DATA

ston r = cloil5gm rea .f

/. 00X P5I 5
h = 0'11°0 Barometric r.essure Pa = ___N/m2

Height of mercury
in barometer

r
4./5):10-41

It

TRIAL

Piston
mass
(kg)

m =

Piston
weight

(N)

tk L mg

Pressure
exerted

by piston

(X105))/
/

P --f

Total
pressure
(N/rn,)

(105)
PT . P.* P

Volume

Inverse
Volume

(m ')

049

1/v

Pressure
times

volume

(N:rFP

PTV=

(cc or
ml)

V=

(N)
(Xlci(x

V-.

1 040 0.98 002.1-1 1.02 34.7.34 2q2. 314c1

2 0.20 2.0 0.0'48 1.05 33.8 33.8 2qb 3.55
3 0.30 2..q 0.070 1.07 33.q35-4 2.1:19 3.51
4, 0.60 5.q 0./q 1.1q 31.8 31.8 3.N 3402
5. 0.80 7.9 .0.19 1.fq 31.3 31 3.19 32

LANs 1.10 LI ' O. zb 1.1c2 29.2 na 3.421 3.104

7 1390 lb 0.38 1.18 217.7 2.67 3.711 3.0
8 2.10 20 . . O. Li 8 1.7/6. 24.2 2.(4.2. N.1 3.5'!
9 3.10 so 0.-73 I.73 20.1 2137 9.83 3.5$

4
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EXPERIMENT 25.BOYLE'S LAW s

NAME CLASS HOUR

RELATED QUESTIONS AND ACTIVITIES

1. Make a graph of volume vs. pressure. Plot the pta points and
draw a smooth curve connecting the points. Examine the graph and
try to find a mathematical re tionship between the pressOre and
volume. How does the volume hange as the presgure is increasedZ

As the pressure increases, the volume decreases in some sort of inverse

relationship. If the graph is extrapolated to a pressure of 2.0 x 105 N/m2, it pan

be seen that the volume of enclosed air is approximately half what it was for a

pressure of 1.0 x 105 N/m2 1

sn). 2. For each volume that was recorded in the data table, calculate
Its inverte (1N) and enter these values in the data table. Then draw a
graph of 1N vs: pressure. When the points have been plotd, it
should be possible to conndct them with 3 §tralght line Any
deviations from a straight line relationship were probably caused by
systematic-experimental errors in operating the apparatus If this is
indicated on your graph; analyze your procedure carefully, and try to
pinpoint your sources of error

According to the graph, the errors appear to be,random They were probably
__

caused srop slight slicking of.thepiston as weights were added

3. If possible,sfill your syringe with a gas other then air and repeat
the Boyle's Law experiment exactly as -you did it the first time
Compare the results with those obtained for air and account for any
differences that are observed.

The particular apparatus used could not easily ere filled with a gas other than

air
4
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If a student is especially interested in
trying this experiment with different
gases in the syringe, challenge him
or her to adapt the apparatus so that
the gas can be inserted and removed
with attached tubes and val4s.
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4. For each trial, the prodlictof pressures times volume should be
a constant. Calculate this PV constant and enter values in.the last
column of the data chart. Explain any deviations from trial to trial.

Air The values of the PV consth nt averaged 3.60 P'--m and ranged from 3.49 to 3.72

A, ' .

',

N-m. The variations appeared to be random without any special pattern that

o .
could be easily identified.
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-EXPERIMENT CALIBRATING A MERCURY TARMOMETER

F

PURPOSE e

An unmarked mercury thermometer.will be callbrWd and then used
as an Instrument to measure temperatures.

PROCEDURE

40
1. Mount a blank card behind an unmarked

meter, as shown in the diagram. Use a piece of tra-
tape to hold, the apparatus firmly together.

This experiment can be done with
students working pairs but it is
advisable for each student to do his
cahbratrOriS\ independently.

"N

APPARATUS PREPARATION
1 uncalibrated thermometer, 10 in-

ches or longer
1 piece of oak tag, approximately

3 inches wide and as long as the
thermometer
cellulose tape (about 3 cm)
2 beakers
ice watg(use ice cubes or crued

ice)
boiling water
1 metric ruler
1 accurately calibrated thermom-

eter for the class to check results

c.incalibrated thermometers may be
purchased from scientific supply

ercury t herrn o_ companies or can be ordered directly

Arent cellulose 1/4
from thermometer manufacturers..

2. Immerse the thermometer bulb in a container of ice water.
When the mercury has reached a level that does not change after a
few seconds, mark this level on the card and label it 0° C. This is one

of the fixed points of the thermometer.
'3. Remove the thermometer from the ice water and hold the bulb

just above the surface of a container in which water is vigorously
boiling. The mercury leyel will rise, and after a few seconds it will
stabilize. Mark the new level on the thermometer card and lab6Ht
100° C. This is the second fixed point of the thermometer.

105
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SUGGESTIONS AND TECHNIQUES ,

1 1. For the,best results, use an ice-water mixture in which the
ice and water are both pure (distilled or deipnized). Before
immersing the thermometer, stir the mixture to prevent any warm
spots. The boiling water/should also be pure for best results.

2. The thermometer may be jostled around if it is immersed
in the boiling water, and it may be hard to read. Holding the bulb
just above the surface of the boiling water avoids this difficulty.

3. Check a barometer if one is available on the day this
experiment is being performed. If the air pressure is high (above'
760 mm of mercury) the water will boil at a temperature higher
than 100° C. If the air pressure is below 760 mm of mercury, the
reverse will be true.

I

4. Measure the distance between the two fixed points on the
thermometer card in millimeters. Plot the two fixed points on a graph
which has the dis.tance in millimeters along the vertical axis and the
temperature in °C along the horizontal axis. Draw( a straight line
between fixed points on the graph

5. Place the thermometer on a table for a few ntutes until
reaches room temperature. Measure,the distance of the mercury level
from the zero point on the thermomeMr card, and using the graph, find
the corresponding temperature. Check this value with a standard room
thermometer and determine the error in degrees.

6. Measure the temperature-of tap water coming fro/the faucet
using both your thermometer and a standard thermometer Enter these
data in the chart and calculate the error in degrees.

7. Measure the temperatures of other objects in the laboratory
using both thermometers and record your data in the chart.

DATA

Trial
.

Object
TeYriperature,

Standard,
T(S)=

Degrees
Experirnental

T =

Celsius
Erroj
E =

1 Room Temperature 113 1. 5 0.7%

2 Tap water 16.b 17.1 3.0

3 Air Ouldoors 26-5 27-0 Z --9

4 .,..

.5 . ,
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EXPERIMENT.26. CALIBRATING A MERCURY THERMOMETER

NAME CLASS HOUR

RELATE, QUESTIONS AND SUGGESTED ACTIVITIES

1. Using the same unmarked thermometer, calibrate it with a
fahrenheit scale calling the fixed-point for ice water 32 F and the fixed
point for bgiling water 212 F. Divide the distarce between these two
fixed points into 180 Fahrenheit degrees. Try measuring the tempera-
tures of thz_sameobjects as before but use the Fahrenheit scale. Record
your results.

Object Standard Experimental Error

Room Temperature 71.3 °F 71.9°F 0.8%

Tap Water (,3.9°F 1.,-1./0

Air Outdoors 7c1.6 80.5°F ro
*

I

2. A poorly calibrated theimometer with a Fahrenheit scale will
always have a greater number of degrees error; than the same
thermometer with a celsius scale even if the sanlie, care is taken when
calibrating the thermometer.

Explain why this must be true

Degrees on the Fahrenhe*it scale are only 5/9 as large as those on the Celsius

scale.

3. 1 ne very act of measuring usually affects -the item being
measured. In this experiment, how did your thermometer/affect.the
temperature of the liquids being measured?

The thermometer, warmed the cold water bth did not affect the boiling

water.

4. What is one improvement that you could incorporate into-a
thermometer that Would minimize its tendency to change the
temperature of the object being measured?

Reduce the mass of the thermometer probe.

10G
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ODA. 5. Make and calitweate a%ifferent type of thermometprrom those
constructed in this experiment. One type that-you eightklry is a
thermistor thermometer, -which can be assembled by connecting a
thermistor and an, ammeter in 'series with a dry cell. The ammeter
measures -the amount of electric current in the circuit. As tthe
temperature of the'thermistor 'changes, the current varies. Calibr
the thermistor by placing it in ice water and then in steam and record
the ammeter readings at these two fixed points. Some experimentation
will be required to determine the correct range for the ammeter and the .

voltage of the battery that is used.

O

107
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EXPERIMENT LINEAR EXPANSION OF A SOLID

NAME. CLASS HOUR

LAB PARTNERS DATE

.

PURPOSE

As the temperature of most solids Is increased, there is a predictable
increase in length which can be used to measure temperatures. In this
experiment, several solids will be investigated for these properties and
the coefficients of linear expansion will be determined.

4

PROCEDURE

SUGGESTIONS AND TECHNIQUES

1. Before doing any experiments, make sure that the knife
edge of the anchor is in the groove scribed about one end of the
pipe.

2. If the indicator does not move as the pipe expands and
contracts, check to be sure that the pointer is free to rotate and is
not jammed against the face Of the protractor scale.

a Clamp thd rubber tubing to a ring stand or other firm
support to be sure that it does not move while the funnel Or the
steam generator is inserted.

4. Put a small amount of hot water in the steam generator so
that it will boil quickly. Do not boil th'e water until the generatr
has been connected to the apparatus. Connecting a steaming
generator to the apparatus may be hazardous.

109

APPARATUS PREPARATION

coefficient-of-linear-expansion ap-
paratus

funnel nd rubber tubing
ice watr
steam generator
Bunsen burner
container to catch condensed
steam
2 ringstands and clamps
1 meter stick
1 accurately calibrated thermom-

eter for the class to check results

;
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,.

4 Distance rodtrayeled--= 3.00 cry
. _

N Angle ndicator rotated =-
1730 degrees

Distance per degree

= 3.00 cm

1730 degrees

= 1.73 x 10-3Cm/deg

tO

0

.

'Mk

Local room temperature will prob-
ably change in the laboratory as
steam geherators are o

1, With the 4pparatussOt up as shown in the dia ram, move the
.anchor arid, the horizontal tube slowly to thereft distance of 3
centimeter and record the total number pf degrees through which
the indicator rotates as the anchor is being moved. (Remember that
each complete, circle is 360 degrees.) Divide the Aentimeter
distance by the number of degrees, to finthe linear distanpe that is
associated with one degree of indicator rotation.

2. Adjust the apparatus so that the distance between the anchor
and the indictor at ;the otherend of the Pipe is exactN-1 meter and
note the postitipn of the indicator. Pour between 1 and 2 liters of lie
water into the funnel at the anchored end of the pipe. As water comes
out the other end, catch it in a container or bilow it to go down a sink.
As the ice water goes through the pipe, the pipe will contract in
length. Record the position of the indicator at its greatest displace-

ent from its original position.

3. Carefully remove- the funnel, and connect-the free end of the
rubber tube to a steam generlor. Boil the water in the steam
generator and note the position of greatest' displacement of the
indicator when steam' has gone through the pipe for one or two
minutes: . i

-Oa

4. Using the ice water and the steam positions of the indicator at
0° C and 00° C respectively, calculate the temperature increase
associated with each-degree of indicator rotation Without jarring the
apparatus, remove the steam generator and allow.the pipe to come to
roomteMperature. This should take about 10 minutes. Using the data
that have been recorded, determine the ro temperature and check
this with a standard thermotneter-

DATA

TRIAL

1 2 3

Pipe material Aluminum

Indicator position

initial X(0),

with ice Water in pipe X(i)i 7°c,

with steam in pipe X(s)

Room temperature

from data t(exp)

from standard thermometer t = i3°c,
Error in degrees E = (05%

109110
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EXPERIMENT 27. LINEAR EXPANSION OF A SOLID
I.

-NAME . CLASS HOUR

RELATED OUEStICiNS ANII? SUGGESTED ACTIVITIES

-1. Using the data collected calculate the coefficient of linear
expansion of the metal pipe. This may be done using the equation.

a--= AO / pDAT

where: a is the, coefficient of linear
(measured in centimeters
length)

AQ is the change in length of the pipe as it is heated
(measured in centimeters)

expansion of the metal
per °C per centimeter

Qo is the original length of the pipe (100 centimeters
in this experiment)

a

AT is the change in temperature corresponding to the
change in length A Q (measured in °C)

If the material which makes up the pipe in the apparatus is

known! check its coefficient of linear expansion in a reference bo'ok
and compare it with your results.

l

0, TRIAL

1 2 3

name of material N =
II l

Experimental
coef. of EXP a(exp) =

..gi
2.2)4%10 /A

8

Book value a(std) =
2.110 Al()e

Percent error E = 2.-5%

2. If other metals or materials are available for use with the
apparatus, try them, using the same procedure, and record your
result` I

k

a

for T = 100°C, the indicator rotates
from 7° to 142°, or 135°. This cor-
responds to a change in length of
(135 deg)-x (1.73 x 10-3 cm/deg), or
0.234

cx -
6,12

koAr

0 234 cm

(100 cm) (100°C)

.
= 2.34 x 10 -6/°C

Other handbook values are:
Brass:
Glass:Iron

1.9 x 10-61°C
8.3 x 10-6/°C
1.1 x 10.6/°C



EXPERIMENT CALORtMETRY

NAME CLASS HOUR

LAB PARTNERS DATE

PURPOSE

Each material has a characteristic specific heat capacity which can be
used to predict its temperature increase as heat is supplied to it. In
this experiment the specific he capacities of, several common
materials will be investigated.

PROCEDURE

Cover made from lower
half of a Styrofoam cup

1. Fill a Styrofoam cup half full of cold tap water.,

2. Find the mass of the water in the cup and record this in the
data chart.

'3. Heat a 50-g brassveight for a few miates in boiling water or
steam.

4. Measure the temperature of the cold tap water and the.
temperature of the boiling water or steam and enter these values in
the data chart.

5. Remove the brass weighs from the boiling water or steam,
Shake it to remove any drops of water which might cling to it, and
quickly but carefully lower it into the cold tap water. The hot brass
weight will make the water warmer. When a thermometer indicates
that the temperature has stopped rising and has reached an
equilibrium value, record the temperature in the data chart.

113 111

It is much better for students to do
this experiment working in pairs than
as individuals. ISince the apparatus is
relatively inexpensive, no more than
two students need work on each set-
up.

APPARATUS PREPARATION
2 Styrofoam cups

thermometer
1 iple beam balance
50- ss eight
specimens of aluminum, copper,
iron, and other, metals
steam generator
Bunsen burner

Styrofoam cups are much less ex-
pensive than double-wall aluminum
calorimeters (less than Se versus
over $5.00). Furthermore, because
the Styrbfoam has a negligible mass
and an infinitesimal heat capacity, it
does not have to be consideredin
heat exchange calculations. Student
results are usually setter with the
Styrofoam cups because there is less
likelihood of calculation errors in the
data processing.



4

lfwe assume that no outside heat sources entered into the reaction,
the amount of ffeatt t was given'off by the brass should be exactly
equal to the amount heat received, by the water. ThUs,

mwcwArw= mbcbpTb.

Solve 'for cb, the specifiC heat capacity of brass, using the above
equatidn dtd record this value in the data chart.

7. Repehe above experiment, using different brass weights
and different PlUantities of water: In each case, calcUlate the specific
heat-capacity of brass.'

8. Substitute other materials for the brass, such as aluminum,
iron, and lead. Imeach case compare your results with the standard
values given in a, reference book, and Calculate the percentage error.

DATA

i
.

. ..

TRIAL

1
i

.
2 3 4

Maisof styrofoam cup -(g) m(s) 54 5.0 5.0 5.0

tll-

as

Mass of cup and ..

water,(g) m(s) 4 m(w) /1-13.8 /L11,3- 17'1.8 /i/$ l

Mass of "water (g) m (w) /38.8 /36.3 a09.8 Nal
Initial temperature (°C) T(w) 2f-i 26 214 15

75
15

2

.Mass(g) m(b) 52.7 S(2-5 4113 18.0

Initial temperature ( °C) T(b) /00 /00 /00 /00

St
Temperature of mixture (°C) T

.z

240' 29 Z7

Spedific heat capacity of metal
(cdlories/g-0C) C 0.011 0./0 0.10 0.213

Standard value (calories/g-°C)
C,

=
o.oqz 0.093. 0.11 O. Z i Li

Peroent error E = U',4, 10% c /. 0.6%

RELATED QUESTIONS AND ACTIVITIES

1. Compare the specific heat capacity of water with those of the
various metals which were investigated in this experiment.

The specific heat capacity of water is between five and ten times higher than

that of any of the materials tested.
OA.

112
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EXPERIMENT 28.'CALORIMETRY-,

NAME CLASS HOUR

2. Take a hot piece of.metal of known specific heat capacity and
a known quantity of cold water. Measure the temperatures of each
and predict the temperature of the mixture when theyare placed
together. Check your predictions by experiment.

If the predictions and results Qbtained by each of the stuffents are recorded

and posted, students are motivated by the,comOetition,
J and the class can

aneWze the techniques which produced the best predictions.

4

- 3. How could an experiment like this have led early scientists to
believe That heat was an invisible substance called caloric?

When a hot metal gives up heat to cold water, making the water hot, it appears

de
as if the heat is a real substance entering and leaving materials.

4

1
115
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EXPERIMENT CHANGE OF STATE

4

NAME CLASS t()UR

LAB PARTNERS DATE

0
. PURPOSE

Energy is required to change the state of water from a solid to a liquid
or from a liquid to a gas. The amount of energy per gram needed to

melt a solid at its melting point is called the heat of fusion and the

amount of energy per gram needed to boil a liquid at its boiling point
is called the heat of vaporization. The heats of fusion and vaporization
for water will' be measured in this experiment.

A. HEAT OF FUSION

PROCEDURE

1

Cover
9

Thermometer

;

Styrofoam cup

Water

Ice

The heat of fusion of water is found by placing a melting ice cube

in a cup of warm water and allowing it.to melt completely Then the

water from the melted ice is mixed with the warm water until an
equilibrium temperature has been reached. The heat of fusion of ice is

calculated fpm measurements of the masses of the ice and warm

water and their respective initial and final temperatures.
1. Pour-about 200 grams of hot water (30°C to 40°C) into a

Styrofoam cup. Record the mass of the water and its temperature in

the data chart.
117

11. 4

Simi it is not likely that the entire
exp
Sind

can be completed by a
pair of students during' a regtvlar
laboratory session, you might wish to
have the students work in groups of
four, with one pair finding the heat of
fusion while the other finds the heat
of vaporization. The concepts that
underlie each of these two exercises
are very similar and it might be better
to have each student repeat his
experiment several times to refine
techniques g'hd ,procedures rather
than do both halves of the experi-
ment himself

APPARATUS PREPARATION
'2 Styrofoam cups
1 thermometer
1. triple beam balance
ice cubes or chunks of ice



As

SUGGESTIONS AND TECHNIQUES

1. Hot water from a faucet may be used if it is available. If
not, prepare the hot water by heating it in the laboratory.

2. An ice cube or a large chunk of ice is preferable to
crushed ice because it is easier to remove all of the surface water
with a towel at the beginning of the experiment.

3, The ice should be melting to insure that it is at,0°C. If it
were not melting, it might be below 0°C and you would have to
account for the heat needed to bring it up to 0 °C.

4. Measure the temperature of the warm water just before
the ice is dropped in. If it is measured too far in advance, there is
a possibility that it may have cooled somewhat before the
experiment starts.

5. To further minimize conduction between the water in the
. cup and the labaratoi add extra insulation by using two or
three Styr-14°am cups, one inside the other.

2. Take a meitihg ice cube and dry its surface thoroughly, using
cloth or paper towels. Before ittlas had a chance to melt again, drop
the ice into the Styrofoam cup with the warm water.

3. Put a cover on the Styrofoam cup to minimize any heat
exchanges with the air in the laboratory. Then, with the aid of a long
thermometer which extends through a small hole in the cover, gently
stir the xture until the ice melts completely and the water inside the
cup reaches an equilibrium temperature. Record this equilibrium
temperature in the data chart.

4. Find the mass of ice which was originally put into the cup. This
can be done by comparing the mass of water in the cup at the end of
the experiment with the' mass that was recorded before the ice was
dropped in.

5. Calculate the heat of fusion of the ice with the aid of the
fonowing equations:

0
heat received by ice during = heat given off

and after melting by hot water

mil f +'mcCw(TfTc) = mhC.(TfTh)

where : m, is the mass of ice

Hi is the heat of fusion

mc is the mass of the cold water from
1 the melted ice ( = m.)

c. is the specific ,heat of water
( = 1 cal/g-°C)

Tc is the t mperature of cold
ater f om the melted ice

mh is the mass of the hot water

TN is the temperature of the hot
water

is the final temperature of the mixtureTI



.EXPERIMENT 29. CHANGE OF STATE

NAME CLASS HOUR

6. The accepted valtIe of the heat of fusion of water is 79.7
caloris per gram. Compare your value to the accepted value and
calculate your percentage ,error.

DATA

1

TRIAL

1 2 3

Mass of Styrofoam cup (g) m(s) = 5.3 5.0 5.0

"443

si

0I

Mass of cup and
'water (g) m(s) + m(w) . FP-i Jr 2.?Yi.0 285.0

Mass of Water (g) m(w) . 11A. 5' Z79. 0 280.0

Initial temperature (°C) To = 15 1-12. LI5
N -

Mass (g) m(i)-.4 lci.7
4

2 5.0 2.9 0

;Initial temperature ( °C) Te Q 0 0
2
2
X

Mass of cup and
water (g) m(s) + m(w) . 1 C39. 2.. 309.0 31N. 0

Final temperature (°C) Ti = 39 32 3Li

Heat of fusion (cal/g) Hi= "12 e8 -MAO 12.2.

Standard. value (calories/g) H i = 79.7 7c1.7 7(1.7

Percent error E = Ito 7o 01 7. 9.47.

B. HEAT OF VAPORIZATION

PROCEDURE

Thermometer

Steam generator

Rubber tubing

116

When two students are working to-
gether on this experiment, they can
take turns operating the apparatus
and doing the calculations

(

APPARATUS PREPARATION
2 Styrofoam cups
1 thermometer
1 triple beam balance
steam generator
steam trap and rubber. tubing
Bunsen burner
pair of tongs



O

t

SUGGESTIONS AND TECHNIQUES

1. Be sure to keep the laboratory tables free of textbooks
and articles of clothing while doing this experiment. Puddles of
water are likely to collect on the table due to unavoidable
spillage and condensation of steam.

2. Water that condenses in the rubber tubing will accumu-
late in the trap during the experirtient. If this trap should tvcome

shut off the steam generator and empty the trap before
proceeding.

3. When setting up the apparatus, use as short a length of
rubber tubing as possible at the'end of the trap. Any water that
collects in this section of tubing will affect the results of the
experiment.

4. For optimum results, note the difference in temperature
between the cold water and room temperature before the steam
is added. Continue adding the steam until the temperature of the
water has risen above the room temperature by this amount.

The heat of vaporization of water is found by passing a quantity of
Steam into a cup of cold water. As the steam condenses in the cold
water, the temperature of the water rises. The heat of vaporization can
be calculated from measurements of the* changes of temperature of
the steam and the cold water and their respective masses.

1. Heat some water in a steam generator, such as the one shown
in the diagram. Attach a rubber delivery tube and a water trap at the
outlet.

2. Pour approximately 200 grams of cold tap water into a
Styrofoam cup. Record the exact mass and temperature of the water
in the data chart.

3. When the water in the steam generator is boiling vigorously
and a steady flow of steaniNis coming out of the rubber tube, grab the
end of the rubber tube with a pair of tongs and insert It into the cold
water.

4. Monitor the temperature of the water in the Styrofoa cup
with a thermometer. When the temperature of the water has increased
by about 30°C, remove the rubber tithe.

5. Record the temperature of the water in the Styrofoam cup and
also the mass of the water. Calculate the mass of the steam by
comparing the mass of water at the end of the experiment with the
mass that was recorded at the beginning.
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EXPERIMENT 29. CHANGE OF STATE
z---

NAME CLASS HOUR

6. Calculate the heat of vaporization of the water using the
following relationships.

heat given off by steam during = heat received by
and after condensation cold water

where

, m

1-1,,

Mr,

mH, mhcw(T(f)T(h))=*mcc.(TrTc)

is the mass of the steam'

is the heat of vaporization

is the mass of hot water from the
condensed steam (i-- m)

cw is the specific heat of water
(= 1 cal/g°C)

Tr,
..

is the initialtemperature of the hot water
from the agrdensed steam

me is the'rnass of the cold water from the melted foe

tc is the initial temperature change of the cold water
from .the melted ice

T1 is the final temperature of the mixture

7. The acceptedQvalue of the heat of vaporization of waterils 540
calories per gram. Compare your value to the accepted value arid

I your rror., percentage
'TRIAL

k DATA
%.

1 2 3

Mass of Styrofoam cup (g) ...mt 5,0
Mass of cup and water (g)

i5 rms.) 4- rn(w) -

-0 -0 Mass of water (g) m (w) 12$.'-i .

60 Initial temperature ( °C) Th ii.C1

E Mass (g) m 13.7EE

a)

0) Initial temperature (°C) Th 100

Mass of cup and water (g) HitE , M(s) + (w)D

Final temperature (°C) T(f) -al)
Heat of vaporization (calories/g) H(v) 517

Standard value (calories/g) H'(v) 54/0
Percent error . E = 244;
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RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. In measuring the heat of fusion of water, why is it necessary to
wait until the end of the experiment before measuring the mass of the
ice?

r
If the mass of. ice were measured before the mixing occurs, some of they ice

might melt in the weighing ISrocess. Thus, the mass of the ice that was used in

the experiment would be different from the mass of ice that was measured.

2. Why would it be difficult to measure the heat of fusion of water
using a large chunk of ice and a small amount of warm water?
The water would cool to 0°C before all the ice had melted. It would be very

difficult under practical conditions to tell precisely how mOch ice remained.

3. What precautions were taken during these experiments to
minimize the effects of heat transfer to and from the surrounding air
in the room? .

. -0-
1' The calorimeter was covered during the mixing.

2 Double cups were used to give added thickness of insulation

3 Calorimeter openings for inspection purposes were minimized.

4..What techniques or changes in the design of the apparatus
would you suggest to minimize your error and tome closer to the
accepted values?
1 Use a thermometer with a very small heat capacity, such as a thermistor

type thermometer. ..

. 2. Use a dehydration system to keep the ice dry until the instant before'
mixing.

5. At home design and build an apparatus incorporating the
suggestions that you -have made in the question above and perform
the experiment as carefully and precisely as you can. Summarize the
effectiveness of your improved apparatus and techniques.

a
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EXPERIMENT WA(/ES 06 A COILED.SPRING

NAME CLASS HOUR

LAB PARTNERS. DATE

PURPOSE

In this experiment some of the basic characteristics of waves and the This experiment should be done by a

underlying concepts of wave motion will be investigated by observing group of two or three students. There

waves on a coiled spring.
is too much manipulation for one,,:

Table top

PROCEDURE

Sliding
rings

Rod or taut cable near ceiling
1" above floor

may be fastened to wall or ceiling

4401MilialMital I II AR fiffffillat-

1. Suspend a long coiled spring from an overhead support or
from the edge of a laboratory table, as shown in the diagram. It is
important that the support4be securely fastened at the ends. If an
overhead wire is used for the support, it should be made as taut as
possible with>the aid of a turnbuckle at and end. If overhead strings
are used for suspending the apparatus, they should be at least 2 m

long and should be spread at even intervals along the length of the
spring. Stretch the spring by attaching the ends to supports, using a
strong cord at each end,' If an overhead support is used, the cord
should be at least 1 m long.

123

student working alone.

APPARATUS PREPARATION
Twoypes of coiled spring are-avail-
able from scientific supply com-
panies. One is a helical spring Made
of steel, sometimes called a "slinky."
To be effective in the lab, it is.
important to get an extra longspring
of -this type, called a "double slinky."
The other type'of spring is a coiled
brass spring about 13 mm in diam-
eter and 2 m long when unstretched.
It can be stretched, as much as 10 m
without damaging the spring. Both
types of springs should be made
available to students.

N.-

120

1 "double slinky"
1 brass spring, as.described above
supports for springs
stop watch
meter stick



SUGGESTIONS AND TECHNIQUES

1., If the coiled spring isst.)is :ended properly, the waves
pulses will continue for a long time'after they have been started.
To -stop them hold a large piece of cardboard lightly against the
coils so that there will be a small amount of friction each time the
wave passes. This will help stop the motion of the spring when
desired.

2. Be very careful with a long spring and avoid making
especiafty large waves or pulses that might cause the spring to

. twist up upon .itself.Once a long spring becomes twisted, it is
difficult and sometimes impossible to straighten out again.)

2. Start a transverse pulse at one end of the.spring by pulling the
spring a few centimeters to one side and allowing it to snap back into
place. After the spring has come to rest, repeat this procedure several
times while closely observing the movements of the spring. Record
your obseeVations.

4s

The pulse traveled down the length of the spring. It was reflected back and

forth several times, becoming weaker with each reflection until it finally

'`stopped.j r3. Move one end of the spring a short distance' to one side and
low the spring tosnap back lo its original position, starting a
ansverse pulse. Repeat this procedure several more times, in-creas

ing the displacement each time. As the displaceMents are increased,
what happens to -the amount of energy received at the distant end of
the spring?

As the initial energy is increased, the pulse lasts longer before dying out after

multiple reflections.

4. Clamp the distant end of the spring or have your laboratory
partner hold it firmly so that it cannot move. Observe the reflection of
a transverse pulse that takes plice from the end of the spring that is
clamped. Compare this with the refledtion that occurs when the
distant end of the .spring is free to move. In which instance is the
reflected pulse inverted ?,
The pulse is inverted upon reflectick when the end isclamped.

5. At one end of the spring, gather a few coils of wire together to
form a compression. Release the spring and describe the motions of
the wire as a longitudinal pulse travels down its length.

The compression moves down the spring in much the same-manner as the

transverse pulse. L.2
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EXPERIMENT 30. WAVES ON A COILED SPRING

NAME CLASS HOUR

6. Stretch one end of the spring by pulling several coilipairt.
Allow the coifs to snap back to their original poiition arid describe the
expansion (or rarefaction) pulse which travels down the spring.

Thee-expanIn trpvels down the length of the spring and is reflected at the

ends.

7. Tie a piece of colored string to one of the coils near the center
of the spring and describe. its movements (1) as a transverse pulse
and (2) as a longitudinal pulse is sent down the spring.

As a transverse pulse passes, the string vibrates from side to side. As a

longitudinal pulse passes, the string vibrates bathc and forth in the direction of

the pulse. 41 7

8. Find the spolsd of a transverse pulse by displacing a few coils
at one end of the spring a small distance to the side and then
releasing the coils. After the pulse has travelled back and forth several
times, record the total distance that the pulse travelled and the Iotal
time in row 1 of the data chart. Do a second trial and record the
distance-time data in- row 2. Divide distance by time and record the
speed at the bottom of each column

9. Find the speed of a longitudinal pulse by squeezing a few coils ,

at one end of the spring together and then releasing them. Record the
distance-time data and speed of the pulse in rows 3 and 4 of the data
chart

10 Using either a transverse or a longitudinal pulse, experiment
to find the speed of a small amplitude pulse and that of a large
amplitude pulse on the same spring. Record these time-distance data

in columns 5 through 8 of the data chart?

I. SPEED OF PULSES

TRIAL

Transverse LongitUdinal
Small

Amplitude
Large

Amp itude

1 2, 3 4 5 6 7 8

Distance
meters) d = 28.0 z8.0 28.0 28.0 28.6 28.0 2.8.0 2.8.0

Time
(sec) t =

iro L.17.5 'f1.8 116.0 L18.3 41/3 qq,1 I9f3

Speed
(m/sec) v =

.

.57 .59 .407 :10 .58
R

,,sb .57 .58
.
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The pulse travels too fast for the
students to time over a single length
of the spring. For best results, stu-
dents should time the pulse over,
say, 20 reflections.



InVoing this exercise, it is important
*s. that -the tension of thespring be held

constant when measuring the veloc-
ity by the two different techniques

The greatest source of error will be
the measurement between adjacent
nodes unless obe students invent a
technique of accu/ately measuring
these distances while the spring is in
motion.

V

63.

vI

11. Move one end of the spring (from side to side Kan even series
of motions to start a train of pulses, or a wave, going down thespring
The reflected pulses from the far end of the spring combine with the
incoming pulses to form a standing wave which has nodesplaces on
{fie spring where there is no vibration. When a standing wave has
been established, measure the distance between two adjacent nodes.
Calculate tite wavelength by doubling the distance between the two
adjacent nodes. When the wavelength is multiplied by the frequency
(number of times Per second that the spring is moved from side to
side) the product will be the speed of the wave Enter the data and
calculations in data chart II.

1

II. SPEED OF WAVES

A TRIAL

1

.

2 3

Frequency
(pulses per sec) F = * 3.2 ,-
Distance between
nodes (meters) X = 09
Wavelength .
L = 2X (meters) L = 18

Speed _

v = FL (m/sec) V =- 58-

RELATED QUESTIONS AND-SUGGESTED ACTIVITIES

1. Compare the speeds at which a transverse pulse and a
(. longitudinal pulse travel through a long coiled spring.

A transverse pulse travels more slowly than a longitudinikpulse

4.

(

2. Compare the speed Oca large-amplitude 'pulse with that of a .

small-amplitude pulse;

Both -travel at the same rate.

123
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EXPERIMENT 30. WAVES ON A COILED SPRING .
..

NAME

3. Fasten together two coil springs of different diameter to make
one long spring. Predict what will happen as a pulse from either
dkection comes to the boundary between the twociprings.

The pulse will change speed as it crosses the boundary and is transmitted to

the spring on the other side.

Try it and record your observations

going from one spring to the other. Part of the pulse is reflected at the

The pulse does change speed in

boundary and travels back toward the original end.

4 Predict what will happen on a coiled spring when two pulses,
started simultaneously at opposite ends of the spring, meet near the
center.

When they meet, the energies of each pulse will add to the other, making a

much higher pulse.

4

Try it and record your observations The instant that the pulses meet,'

a high& pulse is fornied. Afterwards, the two pulses continue on their way,

as if nothing had happened.

t
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414

It may be difficult to see the reflected
pulse. If the original pulse travels
from a lighter spring to a heavier one,
the reflected pulse will be upside-
down; if it travels from a heavier to a
lighter spring, the reflected pulse will
be right-side-up.



EXPERIMENT WAVES IN A RIPPLE YANK

NAME CLASS HOUR-

LAB PARTNERS. DATE.

PURPOSE

A ripple tank permits you to obserie water waves in two dimensions
on a projection screen. These observations are directly applicable to
phenomena associated with invisible waves, such as the electro-
magnetic waves, which will be studied later.

PROCEDURE

Straight filament
50watt or 100watt
clear lamp

1. Set up a ripple tank as shown in the diagram. Fill the tank with
water to a depth of 7 mm, %Vet the sides of the tank where the water
touches them by runriing a wet finger along them. Fix the leveling
instruments so that the tank is perfectly level and the water depth is
the same evsgrywhere.

. 2. Start a pulse by dipping your finger in the center of tie tank.
Float some small pieces of cork on the water and describe the motion
of each piece of cork as the pulse passes by.

4

Each piece of cork bobs up and down as the pulse passes, but it stays in the

same location in the tank that it had before the arrival of the pulse.

APPARATUS PREPARATION
ripple tank
electric wave generator
white paper screen
stop watch
meter stick
hand-operated stroboscope

Straight filament bulbs are supplied
with the ripple tanks. When a bulb
burns out, be sure to replace'it with
the Arne type bulb or it might be

impossible to focus the wave pat-
terns on the screen..,

The ri-Xle tank is an excellent device
for developing qualitative concepts
of wave phenomena. If possible, try
o keep two or ;hree ripple tanks set

in the corner of thf lab for a
onth or two. In addition to this

xperirnent, the ripple tank is also
called for in the three experiments on
reflection, refraction, and diffraction
which follow.

9
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3. St4rt a pulse by dipping your finger in the center of th tank
and rote the shape of the wave as it spreads out from the cente . What
does this indicate about the speed of the pulse in each dir ction?

`15) It will be very difficult for stu-
dents to measure the distance be-
tween waves on the screen td within
tenths of a centimeter. It is much
easier to rrffiasure the distance be-
tween 5 waves and then divide by five
to find the wavelength with good
prec%ion.

A stroboscgpe with 6 slits was used.
The strobe rate was found by count-
ing the number of rotations in a 15
Sec interval and multiplying the re-
sulting number of rotations per sec
?,), 6 slits/rotation ,

(20 rot)
(15 sec)

(40 rot)
(15 sec) (6 rot )= 16' sec

(6
slits

)-
slits

rot sec

slits slits

(60 ro))
(6

slits
) = 24

slits
,(15 sec) Tot sec

The actual wavelength Is3.1 cm ;This
appears when 8 slits pass the eye per
second. When 16 slits pass th6 eye
per second- students- are deceived
into thinging that, the distance be-
tween waves has shortened by one
half. This is an optical illusi-arrcaused
by the persistence of the image of the`
y_aves at one instant while the viewer
is seeing the waves one-half period
later. As, the strobe frequency is'
increased, more'and more immediate
positions of the waves are observed

The pulse spreads out in a circle. This indicates that the speed is the same in

all directions along the surface of the water.

Set- up the electric wave generator at the edge of the tank so
theta bead is automatically dipped into the water atregular intervals
to produce a series of circular waves. Adjust the height of the lamp
above the tank to make the image of these waves on the screen
beneath. the tank as clear as possible.

5. Place a meter stick on the screen to measure the wavelength of
the waves being produced. Look at the screen through a hand-held
rotating stroboscope. Change the rate at which the stroboscope is
being rotated and notice that there are several different rates of
rotation that make the wav it. on the screen appear to be standing still.
Starting with the slowest rate which "stops" the waves, record the
strobe rate and the wavelength in the data chart. How to me sure the
strobe rate is explained under Suggestions and Technique Repeat
this procedure foreach of the faster strobe speeds Which "s op" the
action. Notice that the distance between successive waves appears to
become progressively shorter as the stroboscope is turned faster and
fatter. The longest. dist6nce between waves that is _observed is the
actual wavelength of the water waves. Measure this wavelength with
the aid of the meterstick on the screen and also measure the apparent
wavelengths of the waves when the stroboscope is rotated at faster
rates.

I. STROBOSCOPE CALIBRATION

TRIAL®

No of Slits per Second
Passin the Eye

N=

Actual or Apparent
Wavelength (cm)

L =

1 3. i on
2 J -(4 I. 0 Clot.

3 2)-1 1.0 CA1.

5

6

7 .
.

6. Adjust the wave; generator so that it makes waves of greater
-frequency. Measure th) f requency as follows. Rotate the stroboscope
at different rates until you find the fastest rate at which the
wavelength of the waves still appears as the actual wavelength when
viewedthrough the stroboscope, and not any shorter. At this strobe
rate, the number of slits, passing your eye per second is equal to the
frequency of the wave in hertz, because you are catching a glimpse of
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EXPERIMENT 30. WAVES ON A COILED SPRING

NAME CLASS HOUR

the wave exactly once per period. Record both the frequency and the,
wavelength of the wave. Repeat for several different frequencies as
the wave generator is adjusted. Record all the frequencies and
corresponding wavelengths in the data chart.

SUGGESTIONS AND TECHNIQUES

1. Most commercial ripple tanks have sloping edges to
dissipate the energy of the, water waves. If your tank does not
have sloplirig edges, and unwanted reflections are a problem,
make an artificial beach by placing some wire mesh around the
edges of the water, and cover the mesh with some cotfon gauze.

2 Make sure that the gs of your ripple tank are tight in
their sockets. If they are n , the tank may start vibrating and
generate distracting waves.

3. The images of the waves that are seen on the screen of
the ripple tank will probably be a bit larger than the actual waves
themselves. You can determine the scaling factor by placing an
object of known length at the level of the Ikater and measuring
the length of the image that is cast on the screen below You may
wish to take this scaling factor into account when measuring the
actual wavelength of water waves.

4. When using a stroboscope, it is a good idea to work with a
laboratory partner who can verify each of the measurements and
help with the stroboscope timing. While one of you looks through
the stroboscope and rotates it at a rate that. "freezes" the motion
of the wave'', the other can use a watch tcr determine the
stroboscope rotation rate (number of complete rotations per
second). The number of slits per second passing the eye equals
the number of slits on the stroboscope times the number of
complete rotations per second.

5. When a ripple tank #is first filled, small air bubbles
sometimes cling to the glass, making visibility difficult. These
bubbles are easily removed by agitating the water.

6. Most of the commercial wave generators are made to
vibrate by means of an off-axis weight attached to the rotating
4nature. The vibration amplitude may be adjusted by moving
this weight closer to or fOrther away from the center of rotation.
If it is too far off center, the wave generator may not vibrate at all.

7. To start the wave generator it is often necessary to
connect the electricity and rotate the motor axis with your hand.

CAUTION:
Be sure that the generator motor is operating when-
ever the electricity is turned on. If electricity is
allowed to be left on when the motor is still, there will
be large amounts of current in the motor which will
cause overheating and damage the motor winding.
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II. WAVELEGTH VS. FREQUENCY

TRIAL
Frequercv

(Hz)
F=

Wavelength
(cm)
L= .

1 8 3.1
,

2' I0 2.5
3 !2 1.0
4 ILI

i
, 1.6

5 tic' i. 5

6 I?) I LI

State the relationship between the frequency of a wave and the
wavelength.

The wavelength varies inversely with the frequency.

7. Fill the tank to a depth of 10 mm. Place a large square o ?glass
in the tank and support It with washers so the depth of the water
above the top of the glass is only 1 mm. Start the wave generator and
using the stroboscope, measure the frequency and wavelength in
both deep and ,shallow water Record your 'results in the data table.

III. SPEED VS. DEPTH OF WATER

...

Frequency
(Hz)

,.._..F =

Wavelength
(cm)
L=

Speed
(cm/sec)
V = FL

Deep water D 8 3.1 2 5

Shallow water S 8 Z.6 V

Do your measurements support the principle that water waves
travel more slowly in shallow water thankin. deep water? Explain.

In deep water the waves moved 4 cm/sec faster than in the shallow water.

12 8132



EXPERIMENT 31. WAVES IN A RIPPLE TANK

NAME CLASS HOUR

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. Generate a wave of straight pulses in the ripple tank and place
a long paraffin block at the distant end of the tank to reflect the wave
back toward the source. The reflected wave will combine With the
incoming wave to produce a standing wave. Measure the wavelength.
of the standing wave, and find the frequency the wave generator,
Vsing a stroboscope. Calculate the wave speed by multiplying the
freque\-icy by the wavelength and check this value with speed
measu 'ements that you have made by other methods.

2 When the water in the center of a ripple tank is disturbed, a

circular pulse spreads out from the center*of the disturbance Predict
hqw the height of the pulse will change as the pulse spreads out, and

devise an experiment to check your predictions

As the pulse spreads out, the energy is dispersed over a greater distance. so

the height of the pulse should decrease (Actual measurement of the pulse

height at various distances from the center is a fair challenge to student

ingenuity )

3. The speea water wave varies with the depfh of the water

Set up an experiment to determine the relationship between the wave

speed and the water depth and record your results below. (HINT.

Keep the frequency constant, as the wave speed also varies with
frequency even in water of constant depth )

TRIAL

Water depth Wavelength Frequency Speed

(meters)
D=

meters
L=

(Waves per sec.
F=

= FL(cm/sec)
V=

1 ,..
2

4
c

133 129
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4

Calculations by the two methods
should agree within 20% It is very
difficult to.make more precise meas-
urements with a ripple tank.

J
Encourage ingenuity on the part of
any students who are able to use
unusual techniques to measure the
pulse height

Such encouragement will be remem-
bered long after the theories and
formulas are forgotten

No meaningful sample data for this
open-ended experiment is available.
According to classical hydrodynam-
ics, the speed of a water wave in
water whose depth does not exceed
half a wavelength is given by the
equation:

v =Vg1-7

where v is the speed

g is the acceleration
of gravity

h is the water depth



EXPERIMENT REFLECTION

10/

41,0.0 =1.0
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NAME CLASS HOURr
LAB PARTNERS DATE

PURPOSE

Reflections occur when waves encounter the" boundary between two
media. The principals of reflection are the same for all waves. in this
experiment you will be given an opportunity 'to investigate the
similarities In reflection behavior of several different kinds of waves.

PROCEDURE

I
A. REFLECTION OF WATER WAVES

1. Fill a ripple tank with water to a depth of 7 mm, level the tank.
and adjust the overheanamp so that the waves that are projected on

the screen are clear and sharp.
2. Connect the wave generator to produce a series Qf straight

waves that are approximately 3 cm apart.e

3. At the far end of the tank, place a length of rubbeUbing in the
water to act as a barrier and reflect the waves. Start with t e barrier
parallel to the wave fronts. Slowly change the angle b ween the
barrier and the wave fronts and observe the change of ection that

takes place in the reflected waves. Record your observations.

As the angle between the barrier and the incoming wavefronts is made greater.

the angle between the incoming and reflected wavefronts also becomes

greater.

4 -
135 130

It is recommended that students
perform this experiment in pairs.*

The concepts of physics which are
involved in the reflection of waves
are easy for students to grasp. Un-
less one wishes to delve more deeply
into the nature of surface layers at
which reflections occur, the tasks
should not present any difficulty for
the average student.

Even if all the suggested apparatus is
available, you wig t wish to have
each group of stu nts do only one
part of the px riment and then
share their notes and data with the
°Mars The most important outcome
of this experiment is for students to
see that water waves, light waves,
and microwaves undergo reflections
in a similar Aanner

-APPARATUS PREPARATION
ripele tank
wave generator
a 30-cm length of rubber tubing ,
:weights to hold tubing in position
white paper screen
water
protractor



APPARATUS PREPARATION
gla mirror, about 10 cm by 10 cm
bl k of wood or books
sh et of note paper
cardboard or soft wood to fit under

pap,er
4 straight pins
protractor

'fp

SUGGESTIONS AND TECHNIQUES

1. Refer to the manufacturer's instructions for specific
procedures that are necessary to setup a ncrowave set or a
laser.

2. A suitable reflector for microwaves may be either a large
silvered mirror, a sheet metal plate, or a large sheet of aluminum
wrapping foil stapled to a flat sheet of cardboard for rigidity.

3. When using a laser, be very careful that the light never
enters your eyes or the eyes of anyone in the laboratory.

4. Shut off the electric power to all the apparatus when it is
not in actual use. This will extend the life of the equipment and
minimize any risk of accidents.. .

4. With straight waves approaching the rubber tubing barrier at
the far end of the tank, bend the rubber tubing into a parabolic shape
so the reflected waves are focused at a sharp point near the center of
the ripple tank. Use some weights to hold the rubber tubing in this
position, and mark the location of the focal point on the screen below
the tank.

5. Shut off the wave generator and predict how waves will be
reflected from the parabolic barrier when you dip your finger into the
tank at the focal point. Try this and tell whether or not your
predictions have been verified.

The reverse ought to occurthat is, the reflected waves should be straight.

When observed on a ripple tank, approximately straight reflected waves were

detected.

B. REFLECTION OF LIGHT WAVES

Block of
wood

Pins

Mirror

Paper

1. Place a sheet of note paper on a table with a piece of
cardboard or soft wood beneath the paper for a backing. Set a small

136
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EXPERIMENT 32. REFLECTION

NAME
.:, CLASS HOUR

Wand mirror upright on the paper and support it in this position with
so e books or a large block of wood.

2. Outline the bottom of the mirror on the paper. Draw a straight
lin to represent a ray of light going toward the mirror and hitting it at
an ngle. At the point 'where the light ray hits the mirror, construct a
line perpendicular to the mirror outline.

3. Place two straight pins upright along the line which represents
the light ray. Look toward the mirror from a point on the other side of
the perpendicular line you drew. Place two additional pins in the
paper so that they and the mirror images of the first two pins appear
to be in a single straight line.

4. Draw a line through the positions of the second two pins to the
mirror This line represents the, reflection of the first ray of light.

5. According to the law of reflection, the angle of incidence (the
angle between the incident ray and the perpendicular) is always equal

to the angle of reflection (the angle between the reflected ray and the
perpendicular). Measure these angles with a protractor and calculate
your percentage error

angle of incidence: 26°29' % error = 6.9% angle of reflection 24°39'

I. Reflecti6n of Light

TRIAL
Angle of
incidence

i=

Angle of
reflection

r=

P4Icent
error
E=

1 29 °Z9 27°15' -7.6%

2 38 °Z9' 3.Z 7.

VI

C. REFLECTION OF MICROWAVES

e

APPARATUS PREPARATION
microwave transmission set
metal plate, mirror, or aluminum

foil reflector, about 20 cm by 20
-G171

protractor



APPARATUS PREPARATION
helium-neon laser
electronic photometer
several rough objects, such as

unpolished metal, paper of dif-
ferent colors, different types of
wood

glass square or beamsplitter
protractor

The photometer used was an inex-
pensive ($50) battery-operated de-
vice which consisted of a solar cell
detector, a dc amplifier and a meter
readout. Such photometers are avail-
able from laser manufacturers Or-
dinary photometers which are used
for photography will probably not
work because they are not suffi-
ciently sensitive to the red light.

The helium-neon laser had a 0.5 mW
output power. The reflecting material
tested was spirit duplicator paper
(white).

1. Place the transmitter and receiver horns of a microwave
experimenting set side by side, facing in the same direction.

2. Place a large metal plate, mirror, or foil reflector about two
meters in front of the horns and rotate it until the maximum signal is
indicated in the receiver. Set up a,procedure to gather data that will
prove that microwaves obey the laws of reflection. That is, prove that
the incident ray, the reflected ray, and the perpendicular are tilways in
the same plane; and the angle of incidence is always equal to the
angle of reflection.
With most microwave sets of wavelength 3 cm, agreement bet een the

incident and reflection angles should be within 5%.

D. REFLECTION OF A LASER BEAM

1. Most objects scatter light as they reflect it, producing a
diffuse (scattered) reflection. Point a laser beam at several rough
objects, such as unpolished metal, paper of different colors, and
different types of wood. Measure the amount of reflected light that is
picked up by a photometer that is held a short distance in front of the
object. Using the incident beam as a standard', measure the fraction of
light,which is reflected from the surface at different angles.

SCATTERING BY REFLECTION

Reading of incident beam I = 20

TRIAL
i

Angle between incident
beam and surface

A=

Reading of
reflected light

R=

Fraction of
light reflected

R /0=

1 10°ti Ci . 8 44C/ 70

2 (900 q. a y917,

3 30 5.b 28%

4 10° o1 5% -

1 3 3 138
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EXPERIMENT 32. REFLECTION

NAME r CLASS HOUR

vt,

_2. Using a flat glass plate or a specially designed beam splitter,
determine the proportion of transmitted light to reflected light that is
detected with a photometer as the glass plate is rotated al different
angles with respect to the incident beam:

BEAM SPLITTING

Reading of incident beam I.=
III. Beam Splitter Reflection
A laser beam splitter was used to get the following:

11

,

TRIAL

Angle between
incident beam

and surface
A=

Reading of
transmitted

light
T=

Reading of
reflected

light
R= ,

Proportion of
transmitted light to

reflected light
R/I --

1, cio° '-1.7 cet 0.77

2
0

/ 5.0 6.0 0.83
3 , 1-1.3 5.6 0.-71

4 y0° 41-0 6.0 0.67

5 3 0 3.2 6.8 ass
6 ,

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1 Stack a laser, rpicrowave transmitter, and a flashlight one,
above-the other with the aid of ringstands or other supports. Aim all
three at the same spot on a distant flat mirror and predict the exact
locations of the three reflected beams. Account for any errors
between the predicted positions and the actual positions of theme
'reflected beams. c /

All three, should obey the same laws of reflection. There will be a difference in

precisionthe laser is the most precise, _followed by the microwave

transmitter, and then the flashlight.

2. Test the ability ofvarious materials to reflect microwaves or a
later beam and develop a theory to describe why some materials are

better reflectors than others.
Although most students will say that good reflectors must be smooth and

shiny, they will be surprised to find that Scotchlite reflecting paper, which is

rough, is an excellent reflector. Have the students check their theories with

those in texts.

139 134

The object used was a commercial
beam splitter. This is a small square
of partially silvered glasfr

Many other materials can be inves-
tigated in a similar manner. Such
open-ended experiments which in-
vestigate natural phenomena in a
meaningful way should be encour-
aged. It is not uncommon for stu-
dents to become quite enthusiastic
and even make discoveries which.are
not recorded in textbooks.

I

./

f

I



This,technidd is so good that the
precision is limited only by the ability
of the student to measure the dis-
tances precisely. Re.sults will vary
from those within 30% to those with a
zero error to two significant figures.

3. Verify the laws of reflection using a laser beam and long,
distance techniques as follows:_f.

a. Aim the laser beam across the center of a large room so that it
hits the center of the rear wall.

b. Tape a small mirror to the wall and circle the area on the mirror
where the laser beam strikes it. Adjust the positions of the laser and
the mirror so the reflected beam is superimposed on the incident
beam. The two beams are now on the perpendicular to the mirror
surface.

c. In 50-cm steps, move the laser 3 meters to the right of its
original position. At each step, point the laser at the mirror and record
the angular distance that the reflected beam appears to the left of the
original laser position. Compare your data*th the' ideal values given
by the laws of reflection and calculate your percentage error.



'EXPERIMENT REFRACTION

z NAME CLASS HOUR:

1 LAB PARTNERS DATE..

PURPOSE

In this experiment we ihall investigate how the refraction, or bending,
of waves Is related to changes in the wave velocity.

A. REFRACTION OF WATER WAVES IN A RIPPLE TANK

PROCEDURE:;

a

This experiment should be done by
students working in groups4if two -or
three.

There is so much similarity in the
relractioj of water waves, light
waves, and microwaves that all three
should be 'investigated in the same-
lab session if at all possible..

Since there is too much for any l
individual or group to do, it is sug-
gested that the class be divided, with
each section doing a different part of
the experiment, followed by a class
discussion of the overall results.

APPARATUS PREPARATIONS
cripple tank with wave generator
a 10-pm-by-15-cm glass plate

' coins, to use as spacers to raise or
lower the glass plate in the ripple
tank

paraffin blocks
water
white paper screen
hand-held stroboscope
protractor

1. Fill the ripple tank with water to a depth of about 10 mm, level

the tank, and adjust the overhead lamp so that the waves that are
projected on the screen are clear and sharp. SIW

2. Put a rectangular piece of glass (10 cm X 15 cm) in the ripple
tank and support the glass horizontally-so that the top surface of the
glass is approximately 2 mm below the surface of the water.

141 - 7

Paraffin blocks are available wher-
ever canning or candlemaking sup-
plies are sold. .

it
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SUGGESTtONS AND HNIQUES

.1. Glasi squares 7 cm X 7 cm are recommended because
these are standard sizes sold by scientific supply companies/

Glass squares (or rectangles) ofqther sizes will wor'k equally 1.i:vjek_
For the greatest precision, distances AB and_CD should be as
great as possible.

2. It is important that one of the polished edges of the glass
square coincide exactly with the top edge of-the, square that is
drawn on the diagram. Any .enisalignments will affect the
accuracy of your results.

3. If the angle between the surface of the glass and the
incident ray is made too small, it is possible that the emerging
ray will come out of the right side of the glass square irof
at the bottom. This condition can be observed when ng a
glass square that has four polished edges. The proCedure which
is used to calculate the index of refraction of glass in this
particular case is no different than that,gsed for the original
procedure.

4. For the most precise results, use very sharp pencil and
measure all distances to the nearest tenth of a millimeter. Ask
someone else to check your sighting of the four pins in each,
case to be sure that they are perfectly aligned befojaproving
the glass from the diagram.

5. Check that the angle between the rekacted ray and the
second wavefront is 90 °. This can be done with the aid of a
protractor or with the 4id'of a right angle at the corner of a sheet
of note paper.

6. The index of refraction of glass varies slightly with the
color of the light being used. It is not expected that the
comparatively imprecise techniques used for this experiment
will detect this variation.

3. Place two paraffin barriers in the ripple tank in the positions
shown in Figure 1. This will divide the ,tank into two parts: one in
which the water is 10 m'm deep; and one in which the water is only 2
mm deep.

4. At the deep, end of the tank, 'connect the wave generator to'
produce a series of straight waves that are approximately 3 cm apart.

5. Fix the boundary between the shaliow god deep water so tbat
it is,parVel tO the direction in which the wave fronts are approaching
With a stroboscope, "stop" the motion of the waves on the scraeri---
beneath the tank, and with a meter stick measure the wavelengths in )

A shallow water and in deep water. Change (he frequency of the wave(
generator several. times. Witheaach change of frequency record the
wavelengthq for deep and'shetilow water in the data chart.Ift .

6. Examine the data pairs of, wavelengths. for the different
frequencies of the wave generator and see if you can find a pattern
which relates the data. If so, what it the pattern?
The ratio of Oavelengths in deep and shallow water does not change at

4

different frequencies.
411
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EXPERIMENT 33. REFRACTION

NAME CLASS HOUR

.7. Adjust the boundary between the deep and shallow water so

the wave fronts will hit the boundary at an angle of' about 30° (see
Figure 2). ObServe any changes in the direction of the wavefronts and

record your observations.
As the wave fronts pass over the submerged glass square, they change

direction. The wave fronts over the glass make an angle with the boundary

i

that is obviously lest than 30 degrees.
DATA

as.

TRIAL

Frequency.
(Hz)

F =

Wavelength in
, deep water

(cm)
L(D) =

Wavelength in
shallow water

(cm)
L(S) =

S ff. 3.1 2.6
2 I 0, Z.5 1.t

ti. 2.1 11?

4 H 1.8 1.5

5 110 1. (0 1.3

6

7

\ -4
B: REFRACTION OF LIGHT WAVES TRAVELING

FROM AIR TO-GLASS

/ PROCEDURE .

it

IS

tl

.,

APPARATUS PREPARATION
Vass square, 7 cm by 7,cm

These are sold by scientific sup-
ply companies for this particular
experiment

straight pins
a notebook1N' sheet of heavy

cardboard
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1. Ori the data worksheet, place a glass square (7 cm X 7 cm) in
the position indicated in the diagram, making sure that one of the
polished edges Of the glass coincides exactly with the top edge of the

. square on the diagram. With the glass in this position, one of the lines
above the glass represents an incident ray of light which is striking
the polished edge, and the line perpendicular to it (AB) represents the
wavefront of the light at the instant the incident ray is about to enter
the glass. Insert 2 straight pins about 3 or 4 cm apart on the line which
represents the incident ray. Holding your head so that your eyes are
at the`same -level as the glass, insert 2 more Mraight pins at the bottom
of the diagram so that it appears as if-all four pins are on aperfectly
straight line,.while you are looking through the glass (Figure 3).

2. Remove the glass and draw 2 straight lines with the aid of a
straight edge to show the path of the light as it traveled through the
glass and emerged. Label, these lines "refracted ray" and "emerging
ray," as shown in the sample diagram. (Figure 4).

t

..

3. Starting from the upper right corner position of the glass
square, draw a line that is perpendicular to the refracted ray. (This
line is labele lure 4.) This line represents the wavefront of

a later timethe instant the right end of the wavefront enters
the glass. 4 /

4. Measure the distancestd and d' on your diagram. Distance d is
the distance moved in air by a point on the wavefront during the time
the wavefront moved between position Alland position CD. Distance'
d' is the distance moved in glass by another point on the wavefront
during the same time interval. Thus, d and d'are proportional to the
respective speeds of light in air and in glass.

5. On separate sheets of paper, draw- similar diagrams but
change the angle khat the incident ray rpakes with the glass. Measure
distance d and distance d' for each case.

, 6. Enter the distance data in the data chart. For eacYpair of
. distances, divide the distance d by the distance d'. Enter the result of
this calculation in The data chart. This value is known as the index of
refraction of glass and should be between 1.5 and 1.9, depending on
the type of glass that is used.

3 144'
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EXPEWMENT 33, REFRACTION

NAME

DATA

a CLASS HOUR

TRIAL 4' d
(cm)

IT
(cm)

d/d"

1 -- 2.,3 '1. 5 1.5

2. . i.ci 1.3 1.5

3. 2.5 1.7 1. 5

145
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RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. Ordinary crown glass has.an index of refraction of 1.5 and flint
glass has an index of refraction of 1.6 to 1.9. Refer to your data and
identify the type of glass that iou used for this experiment.

Ordinary crown glass.

.1-

2. If the narrow beam coming from a carbon arc lamp or from a
... helium-neon laser were to be aimed at your glass square in the

direction of the incident ray on your diagram, the light should follow
the path through the glass and emerge exactly as you have shown in
your diagram. Try this and see how close you are able to come.

The laser beam is right on the line;

Student ingenuity is required to
-make measurements above and be-
low the surface of water. The hand-
book value of the index of refraction
of water is 1.33.

The paraffin can be cast in the
desired shape with wooden molds.

f

T

4 3. Using a technique that is similar to that used in this
experiment, deviie a procedure for determining the index of
refraction of water. Summarize your procedure, data, and conclu-
sions in the space below. /

'.,..-
4. The speed of light in air is 3.0 X 108 m/sec. Using the data that

you have obtained in this experiment, calculate the speed of light in
glass. (Remember that the speeds' of light in air and glass are in the
same ratio as the distances d and d'.)

_,
(speed of light in air)/(speed of light in glass) = 1.5

speed in glass = (3.0 x 109 m/sec)/1.5 = 2.0 x 109 m/sec

5. Microwaves are refracted by paraffin in much the same
manner as light waves are refracted by glass. If a microwave
transmitting and receiving set are available, repeat the procedure that
was used for determining the index of refraction of glass, substi-
tuting. the microwave transmitter for the light source and a paraffin
block for the glass, and placing the microwave receiver on the
opposite side of the paraffin block. Using different angles of
incidence, calculate the index of refraction of paraffin for micro-.;
waves.

The index of refraction of paraffin for microwaves is 1.42. Thus, students

should find that for every angle of incidence the distance d is 1.42 times as
..--.----.......

g

great as tiiedistance d'.

146
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EXPERIMENT.,---

\
/

DIFFRACTION AND INTERFERENCE

NAME CLASS HOUR

LAB PARTNERS: DATE

PURPOSE
..41

in this experiment you shall have an opportunity to observe the
bending, or diffraction, around edges that occurs when waves pass
through a narrow opening, and you shall investigate the Interference

phenomena which accompanf this diffraction.

A. DIFFRACTION AND INTERFERENCE IN A RIPPLE TANK

PROCEDURE

1. Set up a ripple tank with about 0.7 cm of water; make sure that
the tank is level. Set up a wave generator at one end of the tank to
produce straight waves. Across the center of the tank (as shown in the

,L diagram) place several paraffin blocks with a narrow opening at the
center to allow waves to pass through the barrier. Experiment with the
size of this opening to find out whether the greatest amount of

diffraction (spreading out of waves) occurs as the opening is made
wider or as the opening is made narrower. Recdrd your observations.

As the opening between the paraffin blocks is made smaller the amount of

diffraction increases.

147
142

A

This experiment should be done by i
students working in groups of two or . .11.

three.

Each group should have an oppor-
tunity to observe diffraction in a
ripple tank and then do quantitative
work with a microwave set, a laser, or
a sodium flame. The most satisfying
results will be obtained with a laser
and an inexpensive (less than 25C)
replica diffraction grating. The set-
up is simple, and data which yields
precise and accurate results is ob-
tained by almost all the students.

APPARATUS PREPARATION
ripple tank
wave generator
paraffin blocks
white paper screen
water

, I.

\

/
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SUGGESTIONS AND TECHNIQUES

1. Diffraction patterns can be `observed in a ripple tank
without too much difficulty but a great deal of practice is
required to make any quantitative measurements. If time is
available, it is usually better spent in measuring the diffraction
patterns produced by light waves, from which greater precision
and accuracy may be obtained with relatively little practice.

2. Althciugh the distances from the central maximum and
the first order diffraction pattern on each side of the maximum
should be identical, you may find that these distances differ
because of slight misalignments of the equipment or because of
faulty sighting techniques. A good procedure is to measure the
distances between the central maximum and each of the two
first ordeptirnages and then take the average distance if the two
are not idghtical.

3. When using a laser be very careful that the laser beam
does not shine directly into your eye or into the eyes of other
students in the laboratory.

. 4. Special photometers are required to Measure the inten-
sity of light foUnd in a diffraction pattern. Ordinary photographic
light meters are usually not sensitive enough for this purpose,
since fine differences in light intensity are encountered

2. Readjust the paraffin blocks in the barrier to make two narrow
openings through which the waves can pass. With this arrangement
the waves passing through each of the openings will interfere with
each other at the far side of the barrier:Light areas will appear on the
ripple tank screen wherever the, Caves coming from one slit interfere
constrUctively with the waves coming from the other slit. Dark areas
will appear wherever the waves from the two sources interfere
destructively.

3. Draw a diagram showing the interference pattern which
appears on your screen.

in erence)

ParafPin

wit 143 148



EXPERIMENT 34. DIFFRACTION AND INTERFERENCE

NAME CLASS HOUR

4. Vary the frequency of your wave generator and observe the

changes in the interference pattern which results. As the frequency
increases (and the wavelength decreases) how is the pattern

affected?
As the frequency increases and the wavelength decreases, there are more

lines of destructive interference and they are closer together.

5. Keeping the frequency of the wave gerator constant,
rearrange the paraffin blocks to increase or decrease the distance
between the two openings in the barrier Describe the changes that
take place in the interference pattern as the two slits are brought
closer and closer together.

As the Otis in the barrier are moved closer together, there are fewer lines of

destructive interference and they are farther apart

B. DIFFRACTION AND INTERFERENCE OF MICROWAVES

PROCEDURE

Transmitter
horn covered

with foil

1. Set up a microwave transmitter and receiver on the'laboratory
bench with the transmitter and receiver horns about 25 cm apart and

facing each other, as shown on the diagram. Adjust. the transmitter

output or the receiver gain according to the manufacturer's instruc-

149 144

it°

APPARATUS PREPARATION.

microwave set
meter stick
sheet of aluminum foil
single-edge razor blade
sticky tape
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tions so that the receiver output Meter indicates a full scale reading
with the apparatus set up in this position.

2. Cut two slits in a square of household aluminum foil with a
sharp, single-edge razor blade. The size of each slit and their spacing
are shown on the diagram. Center the slits over the opening in the
transmitter han and hold them in this position by pressing the edges
of the aluminum foil around the rim of the horn. Slowly move the
receiver horn in a small arc in front of the transmitter, making sure
that the distance between the two is always 25 cm. As the receiver is
moved near the central axis, of the radiation pattern, a marked
increase in the received signal strength will be observed. Mark the
position of the strongest received signal by sticking a small piece of
tape to the laboratory table. This maximum signal is called the central
maximum and occurs where the waves coming from the two slits.
interfere constructively after having traveled exactly the same
distances from their sources.

3. Move the receiver approximately 10 cm to the left or 10 cm to
the right of the central maximum position until another position of
maximum signal strength is located. This maximum is called the first
order maximum and occurs where the waves from one slit arrive
exactly one wavelength ahead of the waves from the other slit.

4. In the data table record the distance between the transmitter
and receiver horns (25 cm in this case) and also record the distance
between the central anlithe first order maximum positions.

5. Calculate the wavelength of the microwaves using the
relation

A = dx/L

where d is the distance between slits (6.6 cm in this instance)

x is the distance between the central maximum and the
first order maximum

L is the distance between the transmitter and receiver
horns

Record the result of your calculation-in the data table.

6. Using a similar procedure to that described above, increase
the distance between the transmitter and receiver to 30 and to 40 cm.
In each-case locate the positions of the central and the first order
maxima and record the appropriate distances in the data table. From
your data, `calculate the wavelength of the microwaves and enter the
result in the data table.

DATA
V

Distance between trans-
mitter and receiver horns

(cm)

Distance between positions of
central and first order maxima

(cm)

Calculated
wavelength

(cm)

2-45 // 5" 3.0
30 /41:0 3- I
440 /8.0 3.0

1 5 150

4



EXPERIMENT 34. DIFFRACTION.AND INTERFERENCE

NAME CLASS HOUR

c1. DIFFRACTION AND INTERFERENCE USING A
HELIUM-NEON LASER

PROCEDURE

1. Demonstrate knife-edge diffraction by aiming the beam of a
helium-neop laser at a screen that is approximately 1 meter in front of
the laser. Slowly slide the edge of a new razor blade Into the side of
the laser beam and observe the effect on the screen. If a diverging
lens is used to enlarge the beam, it should be possible to observe
several light and dark fringes on the screen rather than a sharp-edged
shadow of the razor blade which might be expected These fringes are
caused by interference between various portions of the wavefront as
the light bends) around the edge of the razor.

2. D'emor(strate single-slit diffraction by shining the laser beam
on, screen about 1 meter away and partially blocking the laser beam

with two razor blades, one on each side. As the slit between the
blades is made narrower and narrower, you should be able to observe
a marked change in the width of the laser beam. Record your
observations.
As the razor blades are moved closer together, the laser beam spreads out

more and more. When the blades are very close together, the pattern on the

screen looks like a series of dashes, with those in the center the brightest.

r,

3. Pass the laser beam through a very narrow slit made by
placing two razor blades close together, then enlarge the beam using
a diverging lens And observe the pattern which falls on a screen about
1 meter away. The light and dark stripes,,or fringes, which are

151 146

APPARATUS PREPARATION
helium-neon laser
screen
2 razor blades

Any kind of razor blades will
work but neW, sharp blades pro-
duce the cleanest pattern.

magnets, tape, or some other me-
chanical device to hold razor
blades steady

photometer
Special photometers are sold by
laser manufacturers for use with
lasers. A photography light met-
er probably will not work for this
experiment bdcause it is not
sensitive enough to the red light
emitted by helium-neon lasers.

diffraction grating (inexpensive
acetate plastic replica gratings
work well)



4

Ideally, the distances to the right and
left of the central maximum should
be identical. In practice, they will not
be identical because it it difficult for
students to arrange the laser beam
and the screen a.perfect right angles
to each other To minimize the error,
distances to the right and left are
averaged.

Inexpensive acetate plastic replica
gratings have 1-90 x 10-6 m'spacings
between slits. Other gratings usually
have the number of lines per cm
given. The slit spacing in centimeters
is the reciprocal value. (inexpensive
diffraction replica gratings made of
acetate plastic film usually have
13,400 gtooves per inch. This is
equivalent to 5,276 grooves per cen-
timeter. Thus the distance between
adjacent grooves (d) is 1.90 x 10-4
cm, or 1.90 x 10-6 m.)

A

observed are caused by interference among the various portions of
the wavefront which Ass through the slit and are diffracted by the
edges. Upon closer inspection these inVerence fringes will be seen
to vary in brightness. U4ing a sensitive photometer in a darkened
room, record the intensity variations that occur at 1-cm intervals as
the photometer is moved slowly across the screen from one edge of
the pattern to the other. Plot this data on a graph showing distance
along the horizontal axis and the photometer reading along the
vertical axis. (If the pattern happens to be very small, it may be
necessary to record the intensity variations at intervals of less than 1
Cm.)

4. Place a screen 1 meter in front of the laser aperture. Turn on
the laser and mark the position on the screen where the laser beam
falls. Place a diffraction gating over the laser aperture and observe
the additional bright spots which appear on the screen due to
diffraction. A bright spot should appear at the original marked
position, and additional spots should appear to the right and to the
left of the marked position. The marked,osition is called the central
maximum, starting from this place the 1her bright spots are called
the first order maximum, second order maximum, third order
maximum, and so forth. Measure the distance between the central
maximum and the first order maximum on each side. Record these
distances in the data table. Also measure and record the distances
between the laser aperture and the first order maximum on eact) side

5. Record the distance between adjacent slits on the diffrattion
grating. This will be given on the grating or by your instructor.

6. Calciete the wavelength A of the laser light by using the
, relation

where .

A = d
L

A

d is the distance between
adjacent slits on the
diffraction grating

x is the distance between
the central maximum and the
first order maximum

L is the distance from the laser to the
first order maximum on the screen

4

RecOrd the result of your calculation in the data table.

7. According to the handbooks, the wavelength of the light
emitted by a helium-neon laser is 6.328 X 10 -1 meter. Compare this
with the value that you obtained and calculate your percentage error.

8. Repeat the above procedure several times, using different
distances between the laser and the screen.

1 7 ,152



EXPERIMENT 34. DIFFRACTION AND INTERFERENCE

NAME CLASS HOUR

DATA

Distance from edge
of pattern

, (cm)
x=

Intensity
I =

1 0 0 - 0

2 1 0.5
0.5

4 3 0.0
5 1-1 1.0
6 5 )--

z-1.0

7 (0 10
8 7 12-1

9 3 Ha
10 q (O

11 10 2.
12 t1 0.0

,13 I2 0.5
14 13 - 0.5
15 li-i 0.0

0
rj

_m:: Adiialb..(.,.-"/
2 4 6 8 to 12 14

Distance from edge of
pattern (cm )

Distance bOween laser
and first-order

maximum on screen

Distance between central
maximum and first

order maximum
Calculated
wavelength

(m)
L(W) =
x 10

.0/0

error
E =

on left
(m)
L(L)

on right
(m)
L(R)

on left
(m)

X(L) =

on right
(m)

X(R) =
1 1.057 1.035 0.35.1 0.347 1o.35 0.32

2 1.0b8 1.OT6 0.358 0.360 (0.33 070
3

4

6 ,

7 ,

,8

PAS
153

In calculating the wavelength, stu-
dents should use the average of the
distances measured on the left and
right sides.



APPARATUS PREPARATION
Bunsen burner
asbestos collar
salt water solution
wire to secure collar
meter stick
diffraction grating (inexpensive

acetate plastic replica gratings
work well)

Inhaling asbestos dust is harmful to
the lungs. Instead of the asbestos
collar, you might wish to substitute a
15 cm length of nichrome wire with
one end bent into a' loop having a
diameter of about 0.5 cm. A sodium
flame is obtained by dipping the loop
into a container of salt water aod then
heating the loop with the bunsen
burner. Refill the loop with salt water
as often as pecessary.

D. DIFFRACTION AND INTERFERENCE OF LIGHT
FROM A SODIUM FLAME

PROCEDURE"

1. Soak a small square of asbestos"'m a solution of salt water.
When the asbestos is thoroughly wet, wrap it around the top of a
Bunsen burner, as shown in the diagram, and secure it with a piec&of
wire.

2. Light the Bunsen burner and adjust the barrel so that a bright
yellow sodium flame is produced as the salt on the asbestos is heated.

3. Stand about one meter away from the flame and look at it
through a diffraction grating. Diffracted images of the flame should
appear several centimeters to the left and right of the flame itself.

4. Have your laboratory partner hold a meter stick just behind the
flame, as shown in the diagram. Ask your partner to run a pencil along
the meter stick until it appears to coincide with the nearest image that
appears to the right or left of the flame itself. Record the distance

.between the pencil and the flame and the distance betwden the pencil
and the grating. Repeat for the opposite nearest image.

5. Calculate the wavelength A of sodium -light using the relation

A= d
L

where d is the distance between adjacent slits on
theiLdiffraction,grating

x is the distance between the Bunsen'burner
flame and the position along the meter stick
where the nearest image appears
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EXPERI T 34. DIFFRACTION AND INTERFERENCE

NAME.", CLASS HOUR

is the distance between the diffraction grating
and the position along the meter stick where
the nearest image appears

Record the'result of your calculation in the data table.

6. The yelloyMight in a sodium flame actually consists of light of
two very slightly different wavelengths. The accepted values of these
wavelengths are 5.896 X.10-7m and 5.890 X 107m. Using the average
value, 5.89 X 10-7m, coMpute your percentage error.

DATA
4

-bDistance between adjacent slits op diffraction grating d =11°X 18 m

...1<
-Et'I

Distance between flame
and nearest image

Distance between
grating

and nearest ma ga Calculated
wavelength

(m)
L(w)

%

error
E =

Left

im)
X(L) =

Right
(m)

X(R) =

Average
(m) .
x =

Left

(m).
L(L) =

Right
(m)

L(R) =.

Average
(m)
L =

1 0101 044 01)01
..

0.337 (7)*V6C)".344° SI 88

/

,

42../0

2 0.121. 0.1q3 0.13Z. 0.`,A 0440 ON30 6 84 I %

3 \----,___,,

/
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RELATMLI QUESTIONS AND ACTIVITIES fire
-

1., Observe along thin lamp, such as
,
a showcase lamp, through a

diffraction grating. Set the lamp base down on a tabl d notice the
multiple interferepce patterns that are formed at the saes of the lamp
as you stand about 2 metersaaway and lOok at it thr ugh the grating.
Knowing that red light has- a longer wavelength than green light,
predict the color of the image which will be formed closest to the
lamp. Check your, predictions by holding pieces of red and,, green
cellophane 'in the light pgth between the lamp and the diffraction
grati

0

The d wavelengths should 'produce a diffraction pattern-with

maxima that are spaced farther apart thin the shorter green wavelengths, so

.

the green image should, be .closer to the lamp. This is confirmed by

observation.

2. Assume that thetp are, three unidentified diffraction gratings,
each having a sdifferent- number of lines per centimeter. How could
yoki rank the gratings in 'order of number of lines per centimeter
wit uj using a microscope's

Obse a'source of monochromatic light'or shiim a laser beam through the

gratings. The grating. with tOe greatet number of lines per centimeter will

proddce a diifractionvatterri with maxima that are the farthest apart.

a

S
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EXPER1MENT IMAGES AND CONVERGING LENSES

I

r

NAME: ICLASS HOUR.

LAB PARTNERS: DATE

PURPOSE

In this experiment you shall study the images that are produced by . This experiment should be done by
converging tenses. students working as individuals or

working in pairs.

A. FINDING THE FOCAL LENGTH OF A DOUBLE
CONVEX LENS

PROCEDURE

Double cotx lens

Parallel rays of
light from ,

distant objet

Sharply focused
image on screen

Support

Focal length 4.

Meter stick .

The focal length of a lens is the distance from the lens to the point
where parallel rays of light from distant objects are in sharp focus.

Set up th, apparatus shown in the diagram by mounting a
double convex 1#1s and a cardboard screen on a meter stick.

2. Select a distant object such as a *use, a tree, or even the sun
itself.

3. Aini the meter stick at the selected object so that light from the
. object passes through the lens and falls on the screen.

The main difficulty that .s ents
experience is in making ilidgeme
as to when an image is in the best
focus. This judgement will vary

, somewhat from student to student.

APPARATUS PREPARATION
double convex lens with a diameter

of about 3 cm and focal length of
about 10 cm

optical bench with lens holders
and screen holders

screen fa stiff white index card is
acceptable)

The simplest type of optical bench is
a meter stick and accessories such
as end supports, lens holders, and
screen holders. These are listed in
the catalogs of most scientific supply
companies.

4. Move the screen or the lens along the meter stick to focus the
light rays on the screen and produce the sharpest image of the distant
object. When this has been done, find the positions of the lens and the
screen on the meter stick asprecisely as possible and record them in
the data chart.

5. Repeat the above procedure for two more trials, each time
selecting a different initial positi6n on the meter stick for the lens.
Record these position data in the chart alsO.

6. Calculate the ,focal length of the lens for each trial by
subtracting the position of the lens from the pqsition Of the4sw.

ID 4
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SUGGESTIONS AND TECHNIQUES

1. Although the sun itself makes an excellent object for
finding the focal length of a lens, be especially careful that the
focused rays of the sun on the cardboard screen do not scorch

4 the cardboard or start a fire.

2. The right angle ths formed by the corner of a small file
card or a stiff piece of papeTt'an be helpful in locating the exact
position of the front of thebulb with respect to the meter stick.
Try holding the card so that one edge lies along the top of the
meter stick and the adjacent edge is pressed against the front of
the bulb.

3. As the object distance is made shorter and approaches
the focal length of a convex lens, you will find that it is extremely
difficult to obtain an image. Do not waste too much time in trying
to find and observe the image under these conditions.

4. To find the relative size of the object and image in Part B,
try pasting a 1-cm l'ength of narrow tape on the front of the bulb.
If one end of this tape,is pointed, it will help you tell whether the
image is erect or inverted. An alternate technique is to draw an
arrow 1 cm long on the front of the bulb, using a felt-tip pen.

41.

The values should be identical in each case but may vary somewhat
because of experimental errors.

7. In the last two columns of the data chart, tell whether the
image is erect or inverted and Whether it is larger than, smaller than,
or the same size as the actual object.

DATA

TRIAL

Position
of lens
(cm)

X(L) =

Position
of screen

(cm)
X(c) =

Focal
length
(cm)
F =

Image erect
or inverted?

(E or I)

Image 'size
(LG) Larger
(Sm) Smaller
( = ) same as

object

1
.2p.00 30.20 IOW inverted Smckiler

2 30.00 y015 Io.(5 Inver-bed 61-railer

3 11000 50'2.5 10,2-5 inverted 6mo.tker

4 I.



(EXPERIMENT 35. IMAGES AND CONVERGING LENSES

NAME CLASS'HOUR

B. IMAGES OF NEARBY OBJECT FORMED BY, A
CONVEX LENS

PROCEDURE
C-,rA

i....-1

The characteristics of the image and its distance from the lens
will be found to depend on the focal length of the lens and the object
distance. To see how these are interrelated, proceed as follows:

..
1. Place a small electric light bulb in a socket mounted on a

ringstand, N shown in the diagram. the bulb will be used as an
object.

2. Mount a double convex lens of known focal length (Part A of
this experiment) and a cardboard screen on a meter stick

3. Place the lens at a distance of about two focal lengths plus 5
cm from the bulb. ----

4 Turn on the bulb. Move the screen to a position where the
image of the bulb and the fine printing giving the manufacturer's
name and the voltage are in sharp focus. In the data chart, record the
positions of the bulb, lens, and screen.

. 5 Calculate the distance between the bulb and the lens (object
distance) and the distance from the lens to the screen (image
distance).

6. In the last column of the data chart, describe the image by
telling whether it is erect or inverted, and whether it is larger or
smaller than the actual object

7. Perform several additional trials, each time decreasing the
object distance by 2 cm until the object is less than one focal length
from the lens Record these data in the chart.

8. Make a graph of image distance vs. object distance by plotting
the data in the chart. 15.1

. t

159

APPARATUS PREPARATION
In addition to the apparatus of Part A,
a luminous object of known height is
needed. A small r W, 120 V lamp
mounted on a ringstand is ideal.
Candles are not recommended be-
cause the flickering flame is difficult.
to focus, and there is the possibility
of a student's long hair catching on
fire.

t

See sample graph at top of next
page.



I 1oo
10 20 30 40

Object. d ance (c

According to theory, the 'triage and
obje6t distances are identical when
the object distance is twice the local
length. The discrepancy here may be
due to incorrect measurement of the
local length or of the object and
image distances.

a

Ikb

DATA

Lens focal length f = /0 m

TRIAL

Position
of object

(cm)
X(0) =

Position
of lens

(cm)
X(L) =

Position
of image

(cm)
X(I) =

Object
distance

(cm)

P =

Image
distance

(cm)

q =

Image

description
(Lg)(Sm) (=)

1 0 35.0 1-19.1 3 5o 144 I, Sin
2 o 2.6.q 143.0 16.1 (t0,1 sin
3 O 20.14 Sq.b 20.14 tq.2' =
4 o 16.0 410.9 ito0 2-i.ct LG

5 o 140 51.6. /4-1.0 37.(0 L,G

6 4--b lo.2 hoh 10.2 ? ?
7 8.5 hone '8.5 ?I

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. Referring to your data for a convex lens, tell how the image
distance changes as the object distance is decreased.

As the object distance is decreased, the image distance increases.

2. Using the graph you made in Part B of this experiment, predict
the image distance when the,object distance is exactly twice the focal
length.

According to the graph, the image distance will be (19.5 cm

Try this experimentally on your apparatus and see how close your
prediction was.

Experimentally, the graph is correct.

3. Referring to your data for a convex lens, tell how the image
size changes as the image distance increases.

As the image distance increases, the height of the image also increases.

155
160



EXPERIMENT IMAGES AND DIVERGING LENSES

467
NAME CLASS HOUR

LAB PARTNERS: DATE

PURPOSE

After having experimented with converging lenses this experiment
will give you the opportunity to observe similarities and differences in
the effects of diverging lenses in forming images.

PROCEDURE

A. FINDING THE FOCAL LENGTH OF A DIVERGING LENS

Laser

r.

Divergi% lens

1. Place a low powered helium-neon laser on a table. being
careful that it is not pointing at any mirrors or into the eyes of anyone
in the room

2. Turn on the laser and place a diverging rens in the laser bearril
YQu will observe that the beam is very narrow as it comes out of the
laser but after going through the lens, it spreads out into an ever
widening cone.

3_ Hold a sheet of notebook paper against the lens. With a sharp
pencil, trace the outline of the red spot made by the laser beam as it
emerges from the lens.

4. Move the paper 5 cm further away from the lens and again
trace the outline of the spot that is produced. Repeat this procedure,
increasing the distance between the fens and the paper by 5-cm
intervals until the spot completely fills the paper.

5. Measure the diameter of the laser beam for each position of
the paper and record these data in the data chart.

6. Plot a graph of beam diameter vs. distance between paper and
lens.

7. By extending your graph iine (extrapolating), find the distance
from the lens at which the beam diameter would be zero. This
distance is the focal length of the diverging lens. Record it in the data
chart. 1 Er, o

_L v 0
161

APPARATUS PREPARATION
helium-neon laser
diverging lens
sheet of notebook paper
photometer

Students will have some difficulty in
measuring the diameter of the laser
beam because the beam decreases
in intensity rapidly near the edges,
making the edge fuzzy. For this
reason when one wishes to strive for
better precision, the beam intensity
is measured with a photometer at the
beam center Then the half-power
points .are located at several places
around the circumference where the
beam is half as bright. The beam
diameter is then defined as the dia-
meter between half-power points.

4
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11. Repeat the procedure for an additional trial or two or have
your lab partners do it independently and,compare the results.

DATA

TRIAL

.-

Distance between lens
and paper

(cm)
X=

Beam
diameter

-1 (cm)
D=

1 5 i.3
2 10 2.3
3 Zp L4.7

4 30 ,_, (....
g. k.)

5 I-10 I t . 0
6 50 ,I3.1
7 60 1601-i

...

1 Focal length of lens F =
. .

0 8 cm

B. FORMING IMAGES WITH A DIVERGING LENS/
1. Using a brightly lit source as an object, see if you cal(focus an

image on the screen using the diverging lens. (If you encounter any
difficulty, ask your instructor for, help.) Record your observations.

It is impossible to obtain a real image with a diverging lens

2. Place your eye near the lens and look at the object through the
lens. Instead of seeing the object you will see an image that is a
different size than the object.

a. Is the image larger or smaller than the object?

smaller

b. Is the image erect or is it inverted? erect.

11.

le

.I.77 ---1
%.,
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(EXPERIMENT 36. IMAGES AND DIVERGING LENSES

NAME CLASS HOUR

1. Why is it impossible to find the focal length of a div 'rging lens
using the techniques given in Part A of this experim ?

A diverging lens spreads out light. Me radius of curvatuLe of the wave front

increase rather than decreasing to a focus.

1

Object

Enlarged_.---
Virtual
Image

[
f

Optical Arrar7ement of the Galileo Telescope

,
2 Make a telescope using a long focal length converging lens

and a short focal length diverging lens. Galileo discovered the secret
of this combination, which is that the magnification it produces is
given by the ratio, -F1/F2, where: Fl is the focal length of the objective
and F2 is the focal length of the ocular. Since the diverging lens
always has a negative focal length, the magnification will be positive,
indicating that the image is erect. Try this and record your
observation below

4

1p315 8

9
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EXPERIMENT STANDING WAVES

NAME: CLASS HOUR:

LAB PARTNERS' DATE

PURPOSE

g In this experiment you shall create standing waves in different types
of materials and learn how to find the wavelength by measuring the

distance between adjacent nodes.

PROCEDURE

The general procedure for creating' standing waves in the labor-
atory is to send out a series of pulses at a constant frequency

and then, at some distance away from the source, reflect them back

so that they meet and interfere with the subsequent pulses This
creates regions where there is maximum vibration, these regions are

separated by points of little or no vibration, called nodes. Standing

waves reach their greatest amplitude when the effective distance
between the source and reflector is a specific fraction of the
wavelength or a multiple of the wavelength.

A. STANDING WAVES ON A STRING

165 1 59

This experiment should be done by
students working in pairs.

APPARATUS PREPARATION
doorbell without gong or tape

timer
source of 6V AC, such as a power

supply or a stepdown bell trans-
former. A 6V battery, ay also be

moused.

meter stick
length of string 1 to 2 m long
set of hooked standard masses or a

small pan and sand or gravel that
can be attached to the end of the
string

triple beam balance to measure the
mass of the pan and load



SUGGESTIONS AND TECHNIQUES

1. Almost any type of string may be used to produce
standing-waves but some work better than others to produce
well defined nodes. If any difficulty is experienced, try making
the string a bit longer or shorter.

2. When producing standing waves in an air column with a
tuning fork, plastic cylinders are recommended because they
are inexpensive and will not shatter if hit accidentally with a
vibrating tuning fork. If glass cylinders are used, be very careful
that the vibrating tuning fork does not touch the lip of the
cylinder.

3. The standing waves in an air column closed at one end
will be most pronounced when the length of the air column is)
approximately 1/4, 3/4, or 5/4 that of thloe sound wave. The value
will vary somewhat with the diameter of the cylinder that is used.
Regardless of the cylinder diameter, however, the distances
between successive nodes (or antinodes) will always be exactly
one-half the Wavelength of the sound wave.

4. Microwave experiments give the best results when done
in a large room. If the microwave transmitter is aimed at nearby
walls, unwantedvreflections may obsCure the desired signals.
Always refer to the manufacturer's instructions and follow the
recommended alignment and warm-up procedures.

1. ktach a length of string approximately 1.5 meters long to the
clapper' of a .dodrbell,' and fasten the doorbell to an overhead
support which is sufficiently high to prevent the bottom of the string
from touching the*oryet is a good idea to remove the gong from the
bell to preserve the sanity of those that, happen to be in the immediate
vicinity while the device-is operating.

2. Attach small weights'to the bottom of the string until the string
vibrates in sections with clearly defined nodes when the doorbell is
operating. Adding weights increases the tension of the string and
causes the waves to move faster. This will increase the wavelength
along the string without affecting the frequency of vibration.to any
marked extent,

3. With a meter stick, measure the distance between 2 adjacent
nodes. This distance is equal to one half the wavelength

4. Change the tension by putting either lighter or heavier weights
at the end of the string until a different number of vibrating segments
are produced with clearly defined nodes. In each case record the total
amount of weight that is supplying the tension and the wavelength of
the standing wave.

TRIAL
Weight

(neWtOns)
%.,,, . .-

Distance between nodes
4 (meters)

d=

Wavelength
, (meters)

L(w) =

024 .033 0.bb
2 0.444 0.50 I. 00
3

, , ,

f.:.:32.
.,

1.00 2.00
4

.

, 5

C 0 166



EXPERIMENT 371STANDING WAVES

NAME CLASS HOUR

B. STANDING WA1,4S OF SOUND IN AN AIR COLUMN

Tuning fork

4

1 Place, a long plastic tube in a cylinder of water Hold a 512-Hz
tuning fork over the top of the plastic tube and listen to the sound.
Raise or lower the tube in the water to change the length of the air
column that the sound must travel through before being reflected

2 Record the lengtheof the tube above water when the sound is
at its loudest. With a 512-Hz tuning fork, these lengths will differ by
approximately 15 to 20 cm, depending upon the air temperature in the
laboratory.

3 In a standing wave, the distance between any two adjacent
nodes (or antinodes in this experiment) is equal to one half the
wavelength. Calculate the wavelength of the sound.

4 Repeat the above procedure, substituting a tuning fork of a
different frequency, and calculate the wavelength of the sound that it
produces

TRIAL 1 2 3 4

Frequency of
tuning fork f

/

517-.-147- 3?'-i Hz- -
Lengths of air
column when
antinode is pro-
duced at top
(meters) L

at62_ 0.2-10

0.Z-1?1 0.1061-1

CalcOlatol wave-
length of sound
rmeters, Lfwl -.,

U. i nie2 0.90(

167
- 1

J

APPARATUS PREPARATION
plastic tube such as those used to

hold golf clubscut length to 0.5
m

glass cylinder (about 0.5 m long)
erased at one end and filled with
water

meter stick
tuning forks of different frequen-

cies between 512 and 256 Hz

Semple calculation of wavelength:
A = 2(0.481 m - 0 152 m)

= 0.658 m



APPARATUS PREPARATION
microwave transmitter and receiv-

ing set
reflector, at least 30 cm by 30 cm

(can be made by covering card-
board with household aluminum
foil)

meter stick

Follow the manufacturer's instruc-
tions for operating and tuning the
microwave set.

A

ti

4

C. STANDING WAVES PRODUCED BY A MICROWAVE
TRANSMITTING AND RECEIVING SET

MicroWave
transmitter

.I) /7
Reflector

1 Set the microwave transmitter and receiver on a laboratory
bench so that they are side by side and are both pointing in the same
direction.

2. Approximately 1 meter in front of the apparatus place a large
microwave reflectpr upright on the laboratory bench. This rector
could be a large ,Sivered mirror, a sheet metal plate, or a large sheet
of aluminum wrapping foil that is stapled to a flat sheet of cardboard
for rigidity.

3. With the microwave apparatus operating, slowly move the
reflecting plate 'toward or away from the transmitting apparatus. As
the reflector is mpved, the receiver will indicate variations in the
microwave intensity as varibus portions of the standing wave are
received. Record the distance between the reflecting plate and the
receiver when there are either nodes (no sound) or antinodes
(maximum sound) at the receiver. The distance between successive
nodes or antinodes should be approximately 2 to 4 cm, depending
upon the frequency of the particular microwave apparatus.

4. Calculate the wavelength of the microwaves, remembering
that the distance between adjacent nodes or between adjacent
antinodes is equal to one half the wavelength

Distance between Reflector and Receiver (cm)

TRIAL
' Node at

receiver
X(N) =

Antinode at
redeiver
X(A) =

1 /DO. 60 /01.2b
2 X02.02 /02. 79
3 /03.53 log. 30
4 /OS. OS /OS go
5 /O, Ea /c..)7. 33 c

Average distance betWeen nodes d(N) = / $2- cm

Averafge distance between antinodes d(A) = cm/. S-2.

3041 cmWavelength 1 p
1 LI ...,

168

L(W) =



EXPERIMENT 37. STANDING WAVES

NAME. CLASS HOUR

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. Compare the wavelength of the vibrating string found by
measuring the distance between nodes with thetheoretical wave-
length calculated froM the equation

FL/rn

f

where: A is. the wavelength (in meters)

F is-the weight at the bottom of the string
(in newtons)

L is the total length of the string (in meters)

m is the mass of the string (in kg)

f is the frequency of the doorbell (in Hz).
this is about 60 Hz and can be measured
precisely with a hand stroboscope.

TRIAL 1 2

Wavelength by measuring between nodes
(meters) L(W) = 0.6 b,k

I- 00
hi

Wavelength by substitution in equation 0.51 Oka
(meters) L'(W) = m ni

Percent.error E = 2.9.4 '413,

2. The speed of sound in carbon dioxide is less than it is in air

Predict how the wavelerf% of sound would change if the cylinder

were filled with carbon dioxide instead of air. Check your predictions
by trying it. Carbon dioxide can be obtained from cylinders in the

chemistry lab or by dropping some Dry Ice into'the water

bottom of the cylinder. ff

Prediction
The wavelength will be less in carbon dioxide.

Experimental results
it was confirmed that the wavelength was less,

Percent Error but quantitative results were not obtained.

3. Microwaves from FM radio stations create standing waves as

they bounce from wall to wall'in a school building which has steel
frame construction. Measure the wavelength of the broadcasts with

the aid of a small, battery-operated FM transistor radio. Tune it to a
weak station near the lower end of the dial and note the changes in

volume as you walk about the room, Mark the locations in the room

where the sound is the loudest. These are the antinodes of the

169
G3

Sample calculation:
F = 0.44 N
L = 1.00 m
m = 3.1 x 104 kg
f = 60 Hz

Substituting these values into the
expression for A gives

A = 0.63 m .4



1

standing waves, and the distances between adjacent
be fairly equal. Find the wavelength by measuring the
adjacent antinodes in meters, and multiplying the res
calculate frequency of the station in hertz by dividi
radio wa ec «0 X 108 m/sec) by the wavelength in met
frequen y by looking at the dial markings of the radio
the st ion's frequency and call letters. Repeat this for a
high nd of the dial. Record your results.

ntinodes should
istance between

tilt by two. Next,
g the speed of
ers. Check the
r by verifying
station at the

4. Set up an experiment to make Standilig waves in wripple tank.
Obtain data that will prove that the distance between adjacent nodes/ is half the wavelength. Record your procedure and your complete
data.

4

1 U1
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EXPERIMENT. ...2eLEctRic FIELDS
-0" e

NAME

4,

CLASS HOUR

LAB PARTNERS: DATE'

0

PURPOSE

in this experiment, the concept of electric field will be developed by

investigating the space between a pair of electrodeNhat are
4:eonnected to a source of 'direct current.

PROCEDURE

°,'(
Electrodes are draWn on a special sheet of carbonized paper with
silver ink:When,a low-voltage dc power supply is connected across

the electrodes, an electric field is set up and there is-a small amount of

curreilt through the paper.`The carbonized paper is probed witha
vacudm-tube voltmeter or other high-impedance vottnieter to show
how the voltage is distilbUted in the space bevtween the electrodes.

1. About halfway down a sheet of carbonized paper, at the left
side, draw a small circle with silver ink. Draw an identical circle at the

right side of the paper.
2. Fasten the sheet of carbonized paper to the plotting board,

using a tack at each corner.-

3) Connect the termirAls of a battery (3.to 10 volts) to the
electrodes, using a tack to Make contact between the battery wires

and each electrode.
4. C6nnectthe, negative lead of a dc voltmeter to the negative

electrode. Probe the carbonized paper with the positive lead to find
the places on-the paper Where' the meter will indicate 1.0 yoit.

171r 165
ff

It is strongly recommended that stu-
dents do this experiment individually
rather than in pairs or in larger
groups When one student is work-
ing with the measdring equipment,
the're is vpcy little opportunity for la
partners to contribute'productively.

Although the. consumable supplies
are inexpensive, a high-impedance
voltmeter is needed for each student.
Unless these meters ale, available i4
sufficient quantities, it is unlikely that
an entire class can perform this
experinient dOring the same class S
period.

APPARATUS PREPARATION
The carbonized paper and silver
ink pen illustrated here are avail-

. able from Pasco Scientific. Other
suppliers may have somewhat dif-
ferent materials which can also be
used in this experiment.
2 V2sets of specially prepared car-

bonized paper .

1 liquid silver pen
6 tacks
1 battery, 1.5 to 10 Vdc
4 leads to battery and voltmeter
1 vacuum-tube or other high -im-

pedance voltmeter

Also, refer to the article "Electric
Field-Plotting Apparatus by William
B. Lynch in the May .1-981 THE
PHYSICS TEACHER ,l-`e proscribes
inexpensive materials for doing this
experiment.

6),
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SUGGESTIONS AND TECHNIQUES

1. Special sheets of carbonized piper and silver ink pens
have been developed by scientific 'supply companies for this
experiment. It is not likely that ordinary carbon paper will work.

2. The voltage of the battery is not important for this
experiment. It is advisable, however, that a large size battery be
used because a small battery cannot maintain a steady voltage
when small amounts of current are drawn through the carbon-
ized paper for extended periods of time. Most laboratory dc
power supplies may be used in place of batteries.

3. Clean the silver pen immediately after each use to
prevent it from clogging.

4. If the wires that are used to connect the battery to the
electrodes become dull and corroded with use, shine them with
sandpaper or emery cloth -to assure good electrical contacts.

5. When drawing lines with silver ink, it is a good idea to
em close to,the center of the sheet of paper so that the

near the edges Of the electrodes.can be explored:At the
m time, the electrodes should be drawn far enough apart 59

that there is ample room to make measurements in the area
between the electrodes.

6. Use a hard surface backing when drawing electrodes
with a silver ball point pen. .A soft backing will result in erratic
action of the pen and will 'cause indentations in the paper.

.te

5. On the paper, use a colored pencil Or wax crayon to draw a
continuous line connecting all of the points where the voltagewas to
volt.

6. Repeat steps 4 and 5 for all places where the voltage is 2.0
volts, 3.0 volts, and so forth until the positive electrode is reached.

7. The lines that you `have drawn on the carbonized paper are
called lines of equipotentlal in the electric field between the two
electrodes. Describe the pattern of lines.

The lines run across the paper from top to bottom. They curye aroued the

electrodes.

e

8. On a fresh sheet of carbonized paper, draw a pair of parallel
-0 vertical lines with silver ink, one in the left half of the paper and the

other in the right half. Connect the battery to the electrodes and
repeat the procedure of steps 4 through 7 to find the pattern of
equipotential lines between the electrodes, How.does this pattern
differ from the first one?

The equipotential lines are now parallel and equally spaced.
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EXPERIMENT. 3E4-ELECTRIC FIELDS

NAME
S CLASS HOUR

c

--;

,
9. Make up your own experiment by.changing the shape, size, or

distance between electrodes. Predict the.pattern that will be formed

and then test your predictions by probing the field with a voltmeter.
Record your predictions and test results. , -

--,
For this activity to be worthwhile,
insist that the predictions be carer
fully written out in advance of the
measurements..

t
_RELATED ,QUESTIONS AND SUGGESTED ACTIVITIES

1. The strength of an electric field is measured in units of volts

per meter. The field strength at a point is found by selecting a second

point fairly close to the first and dividing the difference in voltage

between the two points by the distance between their, (measured in

meters). Do this for several different locations on a sheet of
carbonized paper after you have 'plotted the equipotential line
patterns. Deicribe the variations in electric field strength that are
observed,at various distances from the electrodes.

Answer depends on shape of electrodes. In general, the field is strongest near

an ctrode. However, it is constant between two'Iong, parallel electrodes

_

and zero inside a region surrounded by an electliiii (such as a large circle-

shaped one).

2. Compare the variations that are observed in electric field
strength between electrodes 'apt are small points and between
electrodes that are long parallel lines.

The electric field strength varies between point electrodes; it is fairly constant

- between electrodes that are long paralle lines.
9

173
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3. On a fresh sheet of carbonized paper, draw two large circles
for the positive and negative electrodes. Using a battery and a
voltmeter, probe the area between the electrodes and also probe the
area inside the two circular electrodes. Compare the variations in
electric %Id strehgth that is found between the two electrodes with
the variations that are found within each cg the electrodes.

The field strength is zero in the space inside one of the large circles; it varies

somewhat between the two electrodes.

4. Near the opposite edges of a sheet of carbonized paper, draw
two points with silver ink to serve as electrodes. Between these two
points, near the center of the paper, draw a large circle with silver ink.
Using a battery and voltmeter, probe the area outside the circle and
inside the circle and compare the patterns and variations of electric
field strength that are observed.

variations in the electric lipid strength are observed outsidg the large circle

but the field strength is zero inside the circle

5. The placement of the wires from the battery and voltmeter may
cause distortions of the field on the paper. Experiment by placing the
wires in different positions and try to find the arrangement which will .

cause the least distortion of the pattern. What are your conclusions?

The effect of the lead wires is least when these wires are perpendicular to the

. paper. Because the wires are not actually connected to the carbonized paper

at,places other than the electrodes, their effect on the electric field is very

small and at low voltages cannot be detected at all.

174 0



EXPERIMENT Cr-IARGE OF AN ELECTRON

(39
NAME CLASS HOUR

LAB PARTNERS DATE

PURPOSE
\.)

Robert Millikan performed an historic experiment which indicated

that there is a smallest unit of charge in the universe and developed

an ingenious technique for measuring this unit of charge. This
experiment is repeated here using up-to-date laboratory equipment
and techniques that are very similar to those used originally by

Millikan.

t
PROCEDURE

175 10

This experiment should be done by
students working in pairs The lab
partners should check each other's
voltmeter readings and computa-
tions

APPARATUS PREPARATION
1 Mil likan apparatus
The apparatus may or may not be
equipped with a variable power
supply and a voltmeter if thesd are
not supplied, connect `them in ac-
cordance with the manufacturer's
airections

Check the apparatus before use to be
sure that the chamber is clean, the
delivery tube Is 'clear of obstructions,
and the instrument is in perfect
focus

c."



SUGGESTIONS AND TECHNIQUES

1. If the apparatus is cool and damp before it is used,
moisture may collect on the inner surface of the lens when the
light is first turned on. If this happens, take apart the light
housing, wipe off the moisture, and wait a few minutes until the
apparatus has thoroughly warmed up before reassembling the
light.

2. The microspheres are tiny latex spheres and are mixed
with water. These spheres are almost identical in size and
density. According to the manufacturer, the density of latex is
1.05.X 103 kg/m3. Although the spheres in each batch are fairly
uniform in size, a considerable variation has been found from
batch to batch, so the actual diameters are given on each bottle.
Spheres of diameter 1.011 X 10.6m have a mass of 5.67 X 10-16 kg
and a weight of 5.6 X 10-'5 N. If your spheres have a different
diameter, you will have to calculate the mass. Use the
relationship that the mass is equal to the density times the
volume, where the volume of a sphere is (4/3)v r3. (Don't forget
to divide the diameter by two to gel the radius.)

3. To eject the greatest number of spheres from the
reservoir into the chamber, squeeze the plastic bottle firmly
while it is connected to the observation chamber but do not
allow the bottle to expand again until the bottle and chamber are
disconnected. If the bottle is permitted to expand while
connected to the chamber, most of the particles will be sucked
back again, and very few will remAn for observation.

4. In a fresh solution the microspheres are easily separated,
but in a solution that has remained on a shelf for several months
the microspheres sometimes clump together and coagulate,
making experimentation impossible. If this happens, it is best to
discard the solution and start with a fresh batch.

5. When the microspheres are first ejected into the cham-
ber, observe them for a short time without applying any electric
field. Yhey should all fall at the same rate, but any spheres that
clump together will fall faster than the rest and will give erratic
results. Ignore these clumps when making further observations.

6. The most impressive results will be obtained by confining
observations to particles that have very low charges. To select

.these, apply at least 100 V between the plates to clear out the
highly charged particles rapidly as soonas the latex solution has
been injected. If this procedure should clear out the entire field,
it means that there were probably no spheres with low charges
present. If the entire field iAteared out, squirt in another batch
of latex spheres and start again.

7. To be sure that a particle is held motionless, continue
observing it for a short time and make slight readjustments to
the voltage. if it should happen,to move.

8. Do not allow any latex solution to remain in the apparatus
at the end of the experiment. As the water evaporates, the
remaining particles tend to clump together and jam the
apparatus.

9. Although the distance bejween the plates in the observa-
tion chamber is usually given by the manufacturer as 5 mm, it is
always a good idea to check this plate separation before using
the apparatus for the first time. During mass rilanufacture of
apparatus, individual variations from the nominal value are often
observed.

1 7 076
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EXPERIMENT 39. CHARGE OF AN ELECTRON'

NAME CLASS HOUR

The general procedure in performing the Millikan experiment is to
observe a tiny charged particle as it falls in air under the influence of
gravity. Then, as the particle is falling, an electric field is applied
which produces an electric force on the particle in the upward
direction. The field strength is adjusted until the gravitational force F9
sis equal to the electric force Feand the particle is held motionless The
gravitational force is the weight of a small latex microsphere. The
electric force is the product of the charge on the microsphere
multiplied by the electric field strength-Thus, when the two forces are
balanced in the apparatus,

0

where

mg = qE

is jhe mass of a microsphere

g is e acceleration due to gravity

q is the charge on the microsphere

E is the electric field strength
required to hold the microsphere
motionless

To solve for q, we rearrange the above equation

)

.9 q . mg

E

UTurn on the light that illuminates the central chamber.

2. Squeeze the bottle which contains the supply of latex

microspheres so that a quantity of microspheres will be expelled into

the observation chamber. The act of squeezing the bottle causes
friction which applies various amounts of electric charge to each

microsphere, just as a comb is charged hen you run3through your

hair.

3. Observe the illuminated particles in the chamber through the
microscope aperture as the particles slowly fall under the influence

of gravity. Since a microscope usually inverts the image, the particles

may appear to be falling upward.
4 Apply an electric field of about 20,000 volts per meter to the

chamber. This can be dbne bCY, applying a voltage of 100 volts between

the metallic plates at the top and bottom of the chamber if the plates

ark 5 mm apart. if the apparatus does not already have a voltmeter
and power supply incorporated, it will be necessary to connect a

voltmeter and variable DC power supply to the plates for this purpose.

177 171
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5. Observe the movement of the particles the instant that the
electric field is applied. The particles which happen to be positively
charged will rush in the direction of the electric field toward the
negative plate; whereas the particles that happen to be negatively
charged will move in the opposite direction, toward the positive plate.
The highly charged particles will experience the greatest force and
will rapidly. move out of the field of view. However, the desired
particle'sthose with smaller amounts of chargewill move very
slowly and will remain in the field of view for a considerable length of
time.

6. Focus on one of the most slowly moving particles in the field of
view. By adjusting the voltage and operating the voltage reversing
switch, if necessary, keep the particle absolutely motionless.Record
the voltage in the data chart.

7. Calculate the charge on the microsphere by Wing the
equation

q = mg

The electric field E betwee o flat, parallel, charged plates equals
the voltage V between the plates divided by the separation d of the
plates, so

q = mg

(V/d)

The charge q will come out in coulombs if

m is in kilograms (see Suggestions and Techniques)

9 is 9 8 m/sec,

V is in volts

d is in meters.

8. Repeat the procedures given above, selecting additional
microspheres for observation each time and calculating the charges
by the same method. Do this at least twenty times

9. In the second data chart, arrange your results in sequence,
listing the smallest charge first and the greatest last
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EXPERIMENT
k 4

ERIMENT 39. CHARGE OF AN ELECTRON

NAME
CLASS HOUR

DATA

Sphere Distance between plates, d = Jr xio m

diameter, Dia = 1.011 X 104' m

mass, m = 5.67 x 10- il'('g

weight, mg = 5 (O )(10-16N

Trial

1

mg

(C)

3.5
2s lg 3-(? 1(0

3 "12 Tr) 2.0
4 ZZyy 13

5 140 7-0
6 In
7 /601 32 1.9

15.0 30 /.9

1-10 80 7.0
10 ZS 5.0 f

11 '/5 9o (49-2.

12 25 S.o 11

13 /Co 30 i9
14 ao

15 20 z1.0 1t.-1

16 25 5.so 1/

17 3 S

18

19

20

\

Chargedata listed in order
of increasing value

1 I,? Jo /CIC

2 f.9 x fo-igc

3 I. (3 X /0 tqC

4 2.0x 10-19C

5 3.5 x 10 IgC

6 3.5)4 10-0e

7 35 X10-1qC
8 (,0.2_ X 10-ICtC,

9 V) XIOIcIC
10 '7. 0 x t 0 -(c1C

11 11 K \O-letC,

1 2 t ) icl 0 -I°, 0...,

13 13x to- tcl C

14 13x 10--(qc

15 IL-qx 10-0C

16 p.....k(Cylqe

17 \ Lo "x. lb-r; a
18 4

19

20
I "P_f

179

The precision of the charge values is
limited by the precision of the value
for the distance between plates.

15

10
0

I 5

SO

10 I5
Order of listing
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RELATED QUESTIONS AND ACTIVITIES

1. Use the data table in which the charges on the microspheres
are arranged in sequence to plot a graph. The vertical axis sh
indicate the charge and the horizontal axis should indicate the order
of listing, fr,om 1 to 20 (or more). Examine the graph to see whether it
indicates a smooth progression of charge that Could be infinitely
divisible into smaller and smaller charges or whether it indicates a
quantized (step-wise) progression in which increases of charge are
always whole-number multiples of tome basic unit of charge. If
quantization is indicated, what would be your value for the basic unit
of electric charge?

1.8 x 10 .19q(e) = coulomb

The accepted value of the charge of a single electron is 1.6 X 10.19
coulomb. Compare your value for the basic unit of charge to the
accepted value of the charge of an electron.

0/0 error E = The value obtained from the data equals the accepted value

'4 within a 12% experimental error.

2. Although expene laboratory voltmeters sometimes indicate
precise voltage reading they are often improperly calibrated, giving
inaccurate readings. Suppose your voltmeter indicated voltages that
were consistently 10 volts too high. Tell how this would affect your
results.

The calculated charge values would be smaller.

o

3. Reexamine your data for discrepancies between your results
and the accepted value. If they could be accounted for by improper
voltmeter calibration, check your voltrneter, against a voltage standard
(such as a fresh mercury battery) and record your findings.

The voltmeter readings were all too high by approximately 2%

4. The precision of the results can be no better than the precision
that can be obtained with the voltmeter and voltage control circuit.
Determine what this precision is by adjusting the voltage so that a
sphere hangs motionless and then finding the smallest voltage which
will cause the sphere to move.

The voltage could be adjusted by + 2 volts before the sphere would move. ^

171
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EXPERIMENT OHM'S LAW

r40
NAME

CLASS HOUR

LAB PARTNERS
DATE

PURPOSE

Ohm's Law expresses the relationships among voltage, current, and

resistance in an electric circuit. in this experiment, these relationships
will be investigated with the aid of an ammeter and a voltmeter.

PROCEDURE

Voltage
source

The general' procedure to be followed in this investigation is to
connect a resistor to a DC voltage source and measure. the current in

the circuit as the voltage is changed. The source may be,either a
variable DC power supply or a set of dry cells

1. Connect the output of a DC voltage source to a circuit
consisting of a switch, a DC ammeter, and a resistor, as shown in the

diagram. Be sure that the positive side of the ammeter is closer to the

positive side of the voltage source in the circuit. Do,not connect the

voltmeter to the circuit at this time.

2. Have the instructor check your circuit before closing the
switch to be sure that there are no shorts and that the connections to

the ammeter are made correctly.

3. Check that the circuit is operating properly by observing the

ammeter when the switch is closed. The pointer should move to the

right to indicate that there is current in the circuit:

4. Connect the leads of a DC voltmeter across the resistor,

making sure that the positive terminal of the voltmeter is closer to the

positive terminal of the voltage source. If dry cells or'a low-voltage

power supply is used, the voltmeter connection may be made without

clanger while there is current in the circuit. The voltmeter will indicate

the voltage across the resistor. When you are certain that the circuit is

properly, connected and that all connections are tight, open the

switch to shut off the current and prepare to take data

5. With the voltage source set to produce the minimum voltage

that will cause deflections on the electric meters, close the and

181 175

This experiment should be done by
students working in groups of two or
three. It is very difficult for students
to work alone because of the many
manipulations and recordings that
are required.

It is strongly recommended that the
voltages be low enough to prevent
overheating, yet high enough to per-
mit midscale readings on the am-
meters and voltmeters that are avail-
able

Although tithe can be saved if the
instructor connects the.completecir-
cult before the stucttots start work,
much can be learned by allowing the
students to flounder about somewhat
and gain first-hand experience of
their own in connecting circuits.

It is also a good idea to equip the lab
with rugged diode-protected meters
which can take a small amount of

student abuse.

APPARATUS PREPARATION
1 resistor, 25 to 200 ohms
1 DC ammeter
1 DC voltmeter
1 DC battery or power supply
1 single-poleswitch wire
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SUGGESTIONS AND TECHNIQUES

1. It is important to have an instructor check your circuits
the first time to be sure that they are properly connected. lf the
ammeter is connected improperly, it can be seriously damaged
and can require expensive repairs.

2. Be sure that the pointers of your electric meters are on
zero before the circuit is activated. If the pointers are not on
zero, either adjust the meters before proceeding or note the
amount of error so that it may be added or subtracted to the
subsequent readings.

3. To avoid parallax, read thg meters with only one eye open
and positioned directly above the pointer.

4. Open the switch after each set of readings so that there is
current in the circuit for the least possible amount of time. This
precaution reduces the possibility of the resistor becoming hot
and changing resistance during the experiment.

read the ammeter and voltmeter as quickly as possible without
sacrificing precision and accuracy. Open the switch and record these
readings in the data chart.

6. Adjust the voltage source so that iit'Voltage is increased in
small steps. At each step, open the switch and record the readings of
the ammeter and voltmeter.

7. Make a graph of current vs. voltage from your data.

DATA

TRIAL
Voltage V =

(V)
Current / =

( )

Calculated Resistance
R = V

1

1
11 - 0.29 32

2 12.. 0.31 3c1

3 13- 0.3'1 38
4 H O. 36 3ci

lb a 'II 3q

6 17 0.'43 9t)
7

. _

8

9

10
6 .

11 .

-1 f r,

.
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CEXPERIMENT 40. OHM'S LAW

NAME CLASS HOUR

RELATED QUESTIONS AND SUGGESTED ,ACTIVITIES

1. Examine your graph and state the relationship which exists

between the currend voltage inthe4 circuit.

The current is directly proportional to the voltage.

2. For each set of data that yoti have recorded in the data chart,
calculate the resistance by dividing the voltage (in volts) by the
current (in amperes). Enter these calculations in the third dolumn of

the data chart. As the voltage is increased, does the calculated
resistance increase, decrease, or stay the same?

As the voltage increased, the calculated resistance also increased, but at a

much smaller rate than the current in the circuit The slight increase in

resistance at higher voltages was probably due to an increase in temperature

of the resistor

3 When the meters are connected in accordance with the
instructions, a small poctiontof the current indicated by the ammeter
is routed through the voltmeter, causing erroneous results To avoid

this, try the alternate circuit own below Here, the ammeter will
always give correct readings but the voltmeter indication will be high

because the voltmeter is across both' the ammeter and resistar%
instead of across the resistance alone Compare yOur data taken with

the two alternate circuit configurations: \

Although these- changes of connection are significant when very sensitive

meters are used for making the readings, the comparatively inexpensive

ammeters and ,voltmelers which are used in most schools are riot sensitive

enough to detect these differences.
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, Voltage
(V)

4
6
8

10
12
14
16

Current Resistance
(A) 0)

0.63
0.78
0.88
0.98
1.06
116
1.25

6
8

9
10

11

12
13

Nichrome wire may be purchased
'from 'scientific supply companies.
The wire that was used to obtain the
data in the table was obtained from a
hardware store as a replacemen
heatiru; element.

Although nichrome ha's a large re-
sistance compared with wires of
other material, a short section has a
resistance of less than one ohm. To
obtain this data, a 25-ohm resistor
was connected in series with the
nichrome wire to limit the current in
the circuit and prevent the wire from
getting hot.

* 20

lo

1;

o 50
Lem9-th of mc..rome.

ware (an)

fir

C-.

4. Repeat the experiment, replacing the resistor by (a) a

low-vciltage bulb, such as a flashlight bulb; (b) a junction diode. In
each case, take voltage-current data as different voltages are applied
and describe what happehs to the resistance of the bulb or diode as
increasing amounts of current pass through it.

The voltage-current data at the left were taken when the resistor was replaced

by a 50W ordinary household light bulb. The data indicate that the resistance

of a light bulb is greater when there is more current through the.bulb and its

temperature is higher.

/-*

5. Connect a 1-meter length of nichrome wire, an ammeter, and a
switch to the terminals of a low-voltage power supply Connect the
negative terminal of a voltmeter to the negative side of the wire and
clip the positive voltmeter lead to the resistance wire so that there is 5
cm of Wire between the two voltmeter leads. Record the voltmeter
reading and the ammeter reading. Increase the distance between the
voltmeter leads in 5-cm steps, recording the meter readings at each
step. Graph the data and examine it carefullf, stating any relevant
conclusions that may be drawn.

Assuming the resistance 9.1 the 25-
ohm resistor, the connection and_,
the leads remains constan abou
25 ohms, we see t. resistan
of the nichrome wire is direct
proportional to the length of the wi

TRIAL

Length of wire
(cm)
L=

Current
(A)

1 -,

Voltage
(V)
V=

Calculated resistance
il
.

1 5 0.00800 .0.2.0 7.5
2 10 0.0077 5 0.20
3 is 6.00772. 0.20 2. to
4 2.0 0.00710 0. 2.0 .2.1.0

5 Z5 0.00775 0.2.0/ :2.0
6 30 0.00770 0. 20 '20
7 35 0.001So 0..2.0 2.7
8 410 0.00 745 O. ZO 2_7
9 '15 0.007q0 0.20 27
10 .50 0400735 0.2.0 17'

S 0.0012.6 0.2.0' . Z\I
60 0 -007Z0 0 ZO 2 i

12 4,6 0.00720 0. 20 . 2 g
14 70 0.00715 .0.Z0 2e
15 7 4.00'710 0, zo 2-4
16 80 0.00 702. O. 2.0

'z
8

17 8s 0.00 700 0.2.0 zci
18 40 0.0005 , 0.2.0 , 2.9
19 4 C 0.00 colo 0.2o 29
20 100 0006082 0.2.0 Z°1
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EXPERIMENT SERIES CIRCUITS

woe M MMMM
M

CLASS HOUR

LABsPARTNERS.
4

PURPOSE

Combinations of resistors in series circuits are used in modern
electronic devices from simple switched° complex analog com-
puters. The principles of operation of 'many devices are easily
understood by 'examining the relationships* between resistance,
current, and voltage in basic. series cirtults.

t .
Connect three.resistors in series with a switch and a,low-..,

voltage source, gig shown in the diagram. If, lour ammeters are
q available. theyeShluld beco nected in the circuit simultaneously to

% measure the current' in the different parts of the circuit. If only one
ammeter is available, it shc\uld ,be connected in one of the four
positions with clip leads couplet" the connections at the other

three positions. Close the,sAij ha cord the currenfat each of the

...: four locations in the series o'reUit..

is

DATE

This experiment should be done b/
students working individually or in
pairs.

It is not likely that students unfamil-
iar with circuit hookups can corn-

hplefe this entire etperimrant in a'
conventional laboratory session, be-.
cause a great deal of manipulation is
required for each of the,meter read-
ings. Although it is. always preferable
to do all calculations in the labora-
tory, so that questionable data can
be rechecked, a great deal of lab time
can be saved by allowing students to
do the data analysis asa homework
assignment.

2. Wi.th the switch oioseC and current in thg circuit, touch the
voltmeter leads to the ends, of 'resistor F11, making sure-that the .
pOsitive voltmeterleact iscIOSer to the positive terminal bf,the Voltage..
source. Record the voltmeter reading and repeat this procedure to.
findthe voltages across resistiorsfi and R3 and the total voltage which

1 ' '"ip being produced by the v4Itage ource,
701- i, ,17.9. ,---t

Q. r,o, if . . . ti

.

APPARATUS PREPARATION
3 resistors 15 ohms, 25 ohm's, and

50 ohms (each 2 to 10 WI
6 clip leads, each 20 cm long with

an alligator,clip at each end
1 DC ammeter
1 DC voltmeter

, 1 single-pole swath
1 battery or 6VDC power supply.

Much time and wear en The equip-
ment can be saved by permanently
mountinfrt three resistors on a small
block of wood and identifying the.
resistors as R R2, and R3br having
their resistances clearly marked.

al

t

a
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SUGGESTIONS AND TEC7NIQUES

1. Remember to check the zero settings. of all electric
meters before they are connected into circuits. If the pointers
are not on zero, reset them or record the amount of error so that
it may be taken into account when recording readings.

2. Avoid parallax when reading meters by hording your eye
directly above the pointer.

3. Before turning on the current, make sure that all
connections are tight. Have the circuit checked by the instruc-
tor.

4:Turn Qff the current immediately after making each
reading to conserve batteries and to minimize/any changes in
resistance Which might be caused by the heating e'ect of the
electric current.

5. If the ammeter or voltmeter has several ranges, prevent
damage to the meter by connecting so itlat it operates at its
greatest range. Read the meter to be sure that it is safe to switch
to one of the lower ranges. For greatest accuracy; select the
range which will give a meter reading nea 'the center of -the
scale

DATA

Norhinal values of known resistors

Resistor RI - 5 ohms

25Resistor R 2 ohms

Resistor R3 50

c.

ohms

Current . Voltage , s Resistance
Resistor'Ammeter readings Voltmeter readings R = V/1il (Arrips) I = (Volts) V = (Ohms) R -

R1= 8= )O . R1 = 15

R2= @= 10 sOT Z!- 'R2 = V-I

R3= 81= 10 . V3 = I-1.7 R3 = 97

Battery R = BIP
B = 10 0 8.6 (Total)
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'EXPERIMENT 41. SERIES CIRCUITS

NAME,

JP.

CLASS HOUR

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. If the individual resistances of the three resistors are not
known, measure them with an ohmmeter or by using the ammeter-

_ voltmeter method described in the previous experiment. Becordthese
values blow. t.

R1= 15 ohms R2 = 25 ohms RJ= 50 ohms

2. The current leaving any circuit element (such as a battery'or
resistor) must be exactly the same as the current entering it. HoW do
the readings of the ammeters in your series circuit illustrate this
principle?

The ammeter readings are-identical in each case

3. The power (voltage times current) that is supplied by the
voltage source must equal the sum of the rer kisses (PR) in each of
the resistors. Using your data for the defies circuit, etalculate the
power supplied by the source and the power lost by each of the three
resistors. If the power supplied by the soure and the power lost
through trle three resistors are not identical', calculate your per-
centage error.

Pi= IIVI= 15W

P2= 12V2= 24W ,

f:?3= I3V3= .47W

PT = 14V / = 86W r
4. Ind series circuit the sum of the voltages across the-individual

resistors should be equal to the voltige that is supplied by the source.
Verify this principle by examining your data and calculate the
percentage error. -

15 + 24 + 47 = 86
0

Withm two significant figures, there is no .error. N

11,
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EXPERIMENT PARALLEL CIRCUITS

NAME

,

CLASS HOUR

LAB PARTNERS. 'DATE

PURPOSE

in this experiment you will find out how the voltages and currents in a
parallel circuit differ from those previously found In the series circuit
containing the sar7lements.

,

AM
EVery student should have an oppor-
tunity to hook up the circuit by
following the circuit diagram. Most
students experienpe difficulty at first, 0.

but improve after a few trials.

(.4ePARATUS PREPARATION

I
1: Connect the three resistors in parallel.with the switch and the

..low- voltage source, as shown in the diagram. If four ammeters are
available, connect them in the positions shown. If only one is
available, connect it in each of the positions in turn, substituting clip
leads for the other three. , ,

2 Connect the voltmeter eads to the output terminals of the
voltage source, making sure that the positive voltmeter lead is
connected tothe positive terminal of the/ voltage source. Record the
ammeter readings in each of the four ISD7sitions designated in the

circuit. Before making each reading, che..9)( the voltmeter to be sure

that the voltage of the source has not changed.

'.. 3. Record the voltage across the output terminals of the voltage
source and then move the voltmeter leads across each of the threve

resistors in turn. Record all the readings in the data chart.

... 189

1

IC.-r ')J A.,

3 resistors :,15 ohms, .25 ohms, and
50 ohms (each 2 to 10 W)

6 alligator clip leads, each 20 cm
long.

1 DC ammeter
1 DC voltmeter
1 single-pole. switch
1 battery or 6VDC power sup

The same apparatus is useful for this
experiment and for the previous ex-
periment on series circuits. 11.

y
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DATA
6...6.0%

Resistor
Nominal

value (Ohms)

Current (I)
(Amps)

Voltage (V)
(Volts)

Resistance (RI)
Calculated

value (Ohms)

Al =15 II = .35 vi = 54 R1' --12-1

R2 = 25- . I2 = .1q y2 -5.2.- R2- 17.9

R3 = SO 13 =.1O V3 = 5.2 . R3' =52

Total R
RI - R2 + R3
RT = 90

14 =,(05 V4 = 5.2.
Total R'
Ft- = I4N4 A

RAT = ciii.3"

ki
RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. From your data chart, what do you notice about the values of
the voltages across the three resistors (VI, V2, V3) and the tole'
voltage (V4)?

All of the voltages are identical regardless of where they were measured.

2. From your data chart, what do you notice about the values of
the currents in the three resistors (11, 12, 13) and the total current (I4)?

14 (.65A). is almost eciiial to the sum of 11, 12, and 13 (.64A)

3. Show that the.power supplied by the source (14 times V4) is
equal to the sum of the power lost by the individual resistors (II) (VI)
- (12) (V2) -, (13) (V3). If these values are not identical, calculate your
percentage error. .

1 IV) = (.35A)(5.2V) = 1.82W

12V2= (.19A)(5.2V) = .99W

13V3= (.10A)(5.2V) = .52W

I 'IN, = (.65A)(5.2V)

= 3.38W

4.3.33W
le

% error = 3.38W 3.33W

3.38W

190
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v EXPERIMENT 42. PARALLEL CIRCUITS

NAME CLASS HOUR

4. When there is a junction otiseveral wires in a circuit, the sum of
the currents going into the junction must be identical to that of the
currents coming out. Refer to your data for the parallel circuit and tell
how this principle is illustrated at the junction of the four ammeters.

The currents from Al, A2, and Ago into the junctign (.65A) and (.64A) comes

out. Since the last digit is estimated, it is likely that the same current that

goes into the junction also comes out

o

5 In a circuit with branches, if you start at the positive terminal of
the voltage source and follow the circuit Through any of its branches
until you come to the negative terminal of the voltage source, the total
of the voltages that are encountered must be exactly equal to that

"" supplied by the source Venfy this principle by examining your data
for the parallel circuit and calculate the percentage error,.

( 35A) (14 9Q) = 5 2V

( 19A)(27 40) = 6.2V

( 10A)(52Q) = 5.2V ,
''.

To 2 significant digits. the error is zero
' -

o

Or
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EXPERIMENT ELECTRICAL EQUIVALENT OF. HEAT

_43
NAME' CLASS HOUR

LAB PARTNERS DATE

PURPOSE

In this experiment electrical energy will be converted to heat, and the
efficiency of the apparatus that makes this conversion will be

determined.

PROCEDURE

V V
To*source of
20 to 30 volts

Immersion
heating coil

Sty rdfoam cup

Theimbmetet

Water

The general procedure is to put a known(amount of,electrical energy
into. a heating coil which is immersed in water and find the amount of

heat that is absorbed by the water.

Data
Entry

1. Weigh a Styrofoam cup and enter its mass Row A

2. Place abo,ut 200g of cold water inthe cup, weigh it, and enter

the mass of the cup and water ., Row B
. 4 e

3. Place the fleeting coil in the cup making sure that it is

completely submei4ed in the water.

4. 'Connect a source of 20 to 30 volts AC or DC to the terminals of I
the heating coil. In series with one of the power leads connect' an v.P

ammeter (AC or DC depending on the power source) having a range

of 0 to 3 A.
5. Connect a voltmeter across'the terminals of the heating ca.

Thd voltmeter range shotIld be suiltle for mo 'toring the AC or DC

power supplied. 4

ep 5

This experiment should be done by
at least two students working to-
gether. It is much too difficult for
students working alone to take all of
the necessary readings.,

APPARATUS PREPARATION
2 Styrofoam cups (one inside the

other to give additional insula-
tion)

m1 immersion heating .coil
1 ammeter (range 0 to 3A) AC or

DC, depending on power source
1 voltmeter (range 20 to 30 V) AC

or DC, depending on power
source

1 thermometer, range 0 to 1000C
1 triple beam balance

Although commercial apparatus for
this equipment is available from sci-
entific supply companies, excellent
results can be obtained by using
one-dollar immersion heaters sold in
drug and hardivare stores for heating
single cups of hot water These,
combined with disposable Styrofoam
cups, provided excellent results,'
such as those giten in the sample
4ta

Although these coils Al work with
120 VAC, heating is much too rapid
in the area,surrounding the coil, and-
thorough mixing of the water is

impossible. The optimum voltage is
about 30 VAL and cans be obtained
with an AC power supply, a variac, or
by connecting an electric light/ bulb
of the right size'in series with the coil.t

(



The most important of these sug-
gestions is number 6. The water must
be thoroughly stirred before cpach
temperature reading is attempted.
The rest of the suggestions are not
Nerly as important for obtaining
good experimental results.

Also be sure to caution the students
that inexpensive immersion heaters
should never be plugged in unless
the coil is covered with water. With-
out a water covering, heat build-Up
will burn out the coil in a few'
minutes.

9

SUGGESTIONS AND TECHNIQUE§

1. To minimize heat transfer between the water in the cup
and the,air in the laboratory. try using two Styrofoam cups, one
inside the other, and keep the apparatus covered during the
entire period that the water is being heated.

2 To minimize heat losses in the connecting wires, use
heavy wires and keep them as short as possible.

3. Good results are obtained with an inexpensive immersion
heater. The type that is usually sold in hard/are and variety
stores for heating a-single cup of coffee works well.

4. Uhless the water from the tap is very cold, pour water
from a pitcher of ice water, making sure that ho chunks of ice are
transferred.

5. Make sure that the thermometer does not touch the
heating coil.

6. Stir the water in the Styrofoam cup -Immediately before
taking each temperature reading. Failure to do this will .give
erroneous results because hot and cold water pockets are
-formed th ihe-C-Up during the heating praess-

7. This experiment may be done with either alternating or
direct current but be sure that the voltmeter and the ammeter are
the correct types for the current used.

8. Be sure to avoid accidental grounds when dealing with
power supplies and water If the lab is not specially wired to
prevent accidental grounds, you could receive a shock by
touching a voiter pipe or gas jet at the same time you are
handling the apparatus,

6 Place a thermometer in the water/ turn on the power supply
and allow about a minute for the apparatus to warm up before taking
any measurements

.7 Start the experiment by stirring the water Then, as quickly as
possible, enter the following in the data chart

The initial temperature of the water Row D
The starting time Row G
The ammeter reading Row K
The.voltmeter reading Row L

8. Allow the apparatus to operate until the temperature of the
water is as high above the room temperature as it was below the room
temperature at the start of the experaent Stir the water, check that
the readings of the ammeter and vffirneter have not changed, and
then as quickly as possible enter ttie following in the data chart:

The final temperature of the waN- .14 Row E
The time at the end of the trial t Row H
.At this point, if the computer program for this experiment is

available, enter the data into the computer for and
verification.

1 (1" T94



EXPERIMENT 43. ELECTRICAL EQUIVALENT OF HEAT

NAME CLASS HOUR

RoW Data Entry TRIAL

1 .. 2

A. Mass of cup (grams) m(c) =
C..-5 ,

B. Mass of cup + water (grams) m(c + w) = 138

C. Ca lc. mass of,mater (grams) m(w) = -133

D. Initial temp. of water (°C) T(i) = 240
E Final temp. of water (°C) 1-(f) = 50.7
F Ca lc. increase of water temp. T = 2(1.7°

G. Starting time t(i) = 1: 03

H Ending time . ____ if.a. = 1: /5

I Galc total time (sec) t = 720
J Calc. heat absorbed (calories) 0 3ci50
K. AmMeter reading (amps) . I 0.78
t. Voltmeter reading (volts) V = 30.0 .

M. Calc. electric energy (joules) E 1(0800

N Calc. elect equiv. of heat, J/cal = 425
0 Efficiency of heater (%) Eff = cri.g

CALCULATIONS.

Whether or not the computer program for this experi4iit is
available, perform the following calculations and enter the results in
the specified row of the data chart.

1 Calculate the mass of the water in the cup by subtracting the
mass of the cup from the combined mass of the cup and
water Row C

2.,Calculate the increase in temperature by subtracting the initial
temperature from the final temperature Row F

3. Calculate the time interval during which the heating took place
by subtracting the initial time-from the final time Row I

4 Calculate the number of calories of heat energy absorbed by
the water by multiplying the mass of thle water.by its 'change in
temperature Rov( J

5. Galculaie the number of jolles of electric energy that were
consumed by Multiplying the volts, amperts,..and the time in
seconds Row M07

1951
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6. Calculate the electrical equivalent of heat (the number of
joules of electric energy to supply one calorie of heat energy to the
water) by dividing the joules by the calories Row N

7. Calculate the efficiency of the heater to convert all of the
electric energy into heat energy. Use the relationship:

Eff = Q x 4.19 J/cal
x 1000/0.... Row 0

Electric Energy

RELAXED QUESTIONS AND SUGGESTED ACTIVITIES

1. The accepted value for the electrical equivalent of heat is 4.19
J/cal, Compare the value thatyou calculated with the accepted value
and calculate the percentage error.
174.25 J/c 4.19 J/c)/4.19 J/c g 1040/0 = 1.430/07

2. In this experiment, o allowance was made for the heating of
the thermometer. 'How d. this oversight affect the Value of the

i electrical equivalent of eat that you calculated'?
The actual ameunt of h t absorbed by the water should have been greater,

giving a value that is closer to the Ideal

3. Compare ,the .electrical equivalent of heat that you obtained
with the values that were obtained independently by other Members
of the class. If the values obtainedgi the laboratory were consistently
higher or consistently lower than the accepted value, analyze the
procedures carefully and try to pinpoint the major systematic errors
in the apparatus or in the procedure which were responsible

All values are higher than accepted values Some heat was absorbed by

thermometir, containers and surroundings.

4. Repeat the experiment taking the temperature of the water
every 30 seconds while it is being heated by the coil. Make a graph of
the temperature vs. time, If the water is being heated uniformly, the
graph shoyd be a straight line. Account for any deviations from the 1

\

straight line in your graph.
.

r4A4C>a Yir'4E TUIPC°
The graph line

TIME starts out straight

0
(20

22.0
2.3.5

2-40
300

33.0
36.o

ys.o but starts to flatten
L/70 at the top due to heat

12.0
Igo

21-0
32.0

360
£f20

3t.2
'ID 0

qq.e;
..507

k

TIME 5. Compare the efficiencies of these inexpensive heating coils
with' those of the more expensive electric coffee percolators.
Summarize your results below and attache Copy of your detailed
test 'procedures and data.

15's
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EXPERIMENT RESONANCE IN ELECTRIC CIRCUITS

NAME CLASS HOUR

LAB PARTNERS DATE

PURPOSE

bust as large-amplitude vibrations are produced in mechanical
objects when energy is added at their natural resonant frequencies,
resonances are also produced in circuits when energy is added at the
correct frequency. In this experiment the resonant frequency of a
circuit containing inductors and capacitors will be investigated.

PROCEDURE

Audio
oscillator

Audio
1 amplifier

Voltmeter
or

oscilloscope

Lamp with
6V bulb

Capacitor
(0.5 to 1.0 pF)

Voltmeter
or

oscilloscope'

Coil
(2 to
4 mH)

1 Connect the output of an audio oscillator, to an audio amplifier.
Across the output terminals of the amplifier, connect a lamp, a coil,
and a capacitor in series, as shown in the diagram Shorting switches

or clip leads should be connected across the coil and capacitor so

that they may be easily by-passed when desired.
2 Connect an AC voltmeter or an oscilloscope across the output

terminals 'of the audio amplifier to monitor the output level of the
amplifier. Connect a second AC voltmeter or oscilloscope across the
terminals of the lamp to provide quantitative data across the load

3. Close the shorting switches or connect clip leads across the

coil and capacitor. Turn on the audio oscillator and amplifier, and

adjust the amplifier output so that the bulb filament is lit with
reasonable brilliance. RecOrd the level of the amplifier output that is

indicated on the voltmeter or oscilloscope connected across Its

terminals. During, the steps which follow, irrilay be necessary' tp
.readjust the amplifier output or volume control from time to time to

maintain the same level at the output terminals.

4 Set the audio oscillator to produce a' frequency of 2 kHz.

Increase the frequency to 15 kHz in 0.5-kHz steps, observing the lamp

and recording' the voltages acr it in column A of the data chart.

197

k

Because the apparatus needed for
glis experiment is comparatively ex-
pensive, it is not likely that more bran
one group of perhaps two or three
students can work on the experiment
at any given time.

C.

For optimum results, it is suggested
that a group of students be assigned
in advance to set up and do some
preliminary runs with the apparatus.
Then they can take actual data in
front of the class while the rest of the
students record data and analyze the
results in their own lab bboks

APPARATUS PREPARATION
1 audio oscillator or audio signal

generator capable of producing
sine waves from 0 to 20 kHz

1 audio amplifier capable of pro-
ducing an output of 5 W or more..

.A classroom tape recorder or
phonograph will do.

1 AC voltmeter with a high im-
pedance, such as a vapuum-tube
or solid-state voltmeter (an os-
cilloscope may be substituted)
(Although a second voltmeter is
called for, one meter can serve
both purposes if it is switched
from one position to the other in
the setup )

1 capacitor, 0 5 to 1 0
1 coil (about 2 to 4 mH) This can

be made by scramble-winding
about 400 turns of No. 28 insu-
lated wire on a 2-car pencil stub

1 6V lamp



SUGGESTIONS AND TECHNIQUES 1
1. if an AC voltmeter is being used to monitor the voltage at

the output terminals and to measure the voltage across.the lamp;
the voltmeter should have a resistance of at least 20,000 ohms,
per volt so that its effects on the circuit being measured will be
minimized.

2. -If an oscifkscope is used for monitoring and voltage
measuring,-set the horizontal frequency of the oscilloscope att about 1000 Hz and leave it set at this frequency for the entire
experiment. Set the vertical gain control so that the height of the
trace On the screen is about three quarters of the maximum
during the run, when the coil and capacitor are shorted out.
If the oscilloscope does not have a grid over the screen, tape -a,
piece of semi-transparent graph paper over the screen and
record the voltage indications in arbitrary units marked on the
grraph paper.

c3. If the audio mplifier has a choice of several output
terminals of various i pedances, choose the set of terminals
which is marked with an impedance of 40.

4. Be sure to check the output level at the amplifier
, terminals before each reading is made. Readjust the output

Control if the level should change from the initial setting.

5. Connect an inductor to the circuit by removing the short
across the coil. Repeat the procedure of the step above by starting the
audio oscillator at a frequency of 2 kHz and increasing it in 0.5-kHz
steps to a frequency of 15 kHz. At each step record the voltage across
the lamp in column B of the- data chart.

6. Replade the short across the coil and remove the short from
the capacitor so that the capacitor and lamp are rn"the circuit. Repeat
the procedure of the step above by changing the frequency of the
audio oscillator from 2 to 15 kHz and recording the voltage across the
lamp at 0.5-kHz intervals in column C of the data chart

7. Remove all of the shorts so that the capacitor, coil, and lamp
are connected in series with the amplifier output terminals. Starting
with the audio oscillator at a frequency of 2'kHz, increase it to 15 kHz

stepsJecording the voltage across the lamp at each step in
Column D of the data chart.

8. On a piece of graph, paper, plot the frequency on the
horizontal axis and the voltage chart, draw 'four curves on the same
set of axes as follows:

a) Circuit with pure resistance (only the lamp in the oircuit and
See sample graph on opposite page. ,negligible,amounts of inductance and capacitance)

b) Circuit with inductance and resistance (lamp and coil in the
1 6

oircuit).

c) Circuit with capacitance and resistance (lamp and capacitor in
the circuit).

d) Citcuit with .resistance, inductance, and capacitance (lamp,
coil, and capacitor in the circuit).

19
198 a/



EXPERIMENT 44, RESONANCE IN ELECTRIC CIRC TS

NAME ,_ CLASS HOUR

Frequency
(kHz

Voltage across the lamp (V)

A.
Resistance

only

B

Inductance
and resistance

C

Capacitance
and resistance

1 ductance, D
ca acitance,

an resistance

2.0 0.35 0 .q 5 O. 2.o 0.2o
2.5 0.35 0.85 0.-2 0- tO

. 3.0 035 0 72 0.24 ( O..10'

3.5 0.35 0`70 c) 20 0.2S
4.0 0.35 0.70 0.2,$ i d47
4.5 0.35 0-Cocl 0 . o. 2-0
5 . o. .0.3S 0 - (o'g 0.3 Of

, '5.5 0.35" 0.0 b. 2 . 0-2,0
6.0 1 0.35 0 .(oS 0./32. 0.50
6.5 0.35 0.V-1 0.32 1.10

7.0 0.35 O. 9 2 0.32 - 1.70

.7:5 0.35 0.102 0.32 i S 0

8.0 0.35 0.(2 6.32- I Li 3

8.5 0.35 O. lo2. 0.33 1.00
9.0 -0.35 O. (o2. 0.33 0. S0
9.5 0.35 0.(42 0- 3L-1 O. 30

0 .44,0-<1 .0.2010.0 0.35

10.5' 0.3S 0.140 0. 17
.11.0 0.35 0.1-10 0.15
11.5 0.35 0 32- 0.12.
12.0 0 .32_ 0.10..
12.5

_

0.3. 0'30 0. CR
13.0 0.35 '6.3o 0.00
13.5 0.35 - 0- 31 0.05
14.0 .' 0.3 5 0-32 O.04-1

,14.5 0.35 0.32 0 D3
15.0 6.3s 0.33 6. 02

199
191
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Apparatus used for sample data:
Cenco audio oscillator
amplifier of the school recorder
RCA Volt-ohmist
0.5 1.1F capacitor
coil made by winding 400 turns of

enameled wire (1116m iyoke of
dis,carded TV set) around a 2-cm
pencil stub

lamp bulb from 6 V lantern

0000 50 100

Frepuency 1-1z)

15.i>



The inductance of the coil was not
known, so it was assumed, that the
inductance was 2 millihennes

Using the value of 2 mH for the coil
resulted in an error of 50°Io between
calculated and experimental results.

Working backw.ards from the exper-
imental data, it was determined that
the error would have been zero if the
coil was 1 millihenry instead of 2.

1

L= 4n2f2c

Substituting
f = 7 3 x 103 Hz

and C= 0.5 x 10'6 F
into this equation gives

L = 1 mH

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. Refer to your graph and state the- relationship between the
maximum voltage across a resistor (the la Nip in this case) and the
applied frequency w.. en the circuit contains

A 0.

a) resistance only The voltage rerrfained constant as frequency was
=

changed.

b) resistance and inductance

tage decreased, then flattened out.

As thg frequency increased, the vol-

c) resistance and capacitance.

6 '

As,the frequency increased, the vol-

tage increased, then dropped slightly and began to increase slowly.

d) resistance, capacitance, and inductance,_ The voltage reached a
'

, ,
small peak at 4 0 kHz and a much larger peak at 7 3 kHz, then fell rapidly to

2. When the natural frquency of the lamp-coil-capacitor circuit
has been reached, the lamp will glow the brightest and the average
power supplied to the circuit will be a maximum. Examine your graph
and record the frequency at which this resonance occurs..

7.3 kHz

r

If the capacitance and inductance values are known, the value of the
resonant frequency f in hertz can also be calculated from the
equation.

1

2 7TVLC

where, L is the inductance of the coil in henries

C is the capacitance in farads.

Compare the calculated frequency with the one that wig experi-
mentally derived and determine your percentage error.

f = 1..1 = 5 kHz (50°Io error)

-2 Tr x 10'3 H)(0 5 x 10 6 F) ,
1

3. Sep your own experiment using capacitor and a coil that
have slightly different values from those already used. Predict the
resonant frequency of the circuit using the equation given above and
find the resonant frequency experimentally by graphing your data.
Compare these values and calculate your percentage error.

Using the corrected value for the coil of 1 mH and using al p F capacitor, it

was predicted- that the reson§nt frequency would be '5 kHz' This was,?

confirmed experimentally using- the same apparatus set-up. .

1 (1 f)
200 "
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EXPERIMENT MAGNETIC FIELDS ,

Ike

NAME CLASS HOUR

LAB PARTNERS. DATE

t
PURPOSE

In this experiment the concept of magnetic field will be developed by
investigating the space around the magnets.

4 PRO,CEbURE

1. Place the north pole of a bar magnet under one end of a sheet'.
of cardboard or stiff paper, and place the south pole of a second bar
magnet under the other end.

2. Sprinkle some iron filings evenly over the cardboard Tap it
gently and observe the patterniwhrch are formed. 'These patterns
show the shape of the magnetic field between the two bar magnets.
Copy this pattern as 'accurately as possible in the space provided`m
this manual.

3. Collect the iron filings and place g piece of graph paper over
the cardboar'd.. Draw the central force line between the two magnets
by conhecting the center of the north pole of -one magnet to the
center of the south pole of the other magnet. Check this line by
placing a very small magnetic compass (2 cm or less in diameter) on
the line near the north pole and slowly move it ward the south pole.

eh The compass needle will always poinf in the direction of Motien if the
r force line is accurate.

4. Draw a second Woe line roughly parallel to the original line by
placing thesinall magnetic compass near the riorth pole of the bar
magnet a short distance above the original force line. Place allot on

' the paper directly behind the tail of the compass needle and another
dot at the head of the compass neectle..Advance the compass top new
position so that the tail of the compass needle coincides with the dot
that was placed at the head. Place a third dot at the head of the
compass needle in its new position. Keep advancing the compass in

this manner until the second bar magnet is r ?ached.

/ 193
201 e

This ex4iment is best done by
students working alone without lab
partners While one student is dlork-
ing with the equipment, there is very
little for a lab partner to do

APPARATUS PREPARATION
2 steel `bar magnets
1 sheet cardboard or stiff paper
1 salt shaker of iron filings
1 tiny magnetic compass

Although concepts of magnptic field
shapes can be learned quickly by
sprinkling iron filings around a mag-
net, a great deal more can be learned
by meticulously plotting the field
with the aid of a tiny magnetic
compass The assymetrical pattern
dye, to the earth's field and the
magnetisim of steel building struc-
tures become readily apparent fe4l-
thou0 the results are quite re-
warding, thl work is tedious, a ?d
personality differerences among stu-
dents who enjoy this kind of exercise
are interesting to observe

%h.

9
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EXPERIMENT MAGNETIC FIELDS ,

NAME CLASS HOUR

LAB PARTNERS. DATE

PURPOSE

In this experiment the concept of magnetic field will be developed by
investigating the space around the magnets.

S

Small corpass

N

Arrow showing direction
of magnetic north

PRO.CEbURE

1. Place the north pole of a bar magnet under one end of a sheet
of cardboard or stiff paper, and place the south pole of a second bar
magnet under the other end.

2. Sprinkle some iron filings evenly over the cardboard Tap it
gently and observe the patterns which are formed These patterns
show the shape of the magnetic field between the two bar magnets
Copy this pattern as 'accurately as possible in the space provided'in
this manual.

. .

3. Collect the iron filings and place piece of graph paper over
the cardboard.. Draw the central force line between the two magnets
by conhecting the center of the north pole of -one magnet to the

center of the south pole of the other magnet. Check this line by
placing a very small Magnetic compass (2 cm or less in diameter) on

, the line near the north pole and slowly move it ikward-ttie south pole.
Tha compass needle will always poinf in the direction of Motion if the

r force line is accurate.
4. Draw a second force line roughly parallel to the original line by

placing the.rall magnetic compass near the north pole of the bar
magnet a short distance above the original force line. Place a dot on

the paper directly behind the tail of thtcompass needle and another

dot at the head of the compass needle..Advance the compass to new

position so that the tail of toe compass neethe coincides with the dot
that was ,placed at the head. Place a third dot at the head of the
compass needle in its new position. Keep advancing the compass in
this manner until the second bar magnet is rched.

193
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This exOriment is best done by
students working alone without lab
partners. While one student is likiork-
ing with the equipment, there is very
little for a lab partner to do.

APPARATUS PREPARATION
2 steel' bar magnets
1 sheet cardboard or stiff paper
1 salt shaker of iron filings
1 tiny magnetic compass

Although concepts of magnptic field
shapes can be learned quickly by
sprinkling iron filings around a mag-
net, a great deal more can be learned
by meticulously plotting the field
with the aid of a tiny magnetic
compass The assymetrical patter4
dye to the earth's field and the
magnetisim of steel building struc-
tures bQcome readily apparent fAl-
thougO, the results are quite re-
warding, th work is tedious, a4d
personality differerences among stu-
dents who enjoy this kind of exercise
are interesting to observe

9



4

4

SUGGESTIONS AND TECHNIQUES

1. This experiment will work best with bar magnets which
are made of steel or irpn. It will be found that alnico magnets are'
so powerful that the iron filings tend to come together instead of
remaining near their original positions.

2. The polarity of small magnetic compasses often reverses
during the experiment when they are brought close to the bar
magnets. They should be checked for polarity reversals fre-
quently by moving them away from the experimental apparatus
and see whether they point toward or away from magnetic north.

,
5. Repeat this procedure, starting from different spots near the

north pole of the bar magnet. When you have finished, you should
have a series of six to ten lines which are r ghly parallel to each
other dawn between the poles of the bar m nets.

6. Draw an arrow on your graph paper to indicate the direction of
magnetic north in'relation to the bar magnets

DATA

Drawing of magnetic field patterns shown by iron filings

Arrow
showing
direction
of
magnetic
north

,-------
--.

5
6 ..--------

___.-----------'
..

./ .

RELATED QUESTIONS AND ACTIVITIES

1. If you did Experiment 38; compare the patterns that are
produced by electric field lines bet en positive and negative
electrodes with the magnetic field lines between north and south
magnetic pbles.

The equipotential Mies drawn for point electrodes are basically at right

angles to thi) magnetic field lines for the poles of bar magnets.

202
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EXPERIMENT 45. MAGNETIC FIELDS

CLASS HOUR

2. Compare the symmetry pf the magnetic field lines on either
sicieof the two bar magnets. You will probably find that the two halves
of the,pattern are not symmetrical because the earth's magnetic field
distorts the theoretical pattern between the two bar magnets. Check
the magnetic field patterns carefully for this asymmetry and predict
the direction o.f the earth's magnetic field in the laboratory. Verify this
direction with the-aid of a magnetic compass. ,
The steel framework of the school buildings as well as metal pipes running

through the floors and ceilings sometimes create such strong magnetic fields

that they obsciire the magnetic field of the earth.

3. Repeat the magnetic field experiment several times with the
apparatus held in different directions with respect to the earth's
magnetic field. In each case predict the asymmetries which should
occur in the patterns and verify Kew predictiohs.

This is a simple task but It requires more patience than most of the othe.Atasks

in this lab manual Students who have/he patience and desire to complete

such a task and drat:il meaningful conclusions should be encouraged to

pursue scientific vocations or belated work which requires these attributes.

ir
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EXPERIMENT FORCES BETWEEN CURRENT-CARRYING CONDUCTORS t,

4, 6
7' NAME CLASS HOUR

LAB PARTNERS

ice ,

DATE

PuftPOSE

Current-carrying conductors exert forces on each other. The
relationships that exist between those forces, the current, and the
geometry of the conductors will be investigated in this experiment.

e

!PROCEDURE

Th'e general procedure for investigating forces between current-carry-
ing conductors involves the use of a current balance. This device con.-
sitts of a fixed bundle of wire (the fixed coil) anda movable loop of wire
which is delicately suspen'ded near the fixed coil. When there is
current in each of these conductors, the.fixed toil' exerts a ,repelling'
force on the movable loop, which calses themovable loop to swing
away from the fixed coil. Weights of known value are then added to

the movable loop to restore it to its original position. Singe' the
restoring force clue to the added wei4t is equal to the force between
the current-carrying conductors, we can measure the value of the

205 196

This experiment should be per-
formed with students working in
pairs. Not all students have the pa-
tience- and the ability-lb make 'the
precise movements and delicate pd-
uitme nts which are requited for this
experiment

'APPARATUS PREPARATION
The currsnt-balance apparatus is
available tfom suppliers of Protect
Physics equipmept.

lc addition Jo the basic' current
balance and the accessories that
come with it the following items
are requiTed

2 ammeters, dc. 0 to 5A
2 power supplies capk)le of pro-

Irking abotll 6 VDC at 5 A
1 small permanent magnet
1 pair of tweezers for handlihg

small weights
1 Set of 'small -wire weightsl

These can be made by removing
the insulation from ordinary lamp
cord, separating, the strands, and

. cutting each strand into lengths
of 1 cm. 2 cm, and 5 cm. Each
centimeter of this wire has a
mass 'of 17 and 18 -mg and
weighs about 1 7 x 10-441.

e



The current balances from different
manufacturers vary quite a bit. It is
important that you read the specific
instructions which accompany the
current balance and furnish supple-
mentary notes for the students to
save them time and help them obtain
better results.

5

SUGGESTIONS AND TECHNIQUES

1. An acceptable flower supply would be a 6-volt or 12-volt
storage battery with a rheostat connected in series to vary the
current. A low-voltage laboratory power supply will also work
well if it is well filtered. In a poorly filtered power supply, the AC
ripple which accompanies the 25,putput will cause the movable
loop of the apparatus to vibrate.

2. To measure the distance between the movable loop and
the fixed coil, it may be found to be more convenient, to measure
the distanbe between the nearest edges of each coil and add this
value to the sum of the radii of the movable conductor and the
fixed conductor. The radii Of the respective conductors may be
found with a micrometer caliper.

3. Before each trial, check the zero setting of the pointer to
be sure it has not shifted.

force between the conductors. Proceed as follows

A. Setting Up the Apparatus 1

1., Place the frame upright on a sturdy table

2. There are several U-shaped, bent wire loops supplied with the
equipment. Attach the largest of these loops to the horizontal
suspension bar so that the center of the loop hangs about 0.5 cm in
front of the fixed coil and is parallel to this coil (see illustration). When
this has been done, the horizontal Suspension bar and the loop should
swing freely in front of the fixed coil, since there is very little friction at
the knife,edge contacts.
.. 3. A long pointer and a balancing counterweight are also
attached to the horizontal suspension bar. Adjust the position of the
counterweight so that the pointer is horizontal

4. When the pointy is horizontal, fasten the zero position
indicator to a ring stand, using any convenient clamp, and adjust the

.---Ntheight of the indicator so that % e tip of the pointer coincides with the
center of the notch. A fine line rawn at the center of the notch will
provide a convenient reference point to determine when the loop is
hanging in its normal position and the pointer is horizontal

5. A sensitivity control, consisting of a vertical wire and a clip
above the center of the horizontal bar, provides a means of adjusting
the sensitivity of the apparatus as forces are applied Raising the clip
raises the center of gravity of the moving part of the apparatus,
making it swing more easily. Adjust this control for maximum
sensitivity but be careful that the apparatus does not become so
'unstable that it topples over.

6. Connect the output of a variable, low-voltage DC power
aipply (6 to 8 volts at 5A) to the flat horizontal plates on which the
horizontal suspension rests. This establishes an electric current from
the power supply through the knife edge contacts to the suspended

'movable loop. If the power supply does not have a built-in ammeter, it
to"Iv ill be necessary to connect an external ammeter (having a range 0 to

10A) in series with one of the ower supply leads.

7. Check the operation of the circuit by turning on the power
supply and slowly increasing the voltage while holding a small
permanent magnet near the movable loor. As the voltage is increased,

206 1 !.1. 7
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the loop should start swinging either toward or away from the
Permanent magyer as a result of the fo.rce, exerted on the current-
carrying loop by it* magnet. By reversing the permanent magnet, you'
should be able to make The loop, swing in the opposite direction.

8 Connect a second variable DC power supply and ammeter to
the fixed coil of the apparalus, making an independent circuit.

9. Turn on both power supplies and observe the effect of th4orce
exerted on the movable loop by th.e fixed coil when there is a current
throygh each. 1

10 Intetchange the corinectibns between one of the power
supplies and the terminals on th,e apparatus to which it is connected
This causes one of the currents to reverse its direction Notice that
this also changes the direction of the force on the movableloop Fix
the connections so that the pointer will move up whenever ffie power
supplies are turned on.

11 A roll of thin wire is supplied with the apparatus Cut this wire
into lengths of 1 cm, 2 cm, 5 'cm, and 10 cm. Bend each length into
an S shape so that it may be hung on the notch in the pointer, or from
one of the other lengths in order to restore the pointer to its zero
position. Have one set of wire weights on hand and make additional
wire Weights as required, during the ixperimenting which follows

This completes the preliminary adjustments to the apparatus

B. Finding the Relationship between Force and Current

1 Adjust the position of the horizontal suspension bar so that the
movable loopis parallel to the top section of the fixed loop and hangs
about 0.5 cm in front of it.

2. Adjust the variable power supply that is.connected to the fixed
coil so that the current is 3 A. With no current in the movable loop,
aditist the counterweight 'so ,that the pointer is horizontal and
coincides with the zero position mark.

,

3. Adjust the power supply that s connected to the movablE( loop
so that its ammeter reads 0.5 A. Thishould create a force which
causes the loop to be'repelled and the pointer to move up. ,

4 Add wire weights to the notch 5n the pointer until it is restored
to its zero position. In data chart I', record the total number of
centimeters of wire that were required.

5. Increase the current in the Movable coil in half-ampere steps
until a total Of ,5 A is reached. At each step find the amount of wire
weights that is needed to restore the pointer to its zero position and
record this in the data chart.

6. Prepafe a graph with force (expressed in Gentimeterifof wire)
along the vertical axis and current (in amperes) along the horizontal

"axis. ,

207

It is very convenient to measure units
of force in terms of centimeters of
No 30 wire To find the actual weight
of a centimeter of this-wire, a useful
technique is to have the students find
the mass of a long length of the wire
on a triple beam balance.

Eror example. assume that a 1-meter
length of wire has amass of 1 75 g, or
1 75 10 3 kg, on a triple beam
balance. To find its weight in new-
tons, we multiply the mass in kilo-
grams by 9 8 N 'kg and obtain 1 7 x
10 2 N One cm would weigh only one
hundredth of this or 1.7 x 10-4 N.



C. Relationship between Iorce and Distance Separating
Current-Carrying Conductors

A- 1. Adjust each of ,the variable power supplies so that a currenof
about 4.5 A is in each of the circuits.

2. Turn off both power supplies and adjust the horizontal
suspension !gar so that the horizontal distance between the fixed coil
and the bottom of the movable loop is 0.5 cm and the pointer iS,
horizontal at the zero position mark. The distance can be set with the
aid of a pair of dividers or a compass of the type that is used to draw
circles. Using a centimeter scale, set the points of the compass 0.5 cm
apart. .Then use the compass or dividers as an aid indadteksting the

'distance between the parallel wires. The distance between the wires
should be measured between the centers of the two wires.

3. When you are certain that the distance between the movable
loop and the fixed coil is exactly 0.5 cm and the pointer is at the zero
position mark,.turn on both power supplies and check that eachpf the
ammeters still reads' 4.5'A.

4. Add wire weights to the notch of the Pointer until it is restored
to the zero position mark Record the number of centimeter's of wire in
data chart II.

5. Increase the distance between the fixed clil and the lovable
loop alf centimeter steps until the two are 6.0 cm apart. Each time
the dr ance is increased, check the zero Setting of the pointer with
the current turned off. Then, with the current-on, add wire weights to
restore the pointer to its ZWO position For each di ance, record the
required balancing .weight in the data chart.

6. Plot the data on a graph with force (measured in centimeters
of wire) on the vertical axis and distance-between the conductors (in
centimeters) along the horizontal axis.

4

D. Relationship between Force and the Length of a Current-Carrying
Conductor

1. Adjust the position of the hoczontal suspension bar so that the
movable loop is approximately 0 5 cm in front of the fixed coil. Set the
counterweight so that the pointer is horizontal and coincides with the
zero position mark! Turn on the power supplies and adjust the current
in each of the circuits to approxiMately 4 A. Add wire'weights to the
notch on the pointer until the pointer is restored to the zero position
mark. Record the weight (in centimeters of wire) in data chart III.

2. Turn off the power supplies, being careful not to disturb their
settings Remove the movable loop from the horizontal suspensicin,
bar arid substitute a second loop that has a shorter horizontal erection
in its center portion. Adjust .the apparatus so that the fiked and
movable wires are the same distance apart as they were in Step 1 and
turn on both power supplies. Check that the current in each circuit is .

the sage as before. Record the,amount of wire Weights that must be
added& the pointer notch to bring the movable loop back to its zero
positiori. Also record the length of the wire in the center horizontal,
section of the loop. .

3. Repeat the above procedure one or two more times,-substi-
tuting the other loops. In each case, record the amount of wire
weights required to bring the pointer back to its zero positian and the
length of the center horizontal section of the loop. ,

208 ii-
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4. Plot a graph with the restoring force (measured in centimeters
of wire) along the vertical axis and the length of the center horizontal
section of the movable conductor along the horizontal a)tis.

See sample graph at bottom of this page.

DATA

/ Force vs Current
in Conductor

TRIAL
Current

(A)
I

Nrce
(cm of wire)
' F =

1 0 5 2.
.

2 1.0 3
3 r.5 LI

4 Z' 0 S
5 2. - 5 42

6 3.0
.

7
7 3 -6 8
8 Li. 6 9
9

10 . .

11

12

ll Force vs Distance
between Conductors

TRIAL
Distance

(cm)
X

Force
.(cm of wire)

F

1

.

0-5 8
2 / o ),,,5

3 I.5 3
4 Z. p. 3

.
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8
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,

Force vs. Length of Conductors

TRIAL
Ltrigth

(cm)
L=

Force
(cm Qt wire)

F=

1 31.0 8
2 1 b -0

3 7,0
4 3.5,
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e) 1k RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. Summarize your results by giving the relationships between
the force between two current-carrying conductors and

The force between parallel current-
rying conductors is

2L

E-=
d

where F is the force (in N)

. 1 is the current (in A)
L is the length of parallel
conductors (in rr? .

.d is the distanc between
conductors (in m) I
K is 0'7 NIA2

1 Fd
Thus I =

KL

The weight of the wire weights was
calculated by mciltiplying the number

----rii-cnraf-wire-17y-1-.7-x- 10 -4-1\ I /car( see

P 205)

Sample ciata:
d= 1.0 x 10 2 m
L = 3.2

cm of calc I
wire (A)

ammeter
(A) error

1 1.6 2.0 20%
2 23 25 8%

4 3.2 3.5 90/0

5 3.6 4.2 14°/o

6 4.0 46 13%

7 443
1

4.8 100/0

)

a) the magnitude Of current:

The force increases as current in one of the conductors increases.

-.1.

b) the distance between conductors:
There is an inverse relationship betwefn the force and distance between ,

4.

conductors that are parallel to each other
c) the length of the parallel portion of conductors.

,

The force increases in direct proportion to the length of the parallel portion of conductors.

2. The ampere is a unit of current which is now defined i terms
of the force that it will produce between two parallel, infinitely lorig,
purrent-carrying conductors. Connect the fixed and movable cols of
the current balance so.they are in series with the same power supply.
By definition, the ampere is the current in two parallel, infinitely long
conductors, -1 meter apart, which produces a force of 2 X 10-7N for
each meter of conductor length: Set up an ex enment to test the
accuracy of an amrheter.

The movable coil, lb windings of the fixed coil, art an .ammeter were
,..

connected in series with a variable power supply. Using the 32-cm movable
a

coil, this gave an effective length of 320 cm (3.2 mj of parallel conductors. The
.1.

two coils were 1.0 cm apart Wire weights were added to the balance and the

power supply was adjusted until the balance was restored to equilibrium. Data

are given in the margin at the left'

3. All of the instructions for this experiment require the movable
loop to be perfectly parallel to the fixed coil at all times. Predict what
would happen if these two conductors were not parallel to each other.
Check your results by experimentation with the apparatus.

If the movable coil is pot parallel to the fixed coil,:some parts of the conductori

will be closer than others. If the distance is take at the midpoint of the

conductors, there is still an error because it is only the parallel components of
...

the magnetic .forces that interact. Thus, the restoring force for parallel

conductors is greater than the force for nonparallel conductors that are the

. same length, are the same average distance apart, and carry the same curfenj

4. Set up an experiment to find the force that the earth's
magnetic field exerts on a current-carrying oonductor. Wit e fixed -
coil of the apparlitus disconnected, adjust the sensitivity cont of of
the.movable loop to maximum sensitivity. Adjust the power sup ly so
that the current in the movable loop is about 3 A when the power

210 2 Opt
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EXPERIMENT 46. FORCES BETWEEN CURRENT-CARRYING CONDUCTORS

NAME I CLASS HOUR

supply is turned on. Set the apparatus on a sturdy table so that the

bottom orthe movable loop is aligned in an east-wesdirection. When

the current is 'turned on, find the restoring force that is necessary to

compensate for the displacement of the pointer from the zero position
mark.,aotate the entire_apparatus in stepskof 5° until the movable loop

is aligned in a north-south direction. At each step, record the
magnitude of the restoring force when the same current is turned on.

Angle
A=

Restoring force
(cm of wire)

F =

0 O.5

a 5
%

10° O. 5

15° 0.S
20° 0.5
25° a S

*

30° 0-S
350

0*. S

,40° 0.5
45 °, 0.5

ii.

Angle

A=

Restoring force
(cril of wire)

, F =

50° 0 5
55° 0- 5

60° 0- S

65° 0.5
70E

....1

O. S

75°
,--

0.5

80° 0.5
'85° oS'
90° 0.5

What is the largest restoring force required?

All of the restoring forces appear to be identical.

..-

r -

This experiment is guarantee"d to
Mystify and challenge the better
students in a physics class . . . es-

.pecially when they do the experiment
carefully any( obtain data such as the
sample data at the left.

,
c ,

...

ra.

211 202 .

The explanation is simple. One must
kno,w from his knowledge of the

that the direction of the earth's
magnetic field is very close to vertical
over most of the United States Only
20% of this field produces the south-
to-north horizontal component which
operates h magnetic compass i

The current balance responds to the
comparatively large vertical com-
ponent of thd earth's magnetic field
but is not sensitive enough to detect

.. the variations caused by the minor
effects of different horizontal orien-.

\..tations.
r a

er
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EXPERIMENT ELECTRON BEAM DEFLECTION

NAME

I

CLASS HOUR

'40

LAB PARTNERS' DATE-

PURPOSE

To deflect an electron beam by magnetic and electrostatic fields 4ni1

to predict the direction and magnitude of such deflections.

PROCEDURE

Deflection
plates

Cathode
ray tube

Filament
power supply,
6 3 volts

Focusing
power supply
10 to 50,volts)

Knurled nut
on centering
magnet

A. Producing'an Electron Be m

Graph paper
taped to screen

1. 'Heat the filaments of the cathode ray tube (CRT) by applying

voltage of 6.3 volts AC or DC to the filament terminals at the-base of

the CRT. A battery supply is preferable to an AC source because
there is no ripple which tends to vibrate tpe electron beam. When the

power supply is connected, the filaments should glow brightly.

2. Apply a DC voltage of 200 to 250 volts between the
accelerating anode of the CRT and one of the filament terminals by
connecting them to a second power supply. The positive terminal of
the power supply must be connected to the anode. When this has

been done, ate electrons which have.been boiled off the hot filament
will be accelerated through the tube and strike the scree% producing

a luminous spot on it.

. 3. Connect a third powei supply, which can produce a variable

DC voltage (0 to 50 volts), to the CRT. Connect the negative terminal

of the power supply to the focusing cylinder and the positive terminal

tekahe common connection at the CRT filament. W is power

213 203

This experiment can be done with
students working in grimps of two to
four. The apparatus is comparatively
expensive, and hardly any schools
will have more than one or two sets
of this apparatus with the accessory
pow& supplies: (

APPARATUS PREPARATION
.The sample data, was obtained with
the )Cathode ray oscilloscope sold by
the Klinger Scientific Apparatus
Corp., although El oscilloscope will
work to some extent to show) the
principles of beam bending. The
Klinger tube uses only 250 volts,
which is relatively safe for student
use and permits' very large deflec-
tions with comparatively weak mag-
nets.

ThQ following accessories are called
for in this expehment.4 meter stick

1 sheet of metric graph paper
transparent tape
1 cylindrical magnet
1 electromagnet
a variable 0 fo 250V DC power.

supply
1 voltmeter to cover thiwange
a variable 0 to 50V DC power

supply



s

-1

1

SUGGESTIONS AND TECHNIQUES

1. Shut off the power supplies whenever the equipment is
not in actual use. This practice will extend the life of the CRT.

2. Wheh focusing the electron, beam on the screen, do not
make the spot too bright, or the screen may be damaged.

3. To avoid undesired efi4cts caused by the earth's mag-
netic field in the laboratory, align the tube so that its long axis is
parallel with the magnetic field in the laboratory. In this position,
any effects that are due fo the earth's magnetic field will be
negligible.

4. If the laboratory can be darkened or if the tube can be
observed under a blanket which screens out extraneous light,
the actual path of the electron beam inside the tube can be seen.
There is a small amount of neon gas inclUded in the CRT for this
purpose.

5. When measuring the beam deflection caused by a _

perrnanent magnet, use a cylindric& alnico magnet which is at
telst six inches long. Shorter Magnets may alio be used but the
observed deflections will be proportionally smaller.

6. To measure the distance between the cylindrical magnet
and the tube as you move the magnet.closer to the tube, slide it
along a meter stick.

supply is turned on and the voltage is increased, the walls of the
focusing cylinder become negative with respect to the filament and
repel any electrons which are streariiing through the center of the
cylinder. This causes the electrons to converge and focUs into a fine
spot on the cathode ray tube screen. Adjust the voltage of this power
supply' top duce the smallest spot. vt

4. Center the spot on the face of to CRT by adjusting the
_position of the cylindrical magnet which is atfached to thealuminum
. rod that supports the center of the tube. This magnet may be adjusted

by loosening the knurled nut and-sliding the collar up and down or by
tightening the nut and then rotating the magnet on its owri axis.

This ,completes the preliminary adjustments.

B. Beam Deflection by a Permanent Magnet

1. Using some cellulose or masking tape, fasten a large square of
graph, paper over the screen of the cathode tube. When the power
supplies are turned on and the preliminary adjustments haVe been
completed, it should 'be possible to see the illuminated spot through
the graph paper.

2. Hold a cylindrical magnet approximately 20 cm above the neck
of the CRT with its north pole facing down. In' 1-cm steps, lower the
magnet until it reaches the neck of the tube. At each step, record the
deflection of the electron beam as seen on tie graph paper.

3, Repeat'epeat the procedure of Step 2, holding the magnet so that the
south pole is down.

4. Repeat the above procedur(holding the perManent magnet
ebbut 20 cm to the left of the tube with its north pole fabirEg the tube.
Record the deflection data in data table I as the Magnitapproaches
the tube in 1-cm steps. 9I-1 4 -

k.1
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5. Repeat the above procedure once more, starting 'with the
permanent magnet about 20 cm to the rigIJ Of the tube and the north
pole facing the tube. Again, record tele deflection of the luminous spot
as the magnet approaches the tupe. in 1-cm steps.

6. Using the same axes; prepre a graph of b.eam defjectionovs.
magnet distance for each of the four sets of -data.,

C. Beam Deflection with a Current-Carrying Coil 1"

1. With a piece of graph paper taped over the screen of the CRT
and with the preliminary adjustments completed, clamp a coil of wire
to t e mounting ring above the neck of the CRT. Connect a 6-volt
batt ry and a variable resistance series with the coil. Connect a DC
volt eter across the terminals of the coil to measure the voltage
across it as the resistance changes.

2. Note the position ctf the illuminated spot on the graph paper
when no voltage is applied to the coil. Increase the voltage across the
coil in Prh-volt steps, recording the beam deflection on the CRT
screen as the voltage at the coil terminals is increasedilse data table
II.

See samplegragt2

3. Prepare a graph of beam deflection vs. col/ voltige. See sample graph .

D. Beam Deflection by an El ostatic Field

1. With the 4-preliminary adjustment completed, and a piece of
graph paper taped over the screen of the CRT, connect a variable DC
power supply having a range from 0 to 50 volts to the two electrostatic
deflection plates that are imbedded in the neck of the CRT. The
negative terraria' of the power supply should be connected to the

--Lower jeflectiv plate and the positive terminal to the upper
deft tion plate. It is important that a separate power supply be used
for is purpose. Do not attempt to use the Same power supply that is

fur shing the focusing voltage.
arting with zero volts across the electrostatic deflection

plate, increase the voltage in 5-volt steps to 50 volts, recording the
deflection of the spot on the screen 'at each step. Data table III.

. 3. Plot a graph of beam deflection vs. voltage across tthe
electrostatic deflection plates.
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Ask the-students to note the direction
in which the spot is -deflected, for a
person looking at the face of the CRT
head-on.

- Pole
N. pole down
S: pole down
N, pole left
N. pole right
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Spot
left

right
down
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DATA

Beam Defleption by Permanent Magnet

s.ii Magnet

distance :

Beam Deflection

A
N. Po. le

down

B
S. Pole ,
down

N. Pole

left

., D -
N. Pole

right

20 cin . , 0.0 0.5 0.1 0 to'
19 0. (0 0 10 0.10 0A.7
18 0 .7 b.7 07 1 0.7

17 0.8 . 0-8 0.7 0.7
16 0 .C1 &CI ^0 B
15 1'0 0 PI .10 1.0
14 1'2- 1-6 12- 1'2
13

1.!--1 4.7- 1.3. 1.3
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EXPERIMENT 47. ELECTRON BEAM DEFLECTION

NAME CLASS HOUR

II. Beam alection with Current-Carrying Coil

Coil Diameter Dia =

Coil Length L(c) =

Number of turns of wire N = (000

5 am
5 crn

)Distance between soil and beam X(c) = 10 CM

S Ohtlt SDC resistance of coil R(c) =

TRIAL
Coil voltage

(volts)
v = ,

Beam
deflection

(cm) s =

1 Q 0
2 0.3
3 2-' 4L-1
4 '3 0.7
5 14 0:Ct
6

Coil voltage
(volts)

v =

"Beam
deflection

s=
7

1/45 1111/r 0

8. b 1.3
9

10

11

12 -,

Ill. Beam Deflection by an Electrostatic Field

.ThLength of electrostatic deflection platesOP) = 2.0 0.1

Distance between plates X(p) = 10 C111.'

TRIAL
Plate voltage

(volts)
v =

Beam
deflection

(cm) s=

1 0
.2 1 0 2

3 20 0.3
4 30 0.5
5 I-10 . 0b .

6

Plate voltage
(volts)

v =

Beam
'deflection

(em) 5, =

7 So 0.7-

8 -70 1. 1

9 80 1.8
10' q0 2-6-
11 100 32_..
12

RELATED QUESTIONS AND SUGGESTED ACTIVITIES

1. Examine your graphs and tell how the electron beam is
affected by each of the following. If you can see any simple
relationships among the data, state what they are.

a) kn approaching north pole of a permanent magnet
As the north pole gets closer, the beam is deflected at an increasing rate.
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EXPERIMENT PHOTOELECTRIC EFFECT

NAME CLASS HOUR

LAB PARTNER?, DATE

PURPOSE

In this experiment you shall see how the amount of current-and the
energy of emitted'electrons dePen(jon the nature of )he, light that

_shines on the surface of a metal.

PROCEDURE-

Cathode
Light

Anode

Photocell

-r-

Variable
voltage
source

0 to 6 Vdc

Direction of electron
flow of photocurrent

SenSitive
ammeter
(0 to 10,-9
ampere
range)

A-photocell, a variable voltage source, and a sensitive ammeter are
connected in a circuit as shown in the diagram. When light is directed
at the photocell, electrons flow in the direction indicated and- form a
current that is react on She ammeterWith the variable voltage.source
set to zero, you can find out how much current is produced by light of
differing intensity and color. Next, by applying a voitade that opposes
the direction of the photocurrent, you can calculate the energy that is
needed to stop the electrons which are ejected from the photocell by
light of differing intensity and color.

A. AMOUNT c/F CURRENT,PRODUCED BY LIGHT v.
OF DIFFERING INTENSITY AND COLOR

1. Remove the variable voltage source from the circuit and
substitute.,ayvire to complete 4he circuit.

2. CAr the photocell so thdt it is in complete darkness and set
the ammeter to vero.

3. Shine light oh the photocell and record the current that is
produced as the light is made brighter or dimmer. Data chart 'I. Th
intensity of the light can be controlled by varying the voltage applied
to an electric lamp, by changing fhe distance between the lamp and
the photocell,or by partially covering and exposing the lamp.

4. Shine light of different colors on the photocell and record the
current that is produced by each in data chat fl. Different colors can
be obtained by using lamps of different colors; by using white light
and covering it with colored filtdrs, or by passing white light through a
triangular prism or through a diffraction grating.

219 208

This experiment should be done by
students working in pairs.

APPARATUS PRPARATION
photocell
variable voltage source, 0 to 6V dc
ammeter, range 0 to 10 9 A, or
high-impedance voltmeter wire .

Apparatus for the photoelectric ef-
fect experiment-is comparatively .ex-'
pensive and difficult to operate if
precise, accurate results.' aicr re-
quired. However the general prin-
ciples of photoemission and eoalcu-
teflon of Planck's constant with the
correct order of magnitude and an
error of about 40% is fairly easy to
obtain in the student lab, as shown
by the sample data given here.

As manufacturers cut their costs by
using inexpensive but precise and
reliable transistors and integrated
circuits, it will not be long before
inexpensive apparatus is available.

Meanwhile, try using the low-voltage
scale of a vacuum-tube or solid-state
voltmeter The voltage indications
are proportional to the photocurrent
when the' probes are connected di-
rectly to the terminals of a photocell.

Almost any type of photocell will
work. If none is available, you might
try borrowing a photocell from the
school's sound movie projector.

1



SUGGESTIONS AND TECHNIQUES

1. An ordinary laboratory ammeter is not sensitive enough
to detect the weak currents prodisced by the photocell. Be sure
to use an electrometer, or amplifier-ammeter combination, that
is spedially manufactured for this purpose.

2. A reliable variable voltage can be made by connecting
two flashlight cells across the ends of a rheostat. The output
voltage-is then obtained by connecting a wire to one of ttie ends
of the rhebstat and another Wire to its center tap.

3. If the variable voltage source does not already contain a
voltmeter, connect one across. the output terminals of the
source. Almost any sic viiltrrieter will wOrk if its full scale range is
anywhere from 3 to 10 volts

4. Be sure that the phototube is completely screerled so that

no daylight or any other unwanted light can strike the cathode.

5. Ohough the, intensity of a limp may be increased by
applying more voltage, many incandescent lamps will also
change color when they become brighter. To avoid this, it is

usually better to use screening or vary the lamp distance to
adjust the intensity.

6. A mercury lamp is an excellent source of light for this
ex.periment. It produces four colors in the visible range with
known frequencies. Individual colors may be selected easily
with filters. The colors and their frequencies are

Color Frequency Hz)

yellow 6.19 X 10"
green 5.50 X 1074

blue 6.88 X 1014

violet 7.41 X 1014

7

7. To make -a very rough measurement of the stopping
voltage, increase the voltage until the ammeter, reads zero.
Record-the ttoltmeter reading at this time For more accuratt
measurements, however, it is necessary to continue applying
reverse voltage until the ammeter reading has fallen a fraction of

a volt below zero. As the voltage is varied in this region a point
will tie reached when the increase in voltage has little, if any
effect on the ammeter reading. When this condition has just
been reached, read the voltmeter for the actual stopping voltage.,

The reason that this procedure is necessary for accurate
determinations of the stopping voltage is that the photocells are
not'perfect and, they all have a certain amount of "dark current"
which flows in the wrong direction through the tube

2v)
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EXPERIMENT 48. PHOTOELECTRIC EFFECT

NAME

:

CLASS HOUR

B. ENERGY OF ELECTRONS PRODUCED BY LIGHT
OF DIFFERING INTENSITY AND COLOR

1. Connect the variable voltage source in the circuit as shown in
the diagram with the negative side of the source facing the anode of
the photocell. If you are not sure which terminal is the anode, connect
the source either wac in the circuit and perform the test in the next
step to find out if you were lucky and connected it correctly.

2. With the variable voltage set to zerO, shine light on the
photocell. Adjust the light intensity until the ammeter reads about
midscale. Watch the ammeter as you slowly increase the voltage of
the variable source. If the source is connected correctly, it 9pposes
the photocurrent, And the reading of the ammeter decreases as the
voltage is turned ,u0.

3. Record the voltage vfhicb is needed to completely stop the
photocurrent. Data chart ill Uncrease or decrease the light intensity
and record the stopping voltage that must' (be applied to stop the
electrons in each case.

4 Shine light of different colors on the photocell and record the
stopping voltige that is associated with each color Data ckart IV

DA 'rA

;
I. Variation of Current with Intensity.

.

A Intensity of the light
reading

(Amperes) I r.

A . Dim 2.2-)00-1
B Normal- U7 x(0-11

c Bright 75 X10-2

II. Variation of Current with Color

Color of the light
Ar'nmeter reading

(Amperes) I =

A Green
,

113)00-2 4

B - Yellow 62.X I D ii.

C..
I,

Blue 52 v,i0-s"
D Red 6 0'4,108

221
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The fact that the photocurrent. is
directly proportional to the intensity
of the light can be observed with the
aid of any type of photometer, even
those which are used for photogra-
phy. MI,

0`

The absorption of incident light by
the filter will cause dark filters to
absorb more light than lighter filters.
Unless the students are sure that the
light "transmitted by each filter has
the same intensity, they will be likely
to obtain data such as that shown
here.



4

Green light was used.

1.0

Ill. Variation of Stopping Voltage with Intensity

Intensity.of the light
(Describe)

Stopping voltage
(Volts)

A , Bright 0.i-1 5

B Normal
.

0-H5
_

C Dim O. -15

Violet

® Blue.

Green

Yelkm

0.0o
2 4 6

F7epuency (xio14

C.

IV. Variation of Stopping Voltage with Color

Color of the light Frequency
Stopping voltage .

(Volts)

A Violet i 7 41 X 1014 Hz O. q 5

B Blue 6.88 X 1014 Hz 0.70
C Green 5 50 X 1014 Hz 0- 95
Q Yellow 5.19 X 10'4 Hz a LID
E

,
RELATED QUESTIONS AND SUGGESTED ACTIVITIES ,

h How is the amount of current retated to the intensity of the
light falling on the photocell?
The amount of photocurrent increases as the intensity of the light increases.

2. How does the amount of current vvy with the frequency of the
light? (Red has a lot frequency, followed by yellow, green, blue, and
violet in order of increasing frequency.)

Using filters, there is no definite relationship between color (frequency) and
the amount of photocurrent. When each frequency has the same intensity,

there is no difference in photocurrents (hat are produced by different frequencies.

3. The stopping voltage is directly proportional to the energy of
the electrons emitted at the cathode. How does the energy of the
electrons vary with the brightness of the light?
Using light of. the same frequency (green), it was found that the original

brightness of the light had no effect on the stopping potential.

4. Ho doe the energy of the electrons emitted at the cathode
vary with the requency of the light?

As the frequency is increased, the energy of the photoelectrons also

I 0

increases. Theoretically the energy increases in dire(t proportion to the frequency,

but this Gould not be confirme with the apperatu,s we used.

222 11
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EXPERIMENT 48. PHOTO ELECTRIC EFFECT

NAME CLASS HOUR

5. Analyze your data and calculate Planck's constant, which
relates the energy of light and its frequency. To do this, make a graph
of stopping voltage vs. frequency of light. Draw the best straight line
conneating your points. Planck's constant h is found by selecting any
two points on the line and using the relationship

A V= e
A f

,where e is the charge on an electron
(1.6 X .10-79C)

A V is the voltage difference between the
two points on the graph

A f is the frequency difference between
the points

/ 3i4Calculated value of Planck's constant is h = X /b J-sec.

-34

Using the accepted value of 6.6 X 10 J-sec for Planck's constant,
calculate your percentage error.

E = 38%

223
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See sample graph. The following
value ere used in , calculating
Pla s constant:

e = 1.6 x 10-19 C
AV = 1.0 V

= 4 0 x 10" Hz

4.1 x 10-34 38%

P



`EXPERIMENT HALF -LIFE

M..= IN Mt MMMMMM

CLASS HO

LAB PARTNERS DATE

PURPOSE

The time that is required for half the nuclei in any size sample of a
radiciactive element to decay is called its half-life. In this experiment
you shall measure the half-life of the radioisotope barium-137m.

PROCEDURE

Squeeze
bottle

Radjoisotope
generator

Blotting

To measure the half-life during the relatively short time that is
available during a laboratory period, a radioactive element with a
relatively short half-life is freshly prepared and then tested for
radioactivity with a nuclear scaler.

1. Turn oh the nuclear scaler and allow it to warm up for five
minute,

2. With all radioactive materials removed from the vicinity of the
nuclear scaler, measureihe background radioactivity in the labora-
tory To do this, find the total number: of counts that are indiCated for

17, three 1-minute intervals and record the activity in counts per minute
in each case. If the values differ by more than three or four counts per
minute, it io a good idea to measure the background activity several
additional times: Record in data chart I.

3. Bring the radioisotope generator clOse to the Geiger tube
of the scaler to be sure that the generator is radioactive. The count
rate should increase sharply.

4. Remove the rubber caps from the top and bottom of the

This exper,meflt should be done by
students. working in pairs

APPARATUS PREPARATION
'---------radioisotope generator set for bar-

ium-137'
nuclear scaler with Geiger tube
protective goggles and gloves

The radioisotope generator set` costs
about '$50 and should last for many : ,

year. It is available from many Of the
major scientific supply companies.

Good data is obtained `with almost
any nuclear scaler and a side-win-
dow or end-window Geiger tube. A
scaler keeps an ,aclual record of
detected nuclear events, or counts
The ordinary Geiger counter, or rate-
meter, also detects nuclear events
but instead of giving a cumulative
record of counts, it hat' a meter
which indicates the average number
of counts per minute at any given
instant Because nuclear decay oc-
curs in a random fashion, a scaler is
preferable to a ratemeter for this
experiment The ratemeter will work
but the need) bounces around a
great deal, eking it difficult for
students to record readings. If a 4
ratemeter is used, however, tolerable
results can be obtained by having
students record the reading every ten
seconds for ten minutes. A half-life
curve may then be plotted on graph
paper with a smooth curve drawn
between points Using this tech-
nique, a 20% error in results can be-
expected, compared with the 5%
error obtained with a scaler.

225 2 3
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The newer models of the radio-
isotope generators are packaged
with chemical concentrates that can
be mixed with water in specified
amounts to make fresh solutions

/

It-

z

SUGGESTIONS qND TECHNIQUES

1. Be sure to replace the protective rubber covers on the
radioisotope generator whenever it is not in actual use. Any dust
or dirt entering the generator will clog the filters and greatly
shorten its life.

L There are many different models of nuclear scalers in
use. To make sure that you know how to operate the controls
and read the indicators of the scaler, consultthe manufacturer's
instructionsor ask your instructor.

3. Because the half-life of the radioisotope barium-137 m is
so short, be sure to obtain a fresh sample from the generator and
start counting with your scaler with as little delay as possible

4. If the solution in theplastic bottle should all be used up, a
fresh solution can be made by diluting 3.3 ml or 12 molar HCI in
1,000 ml of distilled water. Then dissolve 9 g of reagent quality
NaCI in this solution

5. For safety, do not eat, drink, or apply cosmetics in the
laboratory during this experiment.

6. It is important to make several determinations of the half-
life and average them for the-most accurate results.

7. If the laboratory period is long, it is a good idea to
recheck the background activity in the lab at *the end of the
experiment to be sure that it has not changed while you were
working,

8. When plotting the data on a graph, place each point at
center of the time interval during which the data was obtained.
Thus, the first point Would be placed at the time 0.5 min.

generator and also remove the prqtective cap from the top of the
plastic squeeze bottle.

5. Press the spout of the squeeze bottle into the large opening of
the giperator. Gently squeeze the bottle to force some of the acid.
solut n into the generator. Discard the first few drops that come out
of the bottom of the generator. Usually these will not contain much
radioactive material. Allow the next few drops to soak into g piece of
blotting paper for analysis.

Caution: The solution that is fed into :the generatoarcontains
hydrochloric acid 'and must be handled with care. Wear
protective goggles and gloves when handlirig this material and
be sure to wipe up any liquid that spills.

6. Place the Geiger tube of the scaler as close to the blotting
paper as possible, but be careful that the liquid does not touch the
metal of the probe.

7. Set the scaler to zero and let the scaler count the radiations for
a total of 10 minutes. Record the scaler reading precisely at the end
of each minute.

8. Calculate the averageactivity in couhts per minute for each of
the intervals. Correct each of these by subtracting the background
activity and record these in data chart II.

226 &
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EXPERIMENT 49. HALF-LIFE

NAME CLASS HOUR

9. Plot the data on a sheet -of graph paper with the time in

minutes on the horizontal axis and the corrected activity in counts per
minute on the vertical axis. Connect the data points with a curve that
is drawn as smoothly as possible between the poinots.

,10. The activity of a sample of a radioaCtive element is

proportional to the nurnDer of radioactive nuclerin the sample. Select
a point on the graph where the activity is relatively high. Find another
point on the graph which corresponds to an activity that is exactly
half as great as the first. Since the number of nuclei is reduced by half
when the activity is reduced by half, the time interval between these
two points (read from the horizontal axis) is the half=life of the
element Record the half-life in data chart Ill.

11. The radioactive generator contains cesium-137, which de-
cays to barium-137m inside the generator. The barium is washed out
by the solution and then decays into nonradioactive barium-137 by
gamma emission with a half-life of 2.6 minutes Compare the half-life
of your sample with that of the standard and compute the percentage
error. t

DATA

I. Background Activity

TRIAL

Background activity
in laboratory
(countsVin)

CPM =

of day

1 2_5 2- l 0 PM
2 . 25 2.13PM
3 VD 2.15 ?VI

Avg 2.-5
.

II. Radioactive Decay

A
Time

Interval
(min)

Total count at
end of interval

C
Avg. activity in

interval
(counts/min)

D
Avg activity less

background
(counts/min)

0-1 2.08 ZO(08 204-13
1-2 36405 '% 1597 15 72-
2-3' 9 5'41 C 11 gi-I I / 59
3-4 6--7 9 oo g(-17 ciZz_
4-5 (0542 74-1 to 72.5
5-6 706q 5 f' Li 117

6-7 15N y(90 Li35
7-8 -7 877 363 . 339
8-9 2128 . 2 61 2.210

9-10

27
210

See sample graph below. The time
values plotted were those in mid-
interval, since the activity values are
the average for the time interval.

220o

0

1600

I boo

e
E moo
N

1200
0

1000

11 EP°

600

4-00

C

4.)

0

0

0 C. 1.1.i
0 2 4 4 8 lo

Time (min)



1

Poo
o 2 A+

Time (min)
IC

Ill. Detetmination.of Half-Life

TRIAL

A
Activity at
1st point

(counts/min)
C(1) =

B

Time at
1st point

(min)
t(1) =

'C
Activity at
2nd point

(COunts/mjn)

C(2) =

D

Time at .

2nd point
(min)

t(2) =

E

Half -

life
(rlin)
t(1/2)=

F

error

E =,

1

.
Z 000 0. io l000 3.2. 2.(o 01

2 1 4,6 0 I. 5 800 4.1.o , 2.5 40:
4 3 (400 2.0 .700 L-I.5 2.5 Hz

4 i 400 Z. 5 (000 S 0 2.5 1-fx

RELATED QUESTIONS .AND SUGGESTED ACTIVITIES

1. Plot the data of corrected activity in counts per minute vs. time
on a sheet of semi-log paper, using the logarithmic scale for the
activity. Draw the best straight line through your data points.
Determine the half-life of barium-137m from this graph and compare
to the value you obtained from the graph you plotted on regular.graph
paper.
When activity is 2000 counts/min, time is 0.6 mini when activity is 1000

counts/min, time is 3.2 min, when activity is 500 counts/min, time is 5.8 min.

Therefore half-life is 2 6 [rim.
2. If the sample that you obtained had an initial activity that was

much greater than the samples given to others in the class, how
.Atsuld half-life results compare with theirs?

It woul have been the same.

\3.Chemical reactions usually occur much faster when the
temperature of the reagents is increased. What happens .to the half-
life of barium-137m when the temperature of the sample is raised? Set
up a controlled equipment and report your results.

No change in radioactive decay is observed as the temperature is raised.
s_

4. Using the same technique, find the half-life of another
radioactive element with a short half-life, such as indium-113m.

The half-life* of indium-113m is 100 minutes. ;.

5. Go to the library and find the significance of the letter m in the
designations of the .samples barium-137m and indum-11

A,-

. The letter m stands for metastable. It denotes an' excited state of an atom

which persists for a relatively long time before decay.
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APPENDIX. LABJDRATORY SAFETY PROCEDURES
.

1

Follow these directions. They are meant for your safety.

Treat the apparatus with care. Accidents are likely to h.appen when.

there is fooling around 'or horseplay.
Listen carefully to the teacher's directions before starting an
experiment and stop work immediately upon the command of the
teacper. Prompt compliance in this manner can save you from

harm.
Keep clothing and books in the places provided. If left bn the lab

tables they can be damaged and can also contribute to accidents

by getting in the way.
Never reach your hand over a Bunsen burner that is lit. Also, tie

back any loose haikwhenever a Bunsen burner is being used for

one of your experiments or for experiments by a neighboring
group. Caution your jaberatory partners if they are careless near an

open Bunsen burner.
Anticipate the steam trit will form whenever water boils, and
provide a container to hold the hot water when the steam
condenses. Also be careful not to,touclh containers"; ringstands, or

tripods immediately after heating. Tripod supports are especially

'dangerous in this respect because they rarely look hot.
Keep hot material's and heavy objects away from the edge of the
table. If apparatus must be placed rear the edge of the table, be

sure that it is clamped securely. ,

If there are gas jets on your table, be sure' that they are turned off
when they are not being used. If there are any gas leakg, report this

to your teacher immediately.
If your table has electric outlets, refrain from probing them with
metallic objects or even wet non-conductors. You can never tell

when the outlets are on. . .

Be sure that a teacher is present before you star work.

, Never carry laboratory equipment or apparatus through the halls
during intervals when classes are passing.
Familiarize yourself with the locations of the fire extinguishers,
safety blankets, and master shut-off switches in the laboratory.
Report at once to the teacher in charge if anythinf seems to be

unusual or improper, such as broken, cracked, or jagged apparatus

or faulty electric wiring.
Whenever handling hot liquids, always wear safety glasses or a face

shield.
Never force glass tubing or a thermometer into a dry rubber
stopper. Wet it with soapy water or glycerine and then push it in

gently with a twisting motion. Always hold the glass tubing near the

plc where it enters the stopper. Wrapping the hand or tubing with
Cloth is a further safety precaution to avoid cuts if the glass should

break.
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When handling Dry Ice or liquid 'air observe the same precautions
as for hot liquids. Freezing can be as dangerous as burning.
Glass wool or steel wool Should'pe wrapped in cloth or your hands
Shout i he protected by gloves to avoid gettiig splinters in the skin.
Wait a while after grasping an electrical device that has just been ..
turned off. Many electrical devices become hot with use, and
serious burns may result if they are grabbed too quickly.=
Never short-circuit storage batteries or dry cells. Wires become red
hot ih a very shodtime and can cause, serious burhs.,
Report any sharp edges on rftfrrors, prisms, or glass plates so your
teacher can have them covered with tape or melted paraffin.
When removing an electric plu4..irom its socket, grasp the plug, not
the wire.
When inserting an electric plug in an outlet, hold the plug so that
any flashback due to a short circuit in the apparatus will not burn
the palm of your hand:
When wiring an electric circuit, make the "live?Thonnection the last
act in assembling. and the first act in disassembling.
Avoid bringing both hands in contact with live sections of an
electric circuit. Follow the practice of profesSional electriciansvvho
keep One hand in their pocket whenever manipulating circuits.

e When using electric circuits, cover any grounded appliances, gas
jets, or plumbing on the laboratory. table to avoid accidental
grounds.
During the charging of storage batteries, keep away from the fine
spray which sometimes develops. It is harmful if inhaled or allowed
to get on the skin.
When operating devices which emit ultraviolet light, protect your
eyes by- .wearing ordinary eyeglasses. Glass is opaque to these
harmful radiations.
Never experiment with x-ray tubes or machines in the physics
laboratory or use them for home experimentation unless an
experienced x-ray technician is available and the proper shielding
devices are used.
Rem,ove thermometers and glass tubing from rubber stoppers
immediately after use to -prevent them from "freezing" to the
stopper. To.rernOve frozen glassware from stoppers, use a wet cork
borer, just large enough to slip over the end of thee tube. Slowly
work-the borer through the stopper until the frozen glass can be
pulled out easily. Another technique is to slit the stopper with a
single -edge razor, remove the glassware, and then repair the
stopper with rubber cement.
DO not attempt to try electron beam bending experiments with old
fashioned Crookes or cathode discharge tubes that require high
voyages for operation. Dangerous x, rays-are produced that are
harmful within several feet of the apparatus.

-0/Never look directly into a-laser or allow the beam to enter the eyes
/ of others in the laboratory. Also be careful of accidental reflections

of tlle laser beam by mirrors in the laboratory.
Do not attempt to build a laser at home or in the laboratory unless
an experienced and qualified laser expert is providing direct
supervision. Carbon dioxide and Q-switched ruby lasers are
especially dangerous in this respect./ 'Do- not experiment with rocket fuels for physics experiments.
Never take a picture tube out of a television set for experimentation.
The tube has been evacuatectand a scratch or sharp rap can cause
the tube tq implode and shatter.

,
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APPEND('' GOOD GRAPHING TECHNIQUES
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A graph shows the relationship between two quantities. Usually, one

of the two is thought of as independent and the other is thought of as

dependent on the first. For example, suppose one quantity is the

. changing speed of an object and the other quantity-is time. We would

consi der the speed dependent on timethe speed has different
values at different timesand we would consider time independent.

Of course, sometimes it is not so clear which quantity is the
independent one, and you are free to choose as you start your graph.

The independent quantity is represented by a horizontal axis-la
straight line with values marked on itat the bottom of the graph. The

dependent quantity is 'represented by a vertical axis at the left of the
graph. When you are asked to make a graph' of something vs.
something, the quantity stated first is the dependent quantity and

goes on the ve loaf aXis; the quantity following "vs." is the

independent qu tity and goes on the horizontal axis. For example,

on a graph of speed vs. time. speed is on the vertical axis and time is

onclhe horizontal axis.
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'The following suggestions will make your graphs easier to
si

..

construct and to read.
1: When marking a scale along the dxis of a graph, make short

lines perpendicular to the axis and labelled with numbers at
appropriate points. You do not need to put numerical valve beside

or under each mark if it will make the scale too crowded. You may
choose to label only every other, or every fi e, or even every ten.
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2. To make it easy to find ptiAtions along an axis scale between
the marked positions, take advantage of the decimal system. Since
the grid lines on the graph paper supplied with this manual are close
together (five lines to a centimetpr), put your markings every_five or
ten lines apart.

3. Whbn trying
.
to find ayaloe between marked values, keep in

mid h w much each space stands for. For example, if there are
arks f r each 1 G-frams an the marks are 5 grid lies apart, each

space sta s for 20 grams. The position corresponding to 160 g
would be on the thirilorid line-after the 1001 mark.

0 100 200 300 400 500 600 700

Mass (grams)

4

4. When plong points on a graph, make dots that are big
enough and dark enough toobe seen clearly but small enough to mark
a specific position on the graph. Often it helps to put a circle around
the dot to make it stand out.

5. When graphing data points that appear to lie on a straight line,
more or less, draw a single straight tine that goes through as many
poinfs aIpossible. Unless there is slime reason to question some of
the data, there should be equal numbers of points slightly above the
line and slightly below it. Never "connect the dots" unless specifically
irtstructed to.
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6. When graphing points that do not appear to lie on a straight
line, draw a. smooth curve that goes through as many points as
possible. there should be equal numbers of points on either side of
the curve.

7. Not all graph lines go through the (0,0) point (the origin). Ask
yourself, whether the dependent quantity really is zero when the
independent quantity is zero, If you let go of a 6a11 just as you start to
clock it, the speqd is zero at time zero. On the other hand, if the ball is
already roving when you start to clock it, the speed on your graph

rl
should not be zero at time zero. 4, 4,
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APPENDIX MEASUREMENTS AND SIGNIFICANT FIGURES

EXPRESSING MEASUREMENTS

a

If you are counting the number of magnets in a box, you will a e at

an exact answerthe same answer that anyone else would get unlees

one of you had made a rriistake in counting. On the other hand, if you
are measuring the volume of the box, you can only approximate the'
true volume. You might measure the sides and calculate the volume
from the measurements. Or you might fill the box with sand and then
measure the volume of the sand with a graduated cylinder. No matter
what method you use, your measuring tools and techniques will limit
your answer. to an approximation.

It is very likely that several independent measurements of the
volume of the box will give slightly differing results. There are several
reasons: the sand may not be perfectly level in the graduated cylinder
each time; some sand grains may remain inside the container when it
is emptied; the sand may pack down or spread out as it is handled, so
its volume may change. No matter how carefully you work, you are
not likely to determine the volume exactly. In fact, even if you had -N4
obtained the result 461.7 ml on each of three trials, you would still
know the volume to only a tenth off a milliliterwith the same
graduated cylinder there would be no way you could tell he the
volume was exactly 461.f00000 ...ml or whether it was 461.6821 .. m(
or just what it was.

Scientific measurements should be written down in a wa that
makds clear the amount of certainty in the measurement. Suppose
thiythe results of three trials of measuring the volume of the box save
461.7 ml, 461.9 ml, and 461.8 ml. The best value for the volume would

; be the average of three, or 461.8 ml. Note that this value has three
reasonably certain digits-4, 6, and 1and one rather unckrtain
digit-8. Someone revling your value would know thit, as far*you
could tell, the volume was close to 461.8it could well be a few tenths
of a milliliter higher or lower. Irtgeneral, the results of a measurement
should be written with is many digits as are certain, plus one more
that is-4incertain. When a measurement is written according to this
convention, all the certain digits plus the one uncertain digit are
called significant figures. It may be necessary to add addiAonal
zejoes to put the decimal point in the right position, but this does not

.alter the number 'of significant figures (see Counting Significant
. Figures in following discussion).

If you needed to measure the volume more preciselythat is, to
more decimal placesyou would need different measuring tools or
perhaps even a different technique.-M value for the volume would be
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truly .more precise Only if it had just one uncertain git in it. For
''example; 'suppose three measuring trials gave resultI of 461.82 ml,
,461.$4 ml, and 461.80 ml. Then you would be justified in giving the
-value 461.82 ml as the volume to two decimal places. But if the three
vials gave 461.82 ml, 461.95 ml, and 461.69 ml, there would be
uncertainty in both digits to the right of the decimal point. Even
-though the average of these three values is 461.82 ml, your data do
rtot justify five signifipant figures; you would have to give the value as
461.8 ml, which is no more precise than the previous value.

COUNTING. SIGNIFICANT FIGURES

The rules for counting significant figures are straightforward.
1. All non-zero digits are significant regardless of the position of

thf decimal point. Each of the following measurements .has five
significant figures. - 7

564.32 grams 87.593 meters 4531.6 cubic centimeters

0 2. All zeroes between two significant figures'are sig ificaht. Each
of the, following measurements has four ,significant fig res.

C
4

z

7.051 meters 80.05 grams

MI%

100,.6 miles

'3. When there is no decimal point, zeroes at the end of a number
Are not significant figures. The measurement 42,600 meters has three
significant figures (the-4, 2, and 6).

4. If the zero at the end of a number with no decimal point is
really the result of a measurement and is meant to be a siglificant
figure, it is often written with a dash above it.

Measurement Number of significant figures

60,000 grams 1

60,000 grams 2

60,000 grams 3

60,000'g rams 4

60,000 grams 5

5. When there IS a decimal point, zeroes at the end of a number,
to the right of the decimal point, are significant figures. The
measurement 42.600 meters has five' significant figures.

6. Zeroes at the beginning of a number are never significant
figures. The follo'wing measurements all have three significant
figures.

0.318 centimeter 0.0000,318 meter 0.0300 meter

WORKING WITH IIGNIFICANT FIGURES

When you add, subtract, multiply, or divide with significant figures
you must take care that your result does not have more than one
uncertain digit. In multiplication and division, the result can have no
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APPENDIX 3. MEASUREMENTS AND SIGNIFICANT FIGURES

more significant .figures than the measurement with the fewest
significant figurei in the original data. For example, when 3.112 m is

multiplied by 2.2 m, the product 6.8464 m2 shbuld be rounded off to
6.8 m2 to avoid more than one uncertain digit. In addition and
subtraction, the result can have no more decimal places than the
measurenient with the fewest decimal places in the original data. For
example, when 96.3 g is added to 8.149 g, the result 104.449 g should
be rounded off to 104.4 g.

klo-st6scientific hand calculators are capable of computing to
eight or more significant digits. However, it is incorrect to express the
results of any experiment to eightsignifiant figures when most of our

. measurements have ree or less. Giving results with too many
significant figures false implies that the experiment was carried out
with a much greater precision than the proCedures and data can

cz
provide. In general, the final results of any experiment should never

1
Have more significant figures than the worst of the data that. was

. recorded.
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