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Preface

Changes of emphasis, as well as content, in modern courses necessitated a revision and updating of the
Laboratory Manual. In this new edition the author has revised the text to conform to the latest
publication of the Association for Science Education referrmg to signs, symbols and abbreviations
for use in school science. This is particularly revealed in the ‘result’ headings and thelabelling of
graphical axes. Several sections of the book have been expanded to cover the demands of the new
examination syllabuses parucularly with regard to A.C. and electronics, the Hall effect and atomic
physics. In other sections experiments which are no longer required have been removed.

Throughout stress is laid on the problems of errors in practical work. The importance of recogniz-
ing, and minimizing, personal and instrumental errors is emphasized—together with the estimation

and validation of the reliability of the end results. Certainly teachers should draw attention to this most
" important aspect of an sxperimental course during their teaching sequence. Not enough attention,
however, is given to the limitation imposed on the end result of an experiment of assuming the
exact applicability of a theoretically derived formula used in the final calculation. In the current
edition an estimate ot errors likely to arise from. this circumstance is given and suggestions made as to
the most effective way in which theory and practice can be brought into the closest accord.

In compiling a series of experiments such as is given here one has to keep a considered balance
between the creative activity of the teaching laboratory with its own resources on the one hand, and
the availability (now considerably extended) of the new and sophisticated equipment commercially
available for school use on the other. The facilities of the school workshop can be of inestimable use
to the keen teacher and enterprising student who should be encouraged to make the fullest use of these
facilities. Inevitably much of the complicated, high-precision equipment has to be obtained from the
suppliers, but in the present volume many of the experiments depend on self generated units details
of which will be found in the text.

Acknowledgments

The publishers would like to thank Mr E. J. Kay who, with the sudden death of Mr Tyler, took on
the responsibility of reading the final proofs. Thanks are also due to the Schools Science Review for
permission to include material on the multi-coil balancz on p. 192 of the text.
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Introduction

1. GENERAL

To a large extent, experimental Physics is
concerned with the quantitative determination of
physical constants, e.g. the specific heat capacity
of a solid, coefficients of thermal expansivity,
thermal conductivity, etc. Some experiments,
however, are designed to investigate relation-
ships between two or more quantities. In every
case, accurate and methodical observations are
necessary, and these should be taken with an in-
telligent realization of the capabilities of the
apparatus provided. A course in practical
Physics is designed to give the student the op-
portunify of acquiring the necessary skill and
technique in the manipulation of apparatus, and
the use and understanding of the instruments
employed.

2. RECORDS

A faithful record of all observations taken
should be made in a book specially reserved for
the purpose. This book should be at hand while
carrying out the experiment, and full details of
the results should be entered with relevant re-
marks where necessary. A book should also be
available in which a full record of the experi-
ment is kept, with diagrams and full practical
details, in a manner similar to that followed in

the pages of this book. If the book is not ruled

for graphical work, a sheet of graph paper can be
interleaved when necessary between the double
page of the record.

In stating the final result of the experiment, it
is important to remember that the statement is
incomplete if unaccompanied by the units in
terms of which the quantity is measured. Where
there is no special name for the unit, it is usual
to give the dimensions of the quantity in reference
to the three fundamental units of mass, length,
and time. In the SI system of units, these are
the kilogramme, metre, and second respectively.
Thus acceleration expressed in this system
would be written as m s~2 or metres per second
squared; similarly, density would be written as
kg m~3 or kilogramme¥-per cubic metre.

If the quantity measured is very large or very
small it is usual to give the measure with one
significant figure before the decimal point, mul-
tiplied by a power of 10. Thus Young’s modulus
for aluminium would be given as 70 X 1010

newtons per square metre (pascals) and the wave-
length of the Dj line of sodium as 5-896 X 10~"m.

3. ERRORS
(a) Types of error

In an experimental investigation there are three
main types of error:

(i) Instrumental errors. These are errors in-
herent in the apparatus jtself and in the measur-
ing instruments used. It should be realized that
not every piece of apparatus, especially in a
teaching laboratory, is capable of giving measure-
ments to a high degree of accuracy. The capa-

bilities of each component used should be

considered and the degree of accuracy in the
final result will not be greater than that of the
least reliable instrument used (see below).

(ii) Observational or personal errors, especially
parallax reading errors and scale interpolation
estimates. These errors can be minimized by
obtaining several readings carefully and metho-
dically and then taking their arithmetical mean.
Manipulation errors as, for example, in the use
of a micrometer screw gauge, come under this
heading, and clearly it would be most injudicious
to rely on only one reading of the gauge for the
measurement of, say, the diameter of a wire.
The error incidente here can be minimized by
averaging several readings, taken spirally at
points equidistant along the wire, to obtain the
required mean diameter value. Examples of
this, and of the necessity of evaluating the ‘zero
error’ of screw and slide instruments, will be
found in the experiments that follow in the main
text.

(iii) Adjustment or setting errors. These, again,
are essentially personal errors. A faultily aligned
magnetometer, or a badly adjusted galvanometer
scale, can introduce unnecessarily large errors in
the final result. The need for care and precision
in setting up equipment is obvious, althdugh it
should be noted in this context that methods
which are based on the balancing of two effects
will give a greater degree of accuracy than
methods which rely on the explicit measurement
of the effect. This is because certain errors—due
to faulty alignment or setting up of the equip-
ment, for example—tend to balance each other
out, and also because, in a null method, positions
of balance can be found more certainly and ac-
curately than the direct measurement of a scale
reading.



(b) Percentage error

It is frequently useful to express an estimated
error as a percentage of the mean value of an
- observed quantit. —thereby to obtain some idea
of the relative magnitude of the error in the final
evaluation. Thus, an object for which five con-
secutive readings of its length were recorded as
2'02, 203, 2°0I, 2°03, 201 c¢m, may bec stated
as having a length of 2:02 cm subject to an error

: . . 001
swing of 4001 cm or ofm X 100 = 0'§%,

approx. Again, in measuring a temperature rise
using the usual simple laboratory mercury
thermometer (which the student should be
capable of reading to 1%°C accuracy), it should
be realized that there w1ll be an error of 0-1°C
at either end of the temperature interval re-
corded. Thus a 5:0°C rise will have an error of
+02°C, or a percentage error of 4°,. A tem-
perature rise of 20:0°C will have the same
(#02°C) actual error, but a percentage error of
only 1%—hence the need for experimental ar-
rangements (subject of course, to the consider-
ations of other aspects of the procedure) to
yield as high a temperature range as possible.

It should be noted that where a measured
quantity is used as a power in the final expression,
the error in the final evaluation will be greater
" than the error in the original measurement.
Thus, in determining the area of cross-section of
a wire for which the diameter d has been measured
as 1-02 mm with an error of oor mm (i.e. 1%
approx.), the values of the cross-sectional area
(A) will be

rd?

+ :—(x 02 4 o-o1)?

- ;_’{(1.02)2 + 2 X 102 X 0'01} approx.

Hence, the percentage error in 4 is

2 X 102 X*001 100, r—_—
(1'02)2 1 /0 N

It is thus seen that a percentage error in a
given quantity is doubled when that quantity
appears to the power 2 in the final expression.
Generally, if the quantity appears to the nth
power the error contribution will be # times that
of the directly measured quantity—as can be
seen below,

Let the error in a measured length / be 8/

then the error in the quantity /* = 8% = nln-1§],
or a percentage error of

nI"‘IBIXBQ__n' 8l 5
B e M 7 7 Stk

= n X percentage error in [/

- (¢) Compounding errors

When a number of quantities are involved in
the final formulation the errors of all the measured
quantities will, of course, affect the end result.
The manner in which these individual errors are
compounded is illustrated by the following
examples:

(1) Volume of a right cylinder. This is given by
the expression V = nr2h = Zth d being the

measured diameter, and /4 the measured height.
If 34 and 8% represent the errors in the measure-
ment of these two quantities the final error 8V
in V can best be found by taking logs of the
original expression, thus
log V = Iog— +2logd + logh
and then differentiating the expression so ob-
tained. In this case this gives,
3V 8d | 3h
vV=*ata
Now since the errors in d and /& can be both
positive and negative, it follows that the relative
error in V' is given by

v
v =+2 dih

{The percentage error in V is, of course,

o7

vV

(i) Measurement of the resistivity of a uzre
The formula here is -

RA

P=T =

X 100).

Rrd?
4l

The final error in the resistivity p will be com-
pounded of the errors of measurement in the

‘resistance R, the diameter d, and the length / of

the wire. If these are, respectively, 8R, 8d, and
31, then, proceeding as above we get

logp=log;—:~i—logR+zlogd—10gl



from which the relative error (%) in the re-
sistivity is given by
8 8d 8l

The maximum percentage error in this case is
obtained by adding the percentage error in [ to
that of R and twice that of 4.

(iii) Acceleration of gravity by simple pendulum
experiment. The time period T of the simple
pendulum is given by T = 2= éfrom which

£="7z- The final error in the determined

value of g is thus the composition of the errors

in determining the time of oscillation T and
measuring the oscillating length /. Proceeding
as before we get

log g = log 472 + log l—2logT
from which
3 _ ST

The maximum percentage error in the final
value of g is thus

g>‘<xoo=%!_>< 1oo‘+z¥x 100

(d) Degree of accuracy

In giving final numerical evaluation to an
experimental result, it should be the custom to
indicate the limits of error, or degree of ac-
curacy, to which it is confined. The manner in
which this is done may be illustrated by the
reference to the experiment immediately above
for determining a value for the acceleration of
gravity from measurements with a simple pen-
dulum. Let us suppose that in a given experi-
ment the following measurements were recorded:

Length (/) of pendulum = o-500 m (measured
to 1 mm accuracy using a metre rule).

Time for 20 complete oscillations = 284 s
(measured to o1 s accuracy on a iy s stop-
watch).

Thus, time (T') of 1 oscillation = 1°42 s.

Now T = 2n~/-1
g
;s 4n2l
glvmg g e —Ti

__4w% X 0500
(1-42)%
= 9788 m s~2 (using 4-figure logs).

0001
Now the errors of measurement are (a) = °F

02% in /, and (b) or (approx.) 0°35% in T.

Hence the total percentage error swing due to
measurements is 0'2 + 2 X 035 (see (¢) (iii)
above) = 0:9Y,, or just under 1%, It is clear,
therefore, that the final figure behind the decimal
point in the answer for g above has no significance
and thus can be disregarded by stating the value
of g as 979 m s~2. Even so, the figure in
the second -decimal place here has no firm
significance and the extent by which it can vary
may be estimated by taking 0-9%, (the total
measuremental error swing) of 9-79, i.e. 009 on
either side of the calculated value. That is to
say, the value of g obtained from this particular
experiment may be stated as lying somewhere
between the estimated limits 9-88 and 9-70 m s~2
or g = 979 4+ 9 m s~2. The student should
endeavour to assess in this way the margin of
fallibility, or factor of reliability, by estimating
the limits of error in any quantity derived from-
experimental measurements.

* It will be clear that the results of an experi-
ment should be calculated only to within the
degree of accuracy merited by the observations
taken. Generally, 4-ﬁgure mathematical tables
(accuracy of about 1 in 2500) will be more than
adequate, but where sensitive apparatus is used,

as for example in experiments with a good

spectrometer, it may be necessary to use §-
figure, or even 7-figure, logarithms to obtain the
necessary degree of accuracy. Slide rules (10
inch) cannot, in general, be relied upon to a
greater degree than about 1 in 500. In the final
statement of the result no more significant
figures should be given than is justified by the
observations, and also by the extent to which the
theory is applicable in the particular circum-
stances.

4. GRAPHS

Wherever possible, the results of an experiment
should be presented in graphical form. Not
only does a graph provide the best means of
averaging a set of observations but the de-
pendence between the quantities is clearly
shown. In plotting the results, the dependent
variable should be plotted as ordinates on the
y-axis, and the independent variable as abscissae
on the x-axis. The scale used should be a
convenient one for arithmetical work, and

'3



should be sufficiently extensive for the graph to
occupy a wide sweep of the space available.
On the other hand, too large a scale will tend to
accentuate the errors of observation, and obscure
the relationship between the two quantities.
Each point on the graph is an actual observation,
and should be made to stand out by surrounding
it with a small circle. The departur¢ of the
point from the final curve is a measure of the
exper.mental error in that observation.
Wherever possible the straight-line graph
should be used. This is more accurately drawn,
and deductions from such a graph more reliable,
than with curved graphs. If the relationship
between the two quantities is not a simple linear
one it is usually possible to obtain the straight-
line form by plotting powers of one or other (or
both) of the quantities. For example, in the case
of the simple pendulum, a plot of ¢ against /
results in a parabolic graph, but 2 against /
becomes a straight line; and in the bifilar

suspension, ¢ agafnst ! produces a rectangular

hyperbola, which can be converted into the
straight-line form by plotting ¢ against —Ii The
use of logarithmic scales is another means of
obtaining the straight-line form in many cases.
This method can often be used to obtain the
empirical relation between two quantities.

Observations should be taken-over as wide a
range as possible, and the graph confined to the
limits of the observations. In taking gradients,
the full range of the graph (if a straight line)
should be used; and for extrapolated values, the
graph is continued as a broken line, and the
result qualified by the statement ‘extrapolated
value’, indicating that it is outside the limits of
actual observation.

Examples of linear graphical forms of experi-
mental relationships: '

(i) Measurement of linear magnification of real
tmages formed by a convex lens. The lens formula

I, 1 _ I : v v
- 4 - =~ can be rewritten — = —.— 1. Thus,
w9y f u f

o R
writing M for the magnification 2 e get

M = ‘Z)v —1
1= (7
By plotting M (on the y-axis) against v (on

the x-axis) a straight-line plot is obtained (Fig. A).
In standard notation this is y = mx + ¢, where

Mag" M

v/cm
FIG. A

m is the slope of the line and c its intercept on the
y-axis. In this case a value for the focal length
(f) of the lens used can be obtained from the
gradient.

Thus BC 1 (BC and AC measured in
* AC — f  scale units) ‘

AC

or f = Eé

Note also that when M = o, v = f. Hence f is
also equal to the intercept O4 on the v-axis.
(11) Empirical formula for a simple pendulum.

‘This may be expressed as T = ki”, the object

of the experiment being to evaluate k and # and
so obtain the empirical relationship between the
time of oscillation 7' and the length / of the
pendulum. By taking logs we get

log T =nlogl + log k
hence a log-log plot with log T on the y-axis,

and log /'on the x-axis, will yield a straight-line
plot as indicated in Fig. B. The slope of this

|

|

= |

S I

g |

ol 4P ; l

/f log (//lcm) ¢

,
0 4
FIG. B
graph gives 7, thus
B T, W —
n=2 (BC an eing in scale units)

and the intercept OD on the log T axis will yield
a value for k. Thus, & = antilog of OD.



Experiment 1

Determination of the radius of gyration of
a wheel and axle rolling down an inclined plane

APPARATUS : )

Long, narrow, open wooden box, the top edges of which
serve as rails over which the wheel and axle rolls. Wheel
and axle consisting of a metal disc through the centre of
which is passed a cylindrical rod. Wedge of wood, stop-
watch, screw gauge, metre rule.

@ FIG. 1.1 R

METHOD The wedge is placed under one end of the box and the sine of the angle of inclination measured
g from the lengths PR and PQ. The wheel is held at rest with the axle on the marked position 4, and
_ the time taken for it to reach the mark B, a measured distance s down the plane, is taken. This is _
repeated three times, and the acceleration @ down the plane is obtained, using the mean of these
- times. The experiment is then repeated, using different inclinations of the box, and a graph of a
against sin 6 is drawn. The diameter of the axle is accurately taken, and from the radius of the axle
and the slope of the graph, the radius of gyration & of the wheel and axle is found.

" THEORY Let the radius of the axle be 7 and let the mass of the wheel and axle be M and its moment of
inertia I. Then on rolling from A to B, a distance s down the slope inclined at an angle 6 to the
horizontal, the potential energy lost = Mgs sin 0.

If the linear velocity of the wheel at B is v and its angular velocity w, the kinetic energy gained =
M2 4 w2 )
) .. Mgssin 0 = §Mv? + }Iw? (since p.e. lost = k.e. gained)

22 I . v
== (IVI +r—-2)(smce w = ;)

Now if a is the acceleration down the plane, v2 = 2as, and writing I = Mk2 we have

. 2as k2 - g :
41l1gssm6=—;.—M(1 +§> or _a——krsm()
=
4 r
| If ¢ is the time taken to roll the distance s down the plane the acceleration
I can be determined from )
|
~
b ‘ e £5
] ; =z
®
| By plotting a against sin 0, a straight-line graph is obtained whose slope is
H :
| g 4B
~, BT 0B
: }8 , ' 1+ 3
Y sin 8

FIG. 1.2 from which & can be obtained.

NOTE Rolling friction can be allowed for by finding the angle « at which the plane has to be ificlined in
order that the wheel and axle may roll down with constant velocity. Then it can be shown that to a -

first approximation g = sin (6 — )
(+7)

a =



Experiment 2

Determination of moment of inertia
a. USING THE BIFILAR SUSPENSION

APPARATUS Two heavy stands and clamps, two threaded corks, metre rule, C D
brass rod, stop- watch [ : ]

FIG. 2.1

METHOD  Pass the brass rod through two loops made on the ends of the two lengths of cotton passing through
the corks. Firmly clamp the corks in two heavy stands. Arrange the threads at some distance d
apart, and adjust the lengths of the threads to some suitable length /. Tie off the loose ends of the
threads on the clamp, and give the rod a small angular displacement about a vertical axis. Find the
periodic time (T') by timing 20 vibrations. Repeat with the threads at varying distances apart, and

plot a graph of T against :;(Fig. 2.2) from which to obtain an average value of 7d. Measure / and

find the mass M of the rod by weighing.

RESULTS M= kg
li= m
T
ajm 50 vi‘I:’r':t};%:n/: T4
| A
|
[}
T/s {
|
AB i
from the graph Tg = OB ;B
=& (T47 & L/
_ Mg (4B)? 2 FIG. 2.2
- xsnzl(o_B) kg.on

THEORY Leta body of mass M and moment of inertia / be suspended by two parallel threads AC and BD

of length / and distance 4 apart. Then the tension in each of these will be == M . Give the system a
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FIG. 2.3

small angular displacement 0 about a central axis, and let ¢ be the corresponding inclination of the
strings to the vertical. Since both angles are small,

d
Ip =-0
¢ 2
The components of the tensions in the strings producing restoring forces at C’ and D’ are of magni-

tude ‘}zﬁl sing = J%,cﬁ (since ¢ is small)

==

The restoring couple on the rod is thus
_Medy 4
4l
and the equation of motion of the rod is
< Mgd? i Mgd®
1) = — 41 -0 or 0—+—W'0——O
the motion is thus simple harmonic or periodic time
. ] 4l ! _ MgdT?
§= Z'K/A'ngz Yo I==6a

1. Additionally, the value of 7 may be obtained by keeping d constant and varying /. The student
should repeat the experiment under these conditions, and obtain the value of 7 from the slope of the
graph resulting from plotting 72 as ordinates against / as abscissae.

2. If the threads are not parallel, but with distances between them of d; and dz at the ends, an
analysis similar to the above shows that .

41l
, Mgd,d;

3. If two bodies of masses M} and My, and moments of inertia I; and I3, have periodic times of
T: and T3 when suspended in turn by the same strings,

L _ MTy?
L~ MT2

T=2=n




b. OF A FLYWHEEL

APPARATUS Flywheel of standard pattern supplied with wall support. A mass
attached to a length of fine cord which is wrapped round the axle, :
the free end being passed through a hole in the axle. The length of 1
cord is adjusted so that when the attached mass reaches the ground, the :
cord detaches itself from the axle. Callipers, stop-watch, metre rule. i

METHOD The mass m is allowed to fall through a measured distance (s) tosthe ground, and the time of
descent (t) is taken by a stop-watch. The number of revolutions (n) of the wheel during this time is
taken by observing a mark made on the circumference of the wheel at P. The further revolutions

* (N) made by the wheel before coming to rest after m is detached are also counted by reference to the
mark P. The experiment is repeated two or three times for the same distance s and average values
of n, t, and N are taken. The value of m is obtained and the radius r of the axle found by using

callipers.
RESULTS ' ‘ Radius of axle (r) = m
Mass (m) = kg
Distance (s) = m
t= . : s Averaget = 4 s
n= 3 ; rev Averagen = rev
N= 5 ) rev Average N = rev
J= kg m?

NoTE - The cord should be of small diameter compared with the axle, otherwise the value of r
used above must be taken as the sum of the radii of axle and cord.

THEORY Let the mass of the suspended load be m, and let the moment of inertia of the flywheel be
and the radius of the axle . Then when the mass descends a distance AB = s it loses potential
energy = mgs, and dunng the same time it acquires kinetic energy = }me? due to its velocxty vatB,
and the wheel acquires kinetic energy = }Iw2 (where v = rw).

Then by the principle of the conservation of energy

mgs = }mv® + $Iw? + the work done aéainst friction



