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Foreword

It is almost a decade since the Trustees of the Nuffield" Foundation decided to
sponsor curriculum development programmes in science. Over the past few years a
succession of materials and aids appropriate to teaching and learning over a wide
variety of age and ability ranges has been published. We hope that they may have
made a small contribution to the renewal of the science curriculum which is
currently so evident in the schools.

The strength of the development has unquestionably lain in the most valuable part
that has been played in the work by practising teachers and the guidance and
help that have been received from the consultative committees to each Project.

The stage has now been reached for the publication of materials suitable for
‘Advanced courses in the sciences. In many ways the task has been a more
difficult one to accomplish. The sixth form has received more than its fair share of
study in recent years and there is now an increasing acceptance that an attempt
should be made to preserve breadth in studies in the 16—19 year age range. This is
no easy task in a system which by virtue of its pattern of tertiary education
requires standards for the sixth form which in many other countries might well be
found in first year university courses.

Advanced courses are therefore at once both a difficult and an interesting venture.
They have been designed to be of value to teacher and student, be they in sixth
forms or other forms of education in a similar age range. Furthermore, it is
expected that teachers in universities, polytechnics, and colleges of education may
find some of the ideas of value in their own work.

If this Advanced Physics course meets with the success and appreciation | believe
-it deserves, it wiil be in no small measure due to a very large number of people,

in the team so ably led by Jon Ogborn and Dr Paul Black, in the consultative

committee, and in the schools in which trials have been held. The programme

could not have been brought to a successful conclusion without their help and

that of the examination boards, local authorities, the universities, and the

professional associations of science teachers.

Finally, the Project materials could not have reached successful publication

without the expert assistance that has been received from William Anderson and his
editorial staff in the Nuffield Science Publications Unit and from the editorial and
production teams of Penguin Education.

K. W. Keohane
Co-ordinator of the Nuffield Foundation Science Teaching Project



Introduction

This book is a collection of notes and information to use in the laboratory. The book
is arranged as follows: Part One 'Tools’; Part Two ‘Long experiments’; Part Three
‘Notes on some other experiments’.

Part One contains short notes on the use of some of the important equipment and
apparatus which you will be using quite often in physics. From these notes you can
learn to use the instruments effectively and safely by yourself. From time to time you
may need to refresh your memory, and the short summary which precedes most of
these notes may help you to do this.

Part Two contains detailed notes on some difficult and lengthy experiments. These
notes give details of the techniques which you will need in order to make careful
measurements. One of the skills a physicist needs is to be able to manipulate
apparatus and make it yield reliable results. These experiments are intended to give
you practice in this. The detail in this book should be enough for you to be able, by
yourself, to tackie any one of these experiments at any time during the course.

The notes in Part Three will help you at least to make a start on some of the
experiments you will meet during the course. Enough details are given of techniques
and apparatus for you to be able to concentrate on deciding what to do, and
thinking about what the results mean, without being held up by wondering how the
apparatus is supposed to work.

In Parts Two and Three, numbers, such as 2.24, appearing against experiments, are
reference numbers taken from the Teachers” guides. Thus, experiment 2.24 is from
Unit 2, experiment 24. [tem numbers shown against apparatus are taken from the
Teachers’ handbook.

in the list on page 135, you will find details of books referred to in the text.
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Multimeter
Summary of operating procedures

A detailed summary covering all the available instruments cannot be given, because,
although they all are similar in principle, the many makes and models differ widely in
detail. Always read the instructions provided with the instrument, which are often
printed on its back. The following notes indicate some of the main points.

1 Range selection Two-dial instruments (figure 1) have d.c. ranges of current
and voltage selected by one dial, and a.c. ranges selected by the other. Each dial is
brought into use by first selecting d.c. or a.c. as appropriate, on the other dial.

One-dial instruments have a single dial for selecting the range of current or voltage
required, together with different input sockets for use with d.c. or a.c.

On some two-dial instruments, high voltage ranges (over 1 kV) are also selected by
the use of special, marked, input sockets rather than by using the dials, though the
dials may still need to be set for d.c. or a.c.

2 Use as an ammeter or voltmeter With d.c. ranges, remember to connect the
meter in the correct polarity. Always start by selecting a range of current or voltage
higher than the expected value in the circuit, and then select more and more
sensitive ranges until a substantial deflection is obtained.

3 Measuring resistance On two-dial instruments, one dial is used to select
the resistance measurement facility, the other to select the range required. One-dial
instruments have separate input sockets for the measurement of resistance.

The resistor which is being tested is connected across the appropriate terminals of
the meter. Because the instrument is actually indicating the current passed by the
resistor under test when connected to the meter and its internal batteries, the
resistance scale zero is at the high-current end of the scale. For the same reason the
instrument must be brought to zero each time it is used, and this must be done
separately for each resistance range. The way to do this is to short-circuit the input
terminals and adjust the appropriate resistance range zeroing control. If a zero
cannot be obtained, the batteries probably need replacing. The appropriate
resistance range has to be found by trial and error.

It is usual for the scale to carry only one set of resistance markings, which you are

intended to multiply or divide by a factor, say, of 100, when a high or low
resistance range is in use.

Never attempt to measure the resistance of a resistor already carrying a current.

4 Students’ laboratory book



The instrument

The multimeter is a moving coil meter with built-in switched circuits to enable it to
indicate a wide range of currents or voltages. It also includes batteries, so that it can
record resistances by indicating the current they pass.

used to zero O
the resnstancem 100
ranges ] /8

zeroing screw

~

3}51/}@

reverses the
connection to
the moving coil

dial to set for - = dial to set for
a.c. or to select d.c. or to select
d.c. ranges a.c. or resistance
ranges
safety cut-out
+ @ d - reset button
.o
Figure 1

One form of multimeter. input terminals used on all but 3 kV range

There are many forms of multimeter. All are the same in principle, but they differ in
detail. One type of instrument is illustrated in figure 1. Others will have controls,
similarly coded by word or symbol, but possibly in different places.

The scale over which the pointer moves has many different ranges. It is important to
find and use the one appropriate to the measurement you are making.

The basis of the instrument is a sensitive, moving coil system which can easily be
damaged if it is overloaded. That is why we suggest in the summary that you should
always start with the highest range and work downwards. The meter should never
be connected into a circuit before the dials have been set appropriately. If the meter
is accidentally overloaded an automatic cut-out will operate, springing out and
breaking the meter connection. Only after the fault has been traced and remedied is
it permissible to reset the overload button by pressing it back into position. The
cut-out does not act quickly enough to protect the meter against being grossly
overloaded, so care is necessary despite this safety device.
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If the meter does not indicate zero when disconnected, the pointer can be brought
to zero by adjusting the small screw below the scale. A screwdriver is required.
The button which reverses the connection to the moving coil may be used if the
current or voltage changes polarity during a series of measurements. It is poor

practice to use it to correct an initially incorrect connection of the meter into a
circuit.

Cathode ray oscilloscope and preamplifier
Summary of operating procedure: class oscilloscope

brightness control off
focus control midway
Y-shift control midway
a.c.—d.c. switch to d.c.

Y-gain control to 1
time base control to 1

plug into mains socket

switch on (use brightness control)
allow to warm up for one minute
brightness control full on

A bright trace should now appear across the screen. If not, the trace may be off the
screen, and can be found by turning the Y-shift control first in one direction, and
then (if necessary) in the other direction.

centre the trace using the Y-shift control
reduce the brightness
focus sharply

switch the time base control to the required range
apply the input voltage
select the appropriate Y-gain

Summary of operating procedure: demonstration oscilloscope

brightness control off
focus control midway
Y -shift control midway
a.c.—d.c. switch to d.c.

X-gain low (control fully anti-clockwise)
X-shift control midway

trigger switch to +

trigger level control fully clockwise
stability fully clockwise

Y-gain control to 0.5 V cm™*

time base control to 1 ms cm ™1

variable time base control fully clockwise
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plug into mains socket

switch on (use brightness control)
allow to warm up for one minute
brightness control full on

A bright trace should now appear across the screen. If not, the trace may be off the
screen. To find it, rotate the X-shift control each way, while rotating the Y-shift
control gradually.

centre the trace using Y-shift and X-shift controls
reduce the brightness
focus sharply

turn back the stability control until the trace just vanishes
switch the trigger level control to automatic

The trace should now reappear, but may be rather dim. If it does not, the stability
control has been turned too far back.

apply the input voltage
select the appropriate Y-gain.
set the time base control to the required range

The trace should now appear and be bright, showing the input voltage variation.
It should be stable. If no trace appears, turn the stability control clockwise a little.
If the pattern is not stable, turn the stability control anti-clockwise a little.

If the calibrated time base is required, set the variable time base control at
maximum, and the X-gain at minimum. These positions may be marked ‘cal’.

The oscilloscope

The simple class oscilloscope and the larger, more complicated demonstration
oscilloscope are both described here and shown in figures 4 and 5.

A cathode ray oscilloscope is a voltmeter. Its electron beam can be deflected in the
vertical, Y, direction, by a potential difference applied across the Y-input terminals.
The deflection is proportional to the p.d., and the sensitivity can be varied (from
about 0.1 Vecm~™1 to 50 V cm ™1 in the case of the school demonstration
oscilloscope) by the Y-gain control.

The beam can also be deflected in the horizontal, X, direction. For most purposes,
this is used to sweep the spot on the screen sideways at a steady speed, using the
built-in time base. The time base of the demonstration oscilloscope is calibrated,
and can be varied from about 0.1 s cm~" to about 1 ps cm™’
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The beam, and thus the spot, can be moved to different places on the screen using
the shift controls. The class oscilloscope usually has no X-shift facility when the
time base is in use.

It is often useful to be abie to start the spot on its sweep across the screen only
when a signal arrives at the Y-input. The trigger and stability controls are for this
purpose.

The brightness of the spot on the screen is controiled by the brightness control,
which is also the on/off switch. It is usually necessary to increase the brightness at
high time base sweep speeds. The sharpness of focus is varied by a focus control,
which may need adjustment after the brightness has been altered. '

A good oscilloscope for you to use in the laboratory will be able to register
deflections from steady as well as from varying voltages applied to the Y-input. A
switch, marked a.c.—d.c., is used to select these possibilities: in the d.c. position the
oscilloscope will respond to both a.c. and d.c., and this is the position normally
selected. Use the a.c. position when you want to examine a small varying voltage
which is accompanied by a large ‘unwanted’ d.c. voltage. See figure 3.

Normally, one of the two Y-input sockets is joined to earth, so that if the circuit
being examined also has an earth connection, it is essential to connect these
earthed terminals together. Otherwise, the earthed oscilloscope connection may
short-circuit part of your circuit.

Other facilities provided are less often used. With the time.base off, it is possible to
deflect the spot in the X-direction using X-input sockets if these are provided. If
there is an X-gain control, it also affects the time base, and must be in one definite
position for the time base to have its calibrated speed. There may be Z-input sockets
also: an input voltage here modulates the brightness of the spot.

It is possible to calibrate the Y-input of the class oscilloscope (figure 4), using the
circuit shown in figure 2. It is often convenient to apply 5V tc the oscilloscope, as
indicated on the voltmeter, and to adjust the gain so that the spot is deflected by
five graticule divisions. One division then corresponds to 1 V.

oscilloscope Y-input

@
<

Figure 2 oscilloscope earthed input
Calibration circuit.
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1

input to amplifier

Figure 3 o —>
An a.c—d.c. switch circuit.

Ilight to indicate on/off

a.c.—d.c.

switch *
stz 2O |7
e = e

Notes

~combined on/off switch and
brightness control ; to switch on
rotate clockwise; to increase
brightness rotate clockwise further

——variable time base control
(may also operate as an X-shift
when the stepped time base
control is at off)

stepped time base control:
off when fully anti-clockwise

Automatic triggering is supplied by an internal circuit operated by the input signal.

In some class oscilloscopes X-input terminals are provided.

Figure 4
One form of class oscilloscope.



combined on/off switch and brightness.
control: to switch onrotate clockwise;
to increase brightness rotate clockwise further

on/off indicator lamp

trace just appears
when signal is
applied, with trigger
level at automatic

focus

X-gain: to increase amplification
rotate clockwise; fully anticlockwise
for calibrated time base speed

“ X-shift
) trigger switch: in the 4 position

the time base triggers on a
positively increasing signal; in the
— position on a negatively
increasing signal -~

stability : set so thatT——— ]

calibrated Y-gain (

(outer part of the

double knob)
Y-shift (inner part I

of the double knob)

Y-inputs (lower one ST
earthed)w
\

a.c.—d.c. switchl ’
|

sweep output:time base voltage available
between this socket and earth

variable time base (inner part of the double
knob) : to switch time base off rotate fully

|
l .
automatic triggering of signal when ‘ anticlockwise; for calibrated time base

fully anticlockwise: turning the control speed., By CI‘OClese
changes the point on the waveform at calibrated time base switch (outer part of
which the time base triggers the double knob)

Figure 5
One form of demonstration oscilloscope.

The preamplifier

The maximum Y-sensitivity of the oscilloscopes described here is not better than
0.1Vcem™1, and this is not enough for all purposes. Signals smaller than about 0.1V
can be amplified before being applied to the oscilloscope input, using a
preamplifier.

Figure 6 illustrates a small, battery-powered preamplifier. It may require connection
to an external 9V battery, in which case the positive and negative connections must
be made correctly. For the amplifier shown in figure 6, the negative battery lead
goes to one of the terminals marked E.
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{ +ov )
O— to battery +
gain
input output
—oO O O— to oscilloscope Y
signal
E E
—T0 to oscilloscope earth
L J
Figure 6 L———to battery —

A preamplifier.

An input to the preamplifier is connected across the preamplifier’s input terminal
and the one marked E. The output goes to the oscilloscope, whose earth terminal
must be joined to the output terminal of the preamplifier which is marked E.

The preamplifier may have a variable gain. In general, the oscilloscope should be
used at its most sensitive, so that the least possible preamplifier gain is required.
Note that the preamplifier will introduce distortions into large signals fed into it.

Light-beam galvanometer
Summary of operating procedures

When the galvanometer is not in use or is being moved, or when making
connections to it, always turn the range switch to the “shorted’ position.

Handle the instrument gently. Never move it while leads are connected to it. Always
lift rather than slide it. When setting the zero, turn the range switch to the x0.001
position.

Always start with the range switch at the least sensitive, x 0.001 position, and then
increase the sensitivity as required. In general, use a resistor in series with the meter
as an additional safety measure.

Always check the circuit connected to the meter twice, before switching on. Never
connect the meter to a ‘live’ circuit.



range switch set zero

set zero

B ¥

—light switch
i? (o]
mains lead e . I
range switch
input terminals input terminals
Figure 7 Figure 8
One type of light-beam galvanometer. Another type of light-beam galvanometer.

The instrument

A light-beam galvanometer is a very sensitive, moving coil instrument, with a
full-scale deflection corresponding to a current of less than 10 A. Instead of having
a needle to indicate rotation of the moving coil, a mirror is attached to the coil,
from which a beam of light is reflected onto a scale. Readings are taken from the
dark hair-line which crosses the spot of light. '

The delicate moving coil system is more easily damaged by mechanical shock than
is the movement of an ordinary meter, so the instrument must be handled with care.
Short-circuiting the coil protects the movement, since any motion of the coil in the
field of the magnet around it will induce a current in the coil which will tend to
reduce the motion and to 'cushion’ the coil against shocks. The effect can be seen
by switching from, say, the x 0.001 range to “shorted’ while the coil is swinging.
The spot of light then crawls slowly towards zero. The range switch should be set to
‘shorted” whenever the meter is to be moved, or when connections are made to it.
Some types include a shorting switch in one foot of the instrument, which shorts
the coil whenever the instrument is lifted. This is why you must always lift and
never slide the instrument, when you move it.

The zero current position of the spot can be chosen at will. It is usual to place it
either at one end of the scale, or in-the middle. To alter the zero, turn the range
switch to x 0.001, and rotate the set-zero knob.

When the range switch is at “direct’, the instrument has its greatest sensitivity (see
table 1) and the coil swings freely. On x 1, the sensitivity is almost the same, but
internal resistors are connected across the coil so that it does not oscillate before
coming to rest at a steady indication. (In this condition, the meter is said to be
critically damped.) The range x 0.001 is 1000 times less sensitive. Other
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intermediate ranges are provided. The resistance between the input terminals is the
same, and the movement is critically damped, on all ranges except “direct’.

Sometimes there is a range switch position marked ‘series’ which introduces a

resistance in series with the coil. This is used when the external circuit has a low

resistance, and will avoid heavy damping.

The makers supply an individual calibration for each galvanometer. This may be
used if it is necessary to know the sensitivity in order to convert a scale reading into

amperes or volts. Table 1 may give you some idea of the orders of magnitude to

expect.

Pye Scalamp 7891/S WPA KN90

galvanometer resistance, ‘direct’ 25 Q 14 Q
galvanometer resistance, ' x 1, etc.’ 20 Q 13Q
sensitivity, "direct’ 25 mmpA~? 25 mm pA~?
T mmpVv™ 1.8 mmpVv™?
sensitivity, "x 1’ 20 mm pA~? 23 mm pA~?
Tmmpv™ 1.8 mmpVv™?
critical damping resistance 100 Q 120 Q
period of swing 2s 2s
charge sensitivity (ballistic swing) 78.5 mm pC™? 78 mm pC™1
Table 1

Typical data for two representative galvanometers.

Electrometer

Summary of operating procedures

Locate the following parts of the instrument:

input terminal

earthed input terminal

output terminals for display meter (unless a meter is incorporated)
the means of shorting the input (‘rest’ position of a switch, or a push
button)

the means of connecting resistors or capacitors across the input (dial
switch, dial switch and plug-in components, or screw-in connectors)
the set-zero control

the gain or sensitivity control (you may need a screwdriver)

on/off switch

If an output display meter is not provided, connect a 1 mA or 100 pA meter, as
indicated on the instrument.
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Short-circuit the input.

Switch from off to on, pausing at any intermediate switch position. Wait until the
meter is steady, then set it to zero. Remove input short circuit. If necessary,

calibrate by applying 1 V d.c. across the input or by using the internal 1 V calibrating
voltage provided on some instruments, adjusting the gain until the meter gives, say,
full-scale deflection.

To use as a voltmeter: no resistor or capacitor need be connected across
the input.

To use to measure current up to a value /: connect a resistor across the
input, such that /R =1V.

To use to measure charge up to a value Q: connect a capacitor across the
input, such that Q/C = 1V. Short the input momentarily between readings to
discharge the capacitor.

Check the zero frequently, and the calibration occasionally. Remember to switch off
when finished, noting that if the on/off switch has more than two positions then
the batteries will run down if the switch is left in any but the off position.

Figure 9
One type of electrometer.
Photograph, Michael Plomer.
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Figure 10
Another type of electrometer.
Photograph, Michael Plomer.

The instrument

An electrometer behaves like a voltmeter with a resistance as high as 1012 Q to
10'3 Q. A steady voltage between 0 and 1V across its input goes to an amplifier,
which although it draws only 10712 or 10773 A, produces at the output a current in
the range 0—1 mA or 0—100 pA, which is proportional to the voltage across the
input.

In all its applications, the electrometer indicates the voltage across its input. Small
currents can be measured by connecting a resistor across the input (as in figure 11)
through which the current flows. If the resistor has a resistance of, say, 10'°Q, an
output indication corresponding to 1 V across the input shows that the current in
the resistor is 10719 A (neglecting the higher input resistance of the amplifier in
parallel with the 1019 Q) resistance).

Small charges may be measured by connecting a capacitor across the input
terminals as in figure 12. If its capacitance is, say, 1078 F (0.01 puF), an output
indication corresponding to 1 V across the input shows that the charge on the
capacitor is 1078 C (neglecting the input capacitance of the electrometer). If the
capacitance of the object from which the charge came (a charged ball, for
example) is small compared with that across the electrometer input, nearly all this
charge will have passed to the electrometer capacitor, if the object was touched
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onto the input terminal. f the resistance across the input is, say 10’2 Q, at 1 V the
charge will leak away initially at a rate of 10712 A, so that a charge of 1078 C will
only be reduced by 1% after 100 s. This will give plenty of time to take a reading.

The electrometer may be provided with an internal 1 V source for calibration (such
as the one shown in figure 10). If not, 1 V can be applied to the input for calibration
using a circuit like that in figure 13, with a battery, a potentiometer, and a

voltmeter. The electrometer is then adjusted, by using the gain or sensitivity control,
so that the output meter gives a convenient indication (1 mA or 100 pA).

Electrometers usually need time to warm up after they have been switched on, and
the output meter may swing violently for a while. The type shown in figure 9 has a
three-position on/off switch. In the intermediate position, the filament of a valve in
the amplifier is allowed to warm up, and it is best to pause at this position for about
15 s when switching on. It is essential not to leave the switch in this position when
putting the electrometer away, or the battery will run down.

input

to amplifier

Figure 11 earth
Current measurement.

input
v G to amplifier
) earth
Figure 12
Charge measurement. charge Q = CV
i Dt input
1.5V
T to amplifier
Figure 13 & —0—>
A calibration circuit. earth

16 Students’ laboratory book



Reed switch
Summary of operating procedures
Identify the following (see figure 14):

reed switch coil terminals
d.c. voltage supply terminals
capacitor terminals

meter terminals

—
reed switch
coil terminals
—0
reed switch
S capacitor e
I ! terminals
— 1
o d.c. §upp[y —— meter
— terminals = terminals
—_— i
: Figure 14 T 1
A reed switch circuit. L __ fos o-

For use with capacitances of the order of 1 pF, the reed may be switched at 50 Hz,
and the meter may be a 100 pA meter, with shunts as necessary.

For use with a capacitor made of parallel metal plates about 0.3 m square, the reed
should be switched at about 400 Hz. A light-beam galvanometer is required in this
case.

For 50 Hz operation, connect 2 V a.c. across the reed switch coil terminals,
increasing this to 4 V if the switch cannot be heard operating.

For higher frequencies, connect the reed switch coil terminals to the low impedance
output of a signal generator, setting it to provide a sinusoidal output in the range
100 to 400 Hz. Raise the gain of the oscillator until the switch is heard operating.

Connect the capacitor to the capacitor terminals.
Connect the meter to the meter terminals.

Connect a smooth d.c. supply of no more than the limit indicated on the reed
switch (usually 25 V) across the d.c. voltage supply terminals.

When the reed switch operates correctly, the meter should give a steady deflection.
If the meter reading is erratic, the reed switch is probably not being driven hard
enough, and a larger voltage across the coil terminals of the reed switch should be
tried. If the current in the meter is /, and this is the result of the discharge of
charge Q from the capacitor, f times a second,

/= Qf.

Part One Tools 17



] /
coil
JOX
o 7y S capsule
{[E e :j:
B \\/ (63
KI)'-(X)( JIA L
L L
Figure 15
A reed switch. switch

The instrument

The reed switch consists of a small glass capsule containing the switch, inside a
coil. The switch is two-way and is controlled by a current. When the current
through the coil reaches a certain value, the switch closes one pair of contacts.
When the current through the coil drops below this value, the other pair of contacts
is closed.

The glass capsule contains three metal strips, A, B, and C (figure 15). When no
current flows in the coil, C is in contact with B but not with A. When a big enough
current is passed through the coil, A and C become magnetized and attract one
another into contact. B is made of a material which is not magnetized in this way.
Thus, if C and B are one pair of switch contacts, and C and A another pair, the first
pair will be closed for currents below a certain value, and the second pair for
currents above this value.

If a large enough fluctuating current is fed to the coil the switch contacts will be
continually opening and closing as the current rises and falls. If the coil is fed from
an alternating supply with a diode rectifier in the circuit, so that current only flows
during one-half of each cycle, then the switch operates once in each cycle. Thus,
if the frequency of the alternating current is 50 Hz, the switch will operate 50 times
a second.

The reed switch finds its main use in this course in the rapid charging and discharging
of capacitors. The rapid succession of discharge pulses, each carrying a charge Q,

at the rate £, passes through a meter which deflects as if a steady current / = Of
were flowing. If / and f are known, Q can be found. If the capacitor used has
capacitance C, then C = Q/V (V being the voltage to which it was charged).

Here are two sets of more or less typical values illustrating the use of the reed
switch at low and high frequencies.
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C  2yF 250 pF (25x10710 F)
v 10V 10V

@ | ZWiE 25nC (25x107° C)
f 50 Hz 400 Hz

/ 1 mA 1 pA (1078 A)

It is desirable to connect a protective resistance in series with the meter, so that it
will not be damaged should the d.c. supply be connected accidentally to the meter
terminals. If this resistance is not too large, it will not change the current / at all. If
it is too large, the discharge may not be complete in the time available, a fraction of
one switching cycle. The point can be checked experimentally by connecting an
oscilloscope across the protective resistor, to see if the pulses of discharge current
fall to zero between pulses. As a guide, the product of CR should be less than the
time 1/10 f. Alternatively, increase the resistance until the current starts to fall, and
then set the resistance at a somewhat lower value.

time 1/f

= between pulses

2

=

o

Time
Figure 16 discharge
The completion of the discharge. effectively complete

The switch cannot handle large potential differences, and may be limited to as little
as 25V. The current it can handle is usually less than 250 mA.

Vacuum pump
Summary of operating procedures

Identify the gas ballast valve, the air admittance valve, and the isolation valve. (See

figures 17 and 18.) Connect the system to be evacuated to the pump inlet, using
pressure tubing.

It is best to place a safety screen between yourself and the glass parts of the
evacuated system.

Open the gas ballast valve.

Close the air admittance valve, unless it is the automatic type.
Open the isolation valve.

Switch on.
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If the lowest possible pressure is required, close the gas ballast valve after a few
minutes of pumping, and continue to pump. (When the valve is closed, the sound of
air being drawn into the pump through this valve will cease.)

Close the isolation valve if it is desired to isolate the system, or to switch off the
pump with the system evacuated.

To switch off, having closed the isolation valve, open the air admittance valve if it is
not automatic, and cut off the electrical supply to the motor. If the air admittance
valve is left closed, oil might be drawn into any evacuated part of the apparatus
open to the pump.

To admit air to the evacuated system, open the air admittance valve (if this is
automatic, by switching the pump off) and the isolation valve.

isolation valve

pressure tubing
—air admittance valve

to evacuated system

gas ballast valve

e UM

motor on/off switch

Figure 17
One type of rotary vacuum pump.
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pressure tubing

pump inlet (pushes into valve)

isolation valve’—'—x

gas ballast valve——'——‘@r
(actually behind pump)

automatic air admittance valve
(open when pump switch is off)
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] J

Figure 18 ‘
Another type of rotary vacuum pump. I

on/off switch drive belt motor

The pump

A rotary pump consists of vanes on a rotor which turns in an oil bath, sweeping air
out of a system connected to it. Apart from leaks in the system, any problems which
arise will usually concern the oil, involving contamination, or seepage into the
system.

Seepage. If the pump is stopped while it is connected to an evacuated
space, the pressure of air at the pump outlet may force oil out of the pump into the
evacuated system. The isolation and air admittance valves can be used to prevent
such seepage of oil. The isolation valve seals off the evacuated system from the
pump, so that the air admittance valve can admit air to the pump without
admitting it to the system. In the type of pump shown in figure 18, the air
admittance valve opens automatically when the pump is switched off; therefore, it is
essential to close the isolation valve before switching the pump off.

In the type of pump shown in figure 17, if the evacuated system is to be sealed off
under vacuum, it is essential both to close the isolation valve, and to open the air
admittance valve, in that order.
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Contamination. Water vapour is the most common contaminant. 1 g of
water vapour occupies about 1000 dm3 at a pressure of 1 mm of mercury. Since the
pump will remove gas at only about 20 or 30 dm?3 per minute, it takes a long time 1o
remove contaminating water vapour. Volatile greases are another source of
contamination, so the inside of systems to be evacuated should be clean and dry
(untouched by hand, as well), and substances like Vaseline, wood, paper, and all
painted surfaces, are to be avoided. Clean, sound tubing should be used. (Remove
French chalk from new tubing.)

All pumped vapours go through the oil in the pump, and are liable to condense
there, so that the pump then becomes incapable of evacuating even a clean system.
The gas ballast valve is used to reduce such contamination. It admits air to the oil as
the pump operates, helping to sweep vapours through the oil. To clean the oil of
condensed contaminant, run the pump for several hours with the gas ballast valve
open, and the air admittance and isolation valves c/osed. As a rulg, it is a good idea
to do this for half an hour after every use of the pump.

If a mercury pressure gauge is used with the pump, it is essential to arrange that
mercury cannot enter the pump, which is likely to be ruined if it does.

Leaks. Avoid greases as a means of sealing a system. O-rings should not
need grease. Tight, well-fitting joints are better than loose, greased ones. Taps and
ground glass cone joints may need a /itt/e high vacuum grease. Use a grease with a
low vapour pressure, such as Apiezon grease.

Stroboscopic photographs
Using multiflash photography

In multiflash photography it is necessary to highlight the body being photographed
against a dark background, in order to ensure good contrast in the picture. The
successive photographs of the event, at regular time intervals on the same negative
frame, are achieved either by using constant illumination and a motor-driven
stroboscope, or by using intermittent illumination with a xenon stroboscope. Notes
on these two methods follow.

Using a 35 mm camera and a slotted disc

A camera focusing down to about 1.5 or 2 metres is required. It must have a lens
aperture of at least f/8, though /6, /4.5, or /3.5 are to be preferred. A 35 mm
camera is best, because the technique of developing the film in the cassette
described here has been worked out for 35 mm film. The shutter should be fitted
with time (T) or brief (B) settings: in practice the brief setting is the more
convenient.

Unless the camera has a reflex viewfinder, it is as well to check the field of view by
putting a strip of translucent material in the position normally occupied by the film,
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opening the shutter, and seeing directly that all the motion you wish to photograph
is in view. :

The camera is set up firmly, on a level with, and about 1.5 m away from, the
experiment to be recorded. The lens is then focused for this distance.

The synchronous ‘motor is then fitted with the appropriate black slotted disc. A
5-slit disc gives intervals of 1/25 s, and a 6-slit disc, intervals of 1/30 s between
shots. The disc is placed about 10 mm in front of the camera, so that the rotating
slits will sweep across the lens.

The interval between exposures can be varied by covering unwanted intermediate
slits with black adhesive tape. This will enable you to choose a suitable number of
exposures to appear in the final picture. The width of the slit controls the sharpness
of the images obtained, and you should choose the narrowest slit which is
consistent with adequate illumination.

The scene can be illuminated with a slide projector, placed so that its beam lights
the whole of the action without either illuminating the background or spilling light
- onto the camera.

A dark background is required. A matt black, cloth surface gives good contrast, but
this is not essential. The method can be used in very subdued room lighting.

Using a 35 mm camera and a xenon stroboscope

Sharper pictures than those taken with the motor stroboscope are possible if a
xenon stroboscope is used. The slide projector and slotted disc are replaced by a
flashing xenon lamp. Otherwise, the procedure is the same as for motor-driven
stroboscopic photography. It is now essential to have a first class blackout. The
beam from the xenon stroboscope must be directed along the path of the motion to
be photographed, and kept off the background. It should not be used as a general
floodlight, since this will produce pictures which lack essential contrast.

Using a Polaroid camera

The types of Polaroid camera which have only an automatic exposure time, and no
" facility for holding the shutter open for several seconds, cannot usually be used.

The Polaroid camera combines the making of an exposure and the production of a
print, which makes the whole process simpler and quicker, though expensive. The
film used is much faster (3000 ASA) but this is counteracted to some extent by the
comparatively small aperture (f/9 approximately) which is available.

The techniques of using the Polaroid camera for multiflash photography are similar
to those for the 35 mm camera. A typical exposure value to use is EV13 (f/9).
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35 mm film: developing and printing in the laboratory
Developing in the cassette

This technique employs a special Kodak monobath, and it is best to use the
recommended Kodak film.

The film used must not be longer than a 20-exposure length, otherwise the pumping
action which takes place in the cassette will be ineffective. The solution is alkaline,
so if your skin is sensitive wear rubber gloves.

Make four blank exposures at the beginning of the film. After making up to

16 exposures, wind the 20-exposure length of film back into its cassette leaving the
last few centimetres of film, and the tongue, protruding. Cut the tongue off and
bend the last piece of film back: secure it with an elastic band.

Take a short, slotted rod and fit the slot over the key in the cassette. Then wind the '
film, without forcing it, onto its spool. A length of PVC tubing can be used in place
of the slotted rod.

Lower the cassette gently into 40 cm?3 of the monobath solution in a small container,
until all but the top of the cassette is immersed. The container is a glass vessel of
about 70 cm3 capacity. (See figure 19.)

Figure 19
Developing film in the cassette.

As you lower the cassette into the container, gently unwind the film with the rod.
Air will bubble out. Gently, but not slowly, rewind the film so that the monobath is
pumped through the cassette, and repeat the process until the liquid is forced out of
the top of the cassette. All air bubbles have now been removed and the cassette
may be lowered completely into the small container. With the cassette thoroughly
immersed, wind and unwind the film gently through 11 turns every two seconds, so
continuing the pumping action.
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After the correct time has elapsed (3% to 4 minutes at 20°C), take the cassette from
" the container and plunge it into water. Pull out the film under water. (Should the
film appear cioudy, transfer it at once to a bath of an acid fixer containing a
hardener.) Wash the film in water for 10 seconds and inspect it. Should dark bands
occur across the width of the film at its ends, then the rotating backwards and
forwards was performed using too many revolutions in each direction. Should

scratches occur along lengths of the film, then the processing has been performed
too vigorously.

Select a suitable negative, cut it out with scissors, mount it (wet if necessary) in a
cardboard mount, and project it. Throw the monobath away after use. Refixing and
further washing improve the permanence of the negative, but the method is not
intended to produce high quality results.

Developing in a tank

The easiest method is to use a daylight loading tank. Otherwise, either a darkroom is
needed, or a changing bag. Good photographers will use the method they prefer;

here we are concerned only with simple methods which will produce results, not
with work of any quality.

In a daylight loading tank, the cassette is put into the tank with the film attached to
another spool, and is then wound out of the cassette into the tank, with the lid on,
and with the liquid in the tank. With this type of tank the film needs to be agitated

constantly while it is being developed.

It is easiest to use a proprietary, single-bath developer and fixer. Developing and
fixing take about six to eight minutes, followed by a wash in water.

Making positive prints

The mounted negative may be used to produce prints within a matter of minutes if
document copying paper such as Kodak P153 is used. The paper must be such that
it will not fog if exposed to normal tungsten room lighting for about half a minute.

The technique requires a simple printing frame (figure 20) and a slide projector.
It can all be done in a room lit with tungsten lighting. Project an image of

the chosen negative onto the printing frame. Switch the projector off and slip a
piece of cut printing paper into the frame. Expose for about 5 seconds to the light
from the projector, which should be about 1 metre away.

Develop the paper immediately, face down, in a dish of developer (normal dilution)
for half a minute, and then transfer the paper print to a bath of fixing solution for
one minute. Rinse it briefly in clean tap water. If it is intended to preserve the print,
it should be washed more thoroughly for about 20 minutes in running water.
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Figure 20 /@
A simple printing frame.

Scaler
Summary of operating procedures
Locate the following parts and controls (see figures 21 and 22):

mechanical register and its reset button
two dekatron counters
counting switch, to start counting
reset switch, to reset dekatrons (unless thls is done by counting switch)
selector switch, to select pulses from GM tube or from internal oscillator
on/off switch
socket for lead from GM tube
v pair of sockets ‘make to count’ ('start’)
pair of sockets “‘make to stop’ (‘stop’)
e.h.t. control, to vary the voltage fed to a GM tube

Switch on, and wait for the dekatron counters to light.

To test. Short-circuit “make to count’ sockets.
Set selector switch to select pulses from internal oscillator.
Set counting switch to ‘count’.
Check whether the counter operates at the oscillator frequency.
Set counting switch to ‘stop’.
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Resetting. Move the reset switch (it may also be the counting switch)
to ‘reset’.
Press the reset button beside the mechanical register. (Sometimes this also resets
the dekatrons.)

GM counter. Switch off.
Plug in GM tube lead, using the knurled ring to screw it home.
Set e.h.t. control to voltage required for the GM tube.
Switch on.
Set selector switch to GM position.
Start and stop counting, using the counting switch.
Reset as above.

Clock. Set selector switch to select pulses from internal oscillator.
Set counting switch to ‘count’ if necessary.
Arrange connections to ‘make to count’ and ‘make to stop’ sockets as required to
time the duration of an event.
Reset as above.

Solid-state detector or counting other pulses. Obtain assistance unless you
know how to use the type of scaler you have for these purposes.

The instrument

Figures 21 and 22 illustrate the controls of two scalers intended for use in schools.
There are other models, and the placing of the controls, and the way they are

dekatron counters

[

mechanieals—"———r~—"—"— = by
register ‘? = =
E A

B _I make to count
L.}
reset
button [c]
W L i frmake to stop
e ¥ 8 d S
1 | : \L
| { |
| o %
GM socket! count' selegto}: ’ma/in?f ‘e.h.t. control
- d switc on/o
Figure 21 r:snet switch
One type of scaler. switch



dekatron counters
mechanical
register
reset
button L
count and make to count
reset
switch
mains on/off switch e.h.t. GM!  selector ‘make to stop
control  socket switch
Figure 22

Another type of scaler.

combined in multi-position switches, vary from make to make.

A scaler counts pulses, at any count-rate up to something of the order of 1000
pulses a second. Two dekatrons count ‘units’ and ‘tens’, while a mechanical
register records hundreds and above.

Use with a GM tube

The scaler contains a high voltage power supply, which delivers the necessary
voltage to the GM tube, via the socket into which the cable from the tube is
plugged. The e.h.t. control is used to select the appropriate voltage for the GM tube
in use; normally between 400V and 450V.

The scaler will receive pulses from the tube when the selector switch is in the GM
position. It will count them as long as the counting switch is in the ‘count’
position.

Use with a solid-state detector

The pulses from a solid-state detector are too small to operate the scaler, and have
first to be amplified by an amplifier provided with the detector.

The solid-state detector amplifier is not usually connected to the GM socket, but to
a special socket at the back of the scaler. It may derive its power from the scaler,
via this connection, or via other sockets (usually marked ‘earth’ and "—9 V'), or
from a battery. Detailed connections vary so much that you should obtain advice
before attempting to use a solid-state detector with the scaler.
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Use as a clock

The scaler has an internal oscillator which produces pulses at 1 kHz, or in some
models, at 100 Hz or at 50 Hz. If the beginning and end of an event, such as the
falling of a ball, can be made to start and stop the scaler, the event can be timed (in
milliseconds if the scaler’s oscillator provides 1 kHz).

Figure 23 indicates how the two 'make to start’ sockets pass pulses from the
oscillator to the scaler when these sockets are linked. Figure 24 indicates how the
‘make to stop’ sockets, when they are linked, effectively short-circuit the oscillator,
stopping the counting process. It will be seen that the "stop’ connection over-rides
the start’ connection, if both are linked.

‘Colifiter:

L e e

(L make to stop

make to start< l»—j_ make to start( ‘j

oscil qsi;/ifilat_ia)ij,
Figure 23 Figure 24
“Make to start’ connection. ‘Make to stop’ connection.

The possibilities are shown in table 2, in which ‘1’ indicates that the terminals are
linked, and ‘0’ that they are not. For the counter, ‘1’ indicates that it runs, ‘0’ that it
does not.

‘Make to start” 0 1 0 1
‘Maketostop” O O 1 1
Counter runs 0 1 0 0
Tabie 2

Mechanical switches, operated by the event to be timed, can be used. More often, a
lamp and photo-transistor are used. When the photo-transistor is illuminated, it
conducts well, and if it is connected across a pair of terminals, it behaves like a.
short circuit. In the dark, it conducts badly, and behaves like an open circuit. In
table 2, then, ‘1’ can be read as ‘light on’ and "0’ as ‘light off’. It is often
convenient to cut off the light by letting an opaque card pass between lamp and
photo-transistor. Thus, for example, if “‘make to start’ is shorted with a wire, and
‘make to stop’ is connected to the transistor, the counter operates only for as long
as the light is cut off.

The scaler may have a pair of sockets (2.2 V a.c.) for supplying the lamp or [amps.
The photo-transistor must be connected to the 'start” or ‘stop’ sockets with the
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correct polarity. If the scaler fails to start and stop, try reversing these connections.
The selector switch needs to be in the position which connects the scaler to the
oscillator, and the counting switch needs to be in the ‘count’ position.

Using the scaler to count other pulses

If the scaler is provided with an input socket other than the GM tube socket, at
which a high voltage does not appear, it can be used to count pulses from, for
example, switches operated by apparatus or from electronic systems you may have
built. To operate the scaler, the pulses are likely to have to rise sharply, and to be a
volt or more in magnitude.

Diffusion cloud chamber

Summary of setting up procedure

Using a dropper, put methylated spirit on the felt strip inside the top of the
chamber, and one drop on the base plate.

Put dry ice (solid carbon dioxide) in the base and screw the base cap back on so
that the sponge plug presses the dry ice against the chamber base.

Insert the source, set the chamber on three levelling wedges, and rub the chamber
top with a wool cloth, or duster, to charge it.

Illuminate a layer a few millimetres above the base plate.

Observe the tracks and then level the chamber, so that there is no general drift.

source top

@

felt strip

floor

base (unscrews)

Figure 25
A diffusion cloud chamber.

See also figure 78, page 107.

levelling wedges
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Use of the chamber

To set up a diffusion cloud chamber, about 2 cm3 of ethanol or methylated spirit
should be put on the felt strip inside the top of the chamber with an eye-dropper.
The alcohol should not be mixed with water, as this will cause a white frost to form
on the chamber floor and make observations more difficult. '

The base of the chamber should then be unscrewed, the foam-plastic plug removed,
and some small pieces of dry ice (solid carbon dioxide) placed in contact with the
underside of the chamber floor. There should be enough dry ice to cover the floor.

Replacing the plhug and the base cap of the chamber ensures that the dry ice is kept
in contact with the floor.

The mounted source is then inserted in the split cork which should be placed in the
hole in the side of the chamber, with the source near the chamber floor. The inside
of the chamber lid should be cleaned with a soft cloth, and then put back on the
top of the chamber; rest the latter on three levelling wedges.

It is not vital to illuminate the chamber brightly for observing alpha particle tracks.
For less dense tracks, however, some care is required to see that light from the
source illuminates the sensitive layer a few millimetres above the floor. This can be
achieved with a flat parallel beam of light obtained as shown in figure 26.

4-10 D lens
horizontal beam grazes floor

12V, 36 W lamp
(filament horizontal)

stop with slit 7 mm wide *

levelling wedges

Figure 26
Illumination of the chamber floor.

The lid of the chamber should be charged by rubbing it with a woollen cloth. This
cloth must be free of dust and grit to avoid scratching the lid. Tracks should be
observed when the internal turbulence has died away. Recharging will be necessary
at intervals in order to sharpen up the tracks. If the chamber is not level, the tracks
will drift downhill, and the levelling wedges should be adjusted to eliminate this.

Part One Tools 31



Hall probe and search coils
Summary of operating procedures

The Hall probe, with its circuit box (figures 27 to 29), is used with a light
beam galvanometer to measure steady magnetic fields.
Zero the galvanometer (see ‘Light beam galvanometer’, page 11).
Connect the probe, circuit box, and galvanometer together. (Leads from the probe
to the circuit box and the terminals they go to may be colour-coded.)
Switch on the circuit box. Check that the lamp lights. If not, replace the cell in the
circuit box.
Reset the galvanometer to zero, using the balance control on the circuit box, with
the galvanometer on its /east sensitive range.
Reset to zero as above, with the galvanometer switched to successively more
sensitive ranges. On the x 1 range, zeroing is not easy, and need not be perfect.
Record the zero reading of the galvanometer.
Place the probe in the B-field to be measured, and note the change in the
galvanometer reading, which is (to a good approximation) proportional to the
component of B perpendicular to the slice of semiconductor on the end of the
probe.
When using the apparatus, check the zero reading frequently.

Search coils are used, with an oscilloscope, to measure alternating
B-fields.
Switch on the oscilloscope, with the time base off and the spot centred on the
screen (see 'Cathode ray oscilloscope’, page 6).
Connect the search coil to the oscilloscope input.
Supply the circuit whose B-field is to be investigated with alternating current.
Move the search coil about, and adjust the oscilloscope gain so that the vertical
length of the trace obtained varies over a convenient range.

The Hall probe

The Hall probe device for measuring B-fields consists of a slice of semiconductor on
the end of a probe rod, connected by a cable to a circuit box, which is joined to a
galvanometer. The type of circuit used is shown in figure 29. The galvanometer
indicates the Hall voltage across the slice when current flows in the slice and when
there is a B-field perpendicular to the slice.

Because there is a p.d. across the slice when current flows in it, there is likely to be
a small p.d. across the galvanometer terminals even when there is no B-field at the
slice. The balance control, and its circuit within the circuit box, are provided so that
this p.d. can be reduced to zero, resulting in a galvanometer deflection proportional
to the Hall voltage across the slice.
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Figure 27
A Hall probe and its circuit box.
Photograph, Michael Plomer.

shorted terminals; current to slice
may be monitored
by inserting a meter (250 mA)

semiconductor slice

galvo to galvanometer

Hall probe

balance control

Figure 28
Parts and connections of the Hall probe system.
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Figure 29
The circuit of the Hall probe and the circuit box.

The zeroing is best done in stages, increasing the galvanometer sensitivity step by
step to the x 1 range. Final zeroing is not easy, and it may be best to record the
‘zero’ reading, rather than to attempt to set the zero on some particular scale
division. The zero drifts, and needs to be checked repeatedly.

The Hall voltage and the galvanometer deflection will only be proportionai to the
B-field at the slice, if the current in the slice is steady. Its constancy can be
checked by removing the link between the two sockets indicated in figure 28, and
inserting a milliammeter reading about 250 mA.

Note that the device indicates the strength of the component of B-field
perpendicular to the slice.

Suggestions for using the Hall probe are given in Part Three, under ‘Quantitative
magnetic field investigations: fields around electric currents’ page 127.

The search coils

Figure 30 shows the two types of search coil. In one, the coil is mounted so that its
axis lies along the mounting rod; in the other, the coil’s axis is at right angles to the
mount. The first type is suitable for inserting into the end of a solenoid or coil, while
the second type can conveniently be inserted through the side of a coil, between
gaps in coils, or held over the face of a magnet.

Both coils have 5000 turns, and an outside diameter of about 15 mm. The mean
area of a turn is roughly 100 mm2 (10~4 m?2).

An alternating B-field along the axis of the coil induces an alternating voltage across
the coil’s terminals, proportional to the rate of change of flux through the coil. At a
fixed frequency, the maximum value of the alternating voltage is proportional to the
maximum value of the alternating B-field. Because the voltage depends on the rate
of change of flux, the coil is a very sensitive detector of B-fields at high frequencies,
such as 10 kHz. The oscilloscope trace displays the alternating voltage from the
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Figure 30
The two types of search coil.

coil; the vertical length of the trace (or the peak to peak height if the time base is
on) is proportional to the maximum of the alternating B-field at the coil, for a fixed
frequency.

Note that the coil detects only the component of B which lies along its axis,
perpendicular to the plane of the coil.

Suggestions for using the search coils are given in Part Three, under ‘Quantitative
magnetic field investigations’, page 127.
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2.24 The Millikan experiment (charge on an electron)

This experiment belongs to the long tradition of those that are simple in principle
and need little complicated apparatus. Indeed, it can be done just as well with
home-made equipment as with that supplied by a manufacturer. Everything looks as
if anyone should be able to repeat it, and see for himself the direct evidence that
electric charge is supplied to us by nature in lumps of a definite size, never less
than 1.6 x 10712 coulomb. However, the experiment turns out in practice to need
quite a lot of patience and skill, especially skill at doing the right thing at the right
moment, so that time spent obtaining a tiny oil drop carrying only a few electrons is
not wasted by letting the drop go out of sight. The purpose of these notes is to help
you to become skilful enough to do the experiment for yourself, if you want to. If
you take this trouble, you should be able to make a personal check on one of the
most fundamental (and still unexplained) facts about the world of atoms and
particles.

How to use these notes

It is assumed that you understand the point of the Millikan experiment: that the tiny
charge on an oil drop will be measured by using the pull on that charge of the
electric field between two plates. The pull, which is equal to charge x field, is
adjusted by changing the field, until the drop is poised with the pull equal and
opposite to its weight.

Then charge x field = weight
charge = weight/field.

The notes below are in the form of a series of short sections, planned to help you to
learn how to do the experiment as you are doing it. Some sections tell you how to
avoid or solve difficulties. If the difficulty occurs later in the experiment, you will be
directed back to a section which should help you to cope with it; then you can
return to the point you had reached before.

Since the idea is that you use the notes as you do the experiment, you have only to
remember the suggestions in one section at a time. But treat them intelligently, not
slavishly, and if you can do the experiment in a better way — do so.

Preliminary measurements

Before you put the apparatus together, it will be useful to make two preliminary
measurements.

a The plate spacing. This may be stamped on the cell and you may decide
to trust it. If not, as the spacing is small, you will need to measure it rather carefully,
perhaps with callipers but more probably with a travelling microscope.

b The graticule. As you look down the eyepiece of the microscope, you
should see a set of lines in focus. There may be a grid, or a pair of lines with a third
crossing them, or a scale on a single line. See figure 31. You will need to time the
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fail of a drop between two points, a known distance apart, which are in focus in
front of the microscope. The microscope, with graticule, can now be focused on a
scale or on a wire of known diameter, so that you can find the distance in
millimetres at a place in front of the microscope, which corresponds to the distance
(arrows in figure 31) between a pair of lines or on a scale on the graticule.

Figure 31
Graticules for the Millikan experiment.

1 Assembly

It is best to follow the manufacturer’s instructions for putting the apparatus
together. In all forms of the apparatus, a microscope looks into the space between
two horizontal metal plates, about 5 mm apart (figure 32), and a beam of light
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