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Experiments With Waves

A rippletank isasimple and common way of demonstrating properties of
waves, including reflection, refraction, diffraction and interference. The
tank is shallow with sloping sides (to cut down on reflection when waves
hit the sides) and with a transparent bottom so that a light source can be
mounted below the tank, projecting amagnified image of the water waves
onto ascreen (usually the ceiling) above.

The movement of the waves can be ‘ stopped’ for certain observationsand
measurements using a stroboscope — either a simple hand wheel with
regularly spaced slitsor an el ectronic stroboscopein place of the projection
lamp. The stroboscope doesn’t actualy stop the wave movement, of
course — it gives a series of ‘snapshot’ views of the wave timed at such a
frequency that each snapshot isexactly onewave period after the previous
one. Thismeansthat the viewer sees each wave crest in exactly the same
position as the preceding wave — making it appear to be standing still.
(Running the stroboscope slightly slower or dlightly faster can give the
appearance of slow forward or reverse movement of the waves — a fact
well-known to cinema-goers used to seeing wagon wheels appear to spin
backwards asthe stagecoach s ows down and the wheel movement ‘ strobes

with the frame frequency of the cine camera.)

Wavesare usually generated by asmall el ectric motor mounted on awooden
bar. The bar hangs by two rubber bands from a stable cross frame above
one end of the tank. The motor has aweight attached to the axle, but the
weight is mounted eccentrically (i.e. off-centre) so that it wobbles as it
spins—and so, therefore, does the wooden bar. The bar can be lowered so
that it touches the surface of the water in the tank — causing parallel plane
wavesto be generated at thefrequency of rotation of themotor. Alternatively,
oneor moresmall plastic dippers—in the shape of small balls—can befixed
into holesin the bar and the height adjusted so that the dipper(s) just touch
the surface. This produces a point source of waves which spread out asa
seriesof concentric circles.

A range of accessories may then be placed in the path of the waves to
demonstrate the various properties of waves.
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The ripple tank demonstrates wave properties in water waves — which
have wavelengths large enough to be seen clearly. However, once the
effects of wave properties have been understood, those effects can be
recognised, observed and investigated using other types of waves even
when the wavelengths involved are either too large or too small for the
individual wavesto be seen.

Wavepropertiesinlight waves- usingalaser

A laser produces a convenient narrow, strong, sharply focussed beam of
light — and so in reflection and refraction experiments it can replace the
simple ray which uses a low voltage electric lamp. However, the laser
really comes into its own when used in diffraction and interference
experiments.

Safety note: The typical popular (sciencefiction) understanding of a
laser isthat it will cut through a sheet of metal. Although such lasers
exist, you will be pleased or disappointed to find that the one you will
use does not produce anything like this sort of power. It is, however,
powerful enough to do serious and permanent damage to the retina of
theeyeif you look directly into the beam. Don't try it —and make sure
the experimental set-up doesn’t allow anybody else to try it either,
intentionally or otherwise! If the beamreflects off a highly reflective
surface (likeamirror or glass window) it can be just as dangerous.

For interference between two wave sources to be observed, those sources
need to be coherent. Two waves are said to be coherent when they have
the same wavelength and frequency and a constant phase relationship to
one another.
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The phase relationship refersto the relative position of peaks and troughs
of two waves. |f the peaks of both waves occur at the same position, then
the waves are said to bein phase. If the peaks of one wave coincide with
the troughs of the other, then they are exactly out of phase, or 180° out of
phase.

180° out of phase in phase

Producing two coherent sources of water wavesis not too difficult —using
therippletank arrangement described above, thewooden bar simply hastwo
plastic dippers placed in it, both touching the surface of the water. When
the motor wobbles, so does the bar and so do the dippers — all together.
Producingtwo coherent sound wavesisnot too difficult either —just connect
two loudspeakers to the same amplifier output (i.e. mono, not stereo!).
However, two coherent light sourcesareadifferent problem altogether. An
ordinary light bulbof thetypeusedinalaboratory ray box emitsawiderange
of lightfrequencies. Evenpassingthelight throughacolourfilter still leaves
arangeof frequenciestoowidefor interferenceeffectstobeseen. Theeffect
of interference at one frequency is alongside the same effect for aslightly
different frequency —and each effect would be masked by all of the others.

Tomakeacomparisonwith sound waves, thelight bulbislikehitting all the
notes on a piano at the same time — producing a noisy chord (or discord!)
of lotsof different frequenciesall at once. To hear clear sound effects, it
isnecessary to pick out asinglefrequency —like asinglenote on the piano,
or better still atuningfork. Thelaserisrather likeatuningfork for lightwaves
—itemitsavery pure, narrow frequency of light. Even so, buyingtwosimilar
lasersand putting them al ongsi deoneancther woul d not guaranteecoherent
waves. A simple but clever trick is to shine one laser beam through two
narrow, parallel dlits, usually mounted inaprojector slide (thearrangement
isknownasYoung' sdlits, named after theinventor). Thelightwavesdiffract
(spread out slightly) asthey pass through the dlits and become two beams
and, since they have come from the same single source, they must be
coherent.

The coherent waves are projected onto a screen several metres away from
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thelaser —which could be the opposite wall —and maximaand minimaare
observed as clear patches of bright light and darkness. Theserepresent the
positions where the waves are exactly in phase or exactly out of phase
respectively — just as seen with the ripple tank interference experiment
above. This equation describes the relationship between the various
measurements which may now be taken, where:

=

The equation: = % describes this relationship

where 1 = wavelength
a = separation of the dlits (m)
(distance between the centres of the two dlits)
x = distance between successivefringes
D = distance fromthe dlitsto the screen (m)

Stationarywavesexperiments

Stationary waves offer anumber of interesting experimental possibilities.
They enablecertainkey measurementsto betakenwith adegreeof accuracy
difficult or impossible when dealing with travelling waves. A stationary
wave can ariseswhen awavetravellingin onedirection along, or through, a
particular medium, interfereswith a second wave, similar in every respect
tothefirst but travellingin the oppositedirection. In practice, the‘ second’
waveisofteninfact thefirst wave returning after reflection fromanend or
fixed point of the wave guide or wave medium.

The stationary wave has fixed nodes — positions of zero amplitude — and
antinodes — positions of maximum amplitude. Often, we have asituation
whereonly certainclearly defined frequenciescanexistinastationary wave.

Example—avibrating string, fixed at both ends (like aguitar string)
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A simple experimental way to investigate standing waves with two fixed
endsisto set up astretched cord between two fixed points several metres
apart. Thiscan bethin rubber cord, squareor circular in cross-section and
of about 5mm diameter fixed to two rigid supports (which might be clamp
stands clamped tightly, to thebenchtop); or it might bethin string, inwhich
case at least one end needs to run over a pulley and then be loaded with a
small mass—themassmay then beadjusted to changethetensioninthestring,
one of the factors affecting the fundamental frequency of vibration.

Closetooneof itsends, thestring needsto passthroughthetop of avibration
generator whichisdrivenby asignal generator producingasinewaveoutput
of variablefrequency.

The string will resonate (vibrate with large amplitude — as shown in the
diagram showing ‘fundamental frequency) when the driving frequency is
equal to the fundamental frequency of the string set-up. In this condition,
the stationary wave has only two nodes — the two ends of the string —and
onecentra antinode. Thewavelengthiseasily calculated, sincethefull length
of the string is exactly equal to half of one wavelength. The frequency of
thevibrationsmay bemeasured by feeding theoutput of thesignal generator
into an oscilloscope or a frequency meter; or by the use of a calibrated
stroboscope. (Theflash rate of the stroboscopeisincreased slowly until the
vibrations appear to ‘stand till’.)

The wave equation (speed = frequency x wavelength) may be used to
calculatethespeed of wavetravel alongthestring. A number of investigations
are possible with this set-up, by changing the tension in the string, or the
mass per unit length of the string, or the length of the string.

Doubling the driving frequency will produce a stationary wave of the first
harmonic as shown in the diagram above—thefull length of the string now
correspondsto onefull wavelength. (Thiscorrespondstoplayingancteone
octave higher than the fundamental onamusical stringinstrument.) Three
timesthefrequency givesthesecond harmonic—withthreehalf-wavelengths
fitting into the length of the string, and so on. Itisrelatively easy to get up
tothetenth or even thefifteenth harmonic with alight string or elastic cord.
Experiment with different coloured backgrounds and lighting to see the
stationary wavesmost clearly —itissometimeseasier to seethewavepattern
whilst looking along the string from one end.

e——————— e
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M easuringthespeed of sound

The speed of sound may be measured by setting up a small region of
stationary soundwavesinsidethelaboratory. Soundisproduced by asignal
generator driving aloudspeaker — at a fairly high audible frequency, say
3000Hz. A wooden board or convenient wall about 1.5m from the
loudspeaker isusedtoreflect (echo) thesoundwavesback. A standingwave
pattern now exists between the loudspeaker and the reflecting surface. A
microphoneis mounted in aclamp stand so that it can be moved and rested
in positions between the loudspeaker and the reflector.

An oscilloscope is used to display the output from the microphone. If the
microphoneisslowly moved towardstheloudspeaker it will benoticed that
the amplitude of received sound goes through maxima and minima of
amplitude. (Itisworth pushingtheclamp stand holding themicrophonewith
ametre rule to cut down on reflection of sound from your arm and body.)
Thedistance between successive maximaisonehal f-wavelength. (Moving
the microphone through about ten successive maxima and dividing that
distancetofind onewavel ength canreducetheerror.) Frequency of thesound
waves can be measured directly from the oscilloscope. Thewave equation
may now be used to calculate the speed of the sound waves.

Resonanceinair columns

Stationary waves in air columns (such as organ pipes or other wind
instruments) differ from those set up in stretched strings because different
setsof harmonicsare ‘alowed’ by the physical constraints of the medium.
Thisisthemain reason why aparticular note played on astring instrument
sounds different from the same note played on a wind instrument — the
fundamental frequency is the same but the pattern of harmonics which
overlay that note (at lower amplitudes) are different. This pattern of
harmonicsisknown asthe‘quality’ or sometimesthe‘timbre’ of the note.
A hollow cylinder containing acolumn of vibrating air isnormally closed
at one end and open at the other — so, whilst one end (the closed end)
corresponds to a node of the stationary wave pattern, the open end
corresponds to an antinode. This means that the lowest (fundamental)
frequency allowed iswhen onequarter of awavelengthiscontained within
theair column. Thefirst harmoniciswhen three-quarters of awavelength
isequal tothelength of theair column, and subsequent harmonicscorrespond
to five-quarter wavelengths, seven-quarter wavelengths and so on.

Inawind instrument, theair columnisnormally set vibrating by resonance
fromasmall oscill ator at oneend—which may beareed (asinsomewoodwind
instruments) or even the musician’ slips (brassinstruments). This may be
modelled by atuningfork, or asmall loudspeaker drivenby asignal generator,
placed at the open mouth of the air column.

Oneway to set up theair columnwith variablelengthisto havetwo lengths
of glass tubing, one of which fitsinside the other. The wide-boretubeis
mounted vertically (supported by aclamp) and thebottom end plugged with
arubber bung or cork. Thetubeisthen filled —not quite to the top —with
water. Thenarrower tubing isthenloweredinsidethewater-filled tubeand
the top end held with a clamp and clamp stand.

Theair columnto beusedistheninsidethenarrow tube—thebottom surface
beingthesurfaceof thewater. Thelength of theair columncannow beeasily
adjusted by simply adj usting the hei ght of the narrow tubeand re-clamping.
A metre rule may be mounted outside the tubing for easy measurement of
the air column length. The tuning fork or loudspeaker is placed at the top
(open) mouth of theair column and the length of the column adjusted until

the sound gets noticeably louder — this means that the air column is
resonating. Alternatively, theair columnmay beleft at the samelengthand
thefrequency of soundfromthel oudspeaker changed until resonanceoccurs.
Once again, avariety of investigations are possible with the arrangement.

Microwaveexperiments

Most laboratory microwavetransmittersand receiverswork at awavel ength
of around 3cm —which isavery convenient and measurable size for many
experiments.

Receiversusually comeintwoforms—onewithadirectional collector (rather
likeasquarefunnel) and aprobetypewhichisgoodfor finding the strength
of asigna at apoint. Both types of receiver usually have an output which
canbeconnected toasensitivemicroammeter sothat relativesignal strength
can bemeasured.

Thetransmitter andrecelver arrangement can beused for many kindsof wave
experiment —includinginvestigation of reflection (microwaveswill reflect
well off a metal sheet), refraction, diffraction and interference. The
convenientwavel ength of themi crowavesusual ly meansthat measurements
of suitableaccuracy may bemadewith simpleapparatussuchasametrerule.
Apparatus suitable for diffracting and refracting microwaves are usually
available from the supplier of the 3cm wave transmitting and receiving
equipment.

Practice Quetions
1. A pair of parallel ditsareilluminated with light from a sodium vapour
lamp of frequency 5.09 x1014Hz. A seriesof light and dark fringesis
projected on to a screen 1m from the dlits.
(8 Explain why a bright fringe is aways found at the centre of the
pattern [3]

(b) Thedistancebetweenthecentral bright fringeand theadjacent bright
fringeislmm. Howfar apartarethedits?(c=3x10°ms?) 4

2. (8 ‘Waves from two sources can only combine to form a stable
interference pattern if they are coherent.” What does ‘ coherent’
mean? [2]

(b) A student sets up two loudspeakers to perform an experiment on
theinterference of sound. The loudspeakers produce sound waves
with the same frequency, which is known to be below 1kHz. She
findsapoint of annulment, i.e. apoint wherethenoiselevel isvery
low, at 3m from one speaker and 2m from the other.
Determineall possiblefrequenciesat whichthespeakerscould have
beenoscillating. Takethespeed of soundinair as340ms? 4

3. Microwaves with a wavelength of 6¢cm are directed towards a metal
plate. The plate is 20cm wide and has two parallel dlits in it. An
interference pattern is formed on the far side of the plate.

|
e [ 3)

‘ 20cm
u 30cm
(8 A microwave detector isplaced 30cm directly infront of one of the
dlits. The detector gives azero reading.
(i) Commentonthephasedifferencebetweenthewavesfromeach
dit at this point and hence explain why the detector gave a

N

j Detector

reading of zero [2
(i) Calculate the distance between the dlits [4]
(b) What would happen to the interference pattern if the plate was
rotated through an angle of 90°? Explain your answer [3]
4. (a) Explain the difference in terms of energy, between progressive
(travelling) and stationary (standing) waves [2]
(b) Thevelocity v of atransversewave on astretched stringisgivenin
the formula: s T
u

whereT isthetensioninthestring and L isthe mass per unit length.
Use this equation to derive an expression for the fundamental
frequency of avibrating wireintermsof T, u and itslength, L[2]

(c) Aviolinstringis35cmlong and hasamass of 2.25 g. It produces
anote of frequency 256 Hz when sounding itsfirst overtone. Find
thetensioninthestring [4]

_—
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Exam Wor kshop

Thisisatypical weak student’sanswer to an exam question. The
comments explain what is wrong with the answers and how they
can beimproved. The examiners mark scheme s given below.

The equipment shown in the diagram is set up for an experiment.

I oudspeaker\

mi c/rophone

(a) The CRO displaystwo traces: onedirectly from the signal fed
to the loudspeaker, the other from the microphone.

(i) Draw a labelled diagram of a typical display you would

expect toseeontheCRO [3]

2/3

Correct! but the student hasn't labelled the diagram —acommon
mistake!

(i) State two aspects of this display that would change as the
distance between the loudspeaker and microphone is
increased [2]

the phase difference between the wavesincreases
the amplitude of microphone signal decreases 212

Correct - 2 marks

(b) Explain how the CRO measurements can be used to find the
wavelength of thesound [5]

Gradually move microphone away for the speaker
Each time traces are in phase the microphone has moved one
wavelength. Count the number of wavelengths moved. Measure
distance moved and cal culate wavelength 4/5

Correct method, but the student did not state that the traces must be

in phase before the microphone is moved

. s phase
Examiner’s answers difference

(@) (i) Twotracesdrawn, out of phase vv/ <>
Labels shown v

signal generator

(ii) Phasedifferenceincreases v
Amplitude of microphonesignal decreases v

microphone

(b) Place microphone so tracesarein phase v
Gradually move microphone away v
Each time traces are back in phase, microphone has moved one
wavelengthv” Count the number of wavelengths moved v
Measure distance moved and cal cul ate wavel ength v
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Answers

1. (8 Atthecentreof thepattern, wavesfromeachsdlithavetravelledequal
distances. i.e. path differenceis zero v/
Thisimplies that the phase differenceis zero v/
Thusconstructiveinterferencewill alwaysoccur at thecentreof the

pattern, producing abright fringe v/ [3]
b ,_ ¢ _ X0 _
A= = Bo9x 10" - 5.89x 10'm v’

Let y = distance between the bright fringes

d = distance between dlits

D = distance between dlits and screen

m = order of the fringe counting outwards from the centrd bright fringe

_miD
- d
v
Whenm=1, d= /lyi
589x107x 1

= —— = v
d 1.0x 103
d =5.89 x 10*m v/ [4]

2. (a) Wavesfrom two sources are coherent if:
Their frequenciesareequal v/
The phase difference between them is constant v/ [2]

(b) ‘Annulment’ or cancellation impliesthe path differenceis an odd
number of half wavelengths, i.e. A/2, 3\/2, 5M/2, T2, etc.; v
The path difference = 1m
Hence: A =2m, 2/3m, 2/5m, 2/7m, etc. v/

Using f = v/A, givesthe following possible frequencies:

170Hz, 510Hz, 850Hz, 1190Hz, etc. v/

Asweknow that thespeakerswereoscillatingbelow 1kHz, theonly
possible frequenciesfor the sound are: 170Hz, 510Hz, 850Hz v/
(4]
3.(@ (i) Thewavesfromthetwoditsmust beinanti-phaseat thispointv’
i.e.phasedifferenceof © radians, givingdestructiveinterferencev’
[2]

(ii) Thepathdifferencefromeachof theditsmust bean odd number

of half wavelengths v/
A L 30cm
| C

B‘ path difference = L-30
Smallest possible path difference =A/2=3cm v/

Then AB2=332-30?, AB = 13.75cm v/

The next possible path difference, 3A/2 givesAB = 25cmwhichis
greater than the width of the plate v/ [4]

(b) The pattern would vanish. v' Microwaves are transverse and
polarised. v* With the plate turned through 90°, the microwaves
cannot pass through the slits v/ [3]

4. (d) Progressivewavesshow net displacement of energy fromoneplace
to anotherv’ Stationary wavesmaintain energy withinaboundary

and hence no net displacement energy occurs v/ [2]
(b) Infundamental mode L = %
A=2LV
=c_1y T
F= =2k~ 2]

(c) First overtoneL = Av’
T=vu=2u v

T=fL2 Lm=f2Lm\/

T =256°x% 0.35x 2.25 x 10
T=52NVv [4]
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