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ABSTRACT

The surface wave analogy of the diffraction of

light by a slit and by a grating was used to show

details of these phenomena which are unobservable in

optics. Details a few wave lengths from the source

(corresponding to anslit in optics) were shown and

compared with the pictures of the corresponding analogy

of a long, thin ultrasonic transducer. Also, the

alternation of phase and amplitude modulation of the

wave front in the Fresnel region of a grating, the

increasing complexity of the patterns with increasing

DA, and the similarity between the patterns produced

by amplitude gratings and phase gratings were shown.
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I. INTRODUCTION

Ripple tanks are widely used for demonstrating the

characteristic phenomena of wave propagation, such as

reflection, refraction, diffraction and interference.

For lecture demonstrations one usually uses low frequency

gravity waves on a water surface. The velocity of the

gravity waves depends on the depth of the water below

the surface: this fact allows one to demonstrate refrac-

tion. The low frequency necessitates the use of rather

large troughs: 75 cm by 75 cm is the size used by

R. H. Pohll. For special studies, more elaborate types

of ripple tanks have been described very early. Lord

Rayleigh2 studied surface tension prior to 1890 using

capillary waves and a stroboscopic arrangement. J. H.

Vincent394'5 worked in mercury before the turn of the

century, using an instantaneous spark for illumination

and photographing the results. Out of the large number

of more modern papers on ripple tanks, those presented

by J. Baurand6'7'8, H. Bondyo, O. Brandt and H. Freundlo,

A. H. Davis11'12, w. a. Dean13, G. Kreisell4, M. s.

Longuet-Higginsls'lfi, J. Larras and J. Laurent17,

R. Mercierls, B. Tylerlg, J. S. van Wieringenzo, and

Yamasaki21 are mentioned here as they contain interesting

special techniques, experimental results or theoreticalJ

considerations.
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In using a ripple tank, since the method is an analogy,

there are several factors to consider. For example, one

must consider the limitations on the analogy, the nature

of the motion, and how the meniscus, contamination of the

surface, and viscous damping affect this motion.

It is obvious that analogy between surface, sound and

electromagnetic waves can be expected for all phenomena

characteristic for every type of wave motion. For special

types of waves, certain phenomena may occur to which there

do not exist analogies in other types of waves. F. Ursellz2

describes, as an example, the trapping modes which are

characteristic for the theory of surface waves, but do not

occur in sound. The experimental observations have con-

firmed the analogy for the phenomena of reflection, refrac—

tion, diffraction and interference. However, one investiga-

tor, M. Bouasse23, concluded from an extended study of the

diffraction of capillary waves, that the Huygens' principle

had no validity for surfaceIwwves. This statement was in

direct contradiction to the results of E. Grossmann and

E. Biedemann24, who had found that the diffraction of capil-

lary waves by a slit revealed even the finer details of the

interference pattern calculated from classical diffraction

theory. The interference phenomena of capillary waves

studied in this thesis give a further illustration of the

complete analogy with the effects observed with electro-

magnetic or ultrasonic waves.
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The velocity (v) of the surface wave is given by the

relationship:

v2=fz)\2=(%*‘z%)finh 11%); (1)

where f is frequency, A is wave length, g is acceleration

of gravity, offs surface tension, f’is density and h is

the height of the liquid. For depths greater than A/2,

the hyperbolic tangent approaches one, so the expression

reduces to the terms in the brackets. Numerical values of

the velocity can be seen from the plot of velocity versus

wave length in Figure l. The curves are for water, clean

mercury and dirty mercury. The value of.A.for minimum

velocity is given by

Amm ‘ 13%:- (2)

This minimum for the three curves plotted is:

 

 

 

 

    

>\m fm vm

Water 1.73 cm. 13.4 cps 23.2 cm/sec

Clean Hg 1.29 cm. 15.7 cps 19.9 cm/sec

Dirty Hg .94 cm. 18.3 cps 17.2 cm/sec  
This minimum value is the dividing line between two

classes of waves. For large wave lengths, the term 2:

dominates. This is the region to the right of the

minimum value in the plot. The waves here are commonly

called grwvity wmves since gravity dominates. In this

region one finds that the depth of the liquid is important

in determining the wave length. This allows one, for
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example, to study refraction, since a variation in depth

changes the velocity. Therefore, by putting a flat piece

of solid in the shape of the lens on the bottom of the

trough, one obtains an area of different refractive index

in the form of a lens. For small wave lengths, the curve

era'

AP
dominates. This is the region of capillary waves and is

 

is to the left of the minimum value and the term

well suited to the study of diffraction. This region is

particularly desirable because the absorption is greater,

and, therefore, small tanks can be used. Also, with small

wave length, many waves can be shown in a small space.

It is well known that contamination of the surface

does affect the surface tension. Since surface tension

does enter into the equation that is dominant for capil-

lary waves, the velocity and wave length are changed for

a given frequency. This change in wave length is

immaterial, since the analogies still bold, but the

viscous damping increases and the contamination usually

shows up in photographs. In the case of mercury, the

surface tension changes from 530 cgs units for clean

mercury to 300 cgs units for dirty mercury. A thin film

forms after a short exposure to airzs. This film may be

skimmed off frequently by drawing a plastic straight edge

across the surface. Scum will adhere to the straight edge

and the sides of the trough, presenting a clean surface

again. In the case of water, fresh water is always
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available, so a clean surface is easier to obtain.

The viscous damping not due to changes in the sur-

face is a more important consideration. Davis12 has

shown that the effect of viscosity on harmonic surface

waves is similar to that on sound. This property is

desirable in the analogy to sound, such as in the part

of the demonstration dealing with beam patterns from a

transducer. In the analogy comparing light and sound in

this paper, it is important to have a large area relative-

ly free from damping.

Lamb26 has shown that for a depth of liquid greater

than half a wave length, the velocity is unaltered by

viscosity (1», and the modulus of decay (T7 is given by:

I

T=W k: £3—

Expressing T’in terms of A for water and mercury,

Toaster-9‘ Azsuonds and TH; 04 /o)\2' ; or for the same

amount of damping, a wave length in mercury can be one-

third that of waters. Thus, for an extended field,

mercury would seem to be favored slightly when using

high frequencies.
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II. EXPERIMENTAL APPARATUS

The optical set—up was designed to project parallel

light on the surface of a mercury pool and to project an

image of the surface wave on a screen or into a camera.

In Figure 2, light from the source 0 is focused by

lens F1 on a circular aperture 81. Light from 31 passes

through a green filter F and is focused on the barrier B

by lens F2. The modulated light leaving this point is

rendered parallel by the lens L3, and is reflected to the

mercury surface by the mirror M1. Light reflected from

the mercury surface is reflected again by mirror M2.

This mirror is placed as close as possible to M1 to reduce

distortion of the image by keeping the angle between

incident and reflected light small and by keeping the

incident angle nearly normal to the surface. An image

of the surface is projected by lens L4 on the camera or

screen. The camera used was an Exacta V, which has a

focal plane shutter, thus permitting the removal of the

lens.

In order to observe traveling waves in a stationary

lposition, it is necessary to provide stroboscopic illumi-

Iladdon. It is possible to obtain stroboscopic illumination

'53? using a mercury vapor lamp which is modulated at 120

cycles by the alternating line current and exciting the

dIi-pper on the mercury surface at the same frequency.

Although this procedure in this case was extremely simple
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it was abandoned because it excluded greater variations

in the experimental conditions. The use of a special

stroboscope was found to be much more satisfactory. This

stroboscope was made by interrupting the light periodi-

cally by a barrier attached to the cone of a loud speaker.

The speaker is excited by a signal from the same source

as the dipper in the mercury. A continuous light source

is obtained by using an incandescent lamp of such a type

that the light is not modulated appreciably by the

alternation of the line current.

The electrical system consisted of a Hewlett

Packard audio oscillator, model 2000 (so in Figure 1).

The output was connected directly to the loud speaker L81

driving the dipper (D). The signal was also connected

to a Knight audio amplifier, thus providing a means of

controlling the amplitude of vibration of the loud

speaker L82, used to strobe the light. The loud speaker

L81, used to drive the dippers, was a very ruggedly

constructed surplus U. 8. Coast Guard loud speaker,

type COR-63—D. A.rod was bolted to the voice coil in

such a manner that dippers could be plugged into the end.

For loud speaker L82, a cone was removed from a five inch

loud speaker and most of the frame was cut away in order

to get the speaker as close to the light beam as possible.

A small piece of wood, long enough to extend into the

light path, was cemented to the voice coil of the speaker.
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This loud speaker was mounted on a sliding track to

permit moving the speaker into and out of the light path.

Dippers were of three main types. Those used to

simulate transducer sources (Figure 3a) were made of

celluloid. Three of these were used, of widths .5 cm,

1.5 cm and 2 cm. These were cemented to a stiff wire

which plugged into LS1, The dippers simulating amplitude

grating (Figure 3b) were constructed by removing teeth

from combs until the right “grating spacing” was obtained.

The dippers simulating the phase grating.(Figures 3c and

3d) were constructed by running thin strips of metal

through the gear cogs used for corrugating in a sheet

metal shop. Various shapes, from a sine wave to a saw

tooth, could be obtained by varying the types of gears

and the pressure. Metal dippers used in mercury must be

coated with lacquer to prevent amalgamation.

Final adjustments were made with the dipper vibrating

in the mercury. The best adjustment is obtained with a

symmetrical dipper, perfectly level, and just touching

the surface of the mercury. Since this adjustment was

so critical, the loud speaker was mounted on a stand with

adjustable leveling screws in the three feet.

The stroboscope was easily adjusted by moving it

into the light beam. Best contrast was obtained by

moving it to the point where the light was almost

extinguished.
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In order to keep the mercury surface clean,

occasional scumming is desirable. After each use the

mercury was filtered.
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III. BEAM PATTERNS

Fresnel diffraction may be observed near a slit

illuminated by parallel light. The Fresnel region in

a sound field near a vibrating quartz is analogous to

the interference near a slit. Using the analogy dis-

cussed in the introduction, this Fresnel region can be

produced by vibrating a thin, rigid dipper in water or

in mercury. The width of this dipper is determined by

the appropriate D/A ratio for the analogous acoustical

or optical case. Since A changes with the frequency, a

range of ratios D/A is available for any particular width

of the dipper. Although the nature of Fresnel diffrac-

tion has been thoroughly investigated, the ripple study

.is very useful because this ease in changing the ratio

D/A makes it possible to observe a wide range of D/A

readily, and even to demonstrate the change in pattern

Vi th D/A to a large audience.

Fresnel diffraction for optics is well known and

the intensity distribution in the Fresnel field can be

calculated. However, only those structures in the optical

infiterference pattern can be observed which are large

cOlnpared with the wave length. The wave length of

ultrasonic or of capillary waves is very large compared

wi‘th the wave length of light. Therefore, even the

finest details of an interference pattern produced by

ultrasonic or capillary waves should be observable by
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optical methods.

Early investigators attempted to determine experi-

mentally the ultrasonic intensity pattern in front of a

slit or transducer. Placing a measuring device in the

field disturbs the field, however. Boyle, Lehmann and

Reid27 observed how small particles were driven by the

radiation pressure in the sound beam and collected at

points of minimum energy. This method allows one to

find the direction of the main lobes of a beam pattern,

but gives no finer details.

The development of optical techniques for the study

of sound waves permitted the observation of waves with-

out disturbing them. Hiedemann and Osterhammelzs’zg,

with these techniques, used long thin quartzes with light

passing along the longest dimension. The resulting

cylindrical symmetry enabled them to photograph sound

intensity distributions which could be compared directly

with light intensity distributions behind slits having

the same ratios of D/A. The symmetry inherent in sur4

face waves makes it possible for one to make the same

observations and analogies as did Hiedemann and

Osterhammel. Some of their experimental results are

illustrated in Figures 4, 5 and 6. Details of the waves

themselves are shown in the stroboscopic pictures,

Figures 4a and 5. The complete pattern of the beam can

best be seen in Figure 4b, which has the same D/A used
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for the stroboscopic picture, Figure 4a. This picture

shows the features far from the source, as well as the

near field. Figure 6, obtained by Osterhammelg0 shows

the details close to the source of maximum intensity.

From these pictures, one can see the intensity distri-

bution both in the Fresnel and the Fraulnhofer regions

and how the features change with a change of the

ratios Dfl\.

The theoretical prediction for an extended beam

pattern is illustrated in Figure 7. Much of the beam

pattern can be observed at low intensities for certain

ratios BAA in the ripple tank. At higher intensity,

the fine structure of the pattern close to the source

is made apparent.

Osterhammel analyzed this pattern for Fresnel

<dit1raction graphically. This analysis uses the fact

‘that the interference pattern from a slit can be repre-

sented as the superposition of a plane wave emerging

from the slit and a cylindrical wave from each end. In

Figure 8, the plane and cylindrical waves for a slit of

D/). = 8 are drawn as thin lines. The solid lines indi-

ctlte crests and the dotted lines indicate troughs. The

I ccembining of all points of the same phase gives two

groups of confocal parabolas and a group of confocal

hererbolas, with the edge point of the slit as a common

focus. The parabolas arise from superposition of a
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Figure 1. Directional Characteristics

of a Rectangular Radiating Surface.
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plane wave and azcylindrical wave, while the hyperbolas

are the superposition of the two cylindrical waves. In

Figure 8, the parabolas are the parabolas of minimum

intensity. For the complete intensity pattern, both

the parabolas and hyperbolas for minimum intensity are

plotted in Figure 9. The patterns agree well with

experimental results. However, one may get a nearly

perfect agreement, if one makes the drawing so that the

plane wave is 180' out of phase with the cylindrical

waves. Osterhammel had assumed sero phase difference.

31, considering the actual form ofGessert and Hiedemann

vibration of quartz, investigated the detail of phase

difference and obtained proof for its presence. For

surface waves excited by aldipper, both plane and cylin-

drical waves are in phase.

The ratio of DAR for the experimental results with

the ripple tank must be known in order to make a compari-

son with the experimental and theoretical results for

sound. Two methods were used to obtain this ratio, with

the results agreeing very closely.

The simplest method is to measure D and‘A.directly

from the pictures. In order to find D, it is necessary

to find the edge of the dipper which is obscured by the

meniscus. Since the circular wave fronts at the ends of

the dipper originate at the edge, their common center is

the edge of the dipper. D is then determined with
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dividers, and the dividers placed on asportion of the

picture where the wave fronts can be counted. This gives

u good value for the number of wave lengths in the

distance D.

The second method necessitates obtaining the actual

value ofAA from the frequency and comparing this with the

measured value of D for the dipper. In order to deter-

mine Axfrom the frequency, plots (Figure 10) were made

of frequency versus wave length for perfectly clean

mercury and for very dirty mercury from Equation (1),

using values off for clean and for dirty mercury, given

by Vincent. Then a series of stroboscopic pictures were

made from a plane dipper at known frequencies. The

magnification of the pictures was determined by photo-

graphing m scale in the plane of the waves. The wave

length was then obtained directly from the film and

plotted on the graph. The experimental curve falls

between the extreme theoretical curves, indicating that

the surface tension of the mercury used was affected by

contamination, but that the contamination was less than

the extreme conditions encountered by Vincent. Since

the frequency is adways known, the wave length is easily

obtained. The values of D/h obtained by this method

were in agreement with the values obtained by the other

method.

Knowing the ratios of Dflk, comparison can readily
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be made between pictures obtained from surface waves and

the pictures for sound. In all cases, the stroboscopic

picture is (a) and the time average of the intensity is

(b). The usual Schlieren method was used for both

pictures. Figures 11 and 12 show that the number of

lobes is larger as D/A increases from 2.7 to 6, although

the field of view is not large enough to show all lobes.

Since all the pictures presented here are in order of

increasing DAR, this can be observed in progressing

through this series of pictures. The details of the

picture close to the transducer, and how they become

more complex, can be observed in Figures 13 and 14 for

D/A changing from 7 to 9. The subsequent_pictures

illustrate this point for higher ratios.

Increasing the amplitude of vibration of the dipper

produces interesting effects. In Figure 15 is given a

pattern for a D/A of 19 at low amplitude; in Figure 16

is the same situation at high amplitude. The differences

between these pictures near the dipper can be explained

by the effect of the meniscus, which is to obscure part

of the pattern at low amplitudes. The similarity between

the pattern near the dipper in Figure 16a.and the corre-

sponding pattern in Figure 6 is also noteworthy.





 
a. Stroboscopic light. b. ‘Continuous light.

"a . Beam Pattern from a 1 cm Transducer at 53AJ.

 
a. Stroboscopic light. b. Continuous light.

Figure lg. Beam Pattern from a 1 cm Transducer

at 200M. D = 6A.



. 
a. Stroboscopic light. b. Continuous light.

Figure lg. Beam Pattern from a 1.5 cm Transducer

  ——_—' _.- P- . _- _

. Stroboscopic light. ‘ b. Continuous light.

Figure lg. Beam Pattern from a 1.5 cm Transducer

at 1874,. D ::: 9)“
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a. Strobosc0pic light. b. Continuous light.

 
Figure lg. Beam Pattern from a 2 cm Transducer at 3754J

With the Intensity of the Amplifier Very Low. D = 19A.

 
a. Stroboscopic light. b. Continuous light.

Figure lg. Beam Pattern from a 2 cm Transducer at 3754/

With the Intensity of the Amplifier High. 1) = 19A.
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IV. PERIODIC CHANGE OF FHASE

TO AMPLITUDE MODULATION

If a ruled Optical grating is illuminated with

parallel light and the interference phenomena immedi-

ately behind the grating are observed on a screen or,

in the case of fine gratings, by a microscope, real

images may be seen at periodic intervals. These images

are bright lines parallel to the grating elements. They

are amplitude modulations of the light wave fronts. The

sharpness of the lines shows that this modulation is far

from sinusoidal. Between these amplitude modulations,

there are phase modulations of the wave front. However,

in the optical case, this phase modulation cannot be

observed. For this reason, one must use analogies to

demonstrate the phase modulation. Nomoto32 diffracted

ultrasonic waves with a solid grating and, using a

stroboscopic light source, observed the way in which

waves interfered. His pictures indicate the periodic

change between the amplitude modulation and phase

modulation of the ultrasonic wave fronts. This phenome-

non in surface waves can be easily observed by the use

of a ripple tank. A distinct advantage of this method

is that one can produce the interference patterns by

both amplitude gratings and phase gratings. Analogous

to an amplitude grating is a row of point sources on the

liquid surface. This was demonstrated by Vincent3 for
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a plane grating and a Rowland grating. This may be

obtained by using a dipper which resembles a comb

(Figure 3b). The phase grating (Figures 3c and 3d)

is a corrugated strip of metal strong enough to avoid

flexural vibrations.

Since there is a periodic change between phase and

amplitude modulation in the wave interference, one would

expect the interference phenomena produced by either an

amplitude grating or a phase grating to be very similar.

This is confirmed in optics by the fact that the diffrac-

tion pattern produced by an amplitude grating is the

same as that produced by a phase grating. Figures 17,

18 and 19 confirm this fact for surface waves. In each

case, (a) is the picture of the waves generated by the

phase grating analogy and (b) is the picture of the

waves generated by the amplitude grating analogy. The

similarities are obvious.

The length of a period, defined as the distance

between identical amplitude modulated waves, is given

approximately by B ='2D[A, where D is the grating

spacing and )\ is the wave length. For D/,\ >71, higher

order terms can be neglected. This relationship was

pointed out by Lord Rayleigh33

Nath34, Nomoteas

for ruled optical gratings.

and Pisharoty36 independently derived

the same expression for the case of the ultrasonic

grating, provided we interpret D to be the wave length of



 
a. Corrugated dipper b. Comb dipper (Amplitude

(phase grating) f = 49.2AL grating) f = 46.5AL

Elgure l1. Interference Pattern Produced by Gratings.

 
a. Corrugated dipper b. Comb dipper (Amplitude

(phase grating) f 3 59AA grating) f = 754*

Figure 18. Interference Pattern Produced by Gratings.



 
a. Corrugated dipper b. Comb dipper (Amplitude

(phase grating) f = 79Ah grating) f = 107.5an

Figure 19. Interference Pattern Produced by Gratings.

 
Figure g_. Interference Elgure gl. Interference

Pattern for Corrugated Pattern for Corrugated

Dipper. f = 140Ah Dipper. f = 170Ah

D/A is higher. D/A is higher.
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ultra sound.’ The equivalence of diffraction of light

by a ruled grating and by an ultrasonic grating was

demonstrated by Hiedemann and Schreuer37.

This expression can be used to predict approxi-

mately the values of D and )xfor the simplest case of a

phase modulated wave front followed by an amplitude

modulated wave front with no waves between. This

condition is satisfied roughly by B = 4A or D ::fi'h.

A picture of this situation is shown in Figure 17 for

both the phase grating and the amplitude grating.

Figures 18 and 19 show the increasing complexities

of the patterns with increasing DAA, accomplished in

this case by increasing the frequency. Figures 20 and 21

are patterns for the phase grating analogy at still

higher frequencies.

Simple ruled optical gratings can, in first

approximation, be regarded as an array of line sources.

Each line produces a cylindrical wave. The phase modu-

lation produced by such gratings is therefore similar to

a sinusoidal one. This is the reason why the patterns

produced by a comb are so much like those made with a

corrugated dipper.

Is a saw-tooth form of phase modulation can be

easily produced with capillary waves, the pattern before

such a source (Figure 3d) was also studied. Under
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certain conditions, the pattern is very similar to the

pattern from a sinusoidal source. Under other conditions,

the shape of the source is repeated. This is illustrated

in Figure 22.



 
Figure 22. Interference Pattern

Produced by a Saw-Tooth Dipper.

f = 44A).
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