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model seismic experiment ts doserlbed using an 

electric spark as source and natl..= Titanate as detector. 

The measures taken tj reduce pick-up from the s7ark it&"r e  

are cscrtbed and an account is given of the dcsign of the 

low 17', Partum Titante detector. The tteory of thc rtum 

TItansto detector is developed, but co,)1d notto applied to 

the ::ete or at low C. 

:xperiments were condlIcted in a tank I metre square 

by 30.5 em. deep, filled with water, and a sequence of re-
cords tan with the detector At various depths beneath 

the water surface revealed a strikinE change in waveform. 

The first and second arrivals were the direct (P) and re-

flected (P21) waves respectively, and it is suggested that 

interference is the probable cause or teFhenomenon. ori- 

zontal traverses were made acroot:. t'-,o tank with a rate 

slab llole14  4 x 63.5 ems. x 3.E3 cms, thick, in various 

positions in the tank. Reflections refractions, and di- 

rect waves were discerned in the records. 	or traverses 

with the detector at the urface there was no ev1dence of 

a hi -fre7u_ey water wave as encountere In seismic work 

at sea. Fvidence or coda was found on the refracted wave 

from the slab. 
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TY 

Perhaps, of all, the earth sciences, eeOloEy 

has revealed moat informatton about the structure A* the 

earth. In geophysical proapecttn too, it can be climed 

that the seismic method has, considering all other methods, 

been the- most susses ful In the se,Arch for oil. With the 

introduction of the ftrat sensittve seismograph b y  

seismology became quantitative and from seismic records the 

information accumulated has led. to the. identification of 

the various boundaries within the earth's itterior. The 

same infor-ation has also led to the d 

 

velopment of Trnvel- 4, 

 

time tables of which the most familir is the Jeffrey s-

Bullen tables, All this information, toether with la 

knowledge of tit of occurrence of the initil disturbance, 

is bnsed 'mon the Interpretation of the 6eismograph record. 

In the simple case of a vertical impulse on the 

free mIrface of a semi-infinIte medium, the seismograph or 

geophone detects at positions on the surf7T_ce a complex lin-

tIlrbaneo compounded of a number of waves or l'arrivsla" of 

differtng velocities and different modes of motion. The 

componts„ longitudinal (P) and transverse (s), whIch 

travr21 thouh the medium with a high velocity are the body 

Wave9 	that propagated slonE7 the surface at a lower velo- 

ctty i 	alled the Payleigh wave (L) whose motion, consist- 

ing of longitudinal and transverse movements, takes place 
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in the verttcs3. plane parallel to the path of the wave. 

76r a surface layer, resting upon a medium of hiEter velo-

city, another surface wave can exist known as the Love 

wave (LC,) whose motion to transverse to the •dtrectlon of 

ttn path and whose veloctty depends upon the wavelenRth 

and varies between thrt of the 3 wave in the lower medium 

and that of the urfce layer. The Eeophone or seisznograph 

motion, in this case to further compllcated by the addttlon-

al arrivals renerated by reflection And refrnction of the 

holy wavesat t lower boundary of the surface layer. 

These "arrivals" all arise from .the vetical impulse applied 

to the free surface, and moreover tir. rg_ selective abeorp-

tion and dispersion in their passaEe thmle, the metum. 

Port of this complexity is due to the elastic behaviour 

of the medlum and part I.v2 to the nature of the initial 

disturbance, 

The aforement7„oned travel-time tat.les aseist in 

the tdentttcrttOn of these waves in addition to certain 

eiptrtoa1 criteria such os the nature of the onset, the 

period an!, chanEe of phase. it is obvious that if si7tlar 

recorls caul be obtained in the laboratory under controlled 

conditions much know..ed7e mielt be Rratne, in identification 

of to "orrtvuls" 	of the processes Involved in their 

propoEstion. In addition, it would enatle a study of the 

mode of genorstion of the 	o to be made since the nature 
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of t, source le lergely known. Other aspects, hitherto 

neglected, whoeo atudy may be well worth while,: are. the 

Rebound roll' encountered in seismic prospecting, the 

information Vint would accrue from the exeminetion of am-

plitudes in seismic records, the mode of propegetion of 

waves elong layers of the dimensions of the wavelenth. 

Again, the Lamb problem where the cause of the diapersion 

that converts a eingle impulse into a lone train of waves 

is not fully enderstood, although the recent work of 

leirgery Newlands2  is a step forward to the solution of 

this problem. Another sublect that is opening up new 

fields of investigation is seismic work nt sea with the  

recently discovered "water wave", "rider wave" and "Airy 

phase" in shallow water work.3  

Generally, seiseoleFy and ecismie prospectin 

has to deal with media of unbounded lateral extent and of 

thickness of the order of the weveleniths encountered. 

Fieproduction of this situation in the laboratory is feasible 

if frequencies considerably higher thar those round In the 

field ar ,sed., As shown by 7,aufmen 	'eoever4  with the 

same elastic eorstants of media an An the field a reduction 

factor of 104' for leneth gives n factor of 10 for fro-

vency. pence for 5-100 cose. es nereelly used in seismic 

work (seismological frequencies are lower than these) the 

freqeencies in the laboratory nEe1 to be of the order of 

5-100 kc.p.a., the wevelengths for which ere se ficiertly 
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Fret to be unaffected by the particle size of the 	At 

and elfficiently small to construct models of the same order 

of thickness. For the ci!ne of a tank containing the mediUm 

tn which the model to be examined is placed, the dimensions 

of the medium are restricted so that the obserwItion time 

is limited to that of the hi7test velocity component of the 

thttal disturbance travelling by the shortest reflected 
path. The medium must be homogeneous Ar',1 of fine grain and 

preferbly por.sess elastic constants that give the highest 

velocity contrast between the ,,,terious phases. Th trans- 

sin loss of the medium must be low If severe sttentton 

is to he f-lioided; media used by workers in this field have 

been either water, wax or concrete. '-utter hats no serious 

transmission lore 	but oes not propagate shear waves* 

Of wax and concrete, wax has the hinter transmission loos 

and both are difficult to cast as a homogeneous block ns 

in setting there to the tendency for the Fravitational 

separation of components, and with wnx in articular„ cavi-

tation or the rapid solidification of the outer surface 

while the inside remains molten, mak4.is casting a troutle- 

some probl. 

The first account of a mocl seismic experiment, 

which initiatef.1 this work, wne in a paper ,elivered, at the 
4 

Third orl.i Petroleum Congress at the Fague, 1951, and 

since tten number of papers hove been published on the 
0 



sublect. Yautman and Fcte. 4  need an electric psrk as 

source and a miniature' displscement eophone iu 'etector 

with a wax medium. Compressional and isyleigh waves were 

detectd ir a time-distance traverse across the block and 

shear waves by embed(ling the detector within the wax so 

that it was unaffected by the surface waves. The expert-

nertal results for the layleigh wave showe no evidence 

of dispersion, agreeine well with th' theory of Lamb. In 

contrast, Northwood and AsIdersonP using n concrete hloc1 

and 1,1oche1le aslt source nnd ,3etector, reproduced the 

oscillatory character of the typical seismic record. 

Also, using: a source giving a shear stress to the medium 

FITS! acting transverse to the line from the source to the 

aetector, produced a strong 3 phases By experimenting 

with a free surface con .sting of a metal hemisphere cov-

ered with rubber with an nir film between, they showed that 

minimum path reflections produced a tail or "coda and 

maximum paths a "prelude". Tlowes, Tedals-Flores and Fan-

dolph used an electric spark source and a narium Tttante 

accelerometer on limestone immersed in water. 7vans and 

his co-workers7  worAnE with a Lithium ulphate source 

and n similar detector on a medium of plastic plates have 

identified clearly Pt  L, PS, SP and multiple rdlectiona. 

They also described methods of visual observation of  

elastic waves by photoelasticLy 	schlieren photography. 



A brief report has been published ty Levin and Hitt:112,-

ot an entirely different approach to model study. An 

enaloeue computer le presented with n eingle layer case 

and recorle are produce of all the arrivals comronly met 

in setsmic prospecting. Oliver, Press and "ewtng describe 

an eleennt metho0 for model nelseology in two-dimensions, 

applying ultrasonic pulses nt brief time intervsls to 

thin diesel by means of Barium Titanate tran encers and 

presenting the event as a stationary veva on an oscillos- 

cope screen. 	tnce the form of the equation for Rayleigh 

waves is unaffected if the eolid dilatational velocity 

is replaced by the plate dilatational velocity, model ex-

perimente onn be performed on thin elect; cirri these can be 

built up as concentric models to simulate layer 7roblems 

and model earths. They detected wIrfece and body waves es 

well as a constrth1 number of reflecte 	eses. Remelts 

on Flexural ard Rayleigh wave dispersion agreed well with 

theory. 

The model seismic experiment which is described 

in this thesis uses ar electric spark as source and Partum 

Titanate ns a detector. The medium was wnter and the 

source impulse was spell• above th 	 rface so that no 

complicntions arose from the bubble effect. Later experi-

ments were re on a slate slab immersed in the eater. 



CHAPTER 1.  

A?PRA'ru5,3t  

112g et.I.ZeUl 

In the bloek diagram of the method, illustrated in 

Flee  1, the 3000 volt D.C. power supply cherges an 8p F con-

denser acrosa the two outer electrodes of the sperk. A. pulse 

of 100 volts amplitude, Initiated by the control oscillator 

induces n voltage in the secondary of the induction coil suf-

ficient to cause treskdown in the sap between the inner elec-

trode an0 the outer earted electrode of the spark. The tont-

setion of the air between enables the main gap to break down 

and the Sy F condenser then diacharges across it. The time-

base or the oscilloscope, connected to the earthed electrode, 

is triegered at this instant and the beam which la occultod. 

between shot a la at the name time restored to a pre-set in-

tenslty by a eynehronoue else from the control oscillator. 

The event, received by the detector in the tank, is emplified 

and. appears on the oscilloecope trace subsequent to firing. 

The time is measured by the number of cycles appearing on 

the second. trace, the amplifier of which to connected to the 

timing oscillator. The stabilised power supply provides high 

stability .T. to the wide band amplifiers 

The Tank, 

This was constructed. of wood, the inner mortices 
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being coated with a tar compound to render it waterproof. 

Its internal dimensions, 1 metre square x 30.5 cms. reduced 

the useful distance between the spark and detector, mounted 
-> 

along the centre line (Fig. 2) to /' 50- d2  where d Is the 

depth of water in the tank. This formula is based on the 

comparison between reflection from the floor of the tank 

and from the wall perpendicular to the spark detector axis, 

assuminF the spark and detector to be situated at equal 

distances from the centre of the tank. 	or a depth of 15 

cms. the maximum separation in 46 cns. which was quite ade-

quate. reflectiors from the wall parallel to this axis re-

quire d (50 cms. Four 7.6 x 7.6 cms. wooden posts tThstered 

to the corners of the tank supported in cantilever two 

wooden rails 12.7 ems. apart. fiy this means the spark sus-

pended from one rail as mechanically Isolated from the 

detector suspended from the other. To make a time-distance 

traverse across the tank, the spark wan permanently bolted 

to its rail and the detector 'moved at 2.54  or 1.27 CMS. 

intervals by boltin it through pairs of holes 5.1 ems. 

apart at inter‘mls of 1.27 cms. Previously, the tank had 

extensive use in laboratory resistivity work and was 

thoroughly saturated with salt, precluin the use of the 

spark below the surface of the water. 

2ouroe. 

3) Three electrodes of brass were mounted 

fri 
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in n 1.27 cns. disc of tufnol with recescej holes on its 

opposite side for Attactin. : the leads. On the tips or the 

outer electrodes small platinum points were mounted to re-

duce burning and the gap was adjusted by e. milled bskelito 

spacer in the ends of which were fixed a left-handed and a 

right-handed screw which were threaded into slell bosses 

on the electrodes, Polythene tubing was fitted to the 

ends of the leads and sealed, to the tufnol disc with aral-

dite cement and effectively prevented any flash over at 

this point. A perspex tube was fitted around the electrodes 

and screwed to the tufnol mount. The rear of the tube was 

closed but drilled to allow the passe or the leads to 

the 8p-  condenser, Power for this condenser was provided 

by a voltage doubler full wave L.C. power supply whose 

constrectional details are Illustrated in Fic. 4. Two 

rectifiers, (Briar R11/s) shown in FIE. 4, operating al-

ternately at each half cycle supplied 50mA to the rectify-

ing circuit and the condenser waa (ierced through the load 

resistance,  of 60K-n-to 3000 volts. Separate 4 volts, 10 amps 

filament transformers were utilised or each valve. 

Control Cacillator. 

In preliminary experiments with this oscillator 

pick-up was encountered on the beam trizgerine pulse due 

to the oscillatory disoheree in the primary of the in-

duction coil and the. resent circuit, Fig. 5, was evolved 
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to prevent this. Two thyrutron re1xtton oscilletorn are 

seeersted by a tetrode, (6v6) which effectively stopped the 

transfer of damped oncilletIons from the spnrk trigger stage 

to the beam, trigmering stage while still allowing the thyra-

tron, (6K25) to control the discharge of the thyratron (GTIC). 

Thyratrons were used as discharge rates of lens than 1/second 

can be obtained. The condenser C1  in the plate circuit of 

the 6X25 charges up to the plate supply, 300 volts, and dis-

charge takes place through the thrstron fit a grid bias of 

-15 volts Determined by the control retto or ratio of plate 

volts to grid volts, which Is 20 for the 6Y25.  By altering 

the settine of the rheostat .R1  the bins was aecreased„ in-

cressing the rate of diecherge for a given setting of C 

The pulse width was varied by the variable resistance R2  

in the cathode circuit or by altering the settine;  of C2 at 

the output to the beam trigger. This enabled the duration 

of the pulse to be co-ordinated with the lenzth of time 

base used, 150 microseconds (ys), 500ys 	For single spark 

work, as when photographing events, r was adjusted so that 

the 6X25 t!lratron remained quiescent when 01  was fully 

changed 1.d the push button S depressed momentarily, de-

creasine the grid bias, so that a sinele fe-ark occurred. 

The event was then automatically recorded by the camera 

mounted on the oscilloscope with its shutter held open. 

The thyratron (GTIC) was biassed to quiescence by the fixed 



voltage drop in the cathode resistor 
	the tetrode (6V6), 

the application of the pulse from its 
	e to the p'rid of 

the thyratron ceasing discharge. 

Amplifie  

or faithful reproduction of the detector output 

design requirements are beat based on time rather than fre-

quency considerations. On receipt of the stgnal the res-

ponse must be rapid, us must be the recoveryipand the output 

wave for must conform with the irolt. This ::esign. Fi. 6, 

is similar to the voltage amplifiers u‘„: for faet trona!" 

nts in nuclear workl°  and consists of a cathode follower 

input with two sets of three atage wvlifter, with a feed-

back loop, each set comprising two hiEh gain stages succeeded 

by a cathode follower. ,-, id response Is detemined by the 

bandwidth and a measure of the raptdity is iLlvon by the 

rise tthe Tr. An approximate relation t.etwcen rise time 

and tandw 
	

la 7.iven by 1° 

Tr f2 't a 
where r2 	also known ae„ 	upper half-power frequency, 

100 itc.p.s. 	the present cfAEte (see respoLae curve it. 7) 

giving Tr 3.Ps - 
The lower half-power frequericy fl  provies an indi- 

cation of the recovery time and the falttful a7iplific3tion 

of the transient. it can be shown 10  that he amplitude 

dieortion produced by signals closely following each other 
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is avoided by tho ineertion of a short tine constant in the 

high gain stages, in this cNse a 0.001? F coupling oonden-

ser with a 1 megftFrit': leak. This same time constant 

determines the fidelity, for on the appl cation of a step 

input, the response for small deviations falls off by the 

fr,zotional amountl° 
	

) T  

in time T, tbere 
	 n 

are the interstace time constants, I the ht' 7ain stages 

the interstage time constants are 0.02 y secs. and 0.001p 

secs. so that S* 2000T. lence the response following a 

step function input drops 15 in 5jJS. 
The crain of the amplifi r (71e. 7) in the mid 

band position, 50 kc,p.s. is 15,000 and is 3db down at 

400 c.p.s. At 1 megacycle it is 10db down, IR reduction of 

the gain by I/3. The responee at hizn frequencies vims sus-

tained by shl,int-compensating the high Fair stages insert-

ing 35 micro henry indlctences in the plate circvlits of the 

7791 high frequency pentodes. This ird,ictance was calcu-

lated from Vle formula L =o(R2C where is the plate load 

resistance and C isthe psrasitio eapseitance, oonsisting 

of wirtnE capacitance and V.le,  inp7't and output lnter 

eledtrode cnpacitancec of the valve, and 0( deternires the 

amount of compensation. For critical compensation 

for above this value the amplifier overshoots on the 



APP etAticm .1f a step input volts e and oscillates ohot 

t- 	signal level. In this case 	9JF, 	3.5 KA giving 

(c.:1;* 

	

1-a.ch feed-back loop w 	ecouple by 4p7 con- 

densers and cathode bypassing the second high gain stage 

in each loop increased the gain considerstly. Psrasitic 

oscillations were avoided by the cathode followers between 

the Mgt ea in otages and b the use of feed-back which 

also improves the gain stability and linearity of response. 

771nil 6611-grid stoppers were slso inserted to destroy these 

oscillations. The TF91 high frequency pentodes were chosen 

from the constderttton of the gain-bandwidth factor, where 

if 	is the gain and 	the transoonductance of the valve 

Gf2  = 2; 
where C is the parasitic capacitance. The 7F91 has a high 

transconductamce of 7.6 mA./V and C. 9,ppF. By connecting 

the pentodes as triode cathode followers the effect of the 

Interelectrode capacttonee is reduced and the gain it near-

er unity than for a triode. In the Input and output the. 

csthode followers provide impedances !notching to the de-

tector nnd. oscilloscope respectively for tt-:,e,  inplt Impe-

dance is essetially that of the grid leak resistance,680

which was found to be a satisfactory termination for the 

coaxial line from the detector. The cathode Testator of 

the in7ut enthode follower was arranged as an attenuator 



of 7 positions giving, gains of 0,500, 1700, 3000, 5600, 

11200, 15000, fine gain control within eech attenuate!' 

step being provided by the 24e. potentiometer, All file-

mente were A.C. heated except the first which was D.C. 

The ntebilized 7pwer,Wpolv.1°  

(Fig, 8) Two triode conneotec output pentodes 

(6Y6) tn parallel are connected in series with the positive 

line from a convertionni trensformer-rectifier-filter sup-

ply, A fraction of this output voltage from the cathodes 

of the 6Y61s is compered with a fixed voltege from the gas-

filled voltage stabilizing valve (V.R.105) and the differ-

ence is amplifed by the 64147 connected an a ninele triode. 

The oetput, applied to the grids of the 6Y6's, 'ftords 

degenerative compenastion for any fluctuntion in the 

rectified supply. The voltage measured nt the cathode and 

grid of the 61,7 double triode difference amplifier was 

100 volts, ar the ripple, measured on the oscilloscope 

was 5 x 10-4  volts. 

Th. Tletne Oseillator, 

:he majority of photographs were taken wtt 150? 

sec. and 500? sec. timebsses with timing waves of 100 kc 

and 50 kc respectively; proviled by a Muirheed-Wigan decode 

oncilletor connected to the A2  amplifier of the oscillos-

cope. The accuracy to specified an 0,2% so that the 

period at 100 kc is 1010.02? secs, or an error oft 0.3p 

secs, over the length of ti-e, 150 sec. time base. For 
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50 kc at 500 y secs. the error per period is 20t 0,04p secs. 

or 1? sec, for the entire time base. The hourly stability 

is O1O5T t a1i frequencies in kilocycles, repreeentinF. 

P change ir period of 20t 0.01y secs. It 50 lie. 

he Og 
	los 

A double beam Cossor oscilloscope, model 1049, 

incorpomttne beam triEgerine and ttrne base tri. gering, 

the polarity of the latter being selected by the trigger 

or synch control. on the oscilloscope panel and the beam is 

witched Cr. by the application of a negative signal of 

amplitude 12V. The output of the preamplifier was connected 

to the 	amplifier whose frequency response was 1-100 kc.p.s 

with nTr  of 3? secs:, and whose maximum gain was 900. In 

most applicntions the 100 and 300 volt ranges were used 

representing a Fain of 3  and 1 respectively. With the 

high frequency timing waves on the A2  beam, inter-modu-

lation occurred between the beams which couldonly be avoid-

ed In recording by taking double exposures with the oscil-

lator switched off and amplifier on for the first, and 

oscillator on and preamplifier off for the second, and the 

Al  team moved off the face of the oscilloscope tube. To 

secure adeTmte exposures in the pho.ography the normal 

2kV potential of the tube was. altered to 4 %v. The reeeiv-

ing equipment, amplifier, control oscillator, oscilloscope 
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timi. s oaai1lator are sht rn in Fix. 9 

hotoa.ra  

For the short expo cores Involved it was ne e 

to use a very fast film. Yodak R60 ftl, was found very 

shit lble tht sacrificed resolution for speed. The blue 

tube of the oesor model 1049 Is a vital 	ctor in this 

type of photorTaphy. The camera: a Coseor 7,vode1 14214  has 

an f/3.5 fixed focus ens nnd a r, ',.action ratio of 

To comp1 to thischapter, it is worthwhile to 

devote a separate section to the probem of pick-up. At 

the outset this proved so severe as to swamp completely 

the,  amplifier on the 	 harge of the spark with the result 

that the detector output could not to observed on the oscil-

loscope. Both the trig7eb spark and the main spark con- 

tributed to this effect 	oscillatory aischarge occurred. 

in the secondary of the Induction coil which peraieted for 

the entire length of the 500J.Jnec. time tane. 	similar 

but shorter oscillatory discharge occurred between the main 

electrodes of the spark. The menenres taken to reduce the 

rick-up to noglie e pronortions are lintel; 

(1) coaxial cable between all units 

(2) flexible conduit provlding additional. screening to the,  

Coaxial cables for the lends from the EpF  condenser to 

the spa rte and the lend from the detector to the pre-

amplifier 



Ti nu no oscillator 
	Oscilloscope 

FIG.9. VIEW OF RECEIVING 
EQUIPMENT 

4/77pli fier 

4777phfler 
stabilised 

sup,o/y 

Control 
oscillator 



(3) damping resistors Of 1004in the secondnry leads of the 

induetion coil 

(4) a suppresnor capaettance of 0.00 J.) IT, 4 kV aerosv the 

secondary of the Induetion coil 

(5) a thyratron across the primary of the induction coil 

arrenged to fire after the first half cycle of oscillntion; 

this wan later discarded as it produced no ap7reciatie 

effect in the secondary 

(6) separate earthing; best results were secured by earthing. 

the spark, apar% power supply and indetion coil secon-

dary to an earth separate from that of the apparatus on 

the receiving side. rarthine on the source side was 

provided by a copper hot water pip pond on the reeeivinE 

We by a metal stake....riven deep into the Frolmd. To 

avoid loops in the system all earthing WAS taken tø a 

common point, in the case of the source the earthy side 

of the 	7.z' condenser, and for the receiving side a point 

on the standard chassis frame. (see Fig. 9)Wttrips of 

copper foil were then taken from each of these points 

to earth. 

(7) earthing  earthtn water tr tank to the source point 	einp the 

detector when immersed in the water insulnted by a co t 

of paraffin wax. 

(3) ereaning the condenser terminnis en1 earth lead. This 

prevented string, an additional source of pick-up. 
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(9) avoiding metal in the vicinity of the detector; the 

spark and detector rails were originally of flexion and 

proved most unsatisfactory. In the same manner, in 

earlier tests on a block of clay. a 'three iron case was 

placed around the spark and detector ad had the effect, 

contrary to expec atton, of increaning the pick-up. 

(1 all A,C. leads were enclosed in earthed metal conduit. 

50 cycle maina filters were tomd to be of value for 

the control oscillator. 

(1 screening all units in metal boxea. For the spark, i" 

aluminium completely enclosed it with an aperture in 

the front plate of 2" diameter to allow the passage of 

the acouetic pu 	Tests with the spark and detector 

in different positions *bowed that the pick-up was muoh 

less when the detector eras immediately in front of the 

spark, with ite lend in line with the spark leads, than 

when it was placed alongside the spark with the tondos 

parallel. The insertion of a 4" x 2" diameter bresa 

tube in the front aperture of the spark reduced the 

pick-up in the first of the above positions consider- 

atly. Uowever, it w 	found necoseary, as will be des. 

rbed later, to remove all screening from the sperk, 

for the precence of the metal surround and tube pro-

duced unwanted acoustic reflections when placed n 

the surface of the water, 



(12) screened leads were waled for eonnect1one in tic ear 

sVceesa of the aTplifier and the attennator was enclosed 

In n cylindrtoml aluminium cannister. ,%11 common. leads 

were oldered to a single linerunnine the Zenith of the 

socket aasezIbly and supporte or tnemlated stand-offs. 

One end of the line W58 then taken to asinel earth 

point on thechassiso 

fhort-ciroulttre the limitine ctre'llt on tho ,rtd of 

the first valve of the oscilloscope Ai  wr4plifier. 
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CWT IX.  

T4E DETECTO!.1.  

7actors Lrfiuenctrw the Design. 

esonant Frequency: To minimize amplitude and 

phase distortion in the detector response, the woreing fre-

qeencles shoul.! be within 40% 4.̀ : the resonant frequencyell 

On reducing the field seismic method to the laboratory 

scale while maintaining the same ratio of wavelength to 

structure size, the working frequerciea are increased by a 

factor of 103, i.e., field frequencies 50-100 c.p.s. become 

50-100 ko.p.a. and with the above criterion a resonance of 

160 kc.p.s. is necessary. 

Size: A further requirement is the size which 

must not be comparable with the wavlength if diffraction 

effects are to be avoided. In water at theabove freqeen-

cies the wavelength. is of the order of 2.5 ems. !lowever, 

this effect did not prove as troublesome as expected al-

thoegh the dtensions of the detector head were the same. 

valee: A further need, to secure the resolution 

of later arrivels, is a low Q, of a value less than 10 to 

resolve nrrivals arisine at two surfaces of 2.5 ens. separa-

tion in a medium of velocity 4,600 metres p.s. 

Types of transducer: A number of types, of trans-

ducer were examined, and quarts, althoueh feaeible, proved 
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costly; for the resonant frequency, bleorth unite were 

idpracticnbly small. A Barium Titanate disc WAs finally 

selected for reasons of robuntness, hieh seneitivity and 

the predominant fact that they were donete to the author. 

partum Titanat(p. 

This ceramic becomes electrostrlettve on polar/-

zinc in a :).C. field of the order of 0,000 v.p.cm.., the 

mode of vibration being determined by the direction of 

polarization and the shape. The discs used were biased in 

the thlckness direction and the flat surfaces silvered; the 

fundamental modes were radial and axial in the  region of 

160 Itc.p.s. and 1 megacycle p.a. respectively. In the  

theory described in the Appendix, the excitation of the 

fundementel axial mode in neglected ae itn resonant fre-

quency lie well beyond the workine range. 

ether worker: A number of authors have investi-

Ested the odes Of vibration of cylindrtcal discs but no 

attem.7.t has been made to derive the response of e polarised 

Barium Titannte disc behaving as an accelerometer,. The 

stress equations and electrical impedance have been deve-

loped by W. P. Mason.12  for a disc whose thtckneee is suf-

ficiently small that the displsceroent in, this direetton 

can. be neelected. In the Appendix, the electrical impedance 

Is derived under the same conc ttoria, but by the different 
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process of deriving the e,eneralized equivalent circuit 

which is valid at all frequencies. 

T.1 approximate equivalent circuit has been derived 

for froquenciel in the vicinity of resonance by achmidt 3 

and a very complete account of the mechanical behaviour 

is jiver. by R. R. Agarwall4  who takes into consideration 

the effect of axial vibrations and demonstretes the com-

plex displacement of the disc's surface at, successive res-

onances. 

Responnel The standard reciprocity method re-

giltres an accurately calibrated transducer to excite the 

sound. field or the unknown, but the method is restricted 

to frequencies of a few thousand cycles. Harrison, ykes 

and Marcottil5  have extended the range to l) kc.p.s. end 

have shown that a calibration can. be  obtained. with three 

unknown transducers. Three experiments suffice to deter-

mine the response, one of which requires a known acoustic 

Impedance tetween the two transducers and the size of the 

medium utUt 	as an tmpedanci detormincs a limit to the 

maXimum frequency far which the method is antisfactory. 

!lost erratic results were obtained when two 'erium Titannte 

risen were used as driver and receiver on a 15 cm. cube of 

paraffin wax , and the method was discarded in favour of 

a theoretical approach. 
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The electrics1 lepedance was measered experimen-

tally and compared with the computed velee of the theoreti-

cal expression, which in turn was based upon the physical 

dimensions, casacity and resonant frequency of the disc. 

Agreement between the two was improved by the inclusion 

in the theory of a meohanical loss term which obviously 

controls the Q valu of the dise. To increase the damping 

and thereby decrease the Q,  the disc was backed with etal 

and the pleotrtoal imeedance of the composite of disc and 

backing, again determined experimentally both in air and 

in water, on the assumption that the Q value determined 

would thus include the inherent mechanical loss of the 

disc, the effect of the backing andthe loaing effect of 

the medium. In the theory this necessittete the more 

accurate calculation of the electrical imseeee thoor-

porating loss. !Satisfactory agreement between theory 

and experiment in this case was not secured as described 

in the section on detector meneurements, but the theory 

did give a good indication of the Q value obtained. 

Detest°, Construptions 

It was mat desirw,le in the designto achieve 

as low a value of 41 as possible. 7arlier attempts in 

mounting the Barium Tit nate discs under stream met with 

little su'oess, for the two reasons that the output wave- 



form wis not often repe:tntle and the value of the design 

WAS ineeffi iently low. During these tests the polythene 

core of the coaxial ho/br on which the unit waa mounted 

produced undesirable effects due to the high elcttctty of  

the polythene, and subsequently Apbeno1 holders with a 

herd cernmie core were uaed. 

7ventually the construction was modified to the 

form illustrated in Fig. 10. The backing, 7.6 cm. long x 

2.5 cms. diameter is attached to the rear surface of the 

Rarium Titannte and at its other extremity in drilled and 

tapped 4 B.A. 	A 4 B.A. threaded le length. of brass is 

soldered into the pin of the coaxial holder and screwed 

into the rear of the backing provitn7 mechanical support 

for the emit. To the front face of the narium Titarate 

is fitted a circular aluminium sleeve of sufficient 

diameter to clear the sides of 	disc. A circular flange 

at one end of the s1eve rests stnst the outer edge of 

the ise's front face, effectively damping any hi7h fre- 

quency vlb 	ions excited by the impact of the acoustic 

pulse. The whole was surrounded by a brass or copper jacket 

with 4 ]i.A. screws soldered. at Its end and which secured 

the jacket to the !phenol socket. Brass and aluminium 

have a charactertntic acoustic impedance akin to that of 

Barium Titanate. 



gackin kip cap 

41, 

• 

_racket, 	 Barturn %nate Disc 

Section through jacket 

FIG. 10. DETECTOR - ASSEMBLY 
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Bras* = 2.90 x 106  

ikluminium = 1.39 x 106  

1aTiO3  2,37 x 106  

and the choice of these materials for backine prevents 

reflections occurring at the interfece between the backing 

and the diec. Die° No, 21 was backed with brass and disc 

no. 35 was backed with aluminium. By tapering the back-
ing toward the remote end, the possibility of reflection 

from this end was further reduced. Of great importence 

in 1owerin7 the Q Is the fit of the dlec to the backing 

and immense improvement was obtained by removing the silver 

plr,te from the disc and wrinding it on the face of the 

b9cktn7 with fine grade carborund,tm powder (Jaoxite No.125) 

until both could be wrene together. To make a permanent 

bond, vector's kinds of cement were tried ranging from a 

mixture of beeswax nnd resin to dental plaetica and cement, 

but all, bein7 highly nonweconducting, reeeired the tamer-. 

tion of a etrip of foil between disc and backing, spoiling 

the effect of the fit obtained by grinding. This was 

avoided by smearing disc and backing with Aquada, then 

beating the loin Fertly until the Aqualae was dry. To 

make the backing most efective, test results were obtained 

by nking the aline film es thin se possible. A strip 

of silver foil was connected between the front face of the 

c and the :jacket to provide an earth return. 
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The purpose of the aluminium cap is demonstrated 

in. Fig, 11 showing the Output of the detector when mounted 

directly in frontof the spark in air, during, stages of 

constrIction. Figs. lla and lib show the output of the 

disc and backing, alone, (discs 35 and 21 respectivelY), 

and superimposed on the damped pulse is a considerable high 

frequency component which. is reduced by the addition of 

the Cap, Figs. lie and 11d. To avoid "chatter" on the 

Barium Titanste disc, the inside surface of the cap was 

plueged with Apieson Q wax or pinsticene and then squeezed 

onto the disc. Figs. lie and lit show the output of the 

detectors when completely assembled. The complete detec-

tors were coatel with Boatik rubber cement and then dipped 

in psraffin wax to make them weterproof. 

The Character of the 5o1me Pulse, 

The character of the so,7rce pulse is shown in 

Fig. 12. These records were =10 with the spark completely 

shielded as described in the pick,-up section (Chapter I). 

Records 12a and _.12b. are for detector No. 35 in air, 

ilmediately in front of the spark, and show a considerable 

rerefection followinE the initial. compression, Figures 12c 

and 12d et 500 and 150 microsecond timebsses respectively, 

were recorded with the detector mounted in front of the 

spark as before, but with the detector submerged in water 



(C) 1500,, SECS Kc GAN 3000 dJ  ISOCu SECS 25 KC GAIN 1700 

N 35 
	

N9  2( 

(a) ISOC).; SECS 25 KC GAIN 3000 
	

(b) 1500}..i SECS 25 KC GA:N 3000 

;e) 500}.J SECS 	 • GAIN 3000 
	

(-P 1500i.) SECS 25 I<C. 	GAIN 1700 

FIG.II. DETECTOR OUTPUT 
DURING ASSEMBLY 
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DISTANCE FROM SOURCE 762 Ow.  
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C 	500r SECS : SC KC GAIN 5000 

OISTANCE FROM SOURCE 7.62 CM$. 

DEPT , 	WATER 1•27 ,--ms. 

,"1 /4M,ASts"' 

e 	50Cp SECS SC kC GAIN 5000 

DISTANCE FROM SOURCE 7.62 cfrls. 

DEPTH IN WATER 3.97 CMS,  

d 	150 tiSECS 	 GAIN 5000 

TSTANCE FROM SOURCE 7.62 CMS. 

DEPTH IN WtTER %'27 CMS. 

• • • 

• 
• 

tiA"1.111".1111.1111.11° 4  4 	O'er 
• I #1?. 

f 	150? SECS i00 KC GAIN 5000 

DISTANCE FROM SOURCE 7•62 CMS. 

OEPTW IN WATER 3.97 (Ms- 

FIG.12. CHARACTER OF SOURCE PULSE 
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to a depth of 1.27 ems. F !roe 12e nnd 12 f 

a t rust ton but with 4 =a. 	water above 

the :ietector. A number of ems 	refactione 

stone I uperimposed upon 
	stn f mpressicm nre ev 	t 

in 12d and 12f. These 
	a a.a apparently du 

	re— 

fleet".or from the acre nincE surround ins the spsrk 

cor a l c and 12e in addition indicate in tha part of 

thetruoe following.  the initial compre sion, a. consider-

able am nt•of interaction between the water surface and 

the front plate of the npark. 

•i s. l 	;owe the-e 	c-• of remov 

oundin.. the spark. Initially only the 

p1 :tee ors the front wn removed . retaining the ac 

at the Ades and the e ae ce w:srrorm.din - t e e.`:ectradce packed 

sponse rubb r. 	feet,. Flea. 1 and •13b, for 

both air and water,  showed no reflectIone and a oon..-Ider-,  

ably shorter Aloe* The sponge rubber be nd th.e electrodes 

is else effective th reducing the re. e at on follow in the 

inittn • im irl.fae as x t 	d and 1311 show with 	ckins 

remove- 

rubber packed 

10 secs., r+ ''res 

the same in air 

end lh ian air and wetter, show 

re ,nin rem 	but 	sponse 

e1oc trod,ea. The 	so le t a i is 

freve_cy of 50 kc. s.. 

lthough in the latter,1 

ent the 

ce of 

ea 
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FIG.13 CHARACTER OF THE SOURCE PULSE 
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De t ec t o r

~1nc to l ower t . Q ~ ~ ~ e . o¥ t he r ~n in~ er , t wo , er e used

t he ~ ~ t.a r elev".n t t o one d . t ector are t.a b11 11'1 t e(~ and ca l e -

La t ed ,

. , t , t ckn ~ e s nc. d 1 !'!ll::tA' are S l V Q!1 i n Ta b l e 1

fo r d l a c 35 ; t he t~icimc s do · s not Ln c l uc o t ha t o f" t he

s . lve r :pl ~t ting for t l-; 16 'lrE l e f1.rJ:l l ly r emoved :J ,j 1. "" wns !"O\ p:h l y

tpnl 1e a n ... co n ttnu 11y f lake o !'f .

l'~e 10'.-/ fr qu en cy co nn t.an t e we r.'!? >Vf\ 11 [ ' ted by

measuri ng t he ca pac i t y C on a :'fll l r !1 (!ad br ld ~r;7 \d. th. an 1n-

~ i , r~ 14 111u 9-... .
tr~ t !E t e met.bod o f .~e S l r en n t 0 : t l e Lrnp ed a nc e , !'eno'!'lnn t

H~C. a nt re sonant f re<:!'1eric l.J "S •

Amphher FIG .14.

Th plifi d o t t or n AVO i _n 1 gen ra t e r

~ appl t ,d to a c pa c i t y C1 f i s e r i s wi t t he d i Be C.



Ifieadings of the volte V1  cross the combination were MR e 

with areArzehill diode voltmeter and the drop V2  across the 

disc by a Yerconi valve millivoltme er; both ins . ments 

rend 	velues. The note level wan kept at a mini-um 

by the use of coaxial cable throughout. LI choosing C1  to 
CO 

be of the order yoOr
r  
, the impedanc6 load on the amplifier 

remained esneetially capacitive at all frequencies and the 

voltage V 	is kept at a oonetant fieure by varying the out-

put from the signal generator. To ensure that there was a 

minimum mechanical load on the discs, 36 5.W.G. copper leads 

were secured to the silvered races by email strips of cello. 

tape, and the disc euepended in atr by the leads. The 

curve of V2  against frequency, Fig. 15, illustretee the 

large number of reecleancen found. The eJlximee at 150 kc.p.s. 

is the fundamental radial mode followeel: by successively 

smaller peaks eue to overtones. At 1 exeacycle appears the 

fundavaental t'eicktess mode lite its higher order modes, but 

it ts uncertain as to the nature of the resonances preceding 

the fundamental. In all discs examined, a small reaonance 

appeared between 70-80 ke.p.e. with a maximum of 30 of the 

fendamental radial maximum; this w indepenent of the 

value of Cl  used, and could tot be accounted for. Fig. 16 

shows the radial mode in the vicinity of reeonance with V2 

plotted logarithmicelly, irom the curve, reeonance eceurs 
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nt 143.5 he.p.a. and antiresonance at 147 ke.p.s. The maxt.-

mum. and minimum values were read by caretUlly adjusting the 

clon imously variable freeuency control of the signal genera-

tor until the voltmeter arcs at the ton or bottom of its 

svin7. The curves of imped!7nce given by 
V2.  

2eci  (V, -V2) 
ore nlotted from 0-200 kc.p.o. in 71E. 17. nstwe:en 130 Rnd 

10 ko.n.a., readings were male In 1 or 2 kc.p.s. steps, 

all other reelinTa in 10 kc.p.s. eters. Z In plotted on 

the logarithmic scale nnd fol1.ows the curve of tnpedance of 

a capacitive reactance until resonance. In the name dtag_ram 

is Arnwn a curve of theoretical impedance with no mechenical 

hysteresie, which is in ;rood c.ereement with the measured 

imPelgrce below resonance, but becomes increasingly din-

similar nt resonence. Peyond the zero impennce of renon- 

anoe it falle 	o 	minimum of -1.73 x 10j.t 149 %c.o.s., 
but at the antiresonance it approaches the meagured value, 

reaching n maximum of 4.75 x 103  ohms qt 149 kc.p.s. 

The notatinte of dine No. 35 for hilTh 	and the 

detector it low Q required for the oalculntion of the theore-

tical impedance ere listed in Table X. The low frequency 

constants geCtlitt Co  Ir'P,  -1ven by 

C = Co teCrn 
, Co C: - 

he electromeehantcal couplin7 factor, ie elven by 

and 

A. 

evRtion (19), Appendix, 

equation (1P), Appendix, 



7X AONgObib'l 
011 	001 	06 	09 	OL 	09 OZI OLI 0£ Ob 02 0 091 Di 001 061 	091 0 S I 	0171 

1_1.014 
1 

niecv,i ''z/tafull.w.w 
_ 

t 1 4 

- 

-__ 	- 

4\ 
0 

\ 

1 
1 

I 

*, ' '..74/ 410 
--, 0 	ir 

. 

P.71101105121 //VW.; 

1 

01 
1 N 

N 
\ 

T 1- 

--,-- - -4- . - \ - 

4 

- \ 
1 1

1 

•- 	V 

0\ 

\ 

• 

• ttuaul.",90/x3 

OC?Z4Z 	1 	( 

)aizi 

, 

t- 

- 

t 

. 

_ 

, t 

..._ 

. . 
I . 
t- , 	. 

0I 

000 01 

0 0 	01 



	

15,‘' 		1212  -  
1- h 2 	27  TIR 

where Agit the separation between the antirescnant and res- 

onant frequenclets Crg 0.27 le Poisson's ratio for Barium 

Menet. (BaTl03), and RI.  is the first root of the reson-

ant condition 

= 0 equation (14), Appendix 

clueD 	value 
V 

ylelJing a velocity 

which can be plottet for arb 

given by 	P. Masonl  is 

 

of 4.3x1CP cm.p.s., agreeing with the value used by Schmidt13. 

A plot of t'l.)9".I(c1.8) and 6-7):T(V9 against frequency in 
V 	v 

22 for this value given a resonance of 143.5 kc.p.s. 

in agreement with the experimental value. The equation for 

the electrical impedance incluing the of fect of mechanical 

Appendix) 

+ 	fir (4)4) +4 (V) /2(44t)i  

U3\7-16(tt295)+Mii  (e* ( 	(t.'2 9- 	L 	I2 (9-4 v 	v 	 26? • 	V 

lots (equation 22, 

Ze 	A-11-  ..1 4) 0 	t _ez2 

yields the value of the disc when the resonant condition 

Is substituted, (equation 23, Appendix). 
n2 

92 	12 [( 	I 	)Z 	f 1 ,04. T) A 1 -R1?2 7 

4(Ai 	LOcCo rZeci 

and ”stnE the Estme constants ns before, rZe i can be calculated. 
This curve is nhown in Fig. 18 toFether with the experimental 

[Us  andthcrc in much closer agreement between the two. 

wen the complete detector 1,te nssernbled with back- 
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ing and proved satisfactory by the testa of the source 

pulse described previously, the [Zel 
	s . el?  su red. and the 

aurve ig shown plotted, in i,c. 19 for water .ea ireqients. 

The londinp: of the tfetector face by water h< the rem lt 

of isplacing the curve to position of hlcher [Zei ; this 
is shown in (F1 . 20) the curve for det ,tor No. 21. This 

experiment was conducted in the tank, and to av 11 reflea-

tlilr off the bottom, a deflector plate wa,a mounte in the 

,,;ater Immediately below the detector, It an anFle of 450  
to its alas. No evidence of resonance wan found for both 

detectors in the readings of V2. However, there VIPs OVI— 

,ence or V 1 for detector No. 35 which was found 
	

be in- 

endent 	the yr lue of C1  use3. J% curve of V1  for this 

detector is given in 	21 and shown thlt the frequency 

oeparation has increased from 3.5 kc.p.a. to 23 kc.p.e. 

To achieve the desiraLle sccuracy in the impedance 

expressin, extra terms involving 	value were inclu]ed; 

se explained in the section on low << in the Ap 	the 

resultinF expressio (equation 24, Appendix) 

6+1)[{ Ni-01  - (4V+ (2-6W.1 3; 	-  4.e - jwco/ LI 4.  1 _0  
"r(qi-01-01)1+ (1-1)(1-11.)  .1 so Nv-e-̀ ) (3-249-12  C819 - 2 	v 	V 

(1-41  Pq1-1)24M2*(2-Cal J ((fia) 

and on substitutinF the resonant condition, 	ation 

for the q value was 

7 	= 
i  ida

— 	[ 	ili:±Z, (2 + 7 -111Rt'l  - Q1) - 91(2 +1)  1 
eR, ,C

/ 
It 	R, 
	(I  - 	 11--- 91) 	j  4(k1 +71-) 2 

Appendix 
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There was vio 	,,isfectory agreement hetwee 	eorr 

end e..Triment in this case, end the probnble cause was the 

subsennt discovery that No. 35 on which the computation 

was performed hnd developed a low insulation recistanee, 

fa1lin7 from a value> 20 me g ohms to 40,000 ohms. The 

theoretical cl,rve shown ir F1,17. 19 suNeste however, that 

the C! value is lesg than the vtilue computed. For detector 

no. 21 there wne no evidence in the V1  reacqn7T,  of reson-

ance, tInd consequently, the computation was not performed. 
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qadlue (a) 

TineImenet before FrindirT (L ) 

Pesonant frequency (fil ) 

Antireeonant frequency ( F A ) 

Capacity (low frequency) (C) 

Radially clamped capacity 	) 

Equivalent electrical compliance te Cr^ ) 
Poisson's ratio (Q.) 

7.1ectromechanical coupling factor (k2) 

Q value 

Velocity (v) 

natty (e) 

.7:lectri al impedance at roe nance ae0 
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Lice No  

0,9604 cm. 

0.216( CM, 
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96.4 ji F 
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122 4- 

8668 



0.904 C.T. 

0,2083 cm. 

15 %c. 

175 Itc. 

140r) F 

867. ypF 

32. 'ypF 

0.27 

0.28 

7 
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452 A 
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continued) 

,o  

(n) 

Thickness: after grindinz (It) 

esonnnt frequency (f1) 

Antiresonant frequency (f p) 

Capacity low frequency (0) 

Radiallycasiped capacity (Co) 

ETAvalent electrical compliance ( 2Crn )  

Poisson's ratio (T) 

Electrome&:anical coupling factor, 

Q value 

Velocity (0 

Density (i) 

Electrical impedance at resonance (2etz) 
,t 	antiresonance (2eA) 
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iroced re. 

Tn makinE A time-distance traverse scrons the 

tank the spark WAS kept in a fixed position rnd. the detector 

moved at reTilar Intervals A10 	ortinE rail. For 

each experiment the depth of thewater, the helht of the 

spark Above the water and each detector positior were mea-

sured with an accurately graduted inc' steel scale. 71nce 

a residual charEt;t remained on the spark electrodes after a: 

shot the position of the spark relative to the side of 

the tank was determined before beginninE a traverse and 

thus it was only necessary to measure the detector position 

from the nam ooint on the wall. The height of the spark 

above the water surface was not true indictier of the 

source point since the discharee arced forward from, ,,,e 

electrodes. It WAS found that for heights less than 2 t7109. 

the explosive force of the discharge splashed water over 

the electrodes., thus producing A short circuit. The tank 

was mounted with its floor lying in: c horizortal plane snd 

the detector rail wns positioned parallel to it. 

In preporinE for n experiment the am7liftert  

oscilloscope., control oscillator and high voltaze power 

supply were Twitched on and allowed to warm up for 5minutes. 



• 

but a half-hour wrAs revired for the tin; oscillator. 

records.  

The timing trace Is only shown on the records 

for th . learest anfl furthest detector positions in the 

records 111trtel, but all time meccurc!lents were made 

on the time trce recorded, with each posl,tion. This eli-

minated err  error dire to shrinkage of the paper and vari-

ation of the time base speed. An erratic -behaviour of 

the trt.ertnjj was experienced neceseita inz considerale 

care in the selection of the orlein of the.  shot. This 

erratic behvtour was due to n variab1e. time delay between 

tho two sprks ranging from 0 to a., much as 40)J secs. 7ow-

ever. the -presence of pick-up tt the 1. einnit17 o the 

trace provided a good indication of the zero point, Pick-

up was not entirely eliminated and an the roords show 

(714.!. -.6) it could also, on ocolon, Iffect the time 

base tn addition to distortin the trnce. 

Detector No. 35 wan used at tho outset a less 

pt-up was encountered. The records with No. 35 did not 

ponsnea t! clarity of those with No. 21 wtich WQ$ used. 

with adifferent oscilloscope with iMproved forrlsing. Ail 

records obtained with No. 21 ars preoented 	it was 

intends- to repeat tbe. same process with J0. 35,  but lack 

of time prevented this. nespits Its low instion re-

sistance. No. 35 produced an excellently dmped record 



but ita output was much less than that of No. 21. The 

model selected for s:.utly wne a slab of purple slate 

4 cm. x 5305 cms. x 3.8 cm,, which showed practically 

no cleavage az when chipped at the edge, it did not break 

along cleavage planes. A greater thickness would have 

been preferable, but consideration hne to be given to the 

mass the floor of the tank could bear. In each experiment, 

the el b was placed in the tank with its longest a:is in 

the vertical plane of the spark-detector line. Its posi-

tion relative to the tank walls is indicated in the insert 

on the time-dintance curve corresponding to e'ch experi-

ment. 

Any air bubbles present on the face of the de-

teotor, hen immersed in the water, were removed before 

each experiment se It wns found that their presence pro-

duced diotortion of the wave-form and an apparent less 

of gain in the amplifier. 

The P,esulte. 

The tank was traversed both v _ti,ally and hen-

sontally befor;, experimenting, with the slate slab in posi-

tion. The vertical records are shown in Fig. 23 for a 

spark-detector s4perntion of 30 cms, and a total change 

in depth of 7.3 cms. The increase in depth of the detector 

was obtained by adtn water to the tank, and ,Iss the water 

level increased, the spark was  raised to clear the cornice. 
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and in no instance di,d the clearance exceed 3.8 ems. The. 

depth of the d.eteeet°r below the water eurface is indicated 

gainst each record and th 
	

Iming wave on each Is 50 ke.p.s. 

In record Uo. 1 the first arrival in the direct 

longitudinal (P) wave followed by a .eflect on (PP l) from 

the floor of the tank. Sue eding this at an interval of 

116p secs. is a multiple reflection (PP1) between the 

water surfece end tank floor. Both these latter arrivals 

re characteriaed by a very high frequency motion, of the 

order of 150 koiP.s., superimposed upon the envelope of 

the direct wove. This characteristic of 	reflected 

wave served as a menra of identification of the arrival 

in the time-dietanoe traverses across the tank. 

In records 8 - 11, the ';Irat reflection is fol- 

low 	 after a time of 22p secs. by a sudden onset, The 

thickness of the wooden base wns 3.5 cis. and the velocity ,  
from melourements on the time-distance curve of T.D. IX 

(FI 	25) was 41504: 100 metres p.s. The minimum reflected 

path within the base therefore corresponds to a time of 

16p secs. so that in all likelihood this onset arises from 

reflection within the tank base. 

A marked chance in waveform occurs as the depth 

of the detector below the surfnee increases, the pe riod 

changing from 54p eeen. at the surface to 132 secs. in 

record No. 11. This is 	e :tip brought stout by the 
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rapid amelitui attencaatiosx s f the scowl-, rarefaction which 

is completely absent in record No, 8. The effect seems to 

be entirely related to the :lepth of the detector below the 

aster eurfnce, for small changes in the distnnce of the 

spnrk from the water have no noticeable reault. A etudy of 

the horizontal traverse T. D, IX, .1e. 24, indicetes that 

nees in the path leneth of the 	 ectedcomponents pro- 

duce little el-.e rition of the wave form. For each detector 

position, two records were male and there le!:!e no indication 

of change in the intensity of the spark. In all cases the 

records were identienl. From TD IX, the velocity in water 

is 1530t20 metres p.s., so that the period of record No. 1 

corresponds to a wavele et in water of 8 ems. :ice the 

secnd rerefaction is entirely eliminated in record No. 7 

at a ,epth of 4.1 ems., there is a possibility of interfer-

once occurring between the firet reflection and the lirect 

wave. It WAS unfortunate that further experiments on this 

phenomenon were prevented by the eventual breakdown of the 

insuletion at the spark electrodes, However the avid Cce 

of TS XI, Fie 28, a traverse ncross the tank with the 

detector imnereed in. the water to s depth of .806 cm0., sue 

Bests that at erecter :epths or as the detector approaches 

the base of the tank, the period decreases. In all the 

records of this traverses, the period of the waveform is 

of the order 	40p seen., similar to that of record No. 1 

of the vertical traverse. 



 

e reco thl 	izonta e are shown 

in Fig. 24 and 
	sty 	curve in 1, 	25, the data 

for u tch ire v en 	;le IL This exper 	a per- 

formed with no moael present And a depth of 12.7 ems. of 

we ter 	tank. Agntnst each record is indicated the 

total ai 1tfler gain and the shot-detector distance. The 

lines on 	records denote the arrivals plotted on he 

time tstan 	curve, The (1') arrival does rot pass thro eh 

the ort4n since a t.rlte time is requIred for the pass e 

the spark pulse hrough air. 

It was virtually *impossible to dls 

fqce waste, which would be expected in the In 

due to t'':e large phase A at 420 metres p a• 	pos- 

silly he sound wave in air» The first rr 	530.120 

raetrs p,s, is the direct 1orttudinal 	) wc.vc which gives 

way,  to the refracted wave ( 	from the base of'tank 

in record No. 12. The base of the tank wa,n made of teak, 

the 	 r• cted wave 'being propagated along the r in. The 

velocity, mensured on the time-distance curve, FtE. 25, is 

41 0 tiQO metres p. 	which, although no published velocity 

for tots 1,;;. is aveila 1e, lies witAr 	ge 3320-4670 

metres p.s.021  for wood where the 
	n of propagation 

to along the grain 

The second orrly 1, the reflect 
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4-. 
 ,,r,  n. ' 	'2 '. "1 A 

I 10.2 110 220 320 256 

2 12.7 124 222 336 318 

3 15.2 140 232 352 380 

4 17.8 152 241 364 

20.3 176 250 380 

22.9 192 263 394 

25.4 208 272 408 

27.9 227 2115 420 

30.5 242 302 444 

33.0 256 314 A5E 
II 35.6 274 322 458 

12 37.8 ..,!ni4 336 286 460 

40,3 352 290 470 

42.9 362 7;)77, 412 

.,_ 45.4 310 304 49 

16 47.6 392 310 504 

17 50.2 406 316 

18 52.7 426 320 

19 55.6 
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characterized by an onset antiphase to that of 	tn addi-

tion to the high fre7uency component which in most evident 

in record. No 8. 

T -  

almilnr traverse, FI.F. 26, wastade wit,- the 

slate 1ab restin,7 on the floor of the tank in 17.8 e7na. 

of water. The time-distance data, Table III, are plotted 

in Fie. 27. The records show the same arrivals as in T.D. IX 

but of a altehtly different c'-aracter, the number of rare-

faetions in the waveform bein7 fewer than those appearing 

in the corresponding records of T.D. TY. In record No. 12, 

the first arrival (P) nt 15301:10 metres p.a. is replaced 

by a refracte wave from the slab at 4490t170 metres p.s. 

This arrival t& brirely perceptible on the records and no 

great accuracy la attached to the velocity. The onset of 

the second arrival in records Nos. 1 - 6 is clearly in 
the same direction an the P wave and is poesibly the re-

fraction from the slab, althcolgh this event could not be 

traced throuFh to the first arrival in record No. 12. US-

irT for Identification the characteristics noted in T.D. IX 

for the rtret reflection, this arrival is cicarly evident 

from record No. 6 onw-rde. A.7nIn there is evidence of a 

multiple reflection (Pei) 

T.D. XI. 

In this travers 	the ea-7v experimental arrangemert 
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was used ns In T.D1  X, but 
	

letector gt n depth 

of 8,6 cms. below the surface of the water. Time-distance 

data nre eAven In Table IV and the time 1st/Ince curve In 

Ftg, 

 

29. necords nos. I- 9, Tie. 2e, shov the onset of 

P nt 1770.120 metres p,s, to ie opposite in phaee to the 

corresroning mote of T.D. X, but the amplitude of this 

onset s*'-ows n stendy decrease for increasinc shot-detector 

etst-nces until in record No. 11 the rcfructed wave (Pr2) 

from the slab Is the first arrival with a velocity of 

40901:70 metres pos. 

Later arrivals Include the refelcted P 

and, as before, the multiple reflected r?!. It in remark- 

able thTA the first arrival in records Nos, 1 - 9, as 

resented by the first rarefaction should have such n short 

p4rioC followed by a bare, compression whose period de-

cressenvith reater shot detector distaces. 

711,  

In this experiment the slate slab was mounted 

5.1 cms. above the floor of the tank by moans of four 2.5 

cm. diameter metal pillsrs situate, at ench corner. The 

detector wan traversed across the surfce and the records 

are re7,roduced In 71e. 30. Fimre 31 shows the time ale-

tance curve obtained from r,.essurements on the photozTaphic 

prints. Table V PIves the arrival times of those components 
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A 

1 7.6 110 152 178 

10.2 126 163 242 

12.7 143 176 298 

15.2 1r,0 18.8 362 

17.8 176 200 420 

6 20.3 191; 217 

7 22.5 232 

25.1 252 

I) 27.9 270 132 

10 30.5 282 18,6 

U 33.0 300 192 

12 ' 	.6 320 200 

13 313. L 336 r!rr 

14 40.6 212 

15 43.2 220 

16 45 .7 222 

17 47.9 223 
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plotted on the time-distance curve. The depth. of water in 

the tank was 15 ems., i.e., 6.0 cms. above the upper sur-

face of the slate slab. 

For the shorter shot-detector distances (shots 

1 - 4), the earliest arrival is P which is shortly sup-

planted by the refraction from the slate, The onset of 

this refraction was difficult to fix due to its small 

amplitude, buts its point of first arrival can be detected 

in shot 5 by the phase change. At this point also, there 

appears on the onset a very high frequency component which 

eventually disappears in shot No. 12 and. succeeding. ones. 

The PP'  from the slab is prominent and there is evidence 

for PP*. The ,air wave A is shown on the time distance 1 

curve but there is again no evidence of a surface wave. 

XIII.  

Finally the tank was traversed. (T.D. XIII, Fig. 

32) with the slab in the same position as in T.D. XII,  

but with the detector resting upon it. The first arrival 

at 4540t60 metres p.s. is the direct compressional wave 

(P) of the slab which, similarly to T.D. XII, exhibits 

a high frequency component over a portion of its path 

(shots 4 - 13). The onset of this phase is very small 

and therefore no great accuracy is attached to the plot 

on the time distance curve (Fig. 33). In records 14 - 21 

there is slight evidence of a change of period in the 

first arrival, possibly a transverse wave. The following 
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disturbance of longer pert d nl 7l rler amplitude may be 

identified na the layleiah wave for the sib at 23401'10 

etres p.a. 	abrupt onset following, ty.e surface wave 
and of higher freutr.cy Indic ,s the arril.m1 of the water 

wave at 1620'110 metres a.s*  The time 	 star cep E..F,ta for 

this traverse are given in .,ble VI*  

The vel.octtles of the carnival. 	at 

ce r nrves for all hor z ntal traverses ecurer: 

able VII. 	ose results have been least squered with 

the exception of the A arrtvals as these did not supply 

sufficient data to warrant their computation* For the 

reflected waves (PP)), the path-length required for least 

squaring was L.e erminec from tlhe geometrical comigurn-

tion of reflector, detector and source in each ease. The 

centre of the ',teeter free was taken as the point of 

arrival of the dtsturtance, which was approximptely true 

for r 	_ctions and refractions,but lees so for the 

di reset (2) arrivals which would encounter the detector 

edge nclrest to the source first*  

unavoidable due to the finite size 

since t e actual Barium Ita ate d 

a metal lacket at its edge and sea 

it was considered best to take the  

This difficulty was 

of the detector and 

ee was surrounded by 

ed in paraffin wax, 

centre of the detector 
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nr VI.  

r 

-1f,or 
nO • 

:istance 
("rrUl . 

7 me 	i.,  
,  Lk 

1 r. -, . 112 104 

2 11.4 12!, 110 

3 13.3 116 

4 1Ø2 1 - .. 98 126 

17.1 160 102 134 

19,1 170 10 144 

21.0 17,0 112 148 

22.9 1914 116 160 

9 24.8 206 12', 168 

10 26.7 216 124 176 

11 28,6 226 1:  

12 30. 240 13n 190 

17, 32.4 252 136 200 

1 ti 34..3 262 142 207 

36.2 27r- 14/1 4...16 

31.1 236 1 	' 224 

40.0 29' IT  

1 41.9 307 160 230 

19 43.8 320 160 240 

20 45.7 32 i6 250 

21 47.6 342 26/4 



face fts the point of arrival The error in determining 

the time of arrival on the records was this to several 

factors, principal among which was the fixing of the 

shot instant at the tefl.tnrine of each trace from record 

to record, 51m11ly, care WUB 1.-'equired In chooatr tho 

point of onset of a pa ticular arrival rrom record to 

record, 

4soussioni 

The A 
	

e in acouetto impedance between 

air and water 

	

alrfly 	43 	az RI.  

	

water/,v 	1,43x105  von ';i2 

Is so largo that it is to 	 oxpecte6,' that very little 

energy would be transmitted when a sound wave is inci-

dent upon an sir-water interface. The power tranamis ion 

ratio16  w!-Ach Indicates the fraction of the incident wave 

enercy transmitted is given by 

	

(  2R 	- 

	

) 	)2  r. 36 lc (0 

	

t 	
8 

R, R2 

on embstituting the above values The square of the am-

plitude ratio of the pulse received in air ad water 

(7i, 13) with the detector immediately in front of the 

spnrk is 1, which has no correspondence with theabove 

fieure. This discrepancy is so treat that it to obvious 



- 46 - 

Pit1e0 =,.nctres ptc,  

?:;,' 1530 t 20 1530t10 1570±20 1510±10 12O±10 

Ppl  1570±20 157010 1520t20  
* FPI, 1660110 15701'20 

'1)  4150±100 #490t170 4090 70 i,240190 14540'160 

LS 231401610 



that there iv,  no parlillel between the cce of a plane wave  

inci?lent u7or t surface separatin two media, upon which 

the above theory is tased, and the case of the explosive 

nature of the sr-:-rk, The explamtion cl,Innot be based 

solely upon the !',1zh velocity or s(1,1r.(1  it the im,Teliate 

nel"hbourhood a an explosive source, 1,, 3, Wood quotes 

fimire three time the normal value which .,;o711,2 not 

account for the C.ifference. It is most probable that, 

emon 7 other causes, the high air pressure set up in the 

vicinity of the spark would Acco,!nt for this, 7viclence 

for thin was sugeested by the fact that on , Pl.sc,.-arge of 

the s7ark the water surface 	conslJerably disturbed 

so that surface waves were set up, 

Within the water medium, the ht velocity 

contrnst of 3/1 between slate and water causes severe 

atterf_mtion of the transmitted wave with the result that 

refractions are difficult to discern or the records. The 

w737,11er contrast of 2/1 between watel.  and the tank floor 

however, ells refraction from this source to te deter- 

rnited with greater eane. Therefore, In Itn'flci selsrlic 

work flIrther study of refractions would warrant the cc ta  

of a medium and model with a ama I velocity contrast. 

ConcerninE the zeneral features of the records, 

the 1rct loneitudinal (.) wave in water, for traverses w tth 

the lAteetor at the wurface„ is always characterised by 

a L.7w frequency one t contrary to that experienced by 



seismic work at sea." r.,.owevers  in most oats en this work is 

performed with the shot and detector either on the bottom 

or at depths well below the surface. For lone ranges, tr. 

shallow work, the first arrival, the refracted wave traver-

sing the bottom, is called the around wave. L,ollowine it 

and with a much higher frevency. is the second arrival, 

the water wave. The low frequency onset noted in the surface 

trnversen is, however, no longer evidert in T.D. XI, and the 

depth profile 	28) with the detector at depth as here, 

the first arrival 	direct P wave, is a rarefaction of 

very short period. It is doubtful whether thehleb frequency 

notion observed following. the first a rivals in T..7). XII and 

T.D. XIII would represent the saw phenomenon, since it is 

obvious from their time of occurrence in the records that 

they are components of a much higher velocity. It is more 

probable, since in both canes they follow the refrncted FP2  

wave that they represent a coda Further evidence to 

sw,gest that the high frequency expected of the water wave 

is only to be found at depth is given in the vertical tra-

verse (Fig. 23), for with thereon° in depth of the detector, 

the first onset displays qrenter evidence of a hir7h, fre-

quency component "riding" on the principal dieturbence. 

f7,eismic work at sea does not exhibit this modulation effect, 

the water wave cmmencing at a very hI h frequency which 

diminishes 1F!. the wave proceeds. 



-49.. 

The verticn1 traverse (Fig. 23) is an excellent 

illustration of the method of lenges for Spherical waves 

propageted from a point *agree. Pekeris3  in deriving the 

complete normal mode solution for sphericel tven incident 

upon plane boundaries, points out that for a shallow water 

probleml  the eaurce and its image (in thr weter in this 

cane) constitute a etipele source and this dips4e can be 

represented by a system of Images at a spacing of 211, where 

7 is the depth of water, strong along the vertical through 

the source, For anelee of incidence greeter than the 

angle of total reflection, the strength of ell the images 

becomes unity and the ystem behaves as a selfelgminous 

diffraction grating.. lionce there are certain discrete 

dime ions in which constructive interference occurs. In 

the same manner the dipole imager) above the surface give 

rise, in certain directions, to a constructively Inter-

tiering set of down eeing waves. The combination of the 

upgoing waves from dipole imager below the surface and 

the downgelne waves sive rise to the normal Modes, 

In the present case, the critical angle, from te 

velocities deternined in T.D. IX, is 20.3°  and the angles 

of incience of the wave reflected at th bottom of the 

tnnk range between 37,30 and 50.20  for the,  various levels 

of water used in this experiment. Hence the angle of 

incidence throughout the experieent was alweys greater than 



that for total reflection, Also, althouv_ 	source and 

its image beneath the surface constitute a dipole, th 

remaining imageeduis to reflection at the tank floor are 

Single images, 

This phenomenon demonstrates the advantage, for 

seismic work at sea, in selecting an optimum depth for 

the geophone as the high frequencies asnociated with the 

records taken at surface positions are attenuated at depth, 

resulting in a clearer onset for both water and zround 

WSVOtair 



7=T,  AND copcvm,.. 

In the electronic aapect of this model seismic 

experiment, care has been exercised in design to prouce 

es faithful a record of the medium's motion as possible. 

For this end the amplifier was designed with a wide band-

width nnd the accelerometer natural frequency of 160 kc.p.s. 

chosen well beyond the region of working freuencies ex- 

pected. 	°scribed in hapter I, the bandwidth of the 

pre-,lifter, 100 Itc,p .0  determines a rise time of 3pseos. 

and the short tthe constants give s 1% drop in 5p seen. for 

a step function Input. 

These values proved quite adequate for the length 

of time involved, e.g., the 150 and 500 p  sec. timebases. 

The design of the detector proved most satisfac-

tory an far as the low q value secured is concerned, but 

paradoxically, rendered the theorettcl treatment value-

less, at least in the case of detector No. 21. llere the 

choice of backing And the careful fit to the nriu 	itanate 

disc produced a detector in which no resonance could te 

detected, and therefore none of the quantitles necessary 

to determine C. cld be obtained. It is clenrly denonstra-

ted in the text that nome tom of edge demping is essential 

in this desIgn that the output of the dice will not include 

the res!llts of the excitation of higher modes and overtones. 
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The reduction of the raretaotton in the source 

pulse was an important factor in secerine a shortened im 

pulse of lep secs. duration from the senrk This reselt 

WRES achieved by packine the space behind the eleetrodes 

with sponge robber which behaved as an ahaorUent, at the 

same time reducine reflections from the electrode mountine, 

e,e., th Tufnol disc. 

,fiter was esed as a medium for xperimente in 

the tank, and although it do4, not transmit transverse 

waves, hd the virtue that the detector could be immersed 

in it to nny desired depth. A depth profile revealed a 

striking alteration of the waveform %lite depth, the change 

being' apparently du to Interference between the reflected 

wave from the floor of the tank and. the direct P wore, the 

perlod increasing from 54? secs. nt the werface to 132? a s. 

at a tepth of 7.3 0M41, below the surface. Thts traverse 

together with Tel). XI indicated that the hi h frequency 

water wave, of common experience in seismic work at sea, 

is a teeter:,  confined only to recordings at depth; for 

these records the onset of the P wave is of a very short 

period. In addition, comeression followine the onset at 

P in T.D. XI is of a longer period, decreasine with ins 

creasine ahot-deteetor distence. 

The teeeeeemeade across the tank tilled with 

water are listed: 



T.D. IX-! t.rtwerse wtto no model present in 12.7 ems. water. 

T.D. :cZ 	traverse with the alste slab on the floor of the 

tank in 17.8 CM, of water. 

T.D.XI-A traverse with the slab on the floor of thetan in 

17.5 ems. of water with the detector 8.6 cms. below 

the sorfece. 

T.D.XII-A traverse with the slab raised 5.1 onn. above the 

floor of the tank with 6 ems. of water above the slab 

and the detector at the surface. 

T,DO,III-A traverse under the same condittons as T,D.XII but 

with the detector on the slate slab. 

These traverses demonstrated that with alight modt 

fioation of the experimental arrangement, the waveform of 

tht disturbance recorded showed a distinct chan7e of chars - 

ter. The arrivals identtfl d were the direct longitudinal 

(P) wave, the reflected wave (?P33,the refracted. wave (7112)0  

the Rayleigh wave (LR) of the slate slab and a multiple re-

flection PP. There was evidence of a coda in the P wave 

of the slate slat. in T.D.XII and T.D.XIII. 

In conclusion, it is emphseized that much further 

work is required on the phenomena encountered in this work 

and indeed what has been done demonstrates that the possi-

bilities of model seismic investleation are virtually end-

less. Certain improvements are desirable In the technique, 

,articularly in the electronics, 
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A shorter time-base, or at tte other extreme, 

a larger tank and model, would help in t'-:c identificstion 

of the arrivals. Zome form of nutomatic-volume-control 

would enal,le the amplifier to be used at larger gain set-

tings without overloading on the hIgter energy conponents 

of the received disturbance. In addition, to help et r.  

mine onsets a rectifying unit, no need In mon,  oolomio 

work, could be incorporated so that rectified and unrecti- 

ied outputs could be recorded. 
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APPENDIX.  

DETECTOR THEORY.  

Equation of Motion.  

Consider a thin disc referred to cylindrical co- 

ordinates R, A, Z, and polarise: in the Z direction. If 

the disc is sufficiently thin the displacement in the thick-

ness direction can be neglected, and there is no an71.11.9r 

displacement. 

UG  = Uz  = 0, r O. 

The stress and electrostrictive equationswhich 

s7)ecify the mechanical and electrical stresses get up in 

the disc by a radial displacement Ur  are 

Tr = 11,2 (sr #6r se — 

Te = 1 -- -cr2 (se cr Sr) — 

c 

 

Ex  
(47r/r+Oigzo) 

Z Q,2 do  Ez  
(4.1r T  + gzok 

2C rz, 6zo Ez Y  
(4-0T+ 0 470) (1-  a-) 

2Q12 S20 	(Tr 4, To) 
(41-1T -r+ 01 S70) 

Ref. a. 

(I) 

where 	Y = Young's modulus 

T = Poisson's ratio 

Qiz = electrostrictive constant for the radial mode 

/r = dielectric impermeability 

Szo = remanent polarisation after the removal of the 

D.C. biassing field 

E2 	= voltage appearing at the electrodes, where it 

is the thickness of the disc. 



The stresses Tr and T are normal stresses, the former actina 

perpendicular to the cylindrical boundary and the latter act-

ins perpendicular to radial planes contalning the axis. (Fig. 34) 

E1  

-"<"er  

F[9.34' 

The circ,)mferential strain is given by So  = Ur and the radial 

strain by Sr  = arr . In the electrostrictive theory two die-

lectric constants are specified, the oneET = 41T T+0,670 appear-

ing in the denominator of the 'second terms of equations (1) is 

for constant stress and is related to the otherERc =4"114RC+01 870 

a radially clamped dielectric constant, by the expression 

c = E ( k2  E rt 	 .) 	 (2) 

The term OiSzo is an additional term to account for 

the change in dielectric constant on polarising. k is the 

electromechanical coupling factor. 
2Q12 S20  

Substituting 	ct re 	470T+ 0, Szo 
where dr9 is known as the equivalent piezoelectric constant, 

equations (1) reduce to 
Tr  = 	ALtir 	— d .rE 	Y 

I- (r z  sr 	ri 	Lt 	1-T1  

Te 	-Y- 	r 	Li  rr) — d-ra 	1--Y7T-) •-sr  

( 3 	) 

(3 b) 



- 

dre  (Trt Te) 
	

(3c) 

Consider an element of the disc of volume rgr Sz 

(!ensityp subject to normal stresses Tr  and TG  on the faces as 
shown in Fig. 3 5 . soh 	

tr car  (t-Tr) cid geSz 

Te cfr bz Fig. 35 

The equation of equilibrium when the element under-

goes vibration in the radial direction is 

(rTti) Sr 66 6.z - To (Sr be £2  r. L.2Ur ior 6r 66 bt 8r 	 at I  
which on substitutinz equation (3) becomes for S.H.M. 

(12.2  r 	I iyr ur 	• _ et 1 	r r 	r2  
This is Bessel's equation of the first order, a solution of 

which is 	

Ur = A ,T,( ) 	(5) 

where the velocity v is given by 

V = 
P0 1 	

(6) -4- )3 
eliminating the constant A, when r = a, the radius of the disc, 

1  tor 
Ur  = Ua 	Ur = Uo.- Wet 

and 	 br 	Ji(422') 
Ur 	= f 30(u4r) Ti kr)/ 

(7) 

This solution is confined to the disc with Ur  = Ua  

at r = a and Ur  = 0 at r = 0, a more general solution should 



include values of r)a, where the disc is vibrating in an 

isotronic solid medium of infinite extent, and is Riven by 19  
(6Ar) Ur = Uct H  

NlC7-  
jiNr)+ j N, C4r) 

NS-1 is the Neumann function 51118 VICd1)"511 71i (1-)1 
Within the disc, rca, 	inadmissible as it has a sinFu- 

larity at the orivin (tends to infinity as r-0.0), hence the 

complete solution is 	WY rca  Ur = Uo. 
VJI 

N, (4r) 
Ur = Uo. Tr,c1  r> 

The Force Eountion. 

To obtain the electrical impedance and equivalent 

circuit, the stress equations are expressed in terms of the 

boundary conditions of the disc. Substituting fo'r Ur  in (3a) 

and (311 	Y 	joffi 
T ( .11 
‘-) ( V 	0 cr)} A 

Tr  7: 	2. V 	ji  (LI) 3-1 (42-c!-) 	
—re t 

where 
v 

(8) 

To 
= y 	crWLick Vuf) 

-T21 V 	Ti (,) 
„ TV) (1..(T)1 	t 44r ) r WA 

at r .--. a 	T 	= Y.,. [Qact. J.0474-) - Lim (.1 _, cc)} — a r4  It  4 tr.  rvzo.) t-Q-7. V ift.441. 	0, _ 

(Am y 	r (1-4) (J.& o v + Lls (1-1-)i - are It  ( i(--0-) WA 'rev: a.) = 1—_,T2 t v 	T 71  
Since Tr  and Tg are normal stresses, 4t,-..e boundary conditions 

require that a force Fa  at the cylindrical surface is only 

related to the radial stress 



on substituting 

The Current Equation. 

To complete the equations for the equivalent circuit 

the charEe Q  appearinq on the surface of the disc under the 

action of an applied stress is evaluated by inte3ratingSt  over 

the surface f "co fasz  r d 
0 	0 	,211 	p ct. 

are] de j• r (Tr +To)dr 
It er  

+Ct rArYer Y wuo• ff.) JONI) 	ri 2 
r -- 2 	 ( • ) clr 

0 	v 	 r7  It 1-C 
Erra2  + d  zra Y ua   _ 7_70,1  y az E 
f-t ET 	re  - 	6 (1-cr) " 

r 

nr..2  
Co  

.6E* 

The third 

and the second reduces to VUo. 

term zne Ya2  Y 4C412  46-zo  re  - 
ft (I -v.) 	E T  1  

Tr at k2  E 

The first term includes the radially clamped 

Fe. = Tr (r=0.) ZiraIt 
The radial stress then yields the force equation 

	

Fa.  = MT,  tt Y_ 	
V  

f co (Act 	tka. _ cr)} _aro 
Qt` 

Y) 

	

cr z 	T(r) 	 tt I -T 
= cuuc,zo  j0(t) _ 7  ILL) 	E  

(‘',7°-) 	° 
/ 3  (I) a 0.  •+ z 0   
J, (Yvs) 	(Ja 

where the characteristic impedance of the disc 

and the transformtion factor - 46Y Z1Ta -V 

Z 0 

capacity 

k2- 
	

8Q22 S2 Y  
ET (I -  (I") 

the electromechanical coupling factor. 

eRC ( 1- k2)  

1Z2, Co E lz-  
where is defined as 

Then the eollation of 



charge and hence the current equation is 

Q 	Co E 'e CIA 

or 	 l = j)CoE+do. 	(11) 
Equations (9) and (11) together give the equivalent circuit, 

Fig. 36, for all frequencies 
	 • co. 

i:p 
	%WWI` 	WNW 	 
-To(1) 
T two.) 

F iq.36 	• 

The transformation factor 	is represented as a 

transformer converting the mechanical quantities to electrical 

by division by (i .
.2 

for the impedances and division by 	for the 

force and velocity. 

The Electrical Impedance. 

Piezoelectric crystals vibratin7 in longitudinal or 

thickness modes have stress components appearing at two faces, 

the face opposite the working medium being loaded with a suit-

able backinv material to reduce unwanted radiation. For a disc 

excited to radial vibration there is one free face and since the 

boundary conditions require Ur  = 0 when r= 0 it behaves as a 

crystal backed by an infinite mechanical impedance. 

Terminating the disc at the free face by a mechanical 

impedance Za  where 

0 ('cL (1 	t 
Fo, 

	0 
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from (9) Lio,- 
Z a  +J Zo r To(wa) _ 

T,( al
) t46. substitutinc7 in (11) 

	

	 02 r_ ) 
= 	Liu)C° 	•Zatjlo [ 3-4(1)/31(1)  I-(1-cr)}

7 
 

If the disc vibrates in air, the characteristic 

impedance across the face is sufficiently low that the termi-

nation is virtually a short circuit, the electrical impedance 

E 

  

R2. 

zo { j21) (" c)! 
Jibwa „)) 

then becomes 7.e 

   

and on rearranging 
j4..)C.0/[1  

si(447°)  t 	(62.11) -0" cl") ( 2e) v 0  v 
which is identical with the electrical.impedance derived by 

.. P. Mason.12 The motional, electrical imi)edance of the short- 

cr (c%!*) 
zO 	- Cr) 	 -°(tea) 

is similar to the result obtained by H. Pursey except that 

Bessel functions of the first kind are replaced by functions 

of the third. Since these functions have a markedly different 

behaviour for small values of 	the curves of H. Pursey do 

not represent the motional impedance of the disc but rather 

the motional impedance of the isotropic medium in radial vi-

bration at its surface. His results show that for values of 

0.40-(0.5 the motional impedance is largely resistive, but for 

T01.4  the impedance becomes a capacitive reactance at low fre-
quencies. Hence the mechanical impedance presented to the disc 

by a medium undergoinc7 radial vibration is composed of reactive 

and resistive components. Furthermore, the disturbance within 

circuited disc 

Z Fr 
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the medium rising from the spark impulse is of a more diverse 

character leading to a mechanical impedance term of greater 

complexity. In addition, the backing material, the mounting 

and sealing of the detector must be considered. By measuring 

the 	of the complete detector immersed in water all these 

effects are taken into account. In the following section the 

short-circnited electrical impedance is corrected for mechanical 

loss, the Cr, value of the disc alone was replaced by the above Q 

in the theoretical impedance which was then compared with the 

mea su red. 

Resonance occurs when the electrical impedance is zero 
tdo. 7  cL.)__) _ 	... (r ) 	(coo.) 
v 	v 	 v 	 4').  

and antiresonance for zero admittance is given by 
rcJa.) _ ( - Cr1-11:1) (GIS) 	=0 

V 0 v 	--711 ►  V 
The frequency of antiresonance is always greater than for reson-

ance. As the frequency increases, the roots (825=RoRii -  • • approach 

the zeros of jo(.A6) 7 . Similarly for antiresonance, the zeros 
twa.1 

)=A,,A1).-•  • also approach the zeros of ..ic;A 
V 

The first root of the resonance equation yields the 

value of Young's modulus for the disc 

	

z  2171al . 	2.) 	 6) 
where =5.5 0.27 

and the frequency separation Af between resonance and antireson-

ance gives the electromechanical coupling factor 

	

[ 	 (1-T 2)  - 	• .. (17) 
IR 	

t 
With a knowledge of these two constants, .low frequency 

(Is) 
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of the Bessel function 

) i 	al)rn 	'. 
&NJ 72,v  )2.1^nt I 

t 	m  ! r( 
rn 	(tat1/2  V ) 2  rn 	

... oa 
T 	(42..S) ... 	(... 0 GJO..) - 
-JO l V / crn-t.1 	' I ( 

	

I 7 	0 	m! r(m+2) 
Then the second term within the square brackets 

hi 	6+ 
Q,) 
 I (6'4) 	

= 1,,.2 (,41.).{47(:)v _(4)(x.r../c.,2)\/) 3  .1. . . . 3  

te/y,
_112(.21%. I.

°
2

)
_(1 -7)7 (w9) l _0. 2

L1
14

r
01

)0 
4...3_ 0_

"JI Rt
v 
 rs

)  
.1 

r 1 ((...m., 2v 1  	,. 
_ iz2  (11- T)1 Ta) - 	7(3) ) 	/ . .  ..3  

(weV2tt 1  He r .i cpckli. .._Ci _7g _ 

	

211 - r(z) 	J 	rz r(3) +. 
takino• this to the limit when wa---,0 .., 

	

+ j(A)70-1  2dre Y z 	r  

	

ertc 	1..q.  	jto 	•+ 	
(19) 

Hence, as the frequency becomes small the impedance of the disc 

approaches the above expression which is the sum of two 'caps- . 

	the radially clamped capacity Co = 1.12Ert.c. 	(20) 
-tt 

and the electrical equivalent of the compliance 

	

= 1192.  2 d.4 Y 	C 
I 	it 	1- cr. 

2rad.roY 
Cr^ = 1-7  r7117-HY 

is the transformation factor between electrical and mechani-

cal quantities and Cm  the mechanical compliance. It follows 

that a measurement of the capacitance at low frequencies yields 

the free dielectric constant in equation (18) and with the 

electromechanical coupling factor (20) and (21) are known. 

considerations give the capacity, compliance and equivalent 

piezoelectric constant of the disc. The admittance is 
(i*cr).1,(1•4-4-)  WC(' t 

HZ2 	.10  (?) -(1-T) Ji (V):  e
slIbstitutinv the Feneral expansion 

cet II-to 12  2 (+v)  1 jr-a) (')a./202/r(3) +••• 
)1  I - 	2  2{ - 	.1±) it  • • 	- - f 	 1- 

r(2) 	 re2) 	r(3) 

— 	'r j 11 	(1 1. 2 ) (18) • 
Ze 	lz. 	,tt 	

Itc 	-fz 

(20 
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The equivalent piezoelectric constant is determined from 

2Y 
Electrical Impedance and Mechanical Loss. 

The electrical impedance, equation (13), consists 

solely of reactive elements and to account for the inherent 

internal damping of the disc a mechanical hysteresis term is 

introduced based upon the conception of attenuation losses in 

solids. These losses are directly proportional to frequency 

and cannot be attributed to thermal or relaxation effects which 

are proportional to the square of the frequency. Thermal losses 

do, however, become predominant at very high frequencies (100 

megacycles. Rewriting the stress as 

T r(Y+,1H) S  
the imaginary component has the dimensions of elasticity. 

Because the frequency separation between resonance and 

antiresonance is small it is not possible to determine the Q 

by the half-maximum method. Instead, an approximate result hag 

been obtained which depends upon the value of the electrical 

impedance at resonance and antiresonance as well as the respec-

tive frequencies. 

On replacing Y by Y4-.1 H , the propacation constant 

CO becomes Lo/H1 	g- 
`;—̀i2  ( (— j litY) V (1-4 ) y jH 

and the Q of the disc is defined by W. F. Mason as 

(qv 
Q ev/v 

 

 



The question arises as to how this q is related to 

the Q.  value determined by the half-maximum method. Since the 

losses are proportional to frequency, the disc behaves as a 
20 

VoiFht solid and it is shown by Kolsky that for small damping, 

the ratio y is equal to the logarithmic decrement Z. and since, 

by the half-maximum method Q is defined as 

Q  
then the relation is approximately true when the Q value is high.' 

High ."a: Considering first the internal damping of the 

disc alone, the electrical impedance, equation (13), on substi-

tuting WSO-i)for "becomes v 	2q 
(i+Cr) 1,1((c)(1  

Ze jc..)C0  - k2 (213v .( -1) -  r110-1 )i -
i  

O -Cr)Tif 'V' -4)] • 2c? ° 	2G1 
An approximation to this expression is obtained by means of the 

V multiplication theorem for Bessel functions 21 

3nC(1
/ 	 /Low 

((coma 	(--orn (-1)Mrr Trn+1  

2)(1-. 	
rq(0 c t) 	

r2.1v
1./ jrin( v 

2) 
V 

0. V 	2Q 

4' -To(?) A(v) vy-t) 

i-,(7) 
where powers higher than the first of" are neFlected. With 

this approximation the 

N  

electrical impedance is written 
b.7  (i+cn (3-1(a2c,$) +j—C"1/497') 	

v 2 e = pico /LI+  7.1? wa- 	+ wra 	1°) v SoT)(7) 	("1-('- 	coal 
r 

(e= v 2 v J-  (e) 
The modulus of this result is employe in the theoretical• 

4.2c.t.\ 	/ 
2Q 	-)2A V

coa 
I
l 

122) 
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calculation and to obtain the Q the resonant condition, equa- 

tion (14), is substituted, riving 

[ 1-f 1%9' (1+1) [3;4)+4  P. 12  (Q„)} 

e cz 	 1-1/1  rz,2 	(R) - -7.) 	R,VR,) 

together with the resonant condition gives T2(Q) in terms of J162) 

ti  ze 	.. L 	 [1  1t2  (11- TA 1  20+7A  i 
R, 	J1-4)q,C0 	vitt J re 4. ,c7-2. -1 .? 

fg t 
It has been showna that when the impedance, equation (13), is 

expanded as a Taylor's series ntout the resonant frequency h.% 
_ 	

, 
.41 	AI  - Pi 	7-7.2  k I 1-(r)  

fa 	R, 	R,2  +C1-2- i 

then 	zend  = fC./E + 27i9( A,R._,R,) +0,r6( A,--R.,12)]  

1741til = (,loco ke 252-.1-1—Z') % 1.1 	+(11- V)(A I -CZI )? 2  whence 1 11  
R R I 2 	L 	\ R, i) i 

_ 	Ril   _17  1 	\2 _ f 	I  \ A -A 2  
9iVin9 	Ql 	- 1-(A1 -Pir 1. 6.)14,Co r-Zea,1) 	/ I +0+7i ----t-  n  (23) 

from which the Q, value can be determined. 

Low Q: The total error introduced by nezlectin 

powers of t.i.)
2 

higher than the first is considerable here since 
V 

the effect for both numerator and denominator is accumulative. 

In more precise terms the propagation constant is restated as 

wa./ (1-1-2) - 	 I 	= wa   + j 	V 	1 -t J/Q 	v 

	

from the multiplication theorem morn 	iwco  
(0: 	I = // 	 r- (-Om  {747) 7 	rrl )  m L 

9 	o  

Jai a9 	
242J (1

V  

	

v 	2 qj  -I V 	v 	8 qi-, 	v 	2 7 

= 
the recurrence for-rul 	2q 	2q 

(R i) = 	(21) -3; (P')  

0-2(z) = 	Viz) 



bo m  1291-I '  
J.Ig1),/ 	+=/, 	 rnZ(--t) 

4i '1 	' 

walm 7 	(42_1) 
v j 	Jrn+1 \ 

m 

97:7-1.11(?) i9 41-4•T 	" 
1( 	)1(02-\I %)" iLicL)} 

v  2 v 

where powers of (9-(2' higher than the second are ne,:lected. Intro-

dlicina these expansions into the impedance expression 
(I -HT) J, vgl  

f11+± 	cog  
:i To 	

(' v wa -77Ezi 

c 	+ -k2 (:).11/ + 	 Y.-4) 	wa7 (w-c-9 i(H1((99)1.1 ( 19:1.1 

kz 	+ crill 471-1  is, 	th7•7 	3-2 ('-)A (qj - 	15% (1)1  
v 	{tat v 	2 91-1 • ' v 	8 	-1 	v 	2 V 

Mg 	I I 	 aT 429)+ 1 	 fuj.   
(1  tit ctr [11 79) I i;71-7' v 42( v 	v

/\2 	
V J.; 

+ 1-)c. ,1-'.6( i.-.1).L(?)13 eik) (1q-J2 42 	 -2  .04.)C0/[1 7.7•-- 

1_ k2 4.2v.9-(so(tf)-i 	V. TIM 	ca t. ( (?) 	( (t)/9.• ) 3 
	

1 -(1- T)E.{1-  i.01)2(`'̀)2iii(1) 	3'2  ( cji2) 2 (qj -1)2  v 

+ 	apj 1)2-  i(f)2+  (2-  9))3 3/ (1)(z-IIA)-;2   ( ?)] 
jc,1.)C0/[ I + 	t) z  C,,f) 1  (I IT) ck279in (1) + 	44/2) 	4) 1- 11:1  

	

-[Sqj 	
w 

- 	( ?Iv? + ( - 	] c4#1) The modulus of this result is alsoetploved in the calculation 
of the theoretical impenance for low 	To ascertain the q 
value, the electrical impedance at resoranceis 

Z e = 	/r, + 	(1+(r)t,(gig-')z 	+2.-q; —(1;231)(1-7)] 

	

iwctgo/ 	1-1z2 	(r) 	-1)2  - R2  + ('- 1̀ ) 1-qi)] +(I:13n RI 2  4 
— (1- T)E(qj-1)1.11111+  

...  

	

-(1)qF0 	+ 	
(2,1 

e (s+c02+1-012 —Q2) — (?i( i + I)] 2  
Qi(R 1- 7.2-0 

	

t 	 2 

7  e = it7c0/[ + 
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A,- R, (2-f.  4- 	R:2  — 41) 	qi (1 4) 
R, 4(pi2 	+ cr 2 

   

  

(2 5) 

  

    

Where the separation between the resonant and anti- 

resonant roots has been substituted for 	as before. On 

takinF the modulus of the right-hand side of this equation and 

equating it to the vnaue of 1/1 obtained from the experimental 

curve, a cubic in Q2  is obtained and hence the Q can be 

evaluated. 
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