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fhv “-roamtiaa &£ effeat# a/ mtiehaaiuAdl
ferae» h”e oeea kaewa einae the time ef the eaoleat vireeke,
*he ebeerred the attractive peeer of amber wbeh rmebeh.

In mre#e,In the eighteenth eentnry.It *@# «noen 'th»t

tem mallae «hen heeted hleplgyed # «imiiar preiterty ehewlng
epyesite peleritl#* #t the tee enhe of the eryetel* in
IW 4 Br«»ster,«ho inve#tig»ted thie effect in eever&l
er/»t»l» ,a«*aed It pyre-~leetrieity.

In lew,In Fronee,the hrethere P.anh I.Cmt'ie Héio:
feami « nee methed @f fredoeiog ."eler eleeW'leity in er”etele,
They eheeed that **me erystul» ehen ee*#r#«e*d in eertain
éireetlen» shewed fo*itiv« «#1 negative eWrge# en eertein
pert® of their enrfeee#,the eh@r#e# being preyertieael
to the xpreeenre and dieeygeering «hen the preoeere *#e
#ithdr##n. They reeogaieod that the phenemeooa ee* aleeely
related to the ery«toi eymmetry,inveetigntlag many ory*tal»
*ma mmklag % n»ntitotive meoenremente on xiSusrt* feai tourmeltne*
Fieoo-eleetrieity *ae the name projiosed for the pheoemenen

by H&nhel to di»tinguiah it from p*ro»eieetfloity*
It may o« defiaed SB the el««trie pel-'rdsA tiom

prodneed 8y meohanieel etrain in orystola helongine to
eertaln ele#ee»,the -polarisation oelag pf'oportioaal to the
etrain and ehanging oign eitn it (G dy it eovere
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% wide field of erystal physic» aad has been dealt mith

in a comprehonaivy» bidliogrephy by Cady (I946I. In addition
to the diroot pieso-olootrio offact,& defined above,thore
onletB also a converse pieso-oicotrio effect predicted by
lippman who applied th#imodynami@ prinoiple» to revereioie
proooeecee which involved electric a (“nantities®* This
converse effect was verified later by the Curien*

Voigt rigorously serried out the classical pieso-
electrio formulation in Ib'vd «fhen he combined the element» of
ayamstry of elastic tensors and electric vectors »ith
the geometrical symmetry elements of the crystal, This is
published in hie Lehrbuch der hri»tallphy»1lh

An atomic theoty of pieao-elcetrioity »«» discussed
later by M,Bom in hi» gmineral theory of crystal lattice
dynsmioB,

In the period ivid-lbio Xi&ngerin aau others
need %uerts plates,excited electrically,to emit ultrasonic
vibratione in li%uide and gases. In I[;)[h,Cody exam nod the
mechanical resonances and the electrical behavior at resonance
of Bochelle salt plates used for the same purpoee, A» a
result of this »nrk he evolved the concept of the preao-
eleetric rcsonotor. His cork,and subsequent developments,
shooed that pieso-elcctric crystals could be used es
oscillators,stabilisers and filters,their opcrstion involving
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« embiiuttion of the alr«ot and oonvereo pieso-elsetrlo
effeots. Thoix* uses are eoomou# mAd an tba
purely eoinatifie side thegr hsvo been uaed to gala
Information on the natur» of the elastte vibratione in
ox”stel substanme end on the %aamle values of the elastlo
and piese*el«otrie eonatants*®

jmmast the large mmd)or of orystala in the
clasa«8 ahoeiag pieso-eleotrie propertica.<parts la out*
standi.ig in its to”nieal in“rtaaee awing to Its physioel
properties, a survey of those proporties forms the subjeot

mette» of the next chapter.



Sfla’EQ£.m ifS, @&, giAR*

The general properties of %nartz have been
described in detail by Sosman (i9id7),Cady ix*46i*heising
(1947 ) and Booth and Vigoureux (195i).A brief description
of the more important physical properties follows»

Q,uart& (silicon dioxide,SiC”1i crystallises in
hard,brittle,glass-liJce six aided prisms often with
pyramidal terminations» Its melting point is x7507C,density
2»65 and hardness on the Mohr scale 7. It transforms from
alpha to beta quarts at 57”"c. Alpha quarts is insoluble
in all acids except hydrofluoric acid but dissolves in hot
alkalies»

A perfect crystal of quartas may be considered to
consist of a central hexagonal prismatic block terminated
by hexagonal pyramids Pig. l»u» The pyramidal surfaces are
not all similar but alternate ones are,thus the quart&
has a threefold symmetry around the optic axis,the a axis,
which joins the apexes of the pyramids. The atomic
structure is of a spiral nature (Bragg and Gibbs i9B5)
vdiich may be le ft handed or right handed along the Z
axis and determines the direction of rotation of the plane
of polarisation of light travelling along the optic
axis. The two types of crystal are shown, (a) being left

hand and (b) right hand. There are three similar
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elwotric «3t®s,tiie X poasesslag <m a’pHa™ti*y
et ri#i1t angles to WA optto aacls®* Thi® Intepaant th«
angle® ef ttea pyiace facee™ The peeltlva aiyeetlem of the
X aati* la %«k«a Y®waa™@™ the whiah «ho«« posltlw
el«etrlffo«ti(m on the (s$3pllectE<m ot mpoaitiTe strmea
<t«nsi«m) alo«” the a&d&« The ttdjpa aipeetlom,®hleh
forme an ortoogonal «xlel #‘te@ with %™* eptle «ria
«leetrie as&e’ie km&m m #e t exla and it is ctsosea to
foiS1 fi right haadea eo-orilnete eyetem for right handed
«pyatala and a left handed eyatem for loft handed @pystele,
At S7TSR3 the oryatal ckmmgw it» eymeetry from

tri“*ndl to h«K«eoaa4 and Is m longer pleao-eleotrio#

A* mentioned in Chapter [,Voigt formnlated a
mathmmtioal relation hetween the atreaoea,strain#,
polarisation» and eleetrio fields existing in a oryatel#
The relations la the ease of Quart» and the exporimmtal
raines of tw ooastants relating the meehsnioal and
sleetrioal parameter# here been girm W wnr enthors*
Their resalts have been aumeariaed hy (1546)*

The ~ange in dlasmaicma of a Quarts element in
an eleetrie field is very *awll,a gradient of volts
per as* along the X direetios of mher I «+ long In the

Y direetlon**11l altw the length of the her W «ppw»»-
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S Si
iS# miimia»» vl%h # oatuamml eisehsnioal vmaommsm
of Wm Wr*%he8, the viw *$e# at th#t frequemoF «M
e littide of the defomatiesa tanro««im to theuaceids
#* «tetio v#lim*
«W ttewd* 1Q v&pta*

Of the Street pSeeeOleetrte effe#*tW Le wBmidewMe

if the eireait

fre##aw of
eleetrlW L

the tA aetie

enmwteat ef tW Qus”ts €W the jSsmmtSj&sm ef the elhreter,

see» end friotiim ef e eeyatml vi‘stee* into toe maéla™me
cleetrieel Qumtltiw ef Wkw*imee$imMKPS$e ef o##neltwMe
ma reeletesoe w*d proved tomt toe e*pwim«at#l

meWLte vito tw oel@ul#tim# reaultiag ftrm toi#

«rst«B te be dieoseeed la tsera» ef femilier
thamY* 3S pm~leslw ., # % #»# of merit,toe 4
ratio eg 1a”wtive reeetasee to reaiatwee
assy be seed tOo dee«vihe the pwfaememee ef a Qumfi#

vtormtop, values of fee S * 15
YW %of « normml toned eirmait assy be of toe order ef S *i3«
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Quarts possessee a osystal for® «diloh ie vary
gtabla under mvm [ eonditions and ocmblma a very lam
asaping wlto euffiolent pieao-elaatrio power to reaot <m
eM control the frequency of valve oscillators more
aooarately toian is possible with eleotrleal tuning alone.
This precision reaOlms its oulmination in tW use of a
quarts plate or ring in a quarts elook which can be

u”d as a very constant timepiece.

Quarts is both doubly refraoting and optically
active. As quarts is a imiasial crystal i1t is doubly
refracting or birefrl*%ent along all directions other
than the optic axis» toilet it 1s optically active in the
diraotion of the optic axis.

The optical eonstemta are chmnged VB“er mtoanioal
strain (pieao-optlo effect) and under electrical stress
(linear electro-optic effect). fhc taieoretioal and
experimental investigation of these effects was made ly
PooWls (I8a9» 1890, 1694).  More recently Sy T-ai Ze (1927,
1926) and Gunther (1932) have lawrestlgatsd the electro-
optic effect for quarts, the rotary polarisation is
toaffeoted by «toanioal stress but as quarts can beocme
biaxial tmder stress then there is dotola rofrectloo
along the optic axis toich ohanges the sppamnt rotary

power.



Tb» prapmptlay ot Qutofts brlefly «nmeratod In
tbt# Qtisptar fom. « baa&”rwmd fer espmp&n«at«l work

ais«us9*d' Sa tais to«#His«



Tk» eWilf of Tm quart*,its imparfectlon# «ad Ita
«aommtoal uao *nf@ dacorlbai! by Belalag i7&47! «ad Booth
and vigMVINRIK (#50),

The toieraasa# tolto are allowed la the manufaoturo
of vibretorg fM% the raw quarte «re of SmportaDee, fOr
It is da mzto finished vibrators that estpesimeatal iaveeti“itiona
ere earried out, The preoleloa of orl«st«tioa «ad the
metoaaioml prooesses involved in the proAietien of vibrators
help to dotffimlae their be&ievloWaa, oirsuit ol*»#ata,

'%e termlaelogy desMii>lbixis too form of the
vibrator md the dlreotloa of the crystal sssa In relation
to 1ts {dqrsioal fom is thst awd by Booth sod Vigoureux
(##), %S vibrator van be in the fom of a bar, a
restaagular plate,a olreular dise or a ring of reetangular
erosa aeeti&a, its diroetion in relation to the orystal
axes 1s detamlnsd by the pai'timlar use far toioh the
vibretor 1s doai#eé™* ?ig,1”.shows mm» of the moagm used
ir the.experizwnto despised In this thesis,

The exaitiag field is applied by suitable eleetmdss
in a variety of ««ye aeaording to the type nP vibrator, toe
desired ;aodv a* motion and the partleular «costing olreuit,
%y may be external metal eondaotors or metal films

ooated an tlie sorfaoe of the vibrator# tb* esoltii”®

9
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olroult mey be la the form of on osoiXlator similarto
the Hartley op la the form of a maintaining olroait ouoh
as the Fiopoe* In the first o»«e the vlbpatop la said to

pun as a posonetopfln the seooni as an osoillatop*

All quarts vibrators are affected by ageing
(Booth and Vigoureua (1980))* Activity ageing is a fell
in pieao-electrlo activity after manufacture and can be
eliminated effectively by care in the processing of the
vibrator* Freguen# ageing is a change of the résonant
frequency with lepae of time,the rate of frequency «irift
being quite rapid at first th«m gradually falling off*
It can be reduced by various technical expedients but the
residual agoing Is thou™it to be due to the quarts itself*
and 1s 1raportfficit shea long period tolerances of a few parte

in 10 are required in frequency standards*

Basically four types of motion can be considered,
namely flexural,cxtensional or occe”ressiceial, shear end
torsion,these types and their combinations being
considered to represent most cases observed tes quarts
vibrators (iia”™ 194S5)*

The motion of a vibrator is dependent almost
v/holly on its dimensions and the particular type of
wove generated or frequency applied and very little on

-IOm



the driving system employed provided that the coaplin”® is
small* In g.(iart3 the electromechanical coupling is small
(Heisiniji 1947)

Apart from the low order flexures i1t 1s difficult
to obtain isolated modes of motion. For vibrations of
hi¢jher frequencies,because of the elastic coupling between
the various modes of motion,the resultant motion is often

complex.

The general mathematical solution to the problem
of the motion in terms of the displacement at the boundaries
even for an isotropic body has not yet been achieved. The
problem is generally formulated along classical lines after
Rayleigh and Love (1904) and the results are limited
to isotropic bodies. They provide,however,considerable
guidance to the modes of motion existing in an aleotropic
body such as quart». A single theory that "uld relate all
the knovm resonances in quarty vibrators together with the

effects of coupling between the modes would be prodigious

indeed.

A knowledge of the displacement at the boundaries
and thus the position of any nodal regions enables the
vibrator to be mounted with the minimum of external damping.

The absence of a mathematical theory capable of predicting

-ji-



the distribution of the nodal regi na has necessitated an
experimental approach to the problem.
The investigation of the modes of motion of
quart» vibrators forms the subject of a wide literature.
The methods of investigation may be
classified under two headings, in the first the frequencies
of vibration of the different modes,predicted uy existing
mathematical theory,are experimentally examined ana
empirical rules governing the frequency are evolved, in
the second,the physical form of the vibration at the
different resonant frequencies is observed. This is done
either by observing the position of the nodal and
antinodal regions on the vibrator surface or by investigating
the distribution of stress inside the body of the vibrator.
It is to the second type of experiment that Chapter 4

1s devoted.



use ef 11#1t interferenoe to measure amail
anplituaos of vibration dates baok to Thcrsae ana warren
(1923}» Fu”tiraoto (1927) and Faamobe (1928). fhe applioation
of the method to tW stWy of the vIWatlooo of quarts
plates was n®da in 1927 Dye in this eountry when»
from his experimental work an gunrts and partly as a
result of a visit to America in #at year» he formed #e
{%>nikm tw t the method might give some information on
tim nature of the vibrations (koyner 1933)»

In a posthtBWus paper (prepared for publication
by Vigoureux) 53" (1932) described the epplioetion of
flBoau fringes to the study of the vibrational patterns
on the surface of several rectangular plates and
oiroulsr dises of quarts. fhe fringe, which wre of the
localised two bem type, were formed in refleoticm between
the flat polished npper surfooe of the quarts and tine
lower surface of an optically flat glass reference plate,
using unfiltered monochromatic light from ® mrcury
source. when tiie reference plate was tilted with respect
to the quarts surface to form a wedge, black, equidistant
straight line fringes were formed parallel to W®

direction of the wedge apex.
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S moms of # suitable oaeillatovy elroult and
al«e%rodas«tha quarts vibrator» eould be resonated at
maw bf thalr natural fr«” «wi##. the quarts
vibrated*the fringee bee«Be blurred wherever there was
m 'op «ma dam* motion of the surfsee ainee this motion
eaused a to «o0d fro motion of the frin*s*tmt the fringes
remained undlstmrbed tw ew”mee e#a at rest* The
pattern t*ma rwealed the nodal and antinodal regions
of the vibration#

Fig#l#5» t«&en tvm. Booth mid Vigoureux (/95u)
shoes %ie appesMmeo of the fringes*(a) at rest and (b)
in motion for a fifth order flexorel vibration# In ordtor
to ovwwsse the blusviag of the fringee#li#t tr&a a
helium disoharge ti**drivMi W the oseillator at the
asm frequency as the vibrating qoerts,ma used to
provide etroboeoopie lllmiinatima. glg*I#3* (e)*shoea the
appearaaae of fringe# imder stnAiosooplo illuminatixau

i“e investigated laie nodal patterns cbtained
at differwkt frequeaoios feof x mt erystale of varimie
dim«nsicems*ldm*tifylng types of vibratias suoh as
e("pressional*fle3Eiiral*torei”anal and oomplax ocnabtnatimui
of tWae# Simultan”"pous obmrvationa on the opposite
parallel surfaeae of a qumpt* dise were made for
etn*preasiozM1 vibratiomi along the direetion of the

thii*OMBs# Dy”Eleoliiwd to measure the aag>litadb» o f
14-
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vibration on the gretmas of unoertaiaty about «© light
inteasitqr distribution in the fringe system, m noted the
regulerltr of ttte lew frequwujy flexural vibreti<ma «id

the eonples irr”iariiy ef the hl#w frequenoy easqpreeeional
vibrations.

About the amme time in Ammpiea Qaterberg (IS#)
used tee bwm interferenoe fringe for the sssie {mr#ae*
Atainlag looeiised fringes.ueing " filtwed gram mereory
line (5461 a|* en the qiwrt# surfsee W smking it one of
the two fully ailvwed airvers in a lichelacm imterfermseter.
The silver eeotiag vas wavsniently used as one of the
exeiting eleetrodes. on resonating the quarts vibrator the
fringes behaved as in %es* esperiaerat. Oaterberg gave
an e#iatimi relating the amplitude of vibration to the
visibility of tW frisks w#tem. He obawved that the
mdal patterns vwe not geoeetrie for the «aqiroasieatal
modes «Id that the wtioa of oi” site surfaoes was not
the s«Be. The ««plitude vas plotted against the applied
orystA mltage. Only a mm points ««re plotted and tt#

wis xsm linexp.

latffiP osterberg {1933} gave the derivation of
the equatiim gewted in his #39 psqpsr and «cWnded if to
inelttde ease of a fundarasmtal diapleweunA and its
first tve hasfmonios*showing ho# W8 harmonies eoold vary
the obswved fvis” pettcan.

%e fOUmring y#” (X939d be published details of



istarferameWp t» observe the .relative motion

ef oppsaite fee## ef a vIWeter end In s paper
c<I*o-

smde peeelble © exemlwtlen ef the mlmtlve mett«m ef

edjeccat feecat Me tWe dlaitIn#lewd Amtrnom Hl&bismA.

ef me mrm trains 1n eertsla %wt #e#esy»

% W e#wttly he gave details (#34) ef # rsfreetisg

in vibrater» ef Wf t&m hr awmrvlag tw mm# In
eptiml p#m presmted to « horn ef light trevereing

me quarts in a dirsetfm amsmaX to m» direetion of the
save mntim” Bgi# ea# effeete# # plUeteig me bar in one
tom ef a eieWlson teSerfanssetar md using polarised
light# fhr « «M"rmstmsl viwetien eloag the Isa#t*"«
notes ef aistiea ales# tte Im#%& mars antinete# ef stress#
As tbs snjer mnpfesm ears free them pressure aatimdss
coineited in i"sitios with me stsaimem of euteard or
lateral motite ef the mjer *pfeses# Me teesmstreted
that me letw a sntim mm too «raall to be obmrved
elth me usual frlags agrstee,Wt that tte etrme emsed a
ehmge ef rsAmstlve istex mdfteient to mmge the
optieal path hr * visible fhe mmgs in the
refreotiva latex ess oaegmbeing teffermt for the
mdinnry ml me mitraordiamy rey end depmding an the

- 16.-



directtea of the li#it bewi and th# directten of the
«BB aotiUm la tte X mé ¥ cat pletee Inreetlgeted* U»
hoped at amm future date to OMlibrtee m i# sotted by
eomdletiag me maage# la refreetlve Index with the
«Cplltude of cryatel vlhretlm eo ttet the reaulta «mid
be @*”"ered elm moae obtelaed for me atatlo eaaeiby
applying a hi# 3*%0# potm ttel to me qtuupts) by % tai
Zm (#93}» fhsd mia #aa mot done ««a due*ao doubt*to
the dliffiogtty of {woduoing lateral notiMia lar# enemgh
to be obaerved bf me two beam fringe aystem without
ahatt«P1% the quart* rlbrater*

(1893} modified oettebwg'a netted by
arwrnglag the hteteAaom iaterfMraaeter eo that the field
of view owr me qutet® vibrator siutfaoe va# dark whan
the latter wee etatlonmry. Any region# of vibration w«pe
ahom aa bright teeae on a dark badc#«»md» Later strwubel
(1894} tewlied the technique to the teudy of teear vibration
la ¥ out quarts i*ates# he obtainte two values of
«m@plitude using Osterbwg*# original equation and measured
the @ryst*& volte# at thsee enplitadea*ooteludiitg that
the m telitute/volt#e relation was non linear#

Steumaeher C"37) wferred to Ostwberg (1689}
but used lye*8 (2938) method to investigate oom#rwsional

waves in ¥ eat quarts plates. Ss Showed that me wave

-17-



motlorn la a alse aapcetdad fm the ebapa af tha adge and
obaapved tha* oomplexlty of #v@ aoti<m of oomppeaalooal
«avott «as probably bo %o rofloetloa of «ave traina
at tha bomadafla* of the aryatal®* of Intereat la tho uce
ha W&&8 of #&a %eahal%aé to isaeatlgate mounting problama,
showlsg that If the faarts owe olmx“ed along a nodal line
the pattern» ne# tuWianged”hot that If it was eles”d In
an aatlnodalreglon the pattam «as badly distorted*
Eot*erevekl and itta“er (1941),la a rather
long papw,gave a oritlo&l resume of the work of lye
(I@:~)*08terberg (Um et ae%.) and strmhel (1933,m30p.
They used iye*s method to esHaloe the vibrations of three
similar resonator dises end a rmetanjular plate over a
ecoBslderable frequency epeotrees* tke*wlIn” the results
for ee«k of the tlupee discs they found Vimt lAie frequ<m”
«™otrwa was eompletely M *ilated toy the eryatsl structure
s»d the boundary wndltlons of the diaes“tout that ohanoe
WiaaogmULtles in the erystal strueture eould destroy
this reguletloa®* Also that the aymaetry of the vibrational
pattern wM a neamire of the Wmo”mlty of the quart#
dlaoe* The pattern was little affeoted by temperature
or pressure «Aanges,the electrode on whicli the eryatal
was r*sting,or non uniformity of the eleetrlsal field*
They «Kffiarised the difflcultlea inherent in W& thsoretieal

18-



appveeoh to the vibration# of enlaotroplo bodie# a#
revealed by Be<dweaa CX934}* They dlemeeed the praotleal
ftppro»” alee*stating that the praetlaal aolutlon would
require an lasaeoae «mount ef matwlal. Att*ation was

drcim to th* faet that la all prevleme pm'mea fua ecoount w
taken of the ehanoe faetom distorting the vibration
pm.ttqgn and that m ««pious attmg”t had been nmdW to
measure the seg>lltudo ef esollletloa» lo measuxemcete of
amplitude were*howev«p*prw@nted la this paper*

'During the saim period as the Int“ffercaaetrle

Investlgetl oa»*st'l«”.pta vmre made other #o3&er# to
use dIffwent optiesl teAoiquea on »mm problem*
la psrtleal«p polerleed IW it was used to examine the

distrlbatiOB of stress in tiM body of the vlbraWr*

tawil {#g6)*la fraace*wes the first ««perl&'nenter
to use polarised white light to investigate the vilbratoiy
motion of 4 out (ZEetea af quarts* The plate was plaoed
between eroesed niw ls vitdi am **@al ixa”onsator to
give extlnotlen over the field When ttw vibrator was at
rest®* Whee the plate was t«»onat«d*a “wige of rei'raetlve
index was proiWeed at regies» of stress in the quarts and
bmioo the stress pattern la the body of tae oryetal was
revealed as « bla” arabeexue on a bright bewkground*
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In later paper# Tisftl (102a*13S9) «pplled the teeWilque to
further seses*

Keens «&4 Vemtdiaffeldt (2»m) n##d polarised
light in f& ftimilsr mmimer % feeH*hut enslyftea the
11#t with ft f*otrosoope pr%dneisg a “annsUed speotrm™
They 8ho««a that the vAhretlana produoed mblrefrlagenoe
ftlon g tt» optie #xie*ftBd # ehsnge of hlrefriageaoo in
direetiohf othw them ttw optie exie*

t'ftt*aimith md auer (13S3} exmalned X eat hare «lid»
polarlead light sad the glow dlacAar*o ae well as lyoopodlum
powder to Investi®te idle «eolation of the propagatioa
speW of flextrel «eves «l#% frequw"#

Petrallka Ci”Sl) repeated fesil'e esperlmeate
with piOPallel plem*»polgrlsed 1i# t sad extoMed the
obeervatloae to Inalude the use of cenarergwat polarised
light, la dli“seed the “feot of the Aeotrloal field
and vihratloaal motitm on K» optlesl iwopmeties of
quarts*

% fsi W ftirl fslea »ldM’ used polarised 11" t
to «osadU» thje viIWcatlomi of heUow quarts eylladers
eut with the optie sxia running parallel to their length
ma In a later pi”per (23)32;) and «liat asng mmg <193€)
need i1d# same Wohnique in Airthar investigations on
this type of ressae”r*

jiao (XSSS) wted that the pattereus formed In



the polerised 11"t method ahould,toy revealing any

lack of In %€ vibmmtim&el pattern™ #»o« flees

In t&e quttPts element sAleh would 0%i«fwlee not he deteoted#
He oommoted that tWht me%*»d dW not easily give quantitative

results*

ihe SiAliwen a»#o0d of Teeplev has also been
edf*ted to the etudy of quwtm vibrators by strong (29SS>*
Petrsilke and Zaohovel (iS94} end Soheffs (I9S7) but no
quaaAitative assearements WHPO made.

in the adwve mentl*ed papers and in Cady (1046}
referenoes aAU be found to oidisr owttods of investigating
the w ti on of quarts viwWatore* m ~srtioolar the glow
disQhao'ge method of Oiebe and Sfihlsbs (IMS} deserve#
mention* If a quarts vibrator is resonated in «a
abwapha*# of awrceery vagpour at a pressure of a fee am*
«len a glow discharge appewps at regimis of stress due
to the liberation of eleotrieal ehargm at M&ese regitm”s
The areas of dialerge indieete am”"PQOAinately mw nodal
regioi» but era a swositive indieation of resonmatoe*

byoopodiim powder was first used to reveal the
nodal regions fis G (isee) and latw by other woAera
inoluding PetrsUJta (193%)), ac&mmacher (193?} observed
that bo%i the discharge and the powder methods eould «dy
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give approximete Information on me fom of the vlbretlmw
la partioular JatwM”wg (19S4) has xAwMmnthat lyeopodlura
powder is unreliable at large amplitodas or for high
frequaoolea™

It is worm noting)*in ooa”uslon*that only with
the 117t intarfereaee memod does it seem {Ktesible to
mosffiive the amplitude and phane of me smpfeoe motion
of a vibrating quarts element. The polarised 11# t
technique gives qualitative information on the stress
inside me aXmmt hut a quantitative approach is diffioult.
Ho calibration of the stress™as revealed hy the etumge
of refractive index*in terms of the strato™as revealed
W the surface disple@SBmat*has hew» made in the "“n«Mio
ease.

As many pattams on quarts resonators have a
cartain #ynmetry*of intmfsat is the reeent verifieation
«na estensim» of Chla#al*s (IBas) famous woit: by Waller
(IBir? et aeq™} who has investigated the wave patterns
of i1aotropie materials of various gscaietrio Shapes when

resonated.
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i .AFFFS 1

Interfereaee of 11t I» pvodueed by eon&lolng
two or more eeperete beme thet origlaete from the
se” source®* «a luterfeapttaecter is «n Instrument «dtioh
scqMsretes € bema of 1177t Into t® or more parte wMcSi
ere then reunited to produo© inberfarenee* 71»
Interfer«moo may be looelised In speoe or non looallsed*

In BBS Fiseau devised an interforoaeter to
produce looailsed latorferenoe fringes™® rig*II*I shows
the usual optieal arrsag«aeat for proAiolng fHLseau
fringes®* %mnooWMe«aetlo light frcmt e pin hole Ais formed
Into a parallel beam by « well correoted leas L* This
parallel bezxi falls on to the laterforemetw wedge
fomed ty the two iaoliaed plane mirfmees DC end £U*
Interf«eece*e t«dees place between the lijht reflected
tvoa the bottom euffeee of DC and tlia top mrfsoe of K!
M« may be observed in reflection at 3* straight line
frkiges ere farcwd in the wedge at values of t given

by the fonaula

Tv

X zwevelei“th of light

n =order of interference
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JU~ r#fre@tlve .tnd«x of the we%*
= of ineidffisoe of

A

ilie frin”M «re ammelly c”serrod la refleeticei
«hen the 1*litudee of #1* two interfering heme ere
neerly the am» miu She vtclbilltf Af the fringee is
w«py good# The fringe eystea Is pemtleaXt” a ooe*-
dlstrlhutloa if the refieotlvlitles of the two «wdp»
surfsees are the ewme# In trmismiselon the fringee
«hi #1 fgp» ecnHplera«Atto™ to the refLooted fringes» <o
superlB#oaed on a W 1#1t haOkgrouM and the visibility
of the system is poor#

In 1301 Mlohelmn invented the eelebrated
Interferweter «diich beers his n«me* It een be used
to produoo looallaed fringes and in this ease the
errange»«at is as sWwa In fig* [[.®. The two arms F?
and SF ere «Uright angles to each othw. F «nd G are
fully silvered mirrors placed normally to FF and
respectively, His « half sllvwed nlrwn? at 4S* to both
FP @#d OF and Xis a oompensatiz® glass plate. %cn the
optieal paths md& OF core Idemtlesl and 0 is given
a slight tilt oltti respeot to F then the Image of Gin
a i1s looelised at o* w& the looalised intsrfwenee
fringes sim i1li to Flseau fringes say be observed at B

are visible over «stall optieal path cliffereneos
-24-



batwean F said ii* and inso?«sae la visibility as tho
agartura of h la deersased®* Ii the allvwlag on Hia
ehosoK s© that the two Interferiag, beams are of egual
intm slty tho.visibility of tho fringes alll be unity
i.e. the minima w ill go cknm to sero intmeity»and »s
there are only two be”aa Interfering tli® fringes will
have a 80s intensity dlatritontloa* Xliis la ahoim
gr”phisei]” in FIg*II#S* The li# t end ds2dc areas are
equal and the half wldt® of the fringe» defined as the
width at half the maxin#m intensity is equal to half the
dietsaw betwem ordwe»or suooeeslve fringes.

If one of tho t#0 surfsees forming the wedge
is optieally flat then these loealised fringes will
eontour the surfaee ,following regicms in the
wedge of oonstent *t* velue» Mpomthe fringe pattern
the actual contour or shape of the othmr surf»ee may be
determined.

Practieally than with both syeteas the two
surfaecee pro”*oing the interfergmw aystem must be
polished and flat. The referenee surface must be optieally
flat and the other surfaoe "wuld not be lees flat than

the order of tens of wavelm”~tha of taie Ineidmt liih t.

If the 'two surfaoos are both Optieally flat
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ohka the fringes will be etrelght lines parallel to the
direotien of the wedge apex, if mow of the aurfinee»
reaaizil i fixed whilst fdte other 1« noved away fro® it tho
fringe# will nowe laterally so t'mt thoy renmain at tle
e«ae value# of the wedge thiekz#ae™ If the noving surfwee
suffer# « simple hamonio displacament ™»mt its noteml
position then the frinasa will also suffw a simple
harmonie displaoectent latmrally witdt reepeet to their
nommual pasition»the «egslitu™ of their -diaplaceoent being
proportitmel to the e™litade of #ie w&eving aurface with
reepeet to td'e fixed referwwe amwHaoe

The reaulteat eppoeranae of tlie AAnge testera
for « simple hanmr™e motion of frequenoy greater than
SH <“oles pep #ewnd sny be diaoussed both gra#iiaally
md methemetioelly. thl# has been dn##a# was mentisimed
in fart 1 thapWP 44by Oetsoherg fie treaWimixt
will now be givwa.

For a fringe systssa as shoim la Fig.I1*9« with
a ea™' intensity aistriimtisw the brightness of the fringe#

Ig may be witten es

To = tos

irthasee K- » constant

h =twice fringe width
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* aperpeadlmiler Aistaaee aeroM th# fringe#

if the fringes move In « simple hermaio mraier
ef «aplitude s and frequeney I/s thrni the Inatastaneous

bric*tnes# et «jy peint

r., = k[l t A (X - R COSir)HI

If this so”ressiim is iategreted»«ad the
amplita&» e# the fringe diepleesnent H MiLetM to the
eeqylitude of the mxsetme ilepleeemmtt r oeueing it#

then the résultant bri“tnese

I . K[\ = ?. !tC1 cos

in terns of the fringe per«meterenthe solitude r md&
the aeseel fumetimn ef (wder

The msnims of I sad Jetoeur f<w the stsse
Value ef Xor «re one half fringe c«idth out of step

aceordiog e#3%UTITl~ positive or negative# Kcxlmm
A
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aoatrflflt occurs» for = = wWwWH 1 e
tiie fringes sp® at rest™
an T, -0 »t —"UKad JO er#

vlatbl®# 2m %e *1r\f%«.de [ taes-mmem Y felse vy»lu«

Ff T, 40” will go tiwoin#s sneoesslvo nmxAiw «M
iitnia*) eepsrated. b/~ a®po values»tli« visibility -f the
friages «t aaWb re«Klm« or minima gradually deweaeing # If
the mapfaoe vibrates ealy la empteia parts several sets
of fringes win be visible mlaultaneously# tihe vim»%
appessffs*® le %t#Ht of sets c. frlrsge«»6>>h Usplaeed

hr half «n ordm> frees t ;« aelghbourls®j set «ad eaeh set
separated Wh blurred regtoaa ss seea la Pig.Il.4. 'me
press!” of say bKPmeaios la the vibratless leads to more
aomplez expreeelaam for the Inteaalt; Mirtriliutiea.

A iypmptlQal tremtmeot Is iaa”Puotlve ¢ ;ig.Il.5.
shows the displaeceeeat of two friages ah for « sisqile
hermemio motion of maplltude "~ 2 itot$1 e»mrsioa) sSian
the fringe displmeement is h/®» The maxima of brightness
1s at e#for the velocity of motimi of the fringes la
a miniratss there* i?h*a m”*lltnde does not produce the
best fringe ocmtrsst as earliw investi“etws considered»
for 6 MTtain mw%at of overlapping of « and b to e* and
b* will iner”se tdie brightness at G* fhie la Waown in

the mathemetlce# 'Phue %e first minli;am of  X*
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acurts for ~ =otoy. gnamaks. of * endlAp
tremWent of the problem aes beoa glveaa mith {19451
The amplitude of the sovtag «urfeee 1» %M»
meeaw-ed % estlm&tlag the frlage visibility and
wsteraerg quote* the aaearacy 60 the mplitude
be measured a* oeiag «Imoat /fl»
aita the two bema eyet<m then It 1* not easy
to see the prwla# fwa of the impfee# diepl&oemeat
visuel e&amlamti® of the resmltmt fringe i1"stest
sad *#' sttsept to meaear* the mplita&ke #f this di«**esm@at
involves diffim&lt swbjeetive visibility estiaeticm ™.
fhis mey be m&vem» ay amlag strebosoepie illmsiastioa.
fhe cemllest amplitude maioh mn be detected is some
& a » In the nes& ek'.mpter the Multiple bem Interfmpeace
«ystem will fee ooepas-ed with the two bem lat#fw«&ee

systmi in #ieee respeots«
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Ommm ®
miAiPLm B&m xiigaiFMBaai sysrias

I’'h* aisoove*” end development of multiple
beem laterf@pcmetry#lta fimdimeatel theory mad relstioa
to previous interferometrie wopk,togethw with 1t8
subsequent applleetion to m#ny probles in #gelo8
have been desaribed by folansky (194S) la a eummary of
hie work in vdaioh referenee to the original papers is
made. Gonsequeatly a detailed diaewtetim: oa multiple
beam theory will not be ette®pted,but a brief deamription
of those prineiple parts #ii«Ei are of special interest
to this thesis «ill be given.

'Multiple b@# interfei”oe between plane parallel
aupfaeee was investigated %ieoretiemlly by Airy {K3SI)
and prsstieslly iJouloa” (iBOd) and '«bi* end T*®pot
{IB#?7). It has been echotm experiswstelly (g- Tolsnsky
end hie sffoool that the earns thsoretieal oonsideretiona
am be applied to multiple beam interferenee betwssn
the inelined surfeoes of a vwige.

Multiple b«m 1iaterfsrenos is produosd ooetiag
the two surfsee# of « iwdge with a euitsble. transparent
r.etal film of hi# reflecting eoeffteisnt. fheayprovided

that all tlie reeultcdnt beams are awmed#the intensity
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distribution witliin « frlag# i« the erne as la the
olessiosl Airy dlstrlbutloa.

mo expreeeioa eontrolliag the trea«miealoa
fringe ehe” la moh a we%e Interferometer may be

written as follows,CTolaask/ 2343)
T

T AVFEsw
Waet, CO8

[ Intensity *t any point
peak intensity of the fringe Ili- A"

9

1’ = or the Fabry «iiooffleieat of Finesse*

tVH)

d srefleetlng ecoeffislent of the metal films

w«wavelength of the inoident light

JLs refrsotive index of the wedge

t «wedge thi#neea

=angle of ineidenoe of the 11#t

X = 1-"R (zeio absorption)

The faotor F controls the idisr*Mss of the
fringes™* Tts» effect of Inereeeing b is shawn in Flg*H*3
for fi 0,7a #md 0.9a (?oien#y IP#)

1'Or sharp fringes sin %onn be repleeed by then
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1I— 1 pnfiiL

At the limit wld%
0 T n*K

er;4 ao
Ce—lz3_

'-07 eymwtpleel frlaae8»t*o phase engl#
owjresiioadlilts W the fpinge half width la

end e« the phmao dlffwmee hetweem auoeesaive order#

1# 2ITthe fringe half width,* # fraetltm of an order la

rsble 11*1 “Irea the relnea of # for »me reine»
of Il «id la t*on fi%% 2ol«maky (18#)
Table I1.1
R U04 U7W8 0.85 0.® 0985 a.®4
/S VIIiAd 1/I0 /80 1/40 I/m

The Airy treah8*it of multiple beam interf«r«nee

thaa aWee that t!w ei®a®ie of the trrnamaltted frl1% 2# depends
only <m the refleetlng ooefflelent of the motel filas*

The refleetl«m,trenaml##lon and «baorptlon of an evaporated
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film of silver vary *Ith the thiOlmess of the film «nd
tho WAvelength of the redlatKm used* Typteel values
for «green 11«#t are mown la Table II,S (loi*aeky 1948)

R%) 80 70 7S 80 85 90 94
2% @6.597 29 185 10.6 4.5 0.7
am 4.5 3 3 35 46 55 53

an laoMeee la the film thldmese will iaereeee
the refleetlng ooeffloieat of the film sad thus deeremee
tii© fringe width. Mowevw.e plot of the trenamlsaloa
cgeinat the refleetlon for &ailver film using green
light shows the preetloal lindLtstlem of Inereesed fringe
dofiastlcsi to be one of 11# t trensmleaion. Mg.I1.7
(Avery 19S0) “ows %le feature fbr wxse silver films
produced in the leWretory Igr the Edwards pleat deserlbed
in fert III end e laboretoxy pleat. They are ooBsparod
with am* films px“&aoed by Strong and bibt" (X940). The
trenamlseltrn depends erltleelly oa the abmnpptlmi la
NMe film at high refleetlng oooffiecieata.

In the refleeted system the absorption 1is also
n#@rt@at,as it redueea %&e fringe visibility in
that the fringe mlalmm no longer reash sero intensity.

Bwwawse of these ooaslderetione the prooeee

of depositing metal films of h1” refleetlng ooeffioient
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«nd low ebaopptioa is en Is”rtanti part of the praetioe

of multiple been iatarferoaetry* For work la the wavolea™fch
rogioa 5-7 jwo AngatK”sm,silver ev#*oreted ik »

vmwarn em  give mirror® of euffloimitly hl«Ji r®fl«dVtlag
ooeffioient (ezoeediag 0.8S) ®M low eb*>rption# (below b*08)
The preolae value of #%e refleetlng eoeffloioat seed

mt be known mmerleelly alnm #%et is s'«“ir«a la me
highest refleetivity eansisteat #im the thleknese
permitted by the 1i™t. aouroe evimilnhle»

The cceasureeseat of e fringe dlspleoement a<"ad«
oa the eeeupaoy with whim s settiag (aea he made iBi the
fringe end mis dmp&oda on the iatmisity Sistrihutitm
within the friOi%e. the aritieel condition# for the use
of mmltiple beam i-iseaa fringes have been aisoaased hy
folaneky( X9#),Broseel (1947) and for the n”leeted

by (19# }* The reflected fringes are not
ecBjrplementary to the transmitted fringes 1s the multiple
Oom bsrsteei heeeuse of absorption in,imd phase «Amng<* at,
the refleetlng metal filma*

Briefly the ssiltiple bem; reflections Smpom
restrictioas Inme value of t for # give® fringe
dispersion #md « given aeoaraey of eoUimstimi of the
iaeideat light he«aa» frovided these restriotione are
obs«rved,the multiple hemas oma he atnsaed a suitable

1«38 to give Airy distribution in the baek fooal plane*
-34-



Table 11*3 iles been drffsa up from value# mig”ested
I-olmeky (I&4B) shomtnQ the persslsaible values of
step slm d,oollisot,lon error ¥sad fringe aisperslcm

Xi&t four values of %ar*

TetolQ Z1.S

%am I 01 QU n'"mi
U 1/s 1 3

aBa 0.9 t'.8 S 6

X 3.5 10,1 35,5 mi

la preetlee the SmRrart«Bst feet Is that t mrniia be as
email as passible*

The Xm% must be capable of oolleotlag ell the
bemae trm. the wedt»* It hm been shows that the mmerlael
aperture aee@®«firy is l«-"wfesre * no* of hem* end
G" wedge mgl».

Otth law m#g%lfl@mtloss (less them x 5) and
a low dispersion oa the wedge (lose than I fringe per ma.)
the roeessai™ mmerlasl aperture Is small (less than a*I)
end Osa be «oocaoSated bf «bf roll oorreotod wide «perte»*
owaera leas.

The multiple beam M*e«u fringes are uauelly
fwBMd with monoohrmmmtle 11j” * However the formula
'tvle-Xjuit'cosy " « s the poMIbIMty of proving other
multiple be«B fringe systems by v*»flng \,t,*md *



eoasteat. sad tubie IZ«4 tfckon fi<oce Toisnaky
(ID#) aia?ws tbs systems obtained by varying one of the
three qomntitle# A#t, * sad keeping the other two oonstent,

Fringe types !
Nature Constant Fringe Filter
of light quantity type Name action
1 Monochromatic t Equal inclination Fabry-Perot Angular
(A constant)
Equal thickness Fizeau Linear
' White Equal X Equal Wave-length
i (Avariable) chromatic
' order
| t Equal (fcos ©YA  White-light
Fabry Perot |

1th parallel white light at normal inoidenos on
fi weda'S interf*wwter fringes of equal t/\ "multiple
be«j8 fringes of eqasl «irojaatlo order rare fonmd Ohm
the light prassing thrau# the wedge is analysed by e
epeetrograph.

fhe sea™ theoretioal oonsideratiaas #a are
applied to the imltitA* be*t Fiseau fringes apply equally
to “se multiple be#" fringes of equal ehromatio order.
Mowev”er th* frhage dispweion in the fringes of equal
ehrt*atie order is shoe» to be only » funotlon of tho
interferometer gap and the epeetrogrmph diepersi<m,a»d

not of the wedge tmgle as in the Fieeau fringes. This
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memo hi .her megnlfloatloaa ee» be used with the fringea
of «quel uihrotaatlc order th«a with the siceeu frlagee
without the reduotiOQi in the ehMM’iese vhioh oe<mre with
the letter#

In the fringee ef equal etonmetie order thé
projeetiBg lene ie used to foeus the multiple beams aa
to the slit of te»w ppeetrogrepA. It thus ooatrolé the
dimmsioas of Wo» line eeetiun of the imdge being observed#

The nee of Aultlple borra fringes to measure
topogre#%I1'3ml detail by measuring: the fringe shift es «
frsetion of the ordw distenoe has bee® dis<ms«ed 1%&
Telmn&y (1948). The «tceureoy of meoeurwwaat depends on
the fringe vidtei being «* smell e fr«eti<m of the order
distmoe mne possible#

The epplioetioa of multiple beam techniques to

tho study of vibrating surfso*» «ill K> be dlacusaed#

Tt» foxetuls for the int«usity distribution in

Rmultiple been fringe has been giv*i ne

na-x
\ + F

#1070
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»if C 1* varied In a ai*”~le ha“aonie memwr,
fallowing dfltoTbergs treeteaent.the msoltsat exmressitm
is «*amORWi does not adtenit of esey istegretion® A
grmphioal rmyWnm.t 1* more revealing#

2n Fig*[1#8# th® faH lin# shows ~ 1dealised
sioropiwtmetwp tree® for » multiple towa frin,;® system
in trsnmissioB# fig* II#9 si”ws the latmieitgr curve when
the fringe «yet«a le given # si”le hewsonlc action of
amplitude (total #*o«r»loa ) shout */4,eeah fringe moving
either side of its owatrsl position e,h,to the extreme
positions indleatsd ~ s* sad h** It een he seen thrt if tte
half width Is a small fraotioa of the diatenoe between
opdera.eatei moving fringe will aot he effeeted by the
edjeoeat movini-i fringe# Fig#ll. 10 #ixomm an X eat her
oimillatiag in a fleaonsal overtime with a fringe miplitude
of this order.

position of tM mexima of the resultant

oaeillsting frlRipi pattsm with respect to the aotusl
m#litude of imtltm of the smrfaee esn-ing it nxst be mmmined,
The «&srp maxima #t the extremes of the oeoillating fringe
pett"m are oljsrsoteHastio the miltiple ba*a fringes
used in this w«y and they «re due to the si” le harmonio
nature of the fringe diaploesmmat. As the «etaol fringe

sweeps aeroas any ordiiKte of this oarve.the bleOkeniag it
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pmauees en the phete”e”hie plete at that position

#111 dopmd on the Intensity dlstniWtlen ef the fringe
ana the eeloelty «ith sAildh eedi pwPt of this distribution
erosses the ordlaete® At the e%tr«*e poeiticme of the
fringe dlspleeenMmt %ie . addItlwnel time fmeter msy osuse
a dlsplacement of the resultxmt mexfime ineacrde from tbm
positives remfdted by the fringe maxlmm#

As -m Ulnetretlma % fringe msy be dhpssn la
the BuooMclve posltlone rem#wd In equal time Internals
ne In FigrII*XX% A# the oKtrsme peeltlone ere resshed
It la® be seen that tw fringes begin to everlmp* fee
positions #*** aM ***¥* ere dram aSilOh everlep mt the
helf width position» The raaxta* the remiltmst intensity
distrlbutim m st lie beteeen these tee maxima at emcdi
side,fw it emzmet lie outside #** *$#nd *'** represmsts
tW last ordinate cWhMS ehiab the sdsAe of the fringe'
peesesy#nd it mores mwe skwly towards ***** them it
does frstt ***y

Shis lll«Btrati«s may be used to pMvlde an
estimate of my wrpr that may re«tlt «h«s the amplitude
la meamtred by oba«p»lng the sspsratiom «T the two maxim™*
of the remltw A lirtensity dlatrlbuti«i» The «nror oamot
exoeed teles the helf width of the stationary frlo«”.

In an metttal emse eewwal mlorophotometer
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traa## were tsken & oeciUeting fringes whose stetloasry
half width Qould be estlmeted frwa the refleetlag

e efflelent of the silver film used* The fringes and

s typleel mlerophot®etw traee eoroae one of the
entinodel melons are «dunm la Pistell. and Fls*iV*g (page 77A»
of Pert 19* The silvering was 0%95 md the eeloulated
half w&dth ~100* The meqg*ltude Obtained by measuring
the aeparstioa of the «extras of the résultant latoasity
distriimtion was V* morose the middle of «a satlnodel
region. The mpllWde #me therefore VvVd i "IW* The
distsnoe between the fringe mavelope end the ordinate
tluMm#) the mmxlme of the rew ltmt latoaalty dlatrlbatlen
vm found to be «orme 3 per eeat of the emplitudo of A/4
or A/ISI* The eontour la fotus not that of the statloaaey
fringe but “roeponda to ose”half width "V63m

mowing for mall «n>on In #ie detmminatloa of the
refleotlag eoeffiel«Eit md the Int«msitgr distrUmtlcm

It appears that the mcodms nmy miffer a slight shift*

In the ease of m 1"litude e**b**idiish is
greater Wian V f the reeultez” latsmilty distributioas
will overlap as shenm in fig* II* 18 from wMoh it onti be
seen that at «gmplltuih®*s nemr to )/s #%e maxliaa of es#i

distribution will be superi)#oeed <Im « ate«” 1atanelty
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radient from the adjacent dietrihution® This een esuse
a shift in the position of the maxima,the shift depen ding
on the amount of overlap and the nature of the Intensity
dlstrihutioa at the overlap. This problaa has been
disoussed by Oldenburg (1908) for two adjacent fringes
of identical shape whose shape is the Doppler distribution
of the line. M evaluated the contraction as a peroentsie
of the peak separation in terns of the relative percentage
saddle hel#it as shown 'below. « (Tolensky 1947),
Table 11.5
Rel.saddle ht. 85 75 65 55 40 47 45
Correction 1C 11.6 5,49.71,85 0,80 0,70 0.55

[t can be seen that the effect isconsidérable
for peeks are justresolved and can be reasonably
disregarded wheei the peeks ere separated to the point where
the base of the saddle portion has half the intensity
it has at the limit of resolution.

The intensity distribution of Fig,I[,IS 1is not
a Doppler distribution end so Oldenburg’s treatment is
not eseot” applicable, ilowever the treatment shows that
the effect is a maxiimaa when the intensity gradient
superimposed has the steepest gradient. The intensity
distribution of Fig,II,IS falls off less rapidly than

the Doppler distribution and therefore is leas steep at



correapoading siaouats of overlapping® Thas the Oldetajurg
oorreectlon may be used as a preoticel working Index for
the overlapping of uniformly spaced fringes oscillating
with the seme amplitude*

11thou,# i1t has not been possible to investigate
fully the theoretical intensity distribution across
fringes of various half widths oscillating with different
amplitudes the above considératlone provide some guidance
in the interpretation of tlio Interferogrsms aliown in Part
IV* It should however be possible to investigate
experimentally the nature of the resultant Intensity
distribution at different amplitudes in relation to the
width of the stationery fringe*

In reflection there is an additltmal compllostion
that the multiple beam fringes are superimposed on a
briiitht bsiritgrouad end therefore the visibility of the
fringe systaea is decreased When it oscillates™ Frixa the
data published by Holden (I94@) the optisasn conditions
for using tlie reflected syst«a may be realised™ Fig.Il* 13
shows two graphs (reproduced from itoldWs paper) based
on the figures for the interferoraetrio coatings given in
the Table II*9* It can be seen that the mexkie of the
fringe visibility in the reflected ay«t«a ocoure for
reflecting coefficients Just over 0*00. At this value
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tb# fringe sherpness burgins to rim# rspial; «M la about
I/m of an OPdw# That under these eircumstanoeca the
refle<*ed i1*stem nmg' b# used In oseillation oan be seen
la flat«m IS and IS la Part 19#(Page 79A)

Ih# above dlsoussl<m applies equally for the
multiple beam frlagee of o#wl otnwaatie order#

(Wg>arlsoa of the multiple be«aa jsystera with the
too beam system shoos that in the fomaw a fringe motion
of lees then Vd oim be acourately measarod*the ceisll##t
«mplltude observable end the eoeuresy d“endli® on Mie
fringe eldth,#tl1# with the too boms «ystaa isi*lltttd e
of less than "4 oaa <mly just be deteoted. For amplitudes
grwtw than 7/4 the multiple bem aystwi offers e
dlreot measurement ew<%*t at eortmln ms”IStudes while «1”
the two beam system the measuremeit la baeed on subjeotive
visibility estlmetlww#imlese stroboseopie Illumination is
used#

With stroboseopie iUkmiaati<m the multiple bemn
system i1s freed frtm some of its restriotions and the
sQoursc” with which Mae amplitude ean be me*eured i1s
grest«f tham in Mp; two beam «ystaa beemise of the 1i";m>ved
fringe sh«arptMSS#

The spplioetion of multiple beea systems to

(%sarvati<m of moving waffaeces raises further
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The multiple be*m system formed hetwewi »
refarmo™* suRPaee eetd another surfeee imj beiteie”tood
tA ®iaal«t of plane pmpellel so*we,dl9tmt st Intwvels of
V's “vom the rofweaoe sarfeoe#the tMekndsa of the
sonee being only # fee pee cwmt of the dimtenoe between
moeessive mnes. ©~ em#t sme Mtere im mvisible Miange
of intensity between saooesaive planes only r few Aggetroms
«part# Between those sraaes there is little 1té¢ ht end r»
int«a«il” igpmdimit* If any pMtt of othw surfaee
moves with reapeet to the refereno# s«APeoe*that ®>tion
will only be seen If the area moving fells within « zone
of aaaiitmist li#tt* TWPofore there must be e large mtnd>er
of eteee of maximm light ow Mm aurf«e%or else the
surfsee mist fall ee”letely with in one of these sones*
That la, the fringe dispersion must either be very smell
or very large* The letter state is more swssitlve but
loede to restriotiims on the surfaee finIMi* In the low
diaper@l<m ee#e#the snrfeee need only be flat to «
wavelength over Mte Miole eurfaoe* In Mte hi*i diapersicm
ecase the flatness mist bo a&”erable with the fringe
half widMu

Oompevimon of Mie Fisesn system of multiple

bemm fringes with those of equal Ohrcmatio order abows
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that with tbs £>my»r the m#liWde »t ®cy point la
only obsffipved that point Is wossed by s fringe,
that 1s,at some adjaeent position to the uncilsplseed
fringo,«diiXe with Mte latter,the aeWol amplitude of the
moving surfsee at the line aeotion eeleoted by Mte
projeoting lene sna the speotrograph «lit 1# revealed*

m Mie frdingee of equal ehrmmtia «rder,the
equation M letiog the Misnge in interfeemaetrie gap dt
to the fringe shift d\ ie

«@ut = mALA

negleeting ##r phase cham%ee on refleotion at the metellio
films,end hwioe as the blue end of the speetnim is
appro&Mted d> diminiMies in tn>d>;r to maintain a coantcat

at.

Rewriting a.t =1jn
A K> -'Vixr)

it oeca be see*! Miet a wavelsmgth ecllbratien of the
«peotrogpspih 1s aeoessaj™™ firm at a given wavelength
the fringe displaomemt e”"weed as a freetiw of the
order distenoe gives the shan#s in thickness®* As "bvv'lt
for nnmal iaold«aeenthea ¢'CN.«iavt and the order
separati<m is linear in twees of wave numbers,end if dv

is ssaall for M “Ij« Wwmge of one order,It is prectioally
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liseer la terns of wev0le% th8. Mme the fringe
dlepleeemmt mn » freetlea of %o ordw diatdrtee een
he evelamted*

The fringe «hmppae# Is taeressod by Inerecesiag
the me#if# @ #tl(m &ie to the projoottng l@3s,«aa the
eppwr”t wedge eagle of the iaterferometer gap deneads
oa the orlaastatioB of the wedge aVBC with respect to the
speetrogra#! #lit,bot «either of those faotors inflaenees
the measwped ohsage in thicteess of the iabteferameter
gep*

m both two beam and multiple beset system# whwi
applied to the study of moiAag surfsees them* id one
inqtorteat lidiereat dlsmdwmatmge# The motloa revwuled
is that noptaal to the surfaee# S»aU iwx»tiona nloag direotioas
in the pjlaae of the Burfaoo oaaret be seen®* Sv«Q at
high ta»gnifioeti«ms the lateral r@sM.viag power ia eithmp
apatem is limited by the use of parallel lij#A Miloh
offeotlvely hslvea the reoalving power of say objective
used*

use of miltiple b#{" friagse to sW~*"
vibratory amtioa fblloiAag caiblioBtims by Tolansfey end
Bfirdslej (1343) hae Interoeted oMser suthory*

lloldea 1B #) has suggested .that the trenmiasloa

like fringes jn?03»eed is reflectias with e”ltmble

interferoaetrio w”Btlage oould be used for the
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study of vibrattag metal surfasee, The half width of these
fringes 1s however only 1/8 of the #at«me@ between orders.

_*moe (I&SI) has mentioned the proftiotlon of
tranealssion like fringes by cutting out ad»io of the
besmm in the refleeted systaa anu their application to
topogra#)ieml and vibrational studies. Bruee.Maoinante and
Kelly (IWbljbave deai*ed the at*lieation of these fringes
with both oontinucms and stroboeoopie illumination to the
eslibratlon of the amplitude W vibMktiim of a tuning fork
in terms of eavelengthsof light*

TolanMqr has pointed out (#81) in a oritioism
of these last two pa§ers that the principle of convertlag
refleotion into tranazulssion fringes by @utti%, out
beeras is not new and was first dieeuseed by Luesasr
(1900,1907). Me also observes that Mie method Is sevwly
limited,so that Its use is oonflned to law magnifieations,
end suggest# that Bruoe’e «q"?0>eeiatiim of the use of the
refleeted system is not oritie”.

In the ab3@oee of experimental detail it is not
passible to disouse this work m«re completely.

All the multiple beam systems so far considered
have used metallio films to pro&tee the necessary refleeting
eoeffleiente. 1'W films «afe goad eoaductwe on polished

surfaces ana this may restriat their applioati<m,under
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oerfettla oli*o«m3t:ana«s,to piecaoolectrls oryatala»

Of intsrast therefor® is the #rk of Jsequlnot end

Pufour (19BO) who have produced high refleatlag

ooefflolenta with fehla films of dieleotrloa. %ie dielectrics
are evaporated to tom. ceiltlple layers and with eltemate
layers of cryolite end sino sulphide films of reflecting
coefficients of up to 0,90 with low absorption Miereoteristice
een be "mepared. For higher reflectivities it ee®as

necessary to us® alterna}%e/\dielectric layers e« These

films have not yet been applied to topographical or

vibretional studies#
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A# indicated ta fteet 1%M3ep%™r S the #»ectioe
Gf nuit®ie beam 1atMTwometry rcfaivea the aee of tMa metal
films of higgh vefleoting power and low wbmvptton Aqwaited
on eultable mnpfeoe# or nfbetretes* Thle is owmmlwitly
doiM by tW mel sv”*poretjUm of the metd la e vecetmei*
The i* eeee may eleo he need to “podooe m etellio 00#ti% %e
which 0*1 eat ee eleoMpodee#

Ttw techaique has been dceeribed Tolsnstqr
(2947 m#),st%cmig (#46} auM other™. There follow* *
brief acocmnt of %™ teMosigpie end tW «#per*tu* used to
pro&iee the coetings of eiltw for empertmsnt*
disopibed ia this Mmsim#

#** *v«eNxr*ti<km proow?* i* eerried oat la *
eoenerdel pleat type Ed W ilt by Wh#rd* wd <3o*, of
%" koh*a*

It ooaelats esee”ielly of # reoemm ehenber,
e lerge pyrex bell jar «xse W cm# high and 4K) oa.
diM wter wbltft? 7fm be ereeoeted by « three stega allloom
oil diffasioa pomp whioh ie bWmd hr * rotMpy o il pieap#
The bell Jar rest* oa a large alloy steel base plete,a
vacmam seal between M&* fmo being made by wn I, eeetion
neoj*ene gaMeet on the rim of Mte bell Jar# A flap valve
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set lato the hase plate eocewets the vaecouum ehmtber to tl»
diffusion pomp. The preeawe in the ohamhw ie measured
hy a fbilipe ["pe i<mi#atlon gauge. The sise of the vsmum
Wimhsap «3d Mw speed of the paapii® is euCh tWt a
oecaplete “<de of eecperatiim may he ooepleted la half

an Wup*

The neMsaary eleetrodes «re Wwght through
insulating vamnsa seals In the base plate, Resting on Mxe
base plate is a duralumin stags soew SO an# high Mie top
of whblaib, ferae a platform for mounting the speoimema# on
the legs of the at«#« «ni two eirmxl» deetrodea between
shioh idxmt 3, WO volts Is avaiWile for passing high
t«tsion disMisap”* Just above tW bem j"ate are the
filament eleoMpodes betwoMt shldh apgaoximately ISO «e’s
of eurrmst may W passed# The filasM sts used for wmis
evaporatitm of (@he silwer «P» molybdenum strips 7 cn# x
I cn# X o#0S om#,in the oscn?« of Shldh a small oiroular
dcgspession is pimohed to ttdee a ohmpge of silwar# ihis
is wpplied in the form of speo#roseopi@ally piwe silver
wire of about S am# diecawtsr VhIMi ia eat up,for otmvenienme ,
into 3 mms# Iffiagths#

The gssMral form of the plant is seen in Fig#lXX,X
Mie bell jar bei% clean so that the «trangeraent of

the ooB”nents on the base plate is viaible#
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a necessary prelimlaary to tw evsporetloa
M Meess is the olewiag at¢ the mapfmee,0# substrate, on
Mtieh the metal film is to be deposited* The light
absorption of ers®oreted metal films is w Itloally
dwsndent on ttw eleenllnw * of the sabartirste prior to
the erw*otlon* o#lw 1 fists of glass ere first eleened
elMi hspol sM ester Miloh resores sqy gross coBtaminatioa
of a greesy iMttare* fher «vs Mmn rul”id With a solution
of hydrogen peroMde (# sol* strength > applied on a eleam
pad of surgioal oottwm eool# % lvogen peroxide is an exa”Ueat
solvent for many organio «mgmunds but sH 1 not hma the
#ss#* it also dissolvM any pmvlons silver ooeting*
The swfsoe is dried eith elem wtton eool and rubbed
eith fbrther pieos# tntM the *hr«Mith flguse™*,formed
breathing gently on to Mas stavfan”is a uniform gray in
sMeansnoe and disatwears in admut one seoood or less.
Bor quarts viwatnpssaftwp Mae elawmimg With Teepol,
W Qom7"ated nitrio aeid applied on a eottm aaool pad
rapidly oleess the surfaee and does not attad Mae quarts*
It also ra#idly apeeomn any silvw* eoating® This initial
elM 1*g ppoBses is dwignsd to tnoduM a eertain mlnimw
amount of aanpfaece eamtasd“nation whloh ean be removed
casily just before the aotual eva#oratiam of thje metal*®
The anbsMwte is th an ammted on the platform
near M8 top of the vaouura ohamber and Mae bell jar
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mramiatod# At « ppesmwc of «bout Xam# of mnfoai? the
hi? voltage aimcWego i1« otrack# The dieohergo oanplotoo
th# flael oloaolag of $Ae «meMPet# by iohlo hoWberaaemt,
the Sntnnsi® #md €ecevetlon of taut ftSooluapg» boiag aotted
to th* netor# of th# mAetret#*

Weam th* fKroMKir# la th* oheatoer 1* r#doo#d to
less Mum # i me# of mcreary the elisor ean he esspmpsted
% hestiag the molybpAmum ftleraeat* While # e sM sw is
fusing s movwae Mmttsr is sscatg osaar the filaaeasA to
pretest the eohstrete fmm possible ooatsniastioo*

The tniskasss of the eostiag end hsnoe ths
rofleotlsi% is Jn2*»d W «Nmnrlog the MNSuisisstoo of
li# t from film set létaem”™ Mie aasa#orsted film<m the
cahstrste (or Mae glese moWLtmr 1f the sOhetrste Isnot
trmopanecat)* Ju W e wy roAawtiiAtlee may he estimated $#
siW n e Sm per eamt# The fUm at"speetmsa distanoe is
sMamlsMad to give low than I paar oasdi variation in
density © deposit twer « eiraAo # om. diameter atthe level
of Mm saAeWste. Bar the eva®mrstifla of metsl eleetrodes on
to quarts vibratorsathe filsaaaot srrangHHnt earn he
iBOdUied when n#ee*esry,ea for ecae«#le Wmo wstlng W tam
oyliadriesl sorfeeme of e ring vitrstor. The thiokaess of Ms
deposit r*oired to give s low resistenma aaosting (d»S

#aas anaoss th® elaaotrode) depeads on the nature of Mae



sabstrete# A pollMuNt «irf& ee mwds only a thSa eoating

similar to m IntcrfevomoMcie eoating «hlla an otehad

or grmnd glaa# aorfmeo raquiroa a smeb barrier deposit*
Car* baa to be takm to remove easy silver W eb

mmr find 1t* way to other then the one being

ooated# Seudi thin fUme abow eele”"iwe «bimri®ini of light

and also may fom a bigb rwiatm w emmeetim between

Meotrode eoatim#.



caamiR a
OFIISAL

%h» optical syetam used for %&> meparliaaota
described in this theWI# hes tmdergrae eemtinaoue
developaeot am the expmpiment# hew# ppeoeeded* It owea a
greet deal to M design @f Mm Troo”bten and sim#
pejeetioa miweaeope.

It Qoneilate of three part*. The aptiecal ayetan
ppodueing a heas of p«p#ll#l 1i#t,th e imterferamete”
eyatee md the mlrrw aystem for producing the refleeted
Of ttM %vmmi%tad «gratea of multiple berna interferanoe
frihgea.and the e#mar# aymtam. It la «been dlegrmaatloally
in ; and 1# ghotogrmphed In Pl@.lll.@. with eecae
of the assoolated eleetrealt equipseat.

The firat pert of M/ system la mounted <m an
optleal heneh I. Alight eewwe B ia feeueeed by a
comWaina Ima & on to «a iris anWnre A. latere maf
be inserted at F. The aperture &is in the back Axncal
plane of a e 1 «parreeted. ima» »j. { F g# feeel length S Ins)
sAlel! thus emits a hesm of oaraUel li# it.

The Intarferam éter system 1 is mounted on bsmeh
I[IT Wgethw with miwora M and M» (y ben«b 11
mounted mirrors and M,. front surfaee

alxminiim mirrors. ia plain glass.
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A« m m body 6 is aounted o« bejwsh XV. fljo
oefijora lena X* IO a well corr©Oote4 less ohossn to give
B rssge o : suitable ssagolflection©. fb® three lenses used
In tlie eacpertosnta were a® followsa- (Fb.S5. fooal length
7 iiis.)» (F «» fooal leng# s Ins.), (? 4,5, foeal length
2 Ins.). The offltnera, adapted froo an ex~»,A.F. eopylng
eatreetra with an extendable bellows body (up to Id Ins.) Is
Bajdifled to tahe e half plate holder and a ground glass foots®-
sing semen. W® optioal benohes are all electrloally eerti®d.
*-vlth a EonoelircBnatio 11# t source at S and using
mirrors and 3" th® tranflmdtted multiple beam Fiaecau
system ean be observed, 1*ilst wi#i mirrors Kg. Uy I and
the reflected system oan be observed, the mirrors not required
in each case being moved out of the system, with a white
li# t source at @and a spectrograph mounted in #ace of

the camera, multiple bews frii®*s of equal ohrcmstle order

oan be obaorved in traawnlssion end in reflection. TPo
lens %®n serves to focus th® iaterferanoa system on
to the slit of the speetrosraidi. The optical armangoment

is such that the image of tto interferometer system seen
on the focussing screen is reversed le ft to right and is

erect top ms& bottom.

»onochrop®tio 1llim Ination for the multiple beam

Fiseau system of small interferoraetrio gap ia provided
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with fi 125 watt 230 volt Merera prmsor* tawrcury lamp#
The Imp ia am from the A*G, sains in eerie# «Itii * Mesde
lux *€r 903 stfibllielng eWke leti e 900 ohm X aeapere
verleble r«sl@ WP,the letter permitting the Iob” to be
uMwrun end effording some atmtrol over the iatm sity of the
Imp «wed the line width of #ie redietimi# Bbr ler”
intwfspow Arle g«g*e (grwter % sn 0.5 tm») the Kwwm Imp
ia repl«®ed by e low snpesKire raeroury vapour myf« of the
type deeeribed by Toleneky (XS4?} run from XIlOv B.G. in
series with a etebiligA ag cfeoke «ta a trarieble resistor*®
A% %ttw 77a filter is used to isolate the grew (5461 A)
Una of meroary* The W ite li# t eouree for the mult%y»le
beam fringes of equal Wrmsatie ordw is a oWboa aro*or
more oonvwiently m Miaeen 90 ew dle power tSOv. A.G#
Foint-o-llte IsB#*

strobostt*ie illmdnation is provided eitdiar by
a Geieler tube filled wim mereiay vwwr or a nitrObwseae
Kerr sell «ersat*xment* The OeisAw W *s ie fitted
iasediately behind iris dtxqdxra”® a with the oapilll#ry
tmbe heriaontfil end noxmel to the dlreotion of tW
optleal beadh. tim the Kerr sell*the optiM 1 train on
bwoh 1 is rearrsnged as <m bssush ¥ ia mLg*xix*2. The Kerr
oeU is of t%e diverging plate type with mlnimm eeperatioa

betwew the plates of about I& m* Leas L”"aa aahremmt

of fooal lw g«i 3.5ins. prmridea a ooaverging beam of
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suitable eagle for the F«er cell pletes™ Leas 1#
erreoged to give a pwaHAbesm ne before, mierolde are
mounted at f, ma The eirce1ita used to drive both the
Ceisler tube and the Kerr eell we deaerK"ed in Pwt III
W apter S.

In ail oeaes.the eollimatiag lene L"'mnet emit
a pwellel becaa of suffioisat diameter to illuaainate the
«hole werture of the iaterfarometw. The Iws owd gives
a S| infat diametw beam idiioh ie adequate ffur the
interfwoaetrie sjstems used sad*hsv&ag w internal iria*
the dimaeter of the beam oan be reused If neoeseary*
fitm osmera or srojeeting I/mm Lghu an aperture Iw@s
won# to oolleet fCki the dlreot and multiply refleetad
beams ootalng fmm the intw fw om ter.

The W awvatiwa we reowdad on euitW le
photogrsgybie plates au#i a® Kod# F.]*"B>for those eases
Shan little li#t . iaavailablef-nd Kodak r.9# «few
adequate 11# t ie avalW »leathe asoposore tim e varying
Amm a fee aexMmds up to some fiftew mlnatea.

The jig fwming the intw ferat® trie aowting
depsadg fm the pertioular «gpsaHLmeat and msiqr A fferent
Vpee have bow aa”loysd* They we aonvanieatlj referred

to in the wpMMPiate eeetlwe of Part It.
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in gmeaeal the eleetawmle oieeuita aeasribod ta
this <agy(MVP «aw mptheaex# %ey oonslsfc of pomof mppltee,
valve oeetllators *eireotte fee #tvta@ #* e#iAo#ooplq
cevle#e#feeguea«y meesiaptag taalHmweBte end gmwel

*MnriM eqatpewot.

The pe#e# wRpllw me in the f«na of ferny pom»
peek# end mey he seen la ftn™ ere eonstomoted
fecm Govwmmmt sueplue e#lpmeat# “ran Srm the 830
volt A*o<"eias «ad sapplgr # eeaveotent range of voltage#
listed la t#hlelEl. otreoits are not Wwrlhed a# thw

felloe waventlonal praetiw *

Three valve oeoiUatore are used to drive the vibrators*
They «e xwspeetively a Pleree oselllator## bridge eeelllatw
sod a Hartley oeeH lator.

The Florae oselllator is of atandwpd deai” and
is deewibed in tw olroalt diagren in Fig»llI#4#

The bridge oaeillaWr is of modified Poet offloe
tesign «Bd is eboea eObematioally in Fig#lll«S# It «onslsts
of a #heatatone bridge la one arm of vOiieh la tW waerta
vibrator. A two stage malatalnlng amplifier tuned to the

remnwat fregueoeg™ of the vHwator is «wmeoted soross the
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Table I11.1

Power Pack Voltage#

Voltage
kiC 1Q V 5s Amerloan equipment
6 T 10 a heater voltage
4 T 10 a heater voltage
D.G. 500 v 120 ma high tension
350 T 120 ma high tension
250 T 120 ma high tension

5000 V 1*5 ma extra high tension
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#hea the Asng« md aoxoM

A Y%pl%# «P# WLanwa * %# gWoH#H# «WagH «ad gala
#ere«tt $W NSaoWp 1# m#i: A#ki#d in
ew>lll«%loB »t iHVEM %# eudPtxat thvoogb %#
vibmmWr exds b# v«ri«4 by bbmnglmg ttoa v#lu«i# of a, «aft

mifWliSx ft kmwa##* of $&# mwtot«aco of wpyotol
md tho 1*"1£«d ooltogo MBIOM diio roolotmnoo «d Rj. in
Moiooybb* v*o00 of #AVE mmeedd om W o#t&onl#tod# Hm
caffotdl rmtmtm»» mm % obtoinwd tvom otdibmtlon «uwos
of ozgrob«f Mwiotono# mgoinot oiAtog# fnr oovtoia
voluoo of n, m& Rg# fow «#Ai#d 10 moowawd by
* oodlU» fooquonoy (y*f#) %b*mmoo%#l# ino"moon*#

Bom m# b*i%# oooiUolmr #mid m* Pioreo oaolllator
alsViat m tovaod by mo foot ofMLee
VOMtfOh Hill.»

Tbo Hwpbiogr 000iUoboo mi# dooignod bo MVh#do m
owAllobw of bWb at«billl *»good #### #b«o «d mffl«d.«nt
poooy bo pooooob# qompt# vibmbwo «ad#p «mdltimw of
bdgb doaq™ag «ad «# mo (@aw time drivo mo otroboooopc
okpouim* 1%Io ehom In ?I@»IIL.1%>

fho oiomtib dl«gp«n io moon in Pig» 1115 It
<%at8t# bosloftUy of » pneb-pKsll etnoatt of HoPtlof
dwlgn oim «n «aniliw? oeatpol elwmit to ko” the p»H
PoUogo oevooo tho tonod oioooit of tbo oooillotorooetion

at oooatont oeg»lilWdo*
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?h# main tuning esi»ecltte* G la at the split
stater type *1% .04 in* eleetz"ae spaaing# la p«a?ellel
with It is w amaJ,er opllt stst” osgssaltap 0" «iiioh
pssavldas a fine tuning flwlne# a series ef sllvemsd ml$a
uanrieasera 15 A snltohead In psarall® with G, «ad
Gx In,t«ifcoi* %-)Is one of a immpi®s of foop plug*ia
©Ooils#Slagle li*a? aloso round with écmhle eottea & vwa
aoppw wire 38gauge «1 "Tufnel ff*aens sf wsrlous dlsmetsaps.
The freQueaay of the t?s5»d «lawsuit am time he «s*aothly
eerled maef « oooaliSmpRble pongo# It eovers a frequaaajr
baud of 4S Ea/s to #)00% /## 1%0 oaolllatap waives V,
are a pair of b#mm tetrodes* /. vikpls&lo bias from %"
afford* some waetrol ever tt«s r*v* ehepe . sgawatea#

%# ca™lltnae ws%pel «oi*« ## fbllore# & m all
esBCunt of r#f* emorgy ie tapped oAP fsrms %se tuning ooll#
reetiX7ed by s dlo&e ¥3 nud fed en to the eigssl grid*
of a pair of b#am fefsvo&kam \f.Vg running In p«*allel#
This rootlflad signal varies the aw # eosrasnt of
end modifie» tbo voltete darop pjrodaeed by tbte wrroat In
a feiilb wottege- reel«tor Ry ftje voltego at Um wwd# «ui
of is tsken b«” to the eween "Ide of v, «sd
A variable bias on V, fro# centapol» the level of tho
f*e#«e& volte#»* The acH”nont valua# are shoam so
that » flbins® la wsltego sisroaa? the tuned elrosit rill
pspoduae « wtiamge in ## e<#0oa grid volts” tai Vj and V],
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Wiloh is sufficient to eouatoroot tw original ohongo.

The two methode achlaving stpobomwsplc
illumlnetion, #sm O alseler tube md the Kerr cell, are
mentioned in Part 111, chapter 2,

Tbo oircalt twwxi to drive the Gelaeler tube ie
ehown in Fig.111.8 and ie almilar to the circuit doecrlbod
ty Dye {1952} » A sii#lo timed oimmit 2 0 in series with
GD.G. voltage la oomeoted ti%roi#i two reaistora E,and

to Ibe dlaoharge tube. It ie IMuotively coupled to
the Hartley timing circuit aW tuned to the same frequency,
file ooupling ie varied so that an A.O. voitoije of aome
300 volte poGde to peak and equal to tho D,c. voltage ie
induced in %io oiroult. This gives a voltage which
varies from O-WO volts each circle, and produoea eme
flash per cycle in #im discharge tube.

The acisolor tube has been used up to I Mu/s,
the rapid dei<misation of the discharge necessary at this
frequency no doubt being caused by the glass walls of the
eepillary tube. To overocvae this frcqwmoy lim it a Kerr
cell was successfully used to provide stroboacopio
illumination. 7m Kerr cell has been used up to a
fre#cnoy of over 300 Hc/a (misre 1936) but few details
could be found in the literature describing the use of
a cell in this mjmev, valuable operating data Jiowever may

be found in Miers book. Tim particular cell used was built
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by #{¢elv«ra had a braskotowa potential of ?* <& end
required ewa® g# Kv to preduoe a 00 * santatioa of e bo«a
of plane polarised light pesaing throu” It# The first
attwspts to drive the eell at hiQ Ke/e were based on pj.lse
teqhniqtiee fmailler in radar w>rk# & sine wave of a few
velts 1s t"csi1 from the oeeillator,sguwed and
differ@otimted to give a sharp imlse# This pulse is then
snmiifiod using wide b*md eoupling end ringing «Aokes#
It was found hm*ever that at this freguemy it was net
possible to miplify the “ilse beyond some seventy volts
end et the same tise keep the pulse width less than a
mierosecond# At higher freguemoies the diffieulties
inweased#

Flnsl®«,the same prineiple of using a biased
sine wave as in the drive for « GeAeler tube was used# The
eirouit 1s (Aown in "ig*111*9# Jn r#f# voltage of some Soa
volts pei™ to peak taken fre” aweae the tuning oiroult of
the Hartley oseillator 1s fed throu” oapaoitors

ma G, to the Kapr oell &#* Abias voltage of 1.7 &v
is taken from the £*H«f* posw peek and fed th%%u” r#f.
<"kee [> and and a resistor H to the Kwr eell#
Thus %*e path 1s provided for both the r#f# and the DHO#
voltages# ihe arrs%;«ment for the K@mr eell bee been used
up to S Mo/s#
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the Amdmmental frequaooy of of the osoUlators

is 1amitifiod by an absorption «avemetor of Admiralty

psttssra (Msrooni} and tho freqaoaiy moasurod by a oryetal
oontrolled botwodym» wavemetev of B.S* Amy pattern
Flg*Iii*lye*. 'they *w$ ohoWzod agalnat standard froguenoy
tranmaisaions sad tho B.B.3* traaoalssioiis with s ooemamioaticeis
reeeiver of B.S* Jhwgr pattern (fig#lll«IOd.} ihese three

pieeea of wlulpmeat wom» govevmmt sorplus and had to be

ove”iRuled tiiorou”aly before uae#

The eleetrode system used of eourse d%»ends on
the partieular vlbratw and the desired mode of s»tion« '

If the dlrootloa of the f&"d is normal to the
surfs«e undo* esmdnetion,thma the eleetrodes must be
effeotiv™y trenspensnt™ T*hey may then t«dte the form of
small strips of metal or wire grids or thin silver films,
fbrtunste” an interfez”etrie eeeting on & peli#tWd
surfsee has a roelst«ece of %aly a few ckme (pwhaps
4-5 Ohms} betwem asy fes» points sn Ineh or m apart and
% oen set as m eleetMdo*

If the field is in other dlreetions than this
opaque eleetrodes suoh as metal pletee,opsque coatings

of silver eto. miy be uwd. The r.f. voltage need” to drive

the vibrator depWhe on the osctemsl dashing of the vibrator.
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Varying thie distanga of one of the *lootroua» from the
vibrator affords soma oo&trol ovor tbs amplitudo of the
vibrator la initial «x srlatsnts®* Sbo partloalar «leetrode

8/st«n8 used mill bo domorlbod In th@ appropriat* sastloo»
of Part IV.
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Aa 1adlaatad la Part II Chapter S the sorfaoe
under Inventigatlon by multiple bewa Interforoesetsy
must have ma ep¢”ximately plane “irfaece with « high
degree of poll#i.

thlle asstargl quarts e”stele rsey poecas a hi1™
doApRe of naturel polish on nery nnpfeoea the quarts
vibrstora ere out froo the naturel eryetel WhiSs im ona
lzethregnetW eawe, ground to the eorreet dSwnmmaione with
chraaive materials and finally et<Aed hydrofluerla
sold# They thne poecca a ra&t surface in the finished
state. In ordk to esmmalne acy «<Pfeoe of mvi“etor by
multiple h»*s8 Int«afwpoisetry It mst tWrsfoM be optieally
poliidmd.

The. polishing prooese deswibed in this ehmptw
enables almost say quarts vitwator to be givaa plme
poll «wmd eurfaces.flat to at least one wave, length of
light (usually MaX & and wham neoeaeery to a tmmtleth
of « wave length®* Mormelly a trade eewet,tbe toohnlque

is eom aoqddred and perfeoted wl#i praotloe*

The proeeee of pollthing has becm diemxseed

by strong (1946) "“Twyn»*? (lo#) roeen tly la a
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cmaprehenelve treat" & ;rnji«,«bad by the Heviie 'Optique
(1049)* .'he BWfthod described here wee developed to suit
the iioiitieuiftr pns”"Xm of pallshing finished quarts
vibrmtore with the eld of Mr Maaaage of the Tashnlaal
Optics depertmeat of #peri*l CoiXege, Oondon#

EcsontielXy it wmslsts of grinding the surfsee
of the vibreWr with e ealtmble «bresive on e very fXet
surfsee##PedualXy redaeias the sise of the etweeive#
then poXishing swuy the alHrasive maMce wi#1 e polishing
medium on ¢ pitch eurfeoe*

The A ct grinding surfsee ie moirculer east
iron lap of el*ier 3 In* or 6 in. dlsaaeter with a boss
threeéW to fit a standard a in* #iitworth thread
Gsupplied & Optical &%ssu%pgToole Ltd# Slongh). %o
ebrecivoe ere a«rborundum mitd Alonite powders supplied,
by tbo GsPWruz*im Ranufeoturing Go# Menohmiter* The
abrasives ere oer”\flly graded in particle siee end
referred to by mmabers ee shown In fAblelH2* The poliehi.%
surfftoe 1e fomsed by Brown iwedieh M t* and the
polliddLag medium is Oxide botii supplied by llopkin
md wiilisme Ltdaiondon#

The “lishiag mWiiae aa «diioh the lape are
mmmtM 1s a metelluraioal polishing mecblne raede by

CoOtee, frouQhtwi md sims of %brk <md 5s » shown in Fig IIX#11#
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Table T11.2
Aloxlte and Carborundma Grit
WiInt#I<
240
600

Aloxlte Ontieal Towier

225
125
50

Partiole
gl&a

50-70 mlorons

9-15 olorona

gartlalB

22«5 miorona
12*5 mlorons

5.0 microns

UH



A synohronous motor drived the lap spindle tbrtm” a
reduotion "“oer box by « belt and pilleya* This <te*lvlag
system is modified so that the spindle will run at
speeds frcma SS-Sbd r.pp»m* An '«uW aetie poli“iing head*
provide E % eeomit*ie motion at half 1«# speed frma the
lap *indIB * This heed is oidy need When large amounts
of material have to he rwoved by rmjgji grilWilng# a4 m ail
water tank with e drip feed is prewidod*

To manijmlete the vihmtiw plates during the
proceee it is neeesaary to mount them «a *vwsters-o dhese
are,flat brass laps similar to the east iron lape end
made in suitable sises with dimaetmps ranging in half imh
steps fanm 1 in. to 4 ins.

the laps and the rmmws are trued to flatness
by grinding three of the same dlmaetmp#in psdrs.one on
the other in “ole rotation. Thus if #&e three are
labelled AB md 0*1 is ground on h”“then B os C”then 0 on
A and 80 an. This prooedure allows for idie fact that the
top lap tends to beooase eonoeve and the bottom one eonvex
during tho grinding. The hottc® >i«p is mounted on the
maOhino spindle drivsai »t «bout loo r,p.m. the top lap
given a diamétral strolm by h*W as la Fig.,I11.124.a
suitable abrasive Is 040 osrWrun&m A*r rou” grinding
end @O oarborunchsa for finishing. resultant surfsee
em be tested for flatooaa %&lte «eouretely by using
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'ffle«hsnl«ti Mue* «a “yeee bmae blue dye* The *blu«*

is thiuly smeared us the surfaece of om lap,thes one of
the otimr lapa Is rubbed a“jalnat it*the %e la rubbed
off tw first lap on to the hlyg» «#ots of t%ie seoosd
lap*

The ?il»ator 1e f#st«umed down on to the runner
eith paraffin «ue* ItM w«k 1« melted ma to the earm
surfaoe of the reemer,the vitsrstor is gently bedded d<nm
with t*w fingers aod the fdaole assembly allowed to oool
Kdien the was sets and berdm#* Pwpaffln wee is very
suitable for thta purpose beoause of its hl#a resistumee
to «Aear strains and Its low melting point* It is
neeeseery for the runamp to beve a flat swfeo# or Idas
quart®* will spring aWo released after the polishing ie
omgileted and lose its fi(#r@ or flatnese*

The grinding of the vibr«*or is started with
pes Alonite in wetw <mone of the lepe*#iis cTftde being
suitable for surfseing the ustWl “wAed finish of the
vitnpator# Is eoon as the surfsee has a uniform appearence®
1 t 1s washed eleas of the ebreeive®*”e lap is warned*
and the next etrasive ISS AloxlIte as usM* Grinding
with tihis alwseive oontiaues until the mnvmme grinding
marks of the SB5 fgpede mra removed* ithe gravai “ange
in the swpfeee pitting being visibls in the eolour of

the Whlt© light refleeted from the mrfaoe at graxing
. 68.



lactdeniiM*#tiw ooloai- o0-ik/vSms fzw: a ’esalsii h'i« white
as the plte beeoii?® smaller* The ppomm 1Is repeated elth
the finel & Aloxlte. ii.«re muet W taken with this
gryam es the partiole siko ie oerip«r«b3e eith that Of
imny cixefe partiole» ihlefe s»y fell on the lap surfsee imd
seretflh the surfese of the gqnerts. Cleimllaes# is eee«mtiel
and no treae of tho previous ahresive «met be
»in tho following «tsgo™

the next part of the proeiwe ie that of #4&
poiishiog®* %)here«# the grinding proeeee may be eonaiac¢roa
to be a flfflsitrolled fraetnring; of the eurfaece of the
speolswa by ebarp herd g*mine of abrasive on » tmigh
»ubatrate*”us poXiehing proeeee is m» of planing away
the ron# aurfsee by the #arp edge# of an abrasive

vhiofe 1s unifiormly dlstriW ted in « firm but yielding

The plteh plays an essential part in the poli«#iins
proeees™ As the vieeoeliy of the pit«ds changes very
rapidly with t*m#eretnre 1t 1Huat be oerreotly tee”red*
First of all the pitch is vamed &nd filtered throoth
several layers of fine cheese eloth to rwaove any foreiga
bodies* Alittle i# ehilled to room tespereture oa one
©Of the laps and tWn gently imxs"&d heWeer® the teeth*
If the pitch fixfva first then gplintera*the 1s
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oorreot. if 1t only flowa, 1t is too soft, while if 1t only
splintere i1t is too hard. Soft pitoh is hardeaad by bolli% ;
hard pitoh is softened by adding bdaok wax or turpentine.
When t@B#ered the pltoh i1s poured into a dl#1 llmd with
brown paper and allowed to set.

To prepare a pitcto pad, pieoes of pitoh are ohipped
out of the dish with a knife and laid m the aurfaoe oF
a brass runner which is then gently warmed until the pitch
begins to flow. It oan then be formed Into a pad which should
be about | incdi #ii@k and equal in diameter to the surface
of the apecoiiaen, iSm surface of the pit(di is then flattened
by warning tw lap and pressing a flat piece of plate glass
against the plteh. A i»et© of oeriura oxide and wmter is
mod to stop the pitch sticking to the glass. second
and third war”ings and pressings using oerium oxide end
water betwem Wic pitch end the glass will give a hios
flat prepared surface, when Mm @d#9S are trimmed with a
*mife the pad is ready for use.

the runner cenyiag the pitch pad 1s Mien mounted
on the polishing spindle which is rotated at a Simed of
some 40 r.p.m. Three equidistant eirouler grooves are
cut in the surface the pit«A with a sharp pointed knife,
a process known as ringing.  The specimen i1s then fmaimlly

given a diametral etrolee across the lap as in Fig.III. 12,
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using eerim» oxide end water ne the pollidilng medium#

fhe pad gra&mlly aamsmit the figwpe of the
Ayound surface end begins to polish it# In shout sn hour *
a partial pollsAi ta”pesrs on the quarts and ¢ fine network
of ersoks known as the *undwgr* oan be seen, 4a the
polishing proeeeds tho opereter «an feel the speeipen
0osOseetin”™ the pad mere and more «loeely*the epecimea
rurming «moothly over the eurface ef the pltdh,heat from
the frietion between the two surfaecea keeping the top
layer of the pitch soft# If the spindle #«ed 1s too
faect*w>ntaet is less Intimate tim pitoh berdemi; and the
speoimen rune over the pitoh @arfaoe™ the peeetsm
lap speed depeadlag oai the effective dimaeter of the
epeoimen#

%e figure of tlie quarts can no» be tested sgeinet
a refwonoe glass flat using etimdsrd reflection ilsewi
fringes# The three rings and the regular stroke im»duc©
a regulMP fit*upo*# lhat i1e ,the wirfaoe will be either
oonvox or mnomvo about the centre of the speciEwn# é
convex surface la <»rreoted by ringing the outside of the
pad and incsreasing the leagMi of the stroke me in fig# I11#1%#
& concave surface by ringing the centre of tW pad end
deore#aiz% tdjo stroke Pig#I111# %G# The rings gradually
fiU. up as the pitch flows durlnc the polishing praeese#

The "lishini,, aontimes until the surface of the
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quarts fiea a high iuvatxv» wid i« ma fiat es la required*
"lhs « Wle proeoss of poliMtlng the ground aurfeoe takes
eocaa €1t hours sixtoe quarts is se h«rd*hut the figuring
of the surface is made reletiveiy easy by the good thermal
eonduotivity of the quarts#

The esse with wh&eh a vibrator eah be flatteeied
depends on its sise and shape# Circular and “uare plates
are relatively eesy*iftiille reotengulmr plates are imre
diffioult# If th” are ’blo”edt by mounting eerap pieces
of similar thickness around them,then edges end comers
vhioh normallg’miid to wear down will be protected# The
thickness of the vibrator should not be less than about
I im# and not less than about I/IS of the other dimensions
for oonvenlence#

In some of the experiments descepibed in Part IV
it was necessary to have maall holes billed ftn the optical
flat* Holes from o.0so in# to Q.I in* can be «peédily drilled
in glass by the following technique# * wpper tube of
aise slightly less than that of the fIlnlMied hole is
turned in the lath wo that a #uapp Wge is formed at one
end# It is then used as a drill using 120 *rit cruMied

diamend bort in turpentine oil to do the wtting#
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PART IV
EXPKRIMEirPAL, HESBMS



GiAPTBR 1

BEAM FITEAIl FHI3SES

fbe original «xperimeats with multiple beam
Fieeeu fringes on the surfsee of quote vibrators were
oerried out on four reetaagular S «at bars of form
shown in Fig.I¥,JA* The two major surfsees ef each
bar had been polished and e*«ained for any possible
mxTfaee structure with the multiple beam fringes as it
bed been eonjeotured at the that the frequency
ageing gh#Ksaenon may be due to « surface ehenge of some
nature# % large seale structure had howevw be” observed
on any of Mie polished surfaoes#

M attec#t was made to obswve the surface
of the vibrator with the multiple beam fringes whilst
it was vibbating at some suitable frequency,

The surface (Aserved was giv«a an interferom etric
silver coating with a refloeting eoeffieicet of aWut
90 per cent, Avery 117t silvering was then evaporated
on to the oppoecite face of the vilbratw* fhe hi#i reflecting
face was then placed reeting in contact with a siroilarly
coated optical flat* Electrical wmwctiac was made to
the lightly silvered swpfac# by spring ocsxtact and to the
silver layw on the optical flat in the am» way# Thus

the silver films provided the electrode  stem,the field
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wing along the X exis of the her#

i<<eed8 nero taken frost the eleetrodes to a
oonrentionsl Tiiertlacf oeolllatos; with scete sed volte on
the «mode of the valve#the vibw tor helng «xtnneoted In
parallel wifa] the taming olreuit# Ig*lv,3B idtowe the
experimental arransement®

%hmi lllnelnated under ta& oozreot oondltlons#
sharp im Itlple beam risetRi frizzes were formed In the
air gap betweom the two Interfer“eetrle oeatlnge,the
chape of the fringe# depending 0» the flgmfe on the
poll<dmd eurfaee of the vibrator énd on the partltmler
fringe dlapemioa obtained# The air gap eould be adjusted
h? 11# 1t memiel preeeure «m the VthV etor to give a suitable
fringe dleperelon# "1

Two of the flret pleturos ‘][;akem ere shown In
Plates T sM 2 (% IS)# These show W' friagea prodaoed
by tfe e filtered grwm end yellow radiation of a meroury
are# la Plate I the vilbrater,«id hea{oe theéfringe,are
at rest* is the fregueaey of the Willey osolllator
was smootally v«e>led#tW vibrator «esires<meted at some
freguenoy”and the fringe# broadened 'eﬁ# in P/i'etel""a‘l#
Mormslly the least motion in the multlj*e beam system
#111 disturb the frl%?e# and so Wien it was seen 't'hat

oadiiietery “feotioa of the vibrato” on >y broadmed

the existing frla.,e pat## loeally iti weR reallsei met
[ .1 A

! . |

\



the oseillsting fringes well fom a new pettem
chorsotertsfeto of the motion of the #ole vlbrmtor.

H&e maegoifteatlon was rodeoed and In Plato S
{* 7) the roat fringes of the gpoon md yellow ctareu”
lines on the atetlonasy vibrator are aecon,the ends of
the vibrator being out off by the partleular microsoope
stage used* In Plate 4 oaelllating fringes over the surfaee
of the resonatlag vibrator are mmm loeal bK»adealng
of the fringes ean b* eem olearly®* Flate S#o«a the
vibrator resonating at a aiffwent frequm” the frin##,
this time formed by just the green line,take a fora
rm&lnleeeat of that taken by tW vibrating string In
the elsasioal ea”rlment of Melde,#veallng nodes «md
«"tlnodea along their length* TiU) looal asg>litudea v«y
frmi aero to « maxlmm of erne 750 Angatroaa®* fhe extreme
sharpness of #i@ fringes at their nodes is r«amrtceble
shd even witdi the relatively laperfest surfaces utmid an
w#l%tuae of about '"*/Ioo,or acme 56 %nstr(ms*can be
detected™ scrat<taies an the surfaoe of the quarts may
be ee@a in the pleturos as fine black lines running
aeroas the frloges™ The breadCT #%lte lines eemi on Plate
G are aaratehes on the ellvw produced dtile tase disi*slon
«as being adjusted*

mi’thisr experiment sdmwed the reemrkeble
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ftdsptability of these to the of # vibrating
Rurfeee# Plate» 6,7 lass 8 taiov dlffertaat fringe aispersioae
over the saase surfsee of the mssm vibrator for- one
reeonent froquenoy,the dlmperalon iaereaelag i'roe Plate 6
to Plate 0* ‘Bmre the top ellver flits eleetredo ««a dispensed
with and a strip of tinfoil,visible en some of the
plettnpee se» used laeteed* It wm fesmd #m¢t If the
top silver film eleotrodo see thick «sough not to be
too fraglle,ittsemttered the ptapollel ham ineld&nt on
the interfer“eter mtd redaced the trin{& echsrpneee.
[t am be ee# that the low dlI*wslom of Alsto S
provides « H®Sh more «xaplete ploture of the surface
deformation , 1##. of the nodal m# asJS1 misX rsgi mB,
than do t)*e hl%ier dixqawpslmw «Atheugg* tats lattw are
more «meltlve*

Xa Plato djtaw amplitude of vIW stion 1is
sufflelbatly large to oause overlapping of sdjseent
frl nges and It osa be sew% th at %o bright e%e of th e
fringe appears to retain its 1"m tity even in this
esse, Plate fo shoes « arossad fringe plotara produeed
by s double eaqposure”the fringe df.#pw#i _on in one
exposure being at right «ngles to tahat la the other.
This «mossing gives a fhller picture of the emfaoe

deforeetion «nd the nodal regbme #mn a «iligle
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dispersion,#/# well<8 viasiel evitesa# ti*8t
the ©sollletioa pattern not d*xw&i on the direetloa
of the fringe #ls avatmy

Atjoat this time « aurver the Iltepstnre h#d
revealed me earlier iM”*erfwcmetrle «ai etwr mgk cm
the moticm of quarts vibpetwe* It wee see» tawt me
edrsa”agae poeeesod fcy tW sm ltlple beam «Athols over
the two biINB methoiis ley in tarn ehwm##»# of the cmltiple
hems frli*ee «* Hecmussed in Pert II mmpter S#

bn Plate Il (% 7} «*# Sbmm the oseiH atlng
multiple he«@ fringM uMw o{"3mum ooa&ltlem** The
w l#etor ww mreetwat”lar of out eryetel designed to
mm et Zm Ke/s,me dliamelcmm being 3#B %" ,5 z I*t em#
(tHaetreted la Flg.l#@*)# Xt wes fully policdmd en both
major anrfeoc» * a oemmerelel fim <me side being flat
to a weveleagth of srean ll#zt,m @ side <mly
being flat to mmt t«i weveloB"the md being spproslaately
parallel to the first side* the flattest fees was oosted
with « silver film of rsfleottag eoeffleleat,#bont
95 for eecatfSa# matched against » slmilmF» mmitmd
optleel flat* The top deotrede was « rsthmp Worse
wire grid # 1# osa be seen emming. «mroes the ploture#
The yrequeacy was ebcmt 8 t'a/s mad #4a@mode of wibmtlon

appear* to be « ftamtmt type* Bmewsr at this time no
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fwKjueaoy m«s«aplng «R» evttilitb}.« md the w«vey
toTa of the Hmrtley OBoilieto? ess so poor thet no relleble
Infomtetie» on the frequenay or mode of vibration oould
be ohteined*

A typieeX mlo%R)photometw traoe tskon ecoroee one
of the - fringe loops 1is taamx In FlgIV*@« The steep
drop of int"ielty from the peWke and ttte sevymetry of
eW1 peek OfA he seen» It eme found #mt the pesdss
desreesed in ehwppneee «s the refleotlng eoefj™iolent
deoveesedylHit owing to the dlffleulty of asking «eourete
mloro#wtemetw laessuremeste s prmAm investlgetion

of this point was not made*

In the roflooted "atem t*w friagee glvm with
refleotlng eoeffiolen™s of 9Y per sent or greater
disappear «dten the vlhratmf is ree«3«ted with an
se’lltude slmllmp to that in may of tW previous plates®
m'the ro&soa for WL# has heea dlseoesed in Pert II
Chapter 0# The refleotlng eoefficient of taie intwfmMmetrlo
oostings was ther*ore roduoed and at a refleotlng
eooffleimit of 70 per eent <mboth surfsees the fringes
fKhtld still he seen when WMAUetlng# * ftw the publloatlon
of hold#i*e remilts mnm m”~eriment was made undmr optl“*mum

oondltlons with silver films of low absorption and e

_Ve_



pofleotln, ooeffioieafc of 80 pop «mfc* Flat* Ig shows
the rest fringes end fists 15 lAiows the eselUating
fringes when the nnafaece wee gives s plstmi like motion
of m%Il ee*lltude* The fringe irtxes"pness”shout X/Xo

of sn order» mad the vlidLbilltf ere both quite gwd. their
int«a elty dlstribatioa is elmllsr but oppcsite to th#t
of the trwwmltted system la lawt #&e oseilleting fringes
heve m derte edge whloh W observed to retsia its
identity #%ea the smq”li*de of viWetimi is large

caou” to esuse overl«#ping of adjeeent fringes* These
fria#se have been used in the laboratei® to exwolne

opaque bodies so”. as metal «M”st#ls in vibration*
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OmPTER 8

mLTIPLE BEAM FRINGES OP BQUAL (FRO&UIG ORizR

When feho im Itlple hem fringe» of equal
ohrmnetlo order are used to examine e vibrating surfaee
they behave In a similar manner tft the multiple beam
PisoGU fringes*

The vibrator used ms the X out bar tiionn in
the previous plates arranged as In PlgpXV*I* and the BXxk
of vibrati<m ma that aboen jis Plate 6» Illumination was
by a earbon are,the magnifloatloa on the spectrograph
slit «as {x 7) end the apeotrogra#! used «as a constant
devlatim instrument with a dlaperalon of 60 JtngatrwBs/i
at the photographic plate* The figures are enlarged
ix 3&) from %ie plate*

Plate 14 Shoes the transmitted fringe system.
at rest and Plate IS Shoes the «”earance of the ayatom
«hen the vibrator «as resonated. It can be seen that
the fringes broaden out idwre the slit crosses those parts
of the surface ehich are vibrating™ These fringes sho«
the m”*litude al<aig the particule line section chosen

for exmaination as discussed in Pert II Chapter 8%*

The reflected fringe igrstsm is sho«n*in Plate
16 at rest and in Plate /7 oscillating. The reflected
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system «as ppodacea %ltk @are silTsrings «* wkpo
u«sd fos? th« treasaitted aystsc*!*®» sixmt #0 pm cent*
end eoa«equ«atly the vialblli% of the reTleeted "st«e
la oseillatioa Is father poor# P¥oa u praetionl point
of vie» the fringes of equal «Ammatle m-éw are not
cultable for mapping eut the motlmn of s «dtolo surfeoe
and are best reserved for exemialng small ssplitudes at
#ioem points eg# near a nodal line#

ihe horisontal mjeka tm both seta of plate#
are due to dirt on the speetrograph «lit# The variation
of espasore swom# t& e fringe# due to %e non unifoj”
Obromatio rMrponse of the pboto”#hio plate,ete,*hae

been oorrooted in the pointing faecowmiy

-a I-



SE:N r?J3am h ‘mm m?n

TGS exfvmiilou of Ute te#g%lqu* to
later» gaps ®%*s tlioa. Tim qusrta
vroretor oeW »*s tbo Of oat sa™afcal of Flate II. Tbe
vlii<krydor #*# olmgqwd st a aod&l regim .ia the eeatre by
tm pislrs of op*ing loaded phOBphw pins as sWxm
In Ffg*iV»5» Thim 10 the usual fom of m#port sWn the
osystid 1a drives 1s tw funammtal f«e© shear mode
of too Xo/#* Aoiroular opaque spot of silver S mm in
dim eter «*# eveporeted w to the centre of e»eh mejor
faoGftben both faces reoeived m InterferoBsetrie eoeting
of silver with e reflecting coeffi_elent of 8@pw omt.
Bleetrleal eonoeottear to the int«Mre«metrlo film et
the opeque #o0t «es made ty the elm”iag jig.

Holti]*e hm# Flsem fringes ewe produeed
heteem the two eilvered feeee of the vihrmtor# The.
I#r#s intei“erosetric ~ gap oeused es”erimmtal
dlffioultiee. The reeolving power of such en interfwoe&etw
is equlvelmt to « Piday Perot interferometer with the
sme e<mrmticca ma ia e”e 800*00* mmwQuently the
high pressure are wee rspleoed the 1adoetimoe
etshilleed vntmm are maatlon&d in Fcart III chapter S.

The oollim tiim wes also w itiesl witli this large gap*

-82-



%" wvibrator «es run as m »t
parallel resonanae In the Pierce sircuit tesorlbed In
P#t III Chapter 3# Plate IB echewe the rest fringes over
Just less than on» half of the vibrator surfree*part of
tbe «spfaoe being jaaeSred by the support* %e fringes
are quite «disapp *»a mm double #.# to the natural
blrefrlhj*soee of the quarts# Plat# W #».e«s oaaillating
fringes aWm the vibrate» #as set into osolllation® The
aetnre #e fringe bro«d*salng 1» <|uite différent
fro# that «mem previously la the surfs®» defomstlcm
ea”wlFasnts *» la Ple.te [I# A typloal mlorophot«meter
tree# swee# * pair of the frlm«”ee Is ahovn la Mpn# iv#4#
Tt can be seen that the fringes hsvO ®sguara toppmd
Intensity dlstriW tlon* The broadsnln'j la ebsut a third
of the dletanee beween wders# It is *se not only to
« #".eqg#-in Interferametrle gap but else to $§ “aage la
the optlosl esnetaaste of the vibrator nadsr vtress#
afsrtoacte]Y th# vlbmtor ves shattered by ovsrstrseslng#
eoot! after this fopwimsat m aa work on the veparstlon
of the offeat™ ewaelag the fringe brosdsalsg »®a done#

It vee tbouijbt that the veloeltlee of the ®ovlss surfasse
of the vibrvtsr m«y,by produelmr e I's"ppler cffeot la the
frequmoy of the taeldoot light b«6S**eoatrlba.t« to tbs

broedsalag of the fritigo, 7Soximm e ealeulatioa slwesd that
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&% R fsNs<itan7 Of 100 %9/# ->nd « fringe

of tw* saoo A, tbe veloalt*r of the
mwfeoo 13 eal? «bout in aai/«tao« and therofo”s *,)oppler
affcitta ar® ruled eut. Tiie «eoelaratlon of the eupfaoe
haee-oa? pri>«Saae remm*itabl% high vmlue#* with the ebave fifjaros
the n#%d"%P3 aecelsratlon le «toout 9 z TO* w, ##®"*

A saschSo«t*o« (O? thiif. tf*® of oeellletttsa friate o
ei'*h the swrfeeo oesitlatin* frf*ngee i"m td pzoviiUr
e ueeful »®thoa of lareetlgotlag the optlesl
properties of or”et#!» and their aepenlenee on the streee

raletierss InaSSe the

"Vh3ep of equal ehrmratl® order eonaot be
p?7»otlQ?ily ased with wyoh l#rg@ latsr*<*pe»®tric gajpe
b«fe*uee of the enhr®ame dlepeeele# power that would be

required In the rpeotro#e#i1*



mPfEE IV
STROBUSMPIC yXSfITHMS

1ho pleture of “Ifereting surfaee revealed by
& 1ltlple beam fringes Is thus fairly o””lete in that
the deformtion of the «mirface at sny point ia olsKPly
seen# Oontinuoua Illumineticea however oanmt reveal the
relative phase ef different réglons of e vibrating
surface# To ermalne the ]Jpha@et#the stroboscopic devloea
SeseribeS in Pwt III have he@3 used#

Plate BO laowe m arM of the surfaee of one
of the fmir % out b«r# resonating at about 6SC So/e
under normal “atinuoua illmninatioa® The multiple beem
fringee were formed in the usual swmnw and the oseillatory
eiroult was the pu” puU Hartley deawibed in Part III.
The eleotrodes were tomma %y the silver film «ad a wire
grid plaoed above the vlbraWr# Plate fil Whowa the vibrator
under atroboawpie illiaiiaat*m fron the :3eialer t«&e
(Pert TIT) Afiven fnm the H«rtl<” oselUator#

Beewuse of the feiAle inteaaity W lllumi%wtion
from the diMhsrge ttd>e#ths Intw ferometrio oostinga
wexw «dsoscet to have a refleotlng o(WPfi@i«it of «omm
W per oent tW r«mlt«*t exposure ti&MS being of th e
order of # seoonds on the fmtt plates# fhe pwiod of

nomination was made to ooinoide with tW maxlmm

85—



22

20



dofomatl<m of the 8urfao@ ,#wre the velocity of displacement
wes a miniam,sM so the effect of the finite &u*etion
of the light P*"se was minimlIBwd# Bowevwc the Aupatioa
of the 111*t pulse does give th© fringe a slit"t wing#

Plate SB i"ws the vihxwtloQ wh<m the illumination
oocurs at the opposite extrmm of the vibration to %hwt
ahcrm 1n tHate 31» This was dime by tuning in the
oryatal fnm the othwr side of tt» resonanoe pont.

In spite of re&ietimi ia the reflecting
ooeffiolmt of the silver film ttu} fringw «ce quite
sharp.

la Plate 33 anothmp fringe dispersion shows the
Seme viWpetw under oontiasoue illumination at a different
frequ«i”™,% » amplitude of vibration being “pnmter than
in the prevloue Set of plates. The reflecting eoeffiei«mt
of the films was Incroiwied to about Bo per osnt and t*w
eagmsurea wbPe of the ordw of S mine* «5 fast plabee*
PlsAes 34 and 03 #mw the strobe fringes at two eli# tly
different s*litudss of vibration. Flats 26 ¢&sena the
rest fringes end ti» strobe frhs*# supwitq”sed
mesna of a double exposure and reveals tbe tm» nodal
regions as thaae shmw the strobe and rest fringes

eoineide. in othw regions it can be swm that they do
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not 00inolaAA end here thw* 1@ wm# acaall residual
notion*

(be ma%lnka freqpienoy of #peeatloa of the
Ocecieler tube vm found to be about I Me/e* %e Kerr cell
ean be need at mueh hl#er fre"mieies™ 'itbe strobe
frict## proceed «l1th Its help are similar to tl*oee
pro&ieed with the WLaler tube* with the Ewr wll,the
amount of light erailable le greetw as the high
pressure are Is w*d,and the sllverlnas <im be heavlw*
[t eaoa thus be used to observe the phase of vliteatloa

«ith the ellvwIna# mfs&XX" used under eontlaamue

tllusdiiaatlon®
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urifiMrkK V

Tii* im itlple ‘oman Wipymx sf-stem tm» ««tonaea
W Um slmmitwnwua obsenmtimi ef tt» Aaleplasemeztt
of $*o opposite psrftULei ssxriama of a lAtafetewp*

tTm vibraW r usod was one of %e*a original
X «ait dlsee loaned % the lietlcmel Pi*eicel Laboratoi**
fhe two major «urfaoee (% the dise wore optloally
fiat aM appmximato” parallel®* They both given
an laterfarm wtrie coating of silver wi#i a reflect3
eeeffleleut of 33 pw o«wumt# Two sloilarj® ooeted optical
flats m»« ttam mat«Amd one against each side of the
vibratw #e shown In ?1g#lV*4# The silver ewttlags
acted ets electrodes and #ie elW ator wee reeoneted
with the push pull Haaptley oscllletor*

FrlsgM were foamW wl% the moeepsnry green
line over the top and the bottom maeg&ktm of the dies,
eM the fringe direction of one esA aMPan#»d to run
nearly et rl#t eagle» to %wt of the other,the dl«Q)«rel«m
of each set bMiag similar® L 1#t Is t&ea transmitted
ttaroagh the double In#*#fwmeter only tdme one set
of fringes erosees #%e other set* Flats #7 shows the
frlage system at rest* ithe cmmra leas bed sufficient

depth of fOous to image bo%i sets of fringes at once*
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The fringes on the interfarometer nearer to the earnera
are visible in between the intersections dae to Ili*"ht
scattered from the first interferometer. The direction
in which the tvwo sets of fringes run is shown b" the
arro ws.

vVhen the vibrator was resonated*the frint“es
In each interferometer broadened and the bri*jht
intersections traced out paths which were not parallel
to either set of fringes but fell between these two
directions as shown in Plata *8.

The series of drawings in Fig*IV.h shows that
the result is similar to thst of the well known Idss&”ou
figures in that the path traced by the intersections
of . pair of fringes depends on the relative motion
of each fringe.

From the direction of the intersection path
and a knowledge of the wedge direction in each
interferometer it is possible to determine if the two

surfaces are in or out of phase.

Stroboscopic illumination reveals the extreme

position of the intersection.
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EFfLC? &IUIM fi<mm s

&w* &:gperiK(Kit8 &m: a« Shi# %dap W *o@
if the steaia ptiStdiaa obaePvada isx jiilt.jeltha Tiijtit
islah quarts vitwatoz™ eeuli W ae™h *t tw sane time
fis the Intsrferaaao ua #f tli# myfa“ee.
i'uriag the &Hplc-lcext™ &awci effeet *6* vhifeva
whiéi rill he faecrit'&l flarét™

:ha rltw etar u&e-l %& #%perlaMmt vme the
hr* %ait dies hi the cWgitey# e faee *#*
tlt'ca eh imtetuwzsctrls ee&tiag of ellvmp of rafleotiag
creffleleht 20 gar liost #ad matotecfi egnlaet e Klmiiryly
ccatar cptioel flet 1a the hcwel mumt# t@
multiite keem Flz/tm SrixiQca tlidi grees mareasry light#
ihflu i%ierolSs «et>e pleoed eittmp «ide of the iml*efeeametyio
erremgemeht# %o polaroias vetm ernssmd”mad the Z exie
ttf the rl'tedw 1~th lies la the plmme of the diet-
»&e eaRPaa’ed to pun ei1 €5* to tlas dtreetlen of the
Ineiiemt pi*aio pol«rised hem* 'tha viW "tw *#e
reeotukted oi@b th@ poeh K#&el@r oeoillet» et
##a Ko/l in #@ fttiiafSkcaetel XfmgitnEiaal. %*Ae siong e
diaaotw# Plate E9 jduseo the ocoilleting fPing®» with
the «nel”slng polanoid mit of the optfeel egretem#

ha the enel™aer ecus ro&eted it on# fOtmd
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poaaible to out out oaoh aide of the oaelilatlng fringes
is tmm to give e etr*iosaopio effeet™ Ttme Piete so shoes
the lower pert of the frin"jes the pelmrol&x ere
ne*r the orossed position end Plate SI shows the upper
part of the frin# wvdien the polsrolds tdPo tear the psrellol
position# lhe eetual poalticm ot the snslysmp depends
on the mplitude af tw vibration #nd the wave lengBK
of the illumlastion#

The effeet was obsmFvod also for the other fundamental
longitudinal mode in the plans of the dise at 97#S Ke/s,
at the third harmonie of £0/0 at T 6#B Ke/##and for
a thleknM# mode at M&> M)» and at same othmp frsQuenoiea
in a eomplex form,fraectimm1 seotlmas of the oseiU atisg
fringe being eut out#

%e offset was is>t observed in refleetl<m*

Meer tfach position of the snelxser#«hi® gave
this “"feetyit is possible to find another position far
the analysmf idiare the stress patterm» ere seen in the
orystel for large ##1it udes of vibration# Plate sp.
idkows the vibrator nndw eontlruoue iUamiiwticm
remmatlng at a fregum” of BI7#4 KtYW# %e analyser is
adjusted to ")ow a dart: strain pattwm superimposed on
%)S fringe system#

It 1s also possible to produee a tariijht stain
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pattern miperlR”oaed cm the fringe system for other

position of the «neiyser#

Beosuse of the wmplexlty of the prohiera

of trtuuRsiseioa of polarised 11#*t throw#: e stressed

quarts flsystd no farther eoa”™ w&s done on this problem*
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gwAPMm VI
SLIP m:i I# gefiPTy
during «n experiment with one of the fow

X mit bavsyit was obsmrved that the multiple beam Flseau
fridges ruimEB" aeross the «artace were not eontinuous
and oloew exminatlan revealed abrupt dlseontlmitlee
In the fringes similar to those seen in Mtoa (% lentky
W4B} taamlmg that tWre were stops on the surfsee of
#L0 erystal* Otese steps een be seen in Plate 33 (% 7}
covwing part of the bar,the frix*es being formed wi#k

gre” *md yellow merwry lines* Xn Plate 34 (x20)
they are ahows enlarged,the f"Lnges being formed with
unfiltered wreury radiation and in Plate 35 it eaa
be »ecm*ustag a auitaéble disj”sion end the green mereury
liiM ythat there are two seta of steps making imgles of
some 35" and SO" with the lengta% of the plate i#1i# is
the approximate direotiW of the Z axis* The steps in
cach set isdq@nesrly parallel In &hpection end the anglee
they make with the length of the ]“ate very W e few
degrees* atop hel#ta are wrae KK) mge“poma, The
other side of t&le vibrator is «Wwn in Plate 37 (x 7} and
is ae«m to have several deep hollows of lrre#*lar sh”te*

There mre also a few steps on a nuah mmllw seitie l&ian
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those on the opposite feoe# Mimb» 36 (x 49} Shows some
of the ##Q)s on the vxrf&oe of Plate 33 phoWgrephed

ty out of fooos mloro@wpy,a teehniqu# e ft* used In the
latKxretury -to id»w up smell features vwn&Kr the ordinary
mloroseope#

About the same time &m of the other X out
bars OSS braken by overstressing and i1t shattered along
definite direetioae sjW”"ler to those shown by the steps#
Plate 83 idsrss pert of the oryatal ixmedietely after
idwtteristg# The direetioae of the major fraotures &o at
some 3d' to the [*tgth of the bar#

The shettoriag of quarts viiarentors due to
overetresslsg is well kaown and has been s”stiam ”* by
Booth and Vigoureux (I960) «ad o#mRs# In partieolior
Womoto (154?) has shown that oracks in X out quwts .
plates shi” have bow ovwstreesed run at ® #* and
36%5" (10, A to the Z axis# These direetiomi1 wrrespond#
he mays#to #ie projection of the miicr rhombt*Mdrel
surfeoee of quarts on to the plam mrmal to the x axis#

An att””t was made to see if thv vibrator
vslith the steps in it would WWc at the mmmm sm”littiAs
that shattwed tdw o%er vlbraWr but it #d asyt#«id the
poww available in emksas of that value at the time

failed to break 1it.
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Plate # shows ths vIW stw rssenRtl%” and It am
be SSW3 that the am#lltuds is las# in the step ragios
them alemdmps# This emy indlects losal deling but of
sours# eould has# bew due to othw faotors then the
pressnos of steps#

As tbs four X out bers ware ell well polished#
althou# the fi#n% was poor#«t the start of the
#%psrimeats,aM bad indeed been «wdLnsd for surfass
struoture#l1t is tkcu#t that #%e steps may bars been
prsdueed at some ties unobawred firing tbs experiment
by ribratiecal stresses# An aagplematisn is possible
in twms of a rearrmigament of the mecsm i“moture of
the M “stal foUosing wystallogmBM”a slip . The preolse
sature of tdui slip meshmlmi iws mt yet been rereelad
and this 1s #%e onl# notieeable wcc”le of this effwt
that has yet ossurred# st#ps have been seen on one other
srystel dsHPiag a repolishisg proemss bat thsy rare only
few orw a mmll area of somi two m three sm# square*
the erystal Md not #cw sptiomdL twinning# ?ests for
eleetrism1 twizming would hare inroirsd et«diing the swfmse
and was not thou#t desirable until fur%iw samples
ossurred*

sppMra“e of these steps indieated that tdie
maeftkdism of fraeture in ovwpstreesed qucrts vibratws

may be that s*stallographio slip oeoure first and that
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rupture tiuan taWe plaoe «long the lino# of slip# If
slip oan ooBur without subsequent runtuw it
«oeoruat for tho well known froqumn” «going effoot ia
quarts vibrators «# « m all oiuetge in the physiosl
dimensions or the elastlo i»op«wtles ooold #k«nge the
frequent by the neeessery «aoumt of « foe parts ia
<7 or I# *

fin apespEmegiia have been perfwrned with
vibrators running at large «m#lltud«B for they invariably
end in %e destruetica of « oareAfHy polished speoimm*
%Yea « vibratw is rwonated with « @sell amplitude
of vibration (less that 0,000 AngatHPoraa) the oseilleting
fringes «re iweedeoed store or less i1#aaetrioally with
respect to th”*bcst fringes. M exe#le of this 1«
chovn in Plate 40 tidoni with a double eag>osur« to
superimpose thea oseilletlag and the rest fringe.

however in the few esperimente in idiioh the quarts
vitMPstor «as resonated et a l«rge amplitudes (greater
than 00,000 Angstroms),tkma the fringes moved bodily
to show that %e mnpfsee bending as a «hole. An

enable of this een be seen at lownr cnplitudes in #ie
fundamental face «hear mode ©f mw Ko/a m vibrators,At

even larger es”litudee.the fringes blur and frequent]”®

on audio frequency note is heard before the vibrator shattors.
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a1 ARga ¥1Xi
sOKE moDns of myiom n m&g rho vim"QOm
WMAmms"&s oy TiE .fiMPLifii"g uf vmmTiom
I* A quarts b«# has been examined for «oew of
the types of moticm esm»oiated «lih qumpts vihratecs# The
bar had its length along the X axle cvd wee of reetangular
oroas eeetion as llluetrated in fig# 1*0. The direaaioas
mwere S@as %tea X 9ma» the tea edsaa Wvlag a
hevel.

fhe frnee liormal to the Y #a.i#¥ w& “veA an .
interferoeietrle «eating of alHvm with # refleotiag
ceef fi@iemt sf about 90 per cent «aad mat#ied against
a similffiply coated optical flat*

The eleetrodes were foteed ty the silver film
end a wire grid supported above the hmf,or altsametiwAy
by a pair of brass «mbee plaoed o$w at. each end of the
bar. fbie the eleetrie field could be direoted eJUmg
the f axis or me %axis of the be*# ng.17,6* itoewe
the jig used to hold the flat end bar.the wire grid
being ocesv”sid™ly raised or lowered means of a
serep'igpraBiW Btt» ssfferdiag # messure of «wntrol over
the «solitude of the viWihaWp* The eleotrodea were
oonneeted «erooe the eircult of the pum pull Hartley

oscillator*
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jiui the either th« X a&i# er the . .~%ie
» Xurge aumeer of fee$#ae@ p#!terme wir@w eW*erved, Wme
®1 tae®« i-rtttera® are freseated la this chwfter» 41'i the
t-i.a%e» la taie feeeti-a i-re iS..gfl4d. 1. a*

ilth the 1'l«lh «isisg th« a mia the i'lea.ar»l
mal*# 0f /«ivan erier altmg the lea”tii la tiw hi pl&ae
«iir« »wlij eueitel. ri“tee 4d,45* sh 47 «W» m® «
m'vea erier mala» eesslstlag' «f the 4th,eth »hl. eti»
eraer fllsde® reayeotnrely. Plate 4» %4k »th erher
s¥é« ef Plate 47 et mlIf'igar mj 11sias. *Ith Uw llell
elaag ta* : #%de the elé elder lieuu»re 2dee the
leht,th ia th» .. liaae #ore eem@rv#d, Thgy w'é @ #
la iTate» 4h,44,40 *mé 4h eaayrieiog the ard,hth,7th
*ad «th «rder sjwdee ra»|S#etively»

The fretheheieB ef vibratiwa lur eseh erler

-iXe glvaa la t"éle 1i. *

SVY4AN. 4» 4h 44 45 46 41 4

41.41'82441@. 6U.0 S&.h jtifer* *46*1 A-'h7 a*#h
tm/ fixtm m aa4
th# f vy 1 vicraliV% 7" Kc/## 41 w# r1a
prdr msd#*tw le*a&S 0 A hlLIy; *u#v# tha
il vV dm AyHd, 4ii& v w *vi"
wir WH# Y#%  ui tod Al#
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with me «seller dimeaeioae of me W r,me «eve# eve ne
10QgVIP purely Avm wl Wt beootae treuverse *« «uggested
by DovMPfler (1930) and dlsoueeed la Helaiag (1947).
Time the frs"mdolea of vitvetiba of the hl#cr wder
flexure nodes la tM# bar are proportional to the order
of the vibreticra #md not to me oqoare of the order.
Agelz*vith m# field along the X «odL#m* .
lIk>i*itadijaal mode# along the lengm of the bav «ere
eaally exeited. Plate# and 34 fdkom thaw a»de#
fw the I",3rd,Sth end 7th o%der# reapeatively. The
AfequwoiM of vibratton eve #ven ia fidde If.S.

Plate He. O 81 SS S3

Freaomor Bo4 ie"'mS k&S 3X+0 B
/\>0/\ N

Again they fmae an qwroximately hameWLe
eerie#. 9he oaleolated froquenay of vibratitm »)*# £o/«
agree# «ell «ith the Observed frequency of b .4 Xe/s.
The froqaeooiM of the higher order mode# are a little
below the oalwlated freqnenoie#*

The differenoo betwwm tttm two tfpw of aoticm
oan be soon <tiLo«rly. TW flexural ty?# i# seen by the
direst motion and la di#tie#*Whed t# a rog”cvity ia

amplitude at emoh aotinodal regiim. The loagimdiaal

99



53



type la seen lay virtue of the lateral oontraotion
cacoeieted with Uw longitudinal mticoi, the oontraotioa
taking plaoe as expected at the regions of stress eM
nodes of aisplaoement for the Igmgthwlae motion. fhe
asaymetry of tw pattern is probably dw to the difference
between the elaatic oomtante measured in different
direotions of the vibrator.

fhe sensitivity of the multiple beam Piseau
fringe system is olearly demonstrated here, for
lateral oontraotion due to a longitd®nal motion is that
which ostertmrg (133k) was trying to observe whan he built
his refracting Interf«p<»8ter, the two beam system
nisving failed to shm» the motion.

the Identification of tiisse two types of motion m
was of value when sim ring fom of vibmtor, described
in the next section, «me ea”uined.

Several otiwr series of patterns ware obtained
but their relation to speoiflo modes of motion is not
oloar.  However most of the patterns show a marked
symmetry and so are shown in Plates 55-63, the frequencies

being listed in Table 1V.3.

A

Plate So. 59 56 57 50 59
F I}O}’ 3368 3BkO 3366 3366 376.0
q/e.
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Plate So# 60 Oi  as A
377.4 413.6 SS"O %4.S

Piet# 66 ie e M#: dlepwudim pictmfe at «
lerg# «qnlltude of the méa aami £h Plate m* Plate
[llustrate# how the osollletihg fringes mey overlap
(@sa yet mneia quite # 8tiaot. Plat# 63 #%*d mumy

aiffereat loosl «e”litudes giF vibration.

3# Aring form of vilspetap he# #Is# beet»

It ooosiata Of 6 h((:),lrlloi’r“l,d/\rcilflg}'ts ring those eri# te in
tdh# aireotion of the Z axis of "e oi”stal as
illustrated in Flg«l.g# There «pe t&aee eleetrie exes,!,
in #e plane of the rii"#

IM# partionlsr fom of ring «es daslgced
1"sen {X933} to sot a# e nam fom of frequent end time
stwdard* It «as designed to ran in a im “tudinal
eompreseional mode of vibration round the oiremfereace.
M ceit«pas#mg lOeotarilesl f1*d applied to «Kzszisl
riai> eleotrodea should produoe altereudsiag
oironm fersntiel straiae vesting in en”litud# round the
r1% mS. of op”site sign &f dogmes ##KPt. it the
mp”oiXPiste frequmaey the qumrts rosonstes and eonslderation#

of "mxetry iadieete that the vilbrsticm of the lowest
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froqueacy In tW ttesipeu, tmae b® oa« hevlnij tuw>a®s
et the etsi #hei« the plense c@ntelm&% the ?
axis end the three K este» out the vine» At tliree of
these aodes the rla, mn be eapported. The e»en '
olrouraferenoe of the should remain oonstent mad thmse
should bo periodic oheabee in the oroas sectional
dimensions of the flag*

Three of the experimental rings were loaned
to the leheretaiy by the Hetionml H "sical beboratosfy.
Their dimensions are glr«m in Table IV«4. togethw eith
the %'"eQueaay ef the ddslred mode eelculeted frmm the
en”irleal fowraula given by Issim (ID38)

Ar— 22T (O7cejsec.

where a« mean radius of ring in mm»

ihe rings were given ea iatorferoaetrlo coating
of silver with a reflecting ooefficleat of some per
seat on one of the %fecee mu laatci'sed ageinst silvered
flats in the usual masmer# iije eleotrodes were eca3d.nl
brass rings of such s dimaeter as to leave s «sell sir
gap between the electrode and the vibrator# flardhoard
raasifs were used to prevent the eletJJodea short eircuiting
oero3» the iafesrferoBetric coating on the fist* The
electrodes were coupled inductively fa the push pull
hartley oscillator by a coil of same soo turns «ad Sins,

diameter*
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QaMiaa.
UMUJL

U.67&

a
ame.
u#7vo6
RO,
* ()48

ATt



ylet# 64 «hows ring 1 resonating mt 99.0 Ee/a.
Fletea 65 fetid 80 show ring 9 resonating et 10@.0 and
108.0 Ko/s rospeetlvely. Piste 67 Wyowe ring S reeonetlag
et £92 Eo/s. 11 the plates In this eeetion ere at unit
meignlflostlon. It sen be said,to a first epprsada&atlon.
that %lIng I «glows e Aurteen fold ayimmetry.wlth mnmae
distortion. HiSfii 2 an e1”t fold symmetry sad « #>nble
r* «pense (mentioned by Essen) m.i Ring 3 s twelve fold
symaetry. llae patterns were slmllmr os both sides of
eeoh ring;,.

At %ie ejqeieeted pattern eWnld have possessed
a six fold symetry e series of expmpiments were carried
out to see if tw mounting of the r1)% or the driving
eircRiit was affeetftag the pattern of the vlbratiem.
the rlJi2« were each mnrnted on three ball bearings set
at I#»)* around a elrele equal In dimeter to.the mesa
diameter of caoh ring on a glees plate. Using the fleroe
elreuit to oseillete ring.the rings were rotated
until mlalimm d*"*dng was obtained wh@a they aWuld
have beeai supported at three of the modal points.
Examination of the top mirfaoe of the rings than (fiowed
that the pattern was uonkanged in eeoh oace.

1© farther work was done on this partlw I#r

problem until smm time later «tien another ring beem*
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available. Thla is referred to la the next section on l
the 190 Ka/« primsry frequency standard.

iesonetln, the rings ttirouh the frequenop
range S*Sj0 Se/s It was found that th«y had a lar*e
mtsiber of responses, ring S for *«w#le hevin<* about
ninety, feverel typee of pattern were observed. One tfps
rmlniseent of %ie flexure type modes in the bar described
previously Is shoim for ring I la Plates *.#.70.71 end
79 the mW)er of eaglets waves round its olroumferemee
being 5.6.7.S and 9 respeetively. Timb frequmoies of
these modes le given la Table 17.5.
Table 17.8.
tlate #. 68 69 70 71 ™®

'wreaueaov 47.1 65.5 85.5106.3 I®?.9
Ss/»

4 second type Is shown for the same ring la plates 73.'
74.75.76,77 and 78 with 4.6,8,10.1® and 14 nodal region*
rewpMtively the freqoeseies being listed la Table 17.6%
Table II'.6

a 75 74 75 76 77 78
A 48.5#.8 90.7 IiS.6 133.9 158.6

Both series ob”™ en approximately hessaeotio progression.

Oalouletion™ based on the olessieel expressions of hoppe

(mMm70D),Ml#iell (1880) sad Raylei# (I09S> for the
—04—









frequenoies at vibration of vsrious modes of notion

in ea isetrople ring of eireuiar oroas aeotlon were not

fm itful. So wor* other than that of Essen (19#) has

been puhliahed on the vibrations of this type of ring.
hiag a displays a type of motion similar to

the flexural type as «hcmn in Plate 79 and also shows a

seeona type in Plato 80. which is similar to the eeoond

series of ring I# fhe frequencies are listed in Table

17.7.

T«d>le TV.7.

Plate Ho. . 79 80

Freaumer 88.9 T™8

Ria’3 3 shows many syimsetrlcal patterns but foisy seme
to follow no regular series with regard to frequency,
foae are iduwm in Plates 81-99# fhe fre#en ciece #rs
listed in Table 19.,8.

m

late 30. 81 88 &3 04 8S 88
Vkeaai 68.3"~.3 134.4 807.4 66.4 93.5

87 68 39 m 91 I®
rmueney $s0.s gsi.u 846.i 4fle.s S4i.« 546.4

.e/s

In msay of these modes the effeets of elastic
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coupling between a#lbm.w3ag modea pf matl9n ©ca W seen*
Aa@ng#t the flesuml t?pe isedes of ring I *yb three
vibratiosB shown la Plate© 93,94 and 96 ,the patterns
being rotated «uceeseivelj] twotkjh soma S* * *%e
fregnwiolee of the three modes are «ithla &few <”“eles
of eeoh other, d similar jsffoot Is se@i la flatM* 96 and
97 for another typo of eihratipa la the amie ring, Istee
99 sad 99 stkKyw the wmplexity of the patterm 1ia this
ring et the high<w froqaeaay end of the range, fhe
frequeaoies ere listed in fable IV.9.
fable I1v.9
Plate 93 94 95 98 97 98 99

meoer 1117,S 1S7.S XS7.S 70.6 78.6 S00.7 346.8

5, litrther eaperlawmts were mads on the
longitudinal emde #n the M»am type ring vibrator, 'the
ring has be«i developed % the O.P.O. Reaearcds Station,
bollls Mill,to serve as a primary frequem” and tiim
standard# Sa wder to redaece the dma”ing on the ring

it 1s e«refully auspended at the nodal points. * fwthsr
investigation of the po#itium of the modml points ly
multiple berni teohniques ees oarried out at the request
of the G.P.8» and tile mqwrimente deseribed in this

seotlon were made on one of their rings, the dimensions
-106- :
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of the rlag {So0.41 are glvea In fable TV.IQ* It was «ut
from  high' quality eryetal «ad ««s of proves
performenge®

The two plane «irfeoee of the rii® were eerMtiULy
polished ead made optioelly flat, one side vea give»
en int"fammetrie eomting of eilvw with « rofleotiag
coeffiel"mt of 90 per amb and met#ied against &silvered
flat in the u«tel *#qr. The eleotrode# were oe«Kial
W«ee ring# end the g”"wel e»p im«mtel erreogemmt was
as before end is sheen in Pig.IV.?. The electrodes
ewe consteeted «eross a parallel tuned oirouit 6f
ladu«t#moe end oapaoitsnoe Mtipled ii*uetiveXy to the
pash pull Hartley oseilletor.

The ring v»s thw resonated at loo Ke/s. fhe
vibrfltiim pattwn i1s seen in Plate XD for one sarfaoe
and in Plate I 1 for the othw eurfeoe. The tee plates
are eorreetly oriented point for point as iadiaated.
tr/ the ewows. fhe tWeefeld symaatry of #ie psttem
owi he eew.

# mss again tho”ht that the eondlttoos of
opwation mi#it he affectina the vibration pattern,
tlomal”® the ring is run in # vacuum «t series resonanee
ia mbridge circuit of iost Office design described in

Part II1. It is supported at tka%# nodal points disposed
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gable 1Y.19
9N ?Mfide Jalej mesB TViiwlr Tiawa
PtmeteK a ong al(lns iy 4
oma.
6.118 0,818 1.056

Plane aurfaoea normal to Z axea witkin it.i0 aeoa aro«
Ihlohneaa uniform to 0.005 mm

Beral of 0.5 mmon all four edgea.

Cyllndrloal aurfaoea flnlahed 600 oarborundum and
etohed in hydrofluoric aoid. Plane aurfaoea optically

poliahed from etohed surface.
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at 1K aroimd tha eiremfevanee. fhe eleetrodes ar®
plated oa fee the eyllndrieal aurfaoea md ecraaoetion
ia M,a6 to them by Jfiae aiXver wires fused with e silver
eoB#ouad on to eat#* “llndrloal eurfeee at s nodal region*
It W89 deoldod w ria the ring umdw theae ««saditisas

snd to oheswve the pattern*

The «sp«pS»*®tel dlffiealtiee «ore solved «»
follove* The ring #a# mmated on three e”“#er pSns
fitting into three “rdjeotiag tmm «nd radially diepoeed
et so #e to loeate ia tWfee redial gmovee sut
is tme of the Z fmeee of the risg* The piss «ore € em»
1s l«%th (* aoa reeosent Iwigth) asd «ere tapwed is
the lath to « fise po”t* Yy buxr remoialsg eee removed
hy rubhisg #a<” point osoe ever s few laohee of "‘pcaad
glaM eurfeoe* fhe pSas were thmo mmeealad and issorted
late holes in the stmm™ These holes «ere reamed to
0*»# lae« ®ad the pis» were a push fit in the holes*
T?m ji# «&0 enaectviete-i «o that s gl-iea fl%t eeuld be

up sioae to eithcep tW : top” surfsee or %e bottom

maefmm of the ring* la tfee first esee e fringe
disperaiaa «as otetsiaod ty sarewiag down the fl«,t a.geisst
spring preaswe by tl»ee 8 Bl esrews* Ta tho seesad
ease,three more empeve operated Shreo strips of phos#ior
broase ni&ioh preasad the lover optieal flat,, Ah&ihs't

three springs* la thie ease Kae optiesl flat had three
m -108-



o*0?61. holes drilled to olesr tbs copper piss, fhe Jig
is shovm dismantled in Fig* IV@ftogether with the
vihretor «nd glesa flats, tend*diegrnstetieslly, in Ftg*XV*@*
ihs 11% «08 oleaned in ohrtNsie sold and the
silver sires sere fused on in the lehoratoriee®* Then
the eleetj®*dee sore pleted by eveporatioa «m to the two
oylindrioal «urfaoes,the eirsoler m#«*s used to cover
the E faess sli#tly rodueing the «res of the eleotrode
plating as in, JMignX?*1I. 'Then »n interfermaetrie eoatiag
of silver of So pen* sent refleetivity was evaporated w
to one of %» z feees,oyliadi”eal maaks being used to
protest the eleetmde eoetiags®* In tdils v the
laterfmpometrio ooating me prevented fr«m short
eirouitlng th~ two eleotrode ooat&m@s*

Ibe ring and its laauntiag eere then pleoed
inside the vaenum ehWbor sem in Fig.Ill, IC «Aieh «es
%xm eveeuated to a measure of less them I m, of
awrenry Isf a Bivoo rots” oil suap* %e ring ##s os«»illeted
in the bridge elreuit at 10# Ke/e and the egaivalent
smries reslstenee aeseured «md found to he seee ohma#
The value of the eguivelcmt swiee eMpeoltaaoe of tW
ring «1% the redueeS eleetrode plsting *e# and
thus the Q of the eaeiHating ring «as ov«w SOP. 000*

The m Itiplo beam Ftmm fringes «ere fomed
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in an air gap &' about 1/10 mm in e&ob osaa, but
oareful oollimation aW undWir-ruming of the hi1#
proQsure aro produeed eervieeabie fvingee.

Plate itfo and 103 show the two s feoes of tiio
ring rwming mdev the above orltical eonditions and
aK(pe vitti platee 100 end 101 reapeectiwly. Oospertsoa
ceWea ta® distribution of ijjodoe and entiaodee to be the
sane under tfws two different oondlticma of observation.
This expeiimmt coKPinm that unless deliberate eonstrainta
are applied at entinodal regtoess the vibrational
pattern obaerved ia oharaoteristic of the partioular
vibrator rtaming in a pertioular node, aM is Independent
of the 8»mtingj, AR« and driving oirouit in agree-
ment with Schufflacher (1937) and Kotlyarevskl aM Pvm *r (1941).
This neans also that 'fiae small interfercsmetrlo gap
neoessary with Um multiple beam techniques does not
distort the j~tteiul by virtue of argrimping it introduces
at the small emplitudoa of vibration nommlly uwd. The
silver film on the 7 face was found, (@B3#ennmentelly, not
to affeot the equivalent series resistano© of the rii’.

The aotuel pattern ia rather omplea. It has
Qthreefold «"mmotry and shows twelve nodal and twelve

entinodal régions auocessively in opposite p*nee

=16)
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as revealed ty stroboaoopie illurainatloa* Plate 104 sho? i
a crossed fringe dispersion over the top suvfaoe of the ring
Pn analyals of the ring la irtsown in Plate I0S (* 8), There
are three pairs of nodes et the ends of the tineee dlmneterB
A,, A" Ag,which are at to each other,end three pairs
of nodes at the end of pairs of radii B, T h e s e
latter three pairs are the ones reported by Essen (19%)
end do not lie on dirnieters of the ring. They are related
to the nodes on the top surfaoe as shown * Fssen,tho
pattern on the lower, surface ooinoidlng with the pattern
on the upper surface when one is rotated through an «aigle
of 60 about its eentre. Subsequently a second similar
ring gave an identical pattern under the same conditions.
It was to be expected that the vibrational pattern would
be that of the lateral contreotion due to the longitudinal
motion as seen in the I out bar described at the beginning
of this (diapter end should thus allow a sixfold symmetry.
however the type of pattern m«y be tentatively
explained if it is r«m«nbered that X cut bars have « second
order flexure associated with the fundwnental longitudinal
mode along the length of the bar# If this third <a»der
loo*Itudlnal mode in the ring has a sixth order flexure
ftseooistted with 1t,then this will account fw the nature

of the surface displacement. Accordingly a search was made

-I11-
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for this flexure mode end It found at 83,9 K@s,
It la shown In Plate together with the longitudinal
mode in Plate XO07,the fringe dispersion being the seme
in eeoh oese in order to faoilitate oomparlson.
Referring baok to fiates 64,65,66 and 67 it
oan be seen that only Bing 3 (6?) is similar in pattern
to that i1a Ning 4, The pattern m Riojg I (64) suggests
that the motlecm 1s ooupled to the seventh order flexure
end also that the ring is imperfect in some way. The
pattern Of the double response of Ring 8 (65,66) is
similar to the pattern of jplate @ given by the smme
ring and to the eeries in Plates 74-79 for Ring I.
strobosoopio exessination shows that this m«y be a

torsional type of motion*

4. With the bridge osoiUator it was possible
to vary the current flowing tlirough the ring vibrator
and to ealoulate its value fnra the bridge oonstmte*

A series of pistes we* exposed for a aeries of
gradually inoreaeing ourrwits in the range O-IO m,a,(r*f#4".
The sime exposure and the same developtsent time was
given to (BCth plate. "Then the fringe baroadenia,, was

measured at a partiouler point on a given fringe at a
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positlpa of tWe in ome of Wa# oix "a%iméaX

r #W s%a* the emplitWo*

fhe oi ar/fttal eorreat vereiio amplitude
16 6ho%am ija “md la »eea to ue XlJiear in form*
The amplitude 1b la terme of trom naim Uotal

ejtaojr&loal* “rie aormal oom#om#mt of tae mai.lmum om'fao#
mplitude of the rl% vibrator 1» eeea to be iMroportioael
to the eryetml oorreat* If the damping oa the ri%:; oha%-e#
them ite e”ulveleat eerie® reeletaace”emd thevolt”e meeded
to prodaee the eeme. oryetml eurrumt ohamgeB, out thu.
eeme amplitude #111 be obtained for theecme oryetel
ourremt#Thle le fouad to be true experiaoat”llye

[t 18 oolleved that thie le the firet
imtorferometrlo meueurem”rnt of th<& eurf«”»e aisplltuue

of a iUert"t vrorator Im terme of the ory”-t#l ouareat®
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