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A STUDY OF THE PIEZOELECTRIC FECT A 

THE CO STRUCTION OF A SUPERSONIC GENERATOR 

I. I ROllUCTIO l 

l 

The 1' markable dev lopment of th science of sup r on1ce 

s1noe o:rld al' I could pos 11:>17 be cop l"6d to tbe advanc 

de when 1t w s fir t :recognized that th 1nterpl y et n 

light v and ttel" furnish d th k y to the solution f 

many pro le sin ol cular phys c. 

In the oa ot sound and 11 t we, as individuals, have 

sharply marked 11m1 at1ons. 'he l' and the eye re pond only 

to a limited l"ang of vibl"a ion !requ ncy. Just w b ve 

ul t:ro.-v1ol t, v 1ble and nfl' l'ed light, ao ls o th l"9 1 s 

sub-audible, udibl, and upe~son1c sound. 

Aoouatica, up to 1917, was concei-n l os . .xclu 1vely 

with ud ble ound d its relat1on to peeoh, bea.?'1ng, and 

music. In prev1oua ye :r ll.mholtz nd Lord had ap

P rently xhau t d the ubject, an o ly two d c rnible de

v lopment were t · ki plac • Th ae er the improvement of 

the tel phon tbt'ough th pplication of l 1Sb,1s th ories, 

nd the develop nt of Pl' ct1oa1 methods for the impx-ov ent 

of acoustics 1n rooms, which was begun by • c. Snbine at th 

beginning of the century. Up o th1 t e, lthou h vibrations 

beyo the aud1bl ~ang r known to xi t , th 1r p tant1al1• 

ties wer unsuspected. 1h intensive 1nv st1gat1on of' the 

ropert1 of supersonic ounds has be n rgely a post- r 

developm nt .. 



Acouatt 1 v1br t1o l' cu tomar1ly d1v1d•d into thi-ee 

not very ,sharply div1d•d cle.sae , based on the physiological 

p~cesa of hearing. In the t1rst class re th sub- udibl 

sound.a, 1ch eons11t o~ v1bl' t1ona up to approximately thirty 

pet" second• nd are ot aueh low frequency that no pitch can be 

ascribed to them. The eecond class 1a the au.d1ble, or .hearing, 

:rang nd 1s composed of v1b:rat1ons from approx1mate].J' 30 to 

20.,000 pe?J second. Abov this 11m1t 1s the tbil'd elaea, which 

is the :region of upeJtaonio • In this range, the sounds, v n 

if ot great 1ntens1 ty, pN>duce no sensation of he i,ing, but 

give :rise to mny vel'7 IU?lPJ'1e1ng physical and biological phe• 

nomena which al'& not observed t lower frequenc1e. 



A.. l§rJ,y J:Jl!tUS~1£S&t~QJ1!f, 2f. 19!!!\&bJ.te, ~9l:Pfltl 

Ou• ot the e~l1eat inv Btlgations to detettud.n · the h1gheat 

p1toh that could b& ttecogniaed ea made by DeaP?J.$1Ut in 18451 

wh1 ch aet th l!m1t et about 30,000 Ojo1es p0p second. fhil 

was judged_ howevw, not b·J etual measu.:t'oment, but b'f est1..-

11U\tos of' ·mu.1,ictans who claimed to be able to foJ.lo• th numboi, 

ot octil WO. 1nto t.h, ?'&gion or high. t itequene1 v1.bttat1oruit 

In 1899 Rudolph ltf)en1g ,of' Pai-1•, ·'bl mean or tuning tottkt 

only a few r:d.lltm•t tts in length,. w.u. able to p:ro4uo• fttequen

e1 a.s high as 90,000. E• detei-n1ined t ·n fl'equ.~n.c1es b7 

R,mit' a dust tube blthod, and may lH> i-ee;al'd.ed a.a th :f'ir ti 

;pEJtt-son to malte a atud;y ot supe~aonS.o • 

Altbtl'e; 1n 1907 :111ve atigated tbo aupe:i-aonie Yli.\Ve •m!tte 1 

by the •Pl4l"k d1sehfU'tg or eondeneer and found that, what ap .. 

p,ars to l:Ht a s1.ug1e f laeli and Cl"&Ckt 1.e in ?1ealitJ a V~>'f!7 

ttap!.d auec.eaa1on ot sparks, · Eaoh of thoa$ •:i;mttks .P?Joduooa a. 

single aeouatie attt pt:tlae, and th:e colleet!on ot theiu, a1111 

pt1lsea g1vea a •• tm1n, of which t;he wa'V€tlengt.h can be 

·&aul',ad.• Be cn.pl.oyed a df.ttr;,a•tion g:ratbig •de b7 pa:ttallel 

eqll1d1atant glaaa POda to 11.oasure t.ht wavelengths,. aom.e cf' 

\m1ch he Ncarded as small as ont mtl.lbtetel' (338., 400 v1br;, ... 

tlo,ns pe?' second},. 

Shol'tly attex- th.ts, Schults mad.o a eal'eful study or the 

uppe:r;t 11 1t of the .h.uman. eu.. lto trade the mea1.n:u1ementa by 



employing two methods, the f'1rst being by the s1.pmnetr1e 1 p t ... 

tern or fin grain of sand prinkled on cittcular plates of 

1c • Tho seoond y w s b7 the use of the Kundt d st f 1guree 

in gle. tub .s. He l'l'i ved t valu of 20,000 vibration 

pr seeond for the upper li 1t. 

Tho next gtte t ad.vane in this t1 ld was d during th 

f1rat World 1ar nd involves a c mpletely ne pr1ne1pl • It 

1s th discovery or the piezoelectric effect. 

B. Piezoelectric Effect 

1, E rly Inve tig t1ons 

Prob bly th f1r t 1nd.1cat1on that cey•t l would, 

undef' certain cotid1t1ons • become charged, waa many years ago 

when the Dutch $ettled in Ceylon, They ob erv&d the natives 

pl y1ng th oi-yst l toui-ma11ne that had b en tm-own in the 

fire and noticed that shes clun to the crystal. Th1s faot 

first bee me known 1n Europe about 1703, when the tourmal1n 

s brought fl'o Cylon by Dutch orohant. In 1756 Aepinue 

e tabl1shed the electrical cba:r ctei- men he noted the op .. 

posit polal:'1t1e at th two nds or heated toU?'nll11ne crys• 

t l. Th$ term. pyroelectr1e1tytt waa 1ntl"Odue d by Breer 1n 

1824 fter ob erv1ng the effect 1th variou kirxis or c17st ls. 

Lord Kel v1n s the ftl"st to eta te a def 1n1 te theory or pyro .. 

electric ty, tl'.l he po tul t d tate or p J'nlanent polariz t1on 

1n eve~y pyroelectric c:rry tal. According to this th ory, the 



pyro lectr1o effect 1 1 ply ife t t1on or the temp r tUl"'& 

coet o 1 nt f t 1 

u , d l ter B 1. p :xp r1 nt on 

om I'O on of cry t 1. ur l, r port d t d 2, 

d aar1b exp imont c nic 1 tre db p 

pl d to q rt: nd t er o t 1 to produc c vei-,. 

the l" a lt 1nd1c t e that the rg& th t th y u el' 

ot u t ec !cal t · 1n,. butt cont ct fl'1ct1o, ,1ne 

o ot th cry t 1 they m acur d now defin tely nown to 

be not p ez~ leotrie. 

· To iew nd. J cq e C 1 is conf ntly g1v n er dlt 

to the d oov r,y of t p zo e t o f ct in 1880. They 

r th f1l'st to d1soove?' th r al pre sut'e-el ot 1o e.ffeet, 

nd the eby 1ntroduc n entir ly n w concept of tb ntel.'l' -

lat1on ot nd lectr1cal e erg. They fo that 

cert 1n y tal alt ·r th 1r 1 ne r di ruio n 

n l ottt1 f 1 ld; nd t · t 1 n subj oted ohan 1 p s-

ur, th cry t 1 de lops lootr c ch n ts rte .. 

th latt err c h v ng b n p e tote by Lip n o 

ft r th fil"St d1 eov y, Th 1 disco r not y nee. 

vio tudy or th relation bet -n pyro l otr o h. 

o na m e:ryat · 1 t , thy r led to look no only 

roi- tl etr1f1o tion f!'om !'e s1n- , but al o to for in what 

direct o pre aur hou b ppl1odt nd in wh1 ch cl'yat l 

eln s th ftect to b expect d 



2. Pzt0 pe:rt1 e or rtz 

1'he1" 0. 1 8 n b, or c t lline ub tano \'lh1oh 

do m101t p ezoeleotzt c pro :Pti s, but quart 1a th onl 

t 1 l hich is tl"Uly e.tisfaeto tor fr ency control 

purpoaea. Rochell. nlts exhib1 t the oat int se pi zoelec.-

r o ro rt1 a but uns it C US th al' too un 

st bl both ph7sioall and l ctric ll. 

rtz s s l!eon d1ox d { 111 ) and 1 to h u -

out th world in y differ nt for, s. t occuro ost eo only 

in the e 

of 1gn o 

a mstono of the eal't i, d ocau:r n pock 

origin, uoh as r n1 It baa . ny co re l 

ppl!cation , nd 1o us d in th mnnufacture or p1 zo lectJ1!c 

io a, lonse, baianc 1 t, che 1c l waro, and br 1•••• 

Becau e of its extr ml lo inter l 1'1'1ct1on nd 11 thel'11Ull 

expansion cooff'1o1ent, 1t 1 h hly valued for susp ns1ona in 

scientific p 1' tu. 

Qual'tz 1e n xc pt!ol'lally hard t~1 l., hav ng ting 

of 7 in oh' Seal of Hardness , wher th dia. ond 1s rated at 

10, It is vex- st bl , oth ph sioe.lly cl chemic 11 , it s 

not ntfected b7 common au · de and o n b f ed onl w1 h gl'e t 

ditfie lt1. For p1ezo lect1'1c plie tions., comp r tiv l 

1 l' e m tur l oey t ls oi' h1gb purii ty r requ1~ • l' z111 

t p ent, ha th only uitable supply of natural c~yst .l. 
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3. D tint on 

T t o y or 1 

· :r1nc1pl s n ne t d by rd lv • y pp C t 0118 

or the:r1noc1niam e to c y t l gr t d nc th 

study o cry~t 1 y e · 

his "Le 

In 191 olde 

lphys lt" rth1eh 

th D bl .for rk :s n th ld 

V t pub h d 

e e nc b n 

1ez el et 1c ty y b r o a ly er ne "1 trio 

pol r z tion produce by ch nic l tr 1n no y t l b lo -

1ng to cert11 ola s, th ing on l to 

the t n n e ng ng g · h 1t." Th s 1s d t1n tion 

of th d ct p1ezoel ctl."10 tt ct. It so :r l' 1ble 

phenom n Th in rr et 1 th con er 

ct n results ton or t 

tr e lly o l"1z d, y ount pro t1on 1 to th · p 

t t of 1 ct:ric P o lectr1e1ty y e dotined as 

pol r1ty pl'Odueed n cert 1n cry l by 

t &. 

oft pe -

Th qu ton of th rel t . on or p oe otr o ty top zo• 

e atr c ty be n oh d s ooed, th t ff ot r 

elo ly d. Vo1gt po nt d O t t t d 1nct1on t 

be een "t fl pyro ectr o ty c UC d by 1n 

temp r lon tb "tal"" tt pyxsoel ctr1o1ty that 1 du 

to the d fo1- · t on wh ch a.econ n o:h e n t&m l' tur 

nd which 1s th ref~ ot pi zo 1 ct~ co 1g1n. 



x ... ray studie ot o yatals 1nd1c te t t the orde:r,ly 

ou 1ngs of the1:r ato a e.m the distances between tm to 

1n cry t l ha.v be n quit 

th 1r precis al 1gmum s • :.i:' 

aut'e effect, 1 

tbe toms and 

eri ved from t 

1r ccompany1 

CCU?' tel7 d ex-

p1ezo l ?'iC et, 0 

'f ct th t he r 

C z- e 1 qu rtz happe 

-
0 

0 

be such hat chanic l f o:rce <1 ot1on o ng h po 1 ion 

"negati v ne 11 n th , oft cen r o tpo 1 1v 

cr-:r tal acquit- s n elec rifi 

has been tr-an formed. 

00 di ion, &v1de oe that nett 

hr atte thirty- two d1f r to s a or cry a ' 
they r,e arr d in o r o the ao 1 eir 

olecule. f nty of the classes r ctr1e, 

o 1 i l Pl"Ope ti 

po n , li , P n ., 

twelve :re not. A o y or any o 

may b symmetrical w1th re,ap et t 

or ny comb! tion o th s et io l it r p to 

point, th b y 1s "cent:ro c n po e n 

polOl' properties. Th l 

found in an:, or th eleven centro ymm t:rieal c • 
on exception, l cl.ass a which o no have cent r of 

t1'7 r p1ezo lect:ric. 

P1ezo lectric1ty ma1ned labor tory CU?'io 1 7 ~or 

third of oentUl'y r 1ts cove y 

rtime aot1v1ty n l 171 

exc11 quartz plats 

ngevin o 

1 r 

:r h 

cone 1v 

r e 1 ver 

-

lm.ost 

pur of 

the 1de 

or high que cy sound wav und r t or the et ct1o of 



sub-.·!nee. The method was nob ao:tu.s.1111.used 4utt1ttg the WilP 

be.cau:i1e, 1t na not oomplet·ed 'Qllt!1 later, beut 1t hs.s b0f;1Qfll8 

a Yaluable m•thod ot l.oea.tine; 1mmei-iH1d o:bje.cts and of 'e~;plo:l'1ng 

the oot1an bOttom. 



III. QUARTZ CRYSTA IS AS FREQUENCY SfASI.LIZERS 
IN RADIO FREQlTENCY cmoUI5:S 

A. Cdz • • Con.tit1?utipn 

.10 

In 19.la w·. G,.. Cad;y we.a led to eani1ne cel"tatn peottl1ar1t1oa. 

1n the eleoti-1oal beha.v1ox- ,ot Rochelle salt ~71tal. plates 

a:ttound tbe tttequ,mc1es of meoba n!tt:ttl re11onanc .• Out ot this 

&Jtperi1'lloe •ams the developm$nt of the ptesoelectia:1c l"eitonato 

and 1 ts vat-1ous uae.s as at billsoi-. Eiactllato:r., ncl tilte~, 

for ld11oh quartz ,raa found to be the · oat su.1tal>le mtA1H)1"1al. 

f ·he :use of qual."ta CJIY•tal platea aa at b:llliae,:-o of eleettit1oal 

v1bttat1one pnved to be of eno:rmoua 1mportanoe in the clev•lop• 

m.ent of ra.ti!o b:r-oadcast1QS.- Cad7 applied Vo1gt•s funtla•ntal 

ptezoelectttic N:tlat 1ona tc· the ee.se or a v!btta:,1:n.g crystal and 

de:r,1 d the equations. g1v1ng the :r:- ot1on of the Cl'~$tal upon 

the driving c1Poutt. Qu.ot1ng b'om h11 papeJt which he pr se11ted 

betOl"e the Amet11oan Pbyaf.cal S0o1et7 ot 1921, he cle ti'ly sets 

f'orth tbi) method by wh1ab atab1l1a:a.t1on occ~th as £ollowat 

A plate. p!'OP~lJ cut f•om a p1ezoelectit1e nyat l and 
FOvided "1th metal.11,o eoat1ngs vlbrta.tee ?1'1$cba:n!.oally when 
the coatings al'e connr,eted to an E .• K.f. of h1gb tr•queno1, 
pr,ovtd&d that the f:z*equency 11. nf1'1e1en1:17 nea:r the natu• 
Ml fMquenc7 of mttohan1eal v.1:orat1on1 'lhe abswpt1on of 
enex-g1 g1vea the plate an ett•etive sei-1es J:ita1atance til1ch 
ii.I a na&tmmn at the ~eeon.ant f'Nqu,u1c7. The .:atf•ot1 ve 
pai-allel eapa.c1ty or th$ plate !s a x111Uln at a rttequeno7 
slightly below iweeonance, pu lng th:,ouf· h the nol'11Ull value 
at i-eaonanoo. ~he total ,:.ange 1n oapae t7 1s sreatei-, tho 
leae the v1bnt1ona a:-e damped, and 1n the ~ase of (fl.Unite, 
it may be ~e than twenty times as gr-eat as the normal 
·oapa.ol t:1 o,f tne plate. Th•· acoom.panying ehanglll in r~equ.eney 
may be a vex-y small fffl.ction of a percent. 



l.l 

his depe c of c pac1ty upon frequency y b 
t111zed tr quency tab111zor, by imply connecti 

the piezoel ctt'1c plate 1n pe.rallel with the tuning con-
d ns ()t n ord1 v cuum ti.sb o c1llat1ng ,o1Pou1t. 

en the frequeaoy 1 s slightly above that t which the 
pl te 1 1n eoha 1e l so ne , n nc se n c .. 
pac1ty of th variable cond nser 1a aoo pa.med by ne rly 

q l eo s nth tt ct ve c , eity or p t , o 
that the frequ ncy x-e 1m con.at.ant within excee~1ngly nar-

o 11 t . If th co ns ~ r di 1 . o s bcyo 
an ount cariteapond1ng to th max1 um plate capacity., the 
p te sudd ly top v br t · , and t:t:e f qu oy tntup y 
decre s bf a larg amounb • A s1m1~ p:pocea , in th 

n , t k s o o on dee 1 the c y t 
1.able oond nser 

For exampl ,- o. cm-tain quartz plate d 
t fre ue cy of out 6 ,7 • ch 

condenser wni oh, when the qual'tz plate 
t r d fti qu cy y thr nt , v -r t by 
t~n one rt in twenty thoueand when the qUQ'tz 
t C !'OU t. T 1 p t . d t . l th 
nOMnal cape.city was only bout 0.67 m1cro•m1ci:-o-rw 
y t n b ne;, f · ttv e ty l' 
10 to -9 ,. 

The explanation of tbe appar nt nag ti v e pac1t nee w a 

g1v n independently b'J Van Dyk in 1 25 an by Dye in 192 , 

both of om 8how d that the v br tin crystal 1a equ1 l nt 

to n electric l ystem cona1at1ng of an induct noe, ei

tanee nd act nee 1n aeries, which 1 in parallel w1 th th 

eleotroatat1o capac1tanc of the oryst 1. en th fr qu ncy 

is abov tmt t resonance, th ~tem 1 1 ucttv I an ot 

s negat1v capacitance in eel:'1 a w1 th a rea1stance. 

l 
RQbeitt • ood.s, _l!!. Scieng . of Inaudible So ma, P• 37. 
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Pl'opert1.es 2t_ Qqal'tz Plates and the Egu1 vs.lent Electrtcal 

Circuit .2!'. the, Osc1llat1ng qua:rtz Crystal 
' In orde:r to take advantage ot the p1ezoelect1'1o effect of 

quartz, small pl tes re out from the raw natur l ory tal. These 

pl tea must be cut in certain definite dl~eot1ons with respect 

to the xes of the raw crystalsJ they must b free from mechan

ical and electl'ieal flaws; and each must be carefully g~ound 

such that its majo1' f ees ar easent1 lly plane and p r llel. 

When one of these ,plates ts placed in n oscillating eleetrie 

field, it will v1bi-ate mechanically nd pl'oduoe a counter

voltage at the frequ ney ~f the applied field. The magnitude 

of thls v1br tion will be quite smallJ but if th frequency 

of the applied :field is djusted to the natural v1b:rat1ng pe

:riod ot the plate, the vibr tions will become vigorous and have 

an appreciable amplitude. If the field is su.ff'ic1ently g:reat, 

the vibration may ea lly become so strong as to physically 

i-upture the plate. 

A plate, when di tol"ted by physic 1 tore I will develop 

an electric charge. If it is X-cut (the planes ot its face.a 

perpendicular to the direction of on of th sid tac s of the 

natural crystal and pa?tallel to the axis of the cry tal a.long 

its length) and the foroe is normal to the major faces, the 
2 

cha ge developed will be pproxi tely 6.36 x 10 -8 e u/dyne. 

2 
re~uenc! Control w1 ~uartz Cr:ystals, ngine ?'1ng 

Bullet1n6, B iley Elect';I"c ~ompany, p. 2 
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This charge will be indepement of ory.atal race area o:r thick

ness and of temperature fol' any value up to 550° c. At 673° c. 
piezoelectric action ceases. For pressure measurement purposes» 

the amount of charge., or the voltage resulting from the oharse, 

can be determined from the rel t1on {Q • CE) where C is the 

circuit capacity. 

I<'or best ?'eaults, it 1s 1mportant that the qu rtz plate 

be entirely free from mechanical Ol' electric l f'laws. If fl.awe 

are present, the crystal cannot v1bi-e.te freely, nd, therefore, 

1t may osc1ll te weakly or not at all. 

The types of flaws wh1ch appear in th& raw quartz a 

bubbles, needles, veils- str 1n • fractures, ph ntoma, and 

twinning. Bubbles are a physical defect in the quartz te

r1al and appear 1n different sizes and formations. Veils nd 

needles are small bubbles and striations which occur 1n gl"Oupa. 

Strains re permanent internal stresses wh1oh e nnot be re-

l!eved. iractUl"e r definite oracles caused during formation 

of the or1stals or by physic l b~e kage during mining and han-

dl1ng. Phantoms re var1at1on in cro a section l ppearance 

of the crystal such that one crystal ppears to have grown 1n

s1de nother, probably a change 1n growth of the eryst l dur1Dg 

formation. Twins are the result of one cryst 1 growing within 

nothel', ither totally or p rt1ally. In order to prevent the 

appear nee of these fl ws 1n the e11ystal, it 1 neoes ary to 

carefully aeleet the -raw qu rtz and then use only the souncI 

portions. 
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The sre9;teat }>:r-act:to.o.l val110 of quaxatz OPysta.ls 1s del:'Mived 

fttom the 1.'aot tllat; they cun bo :produced as mect.llln.1ca.l viol"ld;ol.'"$ 

ha:vin;s eleetttl:eaJ. cha.!'~u:tal'.91stios w:rt t·ull1· attainable by anr 

cit!)$; t~:ttt1at f:d .. m,plif'1cat:ton an.d better res.u.lts can be obtained 

tl'u:'magh the use of quarttz Cl.'l'ysta.ls. 

The electrical aotton ot tin oao1ll~itins qua14tz er,i:stul 

1'&"\1 be am::i.lyaea. by tte.fex-i,+:H:1ee tn lt.s equl v·ale1:it eloct:t:tical :net• 

worlt a.~ shown :i.:n F1g. l,. This equivrctlent netw,:>:t*k can he uned 

pl'*ov1des ·the ba.e1$ for tru1thamat:!.oa.lly designing ce".Pt~d .. n ty:pe 

eryst.al$. Tho 1nuuctnnce, Lt !'~!;resents the r.iass. of tho Ol':YB• 

_ -citlt the ~a.pa.city, C> the resilience, and tbe l'OSistance, H, 

the f':rictlonnJ. losaes. c1 1c tho eapacity due to tbe c~ystal 

electrodes with the cry$tal a.n tbo dieleot:r:tc •. while o2 :t>ep

~~enuo t11e $E.11"1es capacity botwe,9n the c:ryatnl G.ntl its elec-

m.,electin-J c2 , it oun 'be seen that the equlval&nt elec

ttt1cal netwox,k c::romposed of L 1 C,,, R, o.1 has the p1':'ope?l'1ti~a o'£ 

eithett a aGt-1ts or- a pa:vallel x-eso11a.nt c1l:'cu1t. At :,ome 

detinlte .fr-equenoy who:r-e L ti.nd c· a,e numer1ce.l ly equr.i.l~ the 

!'equ.111emnt is :f'ulf11lecl fol" a a(,r:i.aa resorulnt c11'cu.1t. The 

frequency at which. t:hi.s occu.ps ts called ·tb.e se!"1es !'esonant 
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t ich tb total 1reu1t r act nc reduo to zero. A y 

c1rc 1t cha uch as 1ng oft e tube, ry1n volt I 

Ol' other , e u the reso1Jt1 f queno to ell ·e. en 

or sto.l is u e s fr quenoy t b1lizer, an ohang 1n re o-

n nt freq nc du ~o v r1 t i on 1n circuit oompon nts t nds 

to ebnnge the eff t1ve l ctrioal oh· racteri tic ot the cr1s

tal1 na.m ly, th cap citance or 1nduot noe, or both~ o th b 

the re ulti circuit freq ency r ln th s m, or al oat 

the s e, s b fora. B cu quartz crystal hav v ry s e 

aonance ou:rve, e. large cha.ng 1n react ne c n be brought 

bout vi t h only a s 11 hift in fre qu no • 

C. Crz tals ~ eaon11nc 

In o oill to c1rcu1t, mployed tor m Jority of d1o 

tr n mitt r 1n t 11 t1o , th ery tal o orates 1n h 

manner r llel, 0111 a.nt1-:r so nt electl"lcal o r u1t. Ol' 

this r a on, qu rtz cry t ls used for trequ ncy control of vac

uum. tube osc1ll to:r r usu lly o libr t d t th&11" nti

resonant frequ no1os. 

Nh n a or st l 1 plac d in vacu m tu o c1lhtor cl ... 

cuit, the effective value 0£ the cap ct, c1, eh .e . Thia 

oh nge 1s due to s v r l e sons. The valu of c1 will vary 

1th d ffe?"Ont errat l holder and 11 b ar ot d by the 

dynamic inp t 1mp d no .f th o 0111 tor tube and the capacitJ 

dded by connecti en the er7s al and the t • 



l'] 

able i':rcHrJ.e11uy :f~,t.ure"' Ono method 1s to. cH'>l1J~ot a va.r1able 

n.!r <.H'.nldense:p 1n purnllol with tha c::ry,l:ltal :tn order to va~y C:i • 

I.mtt"i;m.alr:r.g the capacity o.f the r3ontl~n$er wlll ca,;.ae th,e 1"'.':t»~J ... 

but miiy oe usetc\ at lower frti,11,ene:i.ea. 

: .. var1abl!!;I air s~P crystal .ho.ld.or (;:lve.s the moat eonven-. 



r..t.bout a simultaneous ehansE'J in tl1e v~iluea of C1 axli:1 CgJ the 

fttEH'.!,ueney 1nc:r.-ea.s11:1g as 1;.he a.t,; gap :l$ tnc!'ea.aad. ~he result

ing decn:~ase in oscillating prope:rtles is not s.e.r.:loue for small 

:f:PtH4uenoy chnno,es, and tho only essenttal eo.nsid.ere.t'lon !.s that 

th.e oeystal bo uaed ln a e1r,rau:tt wherie the d:r:-iv1Jlg voltage ch,ea 

not !'each values. '211.is 1a to pJ;tevent an o.ro being devel.• 

opEJd across the 0,ir tap wh.1.el1. i-.rou.ld ce.uae e:i,:ttatio osctllntion 

and poss1bl& de:mn.ee to the or,yatal. 

:or.tut freq·u.:eney 1iu1d llighest a.t antl-:rt.Joonnnco. f!'equ.enc1es 

z,emote frorii these va.l~J.es, the crysta.l aetn na m, .fixed condenset"..., 

The ttea.et~lnca ,ciur,1v0 of a quartz cl."ysto.l is shown in 1r1g.. a .. 

The propol"ty of ci crystal to r.tct t:i..r3 a resonant eirou.:tt, wltb 

a very Jtapld 111e:reQ.se in i:rnpedenee on e1the:-r s:tde o,f roson~nee, 

ts very use:f\tl in ,nai:U.o fttequeney £ llters and. f'ol' frequeno.y 

control of· eel:*t11:tn. 't;;::,pe:1 of osc!llntor a.:rrangemanta. q,J.inttz 

0J:tyi:3tals opt;1:ra.t a.t thetx- reoonnnt freque11c1es &Pe used as 

frequency stabilizers. in. :r,t.elaxat:tr.in. osclllators, ,'ll1lch ?t&ly 011 

tl1e time eonstigi,nt o.t' :res:lstance .... oapa.oi.ty natwor1'r.s. Such osell ... 

lators have a high A'lrmonic, ot1.tp1.lt 01.1.·t o.~e not very s:table., 

ihey een. be :read! ly nto.bil1z:ed, boweve:r, by subst1.tut1:ng a 

q:unrtz cry.stal. f<t)!' one of' t.be OO'iJpling e.ondense:r$.. Prnot.:teul 

limitations 1n obtaining re.s:f.stru1oe-e.up.aeity eonbinr1tlone wltb 

a very sho:rt ti'm.e constant limit o1l'euit3 of this t111e to .fr$ ... 

quencies below 150 kc,, 
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The tre uenoy of ory t l o c1llat1 at r onanee c nnot 

b v i:t!ed by e na of p rallel corn n et'.. It may b shiJ:ted, 

ho eve!', by c u.a1ng cha in c2• Th1 y b ccompl1 d 

by connecting ither var1 ble air cond nser or n 1nduct nc 

in aeri with th cry. t 1. A eer ase 1n frequency ill re-

ult, if th ii:nuot nee 1s 1nere d, h le if th condens r 

1 deer sed, the f'!' quenoy 111 be 1nor a ed. Tb poss1bl 

· mount or fttequency dju tm nt 1e 11 1ted in th t an increase 

ot the aei-1es el nt reduo t volt g cro s t crystal 

(exc1t t1on), c u .1ng h c~ 1t fttequenoy tab111ty to b 

lowei-ed as the aerie 1~ no 1ncre ed 

D. Effects ,gr_ 'I' mperaturre 

The fl"equency of C:t'yst l is influenced to an pprec1 bl 

extent by th te r ture t h1oh it 1 opel' tod Th gn1-

tud or th1 effect 1s deter 1n d by th y 1n 1oh th or,ya-

t l 1 cut from the n tu~ tz, th po and s iz of the 

cry t l, th p c1a1on of 1!38, nd the emu- ote1!'1st1c or 
th qua:rtz it lf. It 1 ex]}l"ea ed a :r of cycles 

change per m1ll1on cyol of f queno1 er deg e c nt1gl" de 

i-1 tion in empei-atur , rn 18 t d the f quency-t p ature 

co ff1c1 nt. It y b po 1t1v o~ n 8 t1ve depon11ng upon 

whether the f quency 1ncre s or deo:r s w1 th nc 1 

t p rature. 
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~he, frequ,enc:y temparr1.ture eoe1"':t1clant$ o:f q1.taX"ti orystn.la 

val:';r with, 1nd1vld1.1al euta from m1nu,J 25 'to plus. lOO eyelfl:s per-
5 

1neg1:ieyele pe~ d.eg~,3 Cen·tlr;rad.e. Wtth x ..... c ... , o~ 1~ ... ,c:n.1t o:rya ... 

tale.,. 'the 1":roqtteney ,at any temp~rt1tu.~e of:l:n b(!:J aeterm1ned when 

thl'.!; .f:reqtttlney-,ttmtle:reture ceeff1e1~nt i1nd the ery,stal f?teqn.en1i:,7 

poasibl~ v.::1th low .f:req11ency•tilmt1ertltu,r--e coe .. ff 1e1ent cryste.ls 

bees11~,1:;1 t.,l:tt, oul:lve of freq;u.eney vex-sus tf!)mperature is not gen• 

e:Pally a. atrt.1ght ,line,. Z:he ooef::tic1ent may be pos iti ,re o,,·er 

one; p~x-t o.f :the tempo?ttSJ;uro Pane;e t:1nd ne.gat1ve ova?' othel' 

portions. IJ:'.h.e co::nm.eroitil p!>aet1cfi with these crystn.ls 1& to 

s;11r& tlia G.11$1.'&ge t:requenoy .... ten1pe:ratu.P<e coe£t:1a1ent over a g1.ve1:1 

1Nuise of tf.lmperatur~ (seneral1J' 20° o. to 65° c.). 
The ten1pe:ratUJ:1·e at wh!oh A e;:1v$n or:ystal o.se1llates. de .... 

pends on the ambitnt errtoimt of heat devoloz,ied bf the c?tysts.l 

1n osetllati:ng,, ~ud tho rate o,t~ heat dlr;aipat1on by the c::r-ysta.:t 

bolder. It 1s <U:11tnt:tal, the!1'efoP&1 ths..t fott hie;h .f:reqneney 

$tab1lit.J', s. orystal holdex- havlrij;; h1ch htiRt ,H,ss!pat:tng ab1l• 

itien S:hculd 'be u.sed. e.11d also tht? inter!Stty ot v1br~t!on ahould 

be kept tit tbe 1.oweet possible valutt so t:i.:s to kee1, the d.evolope4 

he}tt n t a i:Jlin1mum., 



to thr.) tri.et that; i:'l.n'3' body of th1s type may bo ms.tie to 'llib!'ate 

J.r1 .at l~llasi, t\10 d:tf.fo!'ent 111r:u1no1.11-1. ltlso, 'lt th~ C~j"atnl f:rH,e$ 

&~tl not ;c:m.f:f'icr1~n.tly plu;1e ~nd. pn.rr:\llal. tho e~ynt11l may h.1vo 

on.e o:t:l two ac:li:l1t1c.:rna1 f':r.oqntn1:01.,e,$ elo~e to tho thickness tve ... , 

qu.enoy I b~e12iuat;; 1 t taa,y o :10 illn to at o lightly cU.ff 01:-ent t,il ... 

queno1os ovett ;rr:r:nll ;pol'1ti(:>nt1 of' th•l a1.1:r-rnee. At ~h~ pr0s1'n.t 

"i,in1e., qual'ty. ~,;y3tr1l~ i:iN, 11~ou,;,cod 1:n the full ;r;>anse f':t-om 

l.o. kc" to ~o.ooo kc. 

fl~ deoct'1,r,tion ot t;!le .x ... and Y•e-ut c:rystal. wl.ll m,w be 

given., t;c) be fol.lowed bi s~v~rr:r11l d.,.ffex-l!i:n·lt med.es o.f v1bratton • 

.. \ poJl*feet; q11Q1"'tf. erystal u.;:,~10m"tJ tis J.1>JrU.e:at{'lid 1.J:\ :F!.g, 3. The 

sing r.iloug this a:)d . .a t11n.,1cle \1rlth un1.fcrr,m veloo1ty, but £1b.J'.H1ld 

lt t?Jnvel at. z o:ma ;>1nglo to th<~ ,,ptie l".iX1s, 1s tloublzr !1'ef~net,ad1 

?ttH3Ul.t1ng in two d1fto,:.ent velocities. The tht'ico axt,a., x1, .Jta;, 
~.nd x3 wh1oh p,,.sa thr(YU~h the oo?lln(1~a of the hexagon &l"O tel'mOd 

tho ~l&trt:rieal axes, whtle those Yiihioh a:re per:pin,clieial.tt\'9 to t.he 

o~:,st.al :f'ae$s:., labeled l'l,, Y2, um Y3 al'*e ,li;e:lc;natod the me

chm.nlo~l .axe$,.. !f'h.!J X-a1tt <n.~y~1ta.l hao: its ti1.ee por;pend.1eula'.t' 

to the X s.x1s o.n.d 1ts length pal'a.llel to the Y axis, am. the 

Y•cu.t cr:,atal has 1t.a face pel'pond1cu..lal'* to the X axis and 1tl!J 
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le h !' ll 1 to th Y is. T thr xe r mutu ll 

erp nd cula?" n 1 t aec 

Ol'OSS s ct·on 

th ont o 0 0 l 

In Fi , 4 is hown ect1on ot qu rtz cry t l rpon-

d ou.l to th o tic (the Z 1e ?",l,>f> 1oul r to tb 

lane of the pe?'} • It th plat 1 su'bjected to :force 

oduci ootnpr a ion ro.11 l to the X xis, th :t ce bieh 

s th l r t X v: lu ( t lc£t) 11 b com neg ti , 
the o posit ta po 1tivelyj charged. Dil t1on 1n t 

l" ot1on r v rse th C rge Thl 1 C lled th lo 1tu-

di l eff ct. Dilation 1n tJi Y d1r ct1o roduc 

di tx-ibute 1n th& or OOlllP a 1on along X, 1 

C lled the tl" n ver e tf ct. Compro a on lo z, t e o t1o 

,tis_. 6 V ris to no ohal' e, 

l , f uiti'ac v1 1!' st l 1 

oha.'t' · e p ly e ot le:ca 1vely1 t lat ill 

expo. in th Xd eot on (l' c pro al lo tudinal ff et) 

nd con ct n h Y d '1! ct n {r olpro l t V s rtect). 

El Ct!'1C f 1 l o in th Ya d Z d l."eotion oduoe o do or ... 

n ltc ti ol ctrio f1 ld, b n r o nc occurs, 

on& t ous nd times r te:r than with static 1 ld -or q l 

v lu«J. .i!e 1 ner that, sine t odulua of ti.city 

o~ qua~t 1s not unifo 1n 11 1r ctions 1n tho YZ ln 

but m1n1m.um 
0 

lue at +71 , circular d !. c cut troia th pl.at 

will bav tb?te na tur 1 f'requ cl ot 1brat1on, one pa llel 
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to the X axis tlnd thr: othe:r t1~ pg.rallel to tl1e 1nel.1ned t\1 ... 
6 

l')oetlon~ jttl'it ~ntionet'.h On th1s aeec,unt pl~J;.es or l'O<ls cut 

t:!th ~.ri eqt1a:t smpl11~1de ove:r 1.ts ent1tte s11?Jf'\!?:.ee:.,, rvm t-.rill 'break 

f.nto f?'f.tgments it too hie}l1 o. potentf.al :ts tttn~)loyed. 

qt1J,ncy largely d.~te?lm1ned. by thn,t cU.mene:1.on, a.nd tl1~y z1;9.ve a 

n,ee;attve t:requ.ency-t,emperattltte eoeff1e!ent wb1rui :ttrJteos fren1 

20 to 

J .. o,ooo ke. 

:rn the lowttlr- rttr-'{g;e ~f :rad:1o f?'equanoies i'1tom. 16 1:te. to 

250 ke~"' tih~ pbysienl di~ne.1.ons of' x ... eut Cl"Jstale tru1d othe:tt 

platt, ty:p~ er:yato.ls 'beeo:n,, too ;:::rent to 1,, pttaot1ca11' To re ... 

tnht ose1llat~ rtlo~; the Jtteateet d1rnenrdon am the1tt ose:tl ... , 

lt1t~,nt:: f!'eqtu'!!ne~r le hreel:r detl!'r,M:1n~c1, by that d:tmenr,,ton ... 

x ... cut bn'.!i:, have a t\aget!ve f:r.te¢pi.ency ... temper-at1111e e<>e.tf'!eient 

'Nh'-'.oh '.r,'a.nge$ r,._om 4 to 15 eyeles pe?" mega.cycle pel';' dog;t;te$ 
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1s 11 t n Ii by 1"1g. 5. T q• ncy t p co f f ... 

C nt ot y .... t C y t o 1t1v nd 1 y f~m 60 

0 ye ex- es cycl p .,:t e nt !.jl'" B f 

t h "'f t q ency e .. t te tu 0 

t ct t e Cl' 1 fl' 

point ov r, te ,... e n-:,f), us of Y-cut y t l 

h conttnu VO of th 1 s. 

I t r 5 kc. t o,oo kc . , bot 

- nd Y- out c stal al.mot al og th s pe 

by low r · ·qu oy-t mpe ff o1ent .,..y t • crays-

t ls C C l te n f X l nt qu noy 

s'be.b1l ty ' r vn. t t nditio 

h nd ... t ?7 t l C r h on1c type 

cry tnl u tx- u ney fitom 11,0 e .. 

t • c ... cut c t 1 , q\l ncy-t m ur 

e1· of u 20 eye r eg eyo p g C nt1-

gr y m 11, 0 kc. to 23,0 kc. 

E- t er t V f '1U cy-t m I" t 0 f 0 

r l 3 y p so.eye 0 
7 

p ee C nt g se 

ftto 23, 00 kc to 30,000 c. 

7 Freguency Cont i-ol ~ Q\4 t z Crystal.a• p. 8 . 
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V: • EXPER ?.MEN'!' L ORK 

A. Const:ruct1on 9£. !. Supersonic Uene:ra t()l'I 

A B11ley 100 kc. quartz crystal wa conn cted into an 

ose1lla.top ch-cult and c used to vib ate at 1ts natuttal fre• 

quenc7. The crystal s enclosed 1n a. met l nonta1ne,xa whtoh 

had two te:rm1ml po1n.t • The circuit that was used 1 illus

trated by Fig. 6. The tank c1;peu1t oone1sted of the val'iable 

cond.eruse:r ;rhi oh had n appl' mat t'ange of 50 't;o 500 a 

am s. coil that had an appJ."IOximat v lue of 13 milli•henxays. 

The tube used was O' x 201A that operated w-1th a f ilam nt 

potential of 6 volts at .25 pere. The fl.lam nt GUX'rent a 

kept eonstan by n of th v :rio.bl ~sistor and 1nd1• 

eat d by tbe d c. a ter. A neg t v bi of 4 volt · a con

nected in seri a 1th 47,000 o to the gttid or the tub. In 

oi-d r to 1nta1n o o1llat1ons, 1t wa e ssary to l' ... 

1abl re db ck condenser between th plate and the grid with 

a r nge ot from 45 to 390 • The pl t potent1 1 a 

90 volts d.o.# alld on condenser or .59 waa connected ael!'oes 

the ~B" b tt P3' and nother of 1000 ac~os th negat1v 

bias to by-pass th high fttequency. 

The cryst l beg n oscillating wh n the tan wa an 1nduc• 

t1ve reactiYe circuit; nd th c p citano was increased, 

the oac111at1ons bee m much trong r until po1nt s re ched 

whe~e the t nk oli-cuit becam o pac t1ve nd th e> o1llat1ona 

stopped. The d.o. mmetex- in the plate o1rcu1t 1nd1e t d when 



---- ~r k--i 
I 
I 
L_~, 

I 1 
I I 

• 0 I I - \ __ '-.L J -~=--- . -- -

;---- -- "\ + 

I +1 ~ <f - ·-·. . ©- ·1 <D 

l ~. / r- .. . ) ~( ~ 
- 1k--- [ 1 I 1 

--._-·-1 ! ! L 
I ' 

~ I I 

f l_ ___ J11I _ _j 
:------J ~ -- ~ 1 I l--
1 11 I 

I I 

=;-= I 
~l. ------~ 



the a~ystal was osci.lla'tin:g. t1iben oso1llations d1d not talr;o 

p~ce, tt :tmicated a ·max.t.mum v~lue whieb d.oc:tteased as osc1lla• 

t1on& begttn. 1.!:he vat-iable f.eGdbaok nondonser between the plate 

and tb.G g1'1d or tllt tu.be was neoem,,a:t•'J to nain·uain •the osc1lla• 

t1J'>na • nud th~ pool tion a. t wl'.tl. cl1 1 t \;;a,a uaod gave an approx1mat4' 

wlu~ ot 45 ~. An anulyze:r .,~ also employed to dotGJ11mins 

th$ :tre-quene7 o:r the o.aoillations, ruld 1t was 1nteN11ting to 

nQt& tl:n t ·the c:r1stal ma de£1n1tel7 controlling tlie tttequenoy 

~:>f the ei1'et1.it beoa.uao on ah1£t1ng the tank eondens&1.• even by 

J..>l]..ttge ainou.nt::l • the fl'equ.eno;, va:tt1ed 11 ttl e from. the lOO kc• at 

which it was ot1l.1b~ated., All of tile ha.rraon1es: of the natural 

rt::Jsonru,t f:ttequ.enc:y ot tho c!'ystal. oould altao bo itef.lc:iily found 

by the 1i?J:1i1lyzex-•. 

A neooud qµnrtz eJ:73tnl ~:: ... :::·, a natUl'*ii.l vibration f'requ.ency 

01' 400 kc. was neA"t used as .a sou,i-oe of sup&r&onie waves., !fbis 

o?*yatal wat a 11 oum i'la.t plate about 3 oent.tmetotts 1n diameter 

and ij- oont1mi)ter thick"' !t wo.G not enclone,d in a metnl con. .... 

taine:tt' but he.d the· flat awi"e.cea eoated 1d.tl1 an insalnting mo.• 

tez-:tal., Two bl.9ass; t"ir;iea whosQ ou.tet- xia.d11 weve equal to that 

of the cJ:t;,tijtal and about one•s1xteentl1 11101'1 thick wel"o used. as 

electrode$, an.;:i tl1 .. ;r- cryutal set between tl'U!.nn. '-'he ose1llat1ng 

o1l.1'c-u.it w~s identical to th.at i.:ttled with the px,ev1ous oztystal 

wlth the e-x.cept1on that a coll o:t ap~0Jdmatel1 4 milll•hewy 

inductance was used in tho tank c!l"Ouit., 11he same vaiwiable 

tam, eondenseit was U.$6d as oeforth fh$ oso:tllatione again dtd 

nGtt Sl'tQP't until the~o w.1/3 -fe&dback ca.pao1t.ance between the 
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pl t and the gl"1d of t t •• thi ount b 1 pprox1 tely 

the befo • Th 1g l c me in v '!'Y trongJ and ln 

th c ae, th ryat l v yr dily stab liz th t -

qu nc7 ot the oso1ll to c rouit, d the v riou hD..r- on1e 

r· e sily det cted 1th th lyzer. 

T 1 viao r,o uct has d. · 10 

d 1guat d odel u .. 3~0 m eh c n 

r high po r 1 requ1s1t, or 

pl eationB. 

a au r onto g n tor 

u e1t 1' for s roh, 

or a 01!!0 pl"Oduct1on P-

F1g No. 7 1lluat a.t the b 1c cirou ot th u 00 

Ultr on. r 1 1s b o o1llator t b, VC 1 th v l'n1 r c -

citor tw p n l ont ol of vibr tion fr qu ne ; Li 1 th 

in 1 uctanc; ~ is th t p-up t ror t-J .x 1 th 

p1 zo c ta.l hich 1 cot ot on each taetng by th 

e st l ho rs CHJ 1 1 th · ib~ t1on. intensity control 

lich p . it ont1nuou a justment or vtb t1on volt g 
a 

a.croa th crystal. 

Th odel u .. 300 U trn on o r tea on ll5•vol t, 50 .. so 

0101 1'1n and oduc s n aou ti tte in 

n oil b th. 'l'h v1o tion frequ ney eonti-ol l'i h v • 

br tion frequ ncy o 420 to 500 kc. hich pr 1t comp henaive 

au,l'eleviao Products Co·., ull tin o. S7", • 3. 
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1nvest!gat1ons of inost p~o'blerus nnd ~'lppl1or.tt1ons,. At 'tnethan1oal 

iam el!tet:rtical r<niion&noe, 1:t is posslbl.e to l'-&ise a tountQ.1n 

011 a b:ei.gh.t of t11elva ln~hes or mo:tte., !i.'he v!bpat::ton !n.to1 

tensity oon.trol vw:-1f.ls the pov10r" at the e1.1:,stn1 :lnd l;l meas ... 

UJ:ied by a 0•5000 o..c. voltr,t(rter and a 0•600 • plate cU!"'.J.1fent 

i'Jhen tlle u .... soo 1s beii1g uaed over, extend~d ;por1ods of time, 

it is neoeaanz-:;y to cool the o:1.3. s,1:r:-11ou;nding the e:rystt:i.1 to a:m

b'iCJnt tm:npo~'tu.11e. ~h:ts 1:s ut::!JOUll)lishett by n. co-ol1na; milt wh1Ch 

it:l; a e1111pl& pumping ancl t'11tol7ing sy~tc,rt.1 The tJJ,o of oil u~mt 

i'o:tt (H'.lol.111tJ is :bnportant. l•'o~ p?*OpOl.1 "'11i:n"at1ng co:ru!1t1ona,, 

·tVG.nsfopm~ oil lm:ving a low vls:oon1t;r o.nd a higl:.t l.naulat!ng 

.ti1oto11' ettsentis.l.. 

1l.1he c.,~7stnl is t11ounted bstv;1een two 'bx•aas c:ylinde1--o anrl 1s 

posltioned by luo1te spucel:'flit ~ho 1n::1ulatltlfj medium stu•round

·tho c~81ta.l. is type u, ... 3;::;,o Vtbrol. !l:o roduoe ru:-e-ovel" inside 

'.hhe oxr1ata.l boldez; 1 n:tl in.tul~ ti.ng ~"Ul'fia.coo o:re con,tl'uetecl ot 

luc1te., 

t·ew tosts :ttun., In o.rde!* !'OX' th0 s;.ene.va·to:t" to funct:ton pl"opex-.ly, 

it is 1n1po:t'tant. ·t,nat the ottyatal. Cl"Jsta.l holdoP. and su!'Tottnd• 

lng positions to oe w·el.l cleaned. 

il:lgh :frequ.enoy aou.nd 1.\Qvea l'lave :man;r appl1eationn ln 1n• 

dustry nnd ulso 1n ttrH1u11a~.oh, 1l.1he t"Ol":ms.tlon of stable emulsions 

th~ solubility of compoundz tte&ult.1ng .f:r-o::u ult?"&.son1e s.ct1.on 

is being e xa:n111ed. by orgemio eheru.1cal companies,. lnm111c:tble 
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