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T h e  D e te rm in a t io n  o f  the E la s t ic  C o n s ta n ts  o f  O p t ic a l G la sse s  by  an 

U lt ra s o n ic  M e thod .

Ja m e s  M . B a rn e s

A b s tra c t

T he  v a lu e s  o f  the  e la s t ic  co n s ta n ts  o f  th ir te e n  sa m p le s  o f

o p t ic a l g la s s  c o m m e rc ia lly  p ro d u ce d  in  the  U n ite d  S ta tes and a sa m p le

o f  fu se d  s i l ic a  w e re  c a lc u la te d  f r o m  the re s u lts  o f m e a s u re m e n ts  m ade

on these  s a m p le s . The m e th o d  used w as a v a r ia t io n  o f the  S c h a e fe r-

B e rg m a n n  u lt ra s o n ic  m e th o d , * m o d if ie d  to use d if f r a c t io n  o f h ig h e r

2
o rd e rs  than  the  f i r s t  by  u s in g  H iede m ann  p a tte rn s . I t  w as found  n e c e s 

s a ry  to  c o n s id e r  s im u lta n e o u s ly  the  p o in t so u rce  and s l i t  so u rce  d i f 

f r a c t io n  p a tte rn s  in  o rd e r  to  choose those o f the la t te r  type  w h ic h  w e re  

s u ita b le  fo r  m e a s u re m e n ts . The a c c u ra c ie s  o f the e x p e r im e n ta lly  de

te rm in e d  v a lu e s  o f the lo n g itu d in a l and sh e a r w ave v e lo c it ie s  w e re

0. 13% and 0. 25% re s p e c t iv e ly ,  w h ile  the a c c u ra c ie s  in  d e te rm in in g  the 

e la s t ic  c o n s ta n ts  w e re  0 . 5% fo r  the s h e a r m o d u lu s , L a m e 's  m o d u lu s , 

and the b u lk  m o d u lu s , 0 . 7% fo r  P o is s o n 's  ra t io ,  and 0 . 8 % fo r  Y o u n g 's  

m o d u lu s .

The  v a lu e s  o f  the s u r fa c e  te n s io n s  o f the  sa m p le s  w e re  c a lc u 

la te d  u s in g  the re s u lts  o f the m e a s u re m e n ts  and A u e rb a c h 's  equa tion . 3
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0 — D if f r a c t io n  A n g le  
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^  o ”  O p t ic a l W ave L e n g th  in  A i r  
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R — S hear W ave D if f r a c t io n  P a tte rn  Spacing 

f  ~  F re q u e n c y  o f the  U lt ra s o n ic  W ave 

VL — L o n g itu d in a l W ave V e lo c ity  

V 5  ~  S hear W ave V e lo c ity  

X — L a m e ’ s E la s t ic  M odu lu s  

p  =■ S hear E la s t ic  M o d u lu s  

k  =• B u lk  E la s t ic  M o d u lu s  

E  =  Y o u n g 's  E la s t ic  M o d u lu s

C  =  P o is s o n 's  R a tio  fo r  the E la s t ic  M e d iu m  

p  — D e n s ity  o f  the  M e d iu m  

d =  C o m p a r is o n  G ra t in g  C ons tan t 

x  — C o m p a r is o n  G ra t in g  D if f r a c t io n  P a tte rn  Spacing 

S — S u rfa ce  T e n s io n  o f the M e d iu m
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In t ro d u c t io n

T h e  o b je c t o f the  s tu d y  re p o r te d  in  th is  p a p e r w as the d e te r 

m in a t io n  o f the e la s t ic  co n s ta n ts  o f a s e r ie s  o f  o p t ic a l g la sse s  b y  a 

m e th o d  u s in g  the d if f r a c t io n  o f l ig h t  p ro d u ce d  by  e la s t ic  w aves o f h ig h  

u lt ra s o n ic  fre q u e n c y .

In  1932 P . D ebye and F . W. S ears  * in  A m e r ic a  and R. L u ca s  

2
and P . B iq u a rd  in  F ra n c e  d is c o v e re d  s im u lta n e o u s ly  and independ 

e n tly  th a t u lt ra s o n ic  w aves can a c t as o p t ic a l d if f r a c t io n  g ra tin g s . I f  

an u lt ra s o n ic  w ave  is  e x c ite d  in  a tra n s p a re n t m e d iu m  and i f  l ig h t  

passes  th ro u g h  i t  in  a d ire c t io n  p e rp e n d ic u la r  to  the  d ire c t io n  o f p ro p a 

g a tio n  o f the  a c o u s t ic a l w ave , a d if f r a c t io n  p a tte rn  o f  the l ig h t  is  fo rm e d  

re s e m b lin g  th a t o b ta in e d  by m eans o f a s im p le  lin e  g ra tin g . The g r a t 

in g  sp a c in g  c o rre s p o n d s  to  the  le n g th  o f  the sound w ave in  the m e d iu m . 

T h e  use o f  h ig h  u lt ra s o n ic  fre q u e n c ie s  a llo w s  one to  o b ta in  the c o n d i

t io n  f o r  an " in f in i t e "  m e d iu m  w ith  ra th e r  s m a ll sa m p le s . I t  is  o n ly  

n e c e s s a ry  th a t the  d im e n s io n s  o f the  sam p le  a re  la rg e  co m p a re d  w ith  

the  w ave le n g th .

In  the  case o f an " in f in i t e "  is o t ro p ic  s o lid  th e re  e x is t o n ly  tw o  

typ e s  o f  e la s t ic  w aves in  the m e d iu m , n a m e ly  the lo n g itu d in a l and the 

s h e a r w aves . I f  the  d e n s ity  o f  the  m e d iu m  is  know n, the tw o  e la s t ic  

c o n s ta n ts  o f  an id e a l is o t ro p ic  s o lid  can be co m pu ted  f r o m  the  v e lo c it ie s
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o f  p ro p a g a tio n  o f the  tw o  typ e s  o f w aves. T o  d e te rm in e  the  v e lo c i ty  o f  

p ro p a g a tio n  o f a w ave  one o fte n  m e a s u re s  bo th  fre q u e n c y  and w ave 

le n g th . The fre q u e n c y  o f u lt ra s o n ic  w aves can  be o b ta in e d  w ith  ease 

f r o m  the m e a s u re m e n t o f the fre q u e n c y  o f the e le c t r ic a l  c i r c u i t  d r iv 

in g  the  tra n s d u c e r . The m a in  p ro b le m  is  th e re fo re  the m e a s u re m e n t 

o f  the  w ave  le n g th .

T he  d if f r a c t io n  o f l ig h t  b y  u lt ra s o n ic  w aves o f fe rs  v a r io u s  p os

s ib i l i t ie s  f o r  the  m e a s u re m e n t o f the u lt ra s o n ic  w ave le n g th . Tw o 

d if fe re n t  m e th o ds  have been used fo r  s y s te m a tic  s tu d ie s  o f the  e la s t ic

c o n s ta n ts  o f o p t ic a l g la sse s . C l. S ch a e fe r, L . B e rg m a n n , and H. J.

3
G o e h lic h  used  the  m e th o d  o f the  S c h a e fe r-B e rg m a n n  d if f r a c t io n  p a t-

4 5 ®te rn s .  K . H . H oesch  used a m e thod  o f E . H ie dem ann  c o n s is t in g  o f

d ir e c t  m e a s u re m e n t o f the w ave le n g th  o f the  tw o d if fe re n t  w aves.

S ch a e fe r, B e rg m a n n , and G o e h lic h  re p la c e d  the  s l i t  in  the  u s u a l

D e b y e -S e a rs  a r ra n g e m e n t b y  a s m a ll c i r c u la r  a p e r tu re . The l ig h t

p a s s in g  th ro u g h  the  g la s s  sa m p le  w as s l ig h t ly  c o n ve rg e n t, the im age

o f the so u rce  b e in g  fo cu se d  on a p h o to g ra p h ic  f i lm  a p p ro x im a te ly  one

m e te r  d is ta n t f r o m  the  sa m p le . The  spac ing  o f the o rd e rs  on the f i lm

to g e th e r w ith  the  co n s ta n ts  o f  the  o p t ic a l s ys te m  s u ff ic e d  to  d e te rm in e

the  u lt ra s o n ic  w ave  le n g th  in  the  g la s s . In  is o t ro p ic  m e d ia  the

S c h a e fe r-B e rg m a n n  p a tte rn s  a re  o f  the c i r c u la r  fo rm . A s  th e ir  g la ss

sa m p le s  w e re  cubes and the u lt ra s o n ic  v ib ra t io n s  w e re  e x c ite d  b y

m e a ns  o f  an X - c u t  q u a rtz  fas tene d  to  one s u r fa c e , re f le c t io n s  o f the



7

s id e  lob e s  o f the  u lt ra s o n ic  be am  at the  s u r fa c e s  o f the cube co m b in e d  

w ith  in te rn a l c o u p lin g  caused  the w aves to  f i l l  the  b lo c k  w ith  the w aves 

b e in g  p ro p a g a te d  in  m a n y  d ire c t io n s . E a ch  w ave p ro p a g a tio n  d ire c t io n  

w h ic h  w as n o rm a l to  the a x is  o f  the  o p t ic a l s y s te m  p ro d u ce d  a p a ir  o f 

d ia m e t r ic a l ly  o p p o s ite  d if f r a c t io n  p o in ts . Due to  the p re se n ce  o f  bo th  

s h e a r and lo n g itu d in a l w aves the lo c i  o f the d if f r a c t io n  p o in ts  w e re  tw o  

c o n c e n tr ic  c i r c le s  a ro u n d  the  c e n tra l im age  p o in t. E ach  c i r c le  c o r 

re sp on d e d  to  one o f the  tw o  typ e s  o f w a v e s — the  la r g e r  one to  the sh e a r 

w ave s . The  spacing  o f  the  o rd e rs  w as found  by  m e a s u r in g  the  d ia m e te rs  o f 

the c i r c le s .  S ch a e fe r, B e rg m a n n , and G o e h lic h  c a lib ra te d  th e ir  o p t ic a l 

s y s te m  by  p la c in g  a p lane  g ra t in g  ju s t  in  f r o n t  o f the g la ss  cube and c o r re c t 

in g  f o r  the  d if fe re n c e  o f  p o s it io n  be tw een i t  and the  u lt ra s o n ic  g ra t in g , 

w h ic h  th e y  p ro v e d  to  e x is t  a t e s s e n t ia l ly  the  c e n te r  o f the cube.

H oesch  to o k  c a re  to  l im i t  the p re se n ce  o f the s ta t io n a ry  w aves 

to  one d ire c t io n  o n ly . T he  d if fe re n t  types  o f w aves w e re  o b s e rv e d  sepa 

r a te ly  b y  m eans o f u s in g  the e x p e r im e n ta l p ro c e d u re s  o f p h o to -e la s t ic  

7
a n a ly s is . H oesch  m e a s u re d  the s ta n d in g  w ave p a tte rn  d ir e c t ly  th ro u g h  

a m ic ro s c o p e  h e ld  on a t ra v e rs e  m o u n t d r iv e n  b y  a m ic ro m e te r  s c re w . 

In  th is  m a n n e r a d ir e c t  m e a s u re m e n t o f the u lt ra s o n ic  g ra t in g  was 

m ade  o v e r  a la rg e  n u m b e r o f g ra t in g  spaces. The m e th o d  w as v e ry  

a c c u ra te , b u t i t  r e q u ire d  som e tim e .

I t  appea red  p o s s ib le  th a t the  a c c u ra c y  o f m e a s u r in g  the d if f r a c 

t io n  ang les  w o u ld  be in c re a s e d  b y  u s in g  the s h a rp  im age s  o f a s l i t
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in s te a d  o f those  o f  a c i r c u la r  a p e r tu re . The  d if f r a c t io n  p a tte rn  p r o 

duced  b y  th e  g ra t in g  c o u ld  have been m e a s u re d  by  a t r a v e r s in g  

m ic ro s c o p e . The  a u th o r, h o w e ve r, dec ided  th a t a m e a s u r in g  m e th o d  

in v o lv in g  a p e rm a n e n t re c o rd  w as m o re  s a t is fa c to ry  and th a t the  use

g
o f  a  l in e  d if f r a c t io n  s p e c tru m  a ls o  c a lle d  th e  H ie dem an n  p a tte rn , 

c o u ld  p ro d u ce  g re a te r  p re c is io n  b y  the use o f h ig h e r  o rd e rs .
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E x p e r im e n ta l P r in c ip le

The  p r in c ip le  o f  th is  e x p e r im e n t fo llo w s  c lo s e ly  the o r ig in a l  a r 

ra n g e m e n t o f  D ebye and S ea rs  o r  L u ca s  and B iq u a rd  re s p e c t iv e ly .  A

g la s s  cube w as e x c ite d  in to  v ib ra t io n  b y  m ea ns  o f  a p ie z o -e le c t r ic

*
q u a r tz  p la te  a tta ch e d  to  one fa ce . The  v ib ra t io n s  in  the m e d iu m  

w e re  in  the  fo r m  o f s ta n d in g  w aves o f the sam e fre q u e n c y  as th a t o f 

the  v o lta g e  a p p lie d  to  the q u a rtz . P a r a l le l  l ig h t  p a ss in g  th ro u g h  the 

b lo c k  in  a d ire c t io n  p a r a l le l  to  the face  o f the  q u a rtz  p la te  w as d i f 

f ra c te d  by  the  u lt ra s o n ic  w ave  s y s te m  and fo cu se d  on  a s c re e n  o r  

p h o to g ra p h ic  p la te . F ig . 1 shows the re la t io n s h ip  be tw een the  v a r io u s  

d ire c t io n s  a t the g la ss  b lo c k . Though  the  s y s te m  o f s ta n d in g  w aves 

m a y  becom e v e r y  c o m p lic a te d  due to  the re f le c t io n s  f r o m  the s u rfa c e s  

and in te rn a l c o u p lin g , i t  w as g e n e ra lly  p o s s ib le  to  a d ju s t the fre q u e n c y  

such  th a t m o s t o f the  u lt ra s o n ic  e n e rg y  la y  in  those  w aves w hose p ro p 

a g a tio n  d ire c t io n  w as p e rp e n d ic u la r  to  the face  o f the cube to  w h ic h  the  

d r iv in g  q u a rtz  w as a ttache d . . W hen th is  o c c u r re d , the  in te r fe re n c e  

p a tte rn , h e re in a f te r  r e fe r r e d  to  as the d if f r a c t io n  p a tte rn , had the 

m a x im u m  n u m b e r o f o rd e rs .  The  th e o ry  o f the  d if f r a c t io n  due to  

e ith e r  the lo n g itu d in a l o r  sh e a r u lt ra s o n ic  w aves has been g ive n  by

*  The  w ave  s y s te m  p ro du ce d  in  the  g la ss  depends a lso  on  the type  o f 

a c o u s t ic a l c o n ta c t. C e m e n tin g  the  q u a rtz  to  the sam p le  g e n e ra lly  

fa v o rs  the  S c h a e fe r-B e rg m a n n  p a tte rn s .
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H . M u e lle r  ’  ̂ * and N . S. N . N a th  and H. M u e l le r ^ .  A  v e r y  i l l u m i 

n a tin g  th e o re t ic a l e x p la n a tio n  w as g iven  b y  S ch a e fe r, B e rg m a n n , and 
3

G o e h lic h  .

The  type  o f so u rc e  a p e r tu re  used d e te rm in e s  the type  o f d i f 

f r a c t io n  p a tte rn  ob ta in e d . A  p o in t so u rce  c o n s is t in g  o f a s m a ll ro u n d  

a p e r tu re  w i l l  p ro d u ce  a d if f r a c t io n  p a tte rn  c o n s is t in g  o f a se t o f p o in ts  

o f  l ig h t .  A  s l i t  s o u rc e  p ro d u ce s  a p a tte rn  w h ic h  is  a se t o f p a r a l le l  

l in e s . E a ch  typ e  o f so u rce  has i ts  advantage. T he  d if f ra c te d  p o in ts  

o f  a p o in t s o u rc e  l ie  a lon g  a s tra ig h t l in e  p a ss in g  th ro u g h  the  c e n tra l 

o rd e r .  The  d ire c t io n  o f th is  l in e  is  the  d ire c t io n  o f p ro p a g a tio n  o f the  

p a r t ic u la r  w ave  w h ic h  is  ca u s in g  the  d if f ra c t io n .  I f  m o re  than  one 

s ta n d in g  w ave  o f s u f f ic ie n t  in te n s ity  to  p ro d u ce  d if f r a c t io n  o c c u rs  

w ith in  the g la ss  cube, th e re  w i l l  o c c u r s e v e ra l l in e s  o f p o in ts  o f equa l 

s p a c in g  bu t w ith  d if fe re n t  d ire c t io n s  depending on the d ire c t io n  o f the  

d if f r a c t in g  u lt ra s o n ic  w ave. W ith  enough o f these  w aves in  d if fe re n t  

d ire c t io n s  one o b ta in s  the c h a ra c te r is t ic  S c h a e fe r-B e rg m a n n  c i r c u la r  

d if f r a c t io n  p a tte rn s .

A  s l i t  so u rce  m a y  be c o n s id e re d  as a la rg e  n u m b e r o f  p o in t 

s o u rc e s  se t a long  in  a ro w . E ach  d if f ra c te d  p o in t as d e s c r ib e d  in  the 

p re c e d in g  p a ra g ra p h  becom es a d if f ra c te d  lin e . O b v io u s ly  a se t o f 

s ta n d in g  w aves w h ic h  p ro d u ce s  a good S c h a e fe r-B e rg m a n n  p a tte rn  

w i l l  p ro d u ce  a ho pe le ss  co n fu s io n  o f  l in e s  w ith  a s l i t  so u rce . F ig . 2, 

a p h o to g ra p h  taken  w hen a p o in t so u rce  and a lin e  so u rce  w e re  used



FIG. 2. PHOTOGRAPH OF A SIMULTANEOUS SCHAEFER- 
BERGMANN POINT SOURCE DIFFRACTION PATTERN AND A 
LINE DIFFRACTION PATTERN SHOWING HOW  THE POINTS 
ON THE LONGITUDINAL WAVE (INNER) AND SHEAR WAVE 
IOUTERI CIRCLES PRODUCE POORLY DEFINED AND 
SPACED LINES W HICH ARE UNSUITABLE FOR MEASUREMENT
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s im u lta n e o u s ly , i l lu s t r a te s  th is  case. (F ig . 2 w as ta ke n  in  the  fused  

s i l ic a  s a m p le  a t an u lt ra s o n ic  fre q u e n c y  o f  11. 748 m c /s e c .  ) H o w e v e r, 

a s l i t  s o u rc e  has the advantage th a t i t  m a y  e a s ily  be a d ju s te d  fo r  s iz e , 

s o m e th in g  w h ic h  is  no t p r a c t ic a l  fo r  s m a ll c i r c u la r  a p e r tu re s . Thus 

fo r  th is  in v e s t ig a t io n  a s l i t  s o u rc e  w as used in  o rd e r  to  o b ta in  as fin e  

a d if f r a c t io n  p a tte rn  as p o s s ib le . The advantage o f a p o in t so u rce  was 

used  to  a vo id  m is ta k e s  due to  "a p p a re n t"  d i f f r a c t io n  lin e s .

In  e v a lu a tin g  a d if f r a c t io n  p h o to g ra p h  to  d e te rm in e  w h e th e r o r  

n o t i t  is  w o r th  p u tt in g  th ro u g h  the m e a s u r in g  p ro c e s s , one m u s t know  

i f  the  p e rp e n d ic u la r  d is ta n ce  be tw een the  l in e s  is  a tru e  in d ic a t io n  o f 

the e ffe c t one w is h e s  to  m e a s u re . R e fe r r in g  ag a in  to  F ig . 2, one can 

see th a t no m e a s u re m e n t be tw een lin e s  co u ld  be in d ic a t iv e  o f the tru e  

lo n g itu d in a l d i f f r a c t io n  p a tte rn  spac ing . In  c o n tra s t,  c o n s id e r  the  tw o 

p a r ts  o f the  p h o to g ra p h  show n in  F ig . 4. A lth o u g h  th is  p h o to g ra p h  is  

p re s e n te d  p r im a r i ly  to  i l lu s t r a te  a d if fe re n t phenom enon, no te  th a t the 

p a tte rn  f r o m  the p o in t so u rce  c o n s is ts  o f  a l in e  o f do ts , and th a t a t 

b e s t o n ly  a fe w  d im  p o in ts  re m a in  o f a c i r c u la r  p a tte rn . A ls o  note  

th a t as fa r  as b r ig h tn e s s  o f the  p a tte rn  a llo w e d , th e re  is  a l in e  fo r  

e v e ry  p o in t and the sp a c in g  be tw een  l in e s  c o rre s p o n d s  to  the sp a c in g  

b e tw ee n  p o in ts . In  g e n e ra l in  the  m e a su re d  p h o tog raph s  th e re  w e re  

no m o re  do ts  v is ib le  than  th e re  w e re  l in e s , and the lin e s , b y  n a tu re  o f 

the  s l i t  used, had v a ry in g  w id th s  so th a t a p o s it io n  co u ld  be found  

w h ic h  a llo w e d  o p tim u m  a c c u ra c y  o f s e tt in g  o f the  m e a s u r in g  in s tru m e n t
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used.

In  a l l  ca se s , th e n , the s o u rc e  used had a c o m b in a tio n  o f a p o in t 

op en in g  and a s l i t  open ing  o f  v a ry in g  w id th . F o r  a l l  m e a s u re m e n ts  d i f 

f r a c t io n  p a tte rn s  w e re  s e a rc h e d  fo r  in  w h ic h  the d if f r a c t io n  p a tte rn  

f r o m  the p o in t p a r t  o f the so u rce  c o n s is te d  o f a l in e  o f do ts  p e rp e n d ic u 

la r  to  the  q u a rtz  p la te  (and thus  p e rp e n d ic u la r  to  the  s l i t ) .  B y  v a ry in g  

the  fre q u e n c y  one co u ld  w a tch  the p a tte rn s  o f the s ta n d in g  w aves change 

u n t i l  a p a tte rn  o f the d e s ire d  c o n f ig u ra t io n  w as found . W ith  som e 

g la s s  s a m p le s  i t  w as  im p o s s ib le  to  f in d  the d e s ire d  p a tte rn s  w ith in  

c e r ta in  o f the fre q u e n c y  ra n g e s  used. W ith  bo th  the p o in t p a tte rn  and 

the  l in e  p a tte rn  show in g  on the  f in is h e d  p h o to g ra p h , a p e rm a n e n t r e c o rd  

w as  o b ta in e d  o f the  p a tte rn  to g e th e r w ith  i ts  g e n e ra tin g  p o in t c o n fig u 

ra t io n .  On each p la te  th e re  a lso  a ppea re d  a re c o rd  o f the p a tte rn  due 

to  the  c a lib ra t io n  g ra t in g  (e x p la in e d  fa r th e r  on) so th a t p o s s ib i l i t ie s  o f 

change due to  e m u ls io n  s h r in k a g e  o r  o th e r  e ffe c ts  w e re  m in im iz e d .

A lth o u g h  i t  w as p o s s ib le  to  ta ke  d if f r a c t io n  p ic tu re s  w ith o u t 

th e m , the  a d d it io n  o f  a p o la r iz e r  and an a n a ly z e r, one on e ith e r  s id e  

o f  the  g la ss  b lo c k , a llo w e d  in c re a s e d  s e le c t iv i ty  o f the type  o f  p a tte rn  

to  be re c o rd e d . T h e  n a tu re  o f the s tra in s  due to  the lo n g itu d in a l o r  

the  s h e a r w ave in  the  b lo c k  w as such  th a t p la n e -p o la r iz e d  l ig h t  p a ss in g  

th ro u g h  the g la s s  sp e c im e n  e m e rg e d  w ith  a change in  p o la r iz a t io n  de 

pe nd in g  on w h e th e r th e  d if f r a c t io n  o rd e rs  w e re  due to  the one o r  the

g
o th e r  typ e  o f w ave . F o r  a s p e c if ic  case , c o n s id e r  a lo n g itu d in a l and
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a s h e a r  w ave  in  th e  g la s s , each  w ith  the  sam e , say  v e r t ic a l ,  d ir e c t io n  

o f  p ro p a g a tio n . W ith  the p o la r iz e r  and a n a ly z e r  p a r a l le l  and p e rp e n 

d ic u la r  to  the p ro p a g a tio n  d ire c t io n  (c ro s s e d  w ith  one a n o th e r) , o n ly  

the  s h e a r w ave  d i f f r a c t io n  p a tte rn  is  o b se rve d . W ith  the p o la r iz e r  

and a n a ly z e r  s t i l l  c ro s s e d , bu t each m a k in g  an ang le  o f  4 5 ° w ith  the 

p ro p a g a tio n  d ire c t io n ,  o n ly  the  lo n g itu d in a l o rd e rs  a re  o b se rve d . In a s 

m u c h  as the  lo n g itu d in a l o rd e rs  w e re  g e n e ra lly  m u c h  b r ig h te r  than 

those  due to  the  s h e a r w ave , the p a r a l le l  and p e rp e n d ic u la r  a rra n g e m e n t 

w as a lm o s t a n e c e s s ity  f o r  o b s e rv in g  and p h o to g ra p h in g  the  la t te r .

In  a d d it io n  the b r ig h tn e s s  o f the c e n tra l o rd e r  w as g re a t ly  d im in is h e d , 

and s c a tte re d  l ig h t  a r is in g  f r o m  the  v a r io u s  e le m e n ts  o f the o p t ic a l 

s y s te m  w as e lim in a te d .

T he  sp a c in g  o f the  d if f ra c te d  lin e s  in  th e  case w h e re  the s l i t  

w as p e rp e n d ic u la r  to  the u lt ra s o n ic  w ave p ro p a g a tio n  d ire c t io n  w as a 

fu n c tio n  o f the  le n g th  o f  the  s ta n d in g  w ave in  the g la ss  as w e l l  as o f 

the  co n s ta n ts  o f  the o p t ic a l s y s te m . These w aves acted  as a g ra t in g  to  

d i f f r a c t  th e  l ig h t  in to  one o r  m o re  o rd e rs . S ince the spa c in g  o f the 

u lt ra s o n ic  g ra t in g  w as one w ave le n g th , the angle 0 o f the n ^  o rd e r  o f 

d i f f r a c t io n  is  g ive n  b y  the w e ll-k n o w n  re la t io n

/ iv  ft n( 1 ) sm  o  =
A

w h e re  A© is  th e  o p t ic a l wave, le n g th  in  a i r  and A  is  the u lt ra s o n ic  w ave 

le n g th  in  the  m e d iu m . I f  a len s  o f fo c a l le n g th  F  is  used to  focus  the
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d if f r a c t io n  p a tte rn  on  the  f i lm  p lan e , the sp a c in g  r  be tw een the  z e ro  

o r  c e n tra l o rd e r  and the n ^  o rd e r  is  g iv e n  by

( 2 ) r  — F  n F >> r *
A

R e c o g n iz in g  th a t th e re  w e re  tw o  w aves o f d if fe re n tw a v e  len g th s  p ro 

duced in  the  g la s s , th is  la s t  e qua tio n  takes  the fo llo w in g  fo rm s

(3a) R

(3b) r

F  n A©
A s

F  n A,
a l

w h e re  R is  the sh e a r w ave d if f r a c t io n  sp a c in g , r  is  the lo n g itu d i

n a l w ave d if f r a c t io n  sp a c in g , A j  is  the sh e a r w ave  le n g th , and A L is  

the  lo n g itu d in a l w ave  le n g th  o f the  u lt ra s o n ic  w ave in  the  g la ss . S ince 

the  u lt ra s o n ic  w ave len g th s  a re  the  unknow n q u a n tit ie s , the  equa tions 

a re  m o re  usab le  in  th e  fo llo w in g  fo rm :

F n  Ap 

F  n A©

<4a) A s=  R

(4b) A
I r

W ith  the use o f  a c o m p a r is o n  g ra t in g  the  a c tu a l c a lc u la t io n  o f  the 

v e lo c ity  w as m u ch  s im p l i f ie d .  I f  x  is  the sp ac ing  be tw een the  c e n tra l 

and the  m ^  o rd e r  o f  the  c o m p a r is o n  g ra t in g  d if f r a c t io n  p a tte rn , ta ken  

w ith  e x a c t ly  the  sam e o p t ic a l bench  a rra n g e m e n t excep t w ith  the g r a t 

in g  a t the g la s s  b lo c k  p o s it io n , and i f  d is  the co ns ta n t o f th is  

g ra t in g , then
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(5 ) x  _  F  m  X

C o m b in in g  th is  la s t  e q u a tio n  w ith  the  tw o  p re c e d in g  e q u a tio n s , one 

e lim in a te s  the  p ro d u c t F  A 0  and has

d x  _  r  Aj _  R As
( 6 ) M  “  n  — n

o r  s e p a ra te ly

( 7 a) .  =  d x  n
I r  m

(7b) — d x  nA,'S R m

K n o w in g  the fre q u e n c y  f  o f the  u lt ra s o n ic  w aves, the v e lo c it ie s  o f 

the  w aves in  the  g la s s  sa m p le  a re  g ive n  b y

<8 a) Vs = 1 A s

( 8 b ) V L -  f  A l

w h e re  V 5  is  the s h e a r w ave v e lo c ity  and is  the lo n g itu d in a l w ave 

v e lo c ity .

F ro m  e la s t ic  th e o ry  the dependence o f the  sh e a r and lo n g itu d i

n a l v e lo c it ie s  on the e la s t ic  co n s ta n ts  o f the m e d iu m  is  g ive n  by  s e v 

e r a l  s im p le  e q ua tions . The  v a lu e s  o f the  e la s t ic  co n s ta n ts  fo r  th is

p a p e r w e re  c a lc u la te d  f ro m  the fo llo w in g :



( 0 ) ylr =* p\J$

( 10)

(U)

(12)
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2

A =  p  -  2^r

k  =  *  4 /3 y u

A
° *  -  2 ( A +  JO  )

<13> E =  2//(l + a )

w h e re  yu is  the  s h e a r m o d u lu s , A is  L a m e 's  m o d u lu s , k  is  the b u lk  

m o d u lu s , E  is  Y o u n g 's  m o d u lu s , a  is  P o is s o n 's  r a t io ,  and p  is  

th e  d e n s ity  o f the  g la ss .



S u rfa c e  T e n s io n

1 SIn  1948 R. A u e rb a c h  p u b lis h e d  a p a p e r in  w h ic h  an e m p ir i 

c a l r e la t io n  w as g ive n , good fo r  gases , l iq u id s ,  o r  s o lid s , f o r  the  

s u r fa c e  te n s io n  in  te rm s  o f the  d e n s ity  and the  sound v e lo c ity .  In a s 

m u c h  as the  d e n s it ie s  and sound v e lo c it ie s  o f the v a r io u s  g lasses  

w e re  m e a s u re d  fo r  th is  p a p e r, i t  is  a p p ro p r ia te  th a t A u e rb a c h 's  r e 

la t io n  be g iv e n  and th e  s u r fa c e  te n s io n  o f each g la ss  sa m p le  c a lc u la te d  

I f  S is  the s u r fa c e  te n s io n  in  dynes p e r  c e n t im e te r , th is  re la t io n  is

(14) S =  6. 30 x 10"4 V 3/2/ )

w h e re  the v e lo c i ty  used  w ou ld  be the lo n g itu d in a l v e lo c ity  in  m e te rs  

p e r  second  and the  d e n s ity  w o u ld  be in  g ra m s  p e r  cu b ic  c e n tim e te r .
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M u lt ip le  D if f r a c t io n

T h e  phenom enon o f m u lt ip le  d i f f r a c t io n  by u lt ra s o n ic  w aves

w a s  a lre a d y  c o n s id e re d  in  the  th e o ry  o f C . V . R am an and N. S. N.

14N a th  . Due to  the f in i te  th ic k n e s s  o f  an u lt ra s o n ic  g ra t in g , l ig h t  

d i f f r a c te d  a f te r  p a s s in g  th ro u g h  p a r t  o f the u lt ra s o n ic  g ra t in g  w i l l  be 

d if f r a c te d  a g a in  by  the su cce ed in g  p a r ts  o f the  g ra tin g . M u lt ip le  d i f 

f r a c t io n  in c re a s e s  w ith  the le n g th  o f  the o p t ic a l pa th  in  the  u lt ra s o n ic  

g ra t in g  and w ith  the  in te n s ity  o f  the  w aves. R am an  and N ath  e x 

p la in e d  in  th is  w ay  the  fre q u e n c y  d is t r ib u t io n  o v e r  the  subcom ponents 

o f  a  d if f r a c t io n  l in e ;  each  su cce ss ive  d if f r a c t io n  p ro d u ce s  a D o p p le r  

e f fe c t to  the  am oun t f.  The  e ffe c ts  o f m u lt ip le  d if f r a c t io n  p ro d u ce d

b y  tw o  u lt ra s o n ic  w aves o f d if fe re n tw a v e  le n g th s  w e re  f i r s t  o b se rve d

15b y  L .  B e rg m a n n  and E . F ues . A  r ig o ro u s  th e o ry  o f the m u lt ip le

16
d if f r a c t io n  b y  u lt ra s o n ic  w aves in  s o lid s  w as g ive n  b y  N. S. N. N a th  

M u lt ip le  d if f r a c t io n  b y  m eans o f u lt ra s o n ic  w aves o f d if fe re n t w ave 

le n g th s  g ive s  r is e  to  the  appearance  o f a d d it io n a l d i f f r a c t io n  l in e s . 

T h e se  a d d it io n a l o r  " c o m b in a t io n "  l in e s  and th e ir  p ro d u c tio n  w i l l  now  

be d e s c r ib e d  in  d e ta il  f o r  the s p e c ia l case o f g la ss .

In  the g la ss  b lo c k  tw o  s im u lta n e o u s  g ra tin g s  a re  p ro d u ce d , one 

b y  each the  sh e a r and the lo n g itu d in a l w ave. These g ra tin g s  a re  th ic k ,  

th a t is ,  the y  m a y  occupy  up to  an in ch  o f space a long  the  o p t ic a l pa th , 

and th e y  a re  in te rm in g le d . T hus th e re  is  a m p le  o p p o r tu n ity  fo r  

m u lt ip le  d i f f r a c t io n  to  o c c u r. A s  an e xa m p le , l ig h t  d if f ra c te d  in to  the
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f i r s t  lo n g itu d in a l o rd e r  m a y  be re d if f r a c te d  b y  the sh e a r w ave g ra t in g  

in to  a p lu s  o r  m in u s  f i r s t  sh e a r o rd e r  w ith  the lo n g itu d in a l o rd e r  as 

c e n t ra l o rd e r .  One m a y  ju s t  as e a s ily  c o n s id e r  the  lo n g itu d in a l and 

s h e a r g ra t in g  r o le s  to  be in te rc h a n g e d  in  the la s t  s ta te m e n t. In a s 

m u c h  as the  s h e a r w ave  u n d e r n o rm a l c o n d itio n s  n e v e r  p ro d u ce s  an 

o r d e r  h ig h e r  th a n  the f i r s t * * ,  i t  is  m o re  con ven ie n t to  c o n s id e r  the 

s h e a r d i f f r a c t io n  as the  f i r s t  d if f r a c t io n ,  fo llo w e d  by  the lo n g itu d in a l 

d if f r a c t io n .

In  o rd e r  to  u n d e rs ta n d  how the m u lt ip le  d if f r a c t io n  p a tte rn  de 

v e lo p s , F ig . 3 has been p re p a re d . The p a r ts  o f  th is  f ig u re  a re  d i f 

f r a c t io n  p a tte rn  pho to g ra p h s  ta ken  at the sam e fre q u e n c y  ( f  =

11, 973 m c /s e c .  ) in  the sam e  m a te r ia l  (B ausch  and L o m b  g la ss  type  

L F - 1 )  w ith  o n ly  the in te n s ity  o f  the  u lt ra s o n ic  s ta n d in g  w ave p a tte rn

10
* *  T h is  w as e x p la in e d  b y  H . M u e lle r  in  c o r re la t io n  w ith  the  re s u lts

17 .. 18
o f  E . H ie d e m an n  and K . H. H oesch  . R o tg e r has show n th a t i t  is  

p o s s ib le  to  in c re a s e  the  in te n s ity  o f the  she a r w aves enough to  o b ta in  

the  second  d if f r a c t io n  o rd e r .  He used a g la ss  b lo c k  o f t r ia n g u la r  

c ro s s -s e c t io n ;  u lt ra s o n ic  w aves e n te r in g  th ro u g h  one face  o f  the  b lo c k  

w e re  re f le c te d  a t the  n e x t face  u n d e r an ang le  fa v o r in g  o p tim u m  p r o 

d u c tio n  o f s h e a r w aves.



FIG. 3 . A SET OF PHOTOGRAPHS OF ULTRASONIC 
DIFFRACTION PATTERNS TAKEN AT THE SAME FREQUENCY 
IN THE SAME GLASS SAMPLE, SHOWING THE  
EFFECT OF INCREASING THE ENERGY IN THE ULTRA
SONIC STANDING WAVE IN THE BLOCK. THE CHANGES 
IN LINE WIDTH ARE DUE TO DIFFERENT EXPOSURE 
TIMES.

A. LOW ULTRASONIC INTENSITY
B. MEDIUM ULTRASONIC INTENSITY
C. HIGH ULTRASONIC INTENSITY
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changed. P a r t  A  w as ta ke n  a t lo w  e x c ita t io n  in te n s ity * ^ * .  I t  show s 

th e  s im p le s t  d i f f r a c t io n  p a tte rn  o b ta in a b le  w ith  the  tw o  w aves p re s e n t 

in  th e  s a m p le . T he  in n e r  p a ir  o f l in e s  is  the f i r s t  o rd e r  o f the  lo n g i

tu d in a l d i f f r a c t io n  p a tte rn , and the o u te r  p a ir  is  the f i r s t  o rd e r  o f the 

s h e a r  d if f r a c t io n  p a tte rn .

P a r t  B  is  a p h o to g ra p h  ta ke n  at m e d iu m  u lt ra s o n ic  in te n s ity  

and show s, b e s id e s  th e  o rd e rs  o f p a r t  A , the appearance  o f the second 

o rd e rs  o f the lo n g itu d in a l w ave and the fo u r  lin e s  w h ic h  a re  the f i r s t  

m u lt ip le  d if f r a c t io n  l in e s . T he se  lin e s  a re  the  f i r s t  and la s t  l in e s  out 

f r o m  the c e n tra l o rd e r .  T h e y  m a y  be g rouped  in  s y m m e tr ic a l p a ir s  

u s in g  the  f i r s t  o rd e rs  o f  e ith e r  the  lo n g itu d in a l o r  sh e a r w ave p r im a r y  

p a tte rn s  as th e ir  c e n tra l o rd e rs .

O n fu r th e r  in c re a s in g  the u lt ra s o n ic  in te n s ity , the  o rd e rs  

added to  the  above in  p a r t  C a re  the  th i r d  o rd e rs  o f the lo n g itu d in a l 

w ave  p a tte rn  and fo u r  m o re  lin e s  due to  m u lt ip le  d if f ra c t io n .  C o n s id 

e r in g  the  p r im a r y  s h e a r o rd e rs  as c e n tra l o rd e rs  fo r  m u lt ip le  d i f f r a c 

t io n , each has a p a tte rn  o f tw o  o rd e rs  o f  lo n g itu d in a l spa c in g  about i t .

In  g e n e ra l, i f  the  lo n g itu d in a l w ave  d if f r a c ts  the l ig h t  in to  n  o rd e rs  and 

the  s h e a r o rd e r  is  r e la t iv e ly  s tro n g , th e re  shou ld  be v is ib le  n  o rd e rs

* * *  F o r  c o m p a r is o n , the v o lta g e  a p p lie d  to  the p la te  o f the  f in a l p o w e r 

a m p l i f ie r  f o r  th is  p a r t  w as 150 v o lts ,  fo r  p a r t  B  about 300 v o lts ,  and 

fo r  p a r t  C about 800 v o lts .
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o f p r im a r y  lo n g itu d in a l d if f r a c t io n ,  1  o rd e r  o f p r im a r y  s h e a r d i f 

f r a c t io n ,  and 2 n  o rd e rs  o f  m u lt ip le  d if f r a c t io n ,  p lu s  the c e n tra l 

o rd e r .  T h u s  fo r  n =  5, 33 l in e s  sh o u ld  be v is ib le .  F ig . 4 , at

le a s t on the o r ig in a l  n e g a tiv e , had th is  m a n y  l in e s . The  m u lt ip le  

p ro c e s s e s  o f p h o to g ra p h ic  re p ro d u c tio n  n e c e s s a ry  fo r  p re p a r in g  the 

f ig u re s  m a y  re d u ce  the  d e f in it io n  o f the p ic tu re .

F ig . 4 has been p re p a re d  to  fu r th e r  c la r i f y  the g ro u p in g  a r 

ra n g e m e n t o f  a m u lt ip le  d if f r a c t io n  p a tte rn . B o th  the  l in e  and the 

p o in t s o u rc e  p a tte rn  have been in c lu d e d  to  show the re la t io n s h ip  o f 

one to  the  o th e r . The  p h o to g ra p h  w as ta ke n  in  the B a u sch  and L o m b  

typ e  D B F -1  g la s s  sa m p le  a t a fre q u e n c y  o f 10. 019 m c /s e c . T h in  

l in e s  have  been  extended  down f r o m  the  p h o to g ra p h , and s u p e rim p o s e d  

on the se  lin e s  a re  the  g ro u p in g  p a tte rn s  in  heavy lin e s  fo r  b o th  

p r im a r y  se ts  o f o rd e rs  and the  tw o m u lt ip ly  d if f ra c te d  se ts  o f o rd e rs . 

I f  the  o rd e rs  a re  no t v is ib le  in  the l in e  s p e c tru m , th e y  a re  c e r ta in ly  

v is ib le  in  the  p o in t d i f f r a c t io n  s p e c tru m , w h e re  the  a u th o r counted  

enough p o in ts  o f l ig h t  on the  o r ig in a l  ne ga tive  to  have g e n e ra te d  45 

l in e s .

O b s e rv a tio n  o f  n u m e ro u s  d if f r a c t io n  p a tte rn s  th ro u g h  the op 

t ic a l  s y s te m  in d ic a te d  th a t the  b es t m u lt ip le  d i f f r a c t io n  p a tte rn s  

o c c u r re d  w hen bo th  the lo n g itu d in a l and sh e a r s ta n d in g  w aves w e re  

s im u lta n e o u s ly  s tro n g  and n o rm a l to  the  v ib ra t in g  q u a rtz . In  the 

case  o f F ig . 4, th is  c o n d it io n  w as e xce e d in g ly  w e l l  fu l f i l le d .  I t  is  no t
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e a sy  to  f in d  a fre q u e n c y  f o r  w h ic h  a p a r t ic u la r  g la s s  b lo c k  th ic k n e s s  

is  so v e r y  c lo s e ly  id e n t ic a l to  an in te g ra l m u lt ip le  o f b o th  lo n g itu d in a l 

and s h e a r w ave le n g th s  th a t such  a p e r fe c t p a tte rn  can be o b se rve d .

A s  an e xa m p le  o f a n o th e r typ e  o f m u lt ip le  d if f r a c t io n  p ic tu re ,  

F ig .  5 is  in c lu d e d . The p r im a r y  d if f r a c t io n  o rd e rs  o f th is  p ic tu re , 

ta k e n  in  the  s a m p le  o f fu se d  s i l ic a  w ith  u n p o la r iz e d  l ig h t  a t an u l t r a 

s o n ic  fre q u e n c y  o f  11. 858 m e /s e c . a re  the S c h a e fe r-B e rg m a n n  

c i r c u la r  d i f f r a c t io n  p a tte rn  and a s tro n g  l in e a r  p o in t p a tte rn  n o rm a l 

to  the  s u r fa c e  o f the  v ib ra t in g  q u a rtz . T hese  a re  in d ic a te d  in  P a r t  B 

o f  the  f ig u re .  P a r t  C o f the f ig u re  i l lu s t r a te s  the a d d it io n a l c i r c u la r  

p a tte rn s  w h ic h  a re  due to  m u lt ip le  d if f ra c t io n .  The f i r s t  and second 

o rd e rs  o f  the l in e a r  p o in t p a tte rn  act as c e n te rs , o r  c e n tra l o rd e rs ,  

f o r  a d d it io n a l c i r c u la r  p a tte rn s , the  m u lt ip ly  d if f ra c te d  p a tte rn s . In  

a d d it io n  tw o  new  l in e s  o f p o in ts  o c c u r. The  spa c in g  o f these p o in ts  

v e r t ic a l ly  is  equa l to  the  sp a c in g  o f the lo n g itu d in a l d i f f r a c t io n  p a tte rn , 

o r  the  ra d iu s  o f the  lo n g itu d in a l d if f r a c t io n  c ir c le .  H o r iz o n ta lly ,  

h o w e v e r, the  sp a c in g  is  equa l to  n e ith e r  the  ra d iu s  o f the lo n g itu d in a l 

n o r  o f the  s h e a r d i f f r a c t io n  c ir c le s .  One no tes th a t these p o in ts  l ie  

on the  sh e a r d if f r a c t io n  c i r c le s ,  and on c lo s e r  e x a m in a tio n  i t  can  be 

seen  th a t th e y  l ie  on th e  in te rs e c t io n  o f tw o sh e a r d if f r a c t io n  c ir c le s .  

N o t e v e ry  in te rs e c t io n  o f sh e a r c ir c le s  p ro du ce s  a p o in t. F ro m  ob

s e rv a t io n  and m e a s u re m e n t o f a n u m b e r o f d if fe re n t  p h o to g ra p h s , 

som e sh o w in g  a good m a n y  m o re  o f these  e x tra  p o in ts , it  w as found



FIG. 5 . A. PHOTOGRAPH OF MULTIPLE DIFFRACTION OF 
A SCHAEFER-BERGMANN CIRCULAR PATTERN TAKEN 
W ITH  UNPOLARIZED LIGHT IN THE FUSED SILICA 
SAMPLE. B. APPROXIMATE SCALE DRAWING SHOWING 
THE PRIMARY ORDERS OF DIFFRACTION. C. DRAWING 
SHOWING HOW THE EXTRA CIRCLES DUE TO 
MULTIPLE DIFFRACTION HAVE AS THEIR CENTRAL 
ORDERS THE FIRST AND SECOND ORDERS OF THE 
LONGITUDINAL WAVE POINT DIFFRACTION PATTERN.



th a t the  lo c i  o f th e se  p o in ts  a re  the  in te rs e c t io n s  o f any sh e a r w ave 

d i f f r a c t io n  c i r c le  w ith  one c e n te re d  about a lo n g itu d in a l d if f r a c t io n  

p o in t tw o  o rd e rs  aw ay in  e ith e r  d ire c t io n . S ch a e fe r, B e rg m a n n , and 

G o e h lic h  p o in t ou t th a t the  l ig h t  a p p e a rin g  in  the  sh e a r o rd e rs  is  e l-  

l ip t i c a l ly  p o la r iz e d  and th a t the  sense o f ro ta t io n  o f ad ja ce n t o rd e rs  

is  o p p o s ite . Thus i t  w o u ld  be th a t l ig h t  a r r iv in g  at the sam e p o in t 

f r o m  a lte rn a te  d i f f r a c t io n  o rd e rs  w o u ld  tend  to  r e in fo rc e ,  w h ile  

l ig h t  a r r iv in g  a t th e  sam e p o in t f r o m  ad jacen t o rd e rs  w o u ld  tend  to  

c a n c e l. T he  fa c t  th a t som e o f these  p o in ts  appea r w h e re  the sh e a r 

w ave  c i r c le s  no lo n g e r  have enough in te n s ity  to  be seen m a y  be due to  

e ith e r  th is  re in fo rc e m e n t by in v is ib le  bu t p re s e n t c ir c le s  o f d i f f r a c 

t io n  o r  b y  d if f r a c t io n  o f the l ig h t  in  the  few  b r ig h t  o rd e rs  n e a r the 

h o r iz o n ta l a x is  o f  the  p h o to g ra p h  by the s tro n g  lo n g itu d in a l wave 

w h ic h  p ro d u ce d  the  c e n tra l v e r t ic a l  l in e  o f d if f ra c te d  p o in ts . In  th is  

la t t e r  case  th e re  w o u ld  indeed  be m u lt ip le  d if f r a c t io n  a t the  in d ic a te d  

p o in t, e. g. , r e d if f r a c t io n  o f l ig h t  a p p e a rin g  in  o rd e rs  w hose o r ig in  

w as  m u lt ip le  d if f r a c t io n .
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D e s c r ip t io n  o f  the  E x p e r im e n ta l A p p a ra tu s

T h e  O p t ic a l S ys te m

The  a r ra n g e m e n t o f a p p a ra tu s  on the  o p t ic a l bench is  shown 

s c h e m a t ic a lly  in  F ig .  6 . The l ig h t  so u rc e  M  w as a m e rc u ry  a rc  

la m p . The  l ig h t  f r o m  th is  la m p  passed  th ro u g h  the  f i l t e r  F  and w as 

fo cu se d  on  the  s l i t  S by  a s h o r t fo c a l le n g th  le n s  L .  The l ig h t  f r o m  

the  s l i t  w as  c o ll im a te d  b y  the le n s  C and passed  th ro u g h  the p o la r i 

z e r  P , the  g la ss  b lo c k  B , and the  a n a ly z e r  A , to  the le n s  'O . T h is  

le n s  fo cu se d  the im ag e  o f the s l i t  on the f i lm  p lane  o f  the  c a m e ra  K . 

A n  i r i s  d ia p h ra g m  I  p la ce d  ju s t  b e fo re  the g la ss  b lo c k  l im i te d  the 

l ig h t  beam  to keep l ig h t  f r o m  p a ss in g  a ro un d  the  b lo c k . A n  e le c t r ic  

s h u tte r  ES w as p la c e d  be tw een  the  len s  O and the c a m e ra . Some 

no te s  about these  o p t ic a l e le m e n ts :

1. The  m e rc u r y  a rc  s e rv in g  as a l ig h t  so u rce  w as f i t te d  w ith  

the  f i l t e r  F  fo r  e lim in a t in g  a l l  bu t the  X5461 g re e n  lin e . I t  w as 

fo und  to  be fe a s ib le  to  re m o v e  the b lu e  s e c tio n  o f  th is  f i l t e r  fo r  m o s t 

p u rp o se s . B y  d o in g  so the in te n s ity  o f the g re en  lin e  w as a p p re c ia b ly  

in c re a s e d , a llo w in g  s h o r te r  e xp o su re  t im e s , w h ile  the e ffe c t o f the 

fa in t  re d  l in e  passed  b y  the  re m a in d e r  o f the  f i l t e r  w as n e g lig ib le . In  

som e cases the re d  l in e  d id  p ro du ce  a d if f ra c te d  f i r s t  o rd e r ,  bu t i t  

w as  w eak, ou t o f  fo c u s , and e a s ily  ig n o re d .

2. The  s l i t  w as a fu l ly  a d ju s ta b le  c o m m e rc ia l u n it w ith  the  jaw s  

re p la c e d  b y  r a z o r  b la d e s . E a r ly  a tte m p ts  to a d ju s t the b la d e s  to  be
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p a r a l le l  w e re  fo r tu n a te ly  no t e n t i r e ly  s u c c e s s fu l, and as soon as the 

co n ve n ie n ce  o f  n o n -p a ra l le l  ja w s  w as d is c o v e re d , th e y  w e re  a llo w e d  

to  re m a in  as th e y  w e re . Due to  the cha ng in g  b r ig h tn e s s  o f the d i f f r a c 

t io n  p a tte rn s  f r o m  b lo c k  to  b lo c k , the to ta l e xp osu re  t im e  w as d if f ic u l t  

to  judg e . The  c o n v e rg in g  s l i t  a llo w e d  m o re  la t itu d e  in  th is  jud g m e n t. 

D u r in g  the  e a r ly  a d ju s tm e n t o f the s l i t  a n ic k  w as a c c id e n ta lly  pu t in  

th e  b la d e s  a t the n a r ro w e r  end. T h is  n ic k , n e a r ly  ro u n d  in  shape, 

w as used  as the  a p e r tu re  fo r  the  p o in t s o u rc e  p a tte rn  o f each d i f f r a c 

t io n  p ic tu re ;  i t  p ro v e d  to  be an im p o r ta n t p a r t  o f the o p t ic a l appa ra tus .

3. T he  p o la r iz e r  and a n a ly z e r w e re  tw o - in c h  d is k s  o f H -  

P o la ro id  m o u n te d  in  g la s s . C o m p le te  e x t in c t io n  w as n o t p o s s ib le  

w ith  these  e le m e n ts , w h ic h  fa c t w as h e lp fu l in  th a t the  c ro s s e d  

p o la r iz e r - a n a ly z e r  p o s it io n  w h ic h  passed  the m o s t l ig h t  w hen v ie w in g  

th e  w ea k  s h e a r o rd e rs  s t i l l  a llo w e d  ju s t  enough o f the s tro n g  lo n g i

tu d in a l o rd e rs  to  pass  to  p h o to g ra p h  the tw o s im u lta n e o u s ly .

4. The  f i lm s  o r  p la te s  w e re  h e ld  in  a le n s le s s  p la te -b a c k  

c a m e ra . T he  s h u tte r  w as re ta in e d  f o r  conven ience  in  p re p a r in g  fo r  a 

p h o to g ra p h . F o r  p h o to g ra p h ic  p la te s , s e v e ra l c u t - f i lm  h o ld e rs  w e re  

m o d if ie d  to  h o ld  tw o - in c h  sq u a re s  cu t f ro m  E a s tm a n  K odak 1 0 3 -F  

s p e c tro s c o p ic  p la te s . In  g e n e ra l fa s t p h o to g ra p h ic  e m u ls io n s  w e re  

used  to  d e c re a se  e xp o su re  t im e , thus le sse n in g  the  chance o f fre q u e n c y

and te m p e ra tu re  d r i f t .

5 . T h e  e le c t r ic a l ly -o p e ra te d  s h u tte r  w as b u il t  by the  a u th o r
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to  be  as s im p le  a m e c h a n is m  as p o s s ib le . I ts  so le  p u rp o se  w as to  in 

te r r u p t  the  l ig h t  beam  d u r in g  the  p a r t  o f the  e xp osu re  w hen the  d r iv in g  

v o lta g e  a p p lie d  to  the q u a rtz  w as cu t o ff .  I t  c o n s is te d  o f a tw o - in c h  

d is k  o f  l ig h t -w e ig h t  b la cke n e d  m e ta l m oun ted  on a th in  c o u n te rw e ig h te d  

ro d  p iv o te d  in  the  m id d le . A  28 v o lt  DC re la y  w as a rra n g e d  to  open the 

s h u tte r  w hen  v o lta g e  w as a p p lie d . The  s h u tte r  d is k  w as a rra n g e d  to  

c o v e r  a l l / 2  in c h  h o le  in  the  a lu m in u m  p la te  on w h ic h  i t  w as m oun ted , 

and the  p la te  w as a tta ch e d  to  a heavy  ro d  to  a llo w  m o u n tin g  on the 

o p t ic a l bench  in  such  a w ay  th a t the ho le  w as c e n te re d  on the a x is  o f 

th e  o p t ic a l s y s te m .

T h e  E le c t r ic a l  S ys te m

The e le c t r ic a l  s y s te m  c o n s is te d  o f th re e  p a r ts ,  the r a d io 

fre q u e n c y  o s c i l la to r  w h ic h  e x c ite d  the q u a rtz  tra n s d u c e r , the e xp osu re  

t im in g  c i r c u i t ,  and the th e rm o -c o u p le  c i r c u i t .  The c i r c u i t  d ia g ra m  fo r  

th e  o s c i l la to r  u n it  is  show n in  F ig . 7. The c i r c u i t  i t s e l f  is  a m o d if ie d  

v e r s io n  o f a s h o r t-w a v e  t r a n s m it te r .  I t  w as c o n s tru c te d  b y  the  a u th o r. 

I t  c o n s is te d  o f  a v a r ia b le  fre q u e n c y  o s c i l la to r ,  a b u ffe r -d o u b le r  s tage, 

and a p o w e r a m p li f ie r .  The ou tpu t o f  the a m p li f ie r  w as l in k -c o u p le d  

to  a tun e d  ta n k  c i r c u i t  f o r  m a tc h in g  im pedance  to the h ig h  im pedance  

q u a r tz . The v a r ia b le  fre q u e n c y  o s c i l la to r  a llo w e d  con tinuous  tu n ing  

o v e r  s m a ll  ra n g e s  w h ile  h u n tin g  fo r  d if f r a c t io n  p a tte rn s , and i ts  co n 

t r o l  w as p la ce d  in  such  a p o s it io n  as to  be conven ien t to  the  o p e ra to r  

w h ile  p e e r in g  th ro u g h  the  r e a r  o f the ca m e ra . A  ra d io - fre q u e n c y
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a m m e te r  w as  in s ta lle d  in  s e r ie s  w ith  the  q u a rtz  c r y s ta l  fo r  the  p u r 

pose o f tu n in g  c o n tro ls  o th e r  th a n  the o s c i l la to r  fo r  m a x im u m  ou tpu t. 

T he  v o lta g e  a p p lie d  to  the  p o w e r a m p li f ie r  w as a d ju s ta b le  by m eans o f 

a  c o n tin u o u s ly  v a r ia b le  t r a n s fo rm e r .  The ke y in g  c i r c u i t  o f the 

o r ig in a l  t r a n s m it te r  w as re ta in e d  to  a llo w  in te rm it te n t  o p e ra tio n  o f 

the  o s c i l la to r  d u r in g  the  e xp osu re  as c o n tro lle d  b y  the  t im in g  c i r c u i t .

T h e  t im in g  c i r c u i t ,  show n in  F ig . 8 , s e rv e d  the dua l pu rpose  

o f  r e c o rd in g  to ta l e xp o su re  t im e  and b re a k in g  up the exp osu re  in to  a 

n u m b e r o f  s h o r t in te r v a ls .  I t  c o n s is te d  o f a one R P M  m o to r  w h ich  

o p e ra te d  a m ic r o  s w itc h  by  m eans o f v a r io u s  cam s. The  cam s tu rn e d  

the  in s tru m e n ts  on fo r  a s h o r t t im e , then  o f f  f o r  a lo n g e r t im e , co n 

t in u o u s ly . T h re e  seconds on and tw e lve  o ff,  th re e  seconds on and 

se ven teen  o ff,  f iv e  seconds on and te n  o ff ,  w e re  v a r io u s  u s e fu l in te r 

v a ls  b u i l t  in to  the ca m s . The c a m -o p e ra te d  m ic ro s w itc h  c o n tro lle d  

the  r e la y ,  w h ic h  in  tu rn  o p e ra te d  th re e  p ie ce s  o f e qu ipm en t. W hen 

the  re la y  c lo s e d , the  e le c t r ic  s h u tte r  opened, the o s c i l la to r  w as keyed 

on, and a t im in g  c lo c k  s ta r te d . W hen the m ic ro s w itc h  opened, the 

re la y  opened and tu rn e d  o f f  the th re e  in s tru m e n ts . A n  e x tra  s w itc h  

a llo w e d  the t im e r  to  be used  inde p e nd e n tly  o f the t im in g  c i r c u i t  fo r  

p h o to g ra p h ic  d e ve lo p in g  w o rk . The cho ice  o f cam s depended on the 

h e a tin g  e ffe c t o f the u lt ra s o n ic  w ave in  the g la ss  sa m p le , as m e a su re d  

the  th e rm o c o u p le  c i r c u i t .  T h is  c i r c u i t  saved the o p e ra to r  m u ch  

e f fo r t  and a llo w e d  h im  to  u n d e rta ke  o th e r n e c e s s a ry  d u tie s  in  the d a rk -
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ened ro o m  w hen  e xp o su re  t im e s  o f lon g  d u ra t io n  w e re  re q u ire d .

The  th e rm o c o u p le  c i r c u i t  c o n s is te d  o f a f in e  c o p p e r-  

c o n s ta n ta n  ju n c t io n  s o ld e re d  to  a 1 /4  in ch  d ia m e te r  d is k  o f th in  co p 

p e r ,  an ic e  ba th , and a c o n tin u o u s ly  o p e ra tin g , s e lf -b a la n c in g , r e c o rd -  

in g  p o te n t io m e te r .  T he  e le c t r ic a l  conne c tio n s  w e re  co n ve n tio n a l. The 

s m a ll  c o p p e r d is k  w as p re s s e d  a g a in s t the  u p p e r s u rfa c e  o f the g la ss  

b lo c k  u n d e r a s m a ll pad o f sponge ru b b e r  b y  m eans o f a f la t  s p r in g .

T h e  th e rm o c o u p le  c i r c u i t  w as not in tended  to  g ive  a tru e  te m p e ra tu re  

o f  th e  g la s s  b lo c k , b u t o n ly  to  g ive  the  te m p e ra tu re  o f a p o r t io n  o f the 

s u r fa c e  in  o rd e r  to  p re v e n t o v e rh e a tin g  and in d ic a te  w hen a s teady 

s ta te  had been re a che d . T e m p e ra tu re  re a d in g s  w e re  ta ke n  to  the  

n e a re s t 1 / 2  deg ree  c e n tig ra d e .

M o u n tin g  o f  the  G la s s  B lo c k

T he  g la s s  b lo c k  i t s e l f  w as m o u n ted  on a s m a ll g la s s -c o v e re d

ta b le  on  the o p t ic a l bench . The  m e th o d  o f  m o u n tin g  the  q u a rtz

c r y s ta l  to  the  b lo c k  w as as fo llo w s :

A f te r  p o lis h in g  a l l  s u r fa c e s  o f the  g la ss  cube, i t  w as p la ce d  up 

s id e  down on the w o rk b e n c h . A  s m a ll dot o f  s il ic o n e  s to p co ck  g re ase  

the s iz e  o f a m a tc h  head w as  p la ce d  in  the c e n te r o f  the u p p e r s u rfa c e . 

T h e n  a s t r ip  o f a lu m in u m  f o i l  1 1 /2  inches w id e  and 4 inches  lo n g  w as 

l ig h t ly  p la c e d  o v e r  the g re a se  spo t. A  p la te  g la ss  b lo c k  one b y  tw o  b y  

tw o  in ch e s , no t o th e rw is e  used in  the in v e s t ig a tio n , w as p la ce d  on the 

a lu m in u m  f o i l  and p re s s e d  down w ith  as m u ch  fo rc e  as p o s s ib le  to
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s p re a d  the g re a se  u n d e r the  f o i l  in to  a th in  f i lm .  T h is  m e th o d  g e n e r

a l ly  e lim in a te d  a l l  a i r  be tw een  the f o i l  and the  g la ss  s u rfa c e . The 

h e a vy  b lo c k  w as then  re m o ve d . The  f o i l  w as fo ld e d  down on tw o  s u r 

fa c e s  a d ja ce n t ta  the  g re a se d  s u rfa c e  so th a t one co u ld  h o ld  the b lo c k  

and f o i l  as a u n it  w ith o u t one s lip p in g  w ith  re s p e c t to the  o th e r  d u r in g  

the n e x t s tep .

A n  eq ua l a m o un t o f g rease  w as then  pu t on  the u p w a rd  s u rfa c e  

o f  the  f o i l  on the b lo c k . T he  q u a rtz  c r y s ta l,  one in ch  sq u a re , w as 

c le a n e d  and p la c e d  on th is  do t o f g re a se . The  p la te  g la ss  b lo c k  w as 

used  a g a in  f o r  p re s s in g  the  q u a rtz  down and c re a t in g  a n o th e r th in  

g re a s e  la y e r  w h ile  the  b lo c k  and f o i l  on i t  w e re  h e ld  f i r m ly .  W hen as 

m u c h  o f the g re a se  had been  squeezed ou t as p o s s ib le , the q u a rtz  w as 

c e n te re d  on the  g la ss  b lo c k  b y  s lid in g  i t  w h ile  s t i l l  u n d e r p re s s u re .

T h e  h e avy  p ie ce  o f p la te  g la ss  w as la id  as id e . The a s s e m b ly  o f q u a rtz , 

g la s s  s a m p le , and a lu m in u m  f o i l  w as in v e r te d  and the a lu m in u m  fo i l  

t r im m e d  so th a t one p ie ce  about tw o inch e s  lo n g  extended f r o m  one 

s id e . T h is  p ie c e  o f  f o i l  s e rv e d  as the u p p e r e le c tro d e  co n n e c tio n  on 

th e  q u a r tz , w h ile  the  th in  g re a se  la y e r  s e rv e d  as the  a c o u s t ic a l co n 

d u c to r  f r o m  q u a r tz  to  g la s s . F o r  som e g la ss  sa m p le s  w h ic h  seem ed 

d i f f ic u l t  to  d r iv e  a c o u s t ic a lly ,  a p la s t ic  ce m e n t w as used in  p la ce  o f 

the  g re a se .

The  g la s s  on th e  s m a ll ta b le  on the o p t ic a l bench  w as c o v e re d  

w ith  a p ie ce  o f  f la t  a lu m in u m  f o i l  to  s e rv e  as the lo w e r  q u a rtz
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e le c tro d e . M o u n tin g  the q u a rtz  and b lo c k  on the  o p t ic a l s y s te m  s im 

p ly  c o n s is te d  o f p la c in g  th e m  on the  fo il-c o v e re d  ta b le  and co n n e c tin g  

the  e le c tro d e s  to  the o s c i l la to r  w ith  s m a ll b lip s . S ince no g re ase  w as 

u se d  u n d e r the  q u a r tz , the  th in  f i lm  o f a i r  s e rv e d  as a m is m a tc h  o f 

a c o u s t ic a l im p e d a n ce , and l i t t l e  e n e rg y  w as ra d ia te d  dow nw ard . T h is  

m e th o d  o f m o u n tin g  a llo w e d  one to  change g la ss  sa m p le s  in  the s h o r t 

e s t p o s s ib le  t im e .
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M e a s u re m e n t P ro c e d u re

The  p ro c e d u re  fo r  ta k in g  a m e a s u re m e n t pho tog rap h  began 

w ith  the  a d ju s tm e n t o f  the o p t ic a l s ys te m . W ith  the g round  g la ss  v ie w -  

in g  p la te  in  the c a m e ra  and a m a g n ify in g  le n s  focused  on th is  p la te , the 

c a m e ra  w as m o ve d  u n t i l  the  s l i t  im age  w as in  sh a rp  focus . Then  w ith  

the  re m o v a l o f  the  g ro un d  g la s s , the  s l i t  im age  w as v ie w e d  d ir e c t ly  

th ro u g h  the  m a g n ify in g  le n s . N e x t the  fre q u e n c y  o f the o s c i l la to r  was 

a d ju s te d  u n t i l  a d if f r a c t io n  c o n f ig u ra t io n  w as found w h ic h  one w ish e d  

to  re c o rd .  The  t im e r  c i r c u i t  w as s ta r te d  as w e l l  as the te m p e ra tu re  

r e c o rd e r ,  and the s y s te m  w as a llo w e d  to  ru n  s e v e ra l m in u te s . A  

s m a ll  b lo w e r  p la c e d  tw o  fe e t o r  so above the  b lo c k  was tu rn e d  on to 

keep  the  a i r  s t i r r e d  up in  the v ic in i t y  o f the g la ss  b lo c k . A  r is e  in  

te m p e ra tu re  w as a lw a ys  exp ec ted  due to  d is s ip a t io n  o f the u lt ra s o n ic  

e n e rg y  w ith in  th e  b lo c k  in  the fo r m  o f  heat. A s the  te m p e ra tu re  

changed, the fre q u e n c y  o f the  o s c i l la to r  had to  be re a d ju s te d  to  keep 

th e  d e s ire d  d if f r a c t io n  p a tte rn . T h is  w as due to  the dependence on 

te m p e ra tu re  o f the e la s t ic  co n s ta n ts  and v o lu m e  expan s io n  o f the  b lo c k  

w ith  in c re a s e  o f te m p e ra tu re  w h ic h  caused a s lig h t change in  the 

s ta n d in g  u lt ra s o n ic  w ave s y s te m  w ith in  the b lo c k . I f  the  te m p e ra tu re  

k e p t in c re a s in g , e ith e r  the  ca m  o p e ra tin g  the  t im e r  w as re p la c e d  w ith  

one w h ic h  gave le s s  q u a rtz  e x c ita t io n  t im e  p e r  m in u te , o r  the  v o lta g e  

a p p lie d  to  the  ra d io - f re q u e n c y  p o w e r a m p li f ie r  w as lo w e re d  to  reduce  

the  e n e rg y  b e in g  d is s ip a te d  in  the  g la ss . W hen i t  appeared  th a t the
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s y s te m  had s ta b il iz e d , the  ro o m  w as da rkened , the photo  p la te  w as 

p u t in  p la c e , th e  e le c t r ic  s h u tte r  w as p o s it io n e d  in  the o p t ic a l s y s te m , 

the  t im in g  c lo c k  w as re s e t to  z e ro , and the e xp osu re  w as begun. A  

m a r k  w as  pu t on the te m p e ra tu re  re c o rd  a t the b e g in n in g  and end o f 

the e x p o s u re  b y  s h o r t in g  the th e rm o c o u p le  leads  m o m e n ta r i ly  w ith  a 

ta p p in g  k e y . D u r in g  the  e xp osu re  the fre q u e n c y  m e te r  w as re a d  

s e v e ra l t im e s .  F o r  each e xp o su re  the fo llo w in g  q u a n tit ie s  w e re  r e 

c o rd e d  in  the date re c o rd  b o o k : da te , photo  p la te  n u m b e r, type  o f 

e m u ls io n , g la ss  sa m p le  n u m b e r, exposu re  t im e , s u rfa c e  te m p e ra tu re  

f r o m  the  r e c o rd e r ,  R. F . q u a rtz  c u r re n t ,  R. F . a m p li f ie r  p la te  v o l t 

age, p o la r iz e r - a n a ly z e r  p o s it io n , t im e r  ca m  typ e , and fre q u e n c y .

The  le n g th  o f a c tu a l e xp o su re  depended m a in ly  on the  p h o to 

g ra p h ic  e m u ls io n  speed and the b r ig h tn e s s  o f the d if f r a c t io n  im ag e . The 

la t t e r  soon becam e s o m e th in g  the  o p e ra to r  co u ld  judge  re a d ily ,  and 

w ith  the c o n v e rg in g  s l i t  a w id e r  la t itu d e  o f e r r o r  in  th is  ju d g m e n t w as 

a cce p ta b le . D u r in g  the la s t  s e v e ra l h u n d re d  e xp o su re s  m ade by  the 

a u th o r on E a s tm a n  K o d ak  103 - F  S p e c tro g ra p h ic  p la te s  the e xp o su re  t im e  

v a r ie d  be tw een  1 /2  to  1 m in u te . The  a c tu a l t im e  e la psed  d u r in g  the 

e xp o su re  w as g e n e ra lly  o f  the  o rd e r  o f 3 to  10 m in u te s , h o w e ve r.

C a l ib ra t io n  o f the o p t ic a l s y s te m  w as done w ith  a c o m p a r is o n  

g ra t in g . T h is  g ra t in g  w as o b ta in e d  by  the  a u th o r b y  p h o to g ra p h ic a lly  

re d u c in g  a la rg e  d ra w in g  on to  a g la ss  p h o to g ra p h ic  p la te . A n  o p t ic a l 

b ench  a c c e s s o ry  c o n s is t in g  o f  a c ro s s  s lid e  w h ich  h e ld  tw o p o s ts  was
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u se d  to  h o ld  the  c o m p a r is o n  g ra t in g  and the g lass  b lo c k  ta b le . Im m e d i

a te ly  a f te r  each  e xp o su re  fo r  da ta  the c a lib ra t io n  g ra t in g  w as m ove d  

in to  the  p o s it io n  fo r m e r ly  o c cu p ie d  b y  the  g la ss  sa m p le , the  p h o to 

g ra p h ic  p la te  h o ld e r  ra is e d  in  the  c a m e ra  about 3 / 4  o f an inch , the 

p o la r iz e r  ro ta te d  9 0 °, and an e xp o su re  o f about 6  seconds m ade. In  

th is  m a n n e r  e v e ry  u lt ra s o n ic  d if f r a c t io n  p a tte rn  co u ld  be co m p a re d  

w ith  th e  p a tte rn  due to  the  l in e  g ra tin g .

A  c o m p a ra to r  h a v in g  a le a s t count o f 0. 001 m m . w as used fo r

a l l  l in e a r  m e a s u re m e n ts . In  o rd e r  to o b ta in  the  g ra t in g  con s ta n t fo r  

the  c o m p a r is o n  g ra t in g , i t  w as m e a s u re d  o v e r a range  o f 40 to  60 

lin e s  about 20 t im e s  and an ave rag e  va lu e  c a lc u la te d . F o r  m e a s u re 

m e n t o f the da ta  re c o rd e d  on the  p h o to g ra p h ic  p la te s , a s e tt in g  w as

m ade  and re a d  on each  l in e  te n  t im e s .

T he  fre q u e n c y  o f  the  v o lta g e  a p p lie d  to  the p ie z o -e le c t r ic  q u a rtz

w as  m e a s u re d  to  the  n e a re s t k i lo c y c le  p e r  second on a r e lia b le  f r e 

quency  m e te r .  T h is  m e te r  w as checked  a g a in s t ra d io  s ta t io n  W W V 

and fou n d  to  have a d e v ia tio n  m u ch  le s s  than  one k i lo c y c le  p e r  second. 

T h e  m a x im u m  e r r o r  in  d e te rm in in g  the  fre q u e n c y  w as e s tim a te d  to  be 

le s s  than  one k i lo c y c le  p e r  second  on a l l  re a d in g s .

T he  d e n s ity  o f the  g la s s  s a m p le s  w as d e te rm in e d  to  f iv e  s ig n i f i 

ca n t f ig u re s  b y  w e ig h in g  the b lo c k s  in  w a te r  and in  a i r  on an a n a ly t ic a l 

b a la n c e , ta k in g  e v e ry  p re c a u tio n . T hese  m e a s u re m e n ts  w e re  re p e a te d  

tw ic e  w ith  good a g re e m e n t.
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E x p e r im e n ta l M a te r ia ls  and R e s u lts

T h e  v e lo c it ie s  and d e n s it ie s  o f th ir te e n  d if fe re n t  types  o f o p t i 

c a l g la s s  w e re  m e a s u re d  b y  the  m e thods g iven  in  th is  p a pe r. N ine  

s a m p le s  o f B a u sch  and L o m b  o p t ic a l g la ss  w e re  chosen f r o m  th e ir  

c a ta lo g  to  c o v e r  the  ra n g e  f ro m  the l ig h te s t  to  the  m o a t  dense typ e s . 

One in c h  cubes w e re  c u t, annea led , and p o lis h e d  fo r  us by  th a t c o m 

pany. T h re e  sa m p le s  o f r a r e  e a r th  o p t ic a l g la ss  w e re  ob ta in ed  f r o m  

th e  E a s tm a n  K od ak  C om pany. T hese  sam p les  w e re  s l ig h t ly  s m a lle r  

than  one in c h  cubes. The fu se d  s i l ic a  sa m p le  was ob ta ined  fo r  us by  

th e  O w e n s - I l l in o is  G la s s  C om pany. I t  w as u n d e rs to o d  th a t th is  sam p le  

w as  o f the  h ig h e s t q u a lity  in  re s p e c t to its  h o m og e n e ity . T a b le s  A  and 

B  g ive  the  p e rce n ta g e  c o m p o s it io n  b y  w e ig h t o f these  sa m p le s  as g ive n  

b y  the  re s p e c t iv e  g la s s  m a n u fa c tu re r . The fused  s i l ic a  sa m p le  w as 

a ssu m e d  to  be 1 0 0 % s i l ic o n  d io x id e .
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D if f r a c t io n  p a tte rn s  w e re  ob ta ine d  f r o m  each o f the sa m p le s  as 

fa r  as p o s s ib le  a t fre q u e n c ie s  o f 1 0 , 1 0 . 5 , 1 2 , 13. 5 , 14, 15, and 16. 5  

m e g a c y c le s  p e r  second , u s in g  X -c u t  q u a rtz  p la te s , 1  in ch  sq u a re , o f 

fu n d a m e n ta l fre q u e n c ie s  1. 5, 2, 3, 4, and 5 m e g a cyc le s  p e r  second. 

T h e se  p a tte rn s  w e re  m e a s u re d  w ith  a re lia b le  c o m p a ra to r , a long  w ith  

the  3 o r  4 o rd e r  d if f r a c t io n  p a tte rn  p ro d u ce d  by the c o m p a ris o n  g ra t 

in g  on the  sam e g la s s  p la te . K n o w in g  the c o m p a ris o n  g ra tin g  con

s ta n t (d  =  0. 2319 m m . + 0 .  04%), the w a ve le ng th s  w e re  c a lc u la te d  by 

u s in g  e q u a tio n s  (7a) and (7b). The  v e lo c it ie s  w e re  c a lc u la te d  f r o m  

the  v a lu e s  o f the fre q u e n c y  and the  w a ve le ng ths  u s in g  equa tions  ( 8 a) 

and ( 8 b).

T a b le  C is  a sa m p le  ta b u la t io n  o f a l l  the v e lo c ity  m e a s u re 

m e n ts  f o r  a p a r t ic u la r  sa m p le  o f g la s s , in  th is  case the B a u sch  and 

L o m b  typ e  D B F -1 . The fre q u e n c y  c o lu m n  show s th a t a f u l l  sp re a d  

f r o m  1 0  to  16. 5  m e g a c y c le s  p e r  second  w as p o s s ib le  f o r  th is  type  o f 

g la s s . In  c e r ta in  o f the  s a m p le s , n o ta b ly  the E a s tm a n  K o d ak  g la s s e s , 

i t  w as no t p o s s ib le  to  f in d  s u ita b le  d if f r a c t io n  p a tte rn s  at som e o f the 

h ig h e r  fre q u e n c ie s . T he  te m p e ra tu re s  in  the n e x t c o lu m n  w e re  those  

a t a p o in t on the  u p p e r s u r fa c e  o f the  sa m p le  and, as sa id  b e fo re , 

w e re  no t t r u ly  in d ic a t iv e  o f the  in te rn a l te m p e ra tu re  o f the g la ss  

sa m p le  d u r in g  i ts  p e r io d  o f e x c ita t io n . T hey  a re  fo r  c o m p a r is o n  p u r 

poses o n ly . No tre n d  o f change o f ve lo c ity  w ith  th is  te m p e ra tu re  w as 

no ted .
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T A B L E  C

S am p le  T a b u la tio n  o f a l l  M e a s u re m e n ts  on the Sam ple  o f B a u sch  and
L o m b  T yp e  D B F -1  G la ss

T r i a l  F re q u e n c y  T e m p e ra tu re  L o n g itu d in a l S hear O rd e rs

m e /s e c oc ; • - m /s e c m /s e c

1 11. 749 26. 5 2589.

2 1 1 .815 26. 5 4361. 4

3 1 0 . 0 2 1 27. 4370. 2585. 4

4 1 3 .9 8 0 29. 2589.

5 1 4 .042 29. 4367. 8

6 14 .731 28. 4366. 2590. 4

7 16 .605 25. 5 4369. 2

8 13. 532 29. 4362. 2

9 1 0 .53 5 25. 5 4358. 2597. 4

1 0 13. 534 27. 5 4366. 6

1 1 13 .465 28. 2591.

M e a n  V e lo c it ie s 4365. 2590.

P ro b a b le  N u m e r ic a l E r r o r 3 3

P ro b a b le  E r r o r  (%) . 07% . 1 0 %



47

T he  n e x t tw o  co lu m n s  a re  the u lt ra s o n ic  v e lo c it ie s  as c a lc u 

la te d  f r o m  the  m e a s u re m e n ts  o f the  d if f r a c t io n  p a tte rn s . The n u m b e r 

o f  o rd e rs  o f the lo n g itu d in a l w ave d if f r a c t io n  p a tte rn  fo r  the p a r t ic u 

l a r  p h o to g ra p h  is  g iv e n  in  the  la s t  co lu m n . The  sh e a r w ave p a tte rn s  

had, o f c o u rs e , o n ly  f i r s t  o rd e r  p a tte rn s . N ote  th a t it  is  o n ly  o c c a s 

io n a l ly  th a t one ge ts  a u s e fu l d if f r a c t io n  p a tte rn  re s u lt in g  fro m  both  

th e  lo n g itu d in a l and sh e a r w aves. The p a tte rn s  w h e re  s im u lta n e o u s  

d if f r a c t io n  due to  b o th  w aves o c c u r re d  o fte n  showed m u lt ip le  

d if f r a c t io n .

T h e  m e a n  v a lu e s  o f the v e lo c it ie s  a re  show n u n d e rn e a th  the 

v e lo c i ty  c o lu m n s . The  n u m e r ic a l and p e rce n ta g e  p ro b a b le  e r r o r s  a re  

g iv e n  n e x t b e lo w . A m o n g  a l l  the  sa m p le s  the  m a x im u m  p ro b a b le  p e r  

c e n t e r r o r s  w e re  0. 13% fo r  the lo n g itu d in a l v e lo c it ie s  and 0. 25% fo r  

the  s h e a r v e lo c it ie s .  A v e ra g e s  v a lu e s  w e re  re s p e c t iv e ly  0 . 1 0 % and 

0 .17% . A  w e ig h te d  m e a n  o f the  lo n g itu d in a l v e lo c it ie s  o f each o f the 

s a m p le s , w e ig h t b e in g  a ss ig n e d  to  each m e a s u re m e n t a c c o rd in g  to  the 

n u m b e r o f  o rd e rs  m e a s u re d , w as c o n s id e re d , b u t in  g e n e ra l the 

change o f the  v a lu e  o f th e  m e a n  w as le s s  th an  the p ro b a b le  n u m e r ic a l 

e r r o r .

T he  re s u lts  o f  the m e a s u re m e n ts  o f the v e lo c it ie s  and d e n s i

t ie s  o f  a l l  the  g la s s  s a m p le s  a re  l is te d  in  T a b le  D . The p ro b a b le  

e r r o r  c la im e d  fo r  th is  se t o f m e a s u re m e n ts  is  the m a x im u m  va lu e  

n o te d  in  the  la s t  p a ra g ra p h , 0. 13%, fo r  lo n g itu d in a l v e lo c it ie s  and
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T A B L E  D

V e lo c it ie s  and D e n s it ie s  o f the G la ss  S am ples

G la s s  L o n g itu d in a l Shear
T yp e  V e lo c ity  V e lo c ity  D e n s ity

(m /s e c )  (m /s e c )  (g /c c )

B S C -1 5893. 3572. 2 .4766

C - l 5797. 3473. 2 .5268

C F -1 5086. 3088. 2 .6924

L F - 1 4597. 2762. 3. 1742

L B C -2 5333. 3109. 3. 1424

D B F -1 4365. 2590. 3 .6008

D F -2 5156. 2908. 3 .6441

E D F -4 3704. 2185. 4 .7 1 8 9

D B C -2 4140. 2469. 3. 7813

E K -1 1 0 5679. 3102. 4 .1 3 1 7

E K -3 3 0 5578. 3039 4 .5 7 2 0

E K -4 5 0 5804. 3143. 4 .6 2 9 3

F u se d
S il ic a 5963. 3766. 2 .2 0 2 7
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0. 25% fo r  s h e a r v e lo c it ie s .  The  e r r o r  in  the m e a s u re m e n t o f the den

s i t ie s  w as le s s  than  0 . 05%.

T he  e la s t ic  m o d u li o f the sam p les  a re  g ive n  in  T a b le  E , as

c a lc u la te d  f r o m  the  v a lu e s  in  T a b le  D and equa tions (9) to  (13). C a lc u -

18
la te d  w ith  the m a th e m a tic s  o f p ro p a g a tio n  o f  p re c is io n  in d ic e s , the 

p ro b a b le  e r r o r s  in  p *  , A , and k  a re  0 . 5%, w h ile  those o f <f 

and E  re s p e c t iv e ly  a re  0. 7% and 0. 8 %.

In  T a b le  F  a re  the  re s u lts  o f the c a lc u la t io n s  o f th e  s u rfa c e  

te n s io n s  o f the v a r io u s  sa m p le s  a c c o rd in g  to  A u e rb a c h 's  m e th o d , u s 

in g  e q u a tio n  (14). In a sm u ch  as th e  p re c is io n  o f the  v e lo c ity  and d e n s ity  

m e a s u re m e n ts  g iv e s  these  q u a n tit ie s  to  fo u r  s ig n if ic a n t f ig u re s  w h ile  

the  e m p ir ic a l  co n s ta n t 6 . 70 is  o f fe w e r  s ig n if ic a n t f ig u re s ,  no a ccu 

ra c y  can  be e s tim a te d .
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T A B L E  E  

E la s t ic  M o d u li o f  the G la ss  S am ples

G la s s  S hear L a m e ! s
T yp e  M odulus,, M o d u lu sn ey
_ _ ______ (dyne c m  ) (dyne c m  )

B S C -1

x lO U  

3. 160

x lO  

2. 289

C - l 3 .0 4 8 2. 396

C F -1 2. 567 1. 830

L F -.1 2 .4 2 2 1. 865

L B C -2 3. 037 2 . 862

D B F -1 2 .4 16 2. 030

D F -2 3. 082 3. 524

E D F -4 2 .2 5 3 1. 968

D B C -2 2. 305 1. 871

E K -1 1 0 3. 976 5. 374

E K -3 3 0 4 .2 2 2 5. 080

E K -4 5 0 4. 573 6 .4 4 8

F u se d
S il ic a 3. 124 1. 584

P o is s o n ’ s Y o u n g ’ s B u lk
R a tio  M odulus^ M odulus^

(dyne cm  ) (dyne cm  )

1 1
x lO x l 0 U

0 . 2 1 0 0 7. 638 4. 393

0 . 2 2 0 1 7 .4 3 7 4 .4 2 8

0 . 2081 6 .203 3. 541

0 .2175 5. 897 3. 479

0. 2426 7. 548 4. 887

0 .2283 5. 934 3. 640

0 .2668 7. 807 5. 579

0 .233 2 5. 556 3 .4 7 0

0 .2 2 4 0 5. 643 3 .4 0 8

0 .2 8 7 4 10 .237 8 . 024

0. 2730 10 .751 7. 895

0 .2 9 2 5 11 .822 9 .4 9 7

0 . 1682 7. 299 3. 667
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T A B L E  F

S u rfa ce  T e n s io n s  o f the G la ss  Sam ples

G la s s  S u rfa ce  T e n s io n
T yp e  dynes / cm .

B S C -1 706.

C - l 703.

C F -1 615.

L F - 1 623.

L B C -1 771 .

D B F -1 663.

D F -2 850.

E D F -4 670.

D B C -2 635.

E K -1 1 0 1110.

E K -3 3 0 1200.

E K -4 5 0 1290.

F u se d  S ilic a 639.



U s in g  a s y s te m  w h ic h  in v o lv e d  the  d if f r a c t io n  o f l ig h t  by  u l t r a 

s o n ic  lo n g itu d in a l and s h e a r w aves , the  leng ths  o f these  w aves w e re  

m e a s u re d  in  th ir te e n  sa m p le s  o f o p t ic a l g la sse s  at fre q u e n c ie s  ra n g 

in g  be tw ee n  10 and 16. 5 m e g a c y c le s  p e r  second. The p ro b a b le  e r r o r s  

in  the  d e te rm in a t io n  o f these  w a ve le n g ths  w e re  0. 13% fo r  the lo n g i

tu d in a l w aves and 0. 25% fo r  the  sh e a r w aves. F ro m  these  va lu e s  to 

g e th e r w ith  the  d e n s it ie s  o f  the  m a te r ia ls ,  the e la s t ic  cons tan ts  w e re  

c a lc u la te d . The  c a lc u la te d  p ro b a b le  e r r o r s  fo r  these  v a lu e s  w e re  

0 .5 %  fo r  the  b u lk  m o d u lu s , sh e a r m o d u lu s , and L a m e 's  m o d u lu s ,

0. 7% fo r  P o is s o n 's  r a t io ,  and 0. 8%  fo r  Y o u n g 's  m o d u lu s .

I t  w as p o in te d  ou t th a t the  tru e  sp a c in g  o f the  d if f r a c t io n  lin e s  

re q u ir e s  th a t the  w ave  p ro d u c in g  the  d i f f r a c t io n  have i ts  d ire c t io n  o f 

p ro p a g a tio n  p e rp e n d ic u la r  to  the s l i t  and th a t th is  c o n d it io n  is  b e s t 

in v e s t ig a te d  b y  o b s e rv in g  the  d if f r a c t io n  p a tte rn s  due to  a p o in t so u rc e  

and a s l i t  s o u rc e  p h o to g ra p h e d  s im u lta n e o u s ly .

T he  s u r fa c e  te n s io n s  o f  the  sa m p le s  w e re  c a lc u la te d  f r o m  the 

m e a s u re m e n ts  o f  sound  v e lo c i ty  and d e n s ity  u s in g  A u e rb a c h 's  

re la t io n .
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