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PREFACE 

I t  i s  f requent ly  necessary i n  a c o u s t i c a l  measure- 
ments t o  be a b l e  t o  p l o t  the  pressure  sound f i e l d  i n  
terms of Isobars  (curves  of equal p r e s s u r e ) .  Normally 
t h i s  i s  done by t ed lous ly  recording pressure  l e v e l s  i n  
t h e  space i n  ques t ion ,  searching f o r  po in t s  of equal 
pressure ,  then joining them with a  curve. The author  
of t h i s  paper desc r ibes  a  method In  which t h e  contours  
i n  a  plane a r e  recorded automat ica l ly  by using the  
e l e c t r i c a l  output  of a  mlcrophone t o  modulate a  l i g h t  
source,  then photographing i t .  The amplitudes I n  a  
given plane a r e  picked of f  i n  5 db contours .  

This  i s  a  usefu l  method f o r  p l o t t i n g  contours of 
s tanding waves, e  . g ,  i n  a resonant enclosure.  The author  
goes f u r t h e r  and shows t h a t  i t  is  a l s o  poss ib le  t o  r e -  
present  progress ive  waves. To do t h i s  a  phase d e t e c t o r  
is included i n  t h e  r ece iv ing  system and t h e  phase of the  
received s l g n a l  i s  compared t o  t h a t  of t h e  source.  This  
undoubtedly f i n d s  a p p l i c a t i o n s  i n  measurements made i n  
f r e e  space o r  anechoic chambers, e .g .  i n  t h e  p a t t e r n  
produced by s c a t t e r i n g  o b j e c t s  o r  t h e  d i r e c t i v i t y  
p a t t e r n s  of sound sources.  F ina l ly ,  t h e  au thor ,  a f t e r  
showing how the  technique works f o r  simple sources,  
considers  more exo t i c  examples such a s  b e l l s  and v i o l i n s .  

The Divis ion of Building Research wishee t o  record 
i t s  g r a t i t u d e  t o  M r .  D . A .  S i n c l a i r ,  Head, Trans la t ions  
Sec t ion ,  National Research Council, f o r  t r a n s l a t i n g  t h i s  
paper and t o  D r .  R . J .  Donato of t h i s  Divis ion who checked 
the  t r a n s l a t i o n .  

Ottawa R.F.  Legget 
September 1966 Di rec to r  
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TIIE OPTICAL REPRESENTATION OF' S O U N D  FIELDS 

\;I IT11 Pi-IASE AND AMI'LI:'J.'ODE RECORDING 

Abs t rac t  

The con3t ruc t ion  and mode o r  operation of an  appara tus  a r e  
descr ibed ,  which permlts  t h e  o p t i c a l  repr'esentatl.on of s t a t i o n a r y  
sound f i e l d s  i n  a i r .  Prom t h e  method proposed by Kock and Harvey 
f o r  t he  o p t i c a l  r ep resen ta t ion  of progress ive  waves a new method 
has  been developed, which permits  a l s o  t h e  record ing  of i soba r s  of 
t he  sound p r e s s u r e .  The sound pressure  p a t t e r n  of a  sound f i e l d  
i s  now represented by s i x  i soba r s  with a l e v e l  difference of 5 db. 
This  method is appl ied t o  t h e  f i e l d s  of var ious  sound sources ,  a  
s p h e r i c a l  r a d i a t o r ,  a  group of two s i n g l e  r a d i a t o r s ,  a  b e l l ,  a  
c y l i n d r i c a l  tube and a v l o l i n .  

1. In t roduc t ion  

P r a c t i c a l l y  speaking t h e r e  i s  only one rnethod of r ep resen t ing  sound 

f i e l d s  i n  a i r  o p t i c a l l y ,  namely by scanning wi th  a  probe ml-crophone. The 

acousti .ca1 process  i s  thereby converted i n t o  an o p t i c a l  one which i s  imaged 

a t  the  probe a p e r t u r e .  The image Is produced a s  a  r e s u l t  of t h e  microphone 

and lamps scanning a  plane of t he  sound f i e l d  i n  a darkened space.  This  

process  i s  photographed ( ~ i g  1 ) .  

I n  1950 Kock and Iiarveyil) reported the  v i s u a l i z a t i o n  of sound waves 

and electromagnet ic  1,iaves i n  t h e  cent imetre  r eg ion .  Chief ly  emphasized 

was t h e  r ep resen ta t ion  of progress ive  waves. This kind of r e p r e s e n t a t i o n  

i s  obtained when a  phase-locked comparison vol tage  i s  superimposed on t h e  

vol tage  generated a t  t h e  microphone, and t h e  t o t a l  vo l tage  is used t o  
con t ro l  t h e  lamp. The r e s u l t i n g  image is more o r  l e s s  an ins tan taneous  

p i c t u r e  of t h e  sound f i e l d  . 
The amplitude distribution i n  t h e  f i e l d  was represented by t h e  f a c t  t h a t  

t h e  b r igh tness  of t h e  lamp was cont ro l led  by t h e  sound p res su re .  Thus a  

p i c t u r e  is obtained i n  which reg ions  of h igh  sound pressure  appear b r i g h t .  

However, t h i s  method i s  not very s u i t a b l e  f o r  quantitative eva lua t ion ,  which 

i s  extremely complicated a t  b e s t  ( eva lua t ion  by t h e  grey s c a l e ) .  

I n  r ecen t  yea r s  s e v e r a l  au tho r s  (2-5) have d e a l t  wi th  Kock and Harvey1 s 

method without f i n d i n g  a  s a t i s f a c t o r y  s o l u t i o n  t o  the  amplitude r e ro rd ing  

problem. The present  paper o f f e r s  a  new p o s s i b i l i t y  of accu ra t e  r ep resen ta -  

t i o n  of t h e  sound f i e l d  with re spec t  t o  phase and amplitude( ') .  The 
unce r t a in ty  of recording i s  l e s s  than 1 cm, t h e  l e v e l  unce r t a in ty  i n  the  
drawing of t h e  :Lsobars, l e s s  than 0.3 db .  F ie ld  segments of approximately 

2 1 m can be photographed. 



2 . The ConutrS~rc:t \.on of t h e  l4easurl.ny Apparatus 

2 . 1 .  klechan l c a l  p a r t  

The mechanical  p a r t  of t h e  a p p a r a t u s  comprlses t h e  dev i ce  f o r  scann ing  
t h e  sound f l e l d .  T t s  purpose 1s t o  gu lde  t h e  lamp and t h e  microphone through 

t h e  sound f i e l d  a l ong  t h e  d e s i r e d  p a t h .  Splra l -shaped scann tng  p a t h s  a r e  
employed. For purposes  of p h o t o g r a p h ! ~  recording t h e  d i s t a n c e  between two 
consecu t lve  r a s t e r  l l n e s  must be cons t aq t  and l e s s  t h a n  t h e  l i g h t  e x l t  

a p e r t u r e .  Th i s  p r even t s  any unexposed s t r i p s  from appearing on t h e  f i l m  
between l l n e s .  The d l s t a n c e  between consecu t ive  s p i r a l  p a t h s  m ~ s t  be small 
enough s o  t h a t  no i n t e r f e r l n g  l l n e s  appear  on t h e  sound f i e l d  p i c t u r e ,  The 
d i s t a n c e  bet-reen l l n e s  must a l s o  be adapted t o  t h e  " a c o u s t i c  r e s o l v i n g  power" 

depending on t h e  dirnenslons of t h e  microphone probe.  
The a p p a r a t u s  i s  cons t ruc t ed  a s  fo l l ows  ( ~ i g .  2 ) .  

A p ipe  30 mm i n  d i ame te r  and about  3 m l ong  r o t a t e s  abou t  a  h o r i z o n t a l  

a x i s .  On t h i s  p i p e  is mounted a  s l i d e  7,ihich can  move p a r a l l e l  t o  t h e  a x i s  

of t h e  p i p e .  bu t  cannot r o t a t e  about  t h e  p i p e  a x i s .  On one end of t h e  s l i d e  
t h e  microphone 1s mounted, s o  t h a t  ;vhen t h e  s l i d e  i s  s t a t i o n a r y  it d e s c r i b e s  

a  c i r c l e  i n  a v e r t i c a l  p l a n e .  A r a c k  i s  mounted on t h e  s l i d e  which engages 
w i t h  a  p i n i o n .  The l a t t e r  i s  c o n t r o l l e d  s o  t h a t  t h e  s l i d e  moves 2 .7  mrn 

a l ong  t h e  p i p e  every  r e v o l u t i o n .  As a consequence, t h e  microphone f o l l o w s  
a  s p i r a l  p a t h .  

The d r i v i n g  mechanism i s  des igned t o  keep t h e  scanning speed c o n s t a n t .  
The exposure of t h e  f i l m  t h u s  depends e x c l u s i v e l y  on t h e  b r i g h t n e s s  of  t h e  
lamp.  or cons t an t  i n t e n s i t y  of  t h e  l i g h t ,  a  change i n  t h e  scanning speed 
would a f f e c t  t h e  exposure t i m e ) .  The upper  speed l i m i t  i s  g iven  by t h e  

development of wind n o i s e s  and i n t e r f e r e n c e s  due t o  t h e  Doppler e f f e c t .  

For au tomat ic  c o n t r o l  of t h e  rpm a  con t inuous ly  v a r i a b l e  speed t r a n s -  
miss ion  i s  employed The microphone speed i s  1 . 3  m p e r  second and i s  kep t  
cons t an t  t o  approximately f10$. 

2 . 2 .  Acoust ic  - e l e c t r i c  p a r t  

The microphone must meet t h e  fo l l owing  requ i rements :  
1. Its d i r e c t i o n a l  c h a r a c t e r i s t i c  m u s t ,  a s  f a r  a s  p o s s i b l e .  be  s p h e r i c a l .  

2 .  Sound f i e l d  d i s t o r t i o n s  due t o  t h e  microphone must be  kep t  a s  smal l  a s  
p o s s i b l e .  
3 .  The microphone must show s u f f i c i e n t  s e n s i t i v i t y .  

P u t t i n g  t h e  upper l i m i t i n g  f requency  a t  15 k c ,  we g e t  a n  e s t ima t ed  
permissible dimension d  of t h e  rnlcrophone ( f n  o r d e r  t o  s a t i s f y  requ i rements  



and 011 account of h15 kc = 2.2 cm: 

d < 1.1 cm. 

More s u i t a b l e  than the  use of such a microphone i s  t h e  use of a probe 

microphone. I n  t h i s  case only t h e  probe needs t o  be dimensioned according 

t o  the   requirement,^. t h e  a c o u s t i c a l  s tandpoin t ,  t h e  l eng th  of t h e  

probe shouttd be a s  g r e a t  a s  poss ib l e ,  i n  o rde r  t o  keep d i s tu rbances  of t he  

sourtd f i e l d  due t o  nearby p a r t s  of the  r o t a r y  framework sma l l .  On t h e  

o t h e r  hand, t h e  diameter  of a probe a u s t  be kept as  small  a s  poss ib l e  i n  order  

t o  avoid sound f i e l d  d i s t o r t i o n s  due t o  t h e  probe i t s e l f  and t o  g e t  a  sphe r i -  

c a l  c h a r a c t e r i s t i c  f o r  high f r equenc ie s .  Nei ther  requirement can be f u l l y  

r e a l i z e d  because the  p ipe  damping would be t o o  g r e a t .  

The dimensions of t he  probe, accordingly,  should be so chosen a s  j u s t  

t o  ensure r e a l i z a t i o n  of p o i n t s  1 and 2 f o r  t he  l i m i t i n g  frequency. 

The probe was designed t o  have a l eng th  of about 750 m m ,  an i n s i d e  

diameter  of 8 rnm and an ou t s lde  d i a t n e t e ~  of 10 mm. For f = 15 kc ( A  = 2.2 cm) 

a p ipe  damping of approximately 6 db i s  obtained.  

The d i r e c t i o n a l  c h a r a c t e r i s t i c  of t he  probe can be determined approxi- 

mately by obta in ing  the  d i r e c t i o n a l  f a c t o r  of a c i r c u l a r  p i s t o n  membrane, t h e  

diameter  d of which i s  equal t o  t h e  i n s i d e  diameter  of t h e  pipe: 

'i. 

R ' =  2 J, (-A- s i n  y - * d  ) ,  
J, (x) 

R = g -  7td - X 
f o r  x = - s i n  y .  

h 

idhere J, (x)  i s  t h e  Bessel func t ion  of f f r s t  o rder ,  y i s  the  angle  of d i r e c -  

t i o n ,  forming t h e  correspondin3 s t r a i g h t  l i n e  p r o j e c t i o n  with t h e  z a x i s .  The 

system of coord ina tes  i s  so chosen t h a t  t h e  z a x i s  co inc ides  with t h e  pipe 

a x i s ,  and t h e  opening of t h e  pipe l i e s  i n  t h e  x, y  p lane .  The p r i n c i p a l  a x i s  

i s  then  s i t u a t e d  a t  y = 0 ° ,  1 . e .  i n  t h e  d i r e c t i o n  of t h e  z a x i s .  

I n  t h e  t e s t  set-up, t h e  t i p  of t he  probe 13 s i t u a t e d  i n  the  x, y  p lane .  

The t e s t  o b j e c t  can be s i t u a t e d  e i t h e r  i n  the  x, y plane,  o r  i n  f r o n t  of i t .  
I n  the  former case  t h e  f i e l d  i s  photographed only i n  t h e  one d i r e c t i o n  of 

propagation vihich i s  of i n t e r e s t  ( f o r  *ns t znce  loud-speaker r e c o r d s ) .  I n  

* T r a n s l a t o r ' s  no te :  An underl ined symbol s i g n i f i e s  go th i c  t y p e s c r i p t  i n  
t h e  o r i g i n a l .  



t h i s  case  y i s  always 90°,  and t h e  d i r e c t i o n a l  c h a r a c t e r i s t i c ,  on account of 
t h e  r o t a t i o n a l  symmetry of t h e  probc,  p l ays  no p a r t .  However, if t h e  t e s t  
o b j e c t  i s  s i t u a t e d  i n  f r o n t  of t h e  x, y p lane ,  a s  i a  o f t e n  t h e  case ,  then  y 

may be anywhere between 0  and 9 0 " .  
For y 5 go0, s i n  y = 1 and f = 15 kc,  h15 kc = 2.2  cm f o r  d  = 0.8 cm 

g i v e s  a  r a t i o  of 

Thus 

Since f o r  y = O 0  - R = I, t h e  depa r tu re  from t h e  s p h e r i c a l  c h a r a c t e r i s t i c  

T h i s  i s  t h e  l e a s t  favourable  case  p o s s i b l e .  
To sum up, we may say t h a t  up t o  f = 10 kc t h e  requirement of a 

s p h e r i c a l  c h a r a c t e r i s t i c  is p r a c t i c a l l y  s a t i s f i e d .  For f  > 10  kc an e r r o r  
a r i s e s  which can be reduced e i t h e r  by reducing t h e  diameter  of t he  probe, 
o r  by avoiding a  very l a r g e  ang le .  

2.3.  E lec t ron ic  p a r t  

The s i g n a l  from t h e  microphone i s  fed t o  a  p reampl i f i e r  ( ~ i g .  3 ) .  
Despi te  c a r e f u l  atmospheric and v i b r a t i o n  i n s u l a t i o n  of t h e  d r i v e  mechanisms, 
i n t e r f e r e n c e s  g e t  t o  t h e  microphone and t h e s e  m u s t  f i r s t  be removed. The 
h igh  pass  f i l t e r ,  p r imar i ly ,  s e rves  t h i s  purpose, because t h e  i n t e r f e r e n c e  
l e v e l  components from t h e  motor con ta in  predominatly low f r equenc ie s .  
Addi t iona l  f i l t r a t i o n  is c a r r i e d  ou t  with  t h e  a id  of a  t h i r d  o rde r  f i l t e r .  

\!hat i s  t h e  form of t h e  u s e f u l  vo l tage  when t h e  source emits  a  
s inuso ida l  sound? On pass ing  through t h e  sound f i e l d  a s i g n a l  i s  received 
which i s  amplitude,  frequency and phase modulated. The amplitude modulation 
a r i s e s  from t h e  f a c t  t h a t  t h e  r e c e i v e r  i s  moving through r eg ions  of 
d i f f e r e n t  sound p re s su re .  The modulation frequency i s  comparatively low. 
I t  depends on t h e  sound f i e l d  s t r u c t u r e  and t h e  scanning speed. The phase 



and f requency rnoduL:ltlon;; :II.C clue t,r, Lhc Lilct, L h a t  t h e  d i s t a n c e  between t h e  

rnicroyholle and  t hc  s t a t . l o ~ ~ a r y  s u u t ~ d  :;our3cc is: conl , inual ly  changlng i n  t h e  

course  of t he  scanulng proccs; ( ~ ) o , p ~ l e r .  e f f e c t  ) . 
The  amplitude and  phase tnodulationa arlc used t o  c o n t r o l  t he  l i g h t  sou rce .  

The frequency ~nodulat lo t l  it; not  eva lua ted  a s  such.  A t  t h e  maximum i t  can 

on ly  be 0.45 and would be a d l u t u r b l n g  S a c t o r  on ly  i f  very narrow band f i l t e r s  

were employed. 

2 .3 .1 .  Phase channel 

The phase modulated s i g n a l  i s  used t o  r e p r e s e n t  t h e  p rog re s s ive  wave 
(1) i n  t h e  sound f i e l d ,  :nucl-I a s  i n  t h e  manner suggested by Kock and Harvey . 

A t  d i s t ances  r = A, 2 h ,  3 h ,  . . . s i m i l a r  phase c o n d i t i o n s  p r e v a i l .  dhen 

we cons ide r  t h e  phase ang l e  between t h e  g e n e r a t o r  vo l t age  which f e e d s  t h e  

sound source  and which may se rve  a s  a  cornparlson vo l t age ,  and t h e  rnicrophone 

vo l t age ,  then t he  phase r o t a t e s  27r a s  t h e  microphone rnoves a d i s t a n c e  A away 

from o r  towards t h e  sou rce .  Th is  f a c t  i s  used t o  r e p r e s e n t  t h e  p r o g ~ ~ e s s i v e  

wave by superimposing t h e  ~nicrophone vo l t age  on a  phase-locked comparison 

v o l t a g e .  The t o t a l  vo l t age  1s used t o  modulate t h e  lamp c u r r e n t .  I n  o r d e r  t o  

o b t a i n  a  degree  of ~ o d u l a t i o n  which i s  independent of t h e  microphone d i s t a n c e ,  

t h e  value  of t h e  rnicrophone vo l t age  must be kept  cons t an t  w i th  t h e  a id  of a 

l i m i t e r .  i n  g e n e r a l ,  t h e  g e n e r a t o r  vo l t age  can b e  used f o r  comparison 

purposes .  However, i t  i s  equa l l y  p o s s i b l e  t o  use  t h e  ou tpu t  vo l t age  of a 

second nicrophone i n  a f i xed  p o s i t i o n .  

The manner of o p e r a t i o n  of t h e  phase channel  i s  i nd i ca t ed  i n  F i g .  4. 
The osc i l logram shows t h e  convers ion of t h e  microphone vo l t age  ( a t  t h e  t o p  of 

t h e  p i c t u r e )  i n t o  t h e  lamp c u r r e n t  (be low) .  I n  scanning t h e  sound f i e l d  a  

segment was chosen i n  which t h e  microphone w a s  moving towards a  po in t  sound 

source  and t hen  rnoving away from i t  a g a i n .  The f requency was 4 k c .  It w i l l  

be noted t h a t  t he  modulation of t h e  lamp c u r r e n t  13 l a r g e l y  independent of 

t h e  microphone v o l t a g e .  

2 - 3 . 2 .  Amplitude channel  

I n  o r d e r  t o  extend t h e  e a r l i e r  type  of r e p r e s e n t a t i o n  of t h e  p r o g r e s s i v e  

wave, an appa ra tu s  was developed which makes p o s s i b l e  t h e  v i s u a l i z a t i o n  of 

i s o b a r s  ( l i n e s  of equa l  sound p r e s s u r e ) ,  s o  t h a t  be s ide s  t h e  phase r e l a t i o n ,  

t h e  ampli tude d i s t r i b u t i o n  can a l s o  be made v i z i b l e .  For t h i s  purpose t h e  

ampl i f i ed  and f i l t e r e d  microptione vo l t age  i s  r e c t i f i e d  and fed t o  a  vo l t age  

d i v i d e r  ( F I E .  3 ) .  The l a t t e r  h a s  5 t a p  s t a g e s ,  d e l i v e r i n g  incrementa l  

vo l t ages  C, t o  TJ6 i n  5 - d b  i n t e r v a l s .  Each of t he se  v o l t a g e s  c o n t r o l s  a 

vo l t age  c i iscr i tn inator  (mich :n i t t -Tr igger ) .  If t h e  vo l t age  goes e i t h e r  above o r  

belol;~ t h e  l a t t e r  s th resho ld  v o l t a g e ,  a p o s i t i v e  o~  nega t i ve  impulse ,  a s  



t h e  c a s e  may be ,  l o  ob ta lncd  3:; a11 out ;p~r t  v o l t ; a ~ ~ e .  ?'he 011t;put:; c f  t h e  s i x  

d i s c r l n l l n n t o r s  a r e  connected 1 t 1  p a r a l l e l .  l'h3.:; ay)piiral;un operate: ;  a s  f o l l o w s :  

A s  t h e  mlcrophotlt? v o l t a g e  i n c r e a s e s ,  t h e  lar[,rest; oi' t h e  kapped v o l t a g e s  

(u, ) r e a c h e s  t h e  I = C S ~ O I ~ Z C  v a l u e  of t h e  corr.~::;~mndlnl: tij..;crlmlnat;or 1 ,  which 

t h e n  d e l i v e r s  an  -L~npulse. \,!hen t h e  sound l e v e l  a t  t i ic probe t i p  has  r i s e n  

by 5 db ,  t h e  second l a r g e s t  v o l t a g e  IJ, w i l l  have J u s t  reached t h e  v a l u e  neces -  

s a r y  i n  order '  t o  produce a  response  of  d i s c r i m i n a t o r  2 .  The impulse 2 a p p e a r s  

a t  i t s  o u t p u t .  A s  t h e  sound l e v e l  c o n t i n u e s  t o  r i s e  v o l t a g e s  U, t o  C, I n  

t u r n  r e a c h  t h e  t r i g g e r  v o l t a g e  of t h e i r  d i s c r i r n ~ l n a t o r s ,  s o  that ,  i n  each c a s e  

a n  irnpulse i s  emi t t ed  a t  i n t e r v a l s  of 5 db .  The same t h i n g  o c c u r s  a s  tbie 

l e v e l  d rops :  t h e  I n d i v i d u a l  v o l t a g e s  c o n t r o l  t h e i r  di : ;cr iminators i n  t h e  

r e v e r s e  o u t p u t  s t a t e ,  t h u s  g e n e r a t i n g  irnpul.ses f o r  t h e  o p p o s i t e  d i r e c t i o n .  

The impulses  a r e  t h e n  used t o  c o n t r o l  t h e  lamp. I n  t h i s  manner p u l s e s  

of l i g h t  a r e  produced as  t h e  sound l e v e l  goes  above o r  belovr c e r t a i n  d e f l n e d  

l e v e l s .  Curves of e q u a l  sound p r e s s u r e  a r e  produced on t h e  f i l m  from Chese 

p u l s e s  of  l i g h t .  

The d i s c r i m i n a t o r s  were a d j u s t e d  s o  t h a t  t h e  h y s t e r e s i s  would be a s  
( 7 )  s m a l l  as  p o s s i b l e  . 

The h y s t e r e s i s  i t s e l f  g u a r a n t e e s  t h a t  t h e  Ychmitt d i s c r i m i n a t o r  w i l l  

o p e r a t e  i n  a  s t a b l e  manner. It i s  p o s s i b l e ,  o f  c o u r s e ,  t o  make i t  very  

s m a l l ,  bu t  t h e n  a  danger  a r i s e s  t h a t  even a  v e r y  s l i g h t  d i s t u r b a n c e  of t h e  

i n p u t  v o l t a g e  would r e s u l t  i n  a n  u n i n t e n t i o n a l  r e v e r s a l .  Moreover., a n o t h e r  

r e s u l t  of  r e d u c i n g  t h e  h y s t e r e s i s  i s  t h a t  t h e  anode v o l t a g e  jumps become 

s m a l l e r  and s m a l l e r ,  and f i n a l l y  r e a c h  0 .  On t h e  o t h e r  hand, by s u i t a b l e  

s e l e c t i o n  of t u b e s  and of t h e  c o r r e c t  o p e r a t i n g  p o i n t ,  t h e  h y s t e r e s i s  can be 

reduced wi thout  t h e  above-mentioned d i s t u r b i n g  p r o p e r t i e s .  The c i r c u i t  was 

chosen s o  t h a t  t h e  h y s t e r e s i s  would be l e s s  t h a n  100 mv f o r  a  r esponse  v o l t a g e  

of  2 .5  v .  The r e s u l t i n g  e r r o r  i s  l e s s  t h a n  24% o r  2 0  .j d b .  :Je s h a l l  have 

more t o  s a y  below about  t h e  e f f e c t s  of t h i s .  

The change of r esponse  l e v e l  d u r i n g  t h e  exposure t ime  i s  l e s s  t h a n  0 . 0 5  

db, and i s  t h u s  n e g l i g i b l e .  

The p u l s e s  a r e  formed by d i f f e r e n t i a t i o n  of t h e  anode v o l t a g e  jumps. 

, le now g e t  a  diagram I n  which t h e  sound f i e l d  would be c h a r a c t e r i z e d  by 

l i n e s  of equa l  sound p r e s s u r e .  However, it would be imposs ib le  t o  d i s t i n g u i s h  

whether a g iven  l i n e ,  which owing t o  an  e q u a l  impulse  l e v e l  produces  equa l  

b lacken ing  of  t h e  f i l m ,  would r e p r e s e n t  a n  i s o b a r  o f  h l g h e r  o r  lower sound 

l e v e l  t h a n  t h e  a d j a c e n t  l i n e .  For  t h i s  r e a s o n  t h e  impulse  l e v e l  of  t h e  

discriminator o u t p u t  v o l t a g e  was v a r i e d  i n  such a way t h a t  t h e  o u t p u t  p u l s e  

of  t h e  f i r s t  d i s c r l m i n a t o r ,  which responds  t o  t h e  s m a l l e s t  v o l t a g e  and hence 

g e n e r a t e s  t h e  0  db  i s o b a r ,  r e c e i v e s  t h e  lowest  i ~ p u l s e  l e v e l .  I n  t h e  

p o s i t i v e  of t h e  sound f i e l d  photograph t h i s  co r responds  t o  a  t h i n  and narrow 



l i n e .  The pu l ses  of the  remaining d iac r imina to r s  a r e  staged i n  such a way 

t h a t  d i sc r imina to r  6, which genera tes  t h e  25 db i s o b a r ,  has  t h e  g r e a t e s t  

amplitude,  which i n  t u r n  modulates t he  maximum permiss ib le  lamp cu r ren t  and 
t h u s  t r a c e s  the  b r i g h t e s t  and t h i c k e s t  l i n e .  

Figure 5 shows a n  oscl l logram which g ives  the  microphone vol tage  a t  t he  
t o p  and t h e  lamp cu r ren t  i n  amplitude r e p r e s e n t a t i o n  below. The s t ag ing  of 
t h e  pulse  l e v e l s  i s  c l e a r l y  recognizable .  A t  t h e  r i g h t  and a t  t h e  l e f t  of 
t h e  photograph it w i l l  be seen t h a t  some impulses come i n  rap id  succession 

and some ove r l ap .  This  i s  because t h e  decrease of microphone vol tage  a t  
comparatively g r e a t  d i s t a n c e  does not occur cont inuously owing t o  r e f l e c t i o n s .  
The f a c t  t h a t  the  impulses a r e  not  symmetrical with r e spec t  t o  t h e  peak of t h e  

microphone vol tage  w i l l  be dLscussed below i n  g r e a t e r  d e t a i l  i n  connection 

wi th  t h e  diagram e r r o r s .  
The a v a i l a b l e  b i t s  of information ( impulses  of t he  amplitude channel, 

t he  f i l t e r e d  and amplif ied microphone vol tage ,  and t h e  phase-locked comparison 
vo l t age )  a r e  s u i t a b l y  mixed and amplif ied i n  mixing and output  a m p l i f i e r s ,  
and a r e  fed t o  t h e  lamp. 

2 -4. E l e c  t r l c a l - o p t i c a l  p a r t  

The s i g n a l s ,  which flow through t h e  output  tube i n  t h e  form of impulses 
and p u l s a t i n g  d i r e c t  c u r r e n t ,  must be converted i n t o  an equiva len t  l i g h t  
beam. The lamp must meet var ious  requirements,  of which t h e  most important 

a r e  the  following: 

1. The lamp must be sub jec t  t o  modulation of i t s  b r igh tness  with l i t t l e  
i n e r t i a .  Ey l i t t l e  i n e r t l a y w e  mean here  t h a t  every d e t a i l  of t h e  sound 
f i e l d  s t r u c t u r e  should be imaged without d i s t o r t i o n  a t  a scanning speed of 

approximately 1 .3  m / s .  I n  conver t ing  t h e  pu l ses ,  t h e  aim must be t o  
have a pulse  recorded a s  a  p o i n t ,  wi th  t h e  r e s u l t  t h a t  a  t h i n  l i n e  w i l l  
appear i n  t h e  f i g u r e  when t h e  p o i n t s  a r e  put  t oge the r .  The luminous dura-  
t i o n  should the re fo re  be such t h a t  dur ing  t h e  movement of t h e  lamp it w i l l  
i l l umina te  a  pa th  only of approximately 1 m m .  Referred t o  t h e  time, t h i s  
means t h a t  a  l i g h t  pu lse  of approximately 0.8 m s  du ra t ion  must be produced. 
The top  l i m i t i n g  frequency must t h e r e f o r e  be g r e a t e r  than 1 kc. 

This  e l imina te s  a l l  incandescent lamps, even those  t h a t  a r e  preheated 
and have very t h i n  f i l a m e n t s .  

2 .  The second requirement r e l a t e s  t o  s u s c e p t i b i l i t y  t o  modulation. The l i g h t  
source must have a s  g r e a t  a s  poss ib l e  a  range of modulation. Between the  
two boundaries given by t h e  permiss ib le  load o r  acceptab le  overload (100% 

modulation) and the  unloaded s t a t e  (modulation o$), t h e r e  must be a 
cons tan t  r e l a t i o n s h i p  between cu r ren t  o r  vo l t age  on t h e  one hand and t h e  



l i g h t  i n t e n s i t y  on t h e  o t h e r .  

3 .  The l i g h t  i n t e n s i t y  of t h e  lamp must be g r e a t  enouch s o  t h a t  even a f t e r  

t a k i n g  a l l  l o s s e s  i n t o  account t h e  i l l u m i n a t i o n  i n t e n s i t y  on t h e  photo- 

g r aph i c  f i l m  i s  s u f f i c i e n t l y  g r e a t  t o  produce adequate  b lacken ing .  

4. The l i g h t  source  must be p o i n t  shaped and be a s  smal l  a s  p o s s i b l e ,  s i n c e  

it must be s i t u a t e d  i n  t h e  v i c i n i t y  o f  t h e  sound f l e l d  t h a t  i s  be ing  

scanned.  

Requirements 1 - 3 a r e  met by t h e  Ozram 767740 p o i n t  source  glow lamp. 

?'he lanip i s  1 = 80  mm long,  with a  d iamete r  of d  = 25 mm,  \ l i t h  t h e s e  

dimensions i t  i s  impossible  t o  mount t h e  lamp on t h e  t i p  of t h e  probe.  A 

secondary e m i t t e r  must t h e r e f o r e  be p rov ided .  

2 .5.  Photographic r eco rd ing  and imaging e r r o r s  

From t h e  photographic  p o i n t  of vlew, t h e  aim i s  t o  g e t  a  l i g h t  d i s t r i -  

b u t i o n  curve of t h e  e m i t t e r  which w i l l  ensure  a  uniform exposure of t h e  f i l m  

i n  r e l a t i o n  t o  t h e  s o l i d  a n g l e .  

Accordingly,  t h e r e f o r e ,  t h e  l i g h t  beam should be guided s o  t h a t  t h e  

d ive rgen t  r a d i a t i o n  from t h e  lamp is a t  f i r s t  c o l l e c t e d ,  i s  conducted p a r a l l e l  

t o  t h e  probe a s  f a r  a s  t h e  t i p ,  and t hen  s t r i k e s  t h e  secondary e m i t t e r ,  which 

p rov ides  f o r  t h e  de s i r ed  d i s t r i b u t i o n  i n  space .  For t h e  e m i t t e r  a smal l  

plane-convex l e n s  about 8 m m  i n  d iamete r  is used ,  w i th  t h e  s u r f a c e  of t h e  

p lane  s i d e  roughened s o  a s  t o  a c t  as a ground g l a s s  s c r e e n  and cause  add i -  

t i o n a l  s c a t t e r i n g .  

Th i s  l i g h t  beam convers ion i s  not  ve ry  e f f i c i e n t .  The re fo re  maximum 

photographic  s e n s i t i v i t y ,  1 . e .  a  f a s t  o b J e c t i v e  and f i l m  m a t e r i a l  o f  t h e  

h i g h e s t  s e n s i t i v i t y ,  must be used .  We employed Agfa Rekord f i l m ,  which can 

be pushed t o  about  36/10 D I N .  

The l a g  between t h e  a c o u s t i c a l  measurement a t  t h e  probe t i p  and t h e  

o p t i c a l  s i g n a l  c ause s  a d i s t o r t i o n  equa l  t o  t h e  d i s t a n c e  through which the 
microphone and lamp have moved i n  t h e  same pe r iod .  

The l a g  A t  i s  about  10  m s ,  and comprises t h e  t ime t aken  by t h e  sound 

t o  t r a v e r s e  t h e  probe,  t h e  t ime taken  t o  i n i t i a t e  t h e  f i l t e r s ,  and t h e  t ime 

cons t an t  of t h e  rectifier c i r c u i t .  Added t o  t h i s  is t h e  h y s t e r e s i s  e r r o r  i n  

t h e  ampli tude r e p r e s e n t a t i o n ,  which a c t s  a s  an apparen t  l a g .  

The r e s u l t i n g  imaging e r r o r  can be  e l imina ted  i n  a  s imple  manner, by 

d i s p l a c i n g  t h e  p o s i t l o n  of t h e  o p t i c a l  image ( t h e  ground g l a s s  p l ane  a t  t h e  
t i p  of t h e  p robe)  a  d i s t a n c e  corresponding t o  t h e  l ag  t ime (about  13 mm). The 

l i g h t  s i g n a l  i s  t h e n  recorded a t  t h e  p o s i t i o n  a t  which t h e  probe a x i s  was 

s i t u a t e d  10 m s  e a r l i e r .  



This  assumes, of course,  t h a t  . A t  i s  cons tan t ,  a  condi t ion  t h a t  a p p l i e s  

only t o  the  phase r e p r e s e n t a t l o n .  The e r r o r  which a r i a e s  i n  the  amplitude 

r ep resen ta t ion  owing t o  t h e  h y s t e r e s i s  of t he  diacr l .minators ,  Is not so  

e a s i l y  taken ca re  o f .  ble s h a l l  therecore  i n v e n t i g a t e  it b r i e f l y .  A s  a l -  

ready mentioned, t he  h y s t e r e s i s  i s  0 .j d b .  For an inc reas ing  microphone 

vol tage ,  t h e  itnpulse f o r  producing t h e  I sobars  i s  only given when t h e  

c o n t r o l  vol tage i s  +0.3 dL. above tF:e r a t ed  va lue ,  I n  the  case  of dropping 

vo l t age  the  impulse i s  generated a t  -0.3 db.  I f  w e  agaln cons ider  F ig .  5, 
where t h e  microphone vol tage ,  owing t o  t h e  co!?stant scanning speed a n d  t he  

po in t  form of the  sound source fol lows a  symmetrical curve, two f a c t s  ~ I l l  be 

recognized : 

1. The h y s t e r e s i s  causes both Sinpulses of a  s t age  t o  be " too  l a t e "  by t h e  

same amount on account of t h e  symmetry of t h e  vol tage  curve.  A s  a  

consequence a n  a d d i t i o n a l  apparent  l a g  is brought about,  which however can 

be cor rec ted  by displacement of t h e  o p t i c a l  image, so  t h a t  t he  value of 

2 0 . 3  db f o r  t h e  h y s t e r e s i s  Ls not i d e n t i c a l  with t h e  unce r t a in ty  involved 

i n  t h e  i soba r  diagram. 

2 .  The magnitude of t he  apparent l a g  depends on t h e  s teepness  of t h e  vol tage  

Increase  o r  decrease a s  t h e  case  may be.  dU/dr  i n  g r e a t e s t  i n  t h e  v i c i n i t y  

of t h e  e m i t t e r  and hence t h e  d i s t o r t i o n  caused by the  h y s t e r e s i s  is 
smal les t  he re .  'dith Increas ing  d i s t ance  t h e  s teepness  decreases  and the  

record ing  e r r o r  becomes g r e a t e r .  Assuming a ~ / r  curve of sound pressure ,  

and drawing t h e  i soba r s  f o r  t h e  maximum l e v e l ,  f o r  example, s o  t h a t  5 = 
1.5 cm, then t h e  i soba r s  of t h e  lowest l e v e l  w i l l  be = 27 cm (-25 d b ) .  

A t  t h i s  d i s t ance  t h e  s teepness  I s  approximately 0.3 db/cm, wi th  which t h e  

displacement a t t a i n s  a  value of approximately 1 cm. Theore t i ca l ly  t h i s  

e f f e c t  would be recognizable  i n  t h e  sound f i e l d  p i c t u r e s ,  however i t  has  

been found t h a t  a t  t h i s  d i s t a n c e  a c o u s t i c a l  d i s tu rbances  a l r eady  predomi- 

na t e ,  a s  i s  shown i n  t h e  next s e c t i o n .  I n  t h e  v i c i n i t y  of t h e  emi t t e r ,  

however, t he  e r r o r  i s  compensated by t h e  displacement of t h e  o p t i c a l  image. 

Nevertheless  a  s l i g h t  inaccuracy remains, s ince  t h e  t o t a l  l a g  t ime f o r  

t h e  amplitude record is  a  few milliseconds g r e a t e r  t han  f o r  t h e  phase r eco rd .  

The d i s t o r t i o n , c a n  t h e r e f o r e ,  amount t o  a ferr mil l ime t re s ,  but  i n  most cases  

t h i s  I3 e n t i r e l y  unimportant, s ince  the  discrepancy i n  t h e  p i c t u r e s  can no 

longer  be recognized. 

The o p t i c a l  imaging of a  sound f i e l d  is f u r t h e r  supplemented by the  

superpos i t ion  of a system of coord ina tes  ( g r i d  l i n e s  10 cm a p a r t ) .  



3.1. Sound f i e l d  records  of a s p h e r i c a l  e m i t t e r  

The sirnplest  case i s  t h a t  of ~ ~ n n i d l r e c t i o n a l  t-mission of t h e  type 

produced by a  s p h e r i c a l  emi t t e r  o f  ze ro th  o rde r .  The ind iv idua l  elements of 

t h e  su r face  of  t h e  sphere here  o s c i l l a t e  wi th  cons tan t  v e l o c i t y  amplitude,  

outwards and inwards  i n  phase.  The o o ~ n d  f l e l d  of such an emmiter i s  
charac te r ized  by the  f a c t  t h a t  both the su r faces  of equal  phase and t h e  

sur faces  of equal  sound pressure  arnplitude a r e  concent r ic  spheres  wi th  t h e  

e m i t t e r  a s  a  comlnon c e n t r e .  P r a c t i c a l l y ,  an e m i t t e r  of ze ro th  o rde r  i n  t h e  

form of a d i l a t i n g  sphere 1s u n r e a l i z a b l e .  

For t h e  t e s t s  a miniature magnetic earphone was used which had t h e  

fol lowing dimensions: diarneter 20 mm, height  11 mm and diameter  of sound- 

emi t t i ng  ape r tu re  2 rnm. For t h e  lower f requencies  a s p h e r i c a l  c h a r a c t e r i s t i c  

i s  indeed obtained,  bu t  t h e  amount r ad ia t ed  i s  very sma l l .  

For sound f i e l d  r ep resen ta t ion  a s e c t i o n  i s  cu t  through t h e  f i e l d .  I n .  

t h e  p re sen t  case t h e  sc ( : t i o t~  L Y  b e s t  talcen through t h e  o r i g i n .  Owing t o  

t h e  f i n i t e  dimensions of t h e  c tn i t te r ,  of course,  t h i s  can not be exac t ly  

r e a l i z e d  i n  the  p re seq t  case ,  but  t h e  d e p a r t ~ r e s  from it a r e  very small. The 

d i s t a n c e  betvreen t h e  e m i t t e r  and the  probe t i p  of' t h e  microphone was about 

10 mm. 
I n  t he  sound f i e l d  represents ' i ion t h e  curves  of  cons tan t  phase produce 

concent r ic  c i r c l e s  whose d i s t a L ~ c e  a p a r t  i s  eqdal  t o  t h e  wavelength. For 

making t h e  record ( ~ i g .  6 )  a frequency of f = 3.4 k-  was chosen. The wave- 

l eng th  i s  then  h = 13 cm. 

The l i n e s  of equal sound l e v e l ,  t o  be s u r e ,  a l s o  form concent r ic  c i r c l e s  

bu t  t h e i r  d i s t a n c e  a p a r t  i s  not cons t an t .  They vary i n  accordance wi th  t h e  

law of propagat ion.  I n  t h e  sphe r i ca l  wave t h e  sound p res su re  decreases  

cont inuously (even i n  t h e  near  f l e l d )  a t  t h e  r a t e  l/r. The s i x  i s o b a r s  a r e  

recorded i n  5 db s t a g e s  of t h e  sound l e v e l .  Denoting t h e  i s o b a r s  so t h a t  

i s o b a r  1 i s  assigned t o  the  r e l a t i v e  sound l e v e l  0 db, i s o b a r  2 t o  l e v e l  5 db,  

t hen  i s o b a r  6 corresponds t o  t h e  l a r g e s t  l e v e l  L, = 25 db. I n  Table I t h e  
sound l e v e l s  L, the  sound p res su re  amplitudes p  and the  corresponding f i e l d  

poin t  i n t e r v a l s  r, a s  obtained from t h e  l/r law, a r e  given f o r  t h e  s i x  i s o b a r s .  

Novr cons ider ing  F ig .  7, xrhich sholv~s t h e  sound d i s t r i b u t i o n  of t he  f i e l d  
f o r  t he  frequency f = 4.0 kc, we aga in  see t h e  expected concent r ic  c i r c l e s  

i n  t h e  v i c i n i t y  of t he  e m i t t e r .  l l i t h  i nc reas ing  d i s t a n c e ,  t h e  curves  

g radua l ly  l o s e  t h e i r  c i r c u l a r  shape, and a r e  sub jec t  t o  wavy inden ta t ions .  
I n  a d d i t i o n ,  i nd iv idua l  i s l a n d s  form between t h e  concentric curves.  

These depa r tu re s  from t h e  t h e o r e t i c a l l y  expected curve shape a t  f i r s t  



s t r i k e  u s  as anomalous, bu t  a r c  e a sy  t o  e x p l a i n .  The space  i n  which t h e  

r e c o r d s  a r e  be ing  made, al.tl?ougtl ve ry  s t r o n g l y  damped w i t h  r e s p e c t  t o  sound,  

i s  no t  t o t a l l y  f r e e  from r e f l e c t i o n s .  Even i f  it were,  some i n t e r f e r i n g  

r e f l e c t i o n s  could no t  be  entirely avoided,  s i n c e  t h e  a p p a r a t u s  r e q u i r e d  f o r  

t h e  measurement must be  s i t u a t e d  i n  t h e  v i c i n i t y  of  t h e  f i e l d  t o  be 

investigated. 

I n  what f o l l ows ,  t h e  sound f i e l d  r e c o r d s  a r e  t o  be  q u a n t i t a t i v e l y  

eva lua t ed .  I t  w i l l  t h en  be p o s s i b l e  t o  s ay  something about  t h e  o r d e r  of  

magnitude of t h e  i n t e r f e r e n c e s  observed.  I t  w i l l  be t h e  a i m  of  t h i s  eva lua-  

t i o n  t o  de t enn ine  vrhether t h e  sound ernission i s  s p h e r i c a l .  A t  t h e  g iven  

f requency  f = 4  kc t h e  r a t i o  d/h = l /4.25 i s  o b t a i n e d .  l l i t h  t h i s  o n l y  a 

s l i g h t  d e p a r t u r e  from t h e  s p h e r i c a l  c h a r a c t e r i s t i c  i s  expec ted .  

For t h e  e v a l u a t i o n  d i ame te r s  TI, t o  D, of t h e  recorded i s o b a r s  a r e  

measured.  I n  t h e  c a s e  of t h e  no l onge r  c i r c u l a r  cu rve s ,  t h e  extreme v a l u e s  

Drnax and Drnin a r e  determined.  These va lue s  a r e  en te red  I n  columns 3 and 4 

of Tab le  11. The mean v a l u e s  D determined from t h i s  a r e  g iven  i n  column mean 
5 .  \ J i t h  t h e  a i d  o f  t h e  10  cm g r i d ,  t h e  s c a l e  of  r e d u c t i o n  M f o r  t h e  diagram 

i s  de te rmined .  Mu l t i p ly ing  t h e  v a l u e s  f o r  Dmean by 111/2, we g e t  t h e  r a d i i  r '  

i n  t h e  image p l ane  (column 6 ) .  For smal l  r a d i i  r '  a  c o r r e c t i o n  must be 

app l i ed  -;:hich t a k e s  i n t o  account  t h e  d i s t a n c e  a  between t h e  e m i t t e r  and t h e  

t i p  of t h e  p robe .  The  d i s t a n c e  r sought between f i e l d  p o i n t s  i s  t h e  

hypotenuse of a t r i a n g l e ,  t h e  ba sc s  o f  1;ihich a r e  t h e  r a d i u s  r 1  and t h e  

d i s t a n c e  a .  Accordin[; t o  t h e  Pythagoilean theorem, t h e n  

The d i s t a n c e s  r be txeen  f i e l d  p o i n t s  t h u s  c a l c u l a t e d  a r e  en te red  i n  column 7 .  
For  t h e s e  p o i n t s  l:~e c a l c u l a t e d  t h e  sound l e v e l  v a l u e s  L ob ta ined  from t h e  

l/r law.  It i s  b e s t  t o  choose a  r e f e r e n c e  p o i n t  i n  t h e  c e n t r a l  r eg ion ,  

s i n c e  t h a t  l v r i i l  g i v e  t h e  most a c c u r a t e  v a l u e .  Yor t h e  p r e s e n t  example t h e  

r a d i u s  of t h e  i s o b a r  4  -!as chosen a s  r e f e r e n c e .  I n  column 3 t h e  sound 

l e v e l s  Lcalc a r e  e n t e r e d .  The d i f  f elpence between L  and L i s  en t e r ed  c a l c  . 
a s  a  mean d e v i a t i o n  i n  colulnn 9. Ass~.imln& a rend ing  accuracy of 20.5  mm, 
t h e n  :;re g e t  t h e  u n c e r t a i n t i e s  g iven  i n  column 10 ,  r e f e r r e d  t o  t h e  sound l e v e l .  

The waviness  of thc i s o b a r s  a t  a [;?-eater d i s t a n c e  i.s a consequence o f  l e v e l  

f l u c t u a t i o n s ,  :.rh!.ch a r e  s i v e n  i n  tihe l a s t  column. 

Consider ing t h e  mean e r r o r s  :Ln column 9, it w i l l  be  recognized t h a t  t h e  

l a t t e r  i n c r e a s e  from -0.9 db ( i s o b a r  1) t o  + l . 1  db ( i s o b a r  6 ) .  The drawing 

of  t h e  i s o b a r s  themselves  u n t a l l s  a n  u n c e r t a i n t y  of about  5 0 . 3  db ,  made up 

of t h e  e r r o r  o?rl.n~ t o  t h e  hysteresis of t h e  discriminators and t h e  c a l i b r a t i o n  

of t h e  response  v o l t a g e .  Even ~rhen  a l l  po3s:lble sourlccs of e r r o r  have been 



t aken  i n t o  account,  a  p a r t  of t he  mean e r r o r  s k i 1 1  remains i n  t h e  sense t h a t  

t h e  drop i n  the  l e v e l  is s t e e p e r  than  given by l/r. Thus t h e  requirement 

wi th  r e spec t  t o  t h e  s p h e r i c a l  c h a r a c t e r i s t i c  Is not  wholly s a t i s f i e d .  The 

d i r e c t i o n  of t h e  prefer red  sound emission i s  perpendicular  t o  t h e  p lane  of 
scanning, o r ,  seen from t h e  posi t l -on of t he  earphone, I s  i n  t h e  d i r e c t i o n  of 

t h e  sound-emission a p e r t u r e .  

The s t r i k i n g l y  wavy cha rac t e r  of t h e  more d i s t a n t  i s o b a r s  i s  a  conse- 

quence of f l u c t u a t i o n s  of l e v e l  amounting t o  t0.8 db i n  t h e  v i c i n i t y  of 

i s o b a r  1 and 5 0 . 6  db near i s o b a r  2 .  I n  themselves these  f l u c t u a t i o n s  are 
s l i g h t  and would sca rce ly  cause any i n t e r f e r e n c e  f o r  most p r a c t i c a l  measure- 

ment purposes i n  the  sound f i e l d .  The f a c t  t h a t  they appear so prominently 

i n  sound f i e l d  photography l i e s  f i r s t  of a l l  i n  t he  na tu re  of t h e  l/r 
decrease  and secondly i n  t h e  exact c h a r a c t e r  of t h e  reproduct ion  method, 

which shows every d e t a l l  of t h e  f i e l d .  I n  ord inary  g raph ica l  r e p r e s e n t a t i o n  

of f i e l d s ,  determined by point-by-point measurement, t hese  f i n e  d e t a i l s  

cannot be brought o u t .  The same a p p l i e s  t o  t h e  i s l a n d s  appearing i n  t h e  

p i c t u r e s .  

Since the  eva lua t ion  showed t h a t  f o r  t h e  minia ture  earphone and a 

frequency f  = 4.0 kc depa r tu re s  from t h e  s p h e r i c a l  c h a r a c t e r i s t i c  were s t i l l  

measurable, an at tempt  was made t o  r e a l i z e  the  s p h e r i c a l  emi t t e r  i n  another  

manner. For t h i s  purpose a t h i n  p ipe  having an ou t s ide  diameter  of 6 mm 

and a  l eng th  of 1 metre was used f o r  sound t ransmiss ion .  A minia ture  ea r -  

phone is  coupled t o  one end of t h e  tube  while  t h e  o t h e r  end p r o j e c t s  a s  a  

probe i n t o  t h e  sound f i e l d .  For t h e  frequency f  E 4 kc, we t h u s  ge t  a  r a t i o  

Conlpared t o  t h e  f i r s t  t e s t  t h e  va lue  i s  reduced by 1/3. 
Figure 8 shows t h e  sound record of t h i s  set-up.  The eva lua t ion  i s  

c a r r i e d  out  i n  Table 111. The mean e r r o r  l i e s  between 0 and -1-0.4 db.  With 

a n  u n c e r t a i n t y  of 5 0 . 2  db t h e  l e v e l  decrease  corresponds t o  t h e  expected 

l/r r e l a t i o n s h i p .  In comparing t h i s  wi th  t h e  sound p i c t u r e  of F i g .  7 it i s  
noted t h a t  t h e  depa r tu re s  from the  c i r c u l a r  shape of t h e  i s o b a r s  a r e  g r e a t e r  

i n  F ig .  8, a s  t h e  eva lua t ion  ( l a s t  column, Table 111) a l s o  i n d i c a t e s .  Whereas 

i n  Fig.  7 t h e  4 i nne r  i soba r s  a r e  p r a c t i c a l l y  c i r c u l a r ,  i n  F ig .  8 only t h e  

two innermost a r e  u n d i s t o r t e d .  The magnitude of t h e  l e v e l  f l u c t u a t i o n  a s  a 
func t ion  of t h e  d i s t ance  f o l l o ~ ~ s  d i f f e r e n t  courses  i n  t h e  two cases .  Accord- 
i n g  t o  Table 111 ( t h e  p ipe )  !.Je g e t  a f l u c t u a t i o n  of t0.8 t o  20.9 db f o r  

i s o b a r s  1 t o  3,  nhereas with t h e  miniature  earphone t h e  d i s t o r t i o n  becomes 

g r e a t e r  with inc reas ing  d i s t a n c e .  Presumably t h i s  e f f e c t  depends on t h e  f a c t  



t h a t  t h e  pipe I t s e l f  cor i t r lbutes  t o  the  sound crnlssior~, so  t h a t  ari l n t e r -  

fe rence  f i e l d  i s  formed. E f f e c t i v e  i n s u l a t t o n  of t he  pipe l~~ou ld  r e a u l t  i n  

an inc rease  of diameter ,  which i n  t u r n  would lricraease the  r a t i o  d / h .  

For a  broad c l a s s  of experiments i n  whLch s p h e r i c a l  e m l t t e r s  were 

needed, t he re fo re ,  miniature  earphones were employed, sPnce t h e s e  do not cause 

any a d d i t i o n a l  sound f i e l d  distortions and s a t i s f y  t h e  s p h e r i c a l  

c h a r a c t e r i s t i c  requirement approxlrnately. 

To conclude these  remarks, two additional p o i n t s  may be mentioned: 

1. The eva lua t ion  of i s o b a r s  i n  the  immediate v i c i n i t y  of t h e  e m i t t e r  i s  
not  always poss lb l e  v ~ i t h l n  t h e  spec i f i ed  u n c e r t a i n t y  of measurement. 

For one th ing ,  t h e  determjnat ion of t h e  d i s t a n c e  a  between e m i t t e r  and 

r e c e i v e r  i s  not always unequivocal,  and, f o r  another ,  we cannot be 

c e r t a i n  whether i n  every case t h e  propagat lon of t h e  sound can be r e -  

garded a s  und i s to r t ed ,  i f  t h e  mlcrophone probe a p e r t u r e  i s  very  c lose  t o  

t h e  e m i t t e r .  

2. The i soba r  curves a r e  a s  a r u l e  in t e r rup ted  o r  broken i n  two p l a c e s .  

This  i s  a  minor lack  of ref inement ,  due t o  the  fol lowing causes:  

During the  time the  microphone i s  moving along an i s o b a r ,  i . e .  i s  not  

I n t e r s e c t i n g  i t ,  the  c o n t r o l  vo l tage  of t h e  d i sc r imina to r  involved remains 

cons t an t .  I f  t h e  response vol tage  i s  not  exceeded, then t h e  d i sc r imina to r  

cannot d e l i v e r  a pulse .  The consequence i s  t h a t  dur ing  t h i s  t ime record ing  

i s  i n t e r r u p t e d .  The scanning of t h e  f i e l d  t a k e s  p l ace  i n  t h e  v i c i n i t y  of 

t h e  e m i t t e r  i n  an approximately perpendicular  d i r e c t i o n .  The f i g u r e s  show 

t h a t  a t  p laces  where t h e  i s o b a r s  a r e  touched perpendicular ly ,  t h e  record i s  
b r i e f l y  i n t e r m p t e d  . 
3.2.  The group of two sepa ra t e  e m i t t e r s  

I n  t h i s  s e c t i o n  a  number of experimental ly  obtained sound f i e l d  records  

a r e  cont ras ted  wi th  graphica l  r ep resen ta t ions  of ca l cu la t ed  f i e l d s ,  as  
(81 presented by Stenze l  and Brosze + 

I n  the  near f i e l d ,  the  group of two ind iv idua l  e m i t t e r s  shoxs very 

complex f i e l d  s t r u c t u r e .  I n  t h e  t h e o r e t i c a l  r ep resen ta t ion  of t h e  f i e l d  it 

i s  necessary t o  c a l c u l a t e  a  m u l t i p l i c i t y  of p o i n t s  i n  order  t o  be a b l e  t o  

review the  e n t i r e  field by i n t e r p o l a t i o n .  Moreover i t  i s  necessary t o  c a r r y  

on a sepa ra t e  c a l c u l a t i o n  f o r  each r a t i o  d/h (geometr ical  e longat ion t o  t h e  

wavelength).  S t enze l ,  t he re fo re ,  confined himself t o  a  number of s p e c i f i c  

examples. The g raph ica l  r e p r e s e n t a t i o n  of t h e  ca l cu la t ed  f i e l d s  i s  ca r r i ed  

ou t ,  a s  f o r  t h e  sound f i e l d  photograph, by means of curves  of constant  sound 
pressure  amplitude and equal phase i n  t h e  plane of t h e  emi t t e r ,  which i s  

de?ined by t h e  two e m i t t e r s  and the  f i e l d  p o i n t s .  Th i s  type of r ep resen ta t ion  



permits  d i r e c t  comparison between the  r e s u l t s  of t he  t h e o r e t i c a l  c a l c u l a t i o n  

and t h e  p r a c t i c a l  r e s u l t s  of measurement i n  the  forr;i of a  sound f i e l d  

photograph. 
For t h e  c a l c u l a t i o n  of t he  f i e l d  i t  was assumed by S tenze l  t h a t  t he  two 

e m i t t e r s  a r e  of ze ro th  o rde r ,  i . e .  t h e i r  dimensions a r e  small  compared wi th  

t h e  wavelength, and t h a t  the  d i s t a n c e  between t h e  two e m i t t e r s  d  = 2 h .  The 

d i f f e r e n c e  of i n i t i a l  phase between the  two e m i t t e r s  i s  denoted by Y ,  the  

r e l a t i o n s h i p  between t h e  two i n i t i a l  amplitudes by b .  

I n  t h e  p r a c t i c a l  execut ion of t h e  comparison two minia ture  magnetic e a r -  

phones, which beat  meet the  requirements ,  were employed a s  e m i t t e r s .  

So t h a t  t h e  sound f i e l d  photograph could be r e a d i l y  compared w i t h  t h e  

g raph ica l  r e p r e s e n t a t i o n ,  the  phase d i s t r i b u t i o n  and amplitude d i s t r i b u t i o n  

I n  t h e  f i e l d  were recorded s e p a r a t e l y .  A frequency of 6.8 kc was chosen f o r  

t h e  phase p i c t u r e s ,  while t h e  record ing  of t h e  sound-pressure amplitude was 

c a r r i e d  out  a t  f  = 3 . 4  kc.  Here, owing t o  t h e  l a r g e r  d i s t a n c e  between 

e m i t t e r s  ( d  = 2 h  = 20 cm) a  b e t t e r  r e s o l u t i o n  i s  obta ined ,  because owing t o  

t h e  i n t e r f e r e n c e  f i e l d  the  i s o b a r s  a r e  very c l o s e  t o  each o t h e r .  The en- 

larged segments were chosen so a s  t o  correspond approximately t o  the  s c a l e  of  

S t e n z e l l s  sound f i e l d  r e p r e s e n t a t i o n .  

The fol lowing case  i s  inves t iga t ed :  

Equal i n i t i a l  amplitude ( b  = l ) ,  same i n i t i a l  phase ( y  = 0 )  

Sound f i e l d  record of phase Figure 9 
Sound f i e l d  record of amplitude Figure 11 

For comparison: ( a f t e r  3 t e n z e l )  

Graphical r ep resen ta t ion  of phase Figure 10 

Graphical r ep resen ta t ion  of amplitude Figure 12 

)[hen we compare t h e  sound f i e l d  records  wi th  t h e  t h e o r e t i c a l l y  determined 

f i e l d  p a t t e r n s ,  good agreement i s  ob ta ined .  However, t h e  fol lowing p o i n t s  

must be borne i n  mind : 

S t e n z e l ' s  r ep resen ta t ions  of t he  l i n e s  of cons tan t  phase show curves 

s i t u a t e d  c l o s e r  t oge the r  than those of t h e  sound f1,eld r eco rds .  I n  t h e  

former case they a r e  drawn with an i n t e r v a l  of ~ / 4 ,  while i n  t h e  photo- 
graphs t h e  i n t e r v a l  i s  2a. There is a l s o  a  d i f f e r e n c e  i n  t h e  curves  of equal  

sound p res su re  amplitude.  In  the  photograph t h e  i n t e r v a l  between two l i n e s  

corresponds t o  a  sound l e v e l  d i f f e r e n c e  of 5 db, hence grada t ion  conforms t o  

a  logari thmic s c a l e .  S t enze l ,  however, shows a  l i n e a r  s c a l e .  Here t h e  

sound pressure  amplitudes 0.25 p ,  0 . 5  p, 0 .75 p, 1.0 p, 1 .5  p  and 2.0 p  a r e  

assigned t o  t h e  curves .  

It cannot be expected, of course,  t h a t  t h e  sound f i e l d  photographs w i l l  

be e n t i r e l y  similar t o  t h e  ca l cu la t ed  r e p r e s e n t a t i o n s ,  f o r  t h e  same 



dis turbances  (waviness of the  i s o b a r s )  must be expected t h a t  were d e a l t  with 
i n  t h e  preceding s e c t i o n .  

3 . 3 .  Inves t iga t ion  of a model b e l l  

3 -3  .l. In t roduct ion  

Having now d e a l t  w i t h  sound f i e l d s  t h a t  can e a s i l y  be grasped, o r  t h a t  
have a l ready been ca lcu la t ed ,  we now consider  an  emi t t e r  whose complete sound 

propagation condit ions have not ye t  been inves t iga ted ,  namely the  b e l l .  
People t a l k ,  of course,  about the  "tone1' of a  b e l l .  Frequency a n a l y s i s  

shows a  l i n e  spectrum: t h e  tone i e  made up of var ious  ind iv idua l  tones .  
Each indiv idual  tone of t h e  b e l l  i s  a  c e r t a i n  form of v ib ra t ion ,  and is thus  

assoc ia ted  with a  s p e c i f i c  sound f i e l d .  
The f i r s t  i nves t iga t ions  i n t o  t h e  v i b r a t i o n a l  behaviour of t h e  b e l l  

were made 100 years  ago by H .  v .  Helmholtz. I n  h i s  book "The theory of 
sound sensa t  ions" ('), which appeared i n  1862, he wrote: s he u ~ u a l  kinds of 
v i b r a t i o n s  (of t h e  b e l l )  a r e  those i n  which 4, 6, 8,  10 e t c .  nodal curves 
form which descend i n  equal i n t e r v a l s  from t h e  crown t o  t h e  rim.." 

v .  Helmholtz had a l ready recognized t h e  ex is tence  of nodal r i n g s :  "Other 

b e l l  v i b r a t i o n  forms a r e  a l s o  poss ib le ,  i n  which nodal c i r c l e s  form t h a t  a r e  
p a r a l l e l  t o  t h e  r i m ;  however, t hese  appear d i f f i c u l t  t o  produce and have not 
y e t  been inves t iga ted  . I '  

The o p t i c a l  sound f i e l d  r ep resen ta t ion  of a  model b e l l  i s  i n t e r e s t i n g  
from two p o i n t s  of view. I n  t h e  f i r s t  p lace  it g ives  information concerning 
t h e  composition of t h e  t o t a l  sound f i e l d  from t h e  f i e l d s  of t h e  ind iv idua l  
p a r t i a l  t ones .  Secondly, it is  gene ra l ly  poss ib le  without d i f f i c u l t y  t o  draw 
conclusions concerning the  v i b r a t i o n a l  behaviour of t h e  e m i t t e r .  The method 
usua l ly  employed h i t h e r t o  t o  i n v e s t i g a t e  t h e  ind iv idua l  v i b r a t i o n  forms was 
t h e  point-by-point scanning of the  b e l l  sur face  with v i b r a t i o n  pickups. 

3.3.2. The recording of t h e  sound f i e l d s  

Vhen s t ruck  with a  c lapper  a l l  i nd iv idua l  tones  of t h e  b e l l  a r e  exci ted 
simultaneously and continue sounding i n  accordance with t h e i r  damping. This  
manner of e x c i t a t i o n  i s  not s u i t a b l e  f o r  t h e  photographing of t h e  sound f i e l d .  
'Ae must be c e r t a i n  t h a t  t h e  sound f i e l d  magnitudes remain constant  f o r  t h e  
e n t i r e  recording t ime.  

The b e l l  was exci ted t o  s inuso ida l  v i b r a t i o n s  by means of an e l e c t r o -  
mechanical converter  (phonograph record c u t t i n g  system).  It was thus  
poss ib le  t o  e x c i t e  the  e s s e n t i a l  p a r t i a l  tones of the  b e l l  e f f e c t i v e l y .  These 
a r e  tones of the  following frequencies:  1 . 4  kc, 3.35 kc ,  3.7 kc,  4 . 7  kc, 
6 .0  kc, and 9 .0  kc .  



For each p a r t i a l  t one ,  t h r e e  recordo were made a s  fo l lows:  
1. i n  a  plane p a r a l l e l  t;o t h e  n x l s  of sym~netr-y of t h e  b e l l  ( s i d e  view of t h e  

b e l l ) *  ; 
2 .  and j .  i n  p lanes  perpendicu la r  t o  t h e  a x i s  of t h e  b e l l ,  one below t h e  

mouth of t h e  b e l l  ( looking  down) and t h e  o t h e r  above t h e  crown ( looking  

U P )  

I n  a l l  c a ses  t h e  d i s t a n c e  t o  t h e  ob jec t  of measurement was made a s  small 
a s  poss ib l e ,  s o  t h a t  from t h e  po in t  of view of t h e  observer  t h e  record ing  

plane i s  immediately behind t h e  b e l l .  

The model b e l l  has  a  diameter  of 177 rnm, a  he ight  of 142 mm and a  

weight of 3 .2  kg .  

3 . 3 . 3 .  Evaluat ion 

The eva lua t ions  with  r e spec t  t o  t h e  given form of v i b r a t i o n  a r e  c a r r i e d  

out  according t o  t h e  fo l lowing  scheme: 

The p l an  view of t h e  b e l l  from below g i v e s  an  idea  of t h e  p o s i t i o n  and 

number of nodal meridians .  These can be determined both from phase and 

amplitude r e c o r d s .  The f o l l o w i r g  i s  common t o  a l l  records :  i n  t h e  phase 

records ,  r a d i a l l y  disposed zones of phase d i s c o n t i n u i t y  can be recognized.  

They determine t h e  number and p o s i t i o n  of t h e  nodal meridians .  I n  t h e  reg ion  

of t h e  phase d i s c o n t i n u i t y  t h e  sound p re s su re  amplitude i s  0 ,  whi le  t h e  

maximum sound r a d i a t i o n  occurs  over  t h e  v i b r a t i o n  bulges .  The sound i soba r s ,  

t h e r e f o r e ,  y i e l d  a p a t t e r n  c i ~ a r a c t e r i z e d  by lobes  i n  a  s t e l l a r  arrangement.  

The number of lobes  and t h e i r  p o s i t i o n s  determi.ae t h e  v i b r a t i o n  bulges .  

F ig .  13 and F ig .  14  show examples of v i b r a t i o n  forms wi th  d i f f e r e n t  numbers 

of nodal mel7idians (4 ,6 ,  8 and 10) . 
The sound f i e l d  r eco rds  showing t h e  s i d e  of t h e  b e l l  y i e l d  informat ion 

on t h e  l a t e r a l  sound r a d i a t i o n ,  and t h u s  on t h e  ax is tence  of nodal r i n g s  

( ~ ' i g .  1 5 ) .  Here t h e  i n t e r p r e t a t i o n  i s  o f t e n  some-rrhat more d i f f i c u l t .  F i r s t  

it is necessary t o  r e a l i z e  once more t h a t  t h e  s e c t i o n a l  plane is  s i t u a t e d  be- 

hind t h e  b e l l ,  t h e  lobes  which t r a v e l  r a d i a l l y  outward from t h e  b e l l  a r e  

t h u s  sec t ioned .  

I n  gene ra l ,  t h e  sound r a d i a t i o n  is such t h a t  two main r eg ions  may be 

d i s t i n g u i s h e d .  These a r e  t h e  components which a r e  r ad i a t ed  by t h e  v i b r a t i n g  

wa l l  of t h e  b e l l  ( a )  outward and ( b )  inward (towards t h e  i n t e r i o r  of t h e  

b e l l ) .  I n  view of t h e  f i e l d  con f igu ra t ion  recorded i n  t h e  p lane  of t h e  

s e c t i o n ,  t hese  r eg ions  must be d i s t i n g u i s h e d .  The p a r t  of t h e  b e l l  nea re s t  

t o  t h e  scanning p lane  y i e l d s  t h e  outwardly r ad i a t ed  component of  t h e  sound f o r  

* Viewed from t h e  d i r e c t i o n  of t h e  p i c t u r e  of t h e  suspended b e l l .  



record ing  purposes .  Obviously it is i n  t h e  v i c i n i t y  of t h e  r a d i a t i n g  s u r f a c e .  

The oppos i te  p a r t  of t h e  vibrating b e l l  wal l  a l s o  c o n t r i b u t e s  t o  t h e  f i e l d  

c o n f i g ~ i r a t i o n  by reason of t h e  component which i s  r a d i a t e d  towards t h e  

i n t e r i o r  of t h e  b e l l .  The sound e n ~ i t t e d  from t h i s  p a r t  of t h e  b e l l  w i l l  be 

v i s i b l e  i n  t h e  right-hand p a r t  of t h e  r eco rds  of f r o n t  of t h e  mouth of t h e  

b e l l .  
For t h e  eva lua t ion  t h e  record originating from t h e  inwardly r a d i a t e d  

sound i s  of secondary importance.  The i n t e r e s t i n g  p a r t  of t h e  f i e l d  l i e s  

behind t h e  b e l l  and i s  i n  p a r t  concealed by i t .  However, i f  a  nodal r i n g  
e x i s t s ,  t h e  sound p re s su re  behind t h e  b e l l  must become 0 ,  i n  any event a long 

a  perpendicu la r  l i n e  ( ~ i g .  1 5 b ) .  I t  must be p o s s i b l e  t o  read t h i s  from t h e  

p o s i t i o n  of t h e  i s o b a r s  i n  a  p a r t  not masked by t h e  b e l l .  However, sound 

f i e l d  p i c t u r e  F ig .  15a i s  an  example of t h e  case  where no nodal r i n g  e x i s t s .  

Here t h e  phase p a t t e r n  does not  p l ay  so  important a  p a r t  a s  t h e  f i e l d  p i c t u r e 8  

i n  t h e  r a d i a l  plane.  The c o r r e l a t i o n ,  owing t o  t h e  d i f f e r e n t  d i s t a n c e s  

between t h e  s e c t i o n a l  p lanes  and t h e  r a d i a t i n g  p a r t s  of t h e  b e l l ,  is not  

alliays unequivocal.  

The ind iv idua l  r e s u l t s  t hus  obtained a r e  summarized i n  Table I V .  

Table  I V  g ives  a  review of t h e  nodes of t h e  b e l l  v i b r a t i o n s .  Nith 

i n c r e a s i n g  frequency a  b e l l  v i b r a t e s  wi th  an ever  g r e a t e r  number of sub- 

divided elements.  The subdiv is ion  i s  c a r r i e d  out according t o  c e r t a i n  laws 

by newly added nodal meridians  and r i n g s  (10-11) 

The very d i f f e r e n t  sound f i e l d  s t r u c t u r e  of t h e  i nd iv idua l  p a r t i a l  t ones  

emphasizes t he  known f a c t  t h a t  t o  t h e  e a r  t h e  b e l l  sounds "dead" whenever t h e  

b e l l  i t s e l f  does not move ( f o r  example, t h e  s t r i k i n g  of t h e  hour by church 

s t e e p l e  c l o c k s ) .  I n  t h i s  case  a  spectrum i s  of fe red  t o  t h e  e a r  of t h e  

observer  which v a r i e s  bu t  s l i g h t l y .  I f  t h e  b e l l  i s  t o l l e d ,  however, t h e  

p a r t i a l  tone composition changes continuouvly a t  t h e  o b s e r v e r ' s  e a r ,  owing 

t o  t he  f a c t  t h a t  because of t h e  sharp ly  d i f f e r e n t i a t e d  d i r e c t i o n a l  

c h a r a c t e r i s t i c s  t h e  i nd iv idua l  p a r t i a l  tones  swel l  and f ade .  This  makes t h e  

sound appear dynamic and a l i v e .  

3.4. The sound f i e l d  of a  c y l i n d r i c a l  p ipe  

The sound generated by a  hollow c y l i n d e r  when s t r u c k  i n  some r e spec t  

resembles t h a t  of a  b e l l .  I n  geometr ical  form a l s o  t h e r e  i s  a  r e l a t i o n s h i p  

between t h e  b e l l  and a s h o r t  p ipe  t h a t  Is closed a t  one end. I t  seems cbvious 

t h e r e f o r e ,  t h a t  s i m i l a r i t i e s  i n  t h e  a c o u s t i c a l  behaviour w i l l  be  found. 

The follovring i n v e s t i g a t i o n s  rlre intended t o  show t h a t  t h e  p r i n c i p a l  

forms of  v i b r a t i o n  of an open pipe a r e  a l s o  cha rac t e r i zed  by t h e  format ion of 

l o n g i t u d i n a l  nodal l i n e s  ( p a r a l l e l  t o  t h e  l ong l tud lnn l  ax i s  of t h e  p 1 . p ~ )  ?.nd 



nodal r i n g s  (yeryendlcular  t h e r e t o  a t  t h e  ci rcumference) .  
The sound emit1,er was a b r a s s  p lpe  with the  fol lowing dimenslona: 
Length 500 mrn, ou t s lde  diameter  90 mln, wal l  th ickness  5 mm. 

The p ipe  was suspended ho r i zon ta l ly  i n  two bands of r ibbon.  A s  wi th  t h e  b e l l ,  
t h e  v i b r a t i o n s  were excl ted with the  a id  of a c u t t i n g  system i n  such a way 

t h a t  v i b r a t i o n s  a r e  generated i n  t h e  r a d i a l  d i r e c t i o n .  !3hereas In t h e  b e l l  
t h a t  was i nves t iga t ed  t h e  number of nodal meridians vary between 4 and 10, 
only 0 o r  1 nodal r i n g  occurs .  For t h e  sound f i e l d  records  of t h e  p ipe  f r e -  
quencies were se lec ted  which a l s o  s h ~ ~  a  g r e a t e r  number of nodal r i ngs :  
1. f = 7549 cps, 6 long i tud ina l  nodal l i n e s ,  1 nodal r i n g  ( ~ l g u r e  1 6 a ) ;  

2 .  f  = 3743 cps, 6 long i tud ina l  nodal l i n e s ,  3 nodal r i n g s  ( ~ i g u r e  l 6 b ) ;  
3 .  f  = 4330 cps, 6 l ong i tud ina l  nodal l i n e s ,  6 nodal r i n g s  ( ~ i g u r e  1 6 c ) .  

The sound f i e l d  records  show these  condi t ions  very c l e a r l y  wi th  r e s p e c t  

t o  t h e  nodal r i n g s .  

3.5. Sound f i e l d  records  of a  v i o l i n  

F ina l ly ,  v:e present  sound f i e l d  r eco rds  of a v i o l i n .  Although t h e  r e -  
p re sen ta t ions  obtalned a r e  sca rce ly  s u i t a b l e  f o r  an e v a l u a t i o n , - t h e y  a r e  
i n t e r e s t i n g  f o r  purposes of comparison with t h e  sound f i e l d s  h i t h e r t o  shown. 
The v i o l i n  i s  d is t inguished  a s  a  sound e m i t t e r  from a l l  o t h e r  i nves t iga t ed  
types  of e m i t t e r ,  by shorving no e a s i l y  recognizable  r e g u l a r i t i e s  i n  i t s  

v i b r a t i o n a l  behaviour.  
Again, e x c i t a t i o n  was brought about wi th  the  a id  of a  phonograph record-  

c u t t i n g  system. The needle was loca ted  i n  a  small  ho le  i n  t h e  br idge  of t h e  
v i o l i n .  I n  t h i s  manner t h e  v i o l i n  can be exc i ted  t o  v i b r a t i o n  with s inuso ida l  

s t r e s s e s .  
The sound f i e l d  records  ( ~ i g .  17 )  show a  s i d e  view of t he  v i o l i n  

( ~ e i s t e r g e i g e  L .  Aschauer, Mittentjald, 1353) .  Figure 13  shows t h e  s e c t i o n  
through t h e  f i e l d  a t  t he  l e v e l  of t h e  b r idge .  

I n  F ig .  l 7 a  the  frequency i s  f  = 3400 cps .  I n  F i g .  17b and 18 f = 5300 
cps .  These values  lwere se l ec t ed  from the  frequency curves of t h e  v i o l l n ,  
which sho+is marked resonance a t  t hese  p o i n t s .  

I t  i s  seen from Fig .  18 t h a t  t h e  sound box v i b r a t e s  i n  counterphase i n  
t h e  p lane  of t h e  s e c t i o n .  'Phe s i d e  view records  show t h a t  t he  v i o l i n  v i b r a t e 8  
a s  an  e m i t t e r  of h igher  o rde r .  

Backhaus ( I2 )  and Eaclihaus and :ieymann ("I determined t h e  v i b r a t i o n  forms 
of t he  sound box f o r  var lous  f requencies  by scanning t h e  v i b r a t i n g  su r face .  
They found t h a t  a  good v i o l i n  v l b r a t e s  a s  an e m i t t e r  of second order  a t  low 
f requencies  ( f  200 cps )  and as one of ze ro th  o rde r  a t  an in te rmedia te  f r e -  
quency (about f = 270 c p s ) .  X i th in  inc reas ing  frequency t h e  sound box aga in  



becomes a n  e m l t t e r  of higher  o r d e r .  The p o s i t i o n  and number of nodal l i n e s  
vary r a d i c a l l y  wl th  t h e  frequency nrld a l s o  d l f f e r  on t h e  upper and lower 
s i d e  of t h e  sound box. 

From t h i s  an extremely complicated f i e l d  s t r u c t u r e  r e s u l t s ,  f o r  which 
t h e  sound f i e l d  r eco rds  a r e  intended t o  serve  a s  an example. 

3.6. T e s t s  i n  t h e  u l t r a s o n i c  reg ion  

Although t h e  appara tus  was not o r i g i n a l l y  intended f o r  f requencies  

above t h e  audib le  range, it never the less  could s t i l l  be used i n  t h e  u l t r a -  

sonic  reg ions  ( f  = 30 k c ) .  For t h i s  purpose it i s  only necessary t o  use a  
t h i n n e r  probe (4  mm d i ame te r ) .  An emitter, whose sound f i e l d  has  been recorded, 
was b u i l t  by P .  Bocker and uas used t o  genera te  ul t rasound of h igh  i n t e n s i t y  

i n  a i r .  The r e s u l t s  have a l r eady  been repor ted  ( 1 4 ) .  

The i n v e s t i g a t i o n s  were ca r r i ed  out  i n  t h e  Ascoust ics  Sec t ion  of t h e  
Physikalisch-Technische Bundesanstal t .  The au thor  wishes t o  thank Professor  
Dr. M. ~ r u t z m a c h e r ,  Chief Di rec tor  of t h e  Department, f o r  encouraging him t o  

do t h i s  work and f o r  con t inua l ly  helping with i t .  Thanks a r e  a l s o  due t o  
D r .  ';I. Kallenbach f o r  many va luable  d i scuss ions  and sugges t ions .  
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Table I 

Decrease of sound l e v e l  by  the l/r law 

Table I1 and Table 111 
see  

Pages 23 and 24 

Table I V  

O s c i l l a t i o n  forms of t h e  model b e l l  

I sobar 
No. 

1 

2 

3 
4 

5 
6 

Associated sound 
p res su re  
amplitude 

P 

*I 
1 - 7 3  P, 

3.16 p1 

5.6 P I 
10.0 pl 

17.8 P, 

Rela t lve  
sound 
l e v e l  

L 

db 

0 

5 
10 

15 
2 o 
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Fig. 1 

Ground plane of the experimental 
set-up in the photography room. Flg. 2 

Scanning apparatus 

Fig. 3 
Block diagram Fig. 4 

Oscillogram of the microphone 
voltage (above) and of the 

lamp current in phase 
representation (below). f = 4 kc 



Fig. 5 
Oscillogram of the microphone 
voltage (above) and of the 
lamp current in amplitude 

representation (below)-. f = 4 kc 
~ i g .  6 

Sound field of a spherical 
emitter. Phase representation. 

f = 3.4 kc 

Fig. 7 Fig. 8 
Sound field of a s2herical emitter. Sound field of a spherical emitter. 

Amplitude representation. Amplitude representation. 
f = 4 kc. d/h = 1/4.25 f = 4 kc. d/h = 1/14.2 

(d = diameter of emitter) (d = diameter of emitter) 



Fig.  9 Fig.  10 
Sound f i e l d  of two emi t t e r s .  Sound f i e l d  of two emi t te rs  i n  

Phase represe:ltation . graphica l  representa t ion .  
b = 1; y = 0 " ;  f  = 6.8 kc Curves of constant phase. 

b = 1; Y = 0 " .  ( ~ a k e n  from r e f .  3 )  

Fig .  11 Fig. 12 

Sound f i e l d  of two e m i t t e r s .  Sound f i e l d  of two emi t t e r s  i n  
Amplitude representa t ion .  graphica l  r ep resen ta t ion .  Curves of 
b = 1; !# = 0 ' ;  f = 3.4 kc constant  sound pressure amplitude. 

b = 1; I! = 0 " .  ( ~ a k e n  from r e f .  8) 



Fig. 13 

A model b e l l  exc i ted  with  
va r ious  n a t u r a l  v i b r a t i o n s .  

V i e w  from above. Combined phase 
and amplitude r e p r e s e n t a t i o n .  

Wequency of p a r t i a l  tones :  
a )  1 .4  kc ,  b )  3.35 kc,  c )  3.7 kc, 

d )  4.7 kc, e )  6.0 kc 



F i g .  14  

Aound f i e l d  of a  model b e l l .  View 
from above.  Phase r e p r e s e n t a t i o n .  

P a r t i a l  t ones :  9.0 kc 

Sound f i e l d  of a  model b e l l .  
Exc i ted  t o  v a r i o u s  n a t u r a l  v i b r a t i o n s .  

S ide  view. Combined phase and 
ampl i tude r e p r e s e n t a t i o n .  Frequency of 

p a r t i a l  t ones :  a )  3.35 kc,  b )  4.7 kc 



Fig .  17  
Sound f i e l d  of a v i o l i n  exc i ted  
wi th  s i n u s o i d a l  t o n e s .  Combined 

phase and amplitude r e p r e s e n t a t i o n .  
Side view. Exc i t a t i on  frequency: 

a )  3 .4  kc,  b )  5 .3  kc 

F ig .  16 

Sound f i e l d  of a  c y l i n d r i c a l  pipe 
exc i ted  t o  var ious  n a t u r a l  v i b r a t i o n s .  

Combined phase and amplitude 
r e p r e s e n t a t i o n .  Frequency of 

p a r t i a l  tones :  a  3.5 kc, b )  3 .7  kc, 
C )  1 . 9  kc 



Fig. 18 

Sound field of a violin. 
Combined phase and amplitude representation. 

Section through the field at the level 
of the bridge. Excitation frequency 5.3 kc 


