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AN h L E C T H O - b T r ’Ai . ' ICAL All r' .LQGUE

1 .  I n t r o d u c t i o n

A d i f f e r e n t i a l  i . n a l o f u e  w h i c h  c o u l a  r e p r e s e n t  l i n e a r  

e q u a t i o n s  w i t h  v a r i a b l e  c o e f f i c i e n t s  w a s  d i s c u s s e d  i n  my 

t h e s i s  f o r  tie a e . g r e e  o f  /.’. a s t e r  o f  s c i e n c e .  T h e  p r e s e n t ,  

d i s s e r t a t i o n  i s  c o n c e r n e d  w i t h  s e v e r a l  a d d i t i o n s  a n d  c h a r u c e s  

w h i c h  h a v e  b e e n  m a d e  s o  t h e  a p p a r a t u s .  I n  p a r t i c u l a r ,  i n ­

t e r e s t  c e n t e r s  a r o u n a  r e p r e s e n t i n g  d i f f e r e n t i a l  e q u a t i o n s  o f  

s y s t e m s  w i t h  n o n - l i n e a r  r e s t o r i n g  f o r c e s .  T h i s  c l a s s  o f  e -  

q u a t i o n s  c o n s i s t a  o f  s o m e  v e r y  i n t e r e s t i n g  e q u a t i o n s  w h i c h  

c a n n o t  b e  l i n e a r i z e d ,  o r .  i f  s o .  o n l y  f o r  v e r y  s m a l l  d i s ­

p l a c e m e n t s  .

By p r o p e r  s e l e c t i o n  i t  w a s  p o s s i o l o  t o  l i n o  e q u a t i o n s  

w h o s e  s o l u t i o n s  c a n  b e  a p p r o x i m a t e d  by a n a l y t i c a l  m e t h o d s .

I n  a d d i t i o n  t o  t h e s e ,  I  h a v e  s h o w n  a  f e w  s o l u t i o n s  o f  e q u a ­

t i o n s  w h i c h  h a v e  n o t  b e e r ,  s o l v e d  b y  a n a l y t i c a l  m e t h o d s .
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2 .  T h e o r y  o f  R e p r e s e n t i n g  M o n - l i n e a r  S p r i n t :  F o r c e s

A c o i l  s u s p e n d e d  s o  t h a t  i t  c a n  r o t a t e  f r e e l y  i n  a  u n i ­

f o r m  f i e l u  w i l l  a c t  a s  a p e n d u l u m .

J A
O' ^  va o ' oo

CD

f i n u r e  n o .  1

I f  H i s  k e p t  c o n s t a n t ,  t h e n  t h e  r e s t o r i n g  c o u p l e  k w i l l  

oe  p r o p o r t i o n a l  t o  the* c u r r e n t  i  i n  t h e  r o t a t i n g  c o l l  a n a  t o  

ti:e a i s p l u c e m e r i t .

h  k  i  s i n o  d k  i  ( 2 . 1 )
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k d e p e n d s  on  t h e  g e o m e t r y  a n d  n u m b e r  o f  t u r n s  o f  w i r e  on  

t h e  s m a l l  c o l l ®  R e p l a c e m e n t  o f  s i n  e  by o  i s  j u s t i f i e d  i f  

we s t a y  w i t h i n  a  maxi mum d i s p l a c e m e n t  l e s s  t h a n  s a y  15 • Now 

i f  i  i s  m a d e  a  f u n c t i o n  o f  © , t h e n  t h e  t o r q u e ,

M k i  ■ ' k  0  f ( e ) ,  1 =  i ' ( o )  ( 2 . 2 )

I n  o r d e r  t o  make  i  =  f  ( G ) a  p h o t o - i n t e g r a t i n g  s p h e r e  

i a  u s e d .  A s p h e r e  w i t h  a l i g h t - d i f f u s i n g  i n s i d e  s u r f a c e  h a s  

a  s m a l l  o p e n i n g  t h r p u g h  w h i c h  p a s s e s  a b e a m  o f  l i g h t  h a v i n g  

a  u n i f o r m  d e n s i t y  p e r  u n i t  a r e a .  A p h o t o - t u b e  s i g n a l  i s  

p l a c e d  so  t h a t  i t  p i c k s  u p  o n l y  i n d i r e c t  l i g h t .  The  s i g n a l  

f r o m  t h e  p h o t o - t u b e  i s  a m p l i f i e d  bo t h a t  c u r r e n t  f l e w s  w h i c h  

i s  p r o p o r t i o n a l  t o  t h e  a m o u n t  o f  l i g h t  f l u x  e n t e r i n g  t r . e  

s p h e r e .  The  o i ? e n i n g  c o n s i s t s  o f  a m o v e a b l e  s h u t t e r  so  t h a t  

t h e  a r e a  o f  l i g h t  w h i c h  e n t e r s  t h e  s p h e r e  c a n  be  c h a n g e d  w i p h  

d i s p l a c e m e n t .  The  p u r p o s e  o f  t h e  i n t e g r a t i n g  s p h e r e  i s  t o  e -  

l i m i n a t e  t h e  d i r e c t i o n a l  e f f e c t  o f  t h e  p h o t o - e l e c t r i c  c e l l  

w h i c h  r e c e i v e s  t h e  m a i n  De a n  o f  l i g h t .  The  d i r e c t i o n  f r o m  

w h i c h  a  b e a m  s t r i k e s  a  p h o t o c e l l  h a s  c o n s i d e r a b l e  e f f e c t  on  

t i n r s s i i ' o n s s  c

i i ^ u r e  no« ^
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Now i f  t h e  a b u t t e r  h a s  a n  o p e n i n g  c u t  i n t o  i t  w h i c h  i s  s h a r e d  

by t h e  e* a x i s  a n a  y  — f (  © ) ,  t h e n  t h e  q u a n t i t y  o f  l i g h t  

w h i c h  p a s s e s  t h r o u g h  t h e  o p e n i n g  i s  p r o p o r t i o n a l  t o  ( 0  ) - 

I f (  © ) d e  . h e n c e ,  i f  we w a n t  a s o r i n g  f o r c e  o f  k o  p ( o  ) ,

t h e  f i r s t  s t e p  i s  t o  d i f f e r e n t i a t e  p :- ( &  ) s o  t h a t  we h a v e  f ( 0  )

The s h u t t e r  t h e n  m u s t  h a v e  a  t o p  p e r i m e t e r  d e s c r i b e d  by f  ( © ) .  

S u p p o s e  we w a n t  t o  r e p r e s e n t

©  •+ v f ' ( © ) =  o ( 2 . 3 )

rOVn o i' A v» n +■ <-« + v\ ̂ r* 4- f i f /\ -h* \ f / f \ «-> 4 P-. +■
l i * * - 1 x .4. x w o  u u  p  u w  x c». u  v  * cv ' u u b  o i  -p  \ <•—' t  CJ >-/ u n b  U

0  h  k  e  (p{ & ) =  o , ( 9 ) 0  i t e ^ e )  ( 2 .  A)

As a n  e x a m p l e ,  s u p p o s e  we w a n t  t o  r e p r e s e n t

y  +  k 0'" =  0 ( 2 . 5 )

H e r e  vjr ( © )  i n  ( b ; )  i s  k «© — k © ( © ‘' } .  p )\  t? ) i n  ( 2 . 4 )

i s  © .

r (  © ) -  sL J l L ^ I -  h e 3 ( 2 . 6 )
d  ©

. ' /hen c u t t i n g  t h e  a c t u a l  c u r v e  on  t h e  s h u t t e r  we n e e d  

n o t  oe  c o n c e r n e d  w i t h  t h e  c o n s t a n t  4 s i n c e  we* c a n  c o n t r o l

+■ V"v /*\ » •« * r* *1 4 4- •* >-s ».■< X t r  /-v X V , .-S .. , K-s
u u -  io. i  i o a u i U i i  v u u u i  i..c; cut io «
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f i g u r e  n o .  3

F i g u r e  n o .  3 a b o v e  s h o w s  how t h e  n e g a t i v e  o f  t h e  s p r i n g ;  

' o r c e  v a r i e s  w i t h  t h e  d i s p l a c e m e n t •
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f i g u r e  n o .  4

F i r u r e  n o .  4 a b o v e  shows how (| ( © ) v-r'es with 

p l a c e m e n t . Of course, the current which flow? In the 

c i  H a t  ir.c'  c o i l  oust b e  p r o p o r t  ion.:-. 1 to <p- ( O  ) .  i c t u a  

t h e  c u r r e n t  must be of such a value that I t  will p r o d u  

n a g n e t i c  f i e l d  i n  the o s c i l l a t i n g  coll which, when a c t  

o n  by the u n i f o r m  f i e l d  i n  which i t  is located, p r o d u c  

t o r q u e  e q u a l  to k © ( p i o  ).

di s -  

o s -

l i y

a

od up  

o s  a
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T h e  s h u t t e r  'which,  g i v e s  a  n e g a t i v e  s p r i n g  f o r c e  o f  k o  

i s  s h o w n  i n  f i g u r e  n o .  3 . T h e  s h u t t e r  i s  p l a c e d  a t  t h e  

p o s i t i o n  s h o w n  w h e n  t h e  o s c i l l a t i n g  c o i l  i s  a t  i t s  p o s i t i o n  

o f  e q u i l i b r i u m .  T h e  u p n e r  p o r t i o n  o f  t h e  c u r v e  w h i c h  i n  t h i s  

c a s e  i s  p r o p o r t i o n a l  t o  eh1 i s  s u c h  t h a t  o n  a  24" x  3 i "  n e g a ­

t i v e  t h e  c l e a r  p o r t i o n  o f  t h e  s h u t t e r  c o n e s  t o  w i t h i n  a b o u t  

o f  e a c h  e d g e .  T h e  a m p l i f i e r  c o n t r o l  i 3  u s e d  t o  c o n t r o l  

t i i e  c o n s t a n t  o f  p r o p o r t i o n a l i t y °

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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3 -  A d d i t i o n s  f . ' ade t o  t h e  M a c h i n e  S i n c e  t h e  L a s t  P a c e r

T h e  b a s i c  p a r t s  o f  t h e  m a c h i n e  w e r e  d e s c r i b e d  i n  a  n r e -  

v i o u s  p a p e r .  u n l y  t h e  a d d i t i o n s  t o  t h e  a p n a r a t u s  w i l l  b e  

d e s c r i b e d  h e r e .  T h e  e n t i r e  a p n a r a t u s  h a s  b e e n  r e a r r a n g e d  s o  

t h a t  o p e r a t i o n  o f  t h e  m a c h i n e  c a n  b e  c o n t r o l l e d  f r o m  a  o o s i -  

t i o n  u i r e c t l y  i n  f r o n t  o f  t h e  c o i l s * .  An i n s t r u m e n t  n a n e l  

( p h o t o g r a p h  n o .  6 )  w a s  p l a c e d  t o  t h e  r i g h t  o f  t h e  o p e r a t o r  

w h e n  f a c i n g  t h e  c o i l s .  On t h e  p a n e l  t h e r e  i s  a  s w i t c h  f o r  

t h e  f o l l o w i n g :  s a f e  l i g h t s ;  r e c o r d i n g  l i g h t ;  t i m i n g  l i g h t ;

g a l v a n o m e t e r  r e c o r d i n g  l i g h t ;  l i g h t  f o r  i n t e g r a t i n g  s n h e r e s ;  

m o t o r  o n  r e c o r d i n g  d r u m ;  r o o m  l i g h t s ;  a c t u a t i n g  c u r r e n t  f o r  

s o l e n o l d - o l l - s w i t c h  f o r  l a r g e  c o i l s ;  r h e o s t a t  f o r  a d j u s t i n g  

t h e  s p e e d  o f  t h e  r o t a t i n g  d r u m ;  a n d  a  r h e o s t a t  a n d  a m m e t e r  

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

l a r g e  c o l l a r  I t  i s  n e c e s s a r y  f o r  t h e s e  t o  b e  p l a c e d  I n  a 
p o s i t i o n  a c c e s s i o l e  t o  t h e  o p e r a t o r  w h i l e  h e  i s  a d j u s t i n g  t h e  

p o s i t i o n  o f  t h e  m o v i n g  c o i l *  T h i s  c a n  b e  u n d e r s t o o d  w h e n  o n e  

r e a l i z e s  t h a t  a l l  o f  t h e  a b o v e  s w i t c h e s  m u s t  b e  o p e r a t e d  e a c h  

t i m e  a  r e c o r d  i s  made*.  S i n c e  a  r e c o r d  r e q u i r e s  a b o u t  o n l y  

o n e  m i n u t e  a f t e r  t h e  o a r e r  i s  p l a c e d  on  t h e  d r u m ,  o n e  c a n  s e e  

t h a t  e a s e  o f  o p e r a t i o n  i s  e s s e n t i a l  i f  c o n f u s i o n  v / i t h  t h e  I n ­

e v i t a b l e  r e s u l t i n g  m i s t a k e s  a r e  t o  b e  a v o i d e d o

T h e  p o i n t  s o u r c e s  o f  l i g h t  f o r  t h e  r e c o r d i n g ,  t h e  t i m i n g ,  

a n a  t h e  g a l v a n o m e t e r  n o w  a r e  a r r a n g e d  f o r  o p e r a t i o n  w i t h  A«C* 

T h e  b u l b s  a r e  8 - 1 0  v o l t *  a u t o m o b i l e  h e a d l i g h t  t y p e s *  T h e s e
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w e r e  c h a r . R e d  f r o m  D .  C .  t o  a v o i d  f l u c t u a t i o n s  i n  t h e  v o l t a R e  

w h i c h  o c c u r  w i t h  b a t t e r y  o p e r a t i o n , ,  T h e  v o l t a g e  r o w  i s  r e g u ­

l a t e d .  Dy r e d u c i n g  i t  by  a  s t e p - d o w n  t r a n s f o r m e r  t o  1 5  v o l t s  o. 

F u r t h e r  r e g u l a t i o n  i s  o b t a i n e d  o y  r h e o s t a t s  i n  t h e  o u t p u t  

s i d e  o f  t h e  t r a n s f o r m e r s . .  T h e s e  a r e  s h o w n  i n  p h o t o g r a p h  

n o .  6 ,  p a g e  2 0 0

A  s c a l e ,  s h o w n  i n  P h o t o g r a p h  n o .  1 ,  i s  f a s t e n e d  o n t o  

t h e  w a l l  s o  t h a t ,  t h e  n u m b e r  o f  d e g r e e s  o r  t h e  n u m o e r  o f  r a =  

d i a n s  c a n  b e  r e a d  d i r e c t l y .  R e a d i n g s  c a n  b e  m a d e  u n  t o  15°  

o n  e i t h e r  s i d e  o f  t h e  e q u i l i b r i u m  p o s i t i o n , ,  A p o i n t  s o u r c e  

p r o j e c t o r  a n d  l e n s  s y s t e m ,  p l a c e d  a s  s h o w n  i n  p h o t o g r a p h  n o , .

1 ,  i s  u s e d  t o  p r o j e c t  a  d o t .  o n  t h e  w a l l  b y  m e a n s  o f  a  m i r r o r  

a t t a c h e d  t o  t h e  s h a f t  o f  t h e  o s c i l l a t i n g  c o i l .  T h e  s c a l e  i s  

e s s e n t i a l  f o r  t h e  c a i i o r a t i o n  o f  t h e  s y s t e m  a n d  f o r  t h e  o p e r a -  

t o r ' s  u s e  i n  f i n d i n g  t h e  c o r r e c t  o r i g i n a l  d i s p l a c e m e n t  w h e n  

r u n n in g  p r o b l e m s  w i t h  f r e e  v i b r a t i o n s ,

An o i l  i m m e r s i o n  s o l e n o i d  s w i t c h  n o w  i s  u s e d  t o  t u r n  t h e  

c u r r e n t  o n  a n d  o f f  in.  t h e  c o i l  u s e d  t o  p r o d u c e  a  u n i f o r m  

f i e l d .  An o r d i n a r y  s w i t c h  w a s  n o t  s a t i s f a c t o r y  b e c a u s e  t h e  

s p a r k  c a u s e d  f o g g i n g  o f  t h e  p h o t o g r a p h i c  r e c o r d i n g  n a n e r «

When a n  i r o n  c o r e  i s  u s e d  i n  t h e  c o l l s ,  a n  o r d i n a r y  s w i t c h  

e v e n  f a i l s  t o  e x t i n g u i s h  i t s e l f .

T h e  g e a r  r a t i o  o f  t h e  r e c o r d i n g  d r u m  h a s  b e e n  c h a n c e d  

b y  r e p l a c i n g  c h a n g e  g e a r s  - w i t h  w o r n  g e a r s  s o  t h a t  t h e  t i m e  

o f  o n e  c o m p l e t e  r e v o l u t i o n  o c c u r s  i n  a b o u t  t h i r t y  s e c o n d s  

w h e n  t h e  d r i v i n g  m o t o r  i s  o p e r a t i n g  a t  f u l l  s p e e d .  S p e e d
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r e g u l a t i o n  o f  t h e  m o t o r  I s  i n c r e a s e d  t o  t h e  e x t e n t  t h a t  o n l y  

a l i g h t  v a r i a t i o n s  i n  m o t o r  s p e e d  o v e r  o n e  r e v o l u t i o n  c a n  b e  

d e t e c t e d . .

L e v e l i n g  s c r e w s  now a r e  l o c a t e d  u n d e r  e a c h  l e g  o f  t h e  

s u p p o r t i n g  t a b l e .  E x a c t  l e v e l i n g  o f  t h e  c o i l s  now I s  a c h i e v e d  

i n  a  s h o r t  t i m e .

A  r e c o r d  p r o c e s s i n g  s e c t i o n ,  s hown  i n  p h o t o g r a p h  n o .  3# 

i s  l o c a t e d  i n  o n e  c o r n e r  o f  t h e  r o o m .  An a e r i a l  f i l m  t y p e  

d e v e l o p i n g  u n i t  i s  i n s t a l l e d  a n d  a r r a n g e d  s o  t h a t  t h e  f i l m  

c a r r i e r  c a n  oe  l o a d e d  w h i l e  i t  i s  s i t t i n g  on  t h e  d r a i n  b o a r d ,  

l o c a t e d  a t  o n e  e n d  o f  t h e  t a b l e ,  a n d  t h e n  c a n  b e  p r o g r e s s i v e l y  

p l a c e d  i n t o  t h e  d e v e l o p i n g  t a n k ,  t h e  w a s h i n g  t a n k ,  t h e  f i x i n g  

b a t h ,  a n d  b a c k  i n t o  t h e  w a s h i n g  t a n k .  The  d e v e l o p e r  a n d  f i x ­

i n g  b a t h  r e s t  i n  a  g a l v a n i z e d  t r a y  i n t o  w h i c h  t h e  o v e r f l o w  

f r o m  t h e  w a s h i n g  b a t h  f l o w s . The  t r a y ,  i n  a d d i t i o n  t o  p r e ­

v e n t i n g  m a s s i n e s s ,  k e e p s  t h e  d e v e l o p e r  a n d  f i x e r  a t  a  c o n ­

s t a n t  t e m p e r a t u r e .

The  o s c i l l a t i n g  c o i l s  a r e  now c h a n g e d  t o  a  p a i r  o f  c o i l s ,  

e a c h  wound  o f  l pQO t u r n s  o f  n u m b e r  36 v a r n i s h e d  c o p p e r  w i r e .

A n e w t y p e  p r e s s e d  D r a s s  c o i l  h o l d e r  w a s  d e s i g n e d  so  t h a t  b e t ­

t e r  c e n t e r i n g  o f  t h e  c o i l s  c o u l d  be  a c h i e v e d .  The  l e a d s  now 

a r e  . 0 0 1 5  i n c h  t h i c k  g o l d  s t r i p s  i n s t e a d  o f  n u m b e r  4 0  c o p p e r  

w i r e .  A maxi mum a m o u n t  o f  c u r r e n t  no?/  c a n  b e  c a r r i e d  t o  t h e  

c o i l s  w i t h  a  m i n i mu m a m o u n t  o f  r e s t o r i n g  t o r q u e .  A l t h o u g h  

s o l d e r i n g  t h e  g o l d  l e a d s  o n t o  t h e  c o i l s  p r e s e n t s  some d i f f i ­

c u l t y ,  t h e  d u r a b i l i t y  o f  t h e  l e a d 3  i s  g o o d  d e s p i t e  t h e i r  f r a -
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R i l e  n  ci t u r e .

An i r o n  y o k e  w a s  c o n s t r u c t e d  bc  t h a t  t h e  u n i f o r m  f i e l d  

o f  t h e  l a r g e  c o i l s  c o u l d  be  i n c r e a s e d  i n  i n t e n s i t y .  T h e  y o k e  

i s  m a d e  f r o m  Armco M a g n e t i c  I n g o t  I r o n  3 i n c h  o u t s i d e  d i a m e ­

t e r .  The  d e s i g n ,  a s  3hown  i n  p h o t o g r a p h  r r o . 7 ,  i s  s u c h  a s  t o

o l  1 q w  0 C i » 0  T 3 i .S C 0 S  t o  t? 0  r 'S C iO V S C l *?Y i  t  **10IA t» d  i .  S t  lAT* D " t i l©

r e m a i n d e r  o f  t h e  a p p a r a t u s  i n  a ny  w a y .  No b o l t s  n e e d  b e  r e ­

m o v e d  i n  o r d e r  t o  r e m o v e  t h e  p o l e  n i e c e s .  When t h e  i r o n  i s  

i n  p l a c e ,  t h e  f i e l d  i 3  i n c r e a s e d  s e v e r a l  t i m e s .

I n  o r u e r  t o  r e p r e s e n t  n o n - l i n e a r  s p r i n g  f o r c e s ,  I t .  i s  

n e c e s s a r y  t o  u s e  some m e t h o d  o f  v a r y i n g  t h e  c u r r e n t  i n  t h e

1  n  r-i +  1  A r*  v \  "1 4  v i  O l  I f l -
t > L / i . i o  d o  ci 1  U n u o i O n  u i  U i o b i t t o c u b n o t  ,mo

T_w i p  S e c t i o n  2 .  a p h o t o i n t e g r s n h  c a n  b e  u s e d  t o  do  t h i s *

Two h e m i s p h e r e s  o f  s p u n  c o p p e r  a r e  f i t t e d  t o g e t h e r  t o  m a k e  a  

s o n e r e  i.S i n c h e s  i n  d i a m e t e r c  xn u n e  n o m i s m e r e  s u s p e n d e d  

f r o m  t h e  b a s e  o f  t h e  c o i l s  a n  o m e n i n g  i s  c u t  2 £  I n c h e s  w i d e  

a n d  1 0  I n c h e s  l o n g .  The  e d g e s  o f  t h e  o p e n i n g  a r e  c o v e r e d  b y  

b r a s s  s t r i p s  i n  w h i c h  s l o t s  1 / 1 6  i n c h  w i d e  a r e  m i l l e d . .  T h e s e  

p e r m i t  any  p a r t  o f  t h e  s l o t  t o  be  m a s k e d  o f f  by s l i d i n g  s t e n ­

c i l  b o a r d  i n  a n a  o u t  o f  t h e  s l o t s .  I n  m o s t  c a s e s  i t .  i s  f o u n d  

c o n v e n i e n t  t o  l e a v e  a n  o p e n i n g  2j- i n c h e s  by 2 j  i n c h e s  i n  t h e  

s p h e r e  f o r  t h e  s h u t t e r  t o  c o v e r .  Th e  i n s i d e  o f  t h e  s p h e r e  i s  

p a i n t e d  w i t h  a  c o a t i n g  o f  f l a t  z i n c  o x i d e  p a i n t .  W h i l e  t h e  

b i n d e r  i n  t h e  p a i n t  i s  s t i l l  t a c k y ,  m a g n e s i u m  o x i d e  I 3 d u s t e d  

o v e r  t h e  i n t e r i o r  30 t h a t  a  h i g h l y  r e f l e c t i v e  m a t t e  s u r f a c e  

i s  o b t a i n e d .  The  s p h e r e  i s  a t t a c h e d  t o  t h e  b o t t o m  o f  t h e
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a l u m i n u m  p l a t e  w h i c h  h o l d s  t h e  c o i l s  a t  s u c h  a  p o s i t i o n  t h a t

t h e  s h u t t e r ,  w h e n  f a s t e n e d  t o  t h e  s h a f t  o f  t h e  o s c i l l a t i n g

c o i l s ,  j u s t  m i s s e s  t h e  s p h e r e  a t  a l l  p o i n t s .  T h e  s h u t t e r  i s

m a d e  o f  e r a s e ,  b a l s a  w o o d ,  a n d  p h o t o g r a p h i c  f i l m .  T h e  a r m

a n d  c o l l a r  w h i c h  a r e  a t t a c h e d  t o  t h e  s h a f t  a r e  o f  b r a s s  * A 
*

c u r v e d  h o l d e r  m a d e  o f  b a l s a  w o o d  i s  a t  t h e  e n d  o f  t h e  b r a s s  

a r m .  T h e  n h o t o g r e n h i c  f i l m  i s  t h e n  a t t a c h e d  t o  t h e  b a l s a  

w o o d  h o l d e r .

Some  i n c r e a s e  i n  t h e  m o m e n t  o f  i n e r t i a  c a u s e d  oy  t h e  

s h u t t e r  i s  d e s i r a b l e .  H o w e v e r , i n  o r d e r  t o  k e e n  t h e  i n c r e a s e  

i n  t h e  m o m e n t  o f  i n e r t i a  f r o m  b e c o m i n g  e x c e s s i v e  t h e  b a l s a  

w o o d  i s  u s e d  i n  t h e  c o n s t r u c t i o n  t o  r e d u c e  t h e  m a s s  o f  t h e  

r o t a t i n g  n a r t s .

T h e  u n i f o r m  f l u x  f o r  t h e  i n t e g r a t i n g  s p h e r e  i s  f r o m  a  

a a z d a  l a m p  a t  a  d i s t a n c e  o f  a b o u t  t h r e e  f e e t  f r o m  t h e  s h u t t e r  

T h e  l a m p  i s  i n  a  l i g h t  t i g h t  b o x ,  s h o w n  i n  p h o t o g r a p h  n o .  1 .  

W i t h i n  t h e  b o x  t h e  l a m p  c a n  b e  m o v e d  f r o m  a  d i s t a n c e  o f  a b o u t  

t h r e e  f e e t  t o  a  d i s t a n c e  o f  a b o u t -  o n e  f o o t  s o  t h a t  t h e  i n t e n ­

s i t y  o f  t h e  l i g h t  b e a m  c a n  De v a r i e d  a s  n e e d e d .  T e s t s  s h o w  

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

o n e  f o o t  t o  t h e  i n t e g r a t i n g  s p h e r e . T h e  l i g h t  s o u r c e  a n d  t h e  

i n t e g r a t i n g  s p h e r e  a r e  e n c l o s e d  i n  a  l i g h t  t i g h t  e n c l o s u r e  

b e l o w  t h e  c o i l s .  On e i t h e r  s i d e  o f  t h e  l i g h t  t i g h t  b o x  a  

p a n e l  c a n  b e  r e m o v e d  t o  g a i n  a c c e s s  t o  t h e  s h u t t e r  a n a  s p h e r e  

a n d  t h e  e n d  o f  t h e  b o x  i n  w h i c h  t h e  s o u r c e  l i g h t  i s  l o c a t e d  

c o n  b e  r e m o v e d  t o  g a i n  a c c e s s  t o  t h e  m a z d a  l a m p .
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i n s i d e  t h e  s p h e r e  i s  l o c a t e d  a 9 1 9  l y r s  vacui i i a  m o t o — 

t u b e .  The  o r i e n t a t i o n  o f  t h e  t u b e  i s  s u c h  t h a t  n o  d i r e c t ,  

l i g h t  f a l l s  on  i t .  The  t a r g e t  f a c e s  t h e  t o p  o f  t h e  s p h e r e  

i n  s u c h  a  m a n n e r  t h a t  o n l y  a f t e r  m u l t i p l e  r e f l e c t i o n s  c a n  

a n y  l i g h t  r e u c h  t h e  t a r g e t .  T h i s  g u a r a n t e e s  t h a t  t h e  r e ­

s p o n s e  o f  t h e  p h o t o - c e l l  w i l l  d e n e n d  o n l y  on  t h e  q u a n t i t y  o f  

l i g h t  e n t e r i n g  t h e  s p h e r e .

The  r r o d u o t i o n  o f  t h e  f i l m  f o r  t h e  s h u t t e r  was  r e d u c e d  

t o  a  r o u t i n e  p r o c e d u r e  w h i c h  wa s  a s  f o l l o w s .  The  c u r v e  o f  

6 ( 0 } when 0  <p( €> ) i s  t h e  s o r i n g  f o r c e ,  1.3 f i r s t  d r a w n  on 

a  l a r g e  3 h e e t  o f  w h i t e  c a r d o o a r d  so  t h a t  t h e  b a s e  l i n e ,  o r

,------- *  -  j .  " i h  4  . - — I - - . - .  n  -   .  . . . .  j~  i _  _  ^  — j -  l -  4 .  4-
C 7 " a ; a U |  x ii ixuouu x*+ i n u i c a  lmu one; v c r o i C c i i  u .cuoi i  ct o uuo

maximum i s  a b o u t  1 0  i n c h e s .  A c u t o u t  o f  t h e  o p e n i n g  i s  t h e n

ma d e  w i t h  s h a r p  k n i v e s  t o  g i v e  a  s h a r p  e d g e  t o  t h e  c o n t o u r . .

A p h o t o g r a p h  o f  t h i s  i s  t a k e n  w i t h  a n  K a s t m a n  P r e c i s i o n  e n ­

l a r g e r .  The  c a m e r a  h e a d  i s  r u n  t o  t h e  e x t r e m e  t o n  o f  t h e  o n -  

l a r g e r  p o s t .  The  d i m e n s i o n s  o f  I d  i n c h e s  by 1 0  i n c h e s  f o r  

t h e  c u t o u t  a r e  c o r r e c t  t o  f i l l  t h e  n e g a t i v e  t o  w i t h i n  a  q u a r ­

t e r  o f  an  i n c h  m a r g i n .  B e n e a t h  t h e  c u t o u t  a n i e c e  o f  b l a c k  

v e l v e t  i s  p l a c e d  t o  p r o d u c e  t h e  maximum c o n t r a s t  b e t w e e n  t h e  

c u t o u t  a n a  t h e  c a r d b o a r d .  A t w o - s e c o n d  e x p o s u r e  a t  f - 2 2  on  

c o n t r a s t  p r o c e s s  f i l m  wa s  f o u n d  t o  g i v e  a n e g a t i v e  t r a n s p a r ­

e n t  e n o u g h  i n  t h e  s p a c e  u n d e r  the-  c u r v e  a n d  y e t  o p a q u e  a t  a l l  

o t h e r  p o i n t s .  The  n e g a t i v e s  . are d e v e l o p e d  t o g e t h e r  i n  p a i r s  

s o  t h a t  e a c h  h a s  e x a c t l y  t h e  sa me  d e v e l o p m e n t .

The b l o c k  w i r i n g  d i a g r a m  f o r  t h e  p h o t o - t u o e - , t h e  c o n t r o l

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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o o x ,  t h e  r e c o r d i n g  s t r i n g  g a i v n n o t . e t s r ,  lHc. u!lC D« u» a m p i - i — 

1 ' i e r  i s  d i a g r a m  n o .  1 .  The  n a x i L U E  a m o u n t  o f  c u r r e n t  u s e d  

w a s  a b o u t  2 ^  m i l l i a n p e r e s . o v e r  t h e  r a n g e  f r o m  n o  l i g h t  t o  

e n o u g h  l i g h t  i n  t h e  i n t e g r a t i n g  s p h e r e  t o  c a u s e  t h e  a m p l i f i e r  

t o  g i v e  a n  o u t p u t . o f  2p  m i l l i a n p e r e s  t h e  o u t p u t  wa s  f o u n u  t o  

D e  e s s e n t i a l l y  p r o p o r t i o n a l  t o  t h e  a m o u n t  o f  l i g h t  w h i c h  e n ­

t e r e d  t h e  s p h e r e .  F o r  a n y  g i v e n  c u r v e  a c o r r e c t e d  c u r v e  on 

t h e  s h u t t e r  c a n  a l w a y s  be  d r a w n  s o  t h a t  t h e  s p r i n g  f o r c e -  

d e f l e c t i o n  c u r v e s  a r e  w h a t  o n e  d e s i r e s .  (Then r e c o r d i n g ,  t h e  

i n p u t ,  a s  w e l l  a s  t h e  d i  s p i a c e n . e n t , i s  a l w a y s  r e c o r d e d .  I f  

t h e  i n p u t  f o r  a  g i v e n  d i  r e p l a c e m e n t  i s  n e t  c o r r e c t ,  a  s l i g h t  

a d j u s t m e n t  i n  t h e  s h u t t e r '  o p e n i n g  c a n  oe  made  t o  o r  i n s  t h e  

c u r r e n t  t o  t h e  c o r r e c t  v a l u e .  O v e r  t h e  r a n g e  u s e d  i n  t h e  

f o l l o w i n g  e x a m p l e s  n o  c o r r e c t i o n s  w o r e  n e e d e d .  O n l y  i n  e x ­

c e p t i o n a l  c a s e s ,  when l a r g e  c u r r e n t s  a r e  n e e a e u ,  w i l l  t h e r e  

e v e r  a r i s e  t h e  n e c e s s i t y  f o r  c o r r e c t i n g  t h e  c u r v e s  t o  b r i n g  

t h e  s p r i n g  f o r c e  t o  t h e  c o r r e c t  v a l u e .
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Photograph Ho. 1
a. housing for photo-in to grating t;* control for gain

sphere and light h. D. C. amplifier
b . drum i. point source for scale
c. recording string galvanometer J  • scale
d. safe light k. point source for gal­
e. control panel vanometer
f . point source for record point source for timing
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Photograph No. 2
&• pole piece e. drum
b. coil f. iron yoke
. scale mirror g« timing disc
• recording mirror h. point source for timing

Photograph No. 3
a. agitator for linagraph paper c. washing tank
b. developer d„ fixing bath
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Photograph No. 1*
a. shutter b. hemisphere c. removable back

Photograph No. 5>
a. matte coating inside sphere b. photo-cell
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Photograph No. 6
a. rheostat control for field coil
b. rheostat control for drum motor
c. ammeter for field coil
d. switch for light for photc—integrating sphere
e. milliammeter for calibrating recording g«ilvanometer
f. transformer for recording light system
g. rheostat for controlling intensity of recording light
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Photograph No. 8
a. E&straan precision enlarger used as a camera
b. white cardboard
c. black velvet

I

Photograph No. 9
a® balsa wood shutter
b. 2-l/U" * 3-tyV* film for mask
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4. Spring Forces and Damping

a. Spring Forces. There are two methods available for 
measuring the soring force produced by any given current In 
the colls. Load deflection curves could be determined by 
placing known amounts of current, through the coils and then 
measuring the torque necessary to displace to various valueB 
of displacemento Use of this method necessitates measuring 
the moment of Inertia of the moving system in addition to 
the spring force. A second method, requiring the measure­
ment of out one quantity, is used in this Daper» No measur­
ing devices other than those with which the analogue is e-
quipped are needed. This method consists of measuring the 
frequency of a free vibration for various values of current.- 

If we consider
J G  -t- k ©  -  0  ( 4 . 1 )

we see that we can divide the equation by J and write

G + k e  o ( 4 . 2 )
J

B u t  t h e  s p r i n g  c o n s t a n t ,  —, a s  now w r i t t e n  i s  LJ*. , when  cO^.
cl

i s  t h e  f r e q u e n c y  I n  r a d i a n s  p e r  s e c o n d  o f  a  f r e e  v i b r a t i o n .

I n  t h i s  d i s c u s s i o n  we a r e  i n t e r e s t e d  i n  a c o n s t a n t  c u r ­

r e n t  i n  t h e  f i e l d  c o i l  s o  t h a t  a  c o n s t a n t  f i e l d  w i l l  b e  m a i n ­

t a i n e d .  A v a l u e  o f  4 a m p e r e s  w i t h  t h e  l a r g e  c o i l s  i n  p l a c e  

wa s  s e l e c t e d .  w i t h  4 a m p e r e s  o f  c u r r e n t  i n  t h e  l a r g e  c o i l ,  

t h e  c u r r e n t  i n  t h e  o s c i l l a t i n g  c o i l  wa s  s e t  a t  s e v e r a l  v a l u e s  

a n d  a f r e e  o s c i l l a t i o n  wa s  r e  c o r d e d  o

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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p h o t o g r a p h  n o .  10

I n  p h o t o g r a n h  v . o 1 0  t h e  c u r v e  " s 11 I s  t h e  r e c o r d  o f  t h e

o s c i l l a t i n g  c o l l  w i t h  a  c u r r e n t  o f  15  m i l l l a m p e r e s .  L i n e  " b "
2_

i a  a  r o w  o f  t i m i n g  d o t s  a t  l / p O  s e c o n d  a p a r t .  Cdh f r o m  t h i s  

r e c o r d  i a  1 6 . 6 5  ( r a d i a n / s e c o n d ) .  L i n e  " c "  I s  a  r e c o r d  made  

w i t h  a e r o  c u r r e n t  i n  t h e  o s c i l l a t i n g  c o i l .  L i n e  " d "  I s  p r o ­

d u c e d  by t h e  r e c o r d i n g  g a l v a n o m e t e r  whe n  1 5  m i l l l a m p e r e s  f l o w .

Now we c a n  c o n v e r t  a n y  g i v e n  v a l u e  o f  c u r r e n t  i n t o  f o r c e  

f r o m  t h e  c u r v e .  S i n c e  i t  i s  a  s t r a i g h t  l i n e ,  we s e e  t h a t  

1 . 2 4  1 ,  w i t h  1 m e a s u r e d  l r i  m i l l l a m p e r e s .

b .  D a m p i n g . The d i s c u s s i o n  i n  t h i s  p a p e r  a s s u m e s  t h a t  

t h e  a m o u n t  o f  d a m p i n g  i s  v e r y  s m a l l .

F r om t h e  t h e o r y  o f  f r e e  v i b r a t i o n  i n  a  h a r m o n i c  o s c i l ­

l a t o r  w i t h  v i s c o u s  d a m p i n g  we know t h a t  t h e  e q u a t i o n

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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2. ^

+  c  ~ ~ ~  -+ - o ,  w h e n  -  n a t u r a l  a n g u l a r  I r e ­el t dt °
a u e n c y  a n d  c  -  c o e f f i c i e n t  o f  v i s c o u s  d a m n i n g ,  c a n  b e  r e w r i t -

j i g  d  o  -

t e n  a 3  I- u J 4  O z  0  w h e r e  h J ^ i s  t h e  n a t u r a l

f r e q u e n c y  o f  t h e  s y s t e m  a n d  b  i s  t h e  d a m n i n g  f a c t o r . T h e  

d a m p i n g  f a c t o r  b i s  t h e  r a t i o  o f  c  t o  w h e n  c cfl i s  t h e

c r i t i c a l  d a m p i n g .

j  , t h e  l o g  d e c r e m e n t ,  i s  a p p r o x i m a t e l y  t h e  l o g a r i t h m  

o f  t h e  r a t i o  o f  s u c c e s s i v e  p e a k s  o f  t h e  d a m n e d  r e c o r d .

I n  t e r m s  o f  b

A t y p i c a l  r e c o r d  g a v e  d a s  I n  1 . 1  o r  d  -  . 0 9 5  a n d  

ohg — 4.76  r a u i a n s  p e r  s e c o n a .

T h e n  . 0 9 5  ”  - n — ^ - r r - o r  b 7-  . 0 1 5

T h i s  v a l u e  o f  b i s  c o n s i d e r e d  w e l l  b e l o w  a v a l u e  o f  b 

t h a t  w o u l d  h a v e  t o  b e  c o n s i d e r e d  w h e n  s t u d y i n g  t h e  e f f e c t  o f  

n o n - l i n e a r i t y  i n  t h e  s p r i n g  f o r c e  o n  t h e  s o l u t i o n s  o f  d i f f e r ­

e n t i a l  e q u a t i o n s .

F i g u r e  n o .  7  s h o w s  a  g r a n h  o f  p l o t t e d  a g a i n s t  c u r ­

r e n t  i n  t h e  o s c i l l a t i n g  c o i l  w h e n  4  a m p e r e s  a r e  I n  t h e  l a r g e  

c o i l  p r o d u c i n g  t h e  u n i f o r m  m a g n e t i c  f i e l d .
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5* Sample Solutions

a. First let. us consider

+ kx3 - 0 (5*1)dt
an equation which has a periodic solution, the period of 
which c^n be found in terms of the amplitude.'*'

This equation can be written as

v  ^  =  0 ,  v  =  f r  ( 5 - 2 )dx dt
dv _ dv dx _  v dv 
ax ~ dx dt dx

Integrating, this becomes

D O . '

now a j j  x  — a, v — u ana, mertiorc,
lr ° ' •— * 'h = K ' D . * )

From (p.2) we see that the phase trajectory is symmetric 
with respect to the origin. Therefore, the period can be 
written as

p , L

T = 4 I — 4 dx
„  V Jo  /  2 h  -  I  X"

, / dx 4 j  2  I dx f r- r- s
- 4 /   ;---—   ( 5 o  )

2* ^  "p ^  ^ ^  A

how substitute in (5*4) x = a sin ©

^Stoker, J. J. Non-linear Vibrations In Kechanlcal and 
Electrical by stems. New York: Interscience Publishers, Inc 
1950. p. 21.
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T h e n

4 v 2
7 T "

4 . ~2

r  4  v 2
ci \ 1C

^ a co8 e do 
v ( a J - W ' ) '

_________a c o s  Q d o ____________ ______
/  ( a* +  a* s i iT  <3 ) (£? -  a*- s l r F S  Y

IZ
d o

1 + sin2-© ( 5 * 6 )

{̂£
Fr om t a b l e s  t h e  d e f i n i t e  i n t e g r a l  

f o u n d  t o  h a v e  t h e  v a l u e  o f  1 . 301- 

H e n c e ,

t  —

do
Vy 1 1 s i n " ©r is

-  1 - 3 0 1  x 4  f 2  1
, /"k ‘ a

( R , 7  )

r \ r> u jp  Vi o

T.
T,

a=
a, ( 5 . 8 )

a s  t h e  r e l a t i o n  b e t w e e n  t h e  n e r i o a  a n d  t h e  a m p l i t u d e ,

p h o t o g r a p h  n o .  11 
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P h o t o g r a p h  n o .  11  o f  a  p h o t o g r a p h i c  r e c o r d  f o r
d a O

- +  k ~  0 showB t h e  v a r i o u s  g r a p h s  f r o m  w h i c h  c a n  b e  

o b t a i n e d  t h e  s o l u t i o n  a n d  a c h e c k  on  t h e  i n p u t .  At  t h e  t o p  

o f  t h e  p h o t o g r a p h  we s e e  t h e  s e r i e a  o f  d o t s  w h i c h  a r e  p l a c e d  

t h e r e  by a  l i g h t  i n t e r c e p t e d  i n  s u c h  a  m a n n e r  a s  t o  make  t h e  

d o t s  l / 3 0  o f  a  s e c o n d  a p a r t .  The  b o t t o m  c u r v e  o n  t h e  p h o t o ­

g r a p h  i s  t h e  r e c o r d  o f  t h e  i n p u t  i n t o  t h e  s m a l l  c o i l ,  w h i l e  

t h e  c u r v e  j u s t  b e l o w  t h e  t i m i n g  d o t s  i s  t h e  d i s p l a c e m e n t  

r e c o r d  o f  t h e  c o i l .  We s e e ,  t h e r e f o r e ,  t h a t  a  p l o t  o f  d i s ­

p l a c e m e n t .  a g a i n s t ,  t i m e  a n d  a p l o t  o f  i n p u t  c u r r e n t  a g a i n s t

time are obtained on the Linagraph recording paper.
0

The  t h e o r y  f o r  n u r  'r k 0 J — 0  d e v e l o p e d  a t  t h e  b e g i n n i n g

o f  s e c t i o n  5 d o e s  n o t  t a k e  d a m p i n g  i n t o  a c c o u n t .  It c a n  b e  

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

w h e n  a  r e l a t i o n s h i p  b e t w e e n  t h e  p e r i o d  a n d  a m p l i t u d e  i s  s o u g h t .  

It w i l l  oe  a s s u m e d  h e r e  t h a t  o v e r  a  g i v e n  p e r i o d  i t  i s  p o s -  

s i D l e  t o  i g n o r e  t h e  d a m p i n g .  Now d e t e r m i n i n g  t h e  maximum am­

p l i t u d e  a ^  — f r o m  t h e  r e c o r d  a n d  t h e  c o r r e s p o n d i n g  f r e ­

q u e n c y  LjO^ , i t  f o l l o w s  f r o m  t h e  t h e o r y  t h a t  p l o t t e d  a -  

g a i n s t  w i l l  g i v e  a  s t r a i g h t  l i n e .  F r o m f i g u r e  n o .  8  we 

s e e  t h a t  " a "  p l o t t e d  a g a i n s t  i s  a s t r a i g h t  l i n e  a s  D r e -

d i c t e d  by t h e  t h e o r y .

The  m e t h o d  u s e d  t o  o b t a i n  t h e  t e r m  k ..7’' i n

+  W  =  0 ( 5 . 9 )
a t

i s  a s  1 o l i o w s .  Tn e  e q u a t i o n  c a n  b e  w r i t t e n
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~ | r  +  ( k  ) 0  -  0 ( 5 . 1 0 )

F r o m  t h e  t h e o r y  o f  t h e  a p p a r a t u s  I n  s e c t i o n  2 we know t h a t

t h e  c u r v e  o n  t h e  s h u t t e r  s h o u l d  b e  4  ( ® ~ 2k © . Th e  com­

p l e t e d  s h u t t e r  i s  s ho wn  i n  p h o t o g r a p h  n o .  9. The  c o n s t a n t  

k  i n  t h e  e q u a t i o n  c a n  b e  v a r i e d  by  c h a n g i n g  t h e  o u t p u t  o f  t h e

a m p l i f i e r .  A n e w  s h u t t e r  d o e s  n o t  h a v e  t o  be  p r o d u c e d  f o r

v a r i o u s  v a l u e s  o f  k .

On n a g e  32  a r e  t h r e e  g r a n h s  ' which s h o w t h e  n e g a t i v e  o f  

t h e  s p r i n g  f o r c e  n l o t t e d  a g a i n s t  d i s n l a c e m e n t , (j> ( O  ) &-

g a i n s t  d i s p l a c e m e n t  a n d  cp ( 0  ) a g a i n s t  d i s n l a c e m e n t .

b. Now consider f k , 0  - k 30 J 0, k, and k3 > 0,
ninotth.fi.t' 0 n i l o p  which ^p bxppossIop (fop f^roQUoncy os s.
function of time can be obtained.

I f  f o r  ”t t t *  ■*- k, x — xx x — 0 we w r i t e  v  -r~ -+■ k,  x  — x .. x  - 0 d t 2- d x  ‘ 3

we c a n  i n t e g r a t e  a n d  o b t a i n

P  +  H r  ~  7" p  ( 5 . 11)

At  x  ti: a , v - 0 ,  t h e r e f o r e

k, a z -  h  ( 5 . 1 2 )

T h e n ,  s i n c e  t h e  c u r v e  i n  t h e  p h a s e  p l a n e  i s  s y m m e t r i c  

w i t h  t h e  o r i g i n

T ■ 4 U i  =  4 I  .......................  ( 5 . 1 3 )
/  v  / I , 11 o k . r  >Jo -kv n  -  (k.  x  -  — w—;
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figure no. 9

figure n o • 10

figure no. 11
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S i n c e  a*1 i s  a r o o t  c f

h  -  ( a  2 +  0 O ( 5 - 1 4 )

we may w r i t e

h  -  (k,  x2- -  ^ T * )  =  -4?  ( a 2- -  x 1" ) Cdf" t  x* ) ( 5 * 1 5 )

and.

( - b  a2 ) — -oc . o r  -k^b2" = - k 2 i t  -r 2k< (5 « l 6)

Now i f  we l e t  x ^  a s i n ©  and e l i m i n a t e  b by ( 5 - 1 3 ) .

T =  4 sp z  f ^ r - r = ---- £ 0 - ......................   : ( 5 - 1 7 )
J /  2k, -  k . a 2 -  It-i a '' s in©

i l c u a t i o r  ( 5 - 1 4 )  can t h e n  be us ed  t o  c a l c u l a t e  t n e  n e r i o d  

f o r  s t iver  v a l u e s  o f  a ,  k, , and «

p h o t o g r a p h  n o .  12 

The  a b o v e  p h o t o p i r a n h  i s  a  r e c o r d  t a k e n  o f

I
= - ~ d -  +  ©  _  —  - o  r*~ — r  i f .  1 8 /

d  f 1  k .  k ,  6

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



On t h i s  r e c o r d  c u r v e  " a "  wa s  p r o d u c e d  by  t u r n i n g  t h e  

d r u m  o n e  c o m p l e t e  r e v o l u t i o n  w i t h  n o  c u r r e n t  f l o w i n g  i n  t h e  

c o i l .  C u r v e  " c "  1 b a  c u r v e  d r a w n  a t  t h e  De a k  c u r r e n t  f l o w ­

i n g .  T h i s  i s  t h e  c u r r e n t  f l o w i n g  a t  n o  d i s p l a c e m e n t .  C u r v e  

" o "  r e p r e s e n t s  t h e  a c t u a l  c u r r e n t  f l o w i n g  i n  t h e  c o i l  w h i l e  

o s c i l l a t i n g .  C u r v e  " d "  i s  t h e  d i s p l a c e m e n t  r e c o r d .  L i n e  o f  

d o t s  " e "  i s  t h e  t i m e  r e c o r d .  S i n c e  we h a v e  s i m u l t a n e o u s l y  

r e c o r d e d  t h e  c u r r e n t  i n p u t  a n d  t h e  d i s p l a c e m e n t ,  we c a n  c h e c k  

on  t h e  a c c u r a c y  o f  t h e  s n r i n g  f o r c e  a t  a n y  t i m e .

S p r i n g  f o r c e  i s  o b t a i n e d  i n  t h e  f o l l o w i n g  w a y .  S u p p o s e
V  . 1

t h a t  v/e w i s h  ^  t o  e q u a l  g .  A p l o t  o f  t h e  s p r i n g  f o r c e  i s  

s h o wn  i n  f i g u r e  n o .  1 2 .

-  FORCF -- 0  -  d  e 3 6 /  \
\

\

/  \
/ \

\ \
\
\/

/  \
i

V
\  /  \ /

i \

\  y\

0

f i g u r e  n o  „ 12
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Ilo ’A' we need.

©  c  h  C 0  )  - 0 ( 1 - 1 ^  ]  (5.19)
' o

The  f u n c t i o n  o f  f o r c e  g o e s  t o  z e r o  o v e r  \[S  r a d i a n s .  I n  

o r d e r  t o  r e p r e s e n t ,  t h i s  m o t i o n  on  t h e  a n a l o g u e ,  a  d i s p l a c e ­

m e n t  o f  o f  a  r a d i a n  w i l l  r e n r e s e r t  a  d i s p l a c e m e n t ,  o f

1 r a d i a n  i n  t.h e  o r i g i n a l  e q u a t i o n .

S u p p o s e  we r e p r e s e n t ,  t h e  e q u a t i o n

r- © k , 0  -  k . e '  or 0 ( 5 * 2 0 )

by t h e  e q u a t i o n

©  k ' © -  k > 3 -  o ,  e  = \rt r*- ‘ i 3 i *

The n

t i l /  ■ *_ .
d ~ - 4 - k , ^  -  A k , y  - 0  ( 5 . 2 2 )

Now,  i f

T  = / k ,  • t  ( 5 - 23 )

we h a v e

- > N i L L y 3 = Q  ( 5  - 2 4 )
d  T 1- k,  1

k 1S i n c e  we c h o s e  t o  h a v e  ~h- =  we w i l l  h a v e  a n  e f f e c t i v e

atX  ■ , - j r '  ~  ^  ~: , y  ( 5 . 2 1 )

i o n s t a n t  o f  /\  i  w hen i s  e q u a l  t o  t h e  r a t i o  o f  O  t o  4 '

\  wa s  c h o s e n  t o  e q u a l  [ 3 6 5  i 71 t h i s  p r o b l e m .  T h e r e f o r e ,

\  1  _  3 6 5  —  c r \  a  r .   _  . .■ ^  O ^ . O j u u i  c^uctb-Luri ID now

d^ ^  
d f 4 - + X  -  6 0 . 8  y  -  0 ( 5 . 2 5 )
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The spring force In terms of Is shown In figure no.

1 3 -

- S P R I N G  FORGE - V  - 6 0 . 8  V

figure no. 13
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(1 - 60.8 'p'2"); therefore, cjb ( ̂ ) is 
made up of two terms as illustrated in figure no. 14.

<b\

figure no. 14

Curve “a*1 in figure no. 14 represents unit force; curve 
"b" represents 60.8 vp i ; and curve "c" represents <ft ( ),
which is found by subtracting curve "b" from curve "a". In 
order to achieve this constant on the machine, the amplifier 
is adjusted to cause 19.8 milllamperes to flow in the oscil­
lating colls.- This means that k, =  23=8.

The shutter is a triangular shaped opening whose area 
increases with displacement squared or .

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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2. ,  L  

S i n c e  A 7— — 6 0 . 8 ,  A — 3 6 5  a n d  k, -  2 3 . 8 .  we h a v e
^  1

( \  k 3 ) =  6 0 . 8  x 23.8  =  1 4 5 0  ( 5 - 26 )

i  =  ( A1 k j  ) © J  -  1 . 2 4  =  1 4 5 0  x =  1 4 5 0  G j ; a  ( 5  . 2 7 )

1 . 2 4  — c o n v e r s i o n  f a c t o r  b e t w e e n  f o r c e  a n d  c u r r e n t

Nov? i f  a  v a l u e  o f  i s  c h o s e n  a n d  t h e  c o i l  i s  d i g -
«

p l a c e d  uy t h a t  a m o u n t ,  t h e  c o n t r o l  c&n b e  a d j u s t e d  s o  t h a t  

t h e  c o r r e c t  a m o u n t  o f  c u r r e n t  f l o w s .  A v a l u e  o f  o  “ . 0 6

r a u i a n a  w a s  c h o s e n .  T h e n  i -- 1 1 7 0  x ( . 0 6 )  =  1 1 7 0  x . 0036—

4 . 2 1  ..iA i s  t h e  v a l u e  o f  t h e  c u r r e n t  w h i c h  m u s t  o a s 3  t h r o u g h  

t h e  c o i l  a t  a  d i s p l a c e m e n t  o f  - 0 6  r a d i a n s .  To  b e  s u r e  t h a t *  

t h e  c o r r e c t  s e t t i n g s  n a v e  b e e n  c h o s e n  a  t r i a l  record c a n  b e

r u n  a n d  t h e  i n p u t  c h e c k e d  a g a i n s t  t h e  displacement .

On c a t t e  3 3  i s  p h o t o g r a p h  n o .  1 2  w h i c h  i s  t h e  r e c o r d

t a k e n  o f  -----1- ©  -  |  0 J o  o ,
a t r -  o

" a "  i s  a  l i n e  r e c o r d e d  w i t h  z e r o  c u r r e n t  t h r o u g h  t h e  

o s c i l l a t i n g  c o l l s .  " b "  i s  t h e  l i n e  p r o d u c e d  b y  t h e  r e c o r d ­

i n g  s t r i n g  g a l v a n o m e t e r  w h e n  t h e  r e c o r d  w a s  m a d e .  11 c '* i s  a n  

e n v e l o p e  o f  t h e  m a x i m u m  c u r r e n t s .  N o t i c e  t h i s  i s  a  s t r a i g h t  

l i n e .  T h e  d i s t a n c e  b e t w e e n  " a "  a n d  " c "  i s  p r o p o r t i o n a l  t o  

t h e  l i n e a r  f o r c e  t e r m  i n  t h e  d i f f e r e n t i a l  e q u a t i o n .  '’d ,! i s  

t h e  d i s p l a c e m e n t  c u r v e .  " e  " i s  t h e  l i n e  o f  t i m i n g  d o t s «

l 'h e  i o r m u l a  ( 3 . 1 7 )  f o r  c a l c u l a t i n g  v a l u e s  f o r  t. a t  v a r ­

i o u s  a m p l i t u d e s  a n d  t h e  p h o t o g r a p h i c  r e c o r d  f o r  f i n d i n g  t  f o r  

t h a t  a m p l i t u d e  h a v e  b e e n  u s e a  t o  p r e p a r e  t h e  t a b l e  o f  v a l u e s  

i n  t a b l e  n o .  1«
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u a o l l t u d e  

k a d i a n s

P e r i o d  P e r i o d  

F r o m  R e c o r d .  C a l c u l a t e d B i f f %  B i f f .

0 1 . 6 4 5 1 . 7 1 0  1 - 7 0 5 . 0 0 5 . 7 3 4

1 1 . 4 8 1 . 5 3 2  1 . 5 2 1 . 0 1 1 .  8 4 4

2 1 . 2 5 1 . 4 5 2  1 . 4 4 0 . 0 1 2 -  5  %

3 1 . 1 0 1 . 4 1 2  1 . 4 0 5 . 0 0 7 01 3 . 4

4 . 9 2 5 I • 3 7 3  1 • 3 7 5 . 0 0 2 0 U  t  7 j

5 •  7 7 5 1 . 3 4 0  1 . 3 3 9 .0 0 1 0  %

6 . 6 5 6 1 . 3 2 5  1 . 3 2 5 . 0 0 0 .  03,0

7 . 3 5 9 1 - 3 1 9  1 , 3 2 0 . 0 0 1 .0 0 4

t a b l e  n o .  1

c  -  N o w  c o n s i d e r 1 i l i o  © c 5u . c i . t i 0 n

a : C 
d t k

t -  k  ,  <— )  • + •  k f  ©  0 ,  , k  j  >  ° ( 5 . 2 8 )

T h i s e o u a t  i o n i s  s e l e c t e d  h e r e  b e c a u s e  i t  C a n  b e s o l v e a  o y

s e v e r a l  m e t h o d s  f o r  a p p r o x i m a t e  r e l a t i o n s h i p s  b e t w e e n  a n v n l i -

t u d e
k -  1  

a n d  f r e q u e n c y  w h e n  ^  i s  s m a l l "  a n d a  c o n s i d e r a b l e  a -

m o u n t o f  d a t a i s  a v a i l a b l e  f o r  c a s e s  i n w h i c h  1 ^ -  

'4
2

i s  l a r p i e  .

S u p p o s e  w e  f i r s t  m a k e  t h e  t r a n s f o r m a t i o n  " P —  v ; k ,  t ,  o n

e q u a t i o n  ( 5 . 2 8 ) .  T h e n  w e  h a v e

a

d
p2 ^ © ~ h u e  =  0 , ( 5 . 2 9 )

U a i r a  t h e m e t h o d  o f  s l o w l y  v a r y i n g p a r a m e t e r s  o f  K r y l o f t

c l  — c l  Bo^roXln'oori ' ,  W 0  0 3 * 1  s l ' i O w  t . - h i s . ' t ;  criven  t h e  © n u ^ t i o n

h v l i n o r s k y , I i . I n f . r o d u c t l o n  t o  N o n - l i n e a r  M e c h a n i c s . Ann 
A r b o r :  J .  W. E d w a r d s  Go'i", 1 9 4 ? « p . 1 9 0 .  

~ L u d e k e ,  (J. A.  J o u r n a l  o f  s p o i l e d  P h y s i c s , V o l .  2 0 ,  No .  6 
p .p . 6 0 0 -6 0 7 >  J u n e ,  1 9 4 9 ;  Vo 1 . •  ,Mo.  p p .  6 9 4 - 6 9 9 ,  J u l y ,  1 9 4 9
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X +  ca..1'; ;  -f ^  f ( x , x )  — 0 ( 5 ♦ )

t o  t h e  f i r a t  a p p r o x i m a t i o n  w hen u  i s  s n a i l ,

x  -  a  s i n  vp ( 5  0 1 )

w i t h  " a "  c o n  s i d e  r e u  a  v a r i a b l e  R i v e n  by t h e  d i f f e r e n t i a l  e -  

q u a t i o n
r x ] ^  y

f[-jr ~  ~  I f ( a  a i n ^  , a  a j  c o s  ^  ) c c s  dp'  -  g> ( a ) ( 5 0 2 )

a n a  " t p  " c o n s i d e r e d ,  a  v a r i a b l e  g i v e n  by t h e  d i f f e r e n t i a l  li­

q u a t i o n

j f  ( a  s i n  (J) , a  u> c o s  | )  s i n  </> d p  -  A ( a ) ( 5 « 3 3 )
/'I I

O h   1_
a t  a  ;-o 2 i/'

‘-'V . i
f ( a  s i n  p; , a  c o a  <p ) ~  f ( x , x )  w i t h  x r e p l a c e d  by a  s i n  cp a n d  

x oy a  O  c o s  4> .

N o w  i f  we c o n s i d e r  e q u a t i o n s  i n  w h i c h  t h e  d a m p i n g  c a n  

b e  i g n o r e d ,  a s

x  ■+ lOz x  -h *  f i x )  ~  0  ( 5  • 3^-)

we h a v e  f o r  e q u a t i o n  ( 5 - 5 2 )
. •XVT'

f  ( a  s i n  cj)) c o s ij? df t  ~  “ 2~~rf~ (A~ ' f ^a s i n  4, ) c o s i t  d</'- ( 5 - 3 5 )

a n a  f o r  e q u a t i o n  ( 5 o 3 )

• h  ^  f i i r
L j  +  o T T t   /  f  (  a  s i n  <f > )  s i n  5 '  a  6  (  5 O b  )

a t ,  c .  \ \  3 .  La . )  / i t 1

°S i n c e
r 2^  i ; i
/  f ( a  s i n  ) c o s h  d p  -  -  ^  ( a  s i n  A  )  —  0  ( 5 - 3 7 )

w e  s e e  t h a t  t h e  a m p l i t u d e  d o e s  n o t  c h a n g e  w i t h  t i m e  i n  t h e

s o l u t i o n  -

F r o m  ( 3 - 5 3 )  i t  f o l l o w s  t h a t  t h e  s o l u t i o n  h a s  t h e  f o r m

\ £ r  ~ n  ( a )  t. F vP o  ( 5 - 3 8 )
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S q u a r i n g  ( 3 * 3 3 )  ar id n e g l e c t  i n f '  t i e  t e r m  o f  t h e  s e c o n d  

o r a u r  i n  / a  , o n e  h a s

r t  ( a ) — u J ^  +  J  f ( a  s i n  </> )sin<£> d^> ( 5 * 3 9 )

Now u s i n g  t h i s  e q u a t i o n  t o  f i n d  an  a p p r o x i m a t e  r e l a t i o n  

oe f . we en  f r e q u e n c y  a n d  a m p l i t u d e  f o r  t h e  e q u a t i o n  u n d e r  c o n ­

s i d e r a t i o n ,  we f i n e  t h a t

a  — i i * ^  /  f~ /, \
h te  T  /-■ — U \ u e-r> - J

a  v z
3U s i n g  ( 5 * 3 9 )  when f ( a  s i n  c£ ) —. a J s i n  cp a n d  u d

w e  n a v e

/.pff s
- £ T ( a ) -  1 f  j z t  I a3 3 i r 5  -,p d  / 1 h s i n ^  a<

Jo

~  1 h ~ § - l  • I f i  l + i  * a 2 ( 5 - 4 1  )
7 r

I t  c a n  he  s h o wn  by m e t h o d s  o f  h i g h e r  a p p r o x i m a t i o n  t h a t  

T/ i ( a )  -  1 +  |  ^  a2 - r  ^  a 7 ( 5 * 4 2 )

iie s h o u l d  k e e p  i n  m i n d  t h a t  t h e  a b o v e  d e v e l o p m e n t ,  wa s  

f o r  u  a1 s a i a l l .  I f  ^  a1- I s  l a r g e ,  t h e n  we w i l l  r e s o r t  t o  

a  c o m p a r i s o n  o f  o u r  r e s u l t s  w i t h  t h o s e  o b t a i n e d  by  D r .  L u d e k e  

on  a d i f f e r e n t  t y r e  o f  a n a l o g u e .

A Plot o f  t h e  s p r i n g  f o r c e  w i t h  d i s o l a c e u i e n t  i s  r i v s n  

i n  f i g u r e  n o s 1 5 °
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-  FORCE = © +/CQ

f i g u r e  n o .  15

F o r  o u r  r e p r e s e n t a t i o n  i t  i s  t h e n  n e c e s s a r y  t o  w r i t e  

© < ^ > ( © ) =  © ( 1  4 - /*  Q 3 ) .  < j >( 0 )  i s  t h e n  m a d e  u p  o f  t wo
3 2

p a r t s ,  a  c o n s t a n t  n l u s  ^  Q  .  &  c a n  be  r e p r e s e n t e d  by

r \  i t v t >1 r» v i 4- < /-w V> o n  n  n  +  V » o  a / ^ U O  V» O  O  "F* t  Vi O  H 1 B T ^ I O n p l T l P n t ,  acx  W  W* A .  A O i J U  T U 1 X  O i l  » C \ X  -A. LJ C 4 L J  V  AA W  W  W k U A  w  -»■ w - . w  —  ------- —  -  -  ■ -

As i n  s e c t i o n  5 * 2 ,  we u s e  t r i a n g u l a r  o p e n i n g s  i n  t h e  s h u t ­

t e r ,  b u t  t h i s  t i m e  t h e  a m p l i f i e r  i s  a d j u s t e d  s o  t h a t  a  c o n -
2_

s t a n t  c u r r e n t  f l o w s  a n d  a  c u r r e n t  p r o p o r t i o n a l  t o  &  i s  

a d d e d  t o  i t .
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i h o t o r r a p h  n o .  1 3  i s  a r e c o r d  o f  0  ~F ©  ■+“ o,

A / y y  v a / v/  v w  v y ^ v

n h o t , o crrr>r 'h n o -  I t

L i n e  " a "  w a s  r e c o r d e d  by r u n n i n g ;  t h e  d r u m  o n e  c o m r l e t e  

r e v o l u t i o n  w i t h  n o  c u r r e n t  f l o w i n g  i n  t h e  s m a l l  c o i l s .  '’b*1 

i s  t h e  r e c o r d  o f  t h e  g a l v a n o m e t e r  w h i l e  t h e  r e c o r d  wa s  m a d s . 

" c "  i s  a  l i n e  d r a w n  s o  t h a t  i t  t o u c h e s  t h e  b o t t o m  o f  t h e

i O O D S  O f  0
I! HCl 1 t h e  s o l u t i o n  w i t h  r e a r e c t  t o  t i m e ,

" e "  i s  a l i n e  o f  t i m i n g  d o t s .  On t h e  r h o t o g r a r h  we s e e  t h a t  

t h e  c u r r e n t  r e p r e s e n t e d  by t h e  g a l v a n o m e t e r  d i s p l a c e m e n t  b e ­

t w e e n  5!a !i -ana “ o"  i s  a c o n s t a n t  a n d  t h a t  t h e  v a r i a b l e  c u r ­

r e n t  i s  s u p e r i m p o s e d  o n t o  t h e  c o n s t a n t  c u r r e n t .

f i g u r e  n o .  16  s h o w s  a  p l o t  o f  af- w i t h up ) No t  i c e

t h a t  t h e  p l o t  i s  a  s t r a i g h t  l i n e  d e s p i t e  t h e  v a l u e  o f  M  -  

8 9  • 9 .
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a .  Consider^-

^  ,y( l  -  y 7 ) -  0 ( 5 »43 )

The Lane-Emden e q u a t io n

3 T -  +  T 3 t "  +  e " =  °  ( 5 ' 4 4 )

a r i s e s  f r o m  a  s t u d y  o f  g r a v i t a t i o n a l  e q u i l i b r i u m  o f  a  g a s ­

e o u s  c o n f i g u r a t i o n  i n  s t e l l a r  s p a c e .  The s u b s t i t u t i o n

-=------  no “ X2" t r a n s f o r m s  t h e  e q u a t i o n  t o
a t  d x

x* —  -4- 0  ~  0  ( 5 ° 45  )

I f  — 5» t h e  e q u a t i o n  i s  i n t e g r a b l e .  S u b s t i t u t i n g

v s \r I n t o  ( ^ 1 «1 v p o
_  ^  s  -------------- ----  * ^

, d a v d v  l . _
x ‘ x  d x  “  £  y v 1 “  y ’ ; -  u

W i t h  x r:  e""", ( 5 * 4 6 )  b e c o m e s

— ^r -  r  y ( l  -  v 4 ) -  0  ( 5 - 4 7 )
d t e e  J

I f  we w r i t e  ( 5 * 4 7 )  a s

v  —  a i  y ( l  -  y 1' )  ( 5 • 48  )
a y  4  J

we c a n  I n t e g r a t e  a n d  g e t

v ^ J - y ' d  -  -J y* ) +  2 A ( 5 - 4 9  )
4 3

I f  we u s e  t h e  i n i t i a l  c o n d i t i o n s  y r  v  ;  0„ w h i c h  a r e

d cL ach lan 9 M* Yf. Ord inary  N o n - l in e a r  D i f f e r e n t i a l  Equat ions  
in  E n g in ee r in g  and P h y s i c a l  S c i e n c e s * Oxford; Clarendon 
P r e s s ,  1950, p. 23»
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u s e f u l  i n  t h e  L a n e - l i n d e n  e q u a t i o n

v -  ^ r  — — y( i  -  ^  y* )r' (5»50)

I f  we c h o o s e  t h e  n e g a t i v e  s i « n  i n  ( 5 * 5 0 ) ,  t h e n

t  =  - 2  I —------ ----------------  -(- B' ( 5 . 5 1 )
J  y d  -  \  y*' )*

lia k in p ; t h e  s u b s t i t u t i o n  s i n ^  w = ^  y 1*

o r

t  =  -  I -----1- B' =  - I n  t a n  i w -+- b '  ( F . S 2 )
j  Sill SI ^ ,

t .a n  ~  w — 3 e ^  ( 5 - 53 )

S i n c e

4 t a n 2" ~ w
s i n *  v; =   -------------------   7 =  ~  y H ( 5 * 5 4 )

( i  +  t a r h  i  wj "
C .

n nw2 ~2X
y -  ■, .T (5*55)(1  r  r n  e - t:/‘

The  r e c o r d ,  show n  i n  o h o t o y r a o h  n o .  1 4  s h o w s  t h e  r e c o r d  

o f  a i s o l a c e r i e n t  a n d  c u r r e n t . The r e c o r d  w a s  r .n d e  by r e l e a s ­

i n g  t h e  m o v i n g  c o l l  a t  0 a n d  a l l o w i n g  i t  t o  c o v e  awa y  f r o m  

i t s  o o i n t  o f  u n s t a o l e  e q u i  l i o r i u n  a t  y 0 . L i r .e  " a ” i s  t h e  

l i n e  o f  z e r o  c u r r e n t .  C u r v e  " b "  i s  a o r a r h  o f  t h e  c u r r e n t  

w h i c i i  f l o w e d  d u r i n r  t h e  r e c o r d .  C u r v e  " c "  i s  t h e  c i i s p i a c e -  

!/ien t c u r v e . The l i n e  o f  d o t s  **d" i n d i c a t e s  t i m i n g .  C u r v e  

" c ” i s  t h e  r e c o r d  a s  y i v e n  oy t h e  m a c h i n e , a n d  t h e  c r o s s e s  

a r e  n o i n t a  c a l c u l a t e d  f r o m  e q u a t i o n  ( 5*55)
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/

m o t o g r a p n  n u .  J.-+

dV  > .• % V-. ,  •. r-« 4- »-> v> -r-i « • "f' /"> >•» 4 <"»
X i i O  X O O U v / i . X i l f -  i  L >1 O O  X  O

v> v i o  n  .-\>n +■ o  r l r*i 4* Vs o  o r n ^ r ' o t l t C  V  Vi  ^ 0 ^ - 1 .  O *. A ^  . — J'

s e t t i n g  t h e  a m p l i f i e r  i n  Buch  a  way t h a t  a  c o n s t a n t  c u r r e n t  

i s  d i r e c t e d ,  s o  t h a t  t r i e  o s c i l l a t i n g  c o i l  i s  d r i v e n  a wa y  f r o m  

i t s  c e n t e r  p o s i t i o n  a n d  t h e n  a  m a s k  w i t h  f ( y )  =  }ri  i s  u s e d  

t o  d e n e r a t e  a c u r r e n t  i n  t h e  o p n o s i t e  d i r e c t i o n .

i

I
i

f i g u r e  n o .  1 7
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4 8

Below i s  a f i g u r e  showing the  c u r r e n t s  in  th e  o s c i l l a t ­

i n g  c o i l .

f i g u r e  n o .  18

.Then "a" i s  auaed to  "b" a c u r r e n t  p r o p o r t i o n a l  to  

k, -  k, ,y4 i s  th e  r e s u l t .  When t h i s  i s  m u l t i p l i e d  b y y ,  we 

have y(k, -  kvyv .) as  th e  s p r in g  f o r c e .
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4Q

k ,  x 3 _ ^ x  >  0
k 3 x 3 = 0 —  ( 5 . 5 6 )

( e )  L o t  u s  c o n s i d e r  t h e  e q u a t i o n  

x  t  k,  x  + J

T h a t  i s ,  wh e n  x  i s  p o s i t i v e  x* +  k, x +  k 3 x 3 =  0  i s  t h e  d i f f e r ­

e n t i a l  e q u a t i o n  g o v e r n i n g  t h e  m o t i o n ,  a n d  w hen  x i s  n e g a t i v e  

x*-t k,  x -f k3 x3 =  0  i s  t h e  d i f f e r e n t i a l  e q u a t i o n  g o v e r n i n g  

t h e  m o t i o n .  T h i s  c a n  be  a c h i e v e d  by s e t t i n g  t h e  a m p l i f i e r  

t o  d e l i v e r  a  c o n s t a n t  c u r r e n t  p l u s  t h e  c u r r e n t  g e n e r a t e d  by 

u s i n g  a  m a s k  w i t h  t w o  t r i a n g u l a r  o p e n i n g s  b u t  w i t h  d i f f e r e n t  

s l o p e s  a s  show n  i n  f i g u r e  n o .  1 9 .

bj

f i g u r e  n o .  19

I n  t h e  e x a m p l e  sh o w n  i n  p h o t o g r a p h  n o .  15  t h e  v a l u e  o f  

k, u: 1 5 . 5 ,  k 3 =  7 5 5 ,  a n d  k 3 =  2 7 5 .  I n  t h e  p h o t o g r a p h  ”a H i s  

t h e  z e r o  c u r r e n t  l i n e ;  " b "  i s  t h e  r e c o r d i n g  o f  t h e  g a l v a n ­

o m e t e r  w h i l e  t h e  r e c o r d  wa s  b e i n g  r u n ;  " c "  i s  t h e  d i s p l a c e ­

m e n t  c u r v e ;  a n d  ’’cl" I s  t h e  l i n e  o f  t i m i n g  d o t s .
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V /

p n o tog rao n  no.

In p h o t o g r a p h  n o .  16  i s  a s i m i l a r  e x a m n l e .  H e r e  t h e

s  H ri i t  i n r .  o 1 1 t m ^  .-W •? 4 o  "I ^  . sv. > \ 0  V-, r s  __^ . L v - i i u i  i  ^  v « x  Z j - c J a O  u x o u j . a u u u . c i  1 u  } 9 a.  0  b n  v*/ »v.- ■ u u  cf»u*®

p h a s lz e  the  f a c t  t h a t  t h e  d i sp lac em e n t  curve i s  not. sym­

m e t r i c a l .  "a" i s  z e ro  c u r r e n t  l i n e ;  "b" 1b the  r e c o r d  of 

c u r r e n t  whi le  the  r e c o r d  was being  run;  " c ,! i s  the  d isp lace*

c e n t  c u r v e ;  a n d  e ' i s  a l i n e  o f  t i m i n g  d o t s ,  

i  s

The e q u a t io n

X 4 - 1 . 1 - -b j i s S i x 3! 
1 174-x3]

x >■ O 
x <  O I b » 5 7 )

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



V /

p h o t o g r a p h  n o .  16

P h o t o g r a p h  n o .  17 i l l u s t r a t e 8 t h a t  a r i p p l e  on  a  s p r i n g  

f o r c e  a o e s  n o t  g r e a t l y  c h a n g e  t h e  d i s p l a c e m e n t  c u r v e s .  " a "  

i s  t h e  r e c o r d  o f  z e r o  c u r r e n t  i n  t h e  g a l v a n o m e t e r ;  " o "  i s  t h e  

r e c o r d  o f  r i p p l e  c u r r e n t  on c o n s t a n t  c u r r e n t ;  " c "  i s  t h e  

r e c o r d  o f  c o n s t a n t ,  c u r r e n t :  a n d  " e "  i s  t i m i n g  a c t s .

p h o t o g r a p h  m ,  17
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( f ) i f  the  s h u t t e r  i s  a r r u n r e d  as shown in  f i g u r e  no. 20, 

a s p r in g  f o r c e  such as shovm in  i’i r u r o  n o .  21 i s  the  r e s u l t .

f i n u r e  no = 20

-SPRiNG FORCE

©  —>•J 0

f i r u r e  no .  21
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Thu r e s u l t i n g  r e c o r d  i s  s h o wn  i n  p h o t o g r a p h  n o .  18  b e ­

l o w ,  " a "  i s  t h e  r e c o r d  :::ade w i t h  z e r o  c u r r e n t  t h r o u g h  t h e  

g a l v a n o m e t e r ;  " b "  i s  t h e  r e c o r d  o f  t h e  c u r r e n t ;  " c "  i s  t h e  

r e c o r d  o f  d i s p l a c e m e n t ;  e n d  " d "  i s  £ l i n e  o f  t i m i n g  d o t s .

d

p i : o t  o g r a o h  n o .  18

( t r )  a  s h u t t e r  a s  show n b e l o w  i n  f i g u r e  n o .  22  g i v e s  a 

s p r i n g  f o r c e  a s  shovm i n  f i g u r e  n o .  2 3 °

1
1

i!

11

! a i  i 
1 I 
1 ! 
I 1 
1 ; 
1 ' 
1 I

|d c|

1

j

j

i

f i g u r e  n o .  22
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■ p h o t o g r a p h  n o .  19 s h o w s  a r e c o r d  w i t l i  t h i s  t y r e  s h u t t e r ,  

" a "  i s  t h e  r e c o r d  o f  z e r o  c u r r e n t  i n  t h e  g a l v a n o m e t e r ;  " b "  i s

t r i e  r e c o r d  o f  t h e  c u r r e n t ;  " c "  i s  t h e  d i s p l a c e m e n t  r e c o r d ;

and. " a "  i s  a l i n e  o f  t i m i n g  d o t s .

d

p h o t o g r a p h  n o .  19
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I  a p p r e c i a t e  t h e  v a l u a b l e  h e i r  p i v e n  t o  me by v a r i o u s  

m e m b e r s  o f  t h e  P h y s i c s  D e p a r t m e n t  a n d  t h e  s t u d e n t  b o d y .  I n  

p a r t i c u l a r ,  I  w i s h  t o  t h a n k  D r .  C a r l  A.  L u d e k e  f o r  h i s  su e r-  

f i e s t i o n  o f  t h e  a p p a r a t u s  a n d  h i s  c o n t i n u e d  i n t e r e s t  a n a  h e l p .

■.'.r'- I n  t  ~ o. r; — '  rr.  A t  »* " J v i  ^ 1 1  n r  h ’ Vo n  o  a  ^ V~» ■h Id  A
. ‘. ' i U - U i i  V J L  Li. C L  u  ±  c i ^ ;  2  i  id  U Cf I i  *-» ?* s ’. O  . " ' J .  V C D  - H  *  / \ i . J . u u

c o n s t r u c t i o n  o f  t h e  a p p a r a t u s .

T he  f u n d s  f o r  t h e  p u r c h a s e  o f  m a t e r i a l  w e r e  s u p p l i e d  by  

t h e  F r e d e r i c k  C o t t r e l l  G r a n t  i n  Ai d  t o  D r .  C a r l  A* L u d e k e  

f r o m  t h e  He s e a r c h  C o r p o r a t i o n ,  New Y o r k .
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