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I .  INTRODUCTION 

The o b s e r v a t i o n  o f  q u a n t i z e d  c i r c u l a t i o n  s t a t e s  i n  

s u p e r f l u i d  4 ~ e  h a s  had a  long, and  t a n t a l i z i n g  h i s t o r y .  

The f i r s t  p r e d i c t i . o n s  o f  q u a n t i z e d  c i r c u l a t i o n  i n  s u p e r -  

f l u i d  h e l i u m  were' made by Onsager l  and  Feynman.' . S i n c e  

t h e  v e l o c i t y  o f . f l o w  o f  t h e  h e l i u m  atoms was assumed t o  

change  v e r y  l i t t l e  o v e r  a t o m i c  d i s t a n c e s ,  it was prop-osed 

t h a t  t h e  h e l i u m  c o u l d  be  d e s c r i b e d  by a ' w a v e  f u n c t i o n  

w i t h  a  c o h e r e n t  p h a s e  4  'such, t h a t  t h e  momentum o f  f l o w  

p e r  p a r t i c l e  i s  g i v e n  by 

- 
mvS = 5 g r a d  4 ,  ( 1 ) '  

where Vs i s  t h e  s u p e r f l u i d  v e l o c i t y ,  li i s  P l a n c k s '  con-  

s t a n t  d i v i d e d  by  IT, and  m i s  t h e  mass o f  t h e  h e l i u m  a tom.  

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

t h a t  7 x vS = 0 .  The l i n e  i n t e g r a l a r o u n d  any c l o s e d  

c u r v e  i s  d e f i n e d  a s  t h e  c i r c u l a t i o n  K a r o u n d  t h a t  c u r v e :  / 

I n  a  s i m p l y - c o n n e c t e d  r e g i o n  i t  f o l l o w s  f rom S t o k e s '  

t heo rem t h a t  s i n c e  7 x vs = 0 t h e  c i r c u l a t i o n  K w i l l  b e  

z e r o .  However, i n  a  m u l t i p l y - c o n n e c t e d  r e g i o n ,  f o r  

example where t h e r e  i s  a s o l i d  o b s t a c l e ,  o r  i f  t h e r e  i s  

a s i n g u l a r i t y  i n  t h e  l i q u i d  s u c h  as  a  v o r t e x ,  K n e e d  n o t  



be ze ro .  In  o r d e r  f o r  t h e  hel ium wave f u n c t i o n  t o  be 

s i n g l e L v a l u e d ,  t h e  phase  @ must i n c r e a s e  by a  m u l t i p l e  

o f    IT a s  t h e  i n t e g r a l  i s  t aken  around t h e  o b s t a c l e .  

T h e r e f o r e ,  

where n  = 0 ,  +1, + 2 , . .  A v o r t e x  l i n e  i s  a  s i n g u l a r i t y  i n  

t h e  f l u i d  around which t h e r e  i s  a  non-zero  c i r c u l a t i o n ;  

v o r t e x  l i n e s  a r e  thought  t o  e x i s t  w i t h  s i n g l e  quantum 

u n i t s  o f  c i r c u l a t i o n ,  i . e . ,  n  = + I ,  f o r  a  v o r t e x .  

The f i r s t  exper iment  t o  d e t e c t  t h e  ' q u a n t i z a t i o n  of 

c i r c u l a t i o n  . i n  s u p e r f l u i d  hel ium was r e p o r t e d  by Vine11 i n  

1 9 6 1 . ~  He used a  t h i n  w i r e  immersed i n  hel ium i n s i d e  a  

c y l i n d r i c a l  c o n t a i n e r .  The w i r e ,  which l a y  a long  t h e  

c y l i n d e r . a x i s ,  w a s . p u t  i n t o  t r a n s v e r s e  v i b r a t i o n  by p a s s i n g  

a  c u r r e n t  p u l s e  through i t  i n  t h e  p re sence  of  a  s t e a d y  

t r a n s v e r s e  magnet ic  f i e l d .  The c i r c u l a t i o n  of t h e  he l ium,  

which was produced by r o t a t i n g  t h e  e n t i r e  c o n t a i n e r ,  would 

t hen  a l t e r  t h e  t ime r a t e  of  p r e c e s s i o n  of  t h e  p l a n e  of  

v i b r a t i o n  of t h e  wi.re. 

For a  c y l i n d r i c a l l y  symmetric w i r e ,  the  two lowes t  

modes of  v i b r a t i o n  a r e  two c i r c u l a r l y  p o l a r i z e d  d e g e n e r a t e  

modes. When c i r c u l a t i o n  i s  p r e s e n t  around t h e  w i r e ,  t h e  

degeneracy i s  l i f t e d  and t h e r e  i s  a s p l i t t i n g  of  t'he a n g u l a r  

f r e q u e n c i e s  o f  t h e  two modes give11 by:  



where p i s  t h e  s u p e r f l u i d  d e n s i t y  and  ~-r i s  t h e  w i r e  mass 
S 

p e r  u n i t  l e n g t h  p l u s . t h e  mass of  t h e  l i q u i d  which  i s  d i s -  

p l a c e d  by t h e  w i r e .  When t h e  w i r e  i s  p u l s e d ,  b o t h  modes 

a r e  e x c i t e d  e q u a l l y ,  and  t h e  r e s u l t  i s  v i b r a t i o n  i n  a  

p l a n e  which  p r e c e s s e s  w i t h  a n g u l a r  f r e q u e n c y  - 2 i n  t h e  

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

A s  t h e  w i r e  v i b r a t i o n s  d e c a y  and  a s  t h e  p l a n e  o f  t h e  

w i r e ' s  v i b r a t i o n  p r e c e s s e s ,  a n  emf i s  i n d u c e d  i n  t h e  w i r e  

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

2 7  d e t e c t e d  a s  a  s l o w l y  damped b e a t  p a t t e r n  w i t h  p e r i o d  - . 
A U K  

T h e r e  i s  a lways  some asymmetry i n  a n  a c t u a l  w i r e ,  and 

t h e  normal 'modes  t u r n  o u t  t o  b e  n o n - d e g e n e r a t e  p l a n e -  

p o l a r i z e d  modes i n  t h e  a b s e n c e  o f  c i r c u l a t i o n .  When c i r c u -  

l a t i o n  i s  p r e s e n t ,  t h e  modes a r e  e l l i p t i c a l l y  p o l a r i z e d .  

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

nuo, c a l l e d  t h e  z e r . e c i r c u l a t i o n  s p l i t t i n g .  I f  t h e  c e l l  and  

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

a d j u s t m e n t  must  be  made f o r  a  c o r r e c t i o n  d u e  t o  t h e  C o r i o l i s  

f o r c e  d e n o t e d  by A w r .  Then t h e  t o t a l  o b s e r v e d  s p l i t t i n g  i s  

g i v e n  by 

where A w r  = 2 w r ,  where w i s  t h e  a n g u l a r - f r e q u e n c y  o f  
r 

2 7  r o t a t i o n  o f  t h e  a p p a r a t u s .  The q u a n t i t y  i s  c a l l e d  t h e  



node t ime and i s  t h e  observed p e r i o d  between t h e  nodes o r  

ze ros  i n  t h e  w i r e  s i g n a l  which appear  when t h e  w i r e  motion 

i s  e x c i t e d  and d e t e c t e d  i n  a  p r o p e r l y - o r i e n t e d  magne t ic  

2ir  f i e l d .  The q u a n t i t y  - i s  t h e  . r o t a t i o n  p e r i o d  of t h e  
("r 

c r y o s t a t  and' can be e a s i l y  measured. . When A w K  = Aw,, 

t h e n  A w =  Awe, and t h e  node t ime i s  t h e  z e r o - c i r c u l a t i o n  

node t ime .  Thus Awo can be assumed t o  e q u a l  t h e  l a r g e s t  

v a l u e  of  A w  observed d u r i n g  t h e  run when. i t  can be assumed 

t h a t  A w K  t a k e s  on t h e  v a l u e  a t  a t  l e a s t  one p o i n t  

d u r i n g  t h e  run .  Once t h e  c o n s t a n t  A w o  i s  known., A w K  can 

be c a l c u l a t e d  from t h e  v a l u e s  of  t h e  observed node t imes  

and ' r o t a t i o n  p e r i o d s ,  and t h e  c i r c u l a t i o n  i n  quantum u n i t s  

can be found from t h e  e x p r e s s i o n  

. 'l 

Thi s  d i s c u s s i o n  of  t h e  t h e o r y  i s  meant on ly  t o  i n -  

d i c a t e  what t h e  obse rvab le  q u a n t i t i e s  are..  For a  d e t a i l e d  

description of t h e  wise  mot ion,  r e f e r  t o  t h e  M.S. t h e s i s  

of  S t a rk .5 ,  4 

Vinen found t h a t  c i ' r c u l a t i o n s  of  one quantum u n i t  were 

p a r t i c u l a r l y  s t a b l e ,  b u t  he a l s o  observed a  continuum of 

, . c i r c u l a t i o n  v a l u e s .  



In  an a t t e m p t  t o  ex tend  V i n e n f s . w o r k ,  Whitmore and 

Zimmermann r e p e a t e d  h i s  exper iment  u s i n g  t h e  same b a s i c  

t e c h n i q u e .  One major d i f f e r e n c e  was t h a t  o b s e r v a t i o n s  

of  t h e  s t a t e  of  t h e  hel ium could  n o t  be done wh t l e  t h e  

c r y , o s t a t  was i n  r o t a t i o n  bu t  were c a r r i e d  o u t  f o r  p e r i o d s  

of s e v e r a l  hours  a f t e r  r o t a t i o n  s topped .  The c i r c u l a t i o n  

of t h e  hel ium was found t o  occu r  more f a v o r a b l y  a t  

i n t e g r a l  quantum u n i t  v a l u e s .  However, d u r i n g  t h e  p e r i o d  

of o b s e r v a t i o n ,  t h e  c i r c u l a t i o n  would change spon taneous ly  

i n  a  con t inuous  manner and even change d i r e c t i o n .  Whitmore 

and Zimmermann a l s o  found t h a t  by going t o  l a r g e r  w i r e  

s i z e s ,  l a r g e r  va lues  o f  t i r c u l a t i o n  cou ld  be d e t e c t e d ,  up 
. . 

t o  n  = + 3 .  

Kral  and Zimmermann modi f ied  t h e  exper iment  s o  t h a t  

o b s e r v a t i o n s  cou ld  be done wh i l e  t h e  e n t i r e  a p p a r a t u s  was 

i n  r o t a t i o n . 6  The i r  p rocedure  was t o  a c c e l e r a t e  t h e  ex-  

p e r i m e n t a l  c e l l  s lowly  from r e s t  t o  a  maximum v e l o c i t y  

over  a  p e r i o d  of  s e v e r a l  hou r s .  Then t h e  a p p a r a t u s  was 

d e c e l e r a t e d  t o  r e s t  a t  t h e  same r a t e .  A c c e l e r a t i o n  

commenced i n  t h e  o p p o s i t e  d i r e c t i o n  and was . z a g a i n  Eollowed 

by d e c e l e r a t i o n .  T h e i r  r e s u l t s  were q u i t e  d i f f e r e n t  from 

t h e  p r e v i o u s  exper iment .  S t a b l e  c i r c u l a t i o n  was found a t  

bo th  i n t e g r a l  and n o n - i n t e g r a l  m u l t i p l e s  of  t h e  quantum 

u n i t .  There was a l s o  a  l a c k  of  r e p r o d u c i b i l i t y  i n  t h e  

r e s u l t s  fru111 rurl t u  ruri. 



In  t a k i n g  r e a d i n g s  on t h e  c i r c u l a t i o n  wh i l e  t h e  

l i q u i d  was i n  r o t a t i o n ,  t hey  hoped t o  obse rve  t h e  e f f e c t  

of a n g u l a r  v e l o c i t y  on t h e  c i r c u l a t i o n .    hey found t h a t  

t h e  c i r c u l a t i o n  was h i s t o r y  dependent .  During a c c e l e r a t i o n ,  

t h e  helium tended t o  remain a t  lower l e v e l s ,  w h i l e  d u r i n g  

d e c e l e r a t i o n ,  t h e  c i r c u l a t i o n  was s een  a t  h i g h e r  l e v e l s ,  

s o  t h a t  a  h y s t e r e s i s  curve  was t r a c e d  o u t  i n  a  graph of 

c i r c u l a t i o n  l e v e l  v s .  r o t a t i o n a l  v e l o c i t y .  The observed 

n o n - i n t e g r a l  quan tum-uni t  c i r c u l a t i o n s  cou ld  be e x p l a i n e d ,  

i t  was t hough t ,  by a  v o r t e x  be ing  a t t a c h e d  t o  t h e  w i r e  a t  

some a long  i t s  l e n g t h .  The c i r c u l a t i o n  changes by 

one u n i t  a t  t h e  p o i n t  where t h e  v o r t e x  i s  p inned  t o  t h e  

w i r e .  As a  r e s u l t , .  s i n c e  t h e  observed  c i r c u l a t i o n  i s  an 

average  of t h e  a c t u a l  c i r c u l a t i o n  a l l  a long  t h e  l e n g t h  of  

t h e  w i r e ,  v o r t e x  p inn ing  w i l l  y i e l d  n o n - i n t e g r a l  quantum 

v a l u e s  f o r  t h a t  observed c i r c u l a t i o n .  

I n  an a t t e m p t  t o  reduce o r  e l i m i n a t e  t h e  m e t a s t a b i l i t y  

i n . t h e  o b s e r v e d . c i r c u l a t i o n ,  S t a r k s  made two changes i n  

t h e  experim.ent .  He used a  s m a l l e r  w i r e  t h a n  had p r e v i o u s l y ,  

been t r i e d  by Kra l .  Th is  change was made because  Whitmore 

and Zimmermann had observed a  s m a l l e r  range  of c i r c u l a t i o n  

l e v e l s  when they  used a  s m a l l e r  w i r e .  I t  was assumed t h a t  

t h i s  r e d u c t i o n  i n  m e t a s t a b i l i t y  cou ld  a l s o  be ach i eved  

when t h e  a p p a r a t u s  was r o t a t i n g .  ~ r a l  and Zimmermann had 

used w i r e s  from 6 0  t o  9 0  urn i n  d i a m e t e r ,  w h i l e  S t a r k s  used  



a  25. um d i ame te r  w i r e .  The o t h e r  d i f f e r e n c e  was t h a t  t h e  

exper iment  was done a t  lower t empera tu re s .  While t h e  p r e -  

v ious  work was performed a t  t empera tu re s  above 1 K ,  t h e  

o b s e r v a t i o n s  made by S t a r k s  were a t  a  t empera tu re  l e s s  t han  

0 . 5  K .  Whitmore and Zimmermann had observed above 1 K t h a t  

t r a n s i t i o n s  between l e v e l s  took p l a c e  more q u i c k l y  a t  lower 

t e m p e r a t u r e s ,  presumably because  of  t h e  s m a l l e r  amount of  

normal f l u i d  p r e s e n t  i n  t h e  sample a t  lower t e m p e r a t u r e s .  

The m e t a s t a b i l i t y  was i n  f a c t  reduced i n ' S t a r k l s  

exper iment ,  and c l e a r  ev idence  was o b t a i n e d  f o r  q u a n t i z e d  

c i r c u l a t i o n .  The observed l e v e l s  were s t a b l e  w i t h i n  a  

run and r e p r o d u c i b l e  from run t o  run .  The t r a n s i t i o n s '  be-  

tween l e v e l s  were r a p i d  changes .  However, f o r  a  s e r i e s  of 

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

t o  occu r  a t  i n t e g r a l  quantum u n i t s .  The .observed  l e v e l s  

appeared  a t  n  = 1 . 8 2  and n  = 2 . 7 3  t imes  h/m. I t  was 

no t i ced , ,  however, t h a t  i f  t h e  l e v e l s  were d i v i d e d  by a  

s c a l e  f a c t o r  o f  0 .91,  t h e  v a l u e s  n  = 2 and. n  = 3 were ob- 

t a i n e d .  No r ea son  was found,  a t  t h a t  t ime ,  t o  e x p l a i n  t h e  

need f o r  t h i s  s c a l e  f a c t o r ,  a l t h o u g h  t h e  p r e v i o u s ' t h e o r y  

about  v o r t e x  p i n n i n g  and t h e  e f f e c t  of  a  v o r t e x  l i n e  n e a r  

t he  wire were o f f e r e d .  More w i l l  be s a i d  about  t h e  s c a l e  

' f a c t o r  l a t e r .  

Th i s  p r e s e n t  work was begun a s  a  d i r e c t  e x t e n s i o n  of 

t h e  work of  S t .n rks .  The a p p a r a t u s  i s  v i r t u a l l y  t h e  same, 
I 



Two main i n t e n t i o n s  mot iva ted  t h i s  work. ' The f i r s t  was 

s imply t o  o b t a i n  more d a t a  s o  t h a t  a  w ide r  ba se  o f  ob-  

s e r v a t i o n s  cou ld  be examined. This  end was f a c i l i t a t e d  by 

an automated d a t a - t a k i n g  sys tem assembled by S t a r k s  a f t e r  

h i s  M.S. t h e s i s  work was completed.  The second i n t e n t i o n  

was t o  go t o  an even s m a l l e r  w i r e  s i z e .  Two w i r e  s i z e s  

were used i n  t h e  exper iment ,  a  34 pm d i ame te r  w i r e  and a  

15 pm d iamete r  w i r e  which we s h a l l  c a l l  Wires #1 and # 2 ,  

r e s p e c t i v e l y .  ' The l a r g e r  w i r e ' e n a b l e d  o b s e r v a t i o n s  of  

c i r c u l a t i o n s  o u t  t o  t h e  n  = + 4  l e v e l s .  The s m a l l e r  w i r e  

was chosen t o  t r y  t o  reduce t h e  m e t a s t a b i l i t y .  F i n a l l y ,  

a  s e t  of  runs  was made w i t h  0 .1% 3 ~ e  i n  t he ,  4 ~ e  sample i n  

o r d e r  t o  observe  t h e  e f f e c t  of  a  s m a l l  amount of 3 ~ e  

normal f l u i d  on t h e  c i r c u l a t i o n .  

I I . APPARATUS AND PROCEDURE 

A.  O v e r a l l  Apparatus .  

,The expe r imen ta l  a p p a r a t u s  and t h e  e l e c t r o n i c s  a r k  

a lmost  i d e n t i c a l  t o  t h o s e  d e s c r i b e d  i n  . the  t h e s e s  o f  Kral  7 

and S t a r k s .  The r e a d e r  i s  r e f e r r e d  t o  t h e s e  w r i t i n g s  f o r  

d e t a i l s .  One i t em t h a t  d i f f e r s  i s  t h e  automated d a t a - t a k i n g  

sys tem used i n  t h e  exper iment .  Th is  sys tem reco rded  f o r  

each  minute t h e . c l o c k  t ime a t  t h e  beg inn ing  of t h e  minute ,  

t h e  t ime . p e r i o d  . d i s p l a y e d  on t h e  r o t a t i o n  p e r i o d  c o u n t e r  a t  ' 



t h e  beg inn ing  of t h e  minute ,  t h e  c l o c k  t ime a t  which t h e  

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

s i x  node t ime r e a d i n g s  tak.en d u r i n g  t h e  minute ,  t h e  w i r e  

be ing  p u l s e d  every  t e n  seconds .  The node t ime r e a d i n g s  

were t h e  t ime i n t e r v a l s  between t h e  1 s t  and 2nd nodes o f  ' the 

w i r e  s . igna1.  

The sys tem c o n s i s t e d  of  a  s e t  of  l o g i c  and l e v e l - c o n -  

v e r s i o n  boards  t o  modify t h e  o u t p u t s  o f  t h e  c o u n t e r s  and 

c l o c k  t o  TTL compat ib le  v o l t a g e s .  These s i g n a l s  were t hen  

f e d  t h r o u g h .  SERDEX' modules which conve r t ed  t h e  p a r a l l e l  

b i t s  t o  s e r i a - l  and t r a n s m i t t e d  them t o  a  t e l e t y p e  machine by 

a t w i s t e d  p a i r  l e a d .  'The d a t a  were t hen  typed  o u t  by t h e  

t e l e t y p e  and a l s o  were p u t  on a  paper  t a p e  f o r  l a t e r  u s e .  
* 

B .  P r e p a r a t i o n  of t h e  Wire Sample. 

The w i r e  was a c t u a l l y  a  q u a r t z  f i b e r  which was coa t ed  

w i t h  t h i n  l a y e r s  of  c,hromium and go ld  t o  make i t  e l e c t r i c a l l y  

conduc t ing .  The f i b e r  was p u l l e d  from a  4 . 0  mm ( .5 /32 i nch )  

d i ame te r  q u a r t z  rod which had b'een h e a t e d  t o  t h e  m e l t i n g  

p o i n t  i n  an oxygen-gas flame,.  S e c t i o n s  of  t h e  f i b e r  were 

t h e n  checked f o r  t h e  d e s i r e d  d i ame te r  and u n i f o r m i t y  w i t h  a 

micl-ometer c a l i p e r  a c c u r a t e  t o  3 urn ( 0 . 1  m i l ) .  ' These were 

c u t  t o  18 cm l e n g t h s  and p l a c e d  i n  a  s p i t  f o r  depos i ' t ion  of 

t h e  meta l  f i l m s  i n  a  b e l l  j a r .  The gas  f lame s e r v e d  t o  g i v e  

f a i r l y  c l e a n  f i b e r s ,  b u t ' f u r t h e r  c l e a n i n g  was e f f e c t e d  i n  



t h e  b e l l  j a r .  A f t e r  t h e  j a r  was e v a c u a t e d  t o  a p p r o x i m a t e l y  

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

up t o  t h e  1 0 - 2 0  x l o - '  T o r r  r a n g e .  Then two aluminum 

e l e c t r o d e s ,  one  on e a c h  s i d e  of  t h e  s p i t , w e r e  c h a r g e d  t o  

a  p o t e n t i a l  d i f f e r e n c e  o f  2000 VAC u s i n g  a n  ungrounded t r a n s -  

f o r m e r .  T h i s  v o l t a g e  i o n i z e d  t h e ,  oxygen,  ' and  t h e  i o n s  i n  

t h e  g lowing  d i s c h a r g e  bombarded t h e  s u r f a c e s  o f  t h e  f i b e r s ,  

removing any c o n t a m i n a n t s .  A f t e r  a b o u t  30  m i n u t e s  o f  i o n  

bombardment,  t h e  c u r r e n t  was t u r n e d  o f f  and  t h e  b e l l  j a r  

was pumped back  down t o  T o r r .  
0 

A l a y e r  o f  chromium a p p r o x i m a t e l y  180 A i n  t h i c k n e s s  

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

The chromium bonds w e l l  t o  . t h e  q u a r t z  and  forms a  good s u r -  

f a c e  f o r  t h e  g o l d  t o  adh .ere  t o .    old do'es n o t  s t i c k  t o  

q u a r t z  v e r y  w e l l .  The g o l d  was d e p o s i t e d  d i r e c t l y  a f t e r  
. . 

0 

t h e  chromium t o  a  t h i c k n e s s  o f  1000 A .  The t h i c k n e s s  o f  
0 

t h e  m e t a l  f i l m s  was measured  t o  + I 0  A by a  f i l m  t h i c k n e s s  

m o n i t o r  u s i n g  a  v i b r a t i n g  q u a r t z  c r y s t a l .  

I n  p r e v i o u s  work,  g o l d  had  b e e n  e v a p o r a t e d  d i r e c t l y  

o n t o  t h e  q u a r t z  f i b e r .  T h i s  p r o c e d u r e  l e d  t o  many f a i l u r e s  

o f  t h e  w i r e s  a t  v a r i o u s  s t a g e s  o f  p r e p a r a t i o n  f o r  a  run, 

due  t o  t h e  g o l d  f l a k i n g  o f f  and  c a u s i n g  t h e  w i r e  t o  h a v e  an 

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

an  i n t e r m e d i a t e  l a y e r  o f  chromium r e s u l t e d  i n  s t a b l e  and  

u s e f u l  w i r e s  which  c o u l d  go f o r  p e r i o d s  a s  l o n g  as a y e a r  



w i t h  no change i n  t h e i r  r e s i s t a n c e s .  

The w i r e s  were examined and measured under  a  micro-  

scope  f o r  p rope r  d i a m e t e r ,  uniform c r o s s  s e c t i o n  and gold  

l a y e r ,  and absence of d u s t .  A c a n d i d a t e  f o r  t h e  sample 

w i r e  was s e l e c t e d ,  c u t  t o  a  l e n g t h  of about  10 cm, checked 

f o r  e l e c t r i c a l  c o n t i n u i t y ,  and t h e n  weighed on a  micro-  

ba l ance  t o  de t e rmine  t h e  mass p e r  u n i t  l e n g t h .  

The w i r e  was t hen  c u t  t o  a  l e n g t h  of  6 .9  cm and p repa red  

f o r  mounting i n  t h e  expe r imen ta l  c e l l .  The m e t a l  c o a t i n g  

was s c r aped  o f f  about  3 mm o f  each end t o  a l l ow  epoxy 

cement9 t o  make a  good bond and ho ld  t h e  w i r e  f i r m l y  i n  t h e  

moun,ting p o s t s .  A'f ter  t h i s  cement was s e t ,  a  f i l l e t  of 
.. 

conduc t ing  s i l v e r  epoxy cement1' was a p p l i e d  t o  t h e  go ld  

c o a t i n g  and t h e  p o s t s  a t  each end t o  p r o v i d e  good e l e c t r i c a l  

c o n t a c t .  . 
When t h e  conduc t ing  epoxy had s e t ,  t h e  w i r e ' w a s  aga in  

t e s t e d  f o r  conduc t5v i ty .  I f  i t  was conduc t ing ,  i t , w a s  p l a c e d  

i n  t h e  c e l l .  The w i r e  t e n s i o n  was g iven  a  p r e l i m i n a r y  ad- 

jus tment  by l e t t i n g  one end of  t h e  w i r e  and p o s t  hang f r e e  

i n s i d e  t h e  c e l l  b e f o r e  t h e  s e t  screws were t i g h t e n e d .  

The r e s i s t a n c e  was checked w i t h  a  r e s i s t a n c e  b r i d g e ,  

and t h e  v i b r a t i o n  f requency  was observed  on an o s c i l l o s c o p e .  

I f  t h e  s i g n a l  looked s t r o n g ,  n o i s e - f r e e ,  and c o n s i s t e n t ,  

t h e  w i r e  was g iven  a  t e s t  run  i n  a vacuum can immersed i n  

l i q u i d  n i t r o g e n .  The f requency  would g e n e r a l l y  change a s  



t h e  w i r e  was c o o l e d  from room t e m p e r a t u r e  t o  77 K i n  a n  

, u n p r e d i c t a b l e  b u t  r e p r o d u c i . b l e  manner .  

S i n c e  t h e  w i r e  and t h e  c e l l  were  b o t h  made o f  q u a r t z ,  

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

same. However, t h e  t e n s i o n  o f  some w i r e s  was o b s e r v e d  t o  

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

p resumably  h a s  t o  do w i t h  t h e  r e l a t i v e  l e n g t h s  of  t h e  w i r e  
I 

and t h e  c e l l .  C o n s e q u e n t l y ,  t h e  w i r e  f r e q u e n c y  had t o  be 

c l o s e l y  m o n i t o r e d . d u r i . n g  t h e  i n i t i a l  cool-down t o  7 7  K .  

The re  was l i t t l e  f u r t h e r  change  i n  t h e  f r e q u e n c y  on c o o l i n g  

t o  l i q u i d  h e l i u m  t e m p e r a t u r e .  

The f r e q u e n c y  c o u l d  be  a d j u s t e d  i n  a  t e s t  j i g  i n  which 

one o f  t h e  mounting p o s t s  was' a t t a c h e d  t o '  a  f l e x i b l e  

d iaphragm.  The d e s i r e d  f r e q u e n c y  was somewhere i n  t h e  r a n g e  

o f  4 0 0  t o  700 Hz a t  low t e m p e r a t u r e s  f o r  a  good s i n u s o i d a l  

r e s p o n s e  t o  a  c u r r e n t  p u l s e .  A t  l ower  f r e q u e n c i e s ,  t h e  

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

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

q u e n c i . e s ,  t h e  t e n s i o n  was t o o  l a r g e  and r e s u l t e d  i n  t o o  much 

damping o f  t h e  s i g n a l .  

C .  P r e p a r a t i o n  f o r  Cool-Down. 1 

When t h e  w i r e  t e n s i o n  had been p r o p e r l y  a d j u s t e d  and 

t h e  s i g n a l  seemed s a t i s f a c t o r y ,  t h e  q u a r t z  c e l l  c o n t a i n i n g  

t h e  w i r e  was a t t a c h e d  t o  t h e  c r y o s t a t  by s e t  s c r e w s ,  t o  a  



f l a n g e  which  was m e c h a n i c a l l y  a n d  t h e r m a l l y  l i n k e d  t o  t h e  

3 ~ e  p o t .  The c e l l  can  was sc rewed  on o v e r  t h e  c e l l ;  a n  

ind ium g a s k e t  made t h e  vacuum s e a l .  The c e l l  can  was 

e v a c u a t e d  t h r o u g h  a  s p e c i a l  pump-out c a p i l l a r y  which  was 

' s e p a r a t e d  f rom t h e  c e l l  f i l l  l i n e .  The c a p i l l a r y  was a  

0 . 2 5  mm (10 m i l ) .  i .  d .  c u p r o n i c k e l  t u b e  which  was wrapped 

a round  t h e  3 ~ e  p o t  and p a s s e d  t h r o u g h  t h e  c e l l  f l a n g e .  

S i n c e  i t  was o n l y  a b o u t  10 cm l o n g ,  i t  p r o v i d e d  a  q u i c k  

means o f  l e a k  check. ing t h e  indium s e a l .  I n  t h e  p a s t ,  l e a k  

c h e c k i n g  had  t o  be  done  t h r o u g h  t h e  c e l l  f i l l  l i n e  which  

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

s e c t i o n  o f  0 .10  mm (.4 m i l )  i . d .  c a p i l l a r y .  T h i s  r e s u l t e d  

i n  a  1 0 : t o  1 5  m i n u t e  l a p s e  t i m e  be tween h e l i u m  e n t e r i n g  t h e  

c e l l  t h r o u g h  a  l e a k .  and  b e i n g  d e t e c t e d  w i t h  t h e  l e a k  c h e c k e r  

a t  t h e  t o p  o f  t h e  c e l l  f i l l  1 i . ne .  

The o t h e r  a d v a n t a g e  o f  t h i s  . a r r a n g e m e n t  was t h a t  i t  

a f f o r d e d  a n  e a s y  means t o  b a c k - f i l l  t h e  c e l l  w i t h  p u r e  

h e l i u m  g a s  once  t h e  l e a k  c h e c k i n g  was c o m p l e t e .  T h i s  

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

a i r ,  o r  o t h e r  c o n t a m i n a n t s  i n  t h e  c e l l  o r  c e l l  f i l l  l i n e  

which c o u l d  f r e e z e  o n t o  t h e  w i r e  o r  p l u g  t h e  l i n e  when t h e  

c r y o s t a t  was c o o l e d  t o  7 7  K and  l o w e r .  A f t e r .  t h e  c e l l  was 

f i l l e d  t o  s l i g h t l y  more t h a n  one  a t m o s p h e r e  o f  h e l i u m ,  t h e  

pump-out l i n e  was s e a l e d  w i t h  a  bead  o f  s o l d e r .  

The nesL  s t e p  was t o  c h e c k  t h e  e l e c t r i c a l  l e a d s  b e f o r e  



p u t t i n g  i n  p l a c e  t h e  vacuum can which i s o l a t e d  t h e  4 ~ e  p o t ,  

'He p o t ,  a n d  t h e  c e l l  from t h e  hel ium b a t h .  These i n c l u d e d  

t h e  4 ~ e  p o t ,  . 3 ~ e  p o t ,  and c e l l  thermometers and t h e  4 ~ e  p o t  

and c e l l  h e a t e r s .  The thermometers were 500 Q Spear'  carbon 

r e s i s t o r s ,  and t h e  h e a t e r s  were 500 Q loops  of  Evanohm w i r e  

wrapped around t h e  4 ~ e  p o t  and c e l l .  ' 

I f  t h e  connec t ions  were s a t i s f a c t o r y ,  t h e  vacuum can 

was p u t  i n  p l a c e ,  w i t h  an  indium g a s k e t  making t h e  s e a l  

between t h e  t op  of t h e  can and t h e  f l a n g e .  The vacuum space  

and s e a l  were checked f o r  l e a k s  from t h e  o u t s i d e  and from 

t h e  i n s i d e  a t  t h e  4 ~ e  p o t .  

The c r y o s t a t  was t h e n  lowered i n t o  t h e  i n n e r  dewar f o r  

cooi-down t o  7 7  K ,  u s i n g  l i q u i d  n i t r o g e n  i n  t h e  o u t e r  dewar 

and n i t r o g e n  gas  i n  t h e  i n n e r .  The cool-down took about  

s i x  hours  and was g e n e r a l l y  done over  n i g h t .  A f t e r  t h e  

c r y o s t a t  had been brought  t o  7 7  K and ' the  w i r e  had been 

checked f o r  p rope r  v i b r a t i o n  f r equency ,  p r e p a r a t i o n s  were 

made f o r  l i ' q u i d  helium t r a n s f e r .  

The n i t r o g e n  gas  was 'pumped o u t  o f  t h e  i n n e r  dewar,  

and t h e  dewar was f l u s h e d  w i t h  d r y  hel ium g a s .  The vacuum 

c a n  w a s  g iven  a  sma l l  q u a n t i t y  of d ry  hydrogcn g a s .  The 

hydrogen p rov ided  a good t r a n s f e r  medium t o  remove h c a t  

from t h e  c o n t e n t s  of t h e  vacuum can  t o  t h e  hel ium vapor o u t - ,  

s i d e  t h e  can .  Hydrogen f r e e z e s  o u t  a t  1 4  K however, s o  t h e  

vacuum i s  a c c e p t a b l e  when t.he hel ium s t a r t s  t o  condense .  



The i n i t i a l  h e l i u m  t r a n s f e r  t o o k  a p p r o x i m a t e l y  30 m i n u t e s  

and  u s e d  a b o u t  f i v e  l i t e r s  o f  l i q u i d .  

A f t e r  t r a n s f e r  was c o m p l e t e d ,  t h e  4 ~ e  p o t  was f i l l e d  

from t h e  b a t h ,  and  pumping was s t a r t e d  t o  c o o l  t h e  4 ~ e  p o t ,  

3 ~ e  p o t ,  a n d c e l l  f u r t h e r .  A f t e r  t h e  3 ~ e  p o t  r e a c h e d  3  K ,  

which  t o o k  a b o u t  t h r e e  h o u r s ,  3 ~ e  g a s  c o u l d  b e  condensed  i n  

t h r o u g h  t h e  pump l i n e .  When most  o f  t h e  3 ~ e  w a s  condensed  

i n  t h e  p o t ,  i t  was pumped on w i t h  a  m e c h a n i c a l  pump t o  l o w e r  

t h e  t e m p e r a t u r e  t o  a b o u t  0 .45  K .  The v a p o r  which  had  been  

pumped away was r e t u r n e d  a s  l i q u i d  by a  r e c i r c u l a t i n g  l i n e  

r u n n i n g  f rom t h e  back  o f  t h e  pump down t o  t h e  p o t .  The r e -  

moval and  r e t u r n  o f  t h e  3 ~ e  g a s  would come i n t o  s t e a d y  s t a t e  

a f t e r  a b o u t  t e n  h o u r s ,  w i t h  a l m o s t  a l l  o f  t h e  3 ~ e  i n  t h e  p o t  
3  

The c e l l  was f i l l e d  w i t h  4 ~ e  a f t e r  t h e  He p o t  had  b e e n  

pumped on f o r  a c o u p l e  o f  h o u r s .  A b a l l a s t  c a n  on t h e  dewar 

s t a n d  was p r e s s u r i z e d  t o  2 5 0  p s i g  w i t h  4 ~ e  g a s ,  and t h i s  g a s  

was a l l o w e d  t o  condense  i n t o  t h e  c e l l .  T h i s  amount o f  g a s  

was enough t o  f i l 1 , t h e  c e l l  and p a r t  o f  t h e  c e l l  l i n e  w i t h  

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

one  a t m o s p h e r e .  

The p e r i o d  o f  v i b r a t i o n  o f  t h e  w i r e  was o b s e r v e d  b e f o r e  

. t h e  c e l l  f i l l i n g  and  a f t e r .  The p e r i o d  a f t e r  f i l l i n g  was 

a lways  l o n g e r  by a b o u t  2 t o  3 % .  T h i s  i n c r e a s e  o c c u r r e d  

b e c a u s e  when t h e  c e l l  h a s  l i q u i d  i n  i t ,  t h e  w i r e  must  push  

l i q u l d  o u t  of t h e  way i n  order  f o r  it eo v i b r a t e .  T h i s  
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i n  d i ame te r  f i l l e d  w i t h  mo lecu l a r  se ive l '  was lowered f rom 

t h e  t op  of t h e  c r y o s t a t  down t o  j u s t  above t h e  4 ~ e  p o t  i n s i d e  

t h e  3 ~ e  pump l i n e .  The mo lecu l a r  s i e v e  would pump 3 ~ e  by 

a d s o r p t i o n  on to  i t s  s u r f a c e  and coo l  t h e  c e l l  t o  a s  , low a s  

0.37 K .  The. damping of  t h e  l i q u i d  i n  t he .  c e l l  would d rop ,  

a l l owing  o b s e r v a t i o n  of t h e  node p a t t e r n  o f  t h e  w i r e .  

I n  t h i s  exper iment ,  t h e  t ime from t h e  f i r s t  node t o  t h e  

second node was r eco rded  r a t h e r  t han  t h e  t ime  from t h e  p u l s e  

t o  t h e  f i r s t  node a s  d e s c r i b e d  i n  S t a r k s l s  t h e s i s  and e a r l i e r  

work. Th i s  p r a c t i c e  e l i m i n a t e d  t h e  concern  about  t h e  e f f e c t s  

of any p o s s i b l e  a m p l i f i e r  d e l a y  a s  d e s c r i b e d  ' in  t h o s e  works. 

Presumably,  t h e  t ime of bo th  nodes was de l ayed  by t h e  same 

amount s o  t h a t  a m p l i f i e r  d e l a y  cance l ed  o u t .  

The o r i e n t a t i o n  of t h e  magnet was a d j u s t e d  s o  ' t h a t  t h e  

s i g n a l  p o s s e s s e d  t r u e  nodes of ze ro  ampl i tude .  The VCO and 

tuned a m p l i f i e r  were a d j u s t e d  t o  t h e  w i r e ' s  v i b r a t i o n  

f requency .  I f  e v e r y t h i n g  was work.ing p r o p e r l y  a t  t h i s  p o i n t ,  

t h e  d r i v e  b e l t s  were a t t a c h e d  t o  t h e  t u r n t a b l e  and r o t a t i o n  

was begun. Also s t a r t e d - w a s  a  second motor whose purpose  

was t o  i n c r e a s e  t h e  r a t e  a t  which t h e  r o t a t i o n  d r i v e  r a n  by 

c o n t i n u a l l y  t u r n i n g  up t h e  d r i v e  r a t e  d i a l .  Th is  r e s u l t e d  

i n  a  s low a c c e l e r a t i o n  of t h e  c r y o s t a t .  The apparat 'us  was 

a c c e l e r a t e d  from r e s t  t o  3 .7  r a d i a n s  p e r  s e c o n d . o v e r  a  p e r i o d  

of about  2 . 2 5  hou r s .  When t h e  maximum v e l o c i t y  was r eached ,  

d e c e l e r a t i o n  t o  r e s t  was begun, t hen  a c c e l e r a t i o n  and de -  



c e l e r a t i o n  i n  t h e  o p p o s i t e  d i r e c t i o n .  I t  took about '  n ine  

hours  t o  c a r r y  o u t  t h e s e  fo;r s t a g e s  of r o t a t i o n .  
. . 

111. RESULTS 

A .  . P r e s e n t a t i o n  of Data.  

A t o t a l  of  2 2  runs  was made w i t h  two d i f f e r e n t  w i r e s .  

The p r o p e r t i e s  of  t h e  w i r e s  a r e  g iven  i n  Table  1. These 

d a t a  include d i a m e t e r s ,  masses p e r  u n i t  l e n g t h ,  normal 

o p e r a t i n g  r e s i s t a n c e s  and f r e q u e n c i e s  of  v i b r a t i o n  a t  0 .4  K ,  

and peak . ,d i sp lacement  and v e l o c i t y  ampl i tudes  of t h e  w i r e  

and peak emfs g e n e r a t e d  by t h e  w i r e s  a f t e r  a  0 . 5  V p u l s e  

a p p l i e d  t o  t h e  b r i d g e .  The run  numbers f o r  each  w i r e  a r e  

a l s o  g iven .  

The r e s u l t s  of  t h e  runs  a r e  d i s .p layed  i n  Table  2 .  

These d a t a  i n c l u d e  p r e s s u r e s  i n  t h e  c e l l  l i n e  a t  t h e  t op  of  

the c e l l  dur ing  t h c  r u n ,  p u l s e  ampl i tudes  t o  t h e  b r i d g e  

d u r i n g  t h e  r u n ,  t h e  ze ro  c i r c u l a t i o n  node t imes  observed ,  

and t h e  observed quantum u n i t s  of c i r c u l a t i o n  d e r i v e d  from 

t h e  s t a b l e  l e v e l s '  of  each  run .  ' S t ab l e  l e v e l s  were t aken  

t o  be t h o s e  f o r  which t h e r e  were p e r i o d s  of  a t  l e a s t  10 

minutes  d u r a t i o n  du r ing  which t h e  c i r c u l a t i o n  d i d  n o t  change 

by more t han  5%: 
. . 

Examples of  t h e  d a t a  a r e  shown i n  F i g u r e s  1 and 2 r e -  

p r e s e n t i n g  Wires #1 and # 2 , . r e s p e c t i v e l y .  The p l o t s  a r e  of 



TABLE 1 

Wire H I l i ame te r  Mass p e r  U n i t  Length ' . R e s i s t a n c e  . Frequency Run # ' , s  

Responses t o  0 . 5  V P u l s e  t o  B r i d g e  

I n i t i a l  D i sp lacemen t  I n i t i a l  V e l o c i t y  I n i t i a l  Ampl i tude  o f  
Wire # Ampli tucle Ampli tude Induced emf 



TABLE 2 
. .  . 

Pulse Zero Circulation Observed 
Run # Pressure Am litude Node Time Quantum Unit = + (ms) 
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o b s e r v e d  c i r c u l a t i o n  i n  u n i t s  o f  h/m v s .  r o t a t i o n  s p e e d  

i n  r a d i a n s  p e r  s e c o n d .  Throughou t  t h e  e x p e r i m e n t ,  p o s i t i v e  

c i r c u 1 , a t i o n  was d e f i n e d ,  a r b i t r a r i l y ,  t o  b e  m o t i o n  i n  t h e  

- c o u n t e r c l ~ c k w i s e  s e n s e  and n e g a t i v e  c i r c u l a t i o n  t o  b e  m o t i o n  

i n  t h e  c l o c k w i s e  d i r e c t i o n ,  a s  s e e n  f rom above .  

The r u n s  were  g e n e r a l l y  done i n  g r o u p s .  T h a t  i s ,  a  

s e t  o f  t h r e e  o r  more r u n s  were  done  on s u c c e s s i v e  d a y s  a f t e r  

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

c e l l  n e v e r  g o i n g  above t h e  X p o i n t .  Kuns 1 t o  4 ,  5 t o  8 ,  

10 t o  1 5 ,  1 6  t o  1 9 ,  and  20 t o  2 2  were  a l l .  done i n  s u c h  

g r o u p s .  The r e s u l t s  o f  t h e s e  r u n s  t e n d  t o  a g r e e  more w i t h i n  

' a  g roup  t h a n  w i t h  r e s u l t s  f rom o t h e r  g r o u p s  o f  r u n s  f o r  a  

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

The f i g u r e s ,  which a r e  r e p r e s e n t a t i v e  o f  t h e  b e s t  d a t a  t a k e n ,  

show e v i d e n c e  f o r  q u a n t i z a t i o n  o f  c i r c u l a t i o n  a t  t h e  e x p e c t e d  

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

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

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

B.  D i s c u s s i o n .  

The o b s e r v e d  quantum u n i t s  g i v e n  i n  T a b l e  2 show a  

s p r e a d  a b o u t  u n i t y  f o r  Wire #1 and  a r e  s l i g h t l y  u n d e r  u n i t y  

f o r  Wire # 2 .  The u n c e r t a i n t i e s  g i v e n  f o r  t h e s e  v a l u e s  a r e  

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

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



run and do n o t  i n c l u d e  t h e  r e l a t i v e l y  l a r g e  u n c e r t a i n t i e s  

i n  t h e  masses p e r  u n i t  l e n g t h  of  t h e  w i r e s .  The range  of 

t h e s e  va lues  i s  meant on ly  t o  i n d i c a t e  t h e  r e l i a b i l . ' i t y  of 

d e t e r m i n a t i o n  of  t h e  observed quantum u n i t .  A l l  of  t h e  

r e s u l t s  from runs  f o r  which t h e  c e l l  l i n e  p r e s s u r e  i s  known 

a c c u r a t e l y  a r e  w i t h i n  t h e  u n c e r t a i n t i e s  i n h e r e n t  i n  t h e  

e f f e c t i v e  mass p e r  u n i t  l e n g t h  p of t h e  w i r e ,  which i s  t h e  

l e a s t  w e l l  known q u a n t i t y  i n  Equat ion ( 6 ) .  The r e l i a b i l i t y .  

of  p i s  l i m i t e d ' b y  t h e  accuracy  w i t h  which we could  weigh 

masses i n  t h e  2 0  t o  50 ugram range .  The w i r e  masses i n  

Table  1 r e p r e s e n t  t h e  b e s t '  r e s u l t s  based on r e p e a t e d  

weighings  of  t h e  w i r e s  on two s e p a r a t e  mic roba l ances .  

What about  t h e  o , ther  q u a n t i t i e s  i n  Equat ion 6 ? .  The 

q u a n t i t y  Aw i s  t h e  C o r i o l i s  f o r c e  c o r r e c t i o n  e q u a l  t o  
. r 

tw ice  t h e  r o t a t i o n a l  angula r .  f requency  w r  o f  t h e  c r y o s t a t .  

The q u a n t i t y  A w r  r anges  i n  v a l u e  from 0 t o  approx imate ly  

2 7 . 4  r a d / s e c .  The q u a n t i t y  w, i s  determined th roughout  t h e  

run by r e c o r d i n g  t h e  r o t a t i o n  p e r i o d  of t h e  c r y o s t a t  and 

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

f requency  can be g iven  f o r  any r e q u i r e d  c l o c k  ti.me. This  

f i t t i n g  was done by u s i n g  a  l e a s t  s q u a r e s  f i t t i n g  rou , t i ne ,  

and t h e  e r r o r s  between o.bserved and p r e d i c t e d  r o t a t i o n  

p e r i o d s  was l e s s  t han  0 . 5 %  . i n  a l l  r u n s .  

The q u a n t i t y  Ao i s  t h e  a n g u l a r  f r equency  a s s o c i a t e d  

w i t h  t h e  observed node t ime .  I t  ranged i n  v a l u e  from 



8 r a d / s e c  t o  48 r a d / s e c  f o r  Wire #1 and t o  9 5  r a d / s e c  f o r  

Wire # 2 .  The q u a n t i t y  A w o  i s  t h e  angu la r  f requency  a s -  

s o c i a t e d  w i t h  t h e  node t ime when no c i r c u l a t i o n  i s  p r e s e n t .  

I t  was always approx imate ly  8 r a d / s e c .  During t h e  s t a b l e  

po r t . i ons  o f  each  r u n ,  where t h e  c i r c u l a t i o n  was c o n s t a n t  

2 
and t h e  v a l u e s , g i v e n  i n  Table  2 were de t e rmined ,  (Aw) was 

much g r e a t e r  t h a n  (Awe)' s o  t h a t  t h e  c a l c u l a t e d  c i r c u l a t i o n  

was i n s e n s i t i v e  t o  e r r o r s  i n  A w o .  

Th is  l e a v e s  t h e  q u e s t i o n  of how a c c u r a t e l y  Aw was 

measured. From an e l e c t r o n i c s  p o i n t s  of view, t h e  accuracy 

of Ow i s  n o t  i n  q u e s t i o n .  The c o u n t e r  used t o  measure A w  

has been checked a g a i n s t  o t h e r  coun te r s '  and found i n  a g r e e -  

ment. The node t ime c o u n t e r  was t r i g g e r e d  by a  l o c k - i n  

a m p l i f i e r  tuned t o  t h e  w i r e  f requency  and locked  - o n t o  t h e  

w i r e  s i g n a l .  The c o u n t e r  would t u r n  on when t h e  l o c k - i n  

s i g n a l  c r o s s e d  ze ro  a t  t h e  f i r s t  node and would t u r n  o f f  

when t h e  l o c k - i n  s i g n a l  c r o s s e d  zero  a t  t h e  second node.  

The t ime a t  which t h e  nodes occu r r ed  was made u n c e r t a i n  

by t h e  v i b r a t i o n a l  p e r i o d s  o f  t h e  w i r e s ,  co r r e spond ing  t o  

t h e  f r e q u e n c i e s  which a r e  g iven  i n  Table  1. V i s u a l  i n -  

s p e c t i o n  of t h e  w i r e  s i g n a l ,  l o c k - i n  s i g n a l ,  and c o u n t e r  

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

a t  t h e  t imes  of  ze ro  c r o s s i n g  of t h e  l o c k - i n  s i g n a l  t o  

w i t h i n  +0.'1 msec and t h a t  t h e  l o c k - i n  s i g n a l  c r o s s c d  ze ro  

a t  t h e  t ime of t h e  nodes t o  w i t h i n  t h e  t ime r e s o l u t i o n  of 



of t h e  node,  l imi . t ed  by t h e  w i r e s '  v i b r a . t i o n a 1  p e r i o d .  

This  was e s t i m a t e d  t o  be  2 1  msec. T h i s  u n c e r t a i n t y  

r e p r e s e n t s  an e r r o r  of 1 . 5 %  t o  0 . 1 %  i n  t h e  measured node 

t ime . 

C .  Other  R e s u l t s .  

I n  an a t t e m p t  t o  examine t h e  e f f e c t  of  a  sma l l  amount 

of  normal f l u i d  on t h e . c i r c u l a t i o n ,  Runs 20 t o  2 2  were made 

4 w i t h  0 . 1 %  by mole f r a c t i o n  of 3 ~ e  added t o  t h e  He sample .  

The e f f e c t  of  t h e  v i s cous  'He was r e a d i l y  a p p a r e n t  i n  t h e  

damping of t h e  w i r e .  Measurements of t h e  damping were made 

d u r i n g  ~ b n  118 w i t h  t h e  pu re  4 ~ e  sample a t  a  t empera tu re  of  . . 

0.42 K .  The c h a r a c t e r i s t i c  damping t ime was found t o  be 

approx imate ly  720 msec. With 3 ~ e  added t o  t h e  sample t h e  

damping t ime d u r i n g  Run # 2 0  was measured t o  be 80 msec a t  

t h e  same t empera tu re .  Th is  made measur ing node t imes  

g r e a t e r  t h a n  2 5 0  msec i m p o s s i b l e .  The v a l u e  of  t h e  

z e r o - c i r c u l a t i o n  node t ime of 750 msec was t aken  from Runs 

16 t o  1 9  which used ' the same w i r e .  Run # 2 2  i s ' s h o w n  i n  

F igu re  3 .  

This  d iagram has  a couple  of  noteworthy f e a t u r e s .  The 

s t a b l e  l e v e l  i n  Run # 2 2  occu r s  a t  t h e  same v a l u e  of K a s  

t h e  2nd l e v e l s  i n  Runs 16 t o  1 9 .  Th is  l e v e l  i s  a l s o  s een  

i n  Runs 20 and 2 1 .  There i s  no i n d i c a t i o n  t h a t  t h e  p r e s e n c e  

of t h e  3 ~ e  has  a l t e r e d  t h e  e q u i l i b r i u m  v a l u e  of  K f rom t h a t  
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o b s e r v e d  f o r  t h e  p u r e  4~3e s a m p l e .    he o t h e r  f e a t u r e  of 

n o t e  i s  t h a t  L e v e l  3 o f  t h e  c i r c u l a t i o n  i s  n o t  s e e n  a s  i n  

Run #16 ( F i g u r e  2 ) .  The w i r e  was e x c i t e d  above t h e  2nd 

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

b u t  t h e n  s l o w l y  decayed  back  t o  t h e  2nd l e v e l .  T h i s  decay  

was a l s o  s e e n  i n  Runs 20 and 2 1 .  I t  was n o t  s e e n  i n  any 

o f  t h e  r u n s  w i t h  a  p u r e  4 ~ d  sample  w i t h  e i t h e r  o f  t h e  w i r e s .  

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

amount o f  'He p r e s e n t .  

Dur ing  most' o f  t h e  r u n s ,  t h e  b r i d g e  was g i v e n  a  10 V 

p u l s e  at: t h e  p o i n t s  o f  h i g h e s t  r o t a t i o n a l  . v e l o c i t y  o f  t h e  
. . 

c r y o s t a t .  T h i s  p u l s e  i . i sua l ly  e x c i t e d  t h e  c i r c u l a t i o n  t o  a 

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

c i r c u l a t i o n  was n o t  a lways  a t  i t s  e q u i l i b r i u m  v a l u e .  To 

t r y  t o  t e s t  t h i s  i d e a  and t o  a t l t empt  t o  g e t  b e t t e r  d a t a ,  

Runs 9 t h r o u g h  1 5  were pe r fo rmed  w i t h  10  V p u l s e s  t o  t h e  

' b r i d g e  e v e r y  10 o r  1 5  m i n u t e s .  I t  was t h o u g h t  t h a t  t h i s  

m i g l l C  a l l o w  ehe  c i r c u l a t i o n  t o  r e a c h  i t s  e q u i l i b r i u m  s t a t e  

a t  each  v a l u e  o f  a n g u l a r  v e l o c i t y .  For  some o f  t h e s e  r u n s ,  

t h e  l a r g e  p u l s e s  were  g i v e n  t h r o u g h o u t  t h e  r u n ,  and f o r  

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

t h e  r u n .  I n  be tween t h e  l a r g e  p u l s e s ,  t h e  pi. l lse s i z e  was 

t h e  normal  0 . 6  V .  

The r e s u l t s  o f  t h e s e  r u n s  were  d i s a p p o i n t i n g .  R a t h e r  

t h a n  a s s u r i n g  t h a t  t h e  c i r c u l a t i o n  was i n  e q u i l i b r i u m ,  t h e  



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

m e t a s t a b i l i t y  i n t o  t h e  observed c i r c u l a t i o n s ,  e s p e c i a l l y  

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

from s e c t i o n s  of  t h e  runswhere  s t a b l e  l e v e l s  were observed 

a r e  t h e  same a s  f o r  t h e  non-pu lsed  runs  w i t h  Wire #1, b u t  

t h e r e  were many fewer  u s e f u l  d a t a .  

One o t h e r  e f f e c t  t h a t  was exp lo red  was t h a t  of  v a r y i n g  

t h e  p r e s s u r e  of t h e  l i q u i d  i n  t h e  c e l l .  Th is  was done by 

p u t t i n g  more o r  l e s s  l i q u i d  hel ium i n  t h e  c e l l  f i l l  l i n e  

above t h e  c e l l .  The c e l l  was always f u l l  o f  l i q u i d .  Th is  

f a c t  i s  known because  l i q u i d  helium a t  0 . 4  K has a  ve ry  low 

vapor  p r e s s u r e ,  and t h e  measured p . ressure  . in  t h e  c e l l  was 

always ma in t a ined  a t  a t  l e a s t  50  T o r r .  However, f o r  ' 

some r u n s ,  t h e  p r e s s u r e  was brought  up t o  an a tmosphere ,  

which i m p l i e s  t h a t  t h e  l e v e l  o f  t h e  l i q u i d  i n  t h e  c e l l  f i l l  

l i n e  was somewhere i n . t h e  b a t h  a t  4 . 2  K .  

The change i n  p r e s s u r e  from one run t o  t h e  nex t  was ex -  

p e c t e d  t o  change t h e  observed v a l u e s  of r s l i g h t l y  b e c a u s e  

Ps , t h e  s u p e r f l u i d  d e n s i t y ,  chang'es by s l i g h t l y  more t han  1% 

when t h e  p r e s s u r e  goes from 0 t o  7 6 0  T o r r .  The observed 

v a l u e s  o f  K wer'e i n  f a c t  s l i g h t l y  h i g h e r  d u r i n g  t h e  runs  made 

a t  h i g h e r  p r e s s u r e .  Th is  e f f e c t  has  been co . r r ec t ed  f o r  i n  

t h e  d a t a  i n  Table  2 . -  
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D .  Comment on Prev ious  Work. 

B 

I t  has  become a p p a r e n t  d u r i n g  t h i s  w:ork. t h a t  th.e s c a l e  

f a c t o r  observed'  by S t a r k s  was  due t o  i n a c c u r a t e  weighing of 

h i s  w i r e .  The problem of weighing a  mass l e s s  t h a n . 1 0 0  pg .  

t o  a  f r a c t i o n  of 1 pg i.s n o t  a t r i v i . a l  m a t t e r .  

The s o u r c e  o f  th.e e r r o r  i s  t h e  u se  o f  t h e  o p t i c a l  s c a l e  

of t h e  microba lance  i n  t h e  ~ h y s i c s . ~ e p a r t m e n t .  Th is  s c a l e  

has  a  range  of 100 pg, s o  t h a t  i t  i s  v e r y  conven ien t  f o r  

weighing t h e  w i r e s .  However, check ing  t h e  s c a l e  a g a i n s t  a  

m o v i n g . r i d e r  which e f f e c t i . v e l y  adds 100 u,o t o  one s i d e . o f  

t h e  b a l a n c e  r e v e a l s  t h a t  t h e  o p t i c a l  s c a l e  i s '  i n d i c a t i n g  a  
. . 

mass t o o  s m a l l  by 7 .5  2 1 . 6 % .  This  e r r o r  i s . v e r i f i e d  by 

weighing t h e  w i r e s  on a  microba lance  i n  Chemist ry .  The two 

b a l a n c e s  ag ree  a t  t h e  1 mgram l e v e l .  While t h e  r e s u l t s  i n  
/ 

t h i s  work h.ave been c o r r e c t e d  f o r  t h i s  e r r o r ,  th.ose o f  S t a r k s  

have n o t ,  hence a t  l e a s t  a  major  p a r t  of  t h e  9 %  d i sc r epancy  

between h i s  observed v a l u e s  and t h e  quantum u n i t  c i r c u l ' a t i o n .  

Although t h e  e r r o r  i.n h i s  work f a l l s  w i t h i n  th.e u n c e r t a i n t y  

' i n  t.he mass v a l u e s ,  t h e r e  may be a  r e s i d u a l  d i s c r e p a n c y  on 

t h e  o r d e r  of 1 t o  2 % . .  

One a d d i t i o n a l  s e t  of  d a t a  f o r  t h i s  exper iment  e x i s t s  

which has  n o t  y e t  been d i s c u s s e d .  , T h i s  i s  a  s e t  o f  f o u r  

runs  made w i t h  .a 2 5  pm.diameter  w i r e  . p u b l i s h e d  by Karn, 

S t a r k s ,  and Zimmermann. The r e s u l t s  of t h a s e  runs  a r e  v e r y  
. , 

. . 

myster io 'us .  S t a b l e  l e v e l s  of c i r c u l a t i o n  were observed  b u t  



w i t h  a  s c a l e  f a c t o r  o f  0 . 7 6 .  Even c o r r e c t i n g  f o r  t h e  max i -  

mum e r r o r  i n  w i r e  mass s t i l l  l e a v e s  a  s c a l e  f a c t o r  o f  0 . 8 5 .  

T h i s  d a t a  was t a k e n  be tween t h a t  o f  S t a r k s '  M.S. t h e s i s  

and t h e  p r e s e n t  d a t a  and  t h e  a n a l y s i s  was c a r r i e d  o u t  i n  

t h e  same manner a s  i n  t h e  p r e s e n t  work.  No m a j o r  changes  

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

t h e s i s  work was d o n e . '  

1.V. CONCLUSIONS 

T h i s  work h a s  e x t e n d e d  t h a t  o f  S t a r k s  ' t o . b o t h  l a r g e r  

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

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

p roduced  a  much l a r g e r  d a t a  b a s e  f o r  a n a l y s i s .  I t  a l s o  - 

\ 

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

o p e r a t i n g  c o n d i t i o n s  on t h e  c i r c u l a t i o n  s u c h  a s  th.e a d d i -  

t i o n  of  3 ~ e  normal  f l u i d  t o  t h e  s u p e r f l u i d  s a m p l e ,  t h e  

e f f e c t  o f  r e c u r r e n t  l a r g e  p u l s e s ,  and changes.  of p r e s s u r e .  

A l though  t h e  a c c u r a c y  o f  t h e  r e s u l t s  i s  l i m i t e d  by 

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

t h a t  1% changes  i n  K due  t o  changes  i n  p r e s s u r e  i n  t h e  

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

s e n s i t i v i t y  o f  t h e  e x p e r i m e n t .  



More c o n s i d e r a t i o n  w i l l  have  t o  b e . g i v e n  t o  w i r e  mass 

measurement  i n  any  f u t u r e  work.  However, t h e  c o n s i s t e n c y  

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

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