
N A S A  C O N T R A  

R E P O R T  

. -  CRYOGENIC  MAGNETOMETER 
-x. 

DEVELOPMENT 

by We S. Goree, R. S. Deauer, Jy., V. W. Hestermmz, 
and T. W. Rarbee, Jr. 1 .I/>. 

c 

Prepared by 
STANFORD RESEARCH INSTITUTE 
Mcnlo Park, Calif. 
for Anzes  Research  Center 

. .  

N A T I O N A L   A E R O N A U T I C S   A N D   S P A C E   A D M I N I S T R A T I O N  WASHINGTON,   D .  C.  J U N E  1968  

g# 
. .  

https://ntrs.nasa.gov/search.jsp?R=19680017231 2020-03-12T10:50:22+00:00Z



TECH LIBRARY KAFB, NY 
- 

006038b 
F_ 

NASA CR- 10'73 

/' 

CRYOGENIC MAGNETOMETER DEVELOPMENT 

BY w. s. Goree, B. S. Deaver, Jr., V. W. Hesterman, 
.. - 

' and T-.-W; Barbee, Jr. 

Distribution of this  report is provided  in  the  interest of 
information  exchange.  Responsibility  for  the  contents 
resides in  the  author o r  organization  that  prepared  it. 

Prepared  under  Contract No. NAS 2-2088 by 

Menlo  'Park,  Calif. 
Y" STANFORD RESELUCH INST- 

for Ames  Research  Center 

NATIONAL AERONAUTICS AND  SPACE ADMINISTRATION 

For  sale by the  Clearinghouse  for  Federal  Scientific  and  Technical  Information 
Springfield,  Virginia 22151 - CFSTI price $3.00 

". " 



\ 



ABSTRACT 

A low  field  euperconducting  shield  has  been  developed and  used to 
provide  otable  magnetic  fields of lees  than  lod G ,  maintained  stable  for 
ao long  as 6 days, The shield  is a superconducting  cylinder 91.5 cm  long 
by 16.5 cm ID, The measured  attenuation  of  externally  applied  axial  field 
changes is a factor  of  31  per  shield  radius. 

The Meissner-effect and zero resistance  property of superconductors 
has  been  used  in the development of a magnetometer  for  measuring  the  ab- 
solute  value of magnetic fields,  This device  has  been  used to measure 
fields as small as 2 x 10" G. 

A magnetometer  utilizing  the  unique  zero  resistance and  quantized 
flux  properties of superconductors  has  been  developed and  used to  measure 
magnetic  field  changes as small as 5 x lo4 G .  

The dc Josephson  tunneling  effect  has  been  used to construct (1) 
magnetometers with field  sensitivity  as  good as  lo4 G, (2 )  magnetic  grad- 
iometers with which  field  gradients  of lo4 G cm  have  been measured, (3) 
linear  displacement  detectors  with  which  displacements of less  than 
1500 8 have  been measured, and ( 4 )  a system  for  measuring  static  magnetic 
susceptibility, which  was  used to study  the  time  dependence of the  Meissner 
effect  in  hollow  tin  cylinders. 
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FOREWORD 

T h i s  i s  t h e   f i n a l   r e p o r t   o n   C o n t r a c t  NAS 2-2088 between  S tanford  
R e s e a r c h   I n s t i t u t e   a n d   t h e  NASA-Ames Resea rch   Cen te r   (SRI   P ro jec t  PHU- 
5 0 9 3 ) .   T h e   r e s e a r c h   p e r i o d   c o v e r e d  32 months ,   f rom 1 J u l y   1 9 6 4  t o  7 March 
1967. T h e   p r i n c i p a l   i n v e s t i g a t o r  w a s  Bascom S .  Deaver , J r .  u n t i l  Septem- 
ber 1965.  William S .  Goree   then  was a p p o i n t e d   p r i n c i p a l   i n v e s t i g a t o r  for 
t h e   r e m a i n i n g  18 months of t h e   p r o j e c t .   O t h e r   p a r t i c i p a n t s   i n   t h e   r e s e a r c h  
program were T .  W .  Ba rbee ,  J r . ,  H .  J .  B r a d l e y ,   F .   C h i l t o n ,  V .  W .  Hesterman,  
and J .  Swedlund. 
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I INTRODUCTION AND SUMMARY 

The general  objective of the  research program described in this 
report  was  to  investigate  the  application  of  the unique properties of 
superconductors  to  instruments. The program had  three  specific objec- 
tives: (1) the construction of a superconducting  magnetic  shield  with 
room temperature  access.  and  the  use of this  shield for long term stabil- 
ity  tests  of  the Ames flux gate  magnetometer, (2) the investigation of 
the  use of superconducting  Meissner-effect  circuits as absolute  reading 
magnetometers for measuring  magnetic  fields  as low as G, (3) the 
investigation of the use of superconducting quantized-flux circuits  to 
measure  magnetic  fields or field  changes  as small as G. These 
objectives  were  met  as  follows: 

1. A cylindrical  superconducting  shield was  constructed  that  was 
16.5 cm ID by 91.5 cm long  with an 8-em-diameter room temperature  access 
coaxial with  the  shield. Magnetic  fields  transverse and parallel to  the 
shield  axis  could be reduced to less  than G at  the  center  of  the 
shield  and  maintained  stable  as  long  as  the  shield  was  superconducting. 
The  longest  test  of the  shield  lasted  about  six  days. During this experi- 
ment,  two  Ames flux gate  were  tested for long term 
stability. 

2. The  linear field-versus-output voltage  of Meissner-type modula- 
tors  was  used  as an absolute  magnetometer  with  sensitivities as  good  as 
2 x G. Studies  were made  of  the signal-to-noise ratio  as a function 
of applied  magnetic  field  parallel  and  perpendicular  to  the  modulator 
axis;  operating  frequency;  ambient  temperature  at  the  modulator;  and 
thermal  environment, i.e.,  the  effect  of  dif’ferent thermal  contact between 
the  modulator  and  the  liquid helium bath. 

3. Numerous quantized-flux circuits  were  constructed  and  tested. 
The  best  of  these  was  used to detect  magnetic  field  changes  as small as 
5 x G. This work was reported in detail in Midterm  Report - 
October 1965 and in a published paper.4 

We also  studied  Josephson  tunneling  junctions  of  the  type  described 
by Clarke,’  and constructed  magnetometers and magnetic  gradiometers  using 
the direct current  characteristics  of  these devices. A cylindrical  cavity 
was built to study  the  alternating  current  characteristics of the Clarke- 
type  Josephson  junction,  although  time  did  not  permit  completion of this 
s tud y . 

*References are listed at the  end of this  report. 
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Progress on this  research  contract  was  reported in informal reports 
to WSA-Ames: 

0 August 23, 1965: an interim report covering the long term stability 
test of two NASA-Ames flux gate magnetometers.6 

0 October 1965: a s m a r y  of  progress  made during the first lk 
months  of  the  contract p e r i ~ d . ~  This report is  very  detailed 
and  may be considered  to  supersede all previous  reports  except 
the August 1965 interim  report  discussed above. 

Further results of research  performed under this  contract  were 
reported  in a paper  published in The  Review  of  Scientific  Instruments.* 
This paper  describes all of the work  performed on the rotating supercon- 
ducting  shield  and  the quantized-flux magnetometers  except for the optical 
heating  experiments,  which  are  presented in Section VI1  of  this  report. 

The  research  effort  during the last 14 months of  the  contract  has 
been devoted  primarily to  the study of Meissner-effect magnetometers. 
However,  other  very  interesting  programs  have  received  significant atten- 
tion. The  research  program  during  this 14-month period  can  be  categorized 
as  fol.lows : 

1. Meissner-effect magnetometer. 

2. Optical heating experiments  with a quantized-flux modulator. 

3. Josephson  junctions,  Clarke  slug type. 

4. Thermally-flushed  lead  superconducting shield. 

These  four  topics,  plus  the  magnetic  shield  and  the quantized-flux 
magnetometer,  are  discussed in separate  sections of this  report. A des- 
cription of  the Meissner-effect magnetometer  and  our  applications  of the 
dc Josephson  effect is given  also in Reference 8. 

The  next  section  of  this  report  presents  the  unique  properties of 
superconductors  that  are  applicable to this research program. The order 
of presentation in the  following  sections (I11 through VIII) is  the chron- 
ological  order  of the discovery  of the property  most  directly  related to 
the  application. Thus we  describe  the  superconducting  magnetic  shields 
in Sections I11 and IV (zero  resistance - 1911), the  Meissner  magnetometer 
in Section V (Meissner  effect - 1933), the quantized-flux magnetometer in 
Sections VI and VI1 (quantized  magnetic flux - 1961), and finally, the 
supercurrent  tunneling  devices in Section VI11 (Josephson  effect - 1963). 
Section IX presents a summary  of  conclusions  and  recommendations  based on 
the  overall  research  program  described  in  this  report. 
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I f  UNIQUE PROPERTIES OF SUPERCONDUCTORS 

S e v e r a l   u n i q u e   p r o p e r t i e s   o f   s u p e r c o n d u c t o r s  make  them u s e f u l   f o r   t h e  
measurement and control of magnetic f i e l d s .   T h e   t e c h n i q u e s   d e s c r i b e d   h e r e  
d e p e n d   p r i m a r i l y  on t h e   f o l l o w i n g :   z e r o  e lectr ical  r e s i s t a n c e ,   t h e  Meis- 
sner e f f e c t ,   f l u x o i d   q u a n t i z a t i o n ,  and s u p e r c u r r e n t   t u n n e l i n g .  

A .  Zero  Resistance 

T h e   m o s t   e v i d e n t   p r o p e r t y   o f   t h e   s u p e r c o n d u c t i n g  s t a t e  i s  t h a t   o f  
z e r o   r e s i s t a n c e ,   w h i c h  was n o t i c e d  by Kamerlingh  Onnes i n   1 9 1 1  when he 
d i s c o v e r e d   s u p e r c o n d u c t i v i t y ,   T h e   r e s i s t a n c e   t o  e l ec t r i ca l  c u r r e n t   f l o w  
d r o p s   t o   z e r o   i n  a f a i r l y  n a r r o w   r e g i o n   a r o u n d   t h e   t r a n s i t i o n   t e m p e r a t u r e ,  
T . T h e   n a r r o w n e s s   o f   t h e   r e g i o n   o f   t e m p e r a t u r e  i s  t y p i c a l   o f   p h a s e   c h a n g e s ,  
and i n  a pure  Type I s u p e r c o n d u c t o r ,   t h e   t r a n s i t i o n  i s  na r rower   t han  a 
m i l l i d e g r e e .  

C 

I n   s u p e r c o n d u c t o r s   t h a t  are c a r r y i n g   c u r r e n t s ,   z e r o   r e s i s t a n c e   r e s u l t s  
i n   b e h a v i o r   f o r  a l l  f r e q u e n c i e s   t h a t  i s  a n a l o g o u s   t o   t h e   h i g h   f r e q u e n c y  
behav io r   o f   no rma l   good   conduc to r s .   The   cu r ren t s  are c o n f i n e d   t o   t h e   s u r -  
f a c e   o f   t h e   s a m p l e .   F u r t h e r ,  zero r e s i s t a n c e   w i t h   M a x w e l l ’ s   e q u a t i o n s  
i m p l i e s   t h e   e x c l u s i o n  of changes   o f   magnet ic   f lux  

” aB 0 a t  - 

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

B .  M e i s s n e r   E f f e c t  

An even  more g e n e r a l   m a g n e t i c   f i e l d   e x c l u s i o n  i s  o b s e r v e d   i n   s u p e r -  
c o n d u c t o r s .   T h e   M e i s s n e r   e f f e c t   p e r t a i n s   t o  

4 

B =  0 
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i n s i d e   t h e   s u p e r c o n d u c t o r .   E q u a t i o n s  (1) a n d   ( 2 )   a p p l y   d e e p   w i t h i n   t h e  
body of a s u p e r c o n d u c t o r .  Near t h e   s u r f a c e ,   a n   e x p o n e n t i a l   d e c a y  

is obse rved .   In   Eq .  ( 3 ) ,  z m e a s u r e s   t h e   d i s t a n c e   f r o m   t h e   s u r f a c e   i n t o  
the   supe rconduc t ing   s ample ,   and  )I is  t h e  London p e n e t r a t i o n   d e p t h ,   w h i c h  
is t y p i c a l l y  of o r d e r  500 8 .  T h e   f l u x   e x c l u s i o n   r e p r e s e n t e d  by  E q s .   ( 1  
t o  3) is t h e   p r i n c i p l e   b e h i n d   s u p e r c o n d u c t i n g   m a g n e t i c   s h i e l d s .  By swi t ch -  
i n g  a supe rconduc t ing   s ample   back   and   fo r th   f rom  supe rconduc to r   t o   no rma l ,  
t h e   f l u x   e x c l u s i o n   o f   E q s .   ( 1   t o  3 )  c a n   b e   u s e d   t o   m e a s u r e   m a g n e t i c   f i e l d  
s t r e n g t h s .  

C .  F l u x o i d   Q u a n t i z a t i o n  

. T h e   s u p e r c o n d u c t i n g  s t a t e  is a macroscopic  quantum s t a t e .  T h u s ,  
c lass ical  q u a n t i t i e s   s u c h  as t h e   v e l o c i t y   o f   t h e   c u r r e n t  ca r r ie rs ,  t h e  
e l e c t r o n s ,  are d e f i n e d   i n   t h e   s e n s e  of a n   e x p e c t a t i o n   v a l u e   u s i n g   t h e  wave  
f u n c t i o n   f o r   t h e   s u p e r c o n d u c t i n g  s t a t e .  J u s t  as i n   t h e  quantum  behavior 
o f   a tomic  s y s t e m s ,  t h e   e x i s t e n c e   o f   t h e  wave f u n c t i o n   i m p l i e s   v a r i o u s  
i n t e r f e r e n c e   e f f e c t s .  One o f   t h e s e   i n t e r f e r e n c e   e f f e c t s  i s  t h a t  of f l u x o i d  
q u a n t i z a t i o n .   Q u i t e   a n a l o g o u s   t o   t h e   B o h r - S o m m e r f e l d   q u a n t i z a t i o n   c o n d i -  
t i o n ,  a supe rconduc to r   obeys  

4 e ‘  
f(2mvs-2; A )  dx = nh 

-+ 

(4)  

4 -4 

I n   E q .  ( 4 ) ,  v i s  t h e   s u p e r c o n d u c t i n g   e l e c t r o n   v e l o c i t y ,  and A is  t h e  
e l e c t r o m a g n e t l c   v e c t o r   p o t e n t i a l .   T h e   e l e c t r o n   c h a r g e  and mass are e and 
m ,  r e s p e c t i v e l y .   T h e y   a p p e a r  as 2e  and 2m d u e   t o   t h e   p a i r i n g   t h a t   c a u s e s  
s u p e r c o n d u c t i v i t y .  

5 

I n  a w i d e   v a r i e t y   o f   c i r c u m s t a n c e s ,   o n e   c a n   c o n s i d e r  a c o n t o u r   f o r  
t h i s   l i n e   i n t e g r a l   t h a t  i s  d e e p   w i t h i n   t h e  body  of a superconduct ing   sample  
where v = 0 .  The  second term o f   t h e   i n t e g r a l  is  p r o p o r t i o n a l   t o   t h e  mag- 
n e t i c   f a u x ,  

4 



l i n k i n g   t h e  c i r c u i t .  I n   t h e s e  circumstances t h e n ,   t h e   m a g n e t i c   f l u x  i s  
q u a n t i z e d   ( f l u x   q u a n t u m   u n i t  = 0 = hc/2e a 2 x lo+  G cma ) . 

0 

F l u x   q u a n t i z a t i o n  means t h a t   t h e   o n l y   p o s s i b l e   v a l u e s   o f   m a g n e t i c  
f l u x  t r a p p e d   i n s i d e  a t h i c k   s u p e r c o n d u c t i n g  r i n g  are i n t e g r a l  m u l t i p l e s  
of hc/Ze = 2 x l o 4  G cma. I t  is i n t e r e s t i n g   t h a t   f l u x   q u a n t i z a t i o n  makes 
it p o s s i b l e  t o  produce  a r e g i o n   i n   w h i c h   t h e r e  i s  zero m a g n e t i c   f i e l d .  If 
a h o l l o w   s u p e r c o n d u c t i n g   c y l i n d e r  i s  cooled  below i t s  t r a n s i t i o n   t e m p e r a -  
t u r e  i n  a m a g n e t i c   f i e l d   t h a t   p r o d u c e s  less t h a n   h a l f  a q u a n t i z e d   S l u x   u n i t  
t h r o u g h  i t ,  a cu r ren t  is i n d u c e d   i n   t h e   s u p e r c o n d u c t o r  t o  c a n c e l   e x a c t l y  
t h i s   f l u x   a n d   p r o d u c e   t h e  lowest q u a n t i z e d  s t a t e ,  i . e . ,  zero f l u x   i n s i d e  
t h e   c y l i n d e r .   F u r t h e r ,   t h e   c u r r e n t   S l o w i n g   i n   t h e   c y l i n d e r  is a d i r e c t  
measure o f   t h e   f l u x   t h a t   i n i t i a l l y   e x i s t e d  i n  t h e   c y l i n d e r ,   a n d   t h e  mag- 
n e t i c  f i e l d   c a n   b e   m e a s u r e d   w i t h o u t  access t o  t h e  volume  occupied  by  the 
f i e l d  and  wi thout   mot ion  of t h e   s u p e r c o n d u c t o r .  

D .  S u p e r c u r r e n t   T u n n e l i n g  

O t h e r   m a n i f e s t a t i o n s   o f   t h e   m a c r o s c o p i c   q u a n t u m   n a t u r e  of t h e   s u p e r -  
c o n d u c t i n g  s t a t e ,  wi th   weak ly   coup led   supe rconduc to r s ,   have   been   u sed  for  
a number of ingen ious   dev ices   fo r   magne t i c   measu remen t s  .6 1' 

T u n n e l i n g   c h a r a c t e r i s t i c s   u n i q u e  t o  t h e   s u p e r c o n d u c t i n g  s t a t e  r e s u l t  
when two s u p e r c o n d u c t o r s  are s e p a r a t e d   b y  a v e r y   t h i n   d i e l e c t r i c   l a y e r ,  
approximakely  20 8,or by t h i n   s u p e r c o n d u c t i n g   l i n k s .  Direct c u r r e n t  up 
t o  some c r i t i c a l  v a l u e  w i l l  t u n n e l   t h r o u g h   t h i s   j u n c t i o n   w i t h o u t   p r o d u c i n g  
a v o l t a g e   d r o p .   T h i s   s u p e r c u r r e n t   t u n n e l i n g  i s  u s u a l l y   r e f e r r e d  t o  as t h e  
d c   J o s e p h s o n   e f f e c t .   F o r   c u r r e n t s  somewhat l a r g e r   t h a n   t h i s  c r i t i c a l  v a l u e ,  
a f i n i t e   v o l t a g e   a p p e a r s ,   a n d   h i g h   f r e q u e n c y   c u r r e n t   o s c i l l a t i o n s   o c c u r  
t h r o u g h   t h e   j u n c t i o n .   T h i s  i s  t h e  ac J o s e p h s o n   e f f e c t .   T h e   J o s e p h s o n  
equa t ion   hv  = 2 e V  g i v e s   t h e   f r e q u e n c y ,  v ,  o f   t h e s e   c u r r e n t   o s c i l l a t i o n s  
v e r s u s   t h e   v o l t a g e   d r o p ,  V ,  across t h e   j u n c t i o n .   I n  t h i s  e q u a t i o n ,  e is 
t h e   c h a r g e   o f  a s i n g l e   e l e c t r o n   a n d  h is P l a n c k ' s   c o n s t a n t .   E x c e l l e n t  
r e v i e w s   o f   t h e s e   e f f e c t s  are g i v e n   i n   R e f e r e n c e s   1 0   a n d  11. 

T h e   d c   J o s e p h s o n   e f f e c t   h a s   r e c e i v e d   c o n s i d e r a b l e   e x p e r i m e n t a l   a n d  
t h e o r e t i c a l   s t u d y   o v e r   t h e   p a s t   f e w   y e a r s   a n d   s h o w s   p r o m i s e   o f   b e i n g   u s e f u l  
as a v e r y   s e n s i t i v e   i n s t r u m e n t   f o r   m e a s u r i n g   c h a n g e s   i n   a p p l i e d   m a g n e t i c  
f i e l d ,  small c u r r e n t s ,   a n d   v e r y  small v o l t a g e s .   T h e   u s e f u l n e s s   o f   t h e s e  
j u n c t i o n s   c a n   b e s t   b e   u n d e r s t o o d  by c o n s i d e r i n g   t h e   e q u a t i o n   t h a t   d e t e r -  
m i n e s   t h e  maximum zero v o l t a g e   c u r r e n t   t h a t   c a n   b e   d e v e l o p e d  across t h e  
t u n n e l   j u n c t i o n .  

s in(nr r  @ . / @  ) 
J O  I = I  
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From t h i s   e q u a t i o n  w e  see t h a t   t h e  c r i t i ca l  c u r r e n t ,  I ( i . e . ,  t h e   c u r r e n t  
f o r   w h i c h  a v o l t a g e   f i r s t   a p p e a r s )  i s  a p e r i o d i c   f u n c t l o n   o f   t h e   m a g n e t i c  

p e r i o d   $ r o p o r t i o n a l  t o  t h e   f l u x   q u a n t u m ,  ip . F u r t h e r ,  w e  n o t i c e   t h a t   t h i s  
e q u a t i o n   f o r   t h e  c r i t i c a l  c u r r e n t  is  ana logous  t o  t h e   e q u a t i o n   f o r   t h e  
a m p l i t u d e s   o f   t h e   F r a u n h o f e r   d i f f r a c t i o n   p a t t e r n  of a s i n g l e  s l i t  o p t i c a l  
d i f f r a c t i o n   g r a t i n g .   T h i s   p a t t e r n   h a s  a m a x i m u m  a t  z e r o   a p p l i e d   f i e l d   a n d  
s u c c e s s i v e  lower o r d e r  maxima a t  i n t e g r a l  q u a n t u m   v a l u e s   o f   t h e   f l u x  
t h r o u g h   t h e   j u n c t i o n .  

c 

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

0 

I n   p r i n c i p l e ,  a s i n g l e   J o s e p h s o n   j u n c t i o n   e x h i b i t i n g   t h e s e   d i f f r a c t i o n  
e f f e c t s   c a n   b e   u s e d  as a n   a b s o l u t e   m a g n e t o m e t e r ,   s i n c e   t h e  c r i t i c a l  c u r r e n t  
i s  a m a x i m u m  f o r   z e r o   a p p l i e d   f i e l d   l i n k i n g   t h e   j u n c t i o n .  

I n   j u n c t i o n s   o f   r a t h e r   l a r g e  cross s e c t i o n  area or w h e r e   h i g h   t u n n e l i n g  
c u r r e n t s   e x i s t ,   t h e   t u n n e l   c u r r e n t   i t s e l f  is l a r g e   e n o u g h  t o  i n f l u e n c e   t h e  
m a g n e t i c   f i e l d   w i t h i n   t h e   j u n c t i o n ,   T h i s   e f f e c t  i s  ana logous  t o  t h e  
M e i s s n e r   e f f e c t   a n d   t e n d s  t o  s h i e l d   p a r t   o f   t h e   j u n c t i o n   f r o m   e x t e r n a l  
f i e l d   c h a n g e s ,   B e c a u s e  of t h i s ,   j u n c t i o n s   c a n n o t  be made a r b i t r a r i l y   l a r g e  
t o  g a i n   e n h a n c e d   s e n s i t i v i t y .  

S e v e r a l   i n v e s t i g a t o r s   h a v e  shown t h a t   e n h a n c e d   s e n s i t i v i t y   c a n   b e  
achieved  by  connect ing  two or more J o s e p h s o n   j u n c t i o n s   i n   p a r a l l e l . ’  For 
a c i r c u i t   o f  t w o  i d e n t i c a l   j u n c t i o n s   c o n n e c t e d   i n   p a r a l l e l ,   t h e   e q u a t i o n  
f o r   t h e  c r i t i c a l  c u r r e n t   v e r s u s   m a g n e t i c   f i e l d  i s  

where @ is  t h e   f l u x   t h r o u g h   e a c h   j u n c t i o n   a n d  @ i s  t h e  t o t a l  f l u x   l i n k i n g  
t h e  area b e t w e e n   t h e   j u n c t i o n s .  From t h i s   e q u a t l o n  we see t h e   d i f f r a c t i o n  
p a t t e r n   g i v e n   i n   t h e   p r e v i o u s   e q u a t i o n   f o r  a s i n g l e   j u n c t i o n   m u l t i p l i e d  by 
a term t h a t  i s  ana logous  t.o t h e   i n t e r f e r e n c e  term of a m u l t i p l e  s l i t  op- 
t i c a l  i n t e r f e r o m e t e r .   T h i s   i n t e r f e r e n c e  term m o d u l a t e s   t h e   d i f f r a c t i o n  
e f f e c t  i n  a p e r i o d i c   m a n n e r   w h e r e   t h e   p e r i o d  is now p r o p o r t i o n a l   t o   t h e  
m a g n e t i c   f l u x ,  @ l i n k i n g   t h e   a r e a ,  A ,  d e f i n e d  by  t h e  leads c o n n e c t i n g  
t h e  two j u n c t i o n s .   S i n c e ;   t h i s  area b e t w e e n   t h e   j u n c t i o n s   c a n   b e  many times 
l a r g e r   ( e v e n   o r d e r s  of m a g n i t u d e   l a r g e r )   t h a n   t h e   j u n c t i o n   a r e a ,   t h e   i n -  
t e r f e r e n c e   p e r i o d   c a n   b e  much smaller t h a n   t h e   d i f f r a c t i o n   p e r i o d .   F i g -  
u r e  1 s h o w s   a n   i d e a l i z e d   c u r r e n t   v e r s u s   f i e l d   p l o t  f o r  a d o u b l e   j u n c t i o n  
i n t e r f e r o m e t e r .  We see b o t h   t h e   d i f f r a c t i o n   e n v e l o p e  of a s i n g l e   j u n c t i o n  
a n d   t h e   h i g h   f r e q u e n c y   o s c i l l a t i o n s   d u e  t o  t h e   i n t e r f e r e n c e  e f f e c t .  

j A 

A ’  
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FIG. 1 IDEALIZED  CRITICAL  TUNNELING  CURRENT VERSUS MAGNETIC  FIELD 
FOR A  DOUBLE JOSEPHSON JUNCTION  INTERFEROMETER 

The  magni tude of t h e   f l u x   q u a n t u m  is 2 x lod7 G c m 2 .  Thus i f   t h e  
area b e t w e e n   t h e   p a r a l l e l   j u n c t i o n s  i s 1  c m  , w e  see t h a t   t h e   i n t e r f e r e n c e  
p e r i o d  may b e  as small as 2 x l o 4  G .  I f  i n s t r u m e n t a t i o n  allows r e s o l u t i o n  
w i t h i n   a n   i n t e r f e r e n c e   p e r i o d ,   f i e l d s   c o n s i d e r a b l y  smaller t h a n  2 x loq  G 
c a n   b e   m e a s u r e d .   F o r g a c s   a n d   W a r n i c k l a   r e p o r t e d   s e n s i t i v i t i e s  as good as 
2 x lo+  G w i t h  a d o u b l e   j u n c t i o n   m a g n e t o m e t e r .  

2 
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I11 SUPERCONDUCTING  MAGNETIC  SHIELD 

T h e   s u p e r c o n d u c t i n g   m a g n e t i c   s h i e l d   h a s   b e e n   d e s c r i b e d   i n   d e t a i l   i n  
the Midterm  Repor t   o f   October   19657  and   in  a p u b l i s h e d   p a p e r ; 4   t h u s   o n l y  
a d i s c u s s i o n   o f   t h e   c o n s t r u c t i o n   a n d   f i n a l   p e r f o r m a n c e  w i l l  b e   g i v e n   h e r e .  

S e n s i t i v e   d e v i c e s   f o r   m e a s u r i n g  l o w  m a g n e t i c   f i e l d s   r e q u i r e  a test 
r e g i o n   i n   w h i c h   t h e   m a g n e t i c   f i e l d   c a n  be r e d u c e d   t o  less t h a n  10 G and 
m a i n t a i n e d   s t a b l e   f o r  many h o u r s .  For t h i s   r e a s o n ,  a supe rconduc t ing  mag- 
n e t i c   s h i e l d  w a s  c o n s t r u c t e d  and   used   wi th  a c o m b i n a t i o n   o f   s e v e r a l   t e c h -  
n i q u e s  t o  a c h i e v e   t h e  l o w  f i e l d   e n v i r o n m e n t .   T h e   s h i e l d   s t r u c t u r e  is 
d i a g r a m e d   i n   F i g w e  2 .  A p a i r   o f   f e r r o m a g n e t i c   s h i e l d i n g   c y l i n d e r s   f a b -  
r i c a t e d   o f  Mu-metal were u s e d   t o   r e d u c e   t h e   a m b i e n t   f i e l d  by a f a c t o r   o f  
approx ima te ly   100 .  A c o i l  wound a r o u n d   t h e   i n n e r  Mu-metal s h i e l d  was used  
t o   a p p l y   a n   a l t e r n a t i n g   f i e l d   t o   t h i s   s h i e l d   t o   r e d u c e   f i e l d s   d u e   t o   p e r -  
manen t   magne t i za t ion .  

-8 

The s u p e r c o n d u c l i n g  shield was t h e r m a l l y   i s o l a t e d  from t h e   l i q u i d  he-  
l i u m  b a t h  S O  t h a t  i t s  tcmpc,rature could be   var ied   s lowly   th rough t h e  supe r -  
c o n d u c t i n g   t r a n s i t i o n   t e m p e r a t u r e .   P r o v i s i o n   a l s o  was made f o r   r o t a t i n g  
t h e   s h i e l d  a t  approx ima te ly  1 r e v o l u t i o n / s e c   i n   o r d e r   t o  make u s e   o f   t h e  
s h i e l d i n g . o f   t r a n s v e r s e   f i e l d s  by t h e   e d d y - c u r r e n t s   i n d u c e d   i n   t h e   s u p e r -  
c o n d u c t i n g   c y l i n d e r  as d e s c r i b e d  by Vant-Hull   and  Mercereau. l3 I n   t h i s  
w a y ,   t h e   t r a n s v e r s e   f i e l d s  were reduced  by a f a c t o r   o f  loa t o  lo3. F i n a l l y ,  
t h e   p r e d o m i n a n t l y   a x i a l   f i e l d   i n s j d e   t h e   s u p e r c o n d u c t i n g   c y l i n d e r  was 
n u l l i f i e d   w i t h  a s u p e r c o n d u c t i n g   s o l e n o i d ,   w h i c h  was t h e n   s w i t c h e d  t o  t h e  
p e r s i s t e n t   c u r r e n t  mode t o   m a i n t a i n  time s t a b i l i t y   o f   t h e   r e s u l t i n g  low 
f i e l d .  A s u p e r c o n d u c t i n g   t r a n s f o r m e r ,   c o n n e c t e d   i n  series w i t h   t h e   p e r -  
s i s t e n t   c u r r e n t   s o l e n o i d ,  was u s e d   f o r   a p p l y i n g   p r e c i s e  small inc remen t s  
o f   m a g n e t i c   f i e l d .  

Both   superconduct ing   and  room t e m p e r a t u r e   d e v i c e s  were t o  b e   u s e d   i n  
t h e  l o w  f i e l d   r e g i o n ;   t h e r e f o r e ,  a D e w a r   w a s  p l a c e d   i n s i d e   t h e   s u p e r c o n -  
d u c t i n g   s o l e n o i d   t o   p r o v i d e   i s o l a t i o n   f r o m   t h e   l i q u i d   h e l i u m   b a t h .   T h i s  
i n n e r  D e w a r  c o u l d   b e   f i l l e d   w i t h   l i q u i d   h e l i u m  or m a i n t a i n e d  a t  room t e m -  
p e r  a t  u r e  . 

S p e c i a l  care was u s e d   i n   t h e   s e l e c t i o n   o f   n o n m a g n e t i c  materials f o r  
t h e   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 h e   d e w a r s  were p r i m a r i l y  aluminum 
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a n d   f i b e r g l a s s   a n d   r e q u i r e d   n o   l i q u i d   n i t r o g e n   s h i e l d s . *   T h e  vacuum j a c k e t  
a n d   s u p p o r t   s t r u c t u r e   f o r   t h e   s u p e r c o n d u c t i n g   s h i e l d   a n d   s o l e n o i d  were 
also p r i m a r i l y   a l u m i n u m   w i t h   b e r y l l i u m - c o p p e r   t u b i n g   u s e d  for t h e  vacuum 
l i n e s   f r o m   t h e  l o w  t e m p e r a t u r e   r e g i o n  t o  t h e  room. Nonsuperconduct ing  
cadmj.wn-zinc  solder  w a s  u s e d ,   a n d   , j o i n t s   b e t w e e n   b e r y l l i u m - c o p p e r   t u b i n g  
and  aluminum were s c a l e d   w i t h   i n d i u m   g a s k e t s ,   w h i c h  were n o t   s u p e r c o n d u c t i n g  
at t h e   s h i e l d   o p e r a l . i ~ ~ g   t e m p e r a t u r e .  

T h e   s u p e r c o n d u c t i n g   c y l i n d e r  w a s  a 0 .013-cm- th ick   l ead   coa t ing  on t h e  
s u r f a c e  of a c o p p c r   c y l i n d e r  9 1 . 5  c:m l o n g  IJY 16 .5  c m  OD w i t h  0.075-cm- 
t,hjc:lc wa l l s .  TIw s u p e r c o n d i i c t i ~ ~ g   s o l e n o i d ,  13 cm I D  and 60 cm l o n g ,  was 
wound of 0.025-cm 111 obJ um wi re .  The l a r g e  D e w a r ,  c o n t a i n i n g   t h e   s u p e r -  
c o n d u c t - i n g   s h i e l d ,  was 20  cm 1u by 210 c m  l o n g ;   t h e   i n n e r  Dewar p rov ided  
an 8-cm-diamet.er access i n s i d e   t h e   s h i e l d ,   w h i c h  w'a's m a i n t a i n e d  a t  e i t h e r  
room t e m p e r a t u r e  or l i q u i d   h e l i u m   t e m p e r a t u r e .  

The  perf.ormanc.v oI' t h c  m a ~ n c ~ t i c  s h i e l d  was e v a l u a t e d   u s i n g  a f l u x  
Eat ( !  magnelomct <IT.' r l t . s i  g n l - t l  b y  NASA-Amcs R c s e a r c h   C e n t e r ,   w i t h   w h i c h   f i e l d s  

More ihan  100  measurements were made of  
axis of t h e   s h i e l d  s y s t e m  w i t h   t h e   s u p e r -  
When t h e   i n n e r  Mu-metal s h i e l d   h a d   n o t  

s c ' v c r a l   d a y s ,   t h e  P i e l d  a l o n g   t h e  cen te r  
about  G .  Immcdia t e ly   a f t e r   demag-  
d t o  a l t e r n a t i n g   f i e l d s   o f   a p p r o x i m a t e l y  

10  G a t  G O  cyc le s  and s l o w l y   d e c r e a s i n g   t h i s   a p p l i e d   f i e l d   t o   z e r o   o v e r  
a p e r i o d  of 100 s e c o n d s ,  I h c  remaining f i e l d  was  found t o  be  between 
and 6 .  H o w e v e r ,  t h e   f i v l d   p a t t e r n  was   no t   r ep roduc ib le .  

T h e   t r a n s i t i o n   o f   t h e   l e a d   c y l i n d e r   i n t o   t h e   s u p e r c o n d u c t i n g  s t a t e  
w a s  found t o  o c c u r   o v e r  a t e m p e r a t u r e   i n t e r v a l   o f  O . O l ° K  as de termined   by  
o b s e r v i n g   t h e   c h a n g e   i n   p i c k u p   o n  a s e n s i n g  c o i l  i n s i d e   t h e   s h i e l d  as a 
small ac f i e l d  w a s  a p p l i e d   w i t h  a s o l e n o i d   e x t e r n a l  t o  t h e   s h i e l d .   T h e  
s u p e r c o n d u c t i n g   s h i e l d  was h e a t e d   a p p r o x i m a t e l y  O.Ol°K a b o v e   t h e   t r a n s i -  
t i o n   i n t e r v a l   a n d   t h e n  cooled th rough   abou t  0.04'K o v e r  a p e r i o d   o f  1 hour  
w h i l e   r o t a t i n g  a t  t h e  r a t e  o f  1 r e v o l u t i o n / s e c .  When t h e   t r a n s v e r s e   f i e l d  
m e a s u r e d   o n   t h e   s h i e l d  ax i s  was G i n i t i a l l y ,  a f i n a l   f i e l d   o f   a p p r o x i -  
m a t e l y  l o 4  G r e s u l t e d ,   i n d i c a t i n g   a n   a t t e n u a t i o n   o f  lo3 .  S i m i l a r   a t t e n -  
u a t i o n s  may h a v e   r e s u l t e d   f o r  lower i n i t i a l   f i e l d s ,   b u t  w e  cou ld   no t   measu re  
f i e l d s  less t h a n  lo4  G d u r i n g   t h e   e x p e r i m e n t s .   T h e   a x i a l   m a g n e t i c   f i e l d  
was found t o  b e   u n a l t e r e d  by t h e   t r a n s i t i o n  of t h e   l e a d   c y l i n d e r   i n t o   t h e  
s u p e r c o n d u c t i n g  s t a t e .  

* Linde  Model CD-217 l i q u i d   h e l i u m   h o t - c o l d  w e l l   D e w a r ,  non-n i t rogen  
s h i e l d e d .  
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The Ames  flux  gate  magnetometer  was  used as a null  detector by first 
reading  along  one direction, flipping  the  probe 180 degrees, and averaging 
the  two  readings  to  determine  the zero field; the  field at the  center of 
the  shield was reduced to less  than G by a current  flowing in the nio- 
bium solenoid, which  was  then  switched  to  its  persistent  mode.  Using 
these procedures, fields  less  than G could  be  achieved over  the ten- 
ter  1-cm  length of the  shield  with  gradients  of  approximately lo-' G/cm 
over  regions  up to 30-cm  long. The field  at the  center of the  shield was 
measured  continuously  for a period of 150 hours and found  not to vary  by 
an amount detectable  with  the  flux  gate probe, i .e. , 10" G. During  these 
measurements, a small  temperature  sensitivity of the  flux  gate  probe was 
diacovered; however, when  corrections  were  made  for  temperature  variations, 
or  when  the  probe was operated at precisely  constant  temperature,  duplicate 
readings  were  obtained. The field  at  the  end  of  the  150-hour  period was 
measured  under  identical  temperature  conditions and  found to  be  the  same 
as  that  mapped at  the  beginning of the  test. 

The attenuation  of  axial  magnetic  fields  was  measured  by  applying a 
uniform  axial  field of 7.0 G with a large  solenoid  enclosing  the  outer 
helium  Dewar. The measurements  were  made  with  the  niobiun  solenoid  heat 
switch on, because i f  the  superconducting  wire of the  solenoid  forms a 
persistent circuit, it couples  to  the  external field near  its  ends and 
reduces  the  effective  shield  attenuation  near  the  shield  center. Fig- 
ure 3 shows  the  measured  field  differences  along  the  shield  axis. A fit 
of the  data  indicates  that  the  field  inside  the  shield  is  falling as 
exp(-3.43Z/R),  i.e., a factor  of  about 31 per  shield radius, where Z is 
measured  Prom  one  end  of  the  shield  and R is  the  shield  radius. The at- 
tenuation  for  transverse  fields was not  measured  quantitatively; however, 
it was  checked  qualitatively by applying a transverse  field  with a small 
solenoid  across  the end of the  shield  and  found to be much  smaller  than 
for  the  axial  case. 
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I V  THERMALLY-FLUSHED  LEAD  SUPERCONDUCTING SHIELD 

Many o f  our e x p e r i m e n t s   w i t h   b o t h   t h e   q u a n t i z e d - f l u x   a n d  Meissner- 
e f f e c t  magnetometers d i d   n o t   r e q u i r e   t h e  large l o w  f i e l d   s u p e r c o n d u c t i n g  
s y s t e m   d e s c r i b e d   i n   S e c t i o n  111, which w a s  b u i l t  t o  test  t h e  Ames magne- 
tometers. I n s t e a d ,  a c o n s i d e r a b l y  smaller s y s t e m  tha t   wou ld  use much less 
hel ium  and  be more c o n v e n i e l ~ t  t o  w o r k   w i t h   i n   o u r   e x p e r i m e n t a l   s t u d i e s   o f  
m a g n e t o m e t e r   p e r f o r m a n c e   c h a r a c t e r i s t i c s  was b u i l t .  I t  was s t i l l  n e c e s s a r y  
t o  have a low f i e l d ,   s t a b l e   e n v i r o n m e n t   f o r   t h e   s t u d i e s ,  so w e  c o n s t r u c t e d  
a s y s t e m  s u g g e s t e d  by P r o f e s s o r   H i l d e b r a n d t   o f   t h e   U n i v e r s i t y   o f   H o u s t o n .  
T h i s  s y s t e m  i s  e s s e n t i a l l y  a c l o s e d   e n d   c y l i n d e r   f i t t i n g   i n s i d e  a g l a s s  
he l ium D e w a r  as shown i n   F i g u r e  4 .  T h e   c y l i n d e r  is made o f   v e r y   p u r e   l e a d  
welded  a long  one seam w i t h  a s p h e r i c a l   c a p   w e l d e d   o n   o n e   e n d .   T h e   o u t s i d e  
d i a m e t e r  i s  a p p r o x i m a t e l y   t h e  same as t h e   i n s i d e   d i a m e t e r   o f   t h e   h e l i u m  
D e w a r ,  w i t h   s u f f i c i e n t   c l e a r a n c e  t o  allow an  e a s y  f i t .  T o  produce  a low 
magne t i c   f i e ld   env i ronmen t . ,  i t  i s  n e c e s s a r y  t o  cool t h e   l e a d   c y l i n d e r  
t h r o u g h  i t s  c r i t i c a l  t e m p e r a t u r e   i n  a v e r y  slow a n d   u n i f o r m   f a s h i o n   s t a r t i n g  
at t h e   v e r y   b o t t o m   o f   t h e   c l o s e d   e n d .   O n c e  a small p o r t i o n   o f   t h e   c l o s e d  
end   becomes   superconduct ing ,  w e  have a s u p e r c o n d u c t i n g - n o r m a l   i n t e r f a c e  
p r o p a g a t i n g   f r o m   t h i s   r e g i o n   u p w a r d  t o  t h e   t o p   o p e n   e n d   o f   t h e   c y l i n d e r .  
I f   t h i s   i n t e r f a c e  i s  ve ry   na r row  and   moves   s lowly   and   un i fo rmly ,   t he  mag- 
n e t i c   f l u x   w i t h i n   t h e   i n t e r f a c e  w i l l  b e   c o n t i n u a l l y   p u s h e d   a l o n g   a n d   f l u s h e d  
out o f   t h e   v o l u m e   c o n f i n e d  by t h e   s u p e r c o n d u c t i n g   c y l i n d e r .  For t h i s   s y s t e m  
t o  w o r k   e f f e c t i v e l y ,   t h e   i n t e r f a c e   d i m e n s i o n s ,  i . e . ,  t h e   d i s t a n c e   f r o m   t h e  
p o i n t   w h e r e   t h e   l e a d  i s  t o t a l l y  normal  t o  t h e   p o i n t   w h e r e  it is comple t e ly  
s u p e r c o n d u c t i n g ,  must  be  narrow  enough so t h a t   l a r g e   n u m b e r s   o f   f l u x   u n i t s  
are n o t   t r a p p e d   a n d   t h u s   l o c k e d   i n   t h e   v o l u m e   o f   t h e   c y l i n d e r .  

1 4  

H i l d e b r a n d t   h a s   r e p o r t e d   f i e l d   r e d u c t i o n s   o f   t h e   o r d e r   o f  lo3 by a 
t h e r m a l   c y c l e  a s  desc r ibed   above .15   In   h i s   expe r imen t s   he   no rma l ly   moun ted  
t h e   l e a d   c y l i n d e r   i n s i d e  a Mu-metal m a g n e t i c   s h i e l d  so t h a t   t h e   a m b i e n t  
f i e l d  was approx ima te ly  G a n d   t h e   r e s u l t a n t   f i e l d   a f t e r   t h e   t h e r m a l  
f lu sh -p rocess   was  G .  

I n   o u r   e x p e r i m e n t s   w i t h  a t h e r m a l - f l u s h e d   s h i e l d ,  w e  were a b l e  t o  
get f i e l d   r e d u c t i o n s   o f   a p p r o x i m a t e l y  a f a c t o r   o f   1 0   s t a r t i n g   i n   f i e l d s  
o f  G ; s e v e r a l  times w e  o b t a i n e d  a f a c t o r   o f   1 0 0   b u t   n e v e r   a n y   b e t t e r .  
We h a v e   s i n c e   t a l k e d   w i t h   H i l d e b r a n d t   a n d   l e a r n e d   t h a t   t h e   l e a d   u s e d   i n  
h i s   e x p e r i m e n t  was c o n s i d e r a b l y  more p u r e   ( 9 9 . 9 9 9 9 % )   t h a n   t h e   l e a d  w e  used  
( 9 9 . 9 9 5 % ) ,   w h i c h   p r o b a b l y   e x p l a i n s   t h e   d i f f e r e n c e   i n   t h e   e x p e r i m e n t a l  

13 



3 

r- 1 -  

21"To $ of 
shields 
from top 
f l a n g e  

t 
1 I 

I 

I 

\ 
\Ha DEWAR--31-'/~'  OVERALL 

3"UPPER  FLANGE 
2 vi'l D, 3" OD 

L I P  TO SUPPORT N p  DEWAR 

N2 DEWAR1 30" OVERALL 
4 '/2" ID, 5" OD 

I N N E R   M U - M E T A L   5 " l D  

LEAD  SHIELD  I8 "OVERALL 
LENGTH. 2.530 OD. 
CLOSED  AT  BOTTOM 

DEWAR  PADS-STYROFOAM 

TB - 5093- 64 

FIG. 4 THERMALLY-FLUSHED  SUPERCONDUCTING  SHIELD 

14 



results.  The  magnetic  shielding  characteristics of the  system  were  not 
affected  by  this  lack of adequate  field  reduction, and we  were  still  able 
to  carry out experiments  inside  the  Mu-metal and superconducting  shield. 
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V MEISSNER-EFFECT MAGNETOMETER 

One of  the major  objectives of  the  research  program  described  in  this 
report  was  to  develop  an  absolute  reading  magnetometer  that  does  not  re- 
quire any preliminary  calibration  such as cool  down  in  a  zero field or ro- 
tating  a  pickup  coil.  Since  the  magnetic  flux  excluded by  the Meissner 
effect  is  a  linear  function of the  applied  magnetic field, we undertook 
a  detailed  investigation  of  this  unique  superconducting  property and its 
application to magnetic field measurement. 

Several  Meissner-effect  magnetometers had already  been  used  in  some 
of our  preliminary re~earch.~ The circuit used  in these  earlier  investi- 
gations  was  developed at Stanford  University  during  experiments to measure 
quantized  flux  in  superconductors.’“  In  this circuit, shown in Figure 5 ,  
coils A and B constitute  a  closed  superconducting circuit; therefore  the 
total  magnetic  flux  linking  this  circuit  must  be  constant.  If  the  flux 
linking coil A is  changed by A @  (for example, by  removing  a  magnetized 
sample  which  was  initially  enclosed by coil A), a  current is induced  in 
the circuit, producing  flux  changes in A and B whose sum exactly  equals 
- A @ ,  thus  leaving  the  total  flux  linking  the  circuit  unchanged. The in- 
duced current will persist  and is  a  permanent  record  of  the  flux  change 
A @  in coil A .  

HEATER 

lo d 

J 

u 
T I - S O 9 3 - I  

FIG. 5 BASIC  SUPERCONDUCTING  MAGNETOMETER  CIRCUIT 
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Operation of the  circuit to measure  the  persistent current, and con- 
sequently A # ,  is as follows: Prior to  the  flux  change  to  be measured, any 
persistent  current  already  present in  the  circuit AB is  eliminated  by mo- 
mentarily  heating  a  small  region of the  circuit  with  heater S ,  producing 
a  normal  resistance  in  that part of the  circuit  and  causing  the  current to 
decay to zero.  After  the  heat is removed  and AB is  again  superconducting, 
a subsequent  flux change, A @ ,  produces  a  persistent  current  proportional 
to A # .  A solid superconducting  modulator, P, inside  the  pair  of  concentric 
coils, B and C ,  is cooled  below  its  transition  temperature  through  contact 
with  a heat sink, To, and can be  raised above  its  transition  temperature 
with  a  heater.  When  the  modulator  is in  the normal state, the  current 
flowing in B  causes  flux to link B and C ;  when the modulator  becomes  super- 
conducting, part  of  this flux is expelled  from  the  modulator  volume,  thus 
changing  the  total  flux  linking B and C .  When the modulator  is heated  and 
cooled periodically,  the  variation  of  flux in C produces  an  alternating 
voltage  across C linearly  proportional  to  the  current in B and  thus pro- 
portional  to  the  attempted  flux change, nip. Detailed  circuit  analysis  ap- 
plicable to the  Meissner-effect and quantized-flux  magnetometers is pre- 
sented  in Appendix A. (See Figure  15 in Section VI for  a  Slock  diagram of 
the  6lectronics  generally  used  with  these  magnetometers.) 

The difficulty  with thv solid  post magnetometer  circuit  proved  to be 
that  the frequency  response  was very low, i.e., limited  to  about  1 kHz. 
This is  presumably  because of eddy-current  damping of the  flux  motion  over 
the  length of the modulator and, possibly,  slow  thermal  response. The sig- 
nal  power  available from a  circuit of this  type  is  proportional  to  the  op- 
erating  frequency.  Thus it is clear that  increased  output power may  be ob- 
tained  by increasing the operating  frequency. To achieve this additional 
signal power, we have  constructed  several  Meissner-type  modulators  that  are 
heated  internally  where  the  thermal  path  is  now  the  radial  thickness  of  the 
modulator  rather  than  its  length. The modulator  was cast o r  electroplated 
on  a  coaxial  resistive  heater  as  shown in Figure 6 and  could  be  thermally 
switched  at  frequencies  as  high  as 30 kHz. 

17 
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A .  Construction 

Construction  of  the  internally  hcatcd  modulators  was  difficult.  From 
the  circuit  analysis prosc'nted  in Appendix A, we  see  that  the  signal  power 
is directly  proportional to  the  volume  of  superconductor  that  is  switched, 
i.e., the  amount of magnetic  flux  that  is  expelled  per  cycle. This, plus 
the  fact  that  the  Meissner  effect  is  not  nearly 100% complete, implies  that 
a large  volume of superconductor  must be  switched  at  rather  high  frequen- 
cies  to  obtain  adequate  signal  power at  very  low fields,  i.e., fields  of 
the  order of G .  In our  circuits we generally  have  used  modulators 
1.25 mm OD by 0.5 mm  ID by 1.7 cm  long.  These  dimensions  were  arrived at 
t o  facilitate  construction by calculating  the  electrical  skin  depth of the 
modulator  material  while it is  still in the  normal  state.  These  calcula- 
tions  are  presented in Appendix B .  Evaporation  techniques  are  not  suit- 
able  for  depositing  heavy  metal layers, so casting or electroplating  tech- 
niques  were used  to form the  superconducting  coating. We used 99.995% 
pure  tin  for  most of the  Miessner-effect  modulators. 

Construction of the  modulator  heater was very  similar  (except f o r  size) 
to  that of  the  heaters  used  with  the  quantized-flux  circuits  described  in 
Section  VI.  We  started  with  an  insulated  copper wire, approximately 0.5 mm OD, 
then  evaporated a copper-gold alloy  heating  film  over  the  insulation  that  made 
contact to the  wire at one  end. It was  then  necessary  to  cover  this  copper- 
gold  film  with  high  temperature  insulation so that the  thick-walled  super- 
conducting  modulator  could  be  case o r  electroplated  about  the  cylindrical 
heater.  After  considerable  investigation  we  found a duPont  high  temperature 



v a r n i s h   c a l l e d  Pyre-ML t h a t  was s u i t a b l e  for d i p   c o a t i n g ,   c o u l d   b e   c u r e d  
a t  3OO0C, a n d   w o u l d   w i t h s t a n d   t e m p e r a t u r e s   a s   h i g h   a s  300°C w i t h o u t   d e t e -  
r i o r a t i n g . *  To i n s u l a t c ?   t h e   h e n t i n g   l a y e r ,   t h e   a s s e m b l y   w a s   i m m e r s e d   i n t o  
t h e   v a r n i s h   a n d   t h e n   e x t r a c t e d ,   u s i n g  a motor d r i v c ,   a t   a b o u t  0.1 i n . / s e c .  
The  assembly was c u r e d  a t  150°C for 30 minutes   and   then   baked  a t  3OO0C i n  
an  argon  a tmosphere for 10 m i n u t e s .  

T h e   i n s u l a t c d   h e a t e r   a s s e m b l i e s  were t h e n   r e a d y   f o r   t h e   s u p e r c o n d u c t -  
i n g   c o a t i n g .  If a n   e l e c t r o p l a t e d   m o d u l a t o r   w a s  t o  b e   u s e d ,   t h e   h e a t e r  
assembly was mounted i n  a vacuum cvapora t ing   sys t em  on  a r o t a t i n g   f i x t u r e ,  
and a t h i n   l a y c r  o r  t h e  m c t n l  t o  b e   p l a t e d  was e v a p o r a t e d   o v e r   t h e   v a r n i s h .  
T h i s   m e t a l   l R y e r  w n s  u s e d  a s  t h e   c a t h o d e   i n   t h e   p l a t i n g   p r o c e s s .  To e n s u r e  
u n i f o r m   p l a t i n g   t h i c k n c s s ,  t h e  h e a t e r   a s s e m b l y  was r o t a t e d   s l o w l y   i n s i d e  a 
c y l i n d r i c a l   a n o d e   d u r i n g   t h c   p l a t i n g .   T h e   p l a t i n g   b a t h  was s t a n n o u s   f l u o -  
r o b o r a t e  [Sn(BF4).] s o l u t i o n  a s  d e s c r i b e d   i n   R e f e r e n c e   1 7 .  A c u r r e n t  re- 
v e r s a l   p l a t i n g   p r o c c d u r c  was  uscd t o  p roduce   more   un i fo rm  p l a t ings .   Cur -  
r e n t  was  on 18 sec nncl thcn rcvcrsctl fo r  5 sec,  c t c .  Using 6-ma c u r r e n t ,  
about  5 h o u r s  wc'rc '  r e q u i r e d  t o  o b t a i n  a 0.35-mm w a l l   t h i c k n c s s   c y l i n c l c r .  

T h e   c a s t i n g   T i x t u r c  i s  shown i n   F i g u r e  7. I t  i s  s imply  a q u a r t z   t u b e  
whose ID is  thc samc a s  t hc   dcs i r cc l   modu la to r  OD. The  modulator   was  in-  
s e r t e d  i n  t h i s   t u b r ,  and c c n t e r c d ,   u s i n g   s m a l l   s t a n d o l ' r s  made of masking 
t a p e .  A r u b b e r   s u c t i o n   b u l b   w a s   f i t t e d  t o  the   uppe r   end  of t h e  tube   and  
t h e   l o w e r   e n d   w a s   d i p p e d   i n t o   t h e   m o l t e n   t i n   b a t h .   T i n  was thcn  drawn  up 
i n t o   t h e   t u b e   w i t h   t h e   s u c t i o n   b u l b   t o  t h e  d e s i r e d   h e i g h t  and   a l lowed   t o  
c o o l .   G e n e r a l l y   t h c   s l i g h t   c o n t r a c t i o n   o f  t h e  t i n  on c o o l i n g  was s u f f i -  
c i e n t   t o   a l l o w   c a s y   r c m o v a l  of t h e   m o d u l a t o r  from t h e   q u a r t z   t u b e .  

M o d u l a t o r   c o n s t r u c t i o n  was n o t   v e r y   r e p r o d u c i b l e .   I t  was d i f f i c u l t  
t o   c o n t r o l   t h e   p r e c i s e   l e n g t h   o f   t h e   s u p e r c o n d u c t i n g   C y l i n d e r  and a l s o  
t o  k e e p   t h e   h e a t e r  w i r e  c e n t e r e d   i n  t h e  c a s t i n g   t u b e .  We Were a b l e   t o  
ge t   one   symmet r i c   modu la to r  of t h c  correct l e n g t h   h o w e v e r ,   a n d   t h i s  mod- 
u l a t o r  was  used i n  most of o u r   e x p e r i m e n t a l   s t u d i e s  o f  the Mcissner -  
e f fec t   magnetomctc>r .  

B. Exper iments  and R e s u l t s  

The   purpose  of t h e s e   s t u d i e s  of the  Meissner-eEfect   magnetometer   was 
t o  d e t e r m i n e  how t h e   m a g n e t i c   f i e l d   s e n s i t i v i t y ,   f r e q u e n c y   r e s p o n s e ,  o r  

* Information  on  duPont  "Pyre-M.L." i s  a v a i l a b l e   f r o m  E .  I .  duPont   de  
Nemours   and   Co . ,   Fab r i c s   and   F in i shes   Depa r tmen t ,   In su la t ion   Sa le s ,  
7250 N .  Cicero Ave. ,   Lincolnwood,   Chicago,  I l l .  60646 
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signal-to-noise is affected by the  magnetic and thermal  environment of the 
modulator and thereby  maximize  the  sensitivity to magnetic fields, 

The thermal  environments  studied  were: (1) the  modulator  mounted di- 
rectly  in  the  liquid  helium bath, (2) the  modulator  mounted  in a vacuum 
container filled with  helium  exchange  gas and  immersed  in  the  liquid  helium 
bath, (3) the  modulator and  pickup  coil  assembly  coated  with a 0.3-mm layer 
of eilicone  vacuum grease, and (4) the  modulator and pickup coil assembly 
mounted  in a 3-mm-ID by 4-m-OD quartz  tube  filled  with  silicone  vacuum 
grease. 

The output  signal  for  the  modulator  mounted  directly in  the  liquid 
helium  bath had a random  low  frequency  amplitude  fluctuation  as  shown on 
Figure 8 .  This fluctuation was similar in appearance  to  cryotron  noise 
observed by Johnson and Chirlian,"  which  they  associated  with  boiling 
liquid  helium  at  the surface of the  cryotron.  Maximum  field  resolution 
with  this  modulator was about 8 x lo-" G. 

-The modulator was next  mounted  in a helium  exchange  gas  environment 
to  eliminate  the  possibility of boiling at  the modulator.  Figure 9 shows 
a typical  response  trace. The low  frequency  noise  was  greatly reduced, 
but the  frequency  response  also was reduced so increased  field  resolution 
was  not  obtained. 

Next, the  modulator was uniformly  coated  with a 0.3-mm layer of sili- 
cone  vacuum  grease and mounted  directly  in  the  liquid helium, Case 3. This 
uniform  coating  over  the  modulator and  pickup coil  certainly  would  prevent 
gas  bubbles  from  forming in direct  contact  with  the  modulator and  should 
reduce  temperature  gradients  along  the  length of the  modulator. The cir- 
cuit response, field resolution, and noise  were  identical to  Case 1 where 
the  modulator was mounted  directly  in  the  liquid  helium  bath. This indi- 
cates that the  silicone  vacuum  grease  is  an  excellent  thermal  conductor 
and  that  the  low  frequency  noise  probably  is  due  to  temperature  gradients 
at the  modulator. 

The modulator  assembly was mounted  in a 3-mm-ID by 4-mm-OD by 4-cm- 
long  quartz  tube  that was sealed  at  both  ends to provide  further  isolation 
from  the  liquid  helium bath, Case 4. The circuit  response  for  this  case 
was  almost  identical  to  that  for Case 2. The heavy  wall  quartz  tube  plus 
the  space  between  the  modulator and  the  tube  account  for  this  similarity. 

These experiments  indicate  that  the  magnetometer  was  sensitive to ther- 
mal environment and  that a low  frequency  noise  contribution  was  due t o  helium 
boiling  in  contact  with  the  modulator.  Reducing  this  low  frequency noise by 
altering  the  thermal  environment did not  measurably  improve  the  magnetic 
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FIG. 8 NOISE  IN  OUTPUT FROM  MEISSNER EFFECT 
MAGNETOMETER  MOUNTED  IN  -LIQUID  HELIUM BATH 

FIG. 9 NOISE IN  OUTPUT FROM  MEISSNER-EFFECT 
MAGNETOMETER  MOUNTED  IN  HELIUM  EXCHANGE GAS 
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field  sensitivity. As will  be  discussed  later  in  this  section,  transverse 
field  at  the  modulator  and  eddy-current  noise  appear  to  limit  the  sensitiv- 
ity  much  more  than  does  helium  boiling. 

All of the  above  thermal  environment  experiments  were  conducted  in  the 
Dewar  assembly  discussed  in  Section IV. The  modulatpr  was  mounted  with  its . 
axis  parallel to the  Dewar and  shield  axis. The ambient  magnetic  field  in 
this  axial (vertical) direction  was  measured by determining  the  applied 
field  required  to  null  the  output  signal  from  the  magnetometer. This field 
varied from about  to G for different  experiments.  During  these 
experiments we observed  that  the  signal-to-noise ratio, measured at  the null 
signal point, seemed  to  be  related  to  the  initial  axial  field. 

The next  series of experiments  was  designed  to  study  the  effect of mag- 
netic  fields  on  magnetometer  sensitivity. The  fields, axial and transverse 
to  the  Mu-metal  shield,  were  measured  and  found  to be  of  the  same  order  of 
magnitude  for  different  demagnetization  procedures. Further, if we  assume 
that  the  thermal-flushing  process  would'reduce  these  initial  fields by ap- 
proximately  equal amounts, then  the  transverse  field at  the modulator 
should  be  of  the  same  order  as  the  initial  axial  field. Thus, it appeared 
that  transverse  fields may  be  a  significant  source  of  modulator  noise o r  
extraneous  signal. 

A conclusive  experimental  test  of  this  assumption  was  difficult  in  the 
small  cryostat  due  to  limited  space  for  coils  to  control  all  three  field 
components*.  Therefore,  the  large  rotatable  superconducting  shield  was  used. 
The  modulator  was  mounted  as  shown in  Figure 10. The initial  magnetic field 
components at  the  modulator  were  measured  to  an  accuracy  of f 2 x G 
using  the  Ames  flux  gate  magnetometer and were  zero  parallel  to  shield  axis. 
The  maximum  field  perpendicular  to  the  shield  axis  was  1.2  x G. The 
perpendicular  field  also  was  uniform  over  the  magnetometer  dimensions. The 
modulator  was  mounted  with  its  axis  along  this  maximum  perpendicular  field 
and on  a  fixture  that  could be  rotated  by f 150  degrees in  a  plane  at  right 
angles to  the  shield  axis.  The  field  transverse  to  the  modulator  (i.e.,  along 
the  shield  axis)  was  controlled  with  the  persistent  current  niobium  solenoid 
described  in  Section 1 1 1 .  The  field  parallel  to  the  modulator  was  controlled 
with  a  copper  wire  solenoid  wound  around  the  fixture  holding  the  modulator. 
The  third  orthogonal  field  component  was  set at approximately  zero by rota- 
ting  the  modulator  until  it  pointed  in  the  maximum  field  direction. 

The results  of  these  studies of  the  effect  of fields  applied  trans- 
verse to the  modulator  axis  are  shown in Figure 11. It is clear  that  the 
noise  is  essentially  a  linear  function of transverse  field  except  at  very 
low fields, i.e., fields  low  enough  to  produce  only  a  few  flux  quanta 
through  the  transverse  projected  area  of  the  modulator.  The  scatter  of 
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points  at  very  low  fields  probably  indicates  that  the  field  was  not  com- 
pletely  uniform  at  the modulator,  possibly  due  to  magnetic  moments  of  the 
magnetometer  fixture. Also signals  at  these  low  fields  were  of  the  same 
order  as  the  inherent  noise  in  the  detection  circuit. 

A series  of  measurements  was  made of  the  modulation  efficiency  versus 
heating  frequency. For dc  heating,  the  modulation  efficiency  is  directly 
proportional  to  the  change  in  self-inductance  of  the  pickup  coil  when  the 
modulator  becomes  superconducting.  If  the  modulator  is  perfectly  coupled 
to the  pickup coil, the  self-inductance  will go to  zero  when  the  modulator 
becomes  superconducting. To measure  this  coupling or modulation  efficiency 
at  higher  frequencies,  a 10-kHz field  was  applied  to  the  modulator-pickup 
coil  assembly  with  an  external  solenoid.  The  modulator  was  then  switched 
with  the  resistive  heater at a  lower  frequency. The output  from  the  pickup 
coil  was  displayed  on  an  oscilloscope. The signal  from  the  applied  field 
was amplitude  modulated by  the  superconducting  modulator  at  twice  the  heat- 
ing  frequency. The modulation  efficiency  is  then  given  by (e -e )/e max  min max' 
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It is very  important  to  note  that  the  modulator  efficiency  measured 
in  the  manner  described  above  is  not  the  same  as  the  efficiency  with  which 
fl-lx is  excluded  and  admitted  to  the  modulator  volume  by  switching  in  dc 
fields.  In  the  measurements as described,  we  were  measuring  the  change in 
inductance  of  the  pickup  coil  as  a  function of modulation  frequency, and 
this  depends  only  on  the  shape  and  extent of the  outer  superconducting 
sheath  during  the  switching  process,  since  material  inside  this  sheath  is 
almost  perfectly  shielded  from  the  coil. It does  not  matter  how  efficiently 
magnetic  flux  has  been  expelled  from  the  volume  inside  this  sheath.  These 
data do provide  an  upper  limit  on  the  modulation  efficiency  expected  for 
switching  in  steady  fields. 

During  all of  the  experimental  studies  on  the  Meissner-effect  magne- 
tometer, we made  checks of the  dependence  of  the  magnetometer  sensitivity 
versus  bath  temperature (down to  about 1.5'K) and  heating  pulse  shape. The 
bath  temperature  did  not  significantly  affect  modulator  performance  except 
that  additional  heater  power  was  required  as  the  bath  temperature  was  re- 
duced. The heating  pulse  shapes  used  were  generally  sine  wave.  We  tried 
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equare  wave  heating  on  several  experiments and, while  magnetic  field  sen- 
Bitivity  was not improved,  this  method  of  heating did provide  more  control 
Over  the  heating  and  cooling  cycles. It also  provided  a  measure  of  the 
rise time  of  the  heating  and  cooling  pulses. A scope  photograph  of  the 
heating  pulse and the  magnetometer  response  using  an  untuned  detection 
circuit  is  shown  in  Figure 13. The pulse  width of the  output  due  to  heat- 
ing the  modulator  above  its  critical  temperature  is  about 0.075 msec, 
while  the  cooling pul.se width  is  about 0.5 msec.  Further,  the  heating 
output  pulse  can  be  controlled  to  some  extent by changing  the  amplitude 
of  the  heating  signal. The cooling  pulse width, on  the  other hand, is 
basically  fixed  by  the  modulator  geometry  (eddy-current paths)  and  the 
thermal  environment. 

From  the  above  studies  of  the  Meissner-effect  magnetometer,  we  can 
conclude  that: (1) fields as small  as  lo-" G can be measured; (2) the 
major  noise  source is the eddy-currents in  the  modulator  that  Impede  flux 
motion  during  the  transition  between  the  normal  to  the  superconducting 
states; (3) additional  noise is caused by  helium  boiling in contact  with 
the modulator; and (4) signal-to-noise  ratio is  a  function of the  trans- 
v e r ~ l e  magnetic  field at the  modulator.  Sensitivity  to  axial  field  changes 
Ulually is not  better  than  several  orders of magnitude  less  than  the  total 
transverse field at the modulator. 

yfx 
x = 0 . 5  m s e c / c m  

OUTPUT  SIGNAL 

HEATER  PULSE 

T A -  5 0 9 3  - ao 

FIG. 13 OUTPUT  SIGNAL FROM MEISSNER-EFFECT 
MAGNETOMETER FOR SQUARE-WAVE HEATING 
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V I  QUANTIZED-FLUX MAGNETOMETER 

T h e   q u a n t i z e d - f l u x   m a g n e t o m e t e r   h a s   b e e n   d e s c r i b e d   i n   d e t a i l   i n   t h e  
Midterm  Report  - Octobe r  19'657  and i n  a p u b l i s h e d   p a p e r 1 4 t h u s   o n l y  a b r i e f  
d i s c u s s i o n  of t h e   o p e r a t i n g   p r i n c i p l e s   a n d   f i n a l   p e r f o r m a n c e  w i l l  be   g iven  
h e r e .  

Q u a n t i z e d   f l u x   m o d u l a t o r s   ( w h i c h   a r e   h o l l o w ,   t h i n - w a l l e d   s u p e r c o n d u c t -  
i n g   c y l i n d e r s )   h a v e   b e e n   f o u n d  t o  s w i t c h   i n   a n d   o u t  of the s u p e r c o n d u c t i n g  
s t a t e   a t   f r e q u e n c i e s  as  h i g h  a s  s e v e r a l   m e g a h e r t ~ . ~ ~ ~ " ~  With t h i s   t y p e   o f  
m o d u l a t o r ,   t h e   v o l t a g e   a c r o s s   c o i l  C ( F i g u r e  5) i s  a p e r i o d i c   f u n c t i o n   o f  
t h e   f l u x   c h a n g e ,  nip, a s  shown i n   c u r v e   ( b ) ,   F i g u r e   1 4 .  When t h e   m a g n e t i c  
f i e l d   i n  c o i l  B ,  d u e   t o   t h e   p e r s i s t e n t   c u r r e n t   i n   t h e   c i r c u i t  AB, produces  
e x a c t l y   o n p   f l u x   u n i t  (or a n y   i n t e g r a l   m u l t i p l e  of o n e   f l u x   u n i t )   t h r o u g h  
t h e   h o l l o w   s u p e r c o n d u c t i n g   c y l i n d e r ,  no f l u x   c h a n g e   o c c u r s  when t h e   c y l i n -  
d e r  i s  coo led   t h rough  i t s  s u p e r c o n d u c t i n g   t r a n s i t i o n .   T h i s   c o n d i t i o n   g i v e s  
t h e   p o i n t s  of z e r o   o u t p u t  shown o n   t h e   r e s p o n s e   c u r v e ;   h o w e v e r ,   f o r   o t h e r  
v a l u e s  o f   t h e   f i e l d ,   c u r r e n t  i s  i n d u c e d   i n   t h e   w a l l s   o f   t h e   c y l i n d e r   a s  i t  
becomes   superconduct ing  t o  c h a n g e   t h e   e n c l o s e d   f l u x  t o  t h e   n e a r e s t   q u a n -  
t i z e d   v a l u e .  When t h e   c y l i n d e r  i s  coo led  i n  a f i e l d   p r o d u c i n g  less  t h a n  
o n e - h a l f   f l u x   u n i t   w i t h i n  i t ,  a c u r r e n t  i s  i n d u c e d   t o   o p p o s e   t h e   a p p l i e d  
f i e l d  a n d   p r o d u c e   z e r o   f l u x   i n s i d e   t h e   c y l i n d e r .  I f  t h e   c y l i n d e r  i s  
cooled i n  a f i e l d   p r o d u c i n g   s l i g h t l y  more t h a n   o n e - h a l f   f l u x   u n i t ,   t h e  
i n d u c e d   c u r r e n t   p r o d u c e s  a f i e l d   i n   t h e  same d i r e c t i o n  as  t h a t   o f   t h e   a p -  
p l i e d   f i e l d  t o  c h a n g e   t h e   t o t a l   f l u x  t o  o n e   u n i t   i n s i d e   t h e   l o o p .   T h i s  
c h a n g e   g i v e s   a n   o u t p u t   v o l t a g e   t h r o u g h  c o i l  C ,  o p p o s i t e   i n   s i g n  t o  t h a t  
o f   t h e   p r e v i o u s   c a s e .   T h e   p a t t e r n   r e p e a t s   a s   t h e   a p p l i e d   f i e l d  i s  i n -  
c r e a s e d ,   g i v i n g   a n   o u t p u t   v o l t a g e   t h a t  i s  a p e r i o d i c   f u n c t i o n  of t h e   f i e l d  
a p p l i e d  t o  t h e   c y l i n d e r   a n d   t h u s   o f  A@, t h e   f l u x   c h a n g e  i n  c o i l  A .  

T h e   i d e a l i z e d   r e s p o n s e ,  shown i n  F i g u r e  14, i g n o r e s   t h e   M e i s s n e r  
e f f e c t   o f   t h e   w a l l s   o f   t h e   c y l i n d e r .   I n   g e n e r a l ,   t h e   r e s p o n s e   o f   t h e  
ho l low  modu la to r  w i l l  be t h e   p e r i o d i c   e f f e c t  shown i n   F i g u r e   1 4 ,   s u p e r -  
imposed  on t h e   l i n e a r   o u t p u t   d u e  t o  t h e   M e i s s n e r   e f f e c t   o f   t h e   w a l l s .  
An e s t i m a t e   o f   t h e   s i g n a l   p o w e r ,  a v a i l a b l e   f r o m   t h e   c i r c u i t ,   i f  L, i s  
a s o l e n o i d   o f   l e n g t h  A a n d   a r e a  A ,  i s  g iven   by  

pS 

28 



MEISSNER-EFFECT 
RESPONSE 

OUANTIZED  FLUX 
RESPONSE 

a I- /r > W 
0 

O 
J 

> 
+ 
3 

FLUX CHANGE 

/ I  / I  b) 

T A - 5 0 9 3 - Z R  

FIG. 14 RESPONSE OF SUPERCONDUCTING  CIRCUIT 

where @ i s  t h e   f l u x   i n  h,  and v i s  t h e   f r e q u e n c y   a t   w h i c h   t h e   m o d u l a t o r  
i s  o p e r a t e d .  The s e n s i t i v i t y  of the   measurement   can   be   enhanced   by   us ing  
t h e   c i r c u i t   o f   F i g u r e  5 w i t h   c o i l  A r e p l a c e d  by a s i n g l e   l o o p   p i c k u p   c o i l  
o f   l a r g e   a r e a   ( F i g u r e   1 5 ) .   T h i s   d e v i c e   c a n   b e   u s e d   i n   t w o   w a y s :   i f   t h e  
f i e l d   p e n e t r a t i n g   t h e   s i n g l e   l o o p   p r o d u c e s  less than   one-ha l f  a f l u x   u n i t  
t h r o u g h   t h e   l o o p   ( a s s u m i n g   z e r o   f i e l d  a t  c o i l  B ) ,  t h e n  when t h e   s u p e r c o n -  
d u c t i n g  c i r c u i t  i s  comple ted ,  a c u r r e n t  w i l l  f l o w   t o   e x p e l   a l l   t h e   m a g n e t i c  
f l u x .  A m e a s u r e m e n t   o f   t h i s   c u r r e n t   t h u s   c o n s t i t u t e s  a measurement   of   the  
t o t a l   m a g n e t i c   f i e l d .   I f   t h e   f i e l d   p r o d u c e s  many f l u x   u n i t s   t h r o u g h   t h e  
l o o p ,   t h e r e  i s  an u n c e r t a i n t y   b y   t h e  f irst  m e t h o d ,   s i n c e   t h e   c u r r e n t   f l o w -  
ing  w i l l  b e   p r o p o r t i o n a l   t o   t h e  a m o u n t   b y   w h i c h   t h e   t o t a l   f l u x   d i f f e r s  
f r o m   t h e   n e a r e s t   i n t e g r a l  number  of f l u x   u n i t s .   I n   p r i n c i p l e ,   o n e   c o u l d  
use  a series of l o o p s  of v a r i o u s   s i z e s   t o   d e t e r m i n e   t h e   a b s o l u t e   f i e l d ;  
i n   p r a c t i c e ,  i t  i s  s i m p l e r   t o  move t h e   p i c k u p   l o o p   i n   t h e   f i e l d  as w i t h  a 
s t a n d a r d   f l i p   c o i l .   T h u s ,  by r o t a t i n g   t h e   c o i l  180 d e g r e e s ,  a f l u x   c h a n g e  
i n  t h e   l o o p ,   c o r r e s p o n d i n g  t o  twice t h e   t o t a l   f i e l d   a l o n g   t h e   i n i t i a l   d i -  
r e c t i o n ,  causes a p e r s i s t e n t   c u r r e n t   p r o p o r t i o n a l   t o   t h a t   f i e l d ;  a measure-  
ment o f   t h i s  c u r r e n t  m e a s u r e s   t h e   f i e l d .  

S i n c e   t h e   f i e l d   a t   t h e   m o d u l a t o r   e n c l o s e d  by c o i l  B ( F i g u r e   1 5 )  
c a n   b e   i n c r e a s e d   f r o m   t h a t   t h r o u g h   t h e   p i c k u p   l o o p  by  about a f a c t o r  
( I . C 1 / n 2 )  (A, /A2) (where I.Cl and xz a re   t he   numbers  o f  t u r n s  o n   t h e   p i c k u p  
c o i l  and c o i l  B ,  r e s p e c t i v e l y ,  and A, and A, are  t h e i r   a r e a s ) ,  a s e n s i -  
t i v i t y  o f  G p e r   p e r i o d   c a n   b e   r e a d i l y   o b t a i n e d .   F u r t h e r m o r e ,  i t  
is  p o s s i b l e   t o   r e s o l v e  a s m a l l   f r a c t i o n   o f  a f l u x   u n i t ;   t h u s   v e r y   s m a l l  
f i e l d s   c a n   b e   m e a s u r e d .  
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FIG. 15 QUANTIZED-FLUX  MAGNETOMETER  CIRCUIT 

Several  magnetometer  circuits of this  quantized-flux  type  have  been 
constructed. The superconducting  modulator  was an  indium  cylinder  1  cm 
long  with 40 p ID and walls  about  1 p thick. It was formed  by evaporation 
onto  a coaxia1,heater unit fabricated  by evaporating  a  copper-gold  alloy 
film  onto  an  insulated  copper  wire.  The  film  contacted  the  copper  wire 
at: one end so that  current  could  be  passed  through  the  wire  and  back 
through  the film, thus  producing  heat in  the resistive film. These  modu- 
lators  normally  were  switched in  and  out of the  superconducting  state at 
30 to 40 kHz. 

The  pickup coil (Figure  15)  consisted of a  1-cm-diameter  single  turn 
of 0.005-cm-diameter  niobium  wire  connected  to  a  coil of  the  same  wire 
wound  about  the  indium  cylinder. The modulator  was  mounted  with  its  axis 
parallel  to  the  plane  of  the  pickup  coil  and  along  the  rotation  axis of 
this  coil  when it was used as a flip  coil.  The  trim  coil was used to pro- 
duce zero net  flux  through  the  modulator  when no persistent  current  was 
flowing  in  the  circuit. A superconducting  transformer  with  an  externally 
tuned secondary  was used to match  the  low  impedance  output coil (coil C ,  

Figure 15) to  a  low  noise  preamplifier  and  then  to  a J B - 5  Princeton Ap- 
plied Research  lock-in  detector. A coil N, closely  coupled  to  the  pickup 
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coil, was used to produce  an  opposing  field  charge so that  the  device was 
used as a null detector  where  the  current  flowing in coil N was a measure 
of the  field. 

The response of the  magnetometer to a slowly  increasing  magnetic  field 
is shown  in  Figure 16, where  both  the  quantized-flux  periodicity and the 
average  linear  variation  due to  the  Meissner  effect  of  the cylinder  walls 
are  evident. The data in Figure  16  indicate a noise  limitation of approxi- 
mately 5 x lo" G .  

fi 

The operating  characteristics and magnetic  field  sensitivity of the 
quantized-flux  magnetometer  usually  become  worse  after  several  cycles to 
room  temperature. We feel  that  more  refined  evaporation  techniques  would 

-. . 
< /  eliminate  this  problem. 
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FIG. 16 QUANTIZED-FLUX  MAGNETOMETER RESPONSE 
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VI1 OPTICAL  HEATING  EXPERIMENTS  WITH A QUANTIZED-FLUX MODULATOR 

T h e   q u a n t i z e d - f l u x   m a g n e t o m e t e r   h a s   b e e n   d e s c r i b e d   i n  t he  p r e v i o u s  
section and i n  Refe rences  7 and 4 .  The supe rconduc to r  was hea ted   above  
and  cooled  below i t s  t r a n s i t i o n   t e m p e r a t u r e  by p a s s i n g   a n   a l t e r n a t i n g  
current through a r e s i s t i v e   f i l m   c o a x i a l   w i t h  t he  modu la to r .  The o u t p u t  
s i g n a l  waa a t  t w i c e   t h e   h e a t e r   f r e q u e n c y   s i n c e  a h e a t i n g   p u l s e  and  a 
c o o l i n g   p u l s e   o c c u r  twice f o r   e v e r y   c y c l e ,  T h i s  m i n i m i z e s   e l e c t r i c a l  
p i c k u p   b e t w e e n   t h e   h e a t e r  and t h e  o u t p u t   s i g n a l   a t   t h e   s i g n a l   f r e q u e n c y ,  
a l t h o u g h  any second   ha rmon ic   con ten t   i n  t h e  h e a t e r   s i g n a l   c a n  s t i l l  cause  
n o i s e   o r   b a c k g r o u n d  on t h e   m o d u l a t o r   o u t p u t ,  

We des igned   an   expe r imen ta l  s y s t e m  t o  test  o p t i c a l   h e a t i n g   o f  the  
s u p e r c o n d u c t i n g   f i l m   i n   a n   a t t e m p t   t o   e l i m i n a t e  t h i s  s o u r c e   o f   e x t r a n e o u s  
s i g n a l .   T h i s  s y s t e m ,  shown s c h e m a t i c a l l y   i n   F i g u r e  17 ,  c o n s i s t s   e s s e n -  
t i a l l y  of a m o d u l a t o r   o r   s u p e r c o n d u c t i n g   c y l i n d e r   e v a p o r a t e d   o n t o  a q u a r t z  
f i b e r .   L i g h t  i s  p i p e d   i n t o  t h e  c r y o s t a t   t h r o u g h  a q u a r t z  l i g h t  p ipe   and  
impinges  on  one  end of t h i s   q u a r t z  f i be r .  The f i b e r  i s  c o n s t r u c t e d   i n  
t h e   s h a p e   o f  a c o l l i m a t o r   t o   c o l l e c t  more l i g h t   f r o m  t h e  l i g h t  p i p e .  The 
l i g h t   s o u r c e  i s  a h i g h   i n t e n s i t y  arc lamp  mounted i n  t h e  room  and  focused 
by v a r i o u s   l e n s e s   o n  the mi r ro r   o f  a   Honeywell   microgalvanometer .*   Thegal-  
vanometer  is of the  t y p e   u s e d   i n   o p t i c a l   s t r i p - c h a r t   r e c o r d e r s .  I t s  rated 
f r equency   r e sponse   can   be  as high as 15 kHz and p o s s i b l y  h igher  f o r   v e r y  
low a m p l i t u d e   g s c i l l a t i o n s .  

The comple te  s y s t e m  c o n s i s t s   o f  a c h o p p e d   l i g h t  beam p a s s i n g   t h r o u g h  
t h e   l i g h t   p i p e   i n t o  a q u a r t z   t u b e   o n t o  which the modula tor  i s  e v a p o r a t e d .  
The l i g h t  is absorbed  by t h e  m o d u l a t o r ,  which heats the  supe rconduc to r  
above i t s  t r a n s i t i o n   t e m p e r a t u r e .   I n   t h i s  s y s t e m ,  direct  coupl ing   of  t h e  
h e a t e r   s u p p l y   c u r r e n t   t o  t h e  modulator o u t p u t   c i r c u i t  i s  avo ided   comple t e ly .  

We c o n s t r u c t e d   s e v e r a l   s u p e r c o n d u c t i n g   m o d u l a t o r s   e v a p o r a t e d   o n   q u a r t z  
and tr ied t h i s  op t i ca l   modu la t ion   expe r imen t   numerous  times. All of the 
expe r imen t s  were u n s u c c e s s f u l   b e c a u s e  t h e  e v a p o r a t e d  f i l m  on t h e  q u a r t z  
f i b e r  would   no t   become  superconduct ing .   Carefu l   inspec t ion   of  t h e  modula tor  
under  a microscope   showed  numerous   ha i r l ine  cracks r u n n i n g   a x i a l l y  

* Honeywell ,   Denver   Divis ion,  4800 E .  Dry Creek Road,   Denver ,   Colorado 
80217. 
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a n d   c i r c w n f e r e n t i a l l y   t h r o u g h   t h e   m o d u l a t o r  material. We s i n c e   h a v e   l e a r n e d  
t h a t   t h e s e   c r a c k s  are formed b y  t h e r m a l   e t c h i n g . 2 1   T h i s   p r o c e s s   o c c u r s  
when a material  i s  d e p o s i t e d   o n t o  a h o t   s u r f a c e .   T h e   e t c h i n g   e f f e c t i v e l y  
o p e n e d   t h e   m o d u l a t o r   a l o n g   t h e   g e n e r a t o r   i n   n u m e r o u s   p l a c e s ;   t h u s   t h e   o n l y  

' e f f e c t   o f   s w i t c h i n g  was t h e   M e i s s n e r   e f f e c t   d u e  t o  f l u x   b e i n g   e x p e l l e d  from 
t h e  walls. The wal l s  were e x t r e m e l y   t h i n ,   a n d  w e  d i d   n o t   h a v e   s u f f i c i e n t  
s e n s i t i v i t y   i n  our c i r c u i t  t o  see t h i s   M e i s s n e r - e f f e c t   s i g n a l .  

Our h y p o t h e s i s  of t h e r m a l   e t c h i n g  has b e e n   c o n f i r m e d   r e c e n t l y  by f u r -  
t h e r   e x p e r i m e n t s  a t  S t a n f o r d   U n i v e r s i t y ,   w h e r e   s u p e r c o n d u c t i n g   m o d u l a t o r s  
have  been made s u c c e s s f u l l y  o n  q u a r t z   f i b e r s .  In t h i s  case , t h e   d e p o s i -  
t i o n   p r o c e d u r e  was d e s i g n e d   v e r y   c a r e f u l l y  t o  p r e v e n t   o v e r h e a t i n g  of t h e  
q u a r t z   d u r i n g   e v a p o r a t i o n .   T h e   b o a t   t h a t   c o n t a i n e d   t h e  metal being  evap-  
o r a t e d  was o p t i c a l l y   s h i e l d e d ,   w i t h  room t e m p e r a t u r e   s h i e l d s   p l a c e d   b e t w e e n  
t h e   b o a t   a n d   t h e   m o d u l a t o r   e x c e p t  for a small ho le   t h rough   wh ich   t he   evap-  
o r a t e d  metal c o u l d   p a s s .   F u r t h e r  , t h e   m o d u l a t o r  w a s  mounted  on a movable 
f i x t u r e  so t h a t  i t  c o u l d  be rotated o v e r   t h e   e v a p o r a t i o n   b o a t   f o r  a few 
s e c o n d s ,  moved away and  a l lowed t o  c o o l ,   t h e n   r e t u r n e d - - w i t h   t h i s   p r o c e s s  
c o n t i n u i n g   u n t i l  a s u f f i c i e n t   s u p e r c o n d u c t o r   t h i c k n e s s  w a s  b u i l t   u p .   T h e  
m o d u l a t o r s   c o n s t r u c t e d   a t   S t a n f o r d   U n i v e r s i t y  s t i l l  were e l e c t r i c a l l y  
h e a t e d ,   h a v i n g   a n   e l e c t r i c a l   r e s i s t i v e   f i l m   d e p o s i t e d   b e f o r e   t h e   s u p e r c o n -  
d u c t i n g   f i l m .  

22 

D u r i n g   o u r   a t t e m p t s  t o  c o n s t r u c t   a n   o p t i c a l l y   h e a t e d   m o d u l a t o r   c i r c u i t ,  
w e  t e s t e d   s e v e r a l   d r y   t a n t a l u m   c a p a c i t o r s   ( S p r a g u e   t y p e  150D*) a t  l i q u i d  
h e l i u m   t e m p e r a t u r e s .  We a n t i c i p a t e d   u s i n g   t h e s e  t o  t u n e   t h e   o u t p u t   c i r c u i t  
of t h e   m o d u l a t o r  a t  l i q u i d   h e l i u m   t e m p e r a t u r e s ,   t h e r e b y   i n c r e a s i n g   t h e  Q 
o f   t h e   c i r c u i t .  I n  g e n e r a l ,   t h e   c a p a c i t a n c e   d r o p p e d  t o  a b o u t   o n e - s i x t h  
i t s  room t e m p e r a t u r e   v a l u e ,   a n d   t h e   p o w e r   d i s s i p a t i o n   i n c r e a s e d  by a n   o r d e r  
of   magni tude  when t h e   c a p a c i t o r  was coo led  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 s .  
We t r i e d   t h e s e   c a p a c i t o r s   b e c a u s e  of t h e   v e r y   l a r g e   c a p a c i t a n c e   a v a i l a b l e  
i n  a small p h y s i c a l   s i z e .  We now u n d e r s t a n d   t h a t   o t h e r   t y p e s  of c a p a c i t o r s ,  
such  as t h e   t a n t a l u m - m y l a r   c a p a c i t o r ,   w o r k   v e r y  w e l l  a t  he l ium  t empera tu res  
w i t h   n o   s i g n i f i c a n t   c h a n g e   i n   c a p a c i t a n c e  o r  d i e l e c t r i c   l o s s .   T h e s e  were 
n o t   s t u d i e d   i n   o u r   e x p e r i m e n t s .  

* Sprague  Products   Company,  99 M a r s h a l l   S t r e e t ,   N o r t h  Adams, Mass. 
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V I 1 1  APPLICATIONS OF THE d c  JOSEPHSON  EFFECT* 

A b r i e f   d i s c u s s i o n   o f   t h e   t h e o r y   o f   J o s e p h s o n   j u n c t i o n s  w a s  g i v e n  i n  
S e c t i o n  11. We now c o n s i d e r   s e v e r a l   t e c h n i q u e s   f o r   c o n s t r u c t i n g   j u n c t i o n s  
a n d   d e s c r i b e   f i v e   d e v i c e   a p p l i c a t i o n s  of t h e s e   j u n c t i o n s .  

The f i r s t   J o s e p h s o n   j u n c t i o n s  were b u i l t  by e v a p o r a t i n g  a supercon-  
d u c t i n g   g r o u n d   p l a n e ,   c o v e r i n g   t h i s   w i t h   a n   e v a p o r a t e d   d i e l e c t r i c  l a y e r ,  
a n d   e v a p o r a t i n g   a n o t h e r   s u p e r c o n d u c t o r   o n t o   t h e   d i e l e c t r i c .   T h e s e   c i r c u i t s  
were v e r y  d i f f i c u l t   t o   b u i l d   ' b e c a u s e   t h e   d i e l e c t r i c  l ayer  between  super-  
c o n d u c t o r s   h a d   t o   b e   1 0   o r  20 % t h i c k   w i t h  few o r  n o   p i n h o l e s   t h a t   w o u l d  
a l l o w   t h e  two supe rconduc t ing  l aye r s  t o  make d i r e c t   c o n t a c t .  Due t o   t h e  
c o n s t r u c t i o n   d i f f i c u l t i e s   w i t h   c i r c u i t s   o f   t h i s   n a t u r e ,  w e  i n i t i a l l y   c o n -  
s i d e r e d   t h e   J o s e p h s o n   e f f e c t   t o   b e   a n   i m p r a c t i c a l   m e t h o d   f o r   c o n s t r u c t i n g  
a u s e f u l   m a g n e t o m e t e r   f o r   f i e l d   a p p l i c a t i o n .   R e c e n t l y ,   s e v e r a l   d e v e l o p -  
m e n t s   i n   c o n s t r u c t i o n   t e c h n i q u e   h a v e   c h a n g e d   c o n s i d e r a b l y   t h e   c o m p l e x i t y  
of b u i l d i n g   r e p r o d u c i b l e ,   s t a b l e   J o s e p h s o n   j u n c t i o n s .   T h e   f i r s t  was a 
t echn ique   deve loped  a t  t h e   F o r d   S c i e n t i f i c   L a b o r a t o r y   c a l l e d   t h e   p o i n t  
c o n t a c t   J o s e p h s o n   j u n c t i o n . a 3   T h i s   c o n s i s t s   e s s e n t i a l l y   o f  a superconduc-  
t i n g   g r o u n d   p l a n e   t h a t  i s  a l l o w e d   t o   o x i d i z e   s l i g h t l y ;  a s h a r p   p o i n t e d  
s u p e r c o n d u c t o r   t h e n  i s  p r e s s e d   i n t o   t h i s   g r o u n d   p l a n e   a t   h e l i u m   t e m p e r a -  
t u r e s  u n t i l   t h e   p r o p e r   t u n n e l i n g   c h a r a c t e r i s t i c s  are o b s e r v e d .   T h i s  
j u n c t i o n  i s  p robab ly  a weak l i n k   t u n n e l   w h e r e  there is  p h y s i c a l   c o n t a c t  
be tween   supe rconduc to r s   bu t   ove r  a v e r y  small c r o s s   s e c t i o n  area.  

A n o t h e r   a n d   e v e n   s i m p l e r   J o s e p h s o n   j u n c t i o n   c a n   b e   b u i l t  by a t ech -  
n i q u e   d e s c r i b e d  by C l a r k e . 6   T h i s   t e c h n i q u e   c o n s i s t s   o f   t a k i n g  a small 
d i ame te r   supe rconduc t ing  w i r e ,  such  as t a n t a l u m  o r  n iob ium,   a l lowing   t he  
s u r f a c e   t o   o x i d i z e   t o  a dep th   o f   app rox ima te ly  20 8 ,  and t h e n   c a s t i n g  a 
" g l o b "   o f   r a d i o   s o l d e r   a b o u t   t h e  wire.  T h e   s o l d e r  i s  supe rconduc t ing  as 
is t h e  core of t h e  wire, and t h e   o x i d e  l a y e r  o n   t h e   s u r f a c e   o f   t h e  w i r e  
f o r m s   t h e   j u n c t i o n   d i e l e c t r i c .   F i g u r e  18 is  a schemat ic   d iagram  of  a 
t y p i c a l   t u n n e l i n g   j u n c t i o n   b u i l t   i n   t h i s   m a n n e r .   T h e   c h a r a c t e r i s t i c s   o f  

* T h e   a p p l i c a t i o n s   o f   t h e   d c   J o s e p h s o n   e f f e c t   d e s c r i b e d   i n   t h i s   s e c t i o n  
were g i v e n   i n  a p a p e r   p r e s e n t e d  at t h e   I n t e r n a t i o n a l   C o n f e r e n c e   o n  
C r y o g e n i c   E n g i n e e r i n g   i n   K y o t o ,   J a p a n ,   d u r i n g   A p r i l   1 9 6 7 .  8 
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the junction are measured by p a s s i n g  a c u r r e n t   t h r o u g h   t h e   n i o b i u m  wire, 
across t h e  d i e l e c t r i c   b a r r i e r ,   a n d   t h e n   t h r o u g h   t h e   s o l d e r .   T h e   v o l t a g e  
is then measured across the d i e l e c t r i c   b a r r i e r .   T h i s   j u n c t i o n   h a s   s e v e r a l  
d i s t i n c t   a d v a n t a g e s   o v e r   p l a n a r   e v a p o r a t e d   j u n c t i o n s   o f   t h e   t y p e   d i s c u s s e d  
ear l ier .  

NIOBIUM 
W I R E  50p 01 ELECTRIC 

LAYER 
Pb - Sn EUTECTIC (20 - 100 8 ) 
SOLDER B A L L  

( 5 m m  d i o )  

FIG. 18 CONSTRUCTION OF A SLUG TYPE 
JOSEPHSON JUNCTION 

The f i r s t   a d v a n t a g e  of t h e   C l a r k e   j u n c t i o n  i s  t h a t   t h e   m a g n e t i c   f i e l d  
l i n k i n g   t h e   d i e l e c t r i c   b a r r i e r  is c o n t r o l l e d  by v a r y i n g   t h e   c u r r e n t   t h a t  
p a s s e s   d i r e c t l y   t h r o u g h   t h e   s u p e r c o n d u c t i n g   c e n t e r  wire. T h i s   c u r r e n t  
p roduces  a c i r c u m f e r e n t i a l   f i e l d   t h a t   l i n k s   t h e  area be tween  the  t w o  s u p e r -  
c o n d u c t o r s .  A second  advantage  is t h a t   t h e   s o l d e r   g l o b   t e n d s  t o  s h i e l d  
t h e   d i e l e c t r i c   b a r r i e r   f r o m   e x t e r n a l   f i e l d   c h a n g e s .  

C l a r k e 6   h a s   g i v e n  a v e r y  c o m p l e t e   d e s c r i p t i o n   o f   t h e   u s e   o f   t h i s  cir-  
c u i t  t o  m e a s u r e   v o l t a g e s  of t h e   o r d e r   o f  Vdc a n d   m a g n e t i c   f i e l d s  of 
approx ima te ly  lo-' G .  We r e p e a t e d   t h e   e x p e r i m e n t s   t h a t   C l a r k e   r e p o r t e d  
and   found   t ha t  i t  i s  q u i t e   e a s y   t o   b u i l d   c i r c u i t s   t h a t   w o u l d   g i v e   t h e  same 
r e s u l t s .  

T h e   d e - a i l e d   c h a r a c t e r i s t i c s  of j m c t i o n s   o f   t h i s   t y p e  are n o t  y e t  
well u n d e r s t o o d   b e c a u s e   t h e   n a t u r e  of t h e   j u n c t i o n  is  v e r y   c o m p l i c a t e d ,  
p o s s i b l y   c o n s i s t i n g   o f   n u m e r o u s   w e a k   l i n k s   t h r o u g h   t h e   d i e l e c t r i c   b a r r i e r .  
I n  many o f   o u r   e x p e r i m e n t s ,  w e  d i d   o b s e r v e   i n t e r f e r e n c e   e f f e c t s  t h a t  
seem t o  i n d i c a t e   t h a t   t h e   j u n c t i o n   a c t u a l l y   d i v i d e d   i n t o  t w o  j u n c t i o n s  
s e p a r a t e d   b y  a l e n g t h   a p p r o x i m a t e l y   e q u a l   t o   t h e   l e n g t h  of t h e  wire covered 
by t h e   s o l d e r   g l o b ,   t h u s   g i v i n g   f a i r l y   h i g h   r e s o l u t i o n   i n t e r f e r e n c e   p a t -  
t e r n s .  By r e s o l v i n g  a small f r a c t i o n   o f   o n e  of t h e s e   i n t e r f e r e n c e   p a t t e r n s ,  
w e  were a b l e   t o   m e a s u r e   c u r r e n t s  of less t h a n  amp t h r o u g h   t h e  lo-'- 
h e n r y   i n d u c t a n c e  of t h e   c e n t e r  wire. 
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We have  used this Clarke slug  tunneling  junction  in  the  following 
five  experimental  systems : 

1. A low Impedance  ammeter  as  discussed  above. 

2 .  A magnetometer for measuring  changes  in  magnetic  field  (Figure 19). 
Field  changes of less  than 5 x G were easily  resolved  with . 

this  devioe. 
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FIG. 19 JOSEPHSON JUNCTION  MAGNETOMETER 

3. A magnetic  field  gradiometer  (Figure 2 0 ) ,  which  consists of two 
one-turn  circular  loops  approximately 5 cm  in diameter, wound 
in  opposite  directions  on a form. The loops  are  in  parallel 
planes and separated by  about 20 cm. Theytare connected  with 
0.05-mm-diameter  niobium wire, and a tunneling  junction is cast 
on one of these  connecting  wires. A field  :change  common  to  both 
loops  does  not  produce any  net  flux  change  through  the  closed 
superconducting  circuit  since  the  loops  are  counterwound. A 
field gradient, on the  other hand, does  produce a net  flux change 
through  the circuit, which 
A measure  of  this current, 

causes a persistent  current to flow. 
using  the  slug detector, is  then a 
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4 .  

measure of the field  difference  between the two loops. This cir- 
cuit  only  measures  the  changes  in  field  gradient  that  occur  after 
the circuit  becomes  superconducting.  Field  gradients  of  less  than 
lo-’ G cm have  been  measured with this system. 

1 

/ 

) 
TA-5093-61 

FIG. 20 JOSEPHSON JUNCTION 
MAGNETIC  GRADIOMETER 

A displacement  measuring  instrument  (Figure 21), which is  simply 
a magnetic  piston  (a  superconducting tin bar in  our  experiment) 
that is inserted  into a closed  superconducting  loop  connected in 
series with a slug-type  Josephson junction. Movement  of the mag- 
netic  piston  produces an attempted  flux change through  the  closed 
loop, which  causes a persistent  current to flow. This current 
is a function  of the piston  displacement  and the applied  magnetic 
field. The slug  is  used to measure  this current, calibrated  in 
terms  of  the  linear  displacement  of the magnetic  piston. Pre- 
liminary  experiments  have  proved  that the technique is feasible 

38 



a n d   t h a t   d i s p l a c e m e n t s  of less t h a n  1,500 1 can  be  measured 
e a s i l y .  I n   t h e s e   e x p e r i m e n t s ,   t h e   s e n s i t i v i t y  was l i m i t e d   o n l y  
by the r e s o l u t i o n  of t h e   m e t h o d  used to move the m a g n e t i c   p i s t o n ,  
and w e  e x p e c t   t h a t  much better s e n s i t i v i t y   c a n   b e   r e a l i z e d .  

DISPLACEMENT 
AND 

CLOSED 

LOOP 
T I  - 5093 - 60D 

FIG. 21 JOSEPHSON JUNCTION 
DISPLACEMENT  INDICATOR 

5.  A v e r y   s e n s i t i v e   s y s t e m   f o r   m e a s u r i n g   t h e  s t a t i c  magne t i c   sus -  
c e p t i b i l i t y   o f   s a m p l e s  at l i q u i d   h e l i u m   t e m p e r a t u r e s .   T h i s  
sys t em is v e r y  similar t o  t h e   d i s p l a c e m e n t   m e a s u r i n g  s y s t e m  
desc r ibed   above .   The   one - tu rn  c o i l  of t h e   d i s p l a c e m e n t   m e a s u r i n g  
s y s t e m  i s  rep laced   by  a l o n g   s o l e n o i d   t h a t  w i l l  c o u p l e   e f f i c i e n t l y  
t o  t h e   e n t i r e   s a m p l e .   T h e   s a m p l e  i s  i n s e r t e d   i n   t h e  c o i l  w h i l e  
a h e a t   s w i t c h   k e e p s   p a r t  of t h e  c o i l  above i t s  c r i t i c a l  tempera-  
t u r e   a n d   t h e   d e s i r e d   e x t e r n a l   f i e l d  i s  a p p l i e d .   T h e  c o i l  t h e n  i s  
r e t u r n e d  t o  t h e   s u p e r c o n d u c t i n g  s t a t e ,  a n d   t h e   s a m p l e  i s  removed 
c o m p l e t e l y   f r o m   t h e  co i l  so  t h a t   n o   f l u x   f r o m   t h e   s a m p l e   c a n  
c o u p l e  t o  t h e  c o i l .  The t o t a l  c u r r e n t   i n d u c e d   i n   t h e  c o i l ,  
m e a s u r e d   w i t h   t h e   J o s e p h s o n   j u n c t i o n ,  i s  d i r e c t l y   p r o p o r t i o n a l  
t o  t h e   m a g n e t i c   s u s c e p t i b i l i t y   o f   t h e   s a m p l e .  

T h e   a b o v e   c i r c u i t  (item 5)  h a s   b e e n   u s e d   i n   p r e l i m i n a r y   e x p e r i m e n t s  
t o  s t u d y   b o t h   t h e  Meissner e f f e c t  and t h e  time dependence of t h e   f l u x  
m o t i o n   i n   t h e   h e a v y   w a l l   M e i s s n e r   m o d u l a t o r s   u s e d   i n   o u r   m a g n e t o m e t e r  
e x p e r i m e n t s .   I n   t h e s e   e x p e r i m e n t s ,   t h e   m o d u l a t o r   w a s   m o u n t e d   i n s i d e  a 
s n u g l y   f i t t i n g   p i c k u p  c o i l  a n d ,   i n s t e a d   o f   m o v i n g   t h e   m o d u l a t o r   p h y s i c a l l y  
i n t o  a n d   o u t   o f   t h e   c o i l ,  w e  c y c l e d  i t  above  and  below i t s  t r a n s i t i o n  tem- 
p e r a t u r e   w i t h  d i r e c t  c u r r e n t   p a s s i n g   t h r o u g h   t h e   r e s i s t i v e   f i l m   h e a t e r .  
One o b j e c t i v e   o f   t h e s e   e x p e r i m e n t s   w a s  t o  d e t e r m i n e   i f   t h e   M e i s s n e r   e f f e c t  
was e x a c t l y   r e p r o d u c i b l e   f r o m   c y c l e  t o  c y c l e ,   b u t   t h e   s y s t e m  was n o t   s e n s i -  
t i v e  enough t o  m e a s u r e   t h e   M e i s s n e r   e f f e c t   a t   v e r y  low f i e l d   l e v e l s   w h e r e  
f l u c t u a t i o n s   a r e  most l i k e l y  t o  o c c u r .  
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We were  also  interested  in  determining  the time dependence of this 
flux  exclusion  process. 'rho sensitivity  of  our  system was not  adequate 
t o  detect,  individual  i'lus ql1nn(;a, although  minor  refinements  (both  in  the 
coupling t o  the F;;unple a n d  t.he electronic  readout  equipment)  should  make 
I h i ~  possi.ble. l'lte 1 irnc! rc:sponsc of the  system was limited to ahout 
0.1 s e c o n d  by thc de l  ('(:I OI., a l l d  a pen recorder was used  to  record  the 
signal 1'ruln the  t~u~neling .junction. We observed  that  the  superconducting- 
lu--normal tr:uisition 01 1 . 1 ~  modulator  occurred  considerably  fasLer  than 
Lhis  Lime c : o r ~ l a n l  , while 11112 normal-to-superconducting  transition  occurred 
i n  Limes var~,ing from 1 t o  10 seconds  depending  on  the  field a t  the  modu- 
1 i l  1 0)' . 

F i g u r e  % %  s l i o w s  R l!*pic:al normal-to-superconducting  superconducting- 
l o - n o r r l l a l  1 . r a n s i t i o n  plot .  I alcen with  this system,  These time  measurements 
01 '  Lhe ~lormal-lo-superco~ld~~cting transition  are  in  very good agreement  with 
1 hc w o r k  of 1)eSorl)r) J 2 4  w l ~ t . t . t :  the  normal-to-superconducting  transit-ion  was 
s t . u t l i c ~ r l  1 1 5 i 1 1 ~ (  m n g t l e t o - o p t i c  tcchniques. 
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IX  CONCLUSIONS AND RECOMMENDATIONS 

During our research  program, we discovered  better,  easier, or more 
logical  ways to achieve  the  stated  objectives. Thus this  chapter is de- 
voted to the  results  of  our  research  and  recommendations for  experimental 
investigations  that  would  increase  understanding of the  superconducting 
devices  studied. 

A .  Magnetic  Shield 

The superconducting  magnetic  shield  described in Section  I11  was 
studied  extensively  during  the  many  experiments  in  which it was  used.  In 
gcncral,  the  shield  was  completely  satisfactory  for  its  designed  purpose, 
i.e.,  providing  a  stable  low  magnetic  field  environment  for  magnetometer 
tests.  During  these tests, we  conceived  several  ideas  for  a  new shie.ld 
that  would  reduce  the  helium  boil-off  rate of the  shield  assembly  and  make 
construction  easier.  We  recommend  the  latter  design  over  the  one we built 
in  this  research  (see Section 111). 

The new shield  design  is  shown  in  Figure 23. Helium  boil-off  rate 
could  be  reduced  from 1 liter/hour  to  less  than 1 liter/day. The signif- 
icant  features of this  design  are: (1) all  components  are placed  in  the 
same  vacuum  spzce so that  heat  leaks  are  minimized, (2) all low tempera- 
ture  demountable  vacuum  seals  are  eliminated, and (3) the'room temperature 
access  can  pass  completely  through  the  shield  Dewar.  The  detailed  place- 
ment  of  components  shown  in  Figure 23 is  for  illustrative  purposes  only. 
Such  features  as  efficient  use of the  cold  helium  boil-off  vapor,  radia- 
tion  shielding,  transfer  lines,  possible  omission of the  liquid  nitrogen 
shield, etc.,  were  not  considered  in  this  preliminary  design  suggestion. 

B. Meissner-Effect and Quantized-Flux  Magnetometers 

The  quantized-flux and  Meissner-effect  magnetometers  could  be  used 
to  resolve  magnetic  field  changes  of  the  order  of G. The  resolution 
was  limited by noise  from  the  superconducting  modulator  that  was due, as 
indicated  by  the experiments  discussed in Sections  V and VI, primarily  to 
the  thermal and magnetic  environment at the  modulator.  From  our  studies 
of  the  Meissner-effect  modulator,  we  can  conclude (for cylindrical  modu- 
lators at  least)  that  the  resolution  of  axial  magnetic  fields  is  limited 
by  the  transverse  field  at  the  modulator. 

42 



LIQUID NITROGEN 
RADIATION 

CONTROLLED  HEAT 
LEAKS ' r 

"- 

SUPERCONDUCTING SHIELD-OPEN 
,/ OR CLOSED AT THE BOTTOM 

COPPER TEMPERATURE LINER / 
/ SUPERCONDUCTING SOLENOID 

/ CONTROLLED TEMPERATURE ACCESS 
,/ 

/"--- INNER VACUUM WALL 

OUTER VACUUM WALL 

ROOM TEMPERATURE "0" RING 
SEALS AT EACH END FOR 

ASSEMBLY AND MAINTENANCE 
4 

TI-5093-19 

FIG. 23 PROPOSED  DESIGN FOR A SUPERCONDUCTING  MAGNETIC  SHIELD 

43 



Our s t u d i c s   a l s o   i n d i c a t e d   t h a t  a l l  of t h e  no i se  obse rved  was r e l a t e d  
t o  s w i t c h i n g  the. nlodula1.ctr  between t h e   n o r m a l   a n d   s u p e r c o n d u c t i n g  s t a t e .  
Therclforp,  w(' rvc.ommc--nd tha l .  f u r t h e r   r e s c l a r c h  on M e i s s n e r - e f f e c t  o r  
q u a n t . i ~ c ~ d - f l l l x  tlc.vi(:(:+; shou1.d have  LIS one   of  i t s  ma.jor ob jec t ives  a de-  
t a i l w l  s t u d y  0 1 '  no is^' i ~ l h c * ~ . c ~ ~ I .  to t h e   i n t e r m e d i a t e   s t a t e  of superconduc-  
tors. I t  i s  d i f l ' i c . u l 1  i.o e v a l u a t e   t h e   a p p l i c a t i o n s  of t h e s e   d e v i c e s   w l t h -  
o ~ t :  a d d l  tional i n f o m a t i o n   a b o u t   t h i s   i n t r i n s i c   n o i s e .  

T h e   f o l l o w i n g   d i s c u s s i o n   d e s c r i b e s  several t e c h n i q u e s   t h a t  ma> im- 
prove  modula101- pc~rlormanc~~: a n d   t h a t   w o u l d   b e   u s e f u l   i n   s t u d y i n g   t h e  no ise  
probltwls  d i  scr~ssc~tl ; I I J O V ( \  '1'hc:se stutl icss were n o t  made d u r i n g   t h i s   r e s e a r c h  
p w . j c ~ c * t  1)cc.nuso of' 1 1 1 0  ( , x L ~ * c w ~  c l i i ' f i c u l t y   i n   o b t a i n i n g   r e p r o d u c i b l e  resul ts  
w i t h  the‘ cyli11d1-ic:al  mwlrrL:ltors i n v e s t i g a t e d .  We now f e e l   t h a t   e n o u g h   h a s  
br.c.11 l c n r n c d  ;tlmut. 1 . 1 1 ~  tlcspc!ndcnce of t h e   m o d u l a t o r   o u t p u t  on t h e   t h e r m a l  
and  magnet ic   cnvironmcnt  L h a t  t h e s e   s u g g e s t e d   e x t e n s i o n s   o f   t h e   r e s e a r c h  
would l w  I)oth pt-act i c a l  a n t 1  i n f o r m a t i v e .  

The. m a p 1 c ~ 1 o r n c . I  ( \ J .  r . i  I . I * L I ~  Ls ( M e i s s n c r   e f f e c t   a n d   q u a n t i z e d   f l u x )   e x h i b -  
i l c d  w r y  s i m i l a r  c l ~ a ~ . ~ ~ ~ ~ L ~ ~ ~ ' i s l i c s  a n d   c a n   b e   d e a l t   w i t h   t o g e t h e r .  Magne- 
l o n ~ c ! t . c ~ ~ -   ~ c ~ l ~ f ' o ~ . n ~ : ~ l ~ ( ~ ( ~  proIx1bly  could  be  improved i f   t h e   o p e r a t i n g   f r e q u e n c y  
c.oultl I N S  illcl.c:as(d wiLhou1. d c c r c a s i n g   t h e   m o d u l a t i o n   e f f i c i e n c y  or  i n -  
( ~ t ~ ~ : l s i n ~  t l l c :  ur.)iscs. (~~11c~111:1l. ions and o u r   e x p e r i m e n t s   h a v e   i n d i c a t e d   t h a t  
L I I c ?  modula t ion  effic:j.cmc:y is  most s e r i o u s l y   r e d u c e d   b y   t h e r m a l   c o n s i d e r a -  
t i ons   and  eddy-currcw 1 f lux-mot  ion  phenomena.  The  thermal  problems are  
(1) opt imjz ing  1 . h ~ ~  Ihc:~-rnal r e l a x a t i o n  time o f   t h e   m o d u l a t o r   m a t e r i a l ,  
(2)  rccluc:ing t h c :  1;hc;rrnal impedance   be tween  the   modula tor   and   the   t emper-  
a t u r c   s i n k   ( u s u a l l y   t h e   l i q u i d   h e l i u m   b a t h ) ,   a n d  (3)  e l i m i n a t i n g   t e m p e r -  
a t u r e   g r a d i e n t s  or r l u c t u a t i o n s  a t  t h e   m o d u l a t o r .   T h i s   p a r t i c u l a r l y   a p -  
p l i e s  t o  b u b h l c   f o r m a t i o n   a t   t h e   s u r f a c e   o f   t h e   m o d u l a t o r .  

The  thc?rmal   re laxat . ion time i s  r e l a t e d   c l o s e l y  t o  t h e   e d d y - c u r r e n t  
damping,  i . c . ,  most. m a t e r i a l s   w i t h   h i g h   t h e r m a l   c o n d u c t i v i t y   l e a d i n g  t o  
short thermal r c l a x a t i o n s  times a l s o  h a v e   h i g h   n o r m a l   s t a t e  e l ec t r i ca l  
c o n c l u c t i v i t y ,   w h i c h   r c s u l t s   i n   r e d u c e d   m o d u l a t i o n   e f f i c i e n c y .  A s t u d y   o f  
a l l o y s   a n d   m o d u l a t o r   g e o m e t r i e s ,   o t h e r   t h a n   c y l i n d r i c a l   o n e s ,  may resu l t  
i n   o v e r a l l   i m p r o v e m e n t  of t h e s e  t w o  e f f e c t s .  

A t e c h n i q u e   t h a t  may i m p r o v e   t h e   m o d u l a t i o n   e f f i c i e n c y   a n d   r e d u c e  
t e m p e r a t u r e   f l u c t u a t i o n s  d u e  t o  b o i l i n g ,  e t c . ,  i s  shown i n  F i g u r e  24 .  
The   modula tor  i's c o o l e d  f r o m  t h e   i n s i d e   o u t  by   con .duc t ion   a long   the   cen-  
t e r  coppe r  w i re ,  t he reby   max imiz ing   t he   amoun t   o f   f l ux   exc luded   pe r   cyc le .  
T h e   p r o b a b l e   d i r I i c u l t y   w i t h   t h i s   m e t h o d  of c o o l i n g  i s  t h a t   e d d y - c u r r e n t  
damping i n   t h e   c e n t e r   c o p p e r  wire p lus   t he rma l   r e sponse   wou ld  l i m i t  t h e  
o p e r a t i n g   f r e q u e n c y  as  d iscussed   be low.  
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FIG. 24 COOLING  OF  THE  MEISSNER-EFFECT  MAGNETOMETER 
FROM THE  INSIDE  OUT 

It should be renlixc~tl  that  the copper  wire that  forms the  center 
heatcr  conductor 01 '  our modulators  also  introduces  cddy-currcnt  damping. 
Thc s k i n  t l ~ ~ p l , h  fc>r c o p 1 ) c ' r .  :I 1 ~1 .2'K and 10 kHz is  only  about 0.06 nun, so 
t.his  cTfcc.1 is not nc~gligiblc. Thc copper  wire may  bc  replaced with a 
tliclertric  such a s  quartz; t h v  heater would  then  be  cvaporatcd on  the 
q u a r i z ,  insulntcd, and th<. modulator  constructed  as  before.  In  future 
work, this tecllniqllcb  shoultl bc> investigated. 

The eddy-currcwl J'lrrx-motion  problem scems  to set  the  most serious 
limitations on modulator  pc~rformancc. This is  especially  true  for  the 
Mcissncr-typc: modulators. As discussc~l in Section VIII, the  transition 
from normal to supcrconductiug fo r  a tin cylindrical  modulator may  take 
as  long a s  sevcral  seconds. 

The best  way to solvc the thermal  impedance  problem  may  be  to  use a 
modulator  material whose critical  temperature is less  than the lambda 
point of liquid  helium.  Thus no boiling  would occur, the  uniform  tem- 
pvraturcs would  bc much  easier t o  achieve. The quantized-flux  modulator 
could hc constructed of a v e r y  thin  aluminum  film  whose  critical  temper- 
ature  can be controlled in Ihc range  from  about  1.2  to 2 O K .  

The critical  tcmpcraturc of bulk  aluminum  is 1.2'K; it is a difficult 
material  to  use in  the  Mcissncr-effect modulators  due  to  the  problem of 
maintaining  this  low  temperature.  In fact, there  is no obvious  choice of 
Meissner  modulator  material  with a critical  temperature  less  than 2.17'K 
(lambda  point  of He4) that also  exhibits  an  appreciable  Meissner  effect. 

From  the  work of  DeSorbo,24 we conclude  that  the  normal-state  eddy- 
currents  providc the major  impedence  to  flux  motion. We have  considered 
several  modulator  geometries  that should reduce 'the eddy-currents. The 
simplest  geometry  is a cylinder  with  several  axial  slits  through  its 
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walls. We attempted  to  cast  one  modulator  with  these  axial  slit^ but were 
unable  to  get  the  individual  superconducting etrip~ to bond to the  modu- 
lator  heater. 

Another, end probably  better,  geometry  would  be  multiple  plane  layers 
of superconductors,  insulators,  etc.,  built  up  to  give  a  sufficient  volume 
of superconducting  material. A modulator of! this type also would  have  a 
larger surface-to-volume rutio, possibly  giving  faster  thermal  response, 

C .  JoaeDhson  Junction Devices 

In our opinion, thc  point  contact  and Clarke slug Josephson  junctions 
are the  most  promising  superconducting  elements f o r  general  device  develop- 
ment.  These  junctions  work  even  after  repeated  cycling  to  room  temperature 
i n  contrast to evaporated  junctions,  which  generally  do  not  survive a sin- 
g l c  temperature  cycle.  The  junction  characteristics  often  change  after 
the  junction  has  been  cycled t o  room  temperature, and this  lack  of  stabil- 
ity is one oi the  major  problems  to  be  solved  before  tunnel  junctions  can 
bo used  in  instrument  development. 

The superconducting  tunnel  junction  operates  without  thermal  cycling 
and therefore  does  not  suffer  from  the  intermedi-ate  state  noise  like  that 
observed  with  the  Meissner-effect  and  quantized-flux  modulators.  This  is 
not  to  say  that Josephson  junctions  are  noise  free. The tunnel  junction 
is analogous in many  ways  to  a  Type I1 superconductor  and  would  probably 
exhibit  noise  due t o  flux  motion and temperature  fl.uctuations.  Several 
theoretical  studies  of  shot  noise  in  tunnel  junctions  have  been  reported 
recently,a6  but so f a r  one  cannot  predict  the  magnitude of the  noise 
spectrum. 

We recommend  a  serious  research  effort  to  understand  the  noise  in 
Josephson  junctions and  to  understand how to make  junctions  with  stable, 
reproducible, and predictable  characteristics.  These  studies  could  have 
profound  impact on the  applications of superconductivity  to  instruments 
such  as  magnetometers  with  sensitivities  as good  as lo-'" G and volt- 
meters  as  sensitive  as 10-l' Vdc. 
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Appendix A 

MAGNETOMETER CIRCUIT ANALYSIS 

The e q u i v a l e n t  c i r cu i t  d i ag ram  o f   t he   supe rconduc t ing   magne tomete r  
i s  shewn I n  F i g u r e  A - 1 .  The   modula tor  i s  r e p r e s e n t e d  by a time v a r y i n g  
i n d u c t a n c e ,  L ( t ) ,  of t h B   p i c k u p   w i n d i n g ,  an emf g e n e r a t o r ,  e1 , and t h e  
i n d u c t a n c e ,  L a n d   r e s i s t a n c e ,  R e x p e r i e n c e d  by t h e   e d d y   c u r r e n t s   i n  
the modula to r  core when i t  i s  norma l .  (When t h e   m o d u l a t o r   c o r e  is  s u p e r -  
c o n d u c t i n g ,   t h e s e   e d d y  c u r r e n t s  are r e p l a c e d  by s u p e r c o n d u c t i n g   s h i e l d i n g  
cur ren ts ,  w h i c h   a r e   t a k e n   i n t o   a c c o u n t  by t h e   b u l k   s u s c e p t i b i l i t y ,  x, of 
t h e   m o d u l a t o r   c o r e , )   T h e  emf , el , i s  e q u a l   t o  NIP, where IP i s  t h e  time 
d e r i v a t i v e   o f   t h e   f l u x   s w i t c h e d   i n   a n d   o u t  of t h e   m o d u l a t o r  by t h e   h e a t i n g  
and   coo l ing  of t h e  core ,  The f l u  g e n e r a t e d   i n   t h e   p i c k u p   w i n d i n g  by t h e  
c u r r e n t ,  i ,  i s  not  i n c l u d e d   i n  IP bu t  i s  t a k e n   i n t o   a c c o u n t  by t h e   i n d u c -  
t a n c e ,  L .  T h e   r e s i s t a n c e ,  R1, i s  i n t r o d u c e d   i n t o   t h e   m a g n e t o m e t e r   t o  
p r e v e n t   p e r s i s t e n t   c u r r e n t s   i n   t h e   p r i m a r y .  I t  i s  t y p i c a l l y  much s m a l l e r  
t han   w(L+k  ) , e . g .  , around lo-' R. The   t r ans fo rmer ,   wh ich  is e n t i r e l y  
supe rconduc t ing ,   p rov ides   impedance   ma tch ing   be tween   t he  low  impedance 
m o d u l a t o r   a n d   t h e   h i g h   i m p e d a n c e   o f   t h e   p r e a m p l i f i e r   t h a t   a m p l i f i e s  eo 
p r i o r  t o  t h e   l o c k - i n   d e t e c t o r .   ( T h e   p r e a m p l i f i e r   a n d   l o c k - i n   d e t e c t o r  
are no t  shown in F i g u r e  A - 1  .) The r e s i s t a n c e ,  & ( t y p i c a l l y   o f   t h e   o r d e r  
of 0 .05  n) i s  t h e   r e s i s t a n c e   o f   t h e   l e a d s  coming   ou t   o f   t he   c ryos t a t .   The  
c a p a c i t o r ,  C ,  was a t  room t e m p e r a t u r e   b u t   c o u l d   b e   p l a c e d   i n   t h e   l i q u i d  
he l ium  ba th  so t h a t  RQ c o u l d   b e   r e d u c e d   t o   z e r o  if d e s i r e d .   T h e   r e s i s t a n c e ,  

e ,  e '  

RL 1 
is t h e   i n p u t   r e s i s t a n c e   o f   t h e   p r e a m p l i f i e r .  

The c i r c u i t   a n a l y s i s   t o   b e   g i v e n   c o n t a i n s   t w o   m a j o r   a p p r o x i m a t i o n s  
f o r   t h e   s a k e  of s i m p l i f i c a t i o n ;   f i r s t ,   t h e  e d d y   c u r r e n t s   i n   t h e   m o d u l a t o r  
core are n o t   i n c l u d e d ;   a n d   s e c o n d ,   t h e   i n d u c t a n c e ,   L ( t )  , is assumed  con- 
s t a n t .  The q u a l i t y  of t h e s e   a p p r o x i m a t i o n s   h a s   n o t  y e t  been   de t e rmined .  
I t  i s  i m p o r t a n t   t h a t   t h i s  be done i n   t h e   f u t u r e .   T h e   s e c o n d   a p p r o x i m a t i o n  
e l i m i n a t e s   a n  emf term, d L / d t ,   a n d   h o l d s   c o n s t a n t   t h e   c o e f f i c i e n t ,  L ,  
i n   t h e   i n d u c t i v e   v o l t a g e   d r o p ,  L d i / d t .   T h e s e  terms, which come f r o m   t h e  
time d e r i v a t i v e   o f   ( L t ) ,   w o u l d   g r e a t l y   c o m p l i c a t e   t h e   a n a l y s i s   b e c a u s e   o f  
t h e i r   n o n l i n e a r   c h a r a c t e r ,  Most o f   t h e   e x p e r i m e n t a l   d a t a   o f   t h i s   r e p o r t  
were t a k e n   f o r   m o d u l a t i o n   f r e q u e n c i e s   i n   e x c e s s   o f  1 kHz, f o r   w h i c h   t h e  
ampl i tude   o f   modula t ion   was  less t h a n  1%. Under t h i s   c o n d i t i o n ,   t h e   p e r -  
c e n t a g e   v a r i a t i o n   i n  L would a l s o  be small, and L i n   t h e  term L d t / d t  w i l l  
b e   v e r y   n e a r l y   c o n s t a n t .   T h e   o t h e r  term, d L / d t ,   a l s o  decreases w i t h   t h e  
p e r c e n t   m o d u l a t i o n ;   h o w e v e r ,   t h e   d e s i r e d   s i g n a l ,  N@, d e c r e a s e s   f o r   t h e  
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FIG. A-1 EQUIVALENT CIRCUIT OF THE  MODULATED  INDUCTANCE 
SUPERCONDUCTING  MAGNETOMETER 

(a) F I R S T  S T E P  

I 

(b) SECOND STEP 

R 

(c) THIRD  STEP 

TA - 5 0 1 3  - 7 s  

FIG. A-2  REDUCTION OF EQUIVALENT CIRCUIT FOR ANALYSIS 
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o m e  r eamon .   The re fo re ,  t h i r  l i n e a r   a n a l y s i o   i o   o n l y  a crude  approxima- 
t i o n   b u t  i r  u r e d   f o r   d e t e r m i n i n g  t h e  v a l u e r  of t h e  c i r c u i t   q u a n t i t i e o  for 
l o o k  of , a n y t h i n g  better. 

T h e   g e n e r a l  method of o p t i m i z a t i o n  w i l l  be t o  compute eo i n  terms of 
a l l  t h e  c i r o u i t   q u a n t i t i e r r  , d e t e r m i n e  t h e  v a l u e  of ca f o r   p r o p e r   t u n i n g  
and  then  maximize eo as a f u n c t i o n   o f  4 and b. I t  w i l l  be assumed tha t  
Rl , b ,  and 5, are f i x e d  by o t h e r   c o n e i d e r a t i o n s   a l t h o u g h  the i r  effect 
on 00 oan be examined  from t h e  e q u a t i o n s  t o  be d e r i v e d .  The vo l t age   gen -  
e r a t o r ,  01 , is n o r m e d   t o  be known and i ts  value  computed l a te r  as a 
f u n c t i o n   o f  t h e  B f i e l d  t o  be measured by t h e  magnetometer .  The waveform 
of el (t) is n o t   n e c e s s a r i l y   s i n u s o i d a l  ; however,  t h e  high-Q o u t p u t   c i r c u i t  
w i l l  a m p l i f y  o n l y  the  fundamenta l   Four ie r   component .  Therefore, the  funda-  
m e n t a l   F o u r i e r   C o e f f i c i e n t  will be i n t r o d u c e d  when el is  computed.  For 
t h e  purpose  of a n a l y s i s ,  t h e  rms v a l u e s   o f  q and e o ,  E l  and E o ,  w i l l  be 
ueed ,  The c i r c u i t   c a n  now be redrawn as shown i n   F i g u r e  A-2(a) .  The pr imary 
i s  nex t  reflected i n t o  t h e  s e c o n d a r y   c i r c u i t   t o   o b t a i n  t h e  c i r c u i t  of Fig- 
u r e  A-2(b),  The reflected q u a n t i t i e s  are g i v e n  by :as 

S i n c e  Rl  <C w ( L + k )  fo r  t h e  case b e i n g   c o n s i d e r e d ,  w e  can  write 

"E1 

L + k L  
E{ = 

c: = y$+ 
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The values  of C: and R '  are given by L 
a 1 + Q, 

~3' = ca Q; 
RL R; = 
1 .t Q; 

where Q = G a R L .  S i n c e  Q >> 1 for t h e  case b e i n g   c o n s i d e r e d ,  w e  can 
write L L 

R ' L 
RL = "2- 

QL 

The c i r cu i t  can  now be   r educed  t o  t h a t  of F igu re   A-2 (c ) ,   where  

T h e   c u r r e n t ,  Ia , i s  g i v e n  by  

which i s  a maximum when t h e   t u n i n g   c o n d i t i o n  

(A-10) 

( A - 1 1 )  

(A-12) 

(A-13) 

(A-14) 

is s a t i s f i e d .  

1 
WLQ = - 

WC 

50 

(A-15) 



The value of Ca required  to  maintain  tuning  can be obtained from 
Eqr. ( A - 1 5 )  and (A-13) to obtain 

(A-16) 

where M ha8 been replaced by k ; k be ing   the   coupl ing   coe f f i c i ent  of 
the  tranrformer (0 k 5 1 ) .  

For Ca tuned, 10 can  be writ t en   a s  

EO i s  t h e n  given by 

or 

where j = m, ' i  . e .  , EO i s  90 degrees   ou t   o f   phase   w i th  E1 . 
The t o t a l   c i r c u i t  Q c a n   b e   d e f i n e d   a s  

- - roLg (1-[:k2L1/L+L1]) 
1 ' = URCa R 

- 

so t h a t  Eo becomes 

(A- 17) 

(A-18) 

(A-19) 

(A-20) 

(A-21) 

I 

N o t e   t h a t  Eo v a r i e s   l i n e a r l y   w i t h  Q .  If t h e   c i r c u i t  is no t   t uned  ( i . e . ,  
t h e   c a p a c i t y  is e l i m i n a t e d ) ,   t h e n  Q i n  Eq. (A-21) c a n   b e   r e p l a c e d  by 1. 
The e f f e c t  of t u n i n g  is t o  a m p l i f y   t h e   o u t p u t  by a f a c t o r  Q as might  be 
e x p e c t e d  . 
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The  power   ou tput ,  &/RL can  be maximized by maximizing & , s i n c e  R 
h a s   b e e n   i n c l u d e d   i n   t h e   d e r i v a t i o n  of Eo and is treated as c o n s t a n t .  
We now maximize Eo w i t h  r e s p e c t  t o  by w r i t i n g  Q of Eq. ( A - 2 1 )  i n  terms 
of by u s i n g  Eq. ( A - 2 0 1 ,  u s i n g   t h e   r e l a t i o n  M = k <b , and by n o t i n g  
t h a t  RL$/(L,"L)~ << & for t h e   c i r c u i t   b e i n g   c o n s i d e r e d  here 
[~~$/(Lth)' 0.04 & 1. Equat ion  ( A - 1 1 )  then  becomes 

L 

where 

h = ( l -  A L + L l  ) 
Thus Eo becomes 

T h i s  i s  of t h e  form 

The maximum  found b y  setting a E o / a b  = 0 is 

T h i s  optimum  value for  LQ results  in  a Q given b y  

( A - 2 2 )  

(A-2  3) 

( A - 2 4 )  

( A - 2  5)  

(A-26) 

( A - 2 7 )  

an R  given by R = 4R2, and  an output voltage  given by 
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We can  now o p t i m i z e  Eo w i t h   r e s p e c t  t o  by  :,using  Eq. ( A - 2 3 )  f o r   h ,  
s e t t i n g  aEo/a lQ e q u a l  t o  z e r o ,   a n d   s o l v i n g  for  L.1. ' We o b t a i n  

( A - 2 9 )  

which is p l o t t e d   i n   F i g u r e  A - 3 .  U s i n g   t h i s  optimum value for L1, we obtain  

h = m  

and 

(A-  30) 

I f  t h e   v a l u e   o f  Q g i v e n  by E q .  ( A - 2 7 )  is too   h igh   f rom a c i r c u i t   s t a b i l i t y  
v i e w p o i n t ,  & c a n   b e   i n c r e a s e d   t o   h o l d  Q f i x e d   a t   t h e  maximum t o l e r a b l e  
v a l u e .   T h e   o p t i m i z a t i o n  of Eo w i t h   r e s p e c t   t o  l Q ,  u s i n g  E q .  (A-21)  and 
M = k , then  becomes 

= L  ( A - 3 1 )  

E q u a t i o n   ( A - 2 9 )   g i v e s   n e a r l y   t h i s  same v a l u e   f o r  L1 i f  k < 0.5 a s  shown 
i n   F i g u r e  A - 3 .  F o r   t h i s   t y p e   o f  optimum LQ , w e  o b t a i n  

N 

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

el = ~8 = N B A ,  \ ( A - 3 3 )  

where A i s  t h e   e f f e c t i v e   n o r m a l  area of t h e   m o d u l a t o r  core and B is t h e  
m a g n e t i c   f i e l d   b e i n g   m e a s u r e d  by t h e   m a g n e t o m e t e r .   T h i s  assumes t h a t   t h e  
m o d u l a t o r   l e n g t h   t o   d i a m e t e r   r a t i o  is  l a r g e   e n o u g h   t o  make the   demagne t i -  
z a t i o n   f a c t o r   n e a r l y   z e r o .   T h e   a r e a ,  A ,  i s  g i v e n  by 

53 



5 

4 

3 

2 

I 

0 

FIG.  A-3 TRANSFORMER PRIMARY  INDUCTANCE VERSUS 
COUPLING  COEFFICIENT FOR MAXIMUM OUTPUT 
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I_ -  

A = Aa[ l+ma’)((t ) ] (A-34) 

where A IP t h e  area of the p ickup   w ind ing ,  a = A /A , where A is t h e  
area of t h e   m o d u l a t o r  aore, m i e  a f a c t o r  (0 5 m 2 19,  which   accounts  for  
t h e  Meis8ner r a t i o  and t h e  h o l e  of t h e  core if t h e r e  is o n e ,  and X ( t )  is 
t h e  a v e r a g e   e f f e e t i v e   s u s c e p t i b i l i t y  of t h e   m o d u l a t o r  core, The   thermal  
modu la t ion  eaumer x t o  v a r y  between 0 and -1 as t h e  core goes f r o m   t h e  
normal t o  t h e   r u p e r o o n d u c t i n g   s t a t e ,   T h e   v o l t a g e ,  e1 , then  becomes 

0 m 

@ = N R M A j (  (A- 35) m 

The fundamental  of j (  can  be w r i t t e n  as 

j, = w q  c o s  w t ,  (A-  36) 

where bl I s  t h e   f u n d a m e n t a l   F o u r i e r   c o e f f i c i e n t .  E1 then  becomes 

The   i nduc tance  b i n  MKS u n i t s  is g i v e n   a p p r o x i m a t e l y   a s  

FONaA C 

R 

(A- 37) 

(A-  38) 

where i s  t h e  l e n g t h  of t h e  p ickup  winding .   The   approximat ion  here 
assumes t h a t  L i s  t h e  i n d u c t a n c e  of t h e  p ickup   w ind ing  when i t  i s  norma l .  
A c t u a l l y ,   a n   a v e r a g e   v a l u e  somewhat less t h a n  t h i s  c o u l d  be used .  

Using these e q u a t i o n s  for E l  and L and E q .  ( A - 3 0 )  for Eo, w e  o b t a i n  

(A- 39) 
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The output  power, g/R is t h e n  g i v e n  by L' 

where 

E? f VQK 
PQ 

p . :  

V = A k = volume  of  modulator core 
m 

f = w/2n 

27ma a$ ka 
K =  - 

4(1+ d l - k a )  

(A-40) 

(A-27) 

(A-41) 

N o t e   t h a t  N h a s   b e e n   c a n c e l e d .   T h i s   m e a n s   t h a t  N i s  a r b i t r a r y  and  can  be 
chosen  on t h e   b a s i s  of p r a c t i c a l   c o n s i d e r a t i o n s   s u c h  as t h e   s i z e  and  shape 
of t h e  wire cross s e c t i o n   f o r  m a x i m u m  c o u p l i n g  t o  t h e   m o d u l a t o r   c o r e .  
Equa t ion  (A-40) s ta tes  t h a t   t h e  m a x i m u m  p o w e r   o b t a i n a b l e   f r o m   t h e   c i r c u i t  
of F i g u r e  A-2 is p r o p o r t i o n a l   t o   t h e   f i e l d   e n e r g y   i n   t h e  volume of t h e  
modula tor  core times Q times t h e   f r e q u e n c y   w i t h   w h i c h   t h i s   f i e l d  i s  swi t ched  
i n  and out  of t h e   c o r e .   T h e  power i s  p r o p o r t i o n a l  t o  t h e   c i r c u i t  Q because  
t h e  resistance a s s o c i a t e d   w i t h   t h e   s o u r c e   o f  el is v e r y   n e a r l y   z e r o .   T h i s  
means t h a t  w e  have a v o l t a g e   g e n e r a t o r ,  e l ,  w i t h   a n   u n l i m i t e d   s o u r c e   o f  
p o w e r .   T h e r e f o r e ,  as Q is i n c r e a s e d ,   t h e   o u t p u t  power inc reases ,   and   more  
power is removed  f rom  the   source   o f  e l .  T h i s  power  comes  from t h e   h e a t e r  
c u r r e n t   s u p p l y   t h a t   s w i t c h e s   t h e   s u p e r c o n d u c t i n g   m o d u l a t o r .   T h e   n u m e r i c a l  
va lue  o f  K i n  Eq.  (A-41) i s  n o t   t o   b e   t r u s t e d   b e c a u s e   o f   t h e   a p p r o x i m a t i o n  
t h a t   L ( t )  is c o n s t a n t .  

T h e   a c t u a l   d e s i g n  of t h e   c i r c u i t   c a n  now be made as f o l l o w s :  

1. Choose a p r e a m p l i f i e r   w i t h   h i g h   i n p u t   r e s i s t a n c e   b e c a u s e  Eo i n  
E q .  (A-30) i n c r e a s e s   w i t h  R . 

L 

2.  Make R1 << &(L+Ll)"/$ so  t h a t  i t  c o n t r i b u t e s  l i t t l e  t o   c i r c u i t  
loss [see Eq.  (A-11) 1. 

56 



3. Make & as small as p o s s i b l e ,   e x c e p t  do n o t  allow Q from Eq. (A-27) 
t o  become too large f o r   g o o d   c i r c u i t   s t a b i l i t y .   I f   n e c e s s a r y ,  C 
c a n   b e   p l a c e d   i n   t h e   l i q u i d   h e l i u m   b a t h   a n d  & made v e r y  small, 

4 .  Choose N c o n v e n i e n t   f o r   o b t a i n i n g   g o o d   c o u p l i n g  t o  t h e   f l u x   i n  
t h e   m o d u l a t o r  core. 

5. Choose a modu la to r  s i ze .  T h i s  is n o t   s t r a i g h t f o r w a r d   s i n c e   t h e  
maximum f requency   o f   modu la t ion  is r e l a t e d  t o  t h e  s ize  of t h e  
m o d u l a t o r .   T h i s   t h e n   f i x e s   L .  

6 .  Make L.1 L [see Eqs .  (A-29) and (A-3111. 

7 .  Choose u) as h i g h  as p o s s i b l e  t o  o b t a i n  a s i g F i f i c a n t   p e r c e n t a g e  
modu la t ion .  Note t h a t  Eq. (A-39) c o n t a i n s  d a  i n   t h e   n u m e r a t o r .  

8 .  Choose k = 0 . 9 ,  a n   e a s i l y   o b t a i n a b l e   v a l u e   f o r  a t r a n s f o r m e r  made 
of close f i t t i n g   s o l e n o i d a l   w i n d i n g s .  Note t h a t  as k approaches  
u n i t y ,   b o t h   a n d  L.1 ( f o r  m a x i m u m  o u t p u t   v o l t a g e )   g o  t o  i n f i n i t y ,  
T h e r e f o r e ,  i t  i s  not   advantageous  t o  make k g r e a t e r   t h a n   a b o u t  
0 . 9 .  

9 .  Compute LQ from E q .  ( A - 2 6 )  . 
10.  Compute Ca from E q .  (A-16). 

I t  m u s t   b e   r e i t e r a t e d   t h a t   t h i s   a n a l y s i s   m a k e s  two crude  approxima- 
t i o n s   t h a t   h a v e , n o t   y e t   b e e n   e v a l u a t e d ,  i . e . ,  t h e   e d d y - c u r r e n t s   i n   t h e  
modu la to r  core are n o t   i n c l u d e d ,   a n d   t h e   i n d u c t a n c e ,   L ( t )  , is  assumed 
c o n s t   a n t .  
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Appendix B 

CALCULATIONS OF SKIN DEPTH AND THERMAL RELAXATION TIME 
FOR SUPERCONDUCTING  MODULATORS 

The electrical e k i n   d e p t h , a 7  6 ,  In millimeters I s  g i v e n  by 

where po = 4rr x lom7 h e n r y d m  
Q = e lec t r i ca l  c o n d u c t i v i t y  = l / p  
p = e lec t r i ca l  r e s i s t i v i t y  
w = 2rrf 
f = f r equency  i n  He 

T h e   c a l c u l a t i o n s  were d o n e   f o r  f = 10,000 Hz f o r   t i n ,   i n d i u m ,   m e r c u r y ,  
l ead ,   and   coppe r .   The  e l ec t r i ca l  r e s i s t i v i t y   j u s t   a b o v e   t h e  c r i t i c a l  
t e m p e r a t u r e  was u s e d   i n  a l l  cases. T h e   r e s i s t i v i t y  a t  4.2"K was used  
f o r   c o p p e r .   T a b l e  B-1 g i v e s   t h e   r e s u l t s  of t h e   s k i n   d e p t h   c a l c u l a t i o n .  

T a b l e  B-1 

ELECTRICAL SKIN DEPTH 
AT A FREQUENCY OF 10,000 Hz 

Mater i a1 

T i n  
Indium 
Mer c u r  y 
Le  ad 
Copper 

E l e c t r i c a l  
R e s i s t i v i t y ,  p 

(h> 

11.5 x 10-l' 
1.7 x 10-l' 

1.6 x 10-l' 
1.7 x 10-l' 

5.3 x 10-lo 

Electr ical  
Skin   Depth  , 6 

(mm) 

0.169 
0.026 
0.115 
0.063 
0.065 
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T h e   t h e r m a l   r e l a x a t i o n  time f o r   t h e   s u p e r c o n d u c t i n g   m o d u l a t o r s   h a s  
been  npprexlmated by o o l c u l a t i n g   t h e  time c o n e t a n t   i n   t h e   h e a t   d i f f u s i o n  
oquat ion  

for t h a  moclulrttor material i n   t h e   n o r m a l  s t a t e  j u s t   a b o v e   t h e  c r i t i ca l  
t g m p e r r t u r e .  f n  t h i s   e q u a t i o n  

A R eonstunt 
K = t h e r m a l   e e n d u c t i v l t y   i n  w/cm°K 
C = h e a t   c a p a c i t y  i n  jeules/gm°K 
p = d e n s i t y   i n  gm/cm3 
a = l e n g t h  of t h e r m a l   p a t h   I n  cm 
T = t e m p e r a t u r e   i n  OK. 

The   va lue8   fo r  K and C u s e d   i n  these c a l c u l a t i o n s  were taken   f rom Refer- 
ence  2 8 .  T h e   r e l a x a t i o n  time is t h e n  

' = T  K 
lcpaa 

For a t i n   r o d  1 cm l o n g   t h a t  is heated at  one  end  and  cooled a t  t h e  o t h e r ,  
we f i n d  

(2,0x10'4j/gm0K)(7.3  gm/cma)(l cmIa 
T = -  ria (25 w/cmo K) 

7 = 5 . 9 1  x lo-' s e c  

The modu la to r   geomet ry   u sed   i n  our expe r imen t s  was a h o l l o w   c y l i n d e r  of 
wall t h i c k n e s s  A .  Assuming t h a t  the thermal pu l se   p ropaga te s   f rom t h e  
i n n e r  wall of the  c y l i n d e r  ( t h e  heat s o u r c e )  t o  t h e  o u t e r  wall (the  heat 
s i n k )   a l o n g  a r a d i a l   d i r e c t i o n ,  t h e  l e n g t h   u s e d   i n   c a l c u l a t i n g  the relax- 
a t i o n  time i s  the  wall  t h i c k n e s s .   T h u s  

' = T  K 
1 cpAa 
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Calculationo were d o n e   f o r  a c y l i n d e r   w i t h  0.5 mm I D  by 1.25 mm OD for 
various modula to r  materials. The r e e u l t s  are shown i n   T a b l e  B-2. 

T a b l e  B-2 

THERMAL RELAXATION TIMES 
FOR FIVE: POSSIBLE MODULATOR MATERIALS 

R e l a x a t i o n  T i m e ,  7 
Mater i a1 

T i n  8 .0  x lo-' 
Indium 7.6 x 
Mercury 9.3 x 
Lead 1 . 9  x lo-" 
C o p p e r   1 . 5  x 10- 

From. these  estimates of t h e   t h e r m a l   r e l a x a t i o n  time, it  i s  clear t h a t  
m o d u l a t o r s   o p e r a t i n g   a t   f r e q u e n c i e s  as low as 1 0   t o  20 kHz should   no t   be  
l i m i t e d  by t h e   t h e r m a l   r e s p o n s e .  
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