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A b s t r a c t  

A Phys i ca l   E lec t ron i cs   595   Scann ing   Auger  
M i c r o p r o b e  was u s e d   t o   s t u d y   e t c h e d   f i l a m e n t s   a n d  
t r a n s v e r s e   s e c t i o n s   o f   v a r i o u s l y   r e a c t e d   c o m m e r c i a l  
b r o n z e   m a t r i x   m u l t i f i l a m e n t a r y  NbgSn conductors .  
Us ing  beams as f i n e  as 100 nm, t i n   c o n c e n t r a t i o n  
p r o f i l e s  were  observed i n   p o l i s h e d  samples. D i f f e r -  
ences  were  noted i n   t h e  shape o f   t h e   t i n   g r a d i e n t  as  a 
f u n c t i o n   o f   t h e   l o c a t i o n   o f   t h e   r e a c t e d   f i l a m e n t s  
w i t h i n   t h e   w i r e s .  The t i n   c o n t e n t   o f   t h e   b r o n z e  was 
a l so   measured   be tween   p re - reac ted   f i l amen ts  i n  an 
un reac ted   compos i te   and   f ound   to   be   abou t  1 a t .%  l ower  
t h a n   i n   t h e   l a r g e   b r o n z e   r e s e r v o i r s .  I n  a Harwel 1 
c o m p o s i t e   w i t h   P - p o i s o n e d   n i o b i u m   d i f f u s j o n   b a r r i e r s ,  
P was d e t e c t a b l e   i n   t h e  Nb3Sn formed on t h e   b a r r i e r  
b u t   n o t  on t h e   f i l a m e n t s .  

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

T h e r e   i s ,   a t   p r e s e n t ,  a g r e a t   d e a l   o f   v a r i a b i l i t y  
i n   t h e   c r i t i c a l   c u r r e n t   d e n s i t   ( J  ) performance  of  
mu1 t i  fi 1 ament Nb3Sn composi tes! $he  two Pri n c i   p a l  
i n f l u  nces on t h e  Jc h e   u p p e r   c r i t i c a l   f i e l d  
(Hc ) ?  a n d   t h e   g r a i n  The c o m p o s i t i o n   a f f e c t s  
Jc Z h r o u g h   t h e   n o r m a l   s t a t e   r e s i s t i v i t y  ( P  and t h e  
c r i t i c a l   t e m p e r a t u r e  (T,) dependences  of  Hc;1)5 One Of  
t h e   r e a s o n s   f o r   t h i s   v a r i a b i l i t y   i s   t h a t   t h e r e   a r e  no 
s t a n d a r d   p r o d u c t i o n   s p e c i f i c a t i o n s   f o r   t h e   b r o n z e   p r o -  
cess. The b r o n z e   t o   n i o b i u m   r a t i o ,   t h e   t i n   c o n t e n t   o f  
t h e   b r o n z e ,   t h e  number  and d i s t r i b u t i o n   o r   s p a c i n g   o f  
f i l a m e n t s ,   t h e   m e t h o d   o f   e l e c t r o m a g n e t i c   s t a b i l i z a t i o n  
( i n t e r n a l   o r   e x t e r n a l   c o p p e r ,   n i o b i u m   o r   t a n t a l u m   d i f -  
f u s i o n   b a r r i e r ) ,   t h e   a d d i t i o n   o f   t h i r d   e l e m e n t s ,   a n d  
t h e   r e a c t i o n   c o n d i t i o n s   ( t i m e  and   t empera tu re )   a re  
. v a r i a b l e s   w h i c h   a r e ,   c u r r e n t l y ,   a l l   i m p e r f e c t l y   u n d e r -  
s tood.  When t h e   p r o c e s s i n g   v a r i a b l e s   a r e   d i f f e r e n t ,  
t h e   v a r i a b i l i t y   o f  Jc between  composites may n o t   b e  
t o o   s u r p r i s i n g .   T h e r e   i s ,   h o w e v e r ,   o f t e n   v a r i a b i l i t y  
even when t h e   p r o c e s s i n g   v a r i a b l e s   a r e   k e p t   t h e  
same. A r e c e n t   e x a m p l e   o f   t h i s  phenomenon i s   t h e  
g r e a t   v a r i a b i l i t y   i n  J o f   p r o d u c t i o n   l e n g t h s   o f   t h e  
compacted mono1 i h c o n h c t o r   f o r   t h e   H i g h - F i e l d   T e s t  
F a c i l i t y  (HFTF).‘  Not a l l  composi tes show such  wide 
v a r i a b i l i t y ,  however.  The  Large  Coi 1 Pro jec t   conduc-  
t o r  (LCP  showed  good u n i f o r m i t y   i n  Jc o v e r  many l o n g  
lengths . ]   Bo th   o f   these  conductors   were   manufac tured  
by t h e  same company. To u n d e r s t a n d  why these  conduc-  
t o r s  behave  as  they do, d e t a i l e d   c o r r e l a t i o n s   o f   t h e  
d e s i g n ,   p r o c e s s i n g   a n d   p r o p e r t i e s  need t o  be  done. 

The e f f e c t s   o f   b r o n z e   c o n t e n t ,   b r o n z e   t o   n i o b i u m  
r a t i o ,   a n d   a l l o y i n g   e l e m e n t   a d d i t i o n s   h a v e   b e e n  

tapesgy9  than with f i l amen ta ry   compos i tes . ’  The 
s t u d i  d  more f r e q u e n t l y   w i t h   s i n g l e   c o r e   w i r e s   o r  

e f f e c t  o f  g r a i n   s i z e  and i n f l u e n c e   o f   r e a c t i o n   c o n d i -  
t i o n s   h a v e   l s o  been s t u d i e d   i n   m u l t i f i l a m e n t a r y   conductor^.^'^ The i n f l u e n c e s   o f   f i l a m e n t   s p a c i n g ,  
b r o n z e   t o   n i o b i u m   r a t i o ,   i m p u r i t y   p o i s o n i n g   o f   n i o b i u m  
d i f f u s i o n   b a r r i e r s ,  and t h e   l o c a l   t i n   c o n t e n t   o f   t h e  
b r o n z e   a r e   j u s t   b e g i n n i n g   t o   b e   s t u d i e d   i n   m u l t i f i l a -  
mentary   conductors .  Many convent ional   composi tes  have 
f i l a m e n t s   w i t h   a b o u t  3 mic ron   d iameters ,   spaced  about  
one  and h a l f   d i a m e t e r s   a p a r t .   T h u s ,   t h e   c h e m i c a l  
a n a l y s i s   o f   e i t h e r   t h e  NbjSn f o r m e d ,   o r   t h e   b r o n z e  
between f i  1 aments i s   n o t   p o s s i b l e  wi th c o n v e n t i o n a l  
t echn iques   such   as   t he   e lec t ron   m ic rop robe .  A t  
p r e s e n t ,   t h e r e   a r e   t w o   o p t i o n s   b e i n g   p u r s u e d ;   t h e  

scann ing  Auger e l e c t r o n   s p e c t r o m e t e r  (SAM) and t h e  
s c a n n i n g   t r a n s m i s s i o n   e l e c t r o n   m i c r o s c o p e   e q u i p p e d  
w i t h   c h a r   c t e r i s t i c   X - r a y   e m i s s i o n   a n a l y s i s  
(STEM/EDX).lB Apply ing  ou e  e ‘ e n c e   w i t h   t h e  Auger 
t e c h n i q u e  on tape  samples F 1 7 i I . B 3 r 3 ,  we have  extended 
our  work t o   m u l t i f i l a m e n t a r y  samp les   us ing   t he  SAM 
techn ique.  

E x p e r i m e n t a l   D e t a i l s  

F i n e  beam scann ing   Auger   uses   t he   h igh   su r face  
s e n s i t i v i t y   o f  Auger e l e c t r o n s   t o   g e t   h i g h   s p a t i a l  
c h e m i c a l   r e s o l u t i o n .  The p e n e t r a t i o n   o f   t h e   e l e c t r o n  
beam i n t o   t h e  sample i s   t h e  same as f o r   t h e   e l e c t r o n  
p r o b e   b u t   t h e  mean f r e e   p a t h s   o f   t h e  Auger e l e c t r o n s  
a r e   l e s s   t h a n  5 nm, whereas  the mean f r e e   p a t h s   o f  
c h a r a c t e r i s t i c   X - r a y s   a r e   g r e a t e r   t h a n  2 microns. 
Thus, t h e   s p a t i a l   r e s o l u t i o n  will be determined 
l a r g e l y  by t h e   w i d t h   o f   t h e   e l e c t r o n  beam w i t h i n   t h e  
f i r s t  5 nm o f   p e n e t r a t i o n   i n t o   t h e   s a m p l e ,  The f i n e s t  
e l e c t r o n  beams are   about  1 nm d iameter .  

A P h y s i c a l   E l e c t r o n i c s   I n d u s t r i e s   ( P H I )   f i n e  beam 
scanning  Auger  spectrometer  (model  595) was used i n  
t h i s   s t u d y .  The d i a m e t e r   o f   t h e   e l e c t r o n  beam can  be 
reduced t o   a b o u t  100 nm. T h i s  and t h e   a s s o c i a t e d   l o w  
beam c u r r e n t  (0.5 nA) combine t o  produce a s m a l l  
s i g n a l - t o - n o i s e   r a t i o .  The e m i t t e d   e l e c t r o n   d i s t r i -  
b u t i o n   ( N ( E ) )   i s   m e a s u r e d   d i r e c t l y ,   m u l t i c h a n n e l  
ana lyzed (MCA) , and s t o r e d   d i g i t a l l y .  I f  des i   red ,   t he  
s t o r e d   d a t a   c a n   b e   s m o o t h e d ,   d i f f e r e n t i a t e d   a n d  
expanded t o   r e v e a l   t h e   f i n e   f e a t u r e s .  The smal l  
s i g n a l - t o - n o i s e   p r o b l e m   i s   p a r t i a l l y   c o m p e n s a t e d   f o r  
b y   m u l t i c h a n n e l   a v e r a g i n g ,   a t   t h e   e x p e n s e   o f   t h e   t i m e  
needed f o r   e f f e c t i v e   s i g n a l   a v e r a g i n g .  

The PHI  595 f i n e  beam scann ing   sys tem  has   bo th  
advantages  and  disadvantages  compared t o  a b r o a d  beam 

s t ~ d i e s ~ ~ 3 ~ 3 ~ ’  h a s   , h e l p e d   i d e n t i f y   t h e   p o t e n t i a l  
AES i n s t r  e t *  the   exper ience   ga ined   f ro in   ou r   t ape  

d isadvantages .  The sample i s   n o t   s p u t t e r e d   d u r i n g   t h e  
d a t a   c o l l e c t i o n   p e r i o d ,   t h e   l e n g t h   o f   w h i c h   d e t e r m i n e s  
t h e   s i g n a l - t o - n o i s e   r a t i o .  Oxygen  and  carbon c o l l e c t  
o n   t h e   s u r f a c e  when t h e   s a m p l e   i s   n o t   b e i n g   s p u t t e r e d  
and tkp i n f l u e n c e s   t h e   e f f e c t i v e   s e n s i t i v i t y  
r a t i o s .  Samples t o  b e   p o i n t ,   a r e a   o r   l i n e   s c a n n e d  
must be f i r s t   s p u t t e r   c l e a n e d ,   w h i c h   i n t r o d u c e s   t w o  
problems. The s p u t t e r   c l e a n i n g   p r e f e r e n t i  a1 l y  e t c h e s  
t h e   t i n   o u t   o f   t h e  Nb  Sn and  copper   out   o f   the  bronze,  
r e q u i r i n g   t h e   u s e  o? s p u t t e r   c o r r e c t e d   ( e f f e c t i v e )  
s e n s i t i v i t y   r a t i o s .  A d i r e c t l y   r e l a t e d . p r o b l e m   i s  
t h a t   t h e   d i f f e r e n t   s p u t t e r   r a t e s   f o r   b r o n z e ,   n i o b i u m  
and Nb3Sn c a u s e   s u r f a c e   r e l i e f   a t   t h e   i n t e r f a c e s .  
These e f f e c t s   c a n   b e   k e p t   t o  a minimum  by m a i n t a i n i n g  
c o n s t a n t   c o l l e c t i o n   c o n d i t i o n s  and  by l i m i t i n g   t h e  
s p u t t e r   c l e a n i n g   t o  a  minimum n e c e s s a r y   t o  remove t h e  
su r face   adso rbed   l aye r .  

S i n g l e   f i l a m e n t s   w e r e   e x t r a c t e d   f r o m   m u l t i f i l a m e n -  
t a r y   c o m p o s i t e s   b y   c h e m i c a l l y   r e m o v i n g   t h e   b r o n z e   w i t h  
a  50% m i x t u r e   o f   n i t r i c   a c i d  and  water. A smooth, 
c l e a n   s u r f a c e  with we1 1 d e f i n e d   i n t e r f a c e s   i s   d e s i   r e d  
f o r   e x a m i n a t i o n   o f   t r a n s v e r s e   s e c t i o n s .   T h i s  was 
a c h i e v e d   b y   m e c h a n i c a l l y   p o l i s h i n g   t h i n   s e c t i o n s   o f  
t h e   c o m p o s i t e .   W i r e   s a m p l e s   f o r   p o l i s h i n g   w e r e  
mounted i n  copper   b locks ,   us ing  a h i g h  vacuum ( l o w  
vapor   p ressu re )  , t h e r m o   s e t t i n g ,   c o n d u c t i v e   r e s i n  
( t y p e  N m i c r o c i r c u i t   s i l v e r ) .   A f t e r   p o l i s h i n g ,  a 
s h o r t   e t c h  (1/8 HF, 3/8 HN03, and 1 / 2  H20) was used t o  
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d i s t i n g u i s h   t h e  Nb3Sn f rom  the   n iob ium.  

R e s u l t s  

E x t r a c t e d   F i  1 aments 

The f i n e  beam Auger   technique makes it p o s s i b l e   t o  
p l a c e   t h e   e n t i r e   e l e c t r o n  beam on a s i n g l e   e x t r a c t e d  
f i l a m e n t  so t h a t  it can   be   spu t te r /  e t p r o f i l e d   i n  
t h e  same  way as were  tape  samples. j’yl’ One o f   t h e  
advan tages   o f   Auger   e lec t ron   spec t roscopy   f ge l$b i l -  
i t y  t o   e a s i l y   d e t e c t   t h e   l i g h t   i m p u r i t i e s .  9 3 As 
we h a v e   i n d i c a t e d ,   t h e   q u a n t i f i c a t i o n   o f   d e t e c t e d  
oxygen  and  carbon  levels i n   t h e  SAM i s   v e r y   d i f f i c u l t  
s i n c e   t h e   s a m p l e   i s   n o t   s p u t t e r e d   d u r i n g   t h e   d a t a  
c o l l e c t i o n .   O t h e r   i m p u r i t i e s   w h i c h   a r e   n o t   a d s o r b e d  
f r o m   t h e  vacuum environment,   however,  may be de tec-  
t a b l e  i f  t h e   s i g n a l - t o - n o i s e   r a t i o   p e r m i t s .  

We a r e   a b l e   t o   d e t e c t   p h o s p h o r u s   i n   t h e   r e a c t e d  
Nb3Sn i n  a m u l t i f i l a m e n t a r y   c o m p o s i t e  made w i t h  a 
phosphor  bronze. We e x t r a c t e d   b o t h   t h e   f i l a m e n t s  and 
n i o b i u m   d i f f u s i o n   b a r r i e r s   ( u s e d   t o   p r o t e c t   t h e   s t a b i -  
l i z i n g   c o p p e r )   f r o m  an AERE Harwel l   composi te ,  CF-99, 
r e a c t e d   f o r  50 h o u r s   a t  700°C.  The b r o n z e   n e x t   t o   t h e  
n i o b i u m   d i f f u s i o n   b a r r i e r  had  been  doped w i t h  phos- 
phorus i n   o r d e r   t o   i n h i b i t   t h e   f o r m a t i o n   o f  Nb3Sn on 
t h e   b a r r i e r .  

The d e t e r m i n a t i o n   o f   t h e   p h o s p h o r u s   l e v e l   i s  
t e d i o u s   s i n c e   t h e   o n l y   t w o   p e a k s   i n   t h e  0 t o  2000 eV 
range l i e   a t ,  o r  n e a r ,   t h e  same energy   as   n iob i  um 
peaks   and   requ i re  some f o r m   o f   s u b t r a c t i o n   r o u -  
t i n e . 1 3 .  The s t r o n g e r   o f   t h e   t w o   p h o s p h o r u s   p e a k s  
(LMM) i s   l o c a t e d   a t  120 eV.  To d e t e r m i n e   t h e   p h o s -  
p h o r u s   c o n t e n t ,   t h e   f i l a m e n t   d a t a  was s u b t r a c t e d   f r o m  
t h e   b a r r i e r   d a t a .  The r e d u c e d   d a t a   f o r  an e x t r a c t e d  
f i l a m e n t  and an e x t r a c t e d   d i f f u . s i o n   b a r r i e r   a r e   p l o t -  
t e d  as a f u n c t i o n   o f   t h e   s p u t t e r e d   d e p t h   i n   f i g u r e  
1. The 10 keV Nb/P s s i t i v i t y   r a t i o  was taken   f rom 
t h e  P H I  Auger Handbooktiq and  the   oxygen was c o r r e c t e d  
f o r   t h e   l e v e l  on the   compos i t ion   s tandard .   The t i n  
l e v e l   i n   t h e   f i l a m e n t   i s   h i g h   n e a r   t h e   b r o n z e - N b  Sn 
i n t e r f a c e  a n d   t h e n   d e c r e a s e s   i n t o   t h e   l a y e r .   T h e   ? i n  
l e v e l   i n   t h e   b a r r i e r   b e g i n s   t o   d e c r e a s e   s t r o n g l y   a f t e r  
o n l y   a b o u t  250 nm have  been  sputtered.  Both  samples 
appear t o   c o n t a i n   s i g n i f i c a n t  1 eve1 s o f  oxygen  ex ten-  
d ing   ove r   100  nm i n t o   t h e  Nb Sn l a y e r .   T h i s  may be 
c o n t a i n e d  i n  s u r f a c e   c r a c k s .  ?he p h o s p h o r u s   l e v e l  was 
d e t e c t a b l e   o n l y  i n  t h e  Nb Sn l a y e r   f o r m e d  on t h e  
d i f f u s i o n   b a r r i e r  and was gound w i t h   c o n c e n t r a t i o n s  
g r e a t e r   t h a n  6 at.%.  These p o i n t s  will be  cons ide red  
f u r t h e r   i n   t h e   d i s c u s s i o n .  

T ransve rse   Sec t i ons  

An i m p o r t a n t   a d v a n t a g e   o f   u s i n g   t h e  SAM on p o l i s h e d  
c r o s s - s e c t i o n s   i s   t h e   a b i l i t y   t o   s t u d y  any f i l a m e n t  
and i t s   l o c a l   m a t r i x   i n   t h e   c o m p o s i t e .   S t u d i e s   o f   t h e  
b ronze   compos i t i on  on a f i n e   s c a l e   c a n   b e   u s e f u l  when 
c o r r e l a t e d   w i t h   t h e   c o m p o s i t i o n   d a t a   o b t a i n e d   f r o m  
r e a c t e d   f i l a m e n t s .  

We examined a p o l i s h e d   c r o s s - s e c t i o n   o f  an  unreac- 
t e d  HFTF c o n d u c t o r   a n d   f o u n d   t h a t   t h e   b r o n z e   m a t r i x  
t i n   c o m p o s i t i o n   w i t h i n  a sub-bundle was about 1 a tomic  
p e r c e n t   l o w e r   t h a n   t h e   s u r r o u n d i n g   m a t r i x   r e s e r v e .  
The m i s s i n g   t i n  was consumed i n   t h e   p r e m a t u  e r e a c t i o n  
t o  Nb3Sn d u r i n g   t h e   c o l d   w o r k   a n n e a l s .  1 J  We a l s o  
e x a m i n e d   t h e   r o n z e   i n   s e v e r a l   M o d i f i e d   J e l l y   R o l l  
(MJR) samples1’ b o t h   b e f o r e   a n d   a f t e r  a s e r i e s   o f   h e a t  
t r e a t m e n t s .  When t h e   f i l a m e n t   s p a c i n g  was smal 1 
( b r o n z e   t o   n i o b i u m   r a t i o   o f   2 . 3 : 1 ) ,   t h e   t i n   c o m p o s i -  
t i o n   d e c r e a s e d   r a p i d l y   f r o m   t h e   c e n t r a l   c o r e   l e v e l ,  
approach ing  a l i m i t i n g   v a l u e   o f   a b o u t  1 a t o m i c   p e r c e n t  

700”C/50Hours  CF-99 
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F i g .  1. D e r i v e d   c o m p o s i t i o n / d e p t h   p r o f i l e s   f r o m  
m u l t i p l e x e d  SAM d a t a   f o r  a f i l a m e n t   a n d  a b a r r i e r  
e x t r a c t e d   f r o m   t h e  AERE Harwel l   composi te ,  CF-99. The 
i n s e t   i n   t h e   u p p e r   r i g h t   h a n d   c o r n e r  shows t h e  
r e n o r m a l i z e d   t i n   c o n t e n t   i n   b o t h   c a s e s   ( t i n   p l u s  
n iob ium  equa ls   100%) .  

a t   t h e   o u t e r  edge f o r   a l l   r e a c t i o n   t i m e s   o v e r  48 hours 
a t  700°C. F o r   l a r g e r   f i l a m e n t   s p a c i n g s   ( B r : N b   r a t i o  > 
3) t h e   t i n   l e v e l   f e l l   o f f  m o r e   g r a d u a l l y   ( s e e   r e f e r -  
e n c e   1 7 ) .   S i n c e   t h e   w i r e   s t u d i e d   w e r e   o n l y   l i g h t l y  
p re- reac ted   (Tc  < 10.5 K),’6 it i s   n o t   s u r p r i s i n g   t h a t  
t h e r e  was n o t  a s t r o n g   g r a d i e n t   i n   t h e   m a t r i x   c o m p o s i -  
t i o n   f o u n d   a c r o s s   t h e   w i r e s   i n   t h e   u n r e a c t e d  
cond i  t i on. 

The f i n e  beam i n   t h e  SAM can  be  scanned  across 
i n d i v i d u a l   f i l a m e n t s  and t h e   s p a t i a l   d i s t r i b u t i o n   o f  
p a r t i c u l a r   e l e m e n t s   d e t e r m i n e d .  We examined a number 
o f  samples f o r  Nb, Sn, Cu, 0 and C. In o u r   e a r l i e r  
s t u d i e s  on r e a c t e d  HFTF samples we observed  asymmetr ic 
t i n   c o m p o s i t i o n   g r a d i   n t s  on f i l a m e n t s   l o c a t e d   a t   t h e  
edge o f  sub-bundles1’,  as opposed t o  symmetr ic t i n  
c o m p o s i t i o n   g r a d i e n t s   o n   i n t e r i o r   f i l a m e n t s .   T h i s  was 
i n t e r p r e t e d  as a bronze t o   n i o b i u m   r a t i o   e f f e c t .  We 
h a v e   s i n c e   o b s e r v e d   s i m i l a r   f e a t u r e s   i n   t h e  MJR w i r e s  
i n  d a t a   t a k e n   w i t h   i m p r o v e d   s i g n a l - t o - n o i s e   r a t i o .  A 
l i n e  scan f o r   t i n   a c r o s s  an i n c o m p l e t e l y   r e a c t e d  
f i l a m e n t   i n   t h e  M68L compos i te  (48  h o u r s   a t  700’C) i s  
shown i n   f i g u r e  2. On t h e   c o r e   s i d e   o f   t h e   f i l a m e n t  
t h e   t i n   l e v e l   i s   e s s e n t i a l l y   f l a t   w h i l e   t h e r e   i s  a 
s t e e p   g r a d i e n t  on t h e   o p p o s i t e   s i d e .  The r e a c t e d  
l a y e r   v a r i e s   i n   t h i c k n e s s   a l o n g   t h e   p e r i m e t e r ;   t h e  
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F ig .  2. T i n  Auger l i n e  scan o f  a r e a c t e d  Nb3Sn 
f i l a m e n t  a t   t h e  edge o f   t h e   c e n t r a l   b r o n z e   c o r e .  

1 i n e  scan  happened t o   c r o s s  a t h i c k   s e c t i o n  on  one 
s ide   and  a t h i n   s e c t i o n  on t h e   o t h e r .  A f u l l y   r e a c t e d  
f i l a m e n t   n e x t   t o   t h e  one  shown i n   f i g u r e  2  had a f l a t  
g r a d i e n t   o v e r   t h e   w h o l e   t h i c k n e s s .  A f i l a m e n t   l o c a t e d  
a b o u t   h a l f  way t h r o u g h   t h e   w i r e   i s  shown i n   f i g u r e  
3.  The t i n   g r a d i e n t s   a r e   v e r y   s i m i l a r   t o  t ose 
o b s e r v e d   i n   b r o a d  beam Auger t a p e   s t u d i e s .  A,12 ,"S 
A f t e r  168  hours   a t  700°C,  a f u l l y   r e a c t e d   f i l a m e n t   i n  
t h e  M68L composi te showed  a c o m p o s i t i o n   g r a d i e n t   o f  
about  2 t o  3 a t .%,   w i th   t he   co re   compos i t i on   be ing  
c l o s e   t o  25 a t . %   t i n .  A f u l l y   r e a c t e d   f i l a m e n t   n e a r  
t h e   o u t s i d e  edge o f   t h e   w i r e   h a d  a s t e e p e r   g r a d i e n t  
b u t   t h e   c o r e   c o m p o s i t i o n  was c l o s e r   t o   2 1   a t . %   t i n  
( f i g u r e  4 ) .  

The t i n   c o n c e n t r a t i o n   g r a d i e n t s   i n   t h e   r e a c t e d  
Nb3Sn i n  MJR samples made w i t h  Nb 0.8 a t .%  T i   cores  
w e r e   v e r y   s i m i l a r   t o   t h o s e   o b s e r v e d   i n   t h e  M68L 
w i r e s .  The g r o w t h   r a t e  was acce le ra ted ,   however .  
Many f i l a m e n t s   n e x t   t o   t h e   b r o n z e   c o r e s  showed fea-  
t u r e s   s i m i l a r   t o   f i g u r e  2; t h e r e  was u s u a l l y   n o  
u n r e a c t e d   n i o b i u m   l e f t   b u t   t h e   r e a c t e d   l a y e r  on t h e  
b r o n z e   c o r e   s i d e  was f l a t   w h i l e   t h e r e  was a d i s t i n c t  
g r a d i e n t  on t h e   o p p o s i t e   s i d e   o f   t h e   f i l a m e n t .  

D i s c u s s i o n  o f  R e s u l t s  

The u s e   o f   t h e   f i n e  beam scann ing  Auger i n s t r u m e n t  
t o  s t u d y   m u l t i f i l a m e n t a r y  Nb3Sn, composi tes i s   p r a c -  
t i c a l .  The SAM makes t h e   d e t e r m i n a t i o n   o f   t h e  compos- 
i t i o n   o f  Nb  Sn l a y e r s  on a s c a l e  as f i n e  as 100 nm 
p o s s i b l e .  ?n p o l i s h e d   c r o s s - s e c t i o n s ,   f i l a m e n t s   c a n  
b e   s t u d i e d   i n   t h e i r   l o c a l   e n v i r o n m e n t  and the   b ronze  
con ten t   measured   be tween   f i l amen ts .   F i l amen ts   w i th  
d i a m e t e r s  on t h e   o r d e r   o f   m i c r o n s   c a n   a l s o  be e x t r a c -  
t e d  and s p u t t e r / d e p t h   p r o f i l e d .  The a b s o l u t e   u n c e r -  
t a i n t y   o f   t h e   t i n   c o n t e n t s ,   e s t i m a t e d  by the   compar i -  
son o f   b r o a d  beam and SAM d e p t h   p r o f i l e s   i s   a b o u t  1.5 
t o  2.0  at.% f o r   p o i n t   o r   a r e a   d e p t h   p r o f i l e s  and a 
l i t t l e   l a r g e r   f o r  1 i n e   s c a n s .   T h i s   u n c e r t a i n t y  
i n c l u d e s   t h e   p l u s   o r   y i n u s  0.5 a t . %   u n c e r t a i n t y   i n   o u r  
c o m p o s i t i o n   s t a n d a r d ,  as w e l l  as t h e   u n c e r t a i n t i e s  
r e s u l t i n g   f r o m   t h e   l o w   s i g n a l - t o - n o i s e   r a t i o .  

The l a t e r a l   s p a t i a l   r e s o l u t i o n   s h o u l d  be p r i n c i -  
p a l l y   d e t e r m i n e d  by t h e  beam d i a m e t e r   f o r  we1 1 
p r e p a r e d   s u r f a c e s   w i t h   s h a r p l y   d e f i n e d   i n t e r f a c e s .   I n  
f i g u r e s  2 - 4 t h e  beam d i a m e t e r  was 150 nm. The a d d i -  
t i o n a l   w i d t h   o f   t h e   b r o n z e - N b 3 S n   i n t e r f a c e s   i n   t h e  
1 ine  scans shown f o r   t h e   r e a c t e d   f i l a m e n t s   i s  due t o  
i n s t a b i l i t i e s   i n   t h e  SAM e l e c t r o n i c s   w h i c h   c a u s e  a 
s t e a d y ,   s l o w   d r i f t   o f   t h e   a n a l y s i s   a r e a   a c r o s s   t h e  
sample  at  a r a t e   o f   a b o u t  10 nm/minute. 

F ig .  3. T i n  Auger 1 i n e   s c a n   o f  a r e a c t e d  Nb3Sn 
f i l a m e n t   i n   t h e   m i d d l e   o f   t h e   f i l a m e n t   d i s t r i b u t i o n .  
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F i g .  4. T i n  Auger l i n e  s c a n   o f  a r e a c t e d  Nb3Sn 
f i l a m e n t   a t   t h e   o u t e r  edge o f   t h e   f i l a m e n t   d i s t r i -  
b u t i o n .  

A p o t e n t i a l  bonus o f  Auger  spectroscopy i s   t h e  
a b i l i t y   t o   d e t e c t   i m p u r i t i e s   i n   t h e  Nb3Sn. The smal l  
s i g n a l - t o - n o i s e   r a t i o s   o b t a i n e d  so f a r   w i t h   t h e  SAM, 
however, make t h e   d e t e c t i o n  o f  any  element i n  concen- 
t r a t i o n s   l e s s   t h a n   a b o u t  2 a t . %   v e r y   d i f f i c u l t .  Yo 
copper was d e t e c t e d   i n  samp les   de te r  i d t o   c o n t a i n  
1.5  a t .X  us ing  the  broad beam AES. l F y f f  Carbon  and 
o x y g e n ,   t h o u g h   d e t e c t e d ,   a r e   h a r d   t o   d e f i n e   q u a n t i t a -  
t i v e l y ,   s i n c e   t h e   s t e a d y   s t a t e   r e s i d u a l   l e v e l s   u n d e r  
s p u t t e r   c o n d i t i o n s   c a n n o t  be  measured. I f  the   concen-  
t r a t i o n s   a r e   h i g h  enough, i m p u r i t y   l e v e l s   c a n  be 
measured i n  s u b - m i c r o n   t h i c k   l a y e r s . .  We w e r e   a b l e   t o  
d e t e c t   p h o s p h o r u s   i n   t h e   n i o b i u m   d i f f u s i o n   b a r r i e r s ,  
b u t   n o t   t h e   f i l a m e n t s ,   o f  a compos i te  known t o   c o n t a i n  
phosphor   bronze.   The  min imum  detectable  leve l  o f  
phosphorus i s   h i g h e r   t h a n   t h a t   f o r  most   e lements  s ince 
t h e  peak h e i g h t   d e t e r m i n a t i o n   r e q u i r e s   s u b t r a c t i o n   o f  
t w o   s m a l l   s i g n a l - t o - n o i s e   r a t i o   s i g n a l s .  The f i l a -  
men ts   were   t hough t   t o   con ta in  some l e v e l   o f   p h o s p h o r u s  
s ince   t he   (b ronze -on )  Hc o f   t h e   c o m p o s i t e  was o n l y  
13.2  Tesla,  compared t o   t % e   u s u a l  18 t o  22 Tesla,   .and 
t h e   i n t r i n s i c  T ( b r o n z e - o f f )  was o n l y  17.3 K. The 
Nb3Sn l a y e r  on t k e   d i f f u s i o n   b a r r i e r   c o n t a i n e d   a b o u t  6 
at.%  phosphorus  and  had a  Tc o f   a b o u t  15.5 K. It i s  
n o t   c l e a r   w h e t h e r   t h i s  amount of   phosphorus  can be 
d i s s o l v e d   i n   t h e  Nb Sn. There i s  some e v i d e n c e   o f  
b i n d i n g   t o   t h e   n i o % i u m   s i n c e  a s m a l l   a d d i t i o n a l  
n iob ium peak a t  166 eV a p p e a r s   a f t e r   d e c o n v o l u t i o n .  
The p o s s i b i l i t y   o f   b i n d i n g   t o   t h e   t i n   a l s o   c a n n o t  be 
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r u l e d   o u t .  

U s i n g   t h e  SAM, we w e r e   a b l e   t o   m e a s u r e   t h e   t i n  
c o n t e n t   o f   t h e   b r o n z e   b e t w e e n   f i l a m e n t s   s p a c e d   a b o u t  a 
m i c r o n   a p a r t ,   w i t h  a p r e c i s i o n   o f   a b o u t  one a tomic  
p e r c e n t .  The a b i l i t y   t o   s t u d y   t h e   d i f f u s i o n   o f   t i n  
t h r o u g h   t h e   b r o n z e   m a t r i x  as a f u n c t i o n   o f   f i l a m e n t  
s p a c i n g   i s  an i m p o r t a n t   c o n t r i b u t i o n .  Our s t u d i e s  
i n d i c a t e   t h a t   t h e   t i n   s u p p l y   i s   d e f i n i t e l y   a f f e c t e d  by 
t h e   f i l a m e n t   s p a c i n g   a n d   t h a t   t h i s   r e s u l t s   i n   v a r i a -  
t i o n s   i n   t h e   c h a r a c t e r i s t i c s   o f   t h e   r e a c t e d   l a y e r  
( e x t e n t   o f   r e a c t i o n  and t h e  shape o f   t h e   c o n c e n t r a t i o n  
g r a d i e n t ) .   W i t h i n  a g i v e n   c o m p o s i t e ,   t h e   f u r t h e r  a 
f i l a m e n t   i s   f r o m   a n   a d e q u a t e   t i n   s u p p l y ,   t h e   l o w e r  
will b e   t h e   h i g h e s t   t i n   l e v e l  i n  t h e   r e a c t e d   l a y e r   a n d  
t h e   l a y e r   t h i c k n e s s .   T h i s  was no t   on l y   obse rved  i n  
t h e  MJK w i r e s   i n   w h i c h  a l a r g e   p r o p o r t i o n   o f   t h e  
f i l a m e n t s  were l o c a t e d   f a r   f r o m   t h e   m a j o r   t i n   s o u r c e ,  
b u t   a l s o   i n   d o u b l e   e x t r u d e d   c o m p o s i t e s  i n  w h i c h   t h e  
m a j o r   t i n   s o u r c e  was loca ted   be tween   l a rge   sub -bund les  
o f   f i l a m e n t s .  As t h e   l i n e  scans shown demonstrate,  a 
f i l a m e n t   t a k e n   a t  random  from a compos i te  will n o t ,   i n  
g e n e r a l ,   b e   r e p r e s e n t a t i v e   o f   t h e   w h o l e   c o m p o s i t e .  It 
i s   a l s o   n e c e s s a r y   t o  know t h e   g e o m e t r y   o f   t h e  compos- 
i t e  a n d   t h e   r e 1   a t i o n s h i  p o f   t h e   f i l a m e n t   s t u d i e d   t o  
t h a t   g e o m e t r y .   T h i s  i s  an i m p o r t a n t   a d v a n t a g e   o f   t h e  
SAM techn ique   wh ich   i s   no t   possessed   by  STEM/EDX 
s t u d i e s   w h e r e   t h e r e   i s ,   i n   g e n e r a l ,  no c o n t r o l   o v e r  
t h e   s p e c i f i c   a r e a   w h i c h  ends  up t h i n  enough f o r  
examinat ion .  

One o f   t h e   r e a s o n s   f o r   s t u d y i n g   t h e   c h a r a c t e r i s t i c s  
of t h e   r e a c t e d   l a y e r s   w i t h i n   c o m p o s i t e s   i s   t o   u n d e r -  
s t a n d  how t h e s e   a f f e c t   t h e  Jc p r o p e r t i e s .  As i n d i -  
c a t e d ,   t h e  MJR w i res   s tud ied   had  very   inhomogeneous 
r e a c t i o n   c h a r a   e r i s t i c s   b u t   t h e y   a l s o   h a d   e x c e p t i o n a l  
Jc proper t ies .E5  These  resu l ts ,   however ,   do   no t   imp ly  
t h a t  s u c h   c h a r a c t e r i s t i c s   a r e   n e c e s s a r y   f o r  good J 
p e r f o r m a n c e .   R a t h e r ,   f u r t h e r   s t u d i e s   o f   t h e  MJk 
c o m p o s i t e s   i n d i c a t e   t h a t   t h e   u n i f o r m i t y   o f   t h e   f i l a -  
l n e n t s   a l o n g   t h e i r   l e n g t h   e n s u r e s   t h a t   m o s t   o f   t h e  
Nb3Sn i s   a v a i l a b l e   t o   c a r r y   t h e   c u r r e n t . 1 6   I n  one MJR 
compos i te  (M66) which  had a m o r e   u n i f o r m   t i n   s u p p l y ,  
t h e  Jc, i n   t h e  Nb + Nb3Sn was about 10% h i g h e r   t h a n  
composites w i t h   t h e   s l m p l e r   d e s i g n   i l l u s t r a t e d  i n  
r e f e r e n c e  17. 
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