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Abstract 

Loss  measurements are presented on an u l t r a - f i n e  
filament  composite and  on a regular  AC conductor, 
having  "thick"  f i laments.  The wires have  been  subjected 
t o  an a l te rna t ing   t ransverse   magnet ic   f ie ld .  An AC as 
well as a DC transport   current  have  been  fed  through 
t h e  wires. The magnet ic   f ie ld  and the  AC t ranspor t  
current  have  been  sinusoidal  functions  in  phase.  The 
magnet izat ion  losses  and the   t r anspor t   cu r ren t   l o s ses  
have  been  measured  separately. The c r i t i c a l   c u r r e n t  
- accord ing   to   the  lo-" Qrn c r i te r ium - and t h e  
qua l i t y   f ac to r   n  - according  to  V = V n ( I / I c ) n  - 
have  been  determined. 

Introduct ion 

I n   t h e  las t  few years  progress  has  been made on 
the  manufacturing  processes  of  multifilamentary  super- 
conducting wires. In   o rder   to   reduce   the   losses   o f   the  
conductors  under AC condi t ions much e f f o r t   h a s  been  put 
in  the  reduction  of  the  f i lament  diameter and t h e  twist 
p i t c h   t o  wire diameter   ra t io .  A s  a r e s u l t  
multif i lamentary  conductors  with  f i lament  diameters 
below t h e  1 micron  range  can now be  produced on an 
i n d u s t r i a l   s c a l e .  Dubois e t  a l .  [l] have  already 
reported a twist p i t c h   t o  wire d iameter   ra t io  down t o  4 
with a minor  current  decrease.  The reduction  of  the 
filament  diameter  and  the twist p i t c h  combined with  the 
use  of   high  res is tance  matr ix  material - l i k e  Cu30Ni - 
has   l ed   t o   an   e s sen t i a l   r educ t ion   o f   t he  AC losses .  
However, for   the   use   o f   f ine- f i lament   conductors   in  
i ndus t r i a l   app l i ca t ions ,  a thorough  knowledge  of t h e  AC 
l o s s e s  as well as t h e   c r i t i c a l   c u r r e n t s  and t h e  
s t a b i l i t y  is required.  

The test set-up 

The magnet ic   f ie ld  

The tes t  set-up  has  been  designed  in  order  to 
s tudy  the loss behaviour  of  a test wire ,   subjec ted   to  
an   a l te rna t ing   t ransverse   magnet ic   f ie ld   super imposed  
on a background f i e l d .  The AC and DC co i l   a re   energ ized  
us ing   separa te  power suppl ies .  The AC magnet ic   f ie ld  
power supply is an AMCRON M-600 power ampl i f ie r  which 
is cont ro l led  by an  LSI-11 computer  system. A s  AC c o i l  
an  outer-notch  solenoid, made of  a 0.200 mm NbTi/CuNi 
conductor  having 574 filaments,  has  been  used. The 
inner  and outer   rad ius  are resp.  9 mm and 13 mm. The 
l eng th   o f   t he   co i l  is 45 mm. The inductance  of  ' the  coil  
is 24 mH. The magnet ic   f ie ld  i s  homogeneous within 1% 
i n   t h e  test volume. 

The t ranspor t   cur ren t  

The test wire has  been wound non-inductively on a 
bobbin i n   o r d e r   t o  minimize the  coupl ing between t h e  
test sample  and t h e  AC c o i l  as well as t o  minimize t h e  
magnetic  induction  due  to  the  transport   current.  The 
remaining  coupling  effect  has  been  suppressed by 
p u t t i n g  a r e s i s t a n c e   i n  series with  the  sample  coil .  
The cryostat   has   been  provided  with  current   leads  in  
o r d e r   t o   f e e d   t h e  test wire with a t ranspor t   cur ren t .  

The s ignal   processing 

The magnet izat ion  losses  - h y s t e r e s i s   l o s s e s   i n  
the   f i l aments  and  coupling  losses  in  the  matrix 
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material - and  the   t ranspor t   cur ren t   losses   can   be  
determined  separately.  The magnetization  losses  have 
been  measured by means of a set of  pick-up  coils.  The 
vol tage  drop  a long  the test wire has  been  measured 
using  voltage  taps.   Therefore  the  transport   current 
losses  could  be  determined.  Several  compensation 
techniques  have  been  included  in  order  to  enhance  the 
accuracy. The major par t   o f   the   induct ive  component of  
the  pick-up  voltage is compensated i n   t h e   c r y o s t a t  by 
means of a compensation c o i l .  The f i n a l  compensation is 
achieved by us ing   a   t o ro id   i n  series with  the AC c o i l .  
The loss voltage  along  the  wire is a l s o  compensated f o r  
an  inductive component. The pick-up  voltage is 
subtracted  in  order  to  compensate  for  the 
demagnetization  f ield [ 6 ] .  Compensation f o r   t h e  
demagnet izat ion  f ie ld  is important i n   t h e  case of small 
t ranspor t   cur ren ts  and large  magnet ic   f ie ld   ampli tudes.  
A set of  low no i se   d i f f e ren t i a l   ampl i f i e r s  is used  for  
compensation,  amplification and f i l t e r i n g   o f   t h e  
s i g n a l s .  The f ina l   s igna l   p rocess ing  is performed by 
t h e  computer  system, which includes  averaging  and 
numerical   integration. 

Data of   the wires 

Two wires have  been tes ted.   Cross-sect ions  of   both 
wires are shown i n  Fig. 1. The d a t a  of t h e  wires a r e  
l i s t e d   i n  Tab.1. 

Table 1. Character is t ics   of   the  test wires. 

manufacturer Alsthom "SA 
wire diameter 0.120 mm 0.127 mm 
number of 

filament  diameter  0.58 pm 
r a t i o  Cu:CuNi: 

superconductor 0.83:1.16:1 0:1.35:1 
matrix Cu/CuNi  CuNi 
twist p i t c h  0.8 mm 10 mm 

Theories 

....................................................... 

f i laments  14496 114 
7.8 pm 

The experimental  results  have  been compared with 
severa l  models  which descr ibe  the loss behaviour  of 
mult i f i lamentary wires with a poorly  conducting  matrix, 

Pang [4] ca lcu la ted   numer ica l ly   the   hys te res i s  
l o s s e s   i n  a superconducting  cylinder. For appl ied 
f i e l d s  BG l a rge r   t han   t he   pene t r a t ion   f i e ld  Bp 
the   numer ica l   resu l t s  were found to   be  within 10% of 
the  fol lowing  analyt ical   expression:  

with Bp = po Jc d/n. 

This  formula  can  be  extended  to a mult i f i lamentary 
wire ,  if the   sc reening   e f fec t ,  due to   the   coupl ing  
c u r r e n t s ,  and the  proximity effect can  be  neglected,   to  

Qh = n dZ N pa B; Bp(2 - B / B ^ ) / 3  
p a  [ J / m l ,  ( 2 )  

with N is t h e  number of  f i laments,   d is the  f i lament  
diameter  and Jc is t h e   c r i t i c a l   c u r r e n t   d e n s i t y .  

Carr [7] derived  an  expression  for  the  coupling 
l o s s e s   i n   t h e   c a s e   t h a t  no sa tura t ion   has   t aken   p lace .  
The coupl ing   cur ren t   losses   for   s inusoida l   a l te rna t ing  
t ransverse  magnet ic   f ie lds ,   having a frequency f << l / ~  
(T is t h e  time constant  of the  wire), is given  by: 
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Figure 1. - Cross-sections  of the MCA wire (a) md the @.ktknn wire (G and c) . 

Q = n D 2  f B - '  L 2  U / 8  
a p  

[ J / m l .  ( 3 )  

with D is t h e  wire diameter, Lp is t h e  twist p i t c h ,  
and o is the   t ransverse   conduct iv i ty .  

Ogasawara e t  a l .  [3] inves t iga ted   the  effect of a 
DC t r anspor t   cu r ren t  on t h e   h y s t e r e s i s   l o s s e s   i n  a 
single  core  conductor.   Using a s l a b  model he  derived 
expressions  for   the  magnet izat ion  losses  Qm and f o r  
t he   t r anspor t   cu r ren t   l o s ses  Qi. Adjusting  these 
expres s ions   fo r  a mult i f i lamentary wire y ie lds :  

2 c  I 
- ma (1 - 3 i2 + 2 i ')] CJ/ml  ( 4 )  

with i = Idc / Ic ,  1, is t h e   c r i t i c a l   c u r r e n t  and 
I d c  is the   t r anspor t   cu r ren t .  

De Reuver e t  a l .  [6] ca lcu la ted  and measured t h e  
effect of  an AC transport   current  on  the  magnetization 
l o s s e s  and the t r a n s p o r t  current losses. Rwn L5-J 
calculated  numerically and a n a l y t i c a l l y  Qm and Qi. 
In   t he   unsa tu ra t ed  case t h e   l o s s e s  are expressed 
a n a l y t i c a l l y  as: 
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Figure 2 .  - Magnet izat ion  losses   per   cycle   per   uni t   of  
l e n g t h   i n   t h e  MCA wire as a funct ion  of   the  f requency 
fo r  different   appl ied  magnet ic   f ie ld   ampli tudes.  

n2 d B- 
with b = a , i =  

CJbl (7 )  

= ber,  ber, - ber,  bei, + ber,  bel, + beio bei ,  
ber12 + bei , '  

The MCA wire 

Fig. 2 shows t h e   r e s u l t   o f   t h e  measurements  of t h e  
magnet izat ion  losses  on the  MCA wire as a funct ion of 
the  f requency  of   the  appl ied  f ie ld ,  The l o s s e s  have 
been  measured  without a t ranspor t   cur ren t .  The s l i g h t  
frequency  dependence  indicates  that   the  hysteresis 
l o s s e s   i n   t h e   f i l a m e n t s  and the   coupl ing   cur ren t   losses  
are o f   t he  same order  of  magnitude. The r e su l t s   have  
been f i t  with a first order  polynominal  using a least  

E, [mTI 

Figure 3. - Magnet izat ion  losses   per   cycle   per   uni t  of 
l e n g t h   i n   t h e  MCA wire as a funct ion of t h e  DC 
t r anspor t   cu r ren t   fo r  different magnetic field 
amplitudes a t  8 Hz. 
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square f i t  method. The coeff ic ients   of   the   polynominal  
combined with E q .  2 and 3 y i e l d   t h e  critical cur ren t  
dens i ty   and   the   e f fec t ive   t ransverse   conduct iv i ty .  
Us ing   th i s  method Jc and u were found to  be resp. 
4 lo9 A/m2 and 1 lo' ( Q m ) - ' .  Direct  measurement of  
t h e  cr i t ical  cu r ren t   dens i ty   y i e lds  4.7 lo3 A/m2 . The 
conductivity  of Cu30Ni i s  2.75 los  ( Q m ) - l  . The 
presence  of  superconducting  filaments however enhances 
t h e   e f f e c t i v e   t r a n s v e r s e   c o n d u c t i v i t y   i f   t h e   s u r f a c e  
resistance between the   f i l aments  and the  matrix i s  
s u f f i c i e n t l y  low. 

v v v v " "  " " V "  

0- I I 6 I 
5.0 10.0 15.0 

Idc [AI 

Figure 4. - Scaled   t ranspor t   cur ren t   losses   per   cyc le  
p e r   u n i t   o f   l e n g t h   i n   t h e  MCA wire as a funct ion  of   the 
DC t ranspor t  . cur ren t   fo r   d i f f e ren t   magne t i c   f i e ld  
amplitudes at  8 Hz. 
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Fig. 3 shows the  magnetization  losses  as a funct ion 
of   the DC t ranspor t   cur ren t  a t  8 Hz. The s o l i d   l i n e s  
represent   the   p red ic ted   losses   ca lcu la ted  by Ogasawara 
e t  a l .  [3] i n   t h e  case tha t   the   coupl ing   cur ren t   losses  
p lay   an   in fer ior   ro le .   F ig .  4 shows the   t r anspor t  
cu r ren t   l o s ses   s ca l ed  by the  square  of   the   t ransport  
cur ren t  as a funct ion  of   the  t ransport   current  at  8 Hz. 
The sol id   l ines   correspond  with  the l o s s  ca lcu la t ions  
performed by Ogasawara e t  a l .  [3]. The measurements 
have a l s o  been  performed at  40 Hz. The magnetization 
l o s s e s  as well as the   t r anspor t   cu r ren t   l o s ses  show t h e  
same kind  of  behaviour as the   losses  a t  8 Hz, although 
both  magnetization  losses  and  transport   current  losses 
are about 60% l a r g e r   a t  40 Hz than at  8 Hz. 

The magnetization  losses and the   t r anspor t   cu r ren t  
l o s s e s   i n   c a s e   t h e  wire is carrying  an AC t ranspor t  
cur ren t  is well descr ibed by Eq. 6 and 7. The t ranspor t  
cur ren t  loss measurements as well as   the  magnet izat ion 
l o s s  measurements a t  8 Hz agree  within 20% with  the 
theory. 

The c r i t i ca l   cu r ren t ,   a cco rd ing   t o   t he  Qm 
cr i te r ium,  at  a 2 Tesla background f i e l d   h a s  been  found 
to  be 27 A.  The q u a l i t y   f a c t o r  n ( V  = V O ( I / I c ) "  has  
been  determined t o  be  approximately  50 i n   t h e  4 t o  6 
Tesla  background  field  range. n could  not  be  determined 
a t  lower   f ie lds .  

The Alsthom wire 

Fig.  5 shows the  magnet izat ion  losses   of   the  
Alsthom wire ,   not   carrying a t ranspor t   cur ren t .  The 
l o s s e s  are presented  as   funct ion  of   the  f requency  for  
d i f f e ren t   f i e ld   ampl i tudes .  The same f i t t i ng   p rocedure  
as mentioned  above r e s u l t s   i n  a c r i t i c a l   c u r r e n t  
density  of  approximately 5.5 lo3 A/m2 and  an e f f e c t i v e  
t ransverse  conduct ivi ty   of  4.5 lo* (Qm)- '  . The 
c r i t i ca l   cu r ren t   dens i ty   Qm-c r i t e r ium)  a t  
2 Tesla background f i e l d   h a s  been  found t o  be 
2.3 lo9 A / m 2 .  The measured h y s t e r e s i s   l o s s e s   i n   t h e  
f i laments  are therefore  more than 2 times la rger   than  
is expected from Eq. 1. This  has  also  been  found by 
Dubots e t  al. [ 2 ] .  According to  Hlasnik  and  Takacs [8] 
t h i s  i s  mainly  due to   the   p roximi ty   e f fec t ,  which 
implies  a l a rge r   e f f ec t ive   f i l amen t   d i ame te r .  The 
e f fec t ive   t ransverse   conduct iv i ty  is enlarged by t h e  
coppe r   i n   t he   cen t r a l   co re  by a t  least a f a c t o r  10. 

I 

Figure 5. - Magnetization  losses per cyc le   per   un i t  of 
l e n g t h   i n   t h e  Alsthom wire as a funct ion o f  t h e  
frequency for  different   appl ied  magnet ic   f ie ld  
amplitudes. 

Figure 6. - Magnet izat ion  losses   per   cycle   per   uni t   of  
l e n g t h   i n   t h e  Alsthom wire as a function  of  the DC 
t r anspor t   cu r ren t  for d i f f e ren t   magne t i c   f i e ld  
amplitudes at  8 Hz. 
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Fig. 6 shows the  magnet izat ion  losses   in   the 
Alsthom wire a t  8 Hz as a funct ion  of  a DC t ranspor t  
c u r r e n t .  The magnet izat ion  losses   decrease  for  
i nc reas ing   t r anspor t   cu r ren t  as is expected.  Fig. 7 
shows the   s ca l ed   t r anspor t   cu r ren t   l o s ses  a t  8 Hz as a 
func t ion   of  a DC t ranspor t   cur ren t .  The losses   t end   to  
the   l o s ses   p red ic t ed  by Ogasawara [3] fo r   t r anspor t  
c u r r e n t s  smaller than 3 Amps. For l a rge r   t r anspor t  
c u r r e n t s  however the   increase   o f   the   cur ren t  losses 
is larger  than  expected. It is not  easy t o   a s c r i b e  
th i s   e f f ec t   t o   s a tu ra t ion   o f   t he   f i l amen t s   cons ide r ing  
t h e  time constant   of   the  wire, which is approximately 
5 PS. 

Fig.  8 shows the   t he   s ca l ed   t r anspor t   cu r ren t  
l o s s e s  as a function  of an AC t ranspor t   cur ren t  a t  8 

I 
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Figure 7. - Scaled   t ranspor t   cur ren t   losses   per   cyc le  
p e r   u n i t   o f   l e n g t h   i n   t h e  Alsthom wire as a function  of 
t h e  DC t r a n s p o r t   c u r r e n t   f o r   d i f f e r e n t   m a g n e t i c   f i e l d  
amplitudes at  8 Hz. 
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Figure 8. - Scaled   t ranspor t   cur ren t   losses   per   cyc le  
p e r   u n i t  of l e n g t h   i n   t h e  Alsthom wire as a function  of 
t h e  AC t r a n s p o r t   c u r r e n t   f o r   d i f f e r e n t   m a g n e t i c   f i e l d  
amplitudes a t  8 Hz. 

Hz. Critical cur ren t  measurements i n   t h e  range of 0 t o  
2 Tesla have  indicated  an  n-value  of  approximately 30. 

Conclusions 

The o v e r a l l   l o s s e s   p e r   u n i t  of volume of  the 
Alsthom wire are approximately a f a c t o r  10 lower  than 
the   l o s ses   o f   t he  MCA wire. Considering  the 
cont r ibu t ion  of  t he   coup l ing   cu r ren t   l o s ses   t o   t he  
t o t a l   l o s s e s  and the  percentage  of   copper   in   the 
cent ra l   core   an   essent ia l   reduct ion   of   the   losses   can  
be   es tab l i shed   i f   the   mat r ix  would consis t   merely  of  
CuNi. Replacing  the  copper by CuNi is of  course  only 
u s e f u l   i f   t h e   s t a b i l i t y   r e q u i r e m e n t s  are st i l l  
f u l f i l l e d .  It is very  doubtful  whether a f u r t h e r  
reduction  of  the  f i lament  diameter w i l l  l ead  to  a 
s u b s t a n t i a l   r e d u c t i o n   o f   t h e   h y s t e r e s i s   l o s s e s   i n   t h e  
f i laments .  

The t r anspor t   cu r ren t   l o s ses  show a p e c u l i a r  
behaviour. The quest ion arises whether   this  is due t o  
damage of   the  f i laments  - t h i s  would a l so   exp la in   t he  
low value  of n - o r  t h i s  is i n h e r e n t   i n   t h e   f i n e -  
f i l amen t   s t ruc tu re .  The c ross -sec t ion   of   the  Alsthom 
wire however  shows a d i s t o r t i o n   o f   t h e  wire. 

The c r i t i c a l   c u r r e n t   d e n s i t y   o f   t h e  Alsthom wire 
at  a 2 fesla background f i e l d  i s  lower  than  what 
is commonly achieved nowadays.  The c r i t i c a l   c u r r e n t  
dens i ty  a t  zero  background  f ie ld   of   the  Alsthom wire 
however is la rger   than   of   the  MCA wire. Research  on  the 
improvement  of  the c r i t i c a l   c u r r e n t   o f   t h e  Alsthom wire 
a t  higher   f ie lds   has   a l ready  been  reported.  

These  preliminary  results  of loss measurements  and 
cr i t ical  cur ren t  measurements on t h e  Alsthom wire and 
t h e  MCA wire show an  important  improvement i n  AC 
conductor  technology. The measurements are not  
performed i n   o r d e r   t o   v e r i f y   s p e c i f i c a t i o n s   o f   b o t h  
wires, given by the  manufacturers ,   but   ra ther   to  show 
the   e f fec t   o f   the   reduct ion   of   the   f i l ament   d iameter .  
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