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Abstract 

I The third i n  a ser ies  of 10 m, Nb3Sn cables fo r  ac 
power transmission has been ins ta l led  i n  a horizontal, 
refrigerated cryostat. Like the two p r w i o w  ones, t h i s  
coaxial cable has its ends r ig idly  fixed so  that  it can- 
not contract axially on cooldova, and has two layers of 
superconducting helices and two layers of high purity 
aluminum helices fo r  s tabi l iza t ion i n  each coaductor. 
It d i f fe r s  from the previous one1 i n  having thicker 
e l ec t r i ca l  insulation (7.4 mm vs 3.6 m). in having in- 
creased contact resistance betveen the superconducting 
layers co reduce ac loss, and in being driven by an ex- 
tsrnal supply through horizontal,coaxial, vapor-cooled 
current leads. This is the f i n a l  short cable prior to  
construction l a t e  th i s  year of a 100 m cable vhich v i l l  
be tested with high voltage and high current simulta- 
neously. Results of current t e s t s  are  presented, in- 
cluding ac loss  a t  various temperatures and recovery 
from thermally induced quenches. 

Introduction 

The third i n  a se r i e s lv2  of 10 meter long supercon- 
duccing pover cables has been assembled in the BNL ca- 
ble winding f a c i l i t y  and tested a t  tePlperatures in the 
7 to  12 K range. It i s  the f i n a l  superconducting cable 
of th i s  length prior to  the construction of a 100 m 
superconducting cable which v i l l  begin early next year. 
Results obtained v i t h  the  second cable of the se r i e s  
have not been reported elsevhere and a re  given here. 

The three 10 m cables thus f a r  tested a re  desig- 
nated 101, 102 and 103. Cable 102 was vety similar to  
cable 101 and was designed to  reduce the uaerpectedly 
large ac  loss observed i n  cable 101.l In  a uniform mag- 
netic f i e ld  para l le l  to  the surface of the bare nio- 
bium-tin it incurs a loss  of about 0.1 w/m2 a t  500 A/- 
and 4.4 K. Because of multiple surfaces Ln the  two 
superconducting ?ape layers of each conductor, because 
of eddy currents i n  the thin copper s t ab i l i ze r  layers 
of the composite tapes, and because of f i e ld  enhancement 
a t  the edges of the tapes, the loss i n  the  cable was ex- 
pected to  be several times this, perhaps 0.4 w/m2 for 
the same conditions and r is ing to  0.5 W/m a t  7 Kt In  
addition, a loss is incurred a t  the sheared edges of 
rhe tapes as  a resul t  of current crossing them from one 
face to  the other.3 This loss  peaks a t  the t ransi t ion 
temperature of theNb-17% substrate, 8.5 to 9.0 K de- 
pending on curtent density, but is negligible a t  7 R. 
The reported loss  i n  cable 101 a t  7 K and 500 h/cm w a s  
about 2.2 W, whlch is equivalent to  about 1.8 w/mZ or 
0.2 W/m, three or four timas the expected value. 

Description and Performance of Cable 102 

The structure of cable 102 is given in Table 1. 
The layers are  numbered from the center out, excluding 
the core. The superconducting tapes are  as-tric, 
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having 302 s ta inless  0.025 ma thick soldered t o  me side 
of the superconductor and 0.05 mm copper soldered to  the 
other. The atperconductor i t s e l f  has 5 to  8 ;rm lYb3Sn 
on both surfaces of 23 pm thick (before reacting) 
Nb-lZr fo i l .  The cable length was 12.52 m. 

The instrumantatio of cable 102 wae similar to 
that used in cable 101,' including an "ABn connection 
for  t o t a l  lo-, an axia l  probe to  measure the loss  i n  
the inner conductor and two "spiral  probes" to  measure 
the loss in individual tapes. Two heaters vere ins ta l l -  
ed to i n i t i a t e  quenches. Tvo new Rogowski co i l s  for  
currant measurement vere installed,  one near the super- 
conducting transformer vhich drove the cable, the other 
near the shorted end, U n l i k e  the ea r l i e r  Rogarpgki coi l ,  
wound with # 36 copper wire, the new ones used # 40 to  
reduce eddy currents. These coi ls  a lso  supply the  cow 
pensating voltage for  the loss signal, which has  a large 
inductive ccmpontnrt. After compensation, the loss sig- 
na l  is q l i f i e d  and multiplied by the integrated vol- 
tage f r a  the BagmrsId c o i l  t o  give an output ptopor- 
tiwal to  the loss. An out-of-phase compo~~atlt in the  
signal from the Rogousld. c o i l  can affect  the mereured 
loss  and may arise fram eddy currents in the  coil. 

In  the ea r l i e r  report,' i t  waa hypothesized that  
current flow between the supercoaducthtg helices, v%a 
ohmic contact th rou~h  a stainleas-steel layer, wan 
responsible for the excess loss observed. Coeputet 
studies4 shoved that  the loss  has a maximum at a cer- 
ta in  value of contact resistance, and estimates of the 
congact resistance iedicated that  e i ther  substantially 
reducing it or increasing it could decrease the loss  
due t o  interlayer current flow. Cable 102 vrie con- 
structed in a way which, it was thought, MuLd decreaee 
the contact resistance. The ccaposite superconducting 
tapes a r e  inverted i n  ,layers 3 and 6. This put the 
copper clad sides oE layers 3 and 4 in contact, el* 
h a t i n g  the s ta inless  s t e e l  between them. 0y the t i m e  
cable 102 vas tested, however, measurements of contact 
resistance had been made, and it w a s  considerably 
higher than estimated. The measurements a lso  showed 
that  the base material of the touching surfaces vas not 
a s  important a s  tha th in  tinaing layer on the surfaces. 
This tinning layer, a non-superconducting so f t  solder, 
deforms a t  the points of contact, increasing the actual  
area and decreasins the Fontact resistance. A t  the 
lowest pressure the tSnaed Cu/Cu contact resistance of 
a 6 x 6 mm contact area averages about 0.06 mCr compared 
t o  0.3 mZl for  the t imed Culss contact resistance, 
&areas the untinned Cu/se contact resistance averages 
about 5 IUQ and the untinned Cu/Cu resistance is 2 m O .  
A l l  these numbem a re  higher than the original  es t i -  
mates. The lowest value. 0.06 ma , is calculated to 
cause additional loss  in cable LO2 of about 0.08 watt/ 
meter. and the  higher values muld add wen less loss  
since the loss  is inversely proportional t o  contact re- 
sistance. There is considerable uncertainty both i n  
the calculation and i n  the measured contact resistance; 
a factor of three or four either way in the loss is 
possible. 

To+al losses i n  cable 102 were measured electrical-  
l y  using the new Rogwki  co i l s  and "AB" probe. There 
was no difference i n  resul ts  obtained with the tvo 
coils. The lawer curve i n  Fig. 1 shows the loss mea- 
sured e lect r ica l ly ,  including the loss i n  the short- 
circuited end, as a function of surface current density 
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I Tab le  1 

~ Cable 102 C h a r a c t e r i s t i c s  

Outer P i t c h  
Thickness  Width Xo. of  Dia. Length Angle 

Layer So. X a t e r i a l  (mm ) (mm) Tapes (cm) (cm) (degrees)  Remarks 

Core (2) Bronze 1 .0  12. 5  2.31 Double h e l i x  
1 Aluminum 0.2  6  9  2.34 8.74 c40.07 2500 r e s i s t .  r a t i o  
2 Aluminum 0.2 6  9  2.39 8.79 -40.5 2500 r e s i s t .  r a t i o  

I 3 Superconductor 0.13 6  9  2.41 8 .43 c41.93 SS towards c o r e  
6 Superconductor 0.13 6  9  2.44 8.26 -42.86 SS towards 

d i e l e c t r i c  
D i e l e c t r i c  Polypropylene 3.6 35 l a y e r s  

I 5  Superconductor 0.13 6  11 3.16 9.65 -45.81 SS towards 
d i e l e c t r i c  

I 6 Superconductor 0.13 6  11 3.19 9.68 4 5 - 9 9  Cu cowards 
d i e l e c t r i c  

7 Aluminum 0.2 6  11 3.24 9.55 -46.83 2500 r e s i s t .  r a t i o  
Y Aluminum 0.2 6  11 3.31 9.47 +47.68 2500 r e s i s t .  r a t i o  

:i i n  t h e  i n n e r  conductor .  A t  500 rms Alcm (38308) t h e  
l o s s  is about  3.0.W. Excluding t h e  end l o s s ,  t h i s  is 
about  0 .21 W/m, which is about t h e  same a s  was r epor t ed  
f o r  c a b l e  101. However. i t  was found cha t  when t h e  
l o s s  i n  102 was measured us ing t h e  o l d  Rogowski c o i l  
Erom c a b l e  101, i t  was only about  h a 1 f . a ~  l a r g e .  The 
d i f f e r e n c e  vas  a t t r i b u t e d  t o  an  out-of-phase component 
i n  t h e  o l d e r  Rogowski c o i l .  I f  such a  component were 
a  p rope r ty  of t h e  c o i l ,  t he  r e p o r t e d  l o s s  i n  c a b l e  1 0 1  
would have Seen a  f a c t o r  of two too sma l l .  

The l o s s e s  i n  c a b l e  102 were a l s o  measured calo-  
r i m e t r i c a l l y  and have been p resen ted  e l s e ~ h e r e . ~  The 
carbon r e s i s t o r s  used f o r  temperature  measurement i n  
c a b l e  101 were r ep laced  by p r e c i s e l y  - c a l i b r a t e d  
germanium r e s i s t o r s .  Even w i t h  t h e s e  more p r e c i s e  
thermometers,  t h e  de te rmina t ion  of e l e c t r i c a l  l o s s  by 
t empera tu re  and flow measurements is d i f f i c u l t .  The 
c a b l e  is coo led  by p r e s s u r i z e d  counterf low helium 
s t r eams ,  on t h e  i n s i d e  and o u t s i d e  of t h e  cab le .  P a r t  
of t h e  h e a t  i n p u t  is  through t h e  c r y o s t a t  w a l l  t o  t h e  
oucer  r e t u r n  s t ream.  Th i s  h e a t  l e a k  averaged 10.5 w a t t  
compared t o  t h e  e l e c t r i c a l  h e a t  of a  few w a t t s  a t  a  
c a b l e  c u r r e n t  of 4  kA. The measurement was compl icated 
by h e a t  gene ra t ed  i n  t h e  shor t ed  end of t h e  cab le .  The 
temperature  of t h e  r e t u r n  s t ream was no t  a s  w e l l  ' k n m  

a s  t h a t  i n  t h e  c a b l e  c e n t e r  because  of v e r t i c a l  s t r a t i -  
f i c a t i o n  i n  t h e  slow-moving s t ream.  The end po in t  tem- 
p e r a t u r e s  were b e t t e r  known. b u t  i n c l u d e  t h e  end l o s s e s ,  
e.g.  cransformer  and s h o r t - c i r c u i t e d  end. The r e s u l t s  
of t h e  c a l c u l a t i o n  a r e  a l s o  p resen ted  i n  Fig .  1. The 
c a l o r i m e t r i c a l l y  measured l o s s  is a  f a c t o r  of 1.52 t o  
1.56 h ighe r  and is  4.65 W a t  500 A/cm. Yeasured e i t h e r  
way, t h e  l o s s  v a r i e s  approximately  a s  a 2 . j .  

I 
D e s c r i p t i o n  af  Cable 103 , 

T h i s  c a b l e  had t h e  t apes  of l a y e r s  3  and 6  o r i e n t e d  
t h e  same a s  i n  c a b l e  101. To r educe  c o n t a c t  r e s i s t a n c e ,  
t h e  s o l d e r  on a l l  s u r f a c e s  was e tched o f f .  Using t h e  
seasu red  v a l u e  of c o n t a c t  r e s i s t a n c e  g iven  above (5  mR) 
t h e  added l o s s  is  c a l c u l a t e d  t o  be 1 mW/m a t  o=500h /cm.  
too sma l l  t o  be  d e t e c t a b l e .  The i n s u l a t i o n  between 
conductors  was 64 l a y e r s  of polypropylene,  each nomi- . 
n a l l y  LOO um ch ick  g i v i n g  a  measured r a d i a l  t h i ckness  
of 7 . 5  m. The neasured t o t a l  l e n g t h  was 10.88 m. i n n e r  
conductor  0.d. 2.56 cm and o u t e r  conductor  i . d .  4.05cm. 
o the rwise  t h e  s t r u c t u r e  was e s s e n t i a l l y  t h e  same a s  
t h a t  of c a b l e  102; Tab le  1. Unlike t h e  f i r s t  two, ca- 
b l e  103 vas  powered chrough coax ia l .ho r i zon ta1 ,  vapor- 
cooled c u r r e n c  l e a d s  by a  room temperature ,  t o r o i d a l  
cransformer  wi th  a  s ing le - tu rn  secondary. Owing t o  t h e  
t h i c k  i n s u l a t i o n  t h e  r e a c t i v e  power r e q u i r e d  f o r  c a b l e  
103 iqas S r e a t e r  than f o r  t h e  e a r l i e r  c a b l e s ;  t h e  
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Fig .  1. Cur ren t - r e l a t ed  l o s s e s  i n  c a b l e  102 a t  
60 Hz and T = 7.3 K. 

1 .o 
0.9 

r e a c t a n c e  a t  60 Hz was 0.37 mn.  The superconduct ing 
t r ans fo rmer  used on t h e  e a r l i e r  c a b l e s  would have been 
marginal  Eor t h i s  cab le .  The maximum primary v o l t a g e  
of t h e  cransformer  is 500 V and t h e  t u r n s  r a t i o  is  
177:1, s o  t h e  r a t e d  maximum c u r r e n t  i n  t h e  c a b l e  is  
about  7.6 kA. 

- 
- 

Cable 103 R e s u l t s  
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The c u r r e n t  r e l a t e d  l o s s e s  ob ta ined  i n  c a b l e  103 
were seasu red  bo th  e l e c t r i c a l l y  ("AB" l o s s )  and 
c a l o r i m e t r i c a l l y .  Both Rogowski c o i l s  used f o r  t h e  
e l e c t r i c a l  measurement were wound from no. $0 -wire; one 
was taken Erom c a b l e  102, t h e  o t h e r  was new. The re-  
s u l t s  ob ta ined  a t  about 7 . 2  K of a l l  measurements a r e  
g iven  i n  Fig.  2  which shows t o t a l  l o s s  i n  W/m vs  cur- 
r e n t  d e n s i t y  on t h e  inne r  conductor ,  A/cm. The s o l i d  
l i n e  is l o s s  measured c a l o r i m e t r i c a l l y  and the  two 
dashed l i n e s  a r e  l o s s  measured e l e c t r i c a l l y  us ing  t h e  
two Rogowski c o i l s .  The d i f f e r e n c e  i n  t h e  e l e c z r i c a l  
measurements has  not been r e so lved .  One of t h e  
Rogowski c o i l s  was l o c a t e d  i n  t h e  annulus  between t h e  
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1 Fig. 2. AC l o s s  i n  cab le  103. The dashed l i n e s  were 
I measured e l e c t r i c a l l y  and the s o l i d  l i n e  

ca lor imet r ica l ly .  

h e l i c a l  conductors, the  o ther  a t  t h e  cold end of the  
c u r r e n t . l e a d s  where there  a r e  no h e l i c a l  conductors; the  
l a t t e r  c o i l  supplied the  da ta  f o r  the  upper curve of 
Fig. 2. The l o s s  i n  the shor t -c i rcu i ted  end is  in- 
cluded i n  the  e l e c t r i c a l  measurements, and i t  and 
possibly the  losses  i n  ' t h e  soldered cur ren t  lead con- . 
nect ions a r e  included i n  the c a l o r ~ m e t r i c  measurements, 
A t  500 h/cm (4014 A), the  losses  obtained are.0.345 
measured ca lor imet r ica l ly  and 0.331 and 0.198 W/m mea- 
sured e l e c t r i c a l l y  with the two Rogowski c o i l s .  The 
l o s s  i n  t h e  short-circui ted end, expressed a s  W/m, 
is about 0.02 W/m a t  t h i s  cur ren t  densi ty.  

The current-related losses  i n  cable  103 were a l s o  
measured a s  a funct ion of temperature a t  4 kA, and a r e  
given i n  Fig. 3. The two curves were obtained using 
the two Rogowski c o i l s .  The peak a t  8.7 K is due t o  
losses  a t  the edges of the  tapes, a s  was descr ibed l  f o r  
cable  101, i n  which the peak appeared t o  be a t  9.0 K. 
The da ta  s h a m  here ind ica te  l e s s  temperature dependence 
of the l o s s  above t r a n s i t i o n .  The half-width of the new 
peak is about 0.4 8, vs about 1.0 K i n  the e a r l i e r  re- 
port ,  probablv because of the improved temperature con- 
t r o l .  

Quench t e s t s  were c a r r i e d  out on cab le  103 using a 
thin-film heater  on the inner conductor a s  described 
for  cable  101. The aluminized Kapton hea te r  completely 
covered about 0.3 n of the inner conductor. Typical ly,  
with 2500 v/m2 power densi ty and the cab le  i n i t i a l l y  
a t  8 K, the conductor would.quench i n  about 4 seconds. 
.h e l e c t r i c  c i r c u i t  detected the  quench when the loss  
vol tage from a s p i r a l  probc reached a p rese t  value and 
turned of f  the  hea te r ,  whereupon t h e  quench vol tage 

Fig.' 3. Loss i n  cable  103 v s  temperature. The two 
curves a r i s e  from data  taken using d i f f e r e n t  
Rogowski c o i l s .  

would e i t h e r  continue t o  increase  o r  would damp out .  
The highest  c u r r e n t  a t  which recovery was e f f e c t e d  was 
6 kA, but recovery was not cons i s ten t  a t  t h i s  cur ren t .  
Recovery depends on haw soon a f t e r  quench i n i t i a t i o n  
the  hea te r  is turned o f f ,  so  these observat ions a r e  
e s s e n t i a l l y  q u a l i t a t i v e .  

Axial f l u x  w a s  measured using s i n g l e  40-turn 
c o i l s  wrapped around che inner conductor o r  t h e  ou te r  
conductor a t  four  a x i a l  loca t ions ,  and by small 200- 
tu rn  c o i l s  i n s e r t e d  a t  t h r e e  a x i a l  loca t ions  i n t o  the  
cab le  core. Radial f lux  (q.v.) was measured by p a i r s  
of a x i a l  f l u x  c o i l s  spaced 2.5 cm a p a r t  and connected 
d i f f e r e n t i a l l y  i n  s e r i e s .  There were t h r e e  such bucked 
p a i r s ,  two on the  inner  conductor and one on the ou te r .  
The s i g n a l  from a s i n g l e  a x i a l  f l u x  c o i l  is due t o  the 
ne t  a x i a l  f i e l d  generated by the h e l i c a l  cur ren ts  i n  
the  two l a y e r s  of superconducting tapes i n  each conduc- 
to r .  h di f fe rence  i n  s i g n a l  between two c lose ly  spaced 
c o i l s  implies  a change i n  these cur ren ts  and the  exis- 
tence of r a d i a l  f lux .  A change i n  t h e  cur ren ts  can 
occur only by cur ren t  crossing from one layer  t o  anoth- 
e r .  The t h r e e  c o i l  p a i r s  on the  inner conductor were 
located 0.42, 0.75 and 1.74 m from t h e  shor t -c i rcu i ted  
end, and a t  4-kA cable cur ren t  had emfs of 1.45, 4.71 
and 3.31 mV, resp.  The output of the  middle p a i r  is  
the l a r g e s t ,  and it implies a cur ren t  t r a n s f e r  of about 
40 h i n  the  2.5 cm i n t e r v a l .  The contact  r e s i s t a n c e  
per crossover f o r  t h i s  cable  was 5 mR, so the  i n t e r -  
l ayer  r e s i s t a n c e  i n  2.5 cm is 0.2 mil i n  both t h e  inner 
and ou te r  conductors. I f  the  cur ren t  change were the 
same (half  of the 40 A) i n  both conductors, the d i s s i -  
pat ion would be 0.16 W t o t a l  i n  both conductors, o r  
6.4 W/m. I f  the  cur ren t  t r a n s f e r  occurred e n t i r e l y  i n  
one conductor t h e  l o s s  would be twice a s  high. The 



l a r g e  l o s s  impl ied  f o r  t h i s  one p o s i t i o n  sugges t s  that 
t h e  model used4 i n  t h e  c a l c u l a t i o n  of c o n t a c t  l o s s e s  
may be i n  e r r o r .  

Terminat ion of t h e  h e l i c a l  conductors  may g i v e  
r i s e  t o  r a d i a l  f i e l d s  i n  t h e  b u t t  gaps between the  
superconduct ing t apes  near t h e  c a ' d e  ends.  Such f i e l d s  
nay produce l o s s e s .  The r a d i a l  f i e l d  is given by 

where = is  the  emi of a  d i f f e r e n t i a l  c o i l  p a i r  spaced 
a  d i s t a n c e  S, having N t u r n s  each. wrapped around t h e  . 
conductor  of d i ame te r  D, w i th  t apes  ~f width  w having 
a n  ave rage  b u t t  gap between them b. The s t a t e d  emf of 
t h e  middle  c o i l  p a i r  g ives  a n  average r a d i a l  f i e l d  B 
of 30.9 G rms i n  t h e  b u t t  gaps .  This f i e l d  i m p l i e s  
t h e  e x i s t e n c e  of a  c u r r e n t  d e n s i t y  g r a d i e n t  a c r o s s  t h e  
t ape ,  b u t  i t  is  probably  very  small; a  s imple  model 
p u t t i n g  t h i s  d i f f e r e n t i a l  c u r r e n t  a t  t h e  t a p e  edges 
would g i v e  a  c u r r e n t  increment A1 a t  opposing edges 
g iven  by A 1  2 n B b / 2  u . For B ob ta ined  above 
51 = 1.2  A. ~ e i t i e r  Bronor A 1  a s e  s u f f i c i e n t l y  l a r g e  , 
t u  add s u b s t a n t i a l  l o s s .  

Summarv - 
A t o t a l  of t h r e e ,  10 meter Yb3Sn superconduct ing 

c a b l e s  have been b u i l t  and t e s t e d .  A l l  t h r e e  r a n  i n  
s t e a d y - s t a t e  above t h e  des ign  c u r r e n t  of 4  kA rms and 
d e s i g n  c u r r e n t  d e n s i t y  of 500 A/cm. The l a t e s t  one r a n  
a t  twice  t h e  r a t e d  c u r r e n t  f o r  more than  one-half hour 
wh i l e  being powered through vapor-cooled c u r r e n t  l e a d s  
by a  room temperature  t ransformer .  I t  recovered from a  
heater- induced quench whi le  running a t . 6  kA. 

A g r e a t  d e a l  of e f f o r t  has  gone i n t o  measuring cur- 
r e n t - r e l a t e d  l o s s e s .  C a l o r i m e t r i c  measurements of 
t o t a l  c a b l e  l o s s  i n  t h e  l a t t e r  two c a b l e s  a r e  about  t h e  
same. The e l e c t r i c a l  measurements of t o t a l  l o s s  a r e  
more s c a t t e r e d .  Tab le  2 g i v e s  l o s s  (excluding l o s s  i n  
t h e  s h o r t - c i r c u i t e d  end) on a  W/m b a s i s  w i t h  e s t ima ted  
s h o r t - c i r c u i t e d  end l o s s  s u b t r a c t e d  from t h e  c a l o r i -  
m e t r i c  l o s s .  The d a t a  f o r  c a b l e  103 have been reduced 
about  4% t o  a d j u s t  t o  t h e  lower c u r r e n t  of t h e  o t h e r  
c a b l e s , a t  500 A/cm c u r r e n t  d e n s i t y .  The temperature  is 
7.2 K. 

' Tab le  2  

Loss i n  W/m 

Cable E l e c t r i c a l  c a l o r i m e t r i c  . 

101 0.20 
102 0.21 (2  c o i l s )  0.35 
103 0.30, 0.17 0.31 

Eddy c u r r e n t s  i n  t h e  Rogowski c o i l ,  o r  a x i a l  f i e l d  pick- 
up by i m p e r f e c t l y  wound Rogowski c o i l s  l o c a t e d  between 
h e l i c a l  conduc to r s  have been suggested a s  exp lana t ions  
f o r  che v a r i a t i o n  i n  che e l e c t r i c a l  measurements. A 
narrow peak i n  l o s s  occur s  a t  about  8.7 K due t o  c u r r e n t  
c r o s s i n g  t h e  superconduct ing s u b s t r a t e ,  which becomes 
normal a t  t h i s  temperature .  

Yeasurements were made of c o n t a c t  r e s i s t a n c e  be- 
tween superconduct ing t apes  p res sed  l i g h t l y  t o g e t h e r ,  
and a  theory of l o s s  due t o  r e s i s t i v e  c o n t a c t  between 
t h e  l a v e r s  of superconductor  was developed. The theory 
p r e d i c t s  c h a t  t h e  l o s s  should vary  i n v e r s e l y  v i t h  con- 
tact r e s i s t a n c e  i n  t h e  range observed. The t h r e e  c a b l e s  
cover  a  r a n s e  of c o n t a c t  r e s i s t a n c e  of about  SO:1, y e t  
t h e  observed l o s s  is  abou t  the  same i n  a l l  t h ree .  

Another s o s s i b l e  l o s s  mechanism i s  due to  hypo- 
t h e t i c a l  r a d i a l  n a g n e t i c  f i e l d s ;  presumedly chese could  

e x i s t  on iy  near  c a b l e  ends.  Measurements were made of 
t h e  r a d i a l  f i e l d  i n  s e v e r a l  l o c a t i o n s  and i t  was found 
t o  be  too  small t o  have much e f f e c t  on l o s s e s .  The 
r a d i a l  f i e l d  is measured by two.c losely-spaced c o i l s  
which measure a x i a l  f l u x .  A change i n  a x i a l  f l u x  can 
occur  on ly  by c u r r e n t  c r o s s i n g  from one l a y e r  t o  t h e  
o t h e r ;  i n  t h e  l a r g e s t  of t h r e e  c a s e s  observed,  such 
r e s i s t i v e  c ross ing  impl i e s  a  l o c a l  l o s s  a t  4  kt\ of a t  
l e a s t  6 W/m. 
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Abs t r ac t  

( The t h i r d  i n  a  s e r i e s  of 10 m, Nb3Sn c a b l e s  f o r  a c  
power t r ansmiss ion  has  been i n s t a l l e d  i n  a  h o r i z o n t a l ,  
r e f r i g e r a t e d  c r y o s t a t .  Like  t h e  two previous  ones,  t h i s  
c o a x i a l  c a b l e  has  i t s  ends  r i g i d l y  f i x e d  s o  that i t  can- 
not  c o n t r a c t  a x i a l l y  on cooldown, and has  two l a y e r s  of 
superconduct ing h e l i c e s  and two l a y e r s  of h igh  p u r i t y  
aluminum h e l i c e s  f o r  s t a b i l i z a t i o n  i n  each conductor .  
I t  d i f f e r s  from t h e  previous  one1 i n  having t h i c k e r  
e l e c t r i c a l  i n s u l a t i o n  (7.4 mm v s  3.6 m), i n  having in- 
c reased  c o n t a c t  r e s i s t a n c e  between t h e  superconduct ing 
l a y e r s  t o  reduce ac l o s s ,  and i n  being d r i v e n  by an ex- 
t r r n a l  supply  through h o r i z o n t a l , c o a x i a l ,  vapor-cooled 
c u r r e n t  l eads .  Th i s  is t h e  f i n a l  s h o r t  c a b l e  p r i o r  t o  
construction l a t e  t h i s  year  of a  100 m c a b l e  which w i l l  
be  t e s t e d  wi th  n igh v o l t a g e  and h igh  c u r r e n t  s imul ta-  
neously.  R e s u l t s  of c u r r e n t  t e s t s  a r e  p resen ted ,  in- 
c lud ing  ac  l o s s  a t  v a r i o u s  temperatures  and recovery 
from thermal ly  induced quenches. 

I n t r o d u c t i o n  \ 
The t h i r d  i n  a  of 10 meter  long supercon- 

duc t ing  power c a b l e s  has  been assembled i n  t h e  BNL ca- 
b l e  v ind ing  f a c i l i t y  and t e s t e d  a t  temperatures  i n  t h e  
7 t o  12 K range. I t  is  t h e  f i n a l  superconduct ing c a b l e  
of t h i s  l e n g t h  p r i o r  t o  t h e  c o n s t r u c t i o n  of a  100 m 
superconduct ing c a b l e  which w i l l  beg in  e a r l y  nex t  yea r .  
Resu l t s  ob ta ined  w i t h s t h e  second c a b l e  of t h e  s e r i e s  
have not  been r e p o r t e d  e lsewhere  and a r e  g iven  here .  

The t h r e e  10 m c a b l e s  thus  f a r  t e s t e d  a r e  des ig-  
nated 101, 102 and 103. Cable 102 was ve ry  s i m i l a r  t o  
c a b l e  101 and was des igned t o  reduce t h e  unexpectedly 
l a r g e  a c  l o s s  observed i n  c a b l e  101 . l  I n  a  uniform mag- 
n e t i c  f i e l d  p a r a l l e l  t o  t h e  s u r f a c e  of t h e  b a r e  nio- 
bium-tin i t  i n c u r s  a  l o s s  of about  0 . 1  w/m2 a t  500 A/cm 
and 4.2 8. Because of m u l t i p l e  s u r f a c e s  i n  t h e  two 
superconduct ing rape  l a y e r s  of each conductor ,  because 
of eddy c u r r e n t s  i n  t h e  t h i n  copper s t a b i l i z e r  l a y e r s  
of t h e  composite t apes ,  and because of f i e l d  enhancement 
a t  t h e  edges of t h e  t apes ,  t he  l o s s  i n  t h e  c a b l e  v a s  ex- 
pected t o  be s e v e r a l  t imes  t h i s ,  perhaps 0.4 w/m2  f o r  
t h e  same c o n d i t i o n s  and r i s i n g  t o  0 .5  W/m a t  7 K, In 
a d d i t i o n ,  a  l o s s  is incur red  a t  t h e  sheared edges  of 
t he  t apes  a s  a  r e s u l t  of c u r r e n t  c ross ing  them from one 
f a c e  t o  t h e  o t h e r . 3  Th i s  l o s s  peaks a t  t h e  t r a n s i t i o n  
temperature  of t h e y b - l Z Z r s u b s t r a t e ,  8.5 t o  9 .0  X de- 
pending on c u r r e n t  d e n s i t y ,  bu t  is n e g l i g i b l e  a t  7 K. 
The r epor t ed  l o s s  i n  c a b l e  101 a t  7 K and 500 A/cm w a s  
about  2 .2  51, which is e q u i v a l e n t  t o  about  1.8 w/m2 o r  
0 .2  W/n, t h r e e  o r  fou r  t imes  the  expected va lue .  

Oesc r io t ion  and Performance of Cable 102 

having 302 s t a i n l e s s  0.025 mm t h i c k  so lde red  t o  one s i d e  
of t h e  superconductor  and 0.05 mm copper s o l d e r e d  t o  t h e  
o t h e r .  The superconductor  i t s e l f  has  5 t o  8 ;In Nb3Sn 
on bo th  s u r f a c e s  of 23 u m  t h i c k  (be fo re  r e a c t i n g )  
Nb-1Zr f o i l .  The c a b l e  l e n g t h  was 12.52 m. 

The ins t rumen ta t iop  of  c a b l e  102 was s i m i l a r  t o  
t h a t  used i n  c a b l e  101, i nc lud ing  an  "AB" connect ion 
f o r  t o t a l  l o s s ,  a n  a x i a l  probe t o  measure t h e  l o s s  i n  
t h e  i n n e r  conductor  and two " s p i r a l  probes" t o  measure 
t h e  l o s s  i n  i n d i v i d u a l  t apes .  Two h e a t e r s  were i n s t a l l -  
ed t o  i n i t i a t e  quenches.  Two new Rogowski c o i l s  f o r  
c u r r e n t  measurement were i n s t a l l e d ,  one nea r  che super-  
conduct ing t r ans fo rmer  which drove t h e  c a b l e ,  t h e  o t h e r  
near  the  shor t ed  end. Unl ike  t h e  e a r l i e r  Rogowski c o i l ,  
wound wi th  C 36 copper wi re ,  t h e  new ones  used i; GO t o  
reduce eddy c u r r e n t s .  These c o i l s  a l s o  supply  t h e  com- 
pensa t ing  v o l t a g e  f o r  t h e  l o s s  s i g n a l ,  which has  a  l a r g e  

' i h d u c t i v e  component. A f t e r  compensation, t h e  l o s s  s ig -  
n a l  is ampl i f i ed  and m u l t i p l i e d  by t h e  i n t e g r a t e d  vol- 
t a g e  from t h e  Rogwsk i  c o i l  t o  g i v e  an  o u t p u t  propor- 
t i o n a l  t o  t h e  l o s s .  An out-of-phase component i n  t h e  
s i g n a l  from t h e  Rogowski c o i l  can a f f e c t  t h e  measured 
l o s s  and may a r i s e  from eddy c u r r e n t s  i n  t h e  c o i l .  

I n  t h e  e a r l i e r  r e p o r t , '  i t  was hypothes ized t h a t  
c u r r e n t  f low between t h e  superconduct ing h e l i c e s ,  v i a  
ohmic c o n t a c t  through a  s t a i n l e s s - s t e e l  l a y e r ,  was 
r e s p o n s i b l e  f o r  t h e  excess  l o s s  observed.  Computer 
s t u d i e s 4  showed t h a t  t h e  l o s s  has  a  maximum a t  a  cer- 
t a i n  va lue  of c o n t a c t  r e s i s t a n c e ,  and e s t i m a t e s  of t h e  
con.tact  r e s i s t a n c e  i n d i c a t e d  t h a t  e i t h e r  s u b s c a n c i a l l y  
reducing i t  o r  i n c r e a s i n g  i t  could  d e c r e a s e  the  l o s s  
due t o  i n t e r l a y e r  c u r r e n t  Plow. Cable 102 was con- 
s t r u c t e d  i n  a  way which, i t  was thought ,  would d e c r e a s e  
t h e  c o n t a c t  r e s i s t a n c e .  The,composi te  superconduct ing 
t a p e s  were i n v e r t e d  i n  l a y e r s  3  and 6. T h i s  pu t  t h e  
copper c l a d  s i d e s  of l a y e r s  3 and 4 i n  c o n t a c t ,  elim- 
i n a t i n g  t h e  s t a i n l e s s  s t e e l  between them. By t h e  t ime 
c a b l e  102 was t e s t e d ,  however, measurements of c o n t a c t  
r e s i s t a n c e  had been made, and i t  was cons ide rab ly  
h ighe r  than e s t ima ted .  The measurements a l s o  showed 
t h a t  t h e  base  m a t e r i a l  of t h e  touching s u r f a c e s  was n o t  
a s  important  a s  t h e  t h i n  t i n n i n g  l a y e r  on t h e  s u r f a c e s .  
T h i s  t i n n i n g  l a y e r ,  a non-superconducting s o f t  s o l d e r ,  
deforms a t  t h e  p o i n t s  of c o n t a c t ,  i n c r e a s i n g  t h e  a c t u a l  
a r e a  and dec reas ing  the  c o n t a c t  r e s i s t a n c e .  A t  t h e  
lowest  p re s su re  t h e  t i nned  CU/CU c o n t a c t  r e s i s t a n c e  of 
a  6 x  6 mm c o n t a c t  a r e a  ave rages  about  0.06 mlc  compared 
t o  0.3 m R  f o r  t h e  t i nned  Cu/ss  c o n t a c t  r e s i s t a n c e ,  
whereas t h e  unt inned Cu/ss c o n t a c t  r e s i s t a n c e  ave rages  
about  5 m n  and t h e  unt inned Cu/Cu r e s i s t a n c e  is 2 m n .  
xll t h e s e  numbers a r e  h ighe r  than t h e  o r i g i n a l  e s t i -  
mates. The lowest  va lue ,  0.06 m R  , is c a l c u l a t e d  t o  

The s c r u c t u r e  of c a b l e  102 is  g iven  i n  Tab le  1. cause  a d d i t i o n a l  l o s s  i n  c a b l e  102 of about  0.38 w a t t /  
The l a y e r s  a r e  numbered from t h e  c e n t e r  o u t ,  excli lding meter,  and t h e  h ighe r  v a l u e s  would add even l e s s  l o s s  
the  co re .  The superconduct ing rapes  a r e  asymmetric. s i n c e  t h e  l o s s  is i n v e r s e l y  p r o p o r t i o n a l  t o  c o n t a c t  r e -  

s i s t a n c e .  There is c o n s i d e r a b l e  u n c e r t a i n t y  both  i n  
t h e  c a l c u l a t i o n  and i n  t h e  measured c o n t a c t  resistance; 
a  f a c r o r  a i  three o r  fou r  e i t h e r  way i n  t h e  l o s s  is  * 
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Table  1 

Cable 102 C h a r a c t e r i s t i c s  I 
Outer  P i t c h  

Thickness  Width Xo. of Dia. Length .Angle 
. Layer Xo. Y a t e r i a l  (mm) (mm) Tapes (cm) (cm) (degrees)  Xemarks 

Core (2)  
1 
2 
3 

4 

D i e l e c t r i c  
5 

Bronze 
Aluminum 
Aluminum 
Superconductor 
Superconductor 

Polypropylene 
Superconductor 

Superconductor 

Aluminum 
Aluminum 

Double h e l i x  
2500 r e s i s t .  r a t i o  
2500 r e s i s t .  r a t i o  
SS towards c o r e  
SS towards 

d i e l e c t r i c  
35 l a y e r s  
SS towards 

d i e l e c t r i c  
Cu towards 

d i e l e c t r i c  
2500 r e s i s t .  r a t i o  
2500 r e s i s t .  r a t i o  

u i n  t h e  i n n e r  conductor .  At 500 rms hlcm (3830A) t h e  10.0 I I 

l o s s  is about  3.0 ,W. Excluding t h e  end l o s s ,  t h i s  is 9.0 - ' 4 
about  0 .21 ;J/m, which is  about t h e  same a s  v a s  r epor t ed  8.0 - I 

1 
f o r  c a b l e  101. However, it was found t h a t  when t h e '  7.0 - .TOTAL LOSSES. CABLE AND WEST JOINT 
l o s s  i n  102 was-measured us ing t h e  o l d  Rogowski c o i l  I o LOSSES MEASURED 
from c a b l e  101. i t  was only about  h a l f  a s  l a r g e .  The 6.0 + CALORIMETRICAUY 
d i f f e r e n c e  was a t t r i b u t e d  t o  an  out-of-phase component ! 0 LOSSES MEASURED BY 

S . O ~  WATTMETER i n  t h e  o l d e r  Rogowski c o i l .  I f  such a component were 
a p r o p e r t y  of t h e  c o i l ,  t he  r e p o r t e d  l o s s  i n  c a b l e  101  
would have been a f a c t o r  of two too sma l l .  

1 
4 . 0 1  , 

The l o s s e s  i n  c a b l e  102 were a l s o  measured calo-  
r i m e t r i c a l l y  and have been p resen ted  e lsewhere .  The 
carbon r e s i s t o r s  used f o r  temperature  measurement i n  
c a b l e  101 were r ep laced  by p r e c i s e l y  - c a l i b r a t e d  
germanium r e s i s t o r s .  Even w i t h  t h e s e  more p r e c i s e  
thermometers,  t h e  de te rmina t ion  of e l e c t r i c a l  l o s s  by 
temperature  and flow measurements is d i f f i c u l t .  The 
c a b l e  is coo led  by p res su r i zed  coun te r f low helium 
s t reams,  on t h e  i n s i d e  and o u t s i d e  of t h e  c a b l e .  P a r t  
of t h e  h e a t  i n p u t  is through t h e  c r y o s t a t  w a l l  t o  t h e  
o u t e r  r e t u r n  s t ream.  Th i s  h e a t  l e a k  averaged 10.5 w a t t  
compared t o  t h e  e l e c t r i c a l  h e a t  of a few v a t t s  a t  a 
c a b l e  c u r r e n t  of 4 kA. The measurement was compl icated 
by h e a t  gene ra t ed  i n  t h e  shor t ed  end of t h e  cable .  The 
temperature  of t h e  r e t u r n  s t r eam v a s  no t  a s  v e l l  known 
a s  t h a t  i n  t h e  c a b l e  c e n t e r  because  of v e r t i c a l  s t r a t i -  
f i c a t i o n  i n  t h e  slow-moving s t ream.  The end po in t  tern-. 
p e r a t u r e s  were b e t t e r  known, bu t  i n c l u d e  the  end l o s s e s ,  
2.g. t r ans fo rmer  and s h o r t - c i r c u i t e d  end. The r e s u l t s  
of t h e  c a l c u l a t i o n  a r e  a l s o  p resen ted  i n  Fig.  1. The 
c a l o r i m e t r i c a l l y  measured l o s s  is a f a c t o r  of 1.52 t o  
1.56 h ighe r  and is  4.65 W a t  500 X/cm. Measured e i t h e r  
way, t h e  l o s s  v a r i e s  approximately  a s  a2.5. 

D e s c r i p t i o n  a f  Cable 103 

T h i s  c a b l e  had t h e  t apes  of l a y e r s  3 and 6 o r i e n t e d  
t h e  same a s  i n  c a b l e  101. To r educe  c o n t a c t  r e s i s t a n c e ,  
t h e  s o l d e r  on a l l  s u r f a c e s  vas  e t ched  o f f .  Using t h e  
neasured v a l u e  of c o n t a c t  r e s i s t a n c e  g iven  above (5  mi l )  
rhe  added l c s s  is c a l c u l a t e d  t o  be 1 mW/m a t  T =  500 Xlcm, 
coo s m a l l  t o  be  d e t e c t a b l e .  The i n s u l a t i o n  between 
conduc to r s  was 64 l a y e r s  of polypropylene.  each nomi- 
n a l l y  100 u m  t h i c k  g iv ing  a measured r a d i a l  t h i c k n e s s  
of 7 .  $ mm. The measured t o t a l  l e n g t h  was 10.88 m, i n n e r  
conductor  0.d. 2 . 5 b  s m  and o u t e r  conductor  i . d .  4.05cm. 
o tne rwise  the  s t r u c t u r e  was a s s e n t i a l l y  t h e  same a s  
t h a t  of c a b l e  102, Table  1. Unlike t h e  f i r s t  two, ca- 
b l e  103 -<as powered through coax ia l .ho r i zon ta1 ,  vapor- 
cooled c u r r e n t  l e a d s  by a room temperatuse ,  t o r o i d a l  
t r ans fo rmer  wi th  a s ing le - tu rn  secondary. Owing t o  t h e  
t h i c k  i n s u l a t i o n  :he r e a c t i v e  power r e q u i r e d  f o r  c a b l e  
103 uas  g r e a t e r  i han  f o r  the  s a r l i e r  c a b l e s ;  t h e  
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Fig.  1. Cur ren t - r e l a t ed  l o s s e s  i n  c a b l e  102 a t  
60 Hz and T = 7.3 K. 

r e a c t a n c e  a t  60 Hz was 0.37 mil. The superconduct ing 
t r ans fo rmer  used on t h e  e a r l i e r  c a b l e s  would have been 
marginal  f o r  t h i s  cab le .  The maximum primary v o l t a g e  
of t h e  t r ans fo rmer  is 500 V and t h e  t u r n s  r a t i o  is 
177:1, s o  t h e  r a t e d  maximum c u r r e n t  i n  t h e  c a b l e  is  
about  7.6 'A. 

Cable 103 R e s u l t s  

The c u r r e n t  r e l a t e d  l o s s e s  ob ta ined  i n  c a b l e  103 
were measured bo th  e l e c t r i c a l l y  ("XB" l o s s )  and 
c a l o r i m e t r i c a l l y .  Both Rogowski c o i l s  used f o r  t h e  
e l e c t r i c a l  measurement,were wound from no. $0 wire ;  one 
was taken from c a b l e  102, t h e  o t h e r  was new. The re-  
s u l t s  obta ined a t  about 7.2 X of a l l  seasurements  a r e  
g iven i n  Fig .  2 which shows t o t a l  Loss i n  W/m vs  cur- 
r e n t  d e n s i t y  on t h e  inne r  conductor .  A/cm. The s o l i d  
l i n e  is l o s s  measured c a l o r i m e t r i c a l l y  and t h e  two 
dashed l i n e s  a r e  l o s s  measured s l e c t r i c a l l y  us ing  the  
two Rogowski c o i l s .  The d i f f e r e n c e  i n  t h e  e l e c z r i c a l  
measurements has  noc been r e so lved .  One of t h e  
Sogowski c o i l s  was l o c a t e d  i n  t h e  annulus  between t h e  




