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. . ABSTRACT 
9, 

The r e s u l t s  and accomplishments o f  t h e  Superconduct ing Magnet Development Program f o r  t h e  p e r i o d  .' June 1, 1976-October 1, 1976 a r e  summarized i n  t h i s  r e p o r t .  The p r e s e n t a t i o n s  a r e  ar ranged acco rd ing  

t o  p r o j e c t s .  A new format  has been adopted f o r  convenience i n  r e p o r t i n g .  Only p r o j e c t s  wh ich  have 

reached some mi1,estone o r  completed tasks  a r e  d iscussed.  



LETTER REPORT FOR THE SUPERCONDUCTING 
MAGNET DEVELOPMENT PROGRAM 

Per iod  Ending 1 October 1976 

M. S. L u b e l l ,  Program Manager 

1 . INTRODUCTION 

The fo rma t  f o r  p r e s e n t i n g  t h e  r e s u l t s  and 

accomplishments o f  t h e  Superconduct ing Magnet 

Development Program w i l l  be changed s t a r t i n g  

w i t h  t h i s  r e p o r t .  I n s t e a d  o f  d i scuss ing  t h e  

work o f  each group s e p a r a t e l y  as i n  t h e  pas t ,  

we a r e  a r r a n g i n g m a t e r i a l  acco rd ing  t o  p r o j e c t s .  

We hope thus  t o  a v o i d  some o f  t h e  redundancy 

t h a t  occu r red  p r e v i o u s l y  when aspects  o f  t h e  

same work were presented i n  more than one group 

r e p o r t .  The new format  was adopted o n l y  f o r  con- 

ven ience i n  r e p o r t i n g  and shou ld  n o t  be con- 

s t r u e d  as a c r i t i c i s m  o f  t he  group s t r u c t u r e .  

It r e f l e c t s  t h e  way t h e  day-to-day a c t i v i t i e s  

a r e  c a r r i e d  o u t  - a way which pe rm i t s  f l e x i b i l -  

i ty i n  o r g a n i z i n g  assignments (sometimes s h o r t -  

te rm)  i n v o l v i n g  personnel  f rom more than one. 

group. Not  eve ry  p r o j e c t  w i l l  be r e p o r t e d  i n  

each l e t t e r  r e p o r t ;  o n l y  those p r o j e c t s  wh ich  

have reached some m i l e s t o n e  o r  completed some 

t a s k  w i l l  be discussed. Others,  wh ich  a r e  

e i t h e r  i n a c t i v e  o r  e l s e  p rog ress ing  s a t i s f a c -  

t o r i l y  w i t h o u t  hav ing  y e t  reached a d e f i n i t e  

conc lus ion ,  w i l l  be om i t t ed .  I t shou ld  a l s o ' b e  . 
unders tood t h a t  some p r o j e c t s  a r e  s h o r t - t e r m  

and w i l l  be d i s c o n t i n u e d  when they  have served 

t h e i r  purpose. New ones w i l l  be c rea ted  a s  t he  

need a r i s e s .  

T h i s  r e p o r t  p e r i o d  was n o t  o n l y  a f i s c a l  

t r a n s i t i o n  q u a r t e r  b u t  a l s o  a t r a n s i t i o n  q u a r t e r  

i n s o f a r  as t h e  compos i t ion  o f  t h e  s t a f f  i s  con- 

cerned. K. J .  F r o e l i c h ,  C .  J. Long, J. K. Lov in ,  

and J .  E. Simpkins a l l  l e f t  t h e  SCMDP. K a r l  

F r o e l i c h  t e rm ina ted  f rom ORNL t o - r e t u r n  t o  

school  and pursue a ca ree r  i n  t he -med ica l  .pro- 

f e s s i o n .  W i th  h l s  cons ide rab le  mechanical ' 

s k i l l  he no doubt  w i l l  make'a f i n e  M.D. Joe Long. 

t r a n s f e r r e d  t o  t h e  Meta ls  and Ceramics D i v i s i o n ,  

b u t  w i l l  con t i nue  t o  work h a l f - t i m e  on ou r  prob-  

lems r e l a t e d  t o  s t r u c t u r a l  m a t e r i a l s .  The r e s t  

o f  h i s  t i m e  w i l l  p robab l y  be taken up w i t h  a 

new p r o j e c t  a l s o  o f  i n t e r e s t  t o  us - t h a t  o f  

c h a r a c t e r i z i n g  i n s u l a t i o n  m a t e r i a l s  a t  c r yogen i c  

temperatures a f t e r  p ro longed neu t ron  i r r a d i a t i o n .  

Juan Lov in  t r a n s f e r r e d  t o  t h e  D i v i s i o n  D i r e c t o r ' s  

s t a f f  t o  c r e a t e  a management i n f o r m a t i o n  system 

f o r  t he  Fus ion Energy D i v i s i o n .  H i s  eng ineer ing ,  

o r g a n i z a t i o n a l ,  and budgetary  t a l e n t s  w i  11 be 

s o r e l y  missed. Jesse Simpkins remains i n  t he  

Fus ion Energy D i v i s i o n  and wi 11 c o n t i n u e  h i s  

work on vacuum d e p o s i t i o n ,  t h i n  f i l m ,  and p l a t -  

i n g  f o r  t h e  d i a g n o s t i c s  group o f  t h e  ISX P r o j e c t ,  

which has a s t r o n g  i n t e r e s t  i n  c h a r a c t e r i z i n g  

t he  m a t e r i a l  o f  t h e  f i r s t  w a l l .  .P lease  n o t e  

t h a t  d u r i n g  t h i s  r e p o r t  p e r i o d  t h e  Eng ineer ing  

Sciences Department and Thermonuclear D i v i s i o n  

underwent name changes t o  become t h e  Magnet ics 

and Supe rconduc t i v i t y  S e c t i o n  and Fus ion Energy 

D i v i s i o n ,  , r e s p e c t t v e l y .  

The f o l l o w i n g  acronynms a r e  used i n  t h i s  

r e p o r t  : 

SCMDP - Superconduct ing  Magnet Development 
Program 

ISX - I m p u r i t i e s  Study Exper iment 

EPR - Exper imenta l  Power Reactor  

TNS - The Next Step Program , . 

TF - t o r o i d a l  f i e l d  c o i l s  

PF - p o l o i d a l  f i e l d  c o i l s  

OH - ohmic h e a t i n g  

EBTR - ELMO Bumpy Torus Reactor  

PLASS - Pulsed Losses i n  Ax isymmetr ic  
Superconduct ing  So leno ids  

M&S - Magnet ics and S u p e r c o n d u c t i v i t y  S e c t i o n  

MCDT - moving c o i  1 d isp lacement  t r ansduce r  

PL,T - p r i n c e t o n  Large Torus 

ECDT - eddy c u r r e n t  d isp lacement  t ransducer  

LCP - Large Coi 1 Program 

IMP - I n j e c t i o n  i n t o  Microwave Plasma 

FBX - f u s i o n  burn i r ig  expe r i~ i~e t ' l t  

SCORE - Superconduct ing ORMAK 

ORMAK - Oak Ridge Tokamak 

FED - Fusion Energy D i v i s i o n  



2. MAGNETICS AND SUPERCONDUCTIVITY PERSONNEL 
as o f  'I October  1976 

S e c t i o n  Head 

M. S. Lube11 

Systems Design 

J .  W. Lue 

C o i l  Design 

J .  N. Lu ton  

J .  K. B a l l o u  

Conductor Tes t  and S e l e c t i o n  

W. A .  F i e t r  

J .  R. M i l l e r  

K. E.  Schwa11 

S. S. Shen 

L .  A l l e y ,  Jr.. 

W .  H. Wagner 

C o i l  P r o t e c t i o n  and Eddy Cur ren t  S h i e l d i n g  

H. T. Yeh 

L .  Dresner  

C o i l  Tes t  and E v a l u a t i o n  

P. L .  Walstrom 

J .  F. E l l i s  

J .  R. Rudd 

S t r u c t u r a l  A n a l y s i s  and M a t e r i a l s  E v a l u a t i o n  

W.C.T. s t o d d a r t t  

W .  H. Gray 

Cryogen ics  and R e f r i g e r a t i o n  

C. G. Lawson 

C. M. F i t z p a t r i c k  

C o i l  F a b r i c a t i o n  

R. L .  Brown 

3. PROJECT REPORTS 

3.1 DESIGN PROJECTS 

3.1.1 Exper imenta l  Power Reactor  (EPR) 

FED Personne l :  J. K. B a l l o b ,  K.  L. Brown, C. ti 

Lawson, J .  W .  Lue, H. T.  Yeh 

Eng inee r i ng  D i v i s i o n :  R. B. Eas te r ,  W.C.T. 

S t o d d a r t  

The r e p o r t  o f  t h e  1976 Oak Ridge Tokamak 

Exper imenta l  Power Reactor (EPR) Study was f i n -  

i s h e d  d u r i n g  t h i s  pe r i od .  The magnet system i n  

- 

' ~ n ~ i n e e r i n ~  O r g a n i z a t i o n  

t h i s  r e v i s e d  des ign  i s  more s e l f - c o n s i s t e n t ,  sim- 

p l e r ,  and p a r t i a l l y  op t im ized .  D e t a i l s  o f  t h e  

EPR magnet system a r e  documented i n  ORNL/TM-5574. 

A  summary o f  t h e  t o r o i d a l  f i e l d  c o i l  system was 

presented a t  t h e  1976 App l i ed  Supe rconduc t i v i t y  

Conference i n  a  paper e n t i t l e d  "To ro ida l  F i e l d  

C o i l  System o f  t h e  Oak Ridge EPR Reference 

Design," by J. W.. Lue and J .  N. Luton.  Other  

pub l i shed  papers and r b p o r t s  on EPR work i n c l u d e :  

H. T. Yeh and J .  W .  Lue, The I n t w c t i o n  

and Pho tedon  oh Supmconductinq Po.tokfa.4 

Fidd C o a  and Tohoidd Fidd Cod2 i n  a 
Tufwncah Expcs'limtswht Purualr Rca&to.'~, ORNL/TM 

5542, Oak Ridge Na t i ona l  Labora tory ,  Oak 

Ridge, T ~ n n c s s w  (197h), 

W. H. Gray and J. K. Ba l l ou ,  "A Computer Pro- 

gram t o  C a l c u l a t e  Composite Conductor Losses 

i n  Pulsed P o l o i d a l  C o i l  Systems," paper p re -  

sented a t  t h e  1976 App l i ed  S u p e r c o n d u c t i v i t y  

Conference, Pa lo  A1 t o ,  C a l i f o r n i a ,  Auyust ' 

17-20, 1976. 

3.1.2 The Next Step Program (TNS) 
* 

FED Personne l :  J. K. B a l l o u ,  J .  W. Lue, H. T. 

Yeh 

T l ~ a  TWS s lu l ly  i b  a I I I I ~ ~  a 1  das l y ~ ~  UP a deu- 

t e r l u m - t r i t i u m  f u e l e d  I g n i t i o n  machine t o  be op- 

e r a t e d  i n  t h e  mid-1980's.  Some p r e i  i m i n a r y  de- 

s i g n  work has been performed, b u t  most o f  t h e  

work has been done on scop ing t h e  v a r i o u s  a l t e r -  . 
n a t i v e s  and on s e n s i t i v i t y  a n a l y s i s .  

The number o f  t o r o i d a l  f i e l d  (TF) c o i l s  rc- 
q u i r e d  was examined. The number o f  TF c o i l s  a f -  

f e c t s  t h e  f i e l d  r i p p l e ,  wh ich  i n  t u r n  a f f e c t s  

l osses  i n  t h e  plasma. A  1 6 - c o i l  system w i l l  have 

t h e  same f i e l d  r i p p l e  as a  2 0 - c o i l  system w i t h  a  

bore  s m a l l e r  by 80  cm. The l a r g e r  b o r e  system 

more r e a d i l y  pe rm i t s  i n c l u s i o n  o f  a  d i v e r t o r  

system and i nc reases  t h e  access f o r  beam p o r t s .  

,Magnets coo led  by s u p e r c r i t i c a l  he1 ium i n  

f o r c e d  f l ow  oFfe r  the poss'i lr i1.i t y  u f  o p e r a t i o n  

a t  h i g h e r  f i e l d s  w i t h  no change i n  t h e  s t a b i l i t y  

marg in  r e s u l t i n g  f rom a  change i n  t h e  c o o l a n t  

f l o w  rate. For txanrple, ail NbTi r o i l  d e s i g l ~ e d  

* 
Author  



f o r  an 8-T f i e l d  a t  4.0 K can produce a  f i e l d  

o f  9 T  a t  3.36 K w i t h  f o u r  t imes the  pumping 

power and 10 T  a t  2.68 K w i t h  s i x t e e n  t imes 

the  pumping power. The s t a b i l i t y  margin i s  

the  same f o r  a l l  t h r e e  cases. Lower pumping 

power losses can be ob ta ined  i f  i n  f a c t  t h e  

same. s t a b i l i t y  marg in  i s  n o t  needed. Expe r i -  

ments w i l l  be necessary t o  determine the  

proper  s a f e  o p e r a t i n g  va lue;  o u r  c a l c u l a t i o n s  

may bc t o o  conse rva t i ve .  Th is  f l e x i b i l i t y  can- 

n o t  be achieved i n  a  magnet coo led  by poo l -  

b o i l i n g ,  because one cannot m a i n t a i n  t he  same 

s t a b i l i t y  a t  a  h i g h e r  f i e l d  by l o w e r i n g  t h e  

temperature  o f  a  magnet coo led i n  a  ba th  o f  

he1 i um. 

The expected low d u t y  c y c l e  i n  TNS c o n s i s t s  

o f  h i gh ,  f a s t  n u c l e a r  h e a t i n g  pu lses  a t  compar- 

a t i v e l y  l ong  i n t e r v a l s .  The f o l l o w i n g  pu lsed 

c o o l i n g  scena r i o  was proposed f o r  use i n  de- 

s i g n i n g  t h e  TF c o i l s .  The TF c o i l s  a r e  pancake- 

wound, and the  s u p e r c r i t i c a l  h e l i u m  en te rs  

th rough the  i n n e r ,  h i g h - f i e l d  t u r n  and e x i t s  

f rom t h e  o u t e r ,  l o w - f i e l d  t u r n .  A t  t he  s t a r t  

of t h e  plasma c u r r e n t ,  t h e  he l i um f l o w  r a t e  i s  

increased such t h a t  t h e  n u c l e a r  hea t  accumulated 

d u r i n g  t h e  he1 ium t r a n s i t  th rough . t h e  f i r s t  t u r n  

i s  l e s s  than t h e  superconductor s t a b i l i t y  marg in  

( f l o w  v e l o c i t y  ~ 1 - 2  ms - I ) .  As soon as t h e  

plasma shuts  down, t h e  he l i um f l o w  r a t e  i s  r e -  

duced j u s t  enough t o  keep s t a b l e  o p e r a t i o n  

( f l o w  v e l o c i t y  ~ 0 . 5  ms - I ) .  Because power i s  

p r o p o r t i o n a l  t o  t h e  2.75 power o f  t h e  he l i um 

f l o w  v e l o c i t y ,  t h i s  nonun i fo rm he l i um f l o w  i s  

advantageous. 

A  s tudy o f  t h e  p o l o i d a l  f i e l d  (PF) c o i l  

system was performed, comparing systems w i t h  

and w i t h o u t  decoup l i ng  c o i l s  o f  t h e  k i n d  used 

i n  t h e  EPR des ign.  I t  was found t h a t  a l t hough  

t h e  peak power requ i rement  w i t h o u t  t he  decoup- 

ling c o i l s  w i l l  be s l  i q h t l y .  h i ghe r ,  the  ohmic 

h c a t i n g  (OH) c o i l  c u r r e n t  can be s u b s t a n t i a l l y  

reduced. There fore ,  i t  i s  recommended t h a t  no 

decoup l i ng  c o i l s  be used i n  t he  TNS p o l o i d a l  

f i e l d  c o i l  system. 

The cha rg ing  and d i s c h a r g i n g  h i s t o r y  o f  

t t ~ e  OH c o l l s  r e c e i v e d  a t t e n t i o n  I n  L t 1 . i ~  repur.1- 

i n g  pe r i od .  I n  o r d e r  t o  e l  i m i n a t e  t he  c o s t l y  

and p rob lema t i c  secondary energy s to rage  and 

t r a n s f e r  system f o r  t h e  OH c o i l s ,  a  scheme d i f -  

f e r e n t  f rom t h a t  used i n  t h e  EPR des ign was con- 

ce i ved .  Th i s  new scheme c o n s i s t s  o f  p recha rg ing  

the  OH c o i l  b e f o r e  s t a r t - u p ,  d i s c h a r g i n g  t h e  OH 

c u r r e n t  th rough a  s e r i e s  o f  dump r e s i s t o r s  t o  

near zero  c u r r e n t  d u r i n g  t h e  1- t o  2-sec s t a r t -  

up phase, and s l o w l y  r e v e r s i n g  t h e  c u r r e n t  d u r i n g  

the  burn.  The power supp ly  now o n l y  needs t o  

supp ly  power d ~ l r i n g  t h e  bu rn  and r e s e t .  Fo r  

s h o r t  burn  t imes,  t h e  c u r r e n t  f l o w  i n  the.OH 

c o i l s  remains h i g h  f o r  o n l y  a  ve ry  s h o r t  t ime.  

Th is  same scheme can be adapted t o  e i t h e r  super-  

conduc t i ng  o r  r e s i s t i v e  c o j l s .  

3.1.3 Elmo Bumpy Torus Reactor (EBTR) 

FED Personnel  : H. T. ~ e h ^  

I n p u t  was p rov ided  d u r i n g  t h i s  q u a r t e r  on 

t h e  magnet system o f  t h e  Elmo Bumpy Torus Reactor 

(EBTR) Reference Design. '  Some h i g h l i g h t s  o f  

t he  des ign a r e  summarized as f o l l o w s .  

The magnets a r e  designed s o . t h e y  can be 

b u i l t  w i t h  c u r r e n t  s t a t e - o f - t h e - a r t  

techno1 ogy. 

The magnet system i s  modular;  one s i z e  

can be used f o r  r e a c t o r s  w i t h  d i f f e r e n t  

ma jo r  rad ius /power  ou tpu t .  Two ve rs ions  

o f  t h e  r e a c t o r  a r e  be ing cons idered:  48 

c o i l s  w i t h  a  60-m ma jo r  r a d i u s  and 24 

c o i l s  w i t h  a  24-m major  r a d i u s .  

. A  m o n o l i t h i c  b u i l t - u p  conductor  I s  used 

The c o r e  i s  compos i te  m u l t i f i l a m e n t a r y  

NbTi; copper s t r i p s  w i t h  ho les  punched 

i n  them a re  so lde red  t o  t h e  composi te.  

The conductor  i s  c r y o s t a t i c a l l y  s t a b l e .  

A  h i g h  o p e r a t i n g  c u r r e n t  (25 kA) i s  used 

t o  reduce t h e  t e r m i n a l  v o l t a g e  d u r i n g  

d i scha rge .  Each t u r n  has f o u r  conductors ,  

each c a r r y i n a  6.25 kA, i n t e r l e a v e d  a lpng 

t h e i r  wide f a c e  t o  c r e a t e  a  symmetr ical  

s p i r a l  w ind ing .  

The magnets a r e  wound o f  c i r c u l a r  pan- 

cakes coo led  by p o o l - b o i l i n g  he l ium.  

Author  



T i g h t  w i n d i n g  w i t h o u t  p o t t i ' n g  i s  p re -  

f e r r e d ,  and i n t e r l e a v e d  s t r u c t u r a l  

s t r i p s  a r e  no t  necessary  because a 5-cm 

s t a i n l e s s  s t e e l  w a l l  around t h e  w ind ing  

i s  s u f f i c i e n t  t o  suppo r t  t h e  magnet ic  

s t r e s s .  

Quenches a r e  de tec ted  by v o l t a g e  taps  

p laced  on each c o i l .  Any i n d u c t i v e  

s i g n a l  i s  compensated f o r  by p i c k u p  

c o i l s  f r o m  t h e  power supp l y .  The s t o r e d  

energy  i s  t o  be d i scha rged  e x t e r n a l l y  

i n  dump r e s i s t o r s ,  one f o r  each c o i l .  

Du r i ng  d ischarge,  sw i t ches  w i l l  d iscon-  

n e c t  t h e  c o i l s  f r o m  t h e  power supp l y  

and f r o m  each o t h e r .  A l l  c o i l s  a r e  

d i scha rged  simul t aneous l y .  The t e r m i n a l  

v o l t a g e  i s  l i m i t e d  t o  1 kV,  and t h e  

i n t e r n a l  temperature  t o  100 K. 

Hef e r e R c e  

1. D. G .  McAlees e t  a l . ,  E h o  Bumpy Tohud 

Reactoh Redehence Des ign,  ORNL/TM-5669, 

Oak Ridge N a t i o n a l  Labo ra to ry ,  Oak Ridge, 

Tennessee ( 1  976) .  

3.2 SMALL SCALE EXPERIMENTS 

3.2.1 Pu lsed P a r a l l e l  F i e l d  Exper iment 
* 

FED Personne l :  J. R. M i l l e r ,  S. S. Shen 

Exper imenta l  i n v e s t i g a t i o n  o f  l o s s e s  i n  

t w i s t e d  m u l t i f i l a m e n t a r y  composi tes when ex- 

posed t o  pu l sed  l o n g i t u d i n a l  f i e l d s  was con- 

t i n u e d  u s i n g  e x i s t i n g  appara tus .  Losses were 

s t u d i e d  b o t h  by measurement o f  dynamic r e s i s -  

t i v i t y  d u r i n g  a l o n g i t u d i n a l  p u l s e  and by  sen- 

s i t i v e  t empera tu re  measurement o f  t h e  s u r f a c e  

o f  a p o t t e d  sample. The v a r i a t i o n  o f  l ossos  

w i t h  a p p l i e d  t r ansve rse  f i e l d ,  sample t r a n s p o r t  

c u r r e n t ,  and l o n g i t u d i n a l  pu l se  ramp r a t e  was 

i n v e s t i g a t e d .  Resu l t s  were r e p o r t e d  by J. R. 

M i l l e r  and S. S. Shen a t  t h e  1976 A p p l i e d  

S u p e r c o n d u c t i v i t y  Conference, Pa lo  A l t o ,  

C a l i f o r n i a .  

I t was v e r i f i e d  t h a t  f o r  a l a r g e  conductor  

(> I000  A @ 7 T) t h e  c o u p l i n g  l o s s  w i t h o u t  t r a n s -  
% 

p o r t  c u r r e n t  may n o t  be as l a r g e  as expected 

owing t o  incomple te  s a t u r a t i o n  o f  t h e  composite. 

However, i n  most p r a c t i c a l  a p p l i c a t i o n s ,  where 

the  conductor  c a r r i e s  t r a n s p o r t  c u r r e n t  n o t  f a r  

f rom i t s  c r i t i c a l  va lue,  t he  l o s s  i nc reases  as, 

( I T / I c ) 2  and can be rep resen ted  by a s a t u r a t i o n  

model. 

Design was completed f o r  a l a r g e r  s c a l e  

ve rs ion  o f  t he  e x i s t i n g  exper imenta l  appara tus .  

The new v e r s i o n  w i l l  accommodate conductors  o f  

' la rger  cross s e c t i o n  and w l l  l i n c o r p o r a t e  super-  

conduct ing  pu l se '  f i e l d  w ind ings t o  a1 low b i a s i n g  

o f  t h e  l o n g i t u d i n a l  f i e l d .  Conductor f o r  t h e  

pu l se  w ind ings was purchased and t e s t e d .  

3.2.2 Propagat ion  and S t a b i l i t y  T e  
* 

FED Personnel :  J. R. M i l l e r ,  L .  I l resner,  

3 .  W .  Lue 

A computer program was w r i t t e n  t o  c a l c u l a t e  

p ropaga t i on  v e l o c i t i e s .  The program inc ludes :  

t h e  temperature  v a r i a t i o n  o f  t h e  thermal 

c o n d u c t i v i t y  o f  t h e  m a t r i x ,  

. t h e  temperature  v a r i a t i o n  o f  t h e  s p e c i f i c  

hcb ts  o f  b o t h  t l - ~e  m6t1 ' ix  &ni l  ,the 3cipei.- 

conductor ,  

t h e  temperature  v a r i a t i o n  o f  t h e  hea t  

t r a n s f e r  c o e f f i c i e n t  i n  s teady -s ta te  

poo l  - bo i  1 i n g ,  and 

. t h e  l a t e n t  hea t  o f  t h e  superconduct ing  

normal t r a n s i t i o n  i n  a magnet ic f i e l d .  

The t h e o r y  u n d e r l y i n g  t h e  program and a compari-  

son w i t h  some d a t a  o f  M i l l e r  and Donaldson were 

w r i t t e n  up i n  ORNLITM-5543, PhopaguLion 0 6  
NomaY. ZoneA .cn Uompodde Sup&conductohd, by 

L. Dresner.  A paper w i t h  t h e  same t i t l e  and 

au tho r  has been accepted f o r  p u b l i c a t i o n  i n  

Cryogenics . 
The s t a b i l i t y  o f  v a r i o u s  conductor  des igns 

i n  r e a l i s t i c  c o i l  environments was s t u d i e d  ex- 

pe r imen ta l  1 y .  The v e l o c i t y  o f  p ropaga t i on  o r  

* 
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c o n t r a c t i o n  o f  a normal zone, t h e  f u l l  r ecove ry  

c u r r e n t ,  and t h e  minimum p ropaga t i ng  c u r r e n t  were 

measured i n  a c o i l  segment. The dependence o f  . 
these q u a n t i t i e s  on background f i e l d ,  t r a n s p o r t  

c u r r e n t ,  e l e c t r i c a l  i n s u l a t i o n ,  s i z e  and o r i e n -  

t a t i o n  o f  t h e  c o o l i n g  passages, and p r o x i m i t y  

of  o t h e r  conductors  were s tud ied .  The measure- 

ments were compared w i t h  t he  t h e o r y  desc r i bed  

above. Th is  work was presented a t  t he  App l i ed  

S u p e r c o n d ~ ~ c t i v i t y  Conference i n  a paper e n t i t l e d  

" I n v e s t i g a t i o n  o f  S tab i  1 i t y  o f  Composite Super- 

conductors  i n  Typ i ca l  C o i l  Con f i gu ra t i ons  ," by 

J. R. M i l l e r ,  J. W. Lue, and L .  Dresner.  

A new numer ica l  program was developed t o  

c a l c u l a t e  the  f u l l  r ecove ry  c u r r e n t  o f  con- 

duc to rs  p a r t i a l l y  covered by a p e r i o d i c  a r r a y  

o f  t h e r m a l l y  i n s u l a t i n g  s t r i p s .  Exper iments 

a r e  planned f o r  comparison w i t h  c a l c u l a t i o n s  

performed w i t h  t he  program. 

Work on s t a b i l i t y - o p t i m i z e d ,  f o r ce -coo led  

conductors  r e p o r t e d  i n  p rev ious  q u a r t e r l y  p ro -  

gress r e p o r t s  was w r i t t e n  up and presented a t  

t h e  1976 App l i ed  Supe rconduc t i v i t y  Conference 

i n  a paper by L. Dresner e n t i t l e d  " S t a b i l i t y -  

Opt imized, Force-Cooled, M u l t i  f i  lamentary  

Superconductors.  " 

3.2.3 Pu lse  ( P o l o i d a l  ) Coi 1 Development 

FED Personnel :  J. K. B a l l o u ,  W. H. Gray, R. E. * 
Schwal l ,  S. S. Shen, H. T. Yeh 

A program t o  develop pu l sed  superconduct-  

i n g  c o i l s  f o r  use as PF c o i l s  o f  f u t u r e  t oka -  

maks i s  be ing  pursued. The goal  o f  t h i s  p ro -  

granl i s  t o  p r o v i d e  the  techno logy upon which 

des ign o f  superconduct ing  PF c o i l s  f o r  TNS 

c o u l d  be based. 

A l though t h e  i n i t i a l  ORNL des ign f o r  a 

PF systew fur, CPR t i i ~ p l o y r d  Forced coo l i ng ,  

much o f  t h e  b a s i c  work on conductor  des ign 

has been done on conductors  coo led  by poo l -  

b o i l i n g  hel ium, and we have focused ou r  work 

i n  t h i s  d i r e c t i o n .  

I n  t h e  p e r i o d  covered by t h i s  r e p o r t ,  

a method f o r  measur ing l osses  i n  superconduct ing  

* 
Author  

c o i l s  was developed and used t o  measure l osses  i n  

t h r e e  smal l  c o i l s ,  a computer program was w r i t t e n  

t o  c a l c u l a t e  l osses  i n  s o l e n o i d a l  c o i l s ,  t h r e e  

papers1 s ~ , ~  were presented a t  t he  A p p l i e d  Super- 

c o n d u c t i v i t y  Conference, b i d s  were s o l i c i t e d  f o r  

a 2000-A, 300-V b i p o l a r  power supp ly ,  and the  

pu lsed c o i l  t e s t  equipment was moved t o  a more 

permanent l o c a t i o n  i n  t he  Magnet ics and Super- 

c o n d u c t i v i t y  (M&S) 1 abo ra to ry .  

The l o s s  measur ing sch'eme (desc r i bed  i n  

Refs.  1 and 2 )  i s  an a d a p t a t i o n  o f  a method f i r s t  

proposed by Wi lson . 4  The i n d u c t i v e  component o f  

t h e  c o i l  t e r m i n a l  v o l t a g e  i s  compensated by add- 

i n g  t o  i t  a s i g n a l  p r o p o r t i o n a l  t o  d I / d t  ( t h e  

t i m e  d e r i v a t i v e  o f  t h e  magnet c u r r e n t ) .  The 

r e s u l t i n g  v o l t a g e  waveform [des ignated as A V  

( t ) ] ,  wh ich  i s  i n d i c a t i v e  o f  t he  f l u x  change i n  

t h e  conductor ,  i s  d i g i t i z e d  and s to red .  A 

s i g n a l  p r o p o r t i o n a l  t o  t h e  magnet c u r r e n t  i s  

a l s o  d i g i t i z e d  and an "average c o i l  magnet iza- 

t i o n "  [M( t )  = ~ A V  d t ]  i s  c a l c u l a t e d .  The l o s s  

p e r  c y c l e  ( Q )  can be ob ta ined  f rom 

Q = ( l / K o )  I A V  d t .  

o r  f rom 

Q = ( l / K o )  M d I ,  

where 

KO i s  a c a l i b r a t i o n  f a c t o r .  

Whi le t h e  b a s i c  method used i s  q u i t e  com- 

monly employed, t h e  implementa t ion  here  o f f e r s  

seve ra l  advantages. 

The c o i l  v o l t a g e  waveform i s  preserved. 

T h i s  can y i e l d  cons ide rab le  i n f o r m a t i o n  

about t he  s p e c i f i c  l o s s  mechanisms 

i n v o l v e d  and i s  especially u s e f u l  i n  

s t u d y i n g  conductor  mo t i on  i n  c o i l s .  

Any e r r o r s  i n t r o d u c e d  by ana log  m u l t i -  

p l i e r s  a r e  e l i m i n a t e d  because a l l  s i g n a l  

p reeegg ing i g  donc d i g i t a l l y .  

A conven ient  d i g i t a l  f i l e  o f  t e s t  da ta  

i s  a v a i l a b l e  f o r  l a t e r  d e t a i l e d  a n a l y s i s  

and comparison w i t h  t heo ry .  

I n  o r d e r  t o  pe r fo rm a meaningfu l  a n a l y s i s  

o f  l o s s  measurements on c o i l s  and t o  des ign  f o r  

minimum l o s s ,  one must account  f o r  t h e  v a r i a t i o n  

i n  magnet ic f i e l d  ove r  t he  w ind ing  volume and 



f o r  t h e  v a r i a t i o n  o f  f i e l d - s e n s i t i v e  m a t e r i a l  

p r o p e r t i e s .  A  computer program, PLASS (Pu lsed 

Losses i n  Ax isymmetr ic  Superconduct ing  So le-  

n o i d s ) ,  was w r i t t e n  t o  compute l o s s e s  i n  s o l e -  

no ids ;  i t  takes  i n t o  account  t h e  a c t u a l  f i e l d  

d i s t r i b u t i o n  i n  t h e  c o i l  and uses l o c a l ,  f i e l d -  

dependent va lues  f o r  such parameters as c r i t i -  

c a l  c u r r e n t  and m a t r i x  r e s i s t i v i t y .  T h i s  p ro -  

gram has been used t o  e v a l u a t e  v a r i o u s  conduc- 

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

t h e  PF c o i l s  i n  t h e  ORNL EPR des ign,  and w i l l  

be used t o  compare c a l c u l a t i o n s  based on va r i ous  

t h e o r e t i c a l  t e s t s  desc r i bed  above. 

The power s u p p l i e s  c u r r e n t l y  a v a i l a b l e  t o  

t h e  M&S S e c t i o n  do no t  a l l o w  o u r  e x i s t i n g  pu lsed 

c o i l s  t o  be t e s t e d  t o  t h e i r  des ign  l i m i t s .  

N e i t h e r  do t h e y  p e r m i t  t h e  b i p o l a r  mode o f  oper -  

a t i o n  p resen ted  i n  t he  t h r e e  EPR r e f e r e n c e  de- 

s i g n s .  To p r o v i d e  some c a p a b i l i t y  i n  t h i s  

area we have prepared and b i d  a  s p e c i f i c a t i o n  

f o r  a  2060-A, 300-V b i p o l a r  power supp ly .   his 
dev i ce ,  wh ich  shou ld  be d e l i v e r e d  i n  t h e  f i r s t  

q u a r t e r  o f  C Y  1977, w i l l  p e r m i t  t h e  b i p o l a r  

o p e r a t i o n  a t  o r  nea r  t h e  Bmax = 7  T, Bmax = 

7  T/sec suggested i n  t h e  EPR des igns .  D ischarge 

mode o p e r a t i o n  on a  u n i p o l a r  c y c l e  i s  a l s o  

pcrssi t l e .  

Near t h e  end o f  t h l s  r e p o r t i n g  p e r i o d  the 

g row th  o f  o t h e r  p r o j e c t s  made i t  necessary  t o  

d i s m a n t l e  t h e  loss-measur ing  system and move 

t h e  exper iment  t o  ano the r  l o c a t i o n .  Whi le  the  

move w i l l  undoubted ly  consume some t ime .  t h e  

new l o c a t i o n  o f f e r s  b e t t e r  f a c i l i t i e s  and shou ld  

p e r m i t  a  r a p i d  changeover t o  t h e  2-kA, 300-V 

supp l y  when i t  i s  d e l i v e r e d .  I t  i s  expected 

t h a t  a  number o f  m o d i f i c a t i o n s  and improvements 

w i l l  be made d u r i n g  the n e x t  q u a r t e r  and t h a t  

tpst.s w i l l  resume i n  t h e  la t .e r  p a r t  n f  t h i s  

p e r i o d  . 
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3.2.4 I n s t r u m e n t a t i o n  
* 

FED Personnel :  P. L.  Walstrom, J. F. E l l i s ,  

J. E. Simpkins 

Eng inee r i ng :  J. S. Goddard 

Consu l t an t :  H. P i h  ( U n i v e r s i t y  o f  Tennessee) 

P la t inum-8% tungs ten  s t r a i n  gages were 

i n v e s t i g a t e d  f o r  use i n  magnet t e s t i n g .  Our 

exper iments  showed t h e t  t hc  temperature  c t e f f i -  

c i e n t  o f  apparent  s t r a i n  o f  these gages i s  a  

f a c t o r  o f  20 l e s s  than f o r  Karma a l l o y  gages a t  

4.2 K. Th i s  f e a t u r e  makes t h e  p l a t i n u m  gages 

much l e s s  s e n s i t i v e  t o  thermal  f l u c t u a t i o n s  and 

s e l f - h e a t i n g  e f f e c t s  than the  Karma a l l o y  gages. 

A u n i f o r m - s t r a i n  c a n t i l e v e r  beam aDParatus 

was designed and under c o n s t r u c t i o n  a t  t h e  end 

o f  t h i s  r e p o r t  p e r i o d .  The apparatus w i l l  be 

used f o r  d e t e r m i n a t i o n  o f  gage f a c t o r ,  f o r  mea- 

surement o f  magnetores is tance a t  v a r y i n g  s t r a i n  

l e v e l s  t o  7.5 T, and f o r  f a t i g u e  c y c l e  t e s t s  o f  

s t r a i n  gages and cements. Beam d isp lacement  i s  

mcasurcd by a moving c o i l  d l sp laccmcn t  t r ansduce r  

(MCOT) developed p r e v i o u s l y  by t h e  SCMDP s t a f f .  

Thermal shock t e s t s  were performed t o  e v a l -  

ua te  cements f o r  s t r a i n  gage a p p l i c a t i o n  i n  

magnet t e s t i n g .  The t e s t s  c o n s i s t e d  o f  mon i to r -  

i n g  t h e  apparent  s t r a i n  o f  t h e  gage i n i t i a l l y  a t  

room temperature ,  w h i l e  i t  was p lunged i n t o  

l i q u i d  he l ium,  and then when i t  was removed f rom 

the  he l i um ba th  and warmed up t o  room temperature  

i n  a  d r y  n i t r o g e n  atmosphere. Each gage/cement/ 

s u b s t r a t e  combinat ion  was c y c l e d  i n  t h i s  f a s h i o n  

* 
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a t  l e a s t  t e n  t imes.  I n  a d d i t i o n ,  bend t e s t s  

were per formed a f t e r  t h e  c y c l i n g  i n  o rde r  t o  

. determine i f  t h e  gage was adhe r i ng  w e l l  t o  t h e  

s u b s t r a t e .  Two epoxy cements f r om Micromea- 

surements Co rpo ra t i on ,  AE-10 and AE-15, were 

found t o  s u r v i v e  t h e  above t e s t s ,  w h i l e  Eastman 

910 cement f a i l e d .  M ic roscop i c  examinat ion  

showed c r a c k i n g  o f  t h e  910 cement. 

Thermis tors  (Keys tone Carbon Co. ) were 

t e s t e d  f o r  l ow  temperature  use i n  h i g h  magnet ic 

f i e l d s .    he r e s u l t s  o f  p rev ious  i n v e s t i g a t i o n s  

were conf i rmed ( i  .e., t h e  temperature  e r r o r  

due t o  a p p l i e d  f i e l d  i s  smal l  - about 0.01 K 

a t  8 T ) ,  b u t  d i f f i c u l t i e s  were exper ienced w i t h  

c o n t a c t  f a i l u r e  and ag ing  e f f e c t s .  I t  i s  hoped 

t h a t  these dev ices  can be used f o r  p r e c i s e  mea- 

surement o f  c o o l a n t  temperature  i n  t h e  f i e l d  

i n  t e s t s  o f  f o r ce -coo led  magnets, b u t  f u r t h e r  

work i s  needed b e f o r e  t h e y  can be used w i t h  

con f i dence  i n  c o i l  t e s t i n g .  

Ass i s tance  wasSprov ided t o  t h e  P r i nce ton  

Large Torus (PLT) beam l i n e  development e f f o r t  

i n  t h e  fo rm o f  f i e l d  mapping o f  t h e i r  charged- 

p a r t i c l e  sweeping magnet. 

An eddy c u r r e n t  p r o x i m i t y  d e t e c t o r  was de- 

ve loped f o r  noncon tac t i ng  measurements o f  smal l  

d isplacements i n  t h e  presence o f  h i g h  magnet ic 

f i e l d s  a t  ambient o r  c ryogen ic  temperatures .  

The dev i ce  was developed a f t e r  a  search o f  

commerc ia l ly  a v a i l a b l e  u n i t s  f a i l e d  t o  f i n d  a  

u n i t  w i t h  no fe r romagne t i c  m a t e r i a l s .  The eddy 

c u r r e n t  d e t e c t o r  w i l l  be used f o r  d isp lacement  

measurements i n  ex t remely  c o n s t r i c t e d  geometr ies,  

such as measurement o f  t h e  displacement o f  t h e  

i n n e r  t u r n  o f  t h e  w ind ings w i t h  respec t  t o  t h e  

bobbin.  When opera ted w i t h  a  s i g n a l  c o n d i t i o n i n g  

u n i t  developed f o r  i t , i t  has a  s e n s i t i v i t y  o f  

0.15 V/mm dc o u t p u t  ove r  a  range o f  7  nun w i t h  a  

l l r ~ e d r . l L y  u r11 .3 'X .  Tile dev i ce  I s  s u i l d l r l e  Tur 

use w i t h  a  " t a r g e t "  m a t e r i a l  o f  any h i g h  conduc- 

t i v i t y  m a t e r i a l  such as aluminum o r  copper, b u t  

had n o t  y e t  been t e s t e d  i n  l i q u i d  he l i um i n  a  

h i g h  magnet ic f i e l d  d u r i n g  t h e  r e p o r t  pe r i od .  

An eddy c u r r e n t  d isp lacement  t r ansduce r  

(ECDT) was developed f o r  measur ing smal l  d i s -  

placements i n  h igh magnet ic f i e l d s  a t  ambient 

o r  c r yogen i c  temperatures .  The dev i ce  i s  

i n tended  t o  be a  f u n c t i o n a l  e x t e n s i o n  o f  t h e  

MCDT t o  s m a l l e r  d imensions. I t d i f f e r s  f r om t h e  

MCDT i n  t h a t  c o u p l i n g  between f i x e d  p r i m a r y  and 

secondary c o i l s  i s  v a r i e d  by movement o f  a  copper 

s l u g  which e f f e c t i v e l y  a c t s  as a  d iamagnet ic  

m a t e r i a l  a t  t he  e x c i t a t i o n  f requency o f  2.7 MHz. 

The p r o t o t y p e  has a  0.95-cm o u t e r  d iame te r  and a  

5.1-cm leng th ;  t he  gag ing range i s  7 .5  mm w i t h  

a  l i n e a r i t y  o f  2.5% and a  s e n s i t i v i t y  o f  400 mV/ 

mm w i t h  t he  same e l e c t r o n i c s  as f o r  t h e  eddy 

c u r r e n t  p r o x i m i t y  d e t e c t o r .  T h i s  d e v i c e  a l s o  had 

n o t  been y e t  t e s t e d  i n  a  h i g h  magnet ic f i e l d  i n  

l i q u i d  he l i um d u r i n g  t h i s  r e p o r t  pe r i od .  

A  p r o t o t y p e  v o l t a g e  t a p  s i g n a l  c o n d i t i o n i n g  

system was designed and under c o n s t r u c t i o n  d u r i n g  

the  r e p o r t  pe r i od .  D i r e c t  ana log compensation o f  

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

ponent i s  performed by t h e  system. The i n d u c t i v e  

s i g n a l  i s  ob ta ined  f rom Rogowski c o i l s  wh ich  p ro -  

duce a  vo l t age  p r o p o r t i o n a l  t o  t h e  r a t e  o f  change 

o f  c u r r e n t  i n  each independent c i r c u i t .  

A  Rogowski c o i l  w i t h  a  c o a x i a l  c u r r e n t  bus 

and e l e c t r o s t a t i c  and magnet ic s h i e l d i n g  was 

designed and f a b r i c a t e d .  The dev i ce  o f f e r s  . 
rough l y  a  t w e n t y - f o l d  r e d u c t i o n  i n  p i c k u p  no i se  

ove r  an unsh ie lded  dev i ce  and i s  b e i n g  used i n  

t h e  pu lsed c o i l  program i n  p u l s e  l o s s  measure- 

ments. S t i l l  b e t t e r  n o i s e  r e j e c t i o n  i s  expected 

w i t h  proposed des ign  improvements. 

A  l i q u i d  h e l i u m  ba th  c a l i b r a t i o n  f a c i l i t y  

f o r  MCDT's and o t h e r  d isp lacement  t r ansduce rs  

was designed and b u i l t .  Us ing t h i s  apparatus,  

t h e  d e t a i  I s  o f  t h e  behav io r  o t  t h e  magnet ica l l y  

induced v i b r a t i o n s  i 'n t h e  MCDT were examined and 

a  method o f  g r e a t l y  reduc ing  t h e i r  e f f e c t  ( t o  

0.1%) by s e l e c t i o n  o f  a  p a r t i c u l a r  phase ang le  

was developed. 

3.3 LARGE COIL EXPERIMENTS 

3.3.1 Large Coi l Segment I'est 
* 

FED Personnel :  P. L. Walstrom 

Engineer ing :  P. B. Burn, J. R. Moore, B. Nelson 

The conceptual  des ign o f  t h e  Large C o i l  

Segment Tes t  was completed by SCMDP s t a f f  and 



Eng inee r i ng  pe rsonne l .  The f a c i l i t y  has been 

i n c o r p o r a t e d  i n t o  t h e  Large C o i l  Program (LCP). 

The seoment t e s t  c o i l s  w i l l  be 2-3 m i n  diame- 

t e r ,  abou t  t h e  same as t h e  LCP c o i l s ,  b u t  w i l l  

have a  c o n s i d e r a b l y  s m a l l e r  c ross  s e c t i o n  - 

t y p i c a l l y  12 x 20 cm. A background f i e l d ,  which 

when added t o  t h e  s e l f - f i e l d  o f  t h e  t e s t  c o i l  

r e s u l t s  i n  a  t o t a l  f i e l d  o f  app rox ima te l y  8 T 

ove r  a  1-m l e n g t h  o f  t h e  t e s t  c o i l  w ind ings ,  i s  

produced by f o u r  racet rack-shaped Nb3Sn tape  

c o i l s  sa lvaged f rom t h e  IMP f a c i l i t y .  The t e s t  

and background c o i l s  a r e  p laced  i n  a  " b e l l - j a r "  

t y p e  vacuum chamber f o r  thermal  i s o l a t i o n .  The 

c u r r e n t  p l a n  c a l l s  f o r  u s i n g  t h e  ORMAK tank  when 

i t  becomes a v a i l a b l e  i n  A p r i l  1977 a f t e r  shutdown 

o f  t h e  ORMAK f a c i  1 i t y .  

3.4 PROJECTS BASED ON DISCIPLINES 

3.4.1 S t r u c t u r a l  A n a l y s i s  and M a t e r i a l s  Eva lua t i on  

es t ima ted  l e v e l s  when t h e r m o e l a s t i c  d i s s i p a t i o n  

i s  neg lec ted .  The second i s  t h a t  t h e  thermo- 

e l a s t i c  d i s s i p a t i o n  may be t h e  l a r g e s t  l o s s  

mechanism f o r  some conductors  d u r i n g  t h e  e a r l y  

l i f e  o f  a  pu l sed  c o i l .  These r e s u l t s  a r e  d i s -  

cussed more f u l l y  i n  papers by J .  K. B a l l o u  and 

W .  H. Gray presented a t  t h e  1976 A p p l i e d  Super- 

c o n d u c t i v i t y  Conference, Pa lo  A l t o ,  C a l i f o r n i a ,  

August 17-20, 1976, and t h e  American Nuc lear  

S o c i e t y  Top i ca l  Meet ing  on t h e  Techno logy,o f  

C o n t r o l l e d  Thermonuclear Fusion, R ich land,  

Washington, September 20-23, 1976. A r e l a t e d  

paper by J .  E. Ak in  and A. R. Moazed on t h e  

t h e r m o e l a s t i c  d i s s i p a t i o n  p o r t i o n  o f  t h e  l osses  

was a l s o  presented a t  t h e  App l i ed  Superconduc- 

t i v i  t y  Conference. 

A workshop i n  Tucson, Ar izona on t h e  com- 

p u t e r  code GIFTS, a  g r a p h i c s - o r i e n t e d  f i n i t e  

element computer code f o r  s t r u c t u r a l  a n a l y s i s ,  

was a t tended.  GIFTS-I1 was i n  use a t  ORNL 

p r e v l o u s l y ,  and t h e  meet lng  was t o  P a m l l l a r l z e  
FED Personnel  : J .  K. B a l l o u ,  C. M. F i t z p a t r i c k ,  

K. J .  F r o e l i c h ,  W .  H. Gray, C. J .  Long 
users  w i t h  t h e  GIFTS-IV r e l e a s e .  GIFTS-IV was 

* 
Eng inee r i ng :  W. D. Cain,  W.C.T. S todda r t  ob ta ined  and, a f t e r  conve rs ion  f rom t h e  PDP-15 

Consu l t an ts :  J .  E. Ak in ,  A. R. Moazed t o  t h e  PDP-10, p u t  i n  s e r v i c e ;  however, some o f  

( U n i v e r s i  t y  o f  Tennessee), C. W .  Trowbridge, t h e  c a l c u l a t i o n a l  modules remain t o  be f u l l y  

J .  S imk in  ( R u t h e r f o r d  H igh Energy Labo ra to ry )  checked o u t  a t  t h i s  t ime.  

The computer code GFUN-30 was acqu i red  f rom 
I n  t h e  a rea  o f  a n a l y t i c a l  developments, sev- R u t h e r f o r d  H igh Energy Labo ra to ry  i n  England. 

e ra1  r e s u l t s  reached t h e  p o i n t  o f  documentat ion C. W. T rowbr idqe and J .  S imk in  consu l t ed  w i t h  
' o r  were p resen ted  i n  papers.  l h r e e  papers were 

w r i t t e n  on t h e  s u b j e c t  o f  t h e  c a l c u l a t i o n s  o f  

l osses  i n  compos i te  conductors  exposed t o  pu lsed 

f i e l d  env i ronments .  The l o s s  mechanisms cons id-  

e red  i n c l u d e  conductor  h y s t e r e s i s ,  superconductor 

c o u p l i n g ,  s t a b i l i z i n g  m a t e r i a l  eddy c u r r e n t s ,  

. s t r u c t u r a l  m a t e r i a l  eddy c u r r e n t s ,  and thermo- 

e l a s t i c  d i s s i p a t i o n .  The c a l c u l a t i o n a l  p roce-  

dure  i n v o l v e s  i n t e g r a t i n g  t h e  l o s s e s  o v e r  t he  

c o i l  w i n d i n g  volume, t hus  t a k i n g  i n t o  account 

t h e  s p a t i a l  v a r i a t i o n  o f  magnet ic  f i e l d .  A  

computer code, PLASS, was w r i t t e n  t o  pe r fo rm 

these  c a l c u l a t i o n s .  Th i s  more accu ra te  proce- 

dure  shows two i n t e r e s t i n g  r e s u l t s .  The f i r s t  

i s  t h a t  t h e  l osses  a re  abou t  h a l f  o f  t h e  e a r l i e r  

A 
Autho r  

ORNL t o  f a m i l i a r i z e  l o c a l  users  i n  t h e  t h e o r y  

and o p e r a t i o n  o f  t h e  program as w e l l  as t o  h e l p  

i n c o r p o r a t e  r e c e n t  m o d i f i c a t i o n s  i n t o  t h e  ORNL 

copy. The program i s  g e n e r a l l y  checked o u t  a t  

ORNL; however, t h e  i n t e r a c t i v e  and g raph i cs  

fpat~.!rps rpmain t n  h~ i r n p l ~ m ~ n t ~ r l .  GFIIN i s  

designed t o  ana lyze magnet ic f i e l d  i n  t h e  pres-  

ence o f  s a t u r a b l e  m a t e r i a l s ,  i .e., i r o n .  I t  

has been used t o  ana lyze problems r a n g i n q  f rom 

smal l  so leno ids  f o r  conductor  t e s t s  t o  l a r g e  

vacuum vesse ls  f o r  t he  LCP. 

A meet ing  on t h e  S t r u c t u r a l  A n a l y s i s  Needs 

i n  Superconduct ing  Magnets was a t t ended  a t  

Brookhaven N a t i o n a l  Labora tory ,  where i n f o r m a l  

t a l k s  and d i scuss ions  were h e l d  ove r  t h r e e  days. 

Genera l l y ,  i t  appears t h a t  d e f i n i t i v e  hardware 

exper iments need t o  be performed t o  s u b s t a n t i a t e  



the  many approaches t o  a n a l y s i s .  The area o f  

a c c i d e n t  c o n d i t i o n s  rece i ved  much d i scuss ion ,  

w i t h  t h e  r e c o g n i t i o n  t h a t  t h i s  w i l l  be a  h i g h l y  

impor tan t  area f o r  magnets i n  f u s i o n  r e a c t o r s .  

I t  was f e l t  t h a t  t he  t o p i c a l  a rea o f  s t r u c t u r a l  

a n a l y s i s  needs a  means f o r  t e c h n i c a l  i n te rchange  

on a  r e g u l a r  b a s i s  and a  mechanism f o r  accom- 

p l i s h i n g  t h i s  was s e t  up. 

The s t r u c t u r a l  a n a l y s i s  o f  e lec t romechan i -  

c a l  systems u s i n g  t h e  f i n i t e  element method was 

d iscussed i n  a  paper presented a t  t h e  F i r s t  

SAP Use r ' s  Conference, UCLA, June 8-1 1  , 1976. 

The paper rep resen ts  t h e  exper ience o f  l o c a l  

a n a l y s t s  o f  magnets and s t r u c t u r e s  i n c l u d i n g  

FBX, SCORE, ORMAK-Upgrade, and EPR. In forma-  

t i o n  exchanged a t  t he  meet ing  i n d i c a t e d  t h a t  

t h e  l o c a l  a n a l y s i s  c a p a b i l i t i e s  a r e  a t  l e a s t  

s t a t e - o f - t h e - a r t  i n  t h i s  area.  The paper was 

w r i t t e n  by W .  D. Cain and W.C.T. S todda r t .  

I n  t he  s t r u c t u r a l  a n a l y s i s  o f  magnets, 

c o n s i d e r a t i o n  must be g i v e n  t o  t h e  nonhomo- 

geneous n a t u r e  o f  t h e  phys i ca l  p r o p e r t i e s ,  

i . e . ,  modulus o f  e l a s t i c i t y ,  Po i sson ' s  r a t i o ,  

and thermal expansion c o e f f i c i e n t .  A s tudy  

was made o f  t h e  i n t e r a c t i o n  o f  these v a r i a b l e s  

i n  a  s o l e n o i d  magnet t o  g a i n  i n s i g h t  about 

t h e  p o l o i d a l  and t o r o i d a l  magnets o f  a  tokamak. 

The s tudy  presents  a  s o l u t i o n  f o r  d isplacement,  

s t r e s s ,  and s t r a i n  i n  a  t r a n s v e r s e l y  i s o t r o p i c  

a x i s y m n e t r i c  so leno id .  The s o l u t i o n  charac- 

t e r i s t i c s  show t h a t  f o r  t h i c k  so leno ids  w i t h  

w i d e l y  d i f f e r i n g  modul i  i n  t h e  hoop versus 

r a d i a l  d i r e c t i o n ,  peak hoop s t resses  may occur  

i n  t h e  i n t e r i o r  o f  t h e  w ind ing.  The s tudy a l s o  

produced seve ra l  graphs which a r e  conven ient  

f o r  pe r fo rm ing  s i m p l i f i e d  a n a l y s i s  such as 

f i e l d  f a c t o r s  and hoop s t r e s s  f a c t o r  as f unc -  

t t o n s  o f  c o l l  geometry, u s i n g  t h e  e l a s t l c  

modulus as a  parameter.  More d e t a i l  i s  i n c l u d e d  

i n  ORNL/TM-5528, Elecxhornechanicut S & a b  

Anaeybh 0 6  T m v m e R y  1botmpic Solenoids , 
by W. H. Gray and J. K. Ba l l ou .  

The ma te r i  a1 s  e v a l u a t i o n  program con t i nued  

i n  t h e  exper imenta l  area d u r i n g  t h i s  q u a r t e r .  

Some new work was proposed and some exper iments 

reached the  p o i n t  o f  documcntat ion.  A p roposa l  

t o  s tudy  t h e  e f f e c t  o f  neu t ron  i r r a d i a t i o n  on 

e l e c t r i c a l  i n s u l a t o r s  f o r  use i n  a  f u s i o n  r e a c t o r  

was submi t t ed  i n  coopera' t ion w i t h  b o t h  t h e  

Meta ls  and Ceramics D i v i s i o n  and t h e  S o l i d  S t a t e  

D i v i s i o n .  The proposa l  d e f i n e s  an exper imenta l  

p l a n  t o  use the  Bu l k  S h i e l d i n g  Reactor  a t  ORNL 

t o  s imu la te  t h e  neu t ron  env i ronment  o f  a  f u s i o n  

r e a c t o r  i n  a  t e s t  o f  e l e c t r i c a l  i n s u l a t o r  con- 

cep ts  a t  l i q u i d  he l ium.  temperatures .  A s t r e s s -  

r e l a t e d  pos t  i r r a d i a t i o n  t e s t  p l a n  i s  a l s o  

de f i ned .  We a r e  a w a i t i n g  response on t h i s  

proposa l .  

The r e s u l t s  o f  a  s e r i e s  o f  exper iments  on 

t h e  l a p  shear s t r e n g t h s  o f  s e l e c t e d  adhesives 

i n  a  room temperature  and l i q u i d  n i t r o g e n  en- 

v i ronment  was r e p o r t e d  by K. J. F r o e l i c h  and 

C. M. F i t z p a t r i c k  i n  ORNL/TM-5658. Th i s  r e p o r t  

p resents  t h e  r e s u l t s  o f  exper iments  w i t h  seve ra l  

t epox ies ,  a  va rn i sh ,  and B-stage c l o t h  adhesives,  

u s i n g  a  common adherend o f  copper and i n t e r m e d i -  

a t e  m a t e r i a l s  such as Kapton, M i c a r t a ,  Nomex 

paper,  and G-10 epoxy f i b e r g l a s s  board.  Shear 

s t r e n g t h s  up t o  25 MPa (3700 p s i )  were ob ta ined  

under t he  b e s t  o f  c o n d i t i o n s .  For  f u r t h e r  de- 

t a i l s  see t h e  s u b j e c t  r e p o r t .  

3.5 PROJECTS BY SUBCONTRACTORS 

3.5.1 Force-Cool ed Magnets 
*' 

FED Personnel :  C.  G. Lawson 

Massachusetts I n s t i t u t e  o f  Technology: A. Bejan, 

M. Hoenig, Y ,  Iwasa. D. B. Montgomery 

The F ranc i s  B i t t e r  N a t i o n a l  Magnet Labo ra to ry  

subcon t rac t  t o  deve lop f o r c e d - f l o w ,  s u p e r c r i  t i c a l  - 
he1 i urn-cool ed, cab led  superconductor  was extended 

through FY 1977.. The work t o  be per formed w i l l  

i n c l u d e :  

t he  des ign  and f a b r i c a t i o n  o f  an app rox i -  

ma te l y  1  m x 1/2 m o v a l  o r  r a c e t r a c k  c o i l  

which w i l l  be sub jec ted  t o  a  7.5-T f i e l d  

f u r n i s h e d  by a  p a i r  o f  i r o n - c o r e  s p l i t  

f i e l d  c o i l s  f o r  de te rm in ing  t h e  e f f e c t  o f  

w i r e  mot ion  under magnet ic  s t r e s s ,  



continued t e s t s  i n  6 - in .  c o i l s  t o  

determine the e f f e c t  o f  w i r e  motion on 

recovery cu r ren ts  w i t h  t r i p l e x  cable, 

the e f f e c t  o f  t r a n s p o s i t i o n  and t w i s t  

l eng th  on recovery current ,  and 

f u r t h e r  development o f  cabled conductor 

concepts i n  NbTi and Nb3Sn. 

Extensive c a l c u l a t i o n s  were performed t o  

p r e d i c t  the recovery cu r ren ts  and pressure 

drop requirements o f  t r i p l e x  and f l u t e d  w i re -  

cabled conductors subjected t o  energy inpu ts  

equ iva len t  t o  heat ing the  conductor t o  15 K. 

Tests have a l s o  been p e r f o n e d  on 0.10-m diam 

c o i l s  subjected t o  such energy pulses. The 

t e s t  recovery cu r ren ts  agree we1 1 w i t h  the c a l -  

c u l a t e d  r e s u l t s .  However, i n  some cases the 

ac tua l  recovery t ime i s  slower than the c a l -  

c u l a t e d  recovery time. l 

The f l u t e d  w i r e  cable was found t o  have a 

lower  s e l f - c r i t i c a l  cu r ren t  than s h o r t  sample 

t e s t s  o f  the w i r e  before f l u t i n g .  However, the 

s h o r t  sample t e s t s  o f  w i r e  a f t e r  f l u t i n g  agreed 

c l o s e l y  w i t h  the cable o f  f l u t e d  w i re  r e s u l t s .  

The w i res  were examined by e tch ing  and i t  was 

found t h a t  extens ive superconducting f i l ament  

breakage had occurred. 

The s e l f - c r i t i c a l  cu r ren t  o f  the t r i p l e x  

w i r e  was found t o  be about 60% o f  the shor t  

sample t e s t s .  The reasons f o r  t h i s  are being 

explored;  the f a u l t  i s  be l ieved  t o  be i n  the 

connect ion o f  the superconducting cable wi res 

t o  the  cu r ren t  bus. 

An ana lys is  o f  pumping requirements was 

made f o r  l a r g e r  superconducting cables. y 4  

The a n a l y s i s  shows t h a t  a co ld  l i q u i d  hel ium 

p i s t o n  pump i s  much more e f f i c i e n t  than a 

c e n t r i f u q a l  pump o r  a qas compressor workinq 

a t  a h igher  temperature. 

A small  pu lse pump w i t h  a capaci ty  o f  

0.004 kg/sec has been developed f o r  magnet 

experimentat ion. 
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3.5.2 R e f r i g e r a t o r  and L i q u i d  Helium System 
* 

FED Personnel: C. G. Lawson 

Engineering; W. C. Andarcon, J. P.  Aoic 

The purchase and procurement o f  the 3.5-K 

L ~ q u i J  H e l i l r ~ ~ l  Colllpressor i s  proceeding accord- 

i n g  t o  schedule w l t h  Cryogenic Technology, Inc .  

The heat exchangers, t u r b i n e  expander, and 

hel ium gas compressor were ordered and a re  on 

schedule. The long-del ivery- t ime spare p a r t s  

necessary t o  assure COnt Inu~us operat ion o f  the 

r c f r i g c r a t o r  wcrc ordcrcd. 

The compressor f o r  the r e f r i g e r a t o r  i s  a 

two-stage, o i l - l u b r i c a t e d  screw compressor being 

suppl ied by S u l a i r  Company. The second stage 

has a 1000-hp motor and the f i r s t  ( low pressure) 

stage has a 400-hp motor. The low pressure 

stage w i l l  be sealed against  vacuum by pressur- 

i z i n g  the o i l  a t  the r o t a r y  screw suc t ion  above 

atmospheric pressure. 

De ta i led  f l ow sheets o f  the l i q u i d  h r l  iurll 

coolant  system f o r  the Large C o i l  Program are 

being prepared. A l i q u i d  hel ium pump w i l l  be 

* 
Author 



procured and t e s t e d  t o  assure  adequate f l o w  and 

p ressu re  drop'  f o r  t h e  f o r ce -coo led  s u p e r c r i t i c a l  

f l o w  magnets o f  t h e  LCP t e s t  f a c i l i t y .  
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