
g7 ............... ................................... ., . . . . . ..... ......... >>; , , , . _......... ,. . . . . . . ,. . . ,_. . . . . . . . . . . . ,.:.:.:.:.:.. . >. . . . . . ........ . .??W.. 

3 IrYSb 05393bb 9 



-. ~ II_ I_.___ __.__ 

This report was prepared as an account o f  work  sponsored by the Uni ted 
States Government. Neither f l i e  United States no r  the United States Atomic 
Energy Cornmission, nor any of their employees, nor any o f  their contractors, 
subcontractors, o r  their employees. makes any warranty, express or implied, or 
assidt i les any legal l iabi l i ty o r  responsibility for  the accuracy, completeness or 
i isefulness of any information, apparatus, product  or process disclosed, o r  
repments that  i t s  use would n o t  infringe privately owned rights. 

..I__ ~ _.._ x_ _....... _____ 

. 



Contract No. W-7405-eng-26 

Activity N o .  04-85-01. 

CRYOGENIC D II;: IS C TR IC S ATAD SUmRC ONDUC T ING 
AND CRYOGENIC MATERIALS 7TEK!mOmGY 

FOR POWER TFAITSMISS I O N  

Annual Report - July 1, 1973 

C ryoelec t rie s Sect ion 

The rmonue le a r  D ivi s ion 
Engineering Sciences Group 

NOVEMBER 1973 

NOTICE This document contains information of a preliminary nature 
and was prepared primarily for internal use at the Oak Ridge National 
Laboratory. It i s  subject to revision or correction and therefore does 
not represent a final report. 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPOFL4TION 

f o r  the 
U.S . ATOMIC ENERGY COMPI3csSION 





J 

1. ABSTRACT , . . . . . . . . . . . . . * .  . . . . . . I 

11. PTIocx~m EI3IENTS . . . . . . . . . . * . . . , . . . ” . 
A. Cryoelectr ic  Progran? . . e . . . , . . . . . , . . , 

Introduct ion . . . . . . . . . . . . . . . . . 
1. Fxperiniental Xquipment . . . , . . . . . . . . 

a )  700 kV ac Power .“;u.pply and Test Area . . . 
b) 130 kV c3c and. 80 liV ac Test E’acilkby . . . 
e )  Intermediate and High Voltage Cryostats . 
d)  Iiogowski ELectri?des . . . . . . . . . . . 
e )  Pavtia , l .  Discharge Detection . . . . . . . 

2. Auxil iary Investigation:; . . . . . . . . . . . 
3. Exploratory Expwiments . . . . . . . . . . . . 
4. 3b.ture Act iv i ty  . , . . . . . . . . . . . . + . 

References t o  Sec t .  1 I . R  . . . . . . . . . . . 
B. Superconducting Mater ia ls  . . . . . . . . . . . . , 

1. Niobium-Rare Earth Dtspersion Studies a . . . . 
2.  Meas1,nrerflent of :J, and AH by a@ S u s c e p t i b i l i t y  . 
3 ,  Construction of  ac I>oss Measuring Equipment . , 
4. Coneluding Remarks . . . . . . . . . . . . . 

References t o  Sect.  11.13 . . . . . . . . . . . 
C . Dispersion Hardening of Aliiniinum . . . . . . . . . . 

Introduct ion . . . . . . . . . . . . . . . . . 
1.. Residual R e s i s t i v i t y  lia-t;io of Corninco Zone- 

Refined Aluminum . . . . . . . . . . . . . . . 
2. Al-loy Preparat ion . . . . . . . . . . . . . . . 
3. Future Act iv i ty  . . . . . . . . . . . . . . . . 

References t o  Sect .  1l.C . . . . . . . . . . . 
APPSNDIX A, Travel Report - A u s t r i a  m d  Gerrnany . . . . . . . 

Page 

1. 

- 

5 

6 
9 
12 
18 
20 

23 
25 
30 
32 

33 

9 

49 
5 1. 
51 
54 

55 

APPEKDIX B, A Note on J. Gerhold’s and on R .  J. Meat’s 
Invest igat ions on .the Diel.ectric Breakdown of 
FIe1.iu.m a t  Very low ‘kinpera,tures . . . . . . . . . 69 

AI?PENlIiX C ,  Report on ULdtlle Technical- School ?au*tia7 Discharge 
De-t ec t ion C our s e . . . . . . . . . . . . . . . . . 

APPENDTX E ,  Heat Transfer Down Vapor-Cooled Structures  i n t o  
Cryogenic I A q u i d  s . . . . . . . . . . . . . . . 1.0 5 



iv 

YA3LE Ob' CONTTNTS (cont  . ) 

APPFNDU ... Pres siire Withstand Calculations . . . . . . . . .  
APPENDIX G. Corrrputational and Experimental F i e l d  Analysis f o r  

High Voltage Engineering . . . . . . . . . . . . .  
DTSTRIBUTTCN LIST' . . . . . . . . . . . . . . . . . . . .  

Page 

1-1.5 



5 

The p r i n c i p a l  e f f o r t  i n  the  d i e l e c t r i c  program during t h i s  repor t ing  

period, Maxch 1 - June 20, has been t o  i n s t a l l  the  700 kc' seri .es resonant 

transformer s o  t h a t  high voltage ac t e s t i n g  can be accomplished during 

the  coming year .  Provisions were made t h a t  t h i s  u n i t  w i l l  share a tesl; 

stand with the  Haefely 600 kV dc power supply-. 

of a helium dewar with a 1000 kV bushing f o r  use i n  t h i s  t e s t  stand has 

continued. The desigE of a c r y o s t a t  f o r  experiments with intermediate 

vol tages  w a s  completed, and the assembling of this  c ryos ta t  i s  underway. 

A small laboratory f o r  exp1.oratory experiments with voltages up t o  lL3G 

kV de and 80 ks' ac has been s e t  up. 

has been ordered. A Faraday cage has been located which can provide a 

low in te r fe rence  labora tory  f o r  low level. discharge measurements. 

Auxiliary inves t iga t ions  'nave been continued which a re  n e c e s s u y  f o r  -the 

design, construct ion,  an.d operation of our t e s t  equipment. 

Design and f a b r i c a t i o n  

A Riddle p a r t i a l  discharge d e t e c t o r  

The superconducting mater ia l s  study has continued with wcrk i n  th ree  

main areas  : 1) Niobium-rare e a r t h  d ispers ion  s tudies ,  2) measurement of 

c r i t i c a l  cur ren t  dens i ty ,  J c ,  and surface shielding parameter, AH, i n  the  

dispers ions,  and 3) construct ion of ac loss  measuring equipment. 

The d ispers ion  hardening of aluminum a c t i v i t y  has concentrated on 

a study of the  res idua l  r e s i s t i v i t y  r a t i o  of  the  high p u r i t y  zone-refined 

aluminum from Cominco Products s ince the  m a t e r i a l  b a r e l y  reached 80% of 

the  spec i f ied  value oI" l 3 , O O O  - + 1000. 

r e s i s t i v i t y  of the mater ia l  t o  handling and thermal. h i s t o r y  w a s  explored 

and compared with previous mater ia l s  obtained from Cominco which m e t  the  

S e n s i t i v i t y  of the r e s i d u a l  
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same spec i f i ca t ion .  The r e s u l t s  which iiid.i.cate a high s e n s i t i v i t y  and 

a. possibil-i ty of a maximum i n  the  r e s idua l  r e s i s t i v i t y  ra ' i io as a funct ion 

of annealing temperature do not  c l e a r l y  show why the  two l o t s  of matei.i.al 

should d i f f e r .  A s e t  of a l l o y  ingots was prepared 'io make specimens to 

s t iud y hardenring charac t e r i s t  i-c s vs e l e c t r i c  a1 r e s  i s -Liv i ty  . 
Funding f o r  t h e  two mater ia l s  studfes has not been included. i n  Lhe 

FY 1974 budget so  they will be place:! i n  a standby s t a h s .  

proparrs  now have candidate materials a t  l e s s  t, p a r t i a l l y  charac te r ized ,  

they  can be reinj . t ia ted on relatively shor t  no t ice  should funding become 

availahle i n  tile near  f!iture. 

Since both 

C 
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Introduct ion 

A s  indicated i n  the  Semiannual Repor-t - March I ,  1.973, we ac::quir~d 

frcm Simplex Wire and Cah1.e Tompany a. cascaded t e s t  s e t  f o r  '(00 kV ac 

manufactured by Hipotronics,  Inc.  cons is t ing  of two s e r i e s  resonant t r a n s -  

formers r a t ed  350 k?; and 525 kVA each, with assoc ia te  exc i t e r s ,  reac tors ,  

and a dual.  con t ro l  console.  We received the  mentioned items at the  end 

of March, and the  i n s t a l l a t i o n  i n  our laboratory was esseni;ial.l.y coropleted 

by June 30. A s a f e t y  fence has been erec ted  i n  accordance wit,h t h e  s a f e t y  

r u l e s  f o r  high vol tage equipment. 'The fence a l s o  encloses tine t e s t  stand. 

which i s  axranged i n  such a way t h a t  e i ther '  700 kV ac o r  600 k.V dc power- 

can be conveniently t ransmi t ted  to the  t e s t  ob jec t .  -4 prel iminary repor t  

on operat ion t e s t s  with the 700 kV cascaded resonance transformer s e t  i s  

given. 

Progress has been made i n  the design and f ab r i ca t ion  of t he  high 

vol tage c ryos t a t .  The design of i t s  vacuum bushing considers t he  peak 

vol tage of the  '700 kV ac t e s t  s e t ,  : .e. ,  of about 1000 kV. The design 

of t he  bushing and the dewar of a c ryos t a t  f o r  intermetliate vol tages  was 

completed, i t s  assenbling i s  underway, and a p rec i s ion  device for spacing 

the  e lec t rodes  was successfu l ly  t e s t e d .  

A s m a l l  l abora tory  f o r  experiments with vol tages  up t o  130 kV tlc 

and 80 kV ac has been put  i n t o  operat ion.  

down t e s t s  with liquid nit rogen have been performed the re .  Several  

"auxi l ia ry  inves t iga t ions"  which a re  necessary f o r  the  design, construct ion,  

and operat ion of our t e s t  equipment were made. 

Exploratory d i e l e c t r i c  break- 

We used a newly designed 
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"three-sphere clamp" f o r  invest,iigating the wii'ristand volbage of cyl:i.ndrical. 

i n su la t ion  l a y e r s .  

t i o n  cf the  equipc ten t ia l  l i n e s  f o r  the  design of -the high vol tage c ryos ta t  

by means of our conductive paper fieJ-d p l o t t i n g  device.  

f i e  Id cal-culations were made employing the  f i n i t e  element method. 

Another a x i l  i a r y  a c t i v i t y  was the  approximate rietermina- 

More accurate  

Si-nce p a r t i a l  dischal-ges a r e  cf i n t e r e s t  both f o r  t e s t i n g  high vol tage 

apparat,us and f o r  i nvzs t iga t ing  yre-d ischarge phenomena j ~ n  cryogenic 

in su le t ion  sys-tens, we orcierd a par-cial. discharge deLector from J. G. 

3 i d d l e  Company. Cpcrat lon of t h i s  eg;ni.pment may require  ?.ow ex'cernal- 

noise  ]level, and we were & l e  t o  l oca t e  i n  -Line labora tory  a well shielded,  

co-rmercially buil.:, room (P'arasay cage) of s u f f i c i e n t  dimensions f o r  

performing tes-ts with ictermedia'ce vol tage .  

lL . Expei-imenial . ... dquipiiient 

a) TOC WJ a x  Power supply and Test Ares 

The '700 liT; ac 1050 kVL4 power supply manufactured. by Hipotronics,  

I n c .  and acquired from Simplex I*ii.re and Cab3.e Company was received a t  

the end of March. The spec i f i ca t ions  and general  f ea tu re s  of th is  s e r i e s  

resonant power source were described i n  Appendix D of t h e  previous repor t  

(GRNL-'YM--~+1.87). 

a r e  descri-bed i n  Appendix D of 'chis report;. 

The es:seil t ials of t he  theory of operat ion of t he  supplg 

During th i s  repor t  p r L o d ,  the  power supplg has been i n s  talLed 

i n  accordance with s a f e t y  requirements, wi r ing  and grounding have been 

completed, and a few prel imlnary t e s t s  have been run. 

shown i n  p lace  i n  F ig .  A.--lL. 

f o r  mounting 1.arge bushings, dewars, and other  p-iLeces o f  eqerlmeni;ai  

The equiprnc?:r?t fs 

'The ex-p'erimental a rea  contains  a test stand 

Y 
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equipment. 

de and 700 kV ac power suppl ies .  

s o  t h a t  s eve ra l  experiments may be mounted a t  once if necessary.  

It i.s placed t o  provide convenient access t o  both t h e  600 kV 

The s tand i s  14 f t  long and 11 f t  wide, 

The heavy transformers and r eac to r s  were placed with due Yegard 

f o r  floor loading. Posit ioii ing o f  t he  u n i t s  w a s  a l s o  made with the  idea  

of conserving space, maximizing experimental funct ions,  and a t  the sane 

time maintaining t h e  required. l e a s t  stand-off dis tances  of 8 f t  from a11 

surfaces  t h a t  might reach 350 kV and 1 5  ft from possible  700 kV su r faces .  

The supply cons i s t s  of  two systems each cons i s t ing  of a r egu la to r  

which supplies 60 Hz power to an e x c i t e r  transformer,  which i n  t u r n  feeds 

i n t o  a 350 kV high voltage transformer t h a t  may be tuned with an associated 

va r i ab le  inductor (or r e a c t o r ) .  

independently as a 350 kV source. For 700 kV operat ions,  t h e  second system 

i s  f l o a t e d  as the  output voltage of t h e  f i r s t .  For convenience, the 

t h r e e  modes of operat ion a re  designated as fol lows:  

Each of the  two systems may be operated 

A mode - grounded system as 350 kV supply 

73 mode - f l o a t e d  system as 350 kV supply 

C mode - '00th systems i n  cascadk as 700 kV supply. 

In  order  t o  comply with the  var ious s a f e t y  codes, s e v e r a l  

provisions had t o  be made i n  the  h igh  vol tage a rea ,  a rectangular  space 

roughly 25 ft x '15 ft with 40 f t  head rooin. A 1 5  i n .  high concrete 

r e t a i n i n g  w a l l  was constructed around t h e  area t o  conta-in the  whole 

5550 gal lons of transformer o i l  i n  a l l  of the u n i t s  i n  case of ruptures .  

A drain w i l l  conduct any o i l  s p i l l a g e  t o  the  e x t e r i o r  of the bui lding.  

I n  case of f i r e ,  'LWO fog nozzles were i n s t a l l e d  a t  pos i t i ons  adjacent 

t o  the  high voltage area. 
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Most of the  sa fe ty  f ea tu res ,  of ccnnrse, are concerned with 

el .ectr ioal  hazards.  

around .the r e t a in ing  wal l .  A simpl.ified f l o o r  p lan  of .the layout i s  

shown i n  Fig.  -4-2. A photograph of t h e  high vol tage a rea  i s  shown i n  

Fig.  A-7 ... The fence i s  equipped with €1-ashing red I-igh-ts tha-t; a re  

energized when t h e  high vol tage equLpn1en.t i s  i n  operat ion.  'The ga te  i n t o  

the  high vol tage a rea  i s  equipped with an in t e r lock  such t h a t  anyone 

en ter ing  t'ne a rea  automaticaL1.y shuts  down the high vol tage equipment. 

Ten por tab le  grounding hooks have been fabrica.t;ed, and a ten-s tep  procedure 

for grounding the  high vc l tage  u.nits has been es tab l i shed  as p a r t  of  %he 

s tandard operat ing procedures. 

An 8 f t  high expanded metal fence was constructed 

In i -k i a l  operat ion of the  high vol tage system on June 29 w a s  

only successfu l  i n  t h e  A mode. One of the  d i g i t a l  voltmeters i n  the  

R mode con t ro l  console w a s  not operat ing c o r r e c t l y  and has been returned 

f o r  r ep2 i r s .  I n  addi t ion ,  t he re  seem to be some incons is tenc ies  i n  the  

e l ec t ron ic s  system of t h e  c o n k 0 1  u n i t s  and these  a r e  p re sen t ly  under 

inves t iga t ion .  It i s  expected t h a t  these  pro'olems w i l l  be solved i n  the 

near f u t u r e .  

b) 130 kV dc and 80 kV ac ? 'est  F a c i l i t y  

Since it was necessary f o r  the  TOO kV t e s t  a r ea  to overlap p a r t  

of t h e  o r i g i n a l  fenced-in t e s t  area,  t he  l3O kV t e s t  s e t  had t o  he moved. 

A new 1.30 kV t e s t  f ac i l - i t y  was s e t  up i n  a small room adjoining the  main 

bay of t he  bui ld ing .  Figure A-3 shows a f l o o r  p lan .  The dimensions of 

.the enclosed a rea  a re  9 1/2 f-t by 7 ft, near ly  iden - t i ca l  t o  those of a 

shielded room which i s  ava i lab le  f o r  high prec is ion  p a r t i a l  discharge 

measurements. 'Chis enclosure i s  described- nore f u 1 . l ~  i n  Sec t .  1I.Al-e bellow 
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- 
.i.n Ynis way, we expect that, most of’ t he  problems which migh-L a r i s e  from 

working i n  such a confi-ned space w i l l  be solved before the  shielded room 

i s  a c t u a l l y  used. 

After t he  Beta E l e c t r i c  Company 1.30 kV, 5C: mnA supply w a s  s e t  

up i n  t h i s  room, we observed t h a t  Llie supply was su f fe r ing  i n t e r n a l  break- 

dowiis a t  sus’iari-ned vol tages  above I C 0  kV. This was eventually t r aced  t o  

a s e t  or” high voYiage f i l t e r  capaci tors  which had. been i n s t a l l e d  by a 

previous u s e r .  New capaci tors  and rec’ i i f ier  tubes were i n s t a l l e d ,  and 

t h e  high voltage tank drained, cleaned, and. r e f i l l e d .  with clean insulati-ng 

oil . .  The supply i s  now operating per fec- t ly  at, t he  f u l l  r a t e d  vol tage.  

‘The peak-to-peak. r i p p l e  of t he  supply was measured t o  be 2.476 a t  50 kV 

and 2.9$ a t  120 kV, with a frequency of 1?0 Hz . 

c )  Intermedia-te and. High Voltage Cryostats 

!?\TO c r y o s t a t s  a r e  under construct ion f o r  intermediate vol-tage 

a.ml high voltage ranges.  The intermediate vol-tage vers ton i s  designed 

t o  fi.t i n t o  an e x i s t i n g  5 1/2 i n .  g l a s s  hel-ium dewar. 

vacuum bushfng f o r  use with the 600 kV de and ‘700 kV ac suppl ies  i s  I C 1  i n .  

i n  diameter and r equ i r e s  construct ion of i t s  own l a rge  s t a i n l e s s  s t e e l  

dewar with observation p o r t s .  

The high voltage 

Figure A-4 i s  an assembly drawing of a n  interfried-iate vol tage 

c ryos t a t  constructed according t o  the  concepts out l ined i n  our previous 

report  f o r  service with t h e  130 kV power siipply. The rnaxiriiuni gradient  

sustainab1.e i n  a vacuum gap, 10C kV/cm, w i l l -  not be exceeded on t he  high 

vol tage lead A u n t i l  it reaches 200 kV wikh respect  t o  t h e  ground tube E, 

sild t h e  apparatus may be useful. with one of t h e  u n i t s  of t he  700 kV 

tesi; s e t .  
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'The 'iwo tubes of 'ihe bushing a re  joined a t  the  bottom i n  a 

vacuum-tj.ght s e a l  t o  an in su la t ing  d i sc  C o f  G l O  f i b e r g l a s s .  A s  long 

as the  l fqu id  l e v e l  i s  above t h i s  i n s u l a t c r ,  the  vapor r i s i n g  i-nsiile A 

and outside B w i l l  not be e l ec t r i ca l l -y  s t r e s sed ,  and dlscharges i n  the  

low breakdown s t r eng th  vapor > i i l L  be avoided. The high voltage el-ectrode 

F: i s  mounted on tube I), which s l i d e s  free]-y up and down ins ide  A.  

A screw mechanism f o r  accura te ly  posi-t ioning the  e lec t rode  has 

been const:rueted and i s  shown i n  Fig.  A - 5 .  A preci-sion of  b e t t e r  than 

0.0005 i n .  i.s poss ib le  w i t h  t h i s  device.  it i s  s h k l d c d  by a corona- 

free enclosure and insulated.  froin ground by t h e  6 i n .  diameter,  12 i n .  

high Pyrex pipe S. Tubes €3 and D a r e  provided with hea t  exchange f i n s  

.which i n t e r c e p t  p a r t  of t h e  conductive hea t  leak  in-to the l i q u i d  and 

shun'i it in-to the  r i s i n g  vapor. 'These fi.ns a l s o  shie1.d thermal r ad ia t ion  

down the  in s ide  of A and down the  space between €3 and the  dewar wal.1.. 

N o  p rovis ion  was made for r ad ia t ion  sh ie ld ing  i.n the vacuum space between 

A and A because of the  small  estimated size of the  r e s u l t i n g  hea t  l eak .  

The hea t  leak ca lcu la ted  f o r  t h i s  apparatus by 'LIE -procedures out l ined i n  

Appendix E i s  about 1-00 mTd. All t h e  p a r t s  o f  t h i s  apparatus have been 

received from the shops and. are i n  t he  process of assembly. 

The propcjsed design for  t h e  high vol tage c ryos t a t  i s  shown i n  

Items A through Ti: a re  analogous t o  t h e t r  counterpar t s  i n  F ig .  A-6. 

Fig.  A-4. However, t'ne sca l e  of - this c ryos t a t  is much l a r g e r  t o  accorn- 

modate the  high vol tages  t o  be appl ied from t h e  600 kV de and '700 kV ac 

suppl ies .  

i n  d.iamcLer. Because of the Large diameter, ra.rliat,ion through t h e  vacuum 

i s  appreciable ,  of the  order  of 15 W .  The r ad ia t ion  b a f f l e s  F' t n t e rcep t  

The high vol-Lage tube A i s  8 i n .  and .the ground tube B i.s 40 i.n. 
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Figure A-5. Electrode positioning m e c u a u s m .  
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Figure  A-6. High vol tage  cryostat. 



t h i s  hea-t leak. In  order to prevent high f i s l d  grad ien ts  a t  t ,he i r  edges, 

t h e s e  ba.fPl.es a re  terminated by la rge  toroid:;. ‘l’hese toro ids  were chosen 

from the  severa l  s i ze s  a-rat.l.ab1~ with the h e l p  of preliminary f ie ld .  p l o t s  

( s e e  Fig. A-1.0) and sLectrasts t ic  f ie ld .  cal.cul.ations described. i n  Apyendix G, 

Sect .  111. The apparatus i s  designed t o  reach the  peak. vol tage of l;he 

700 k’l ae t e s t  s e t  on the high voltage tube A before the f i e l d  anywhere 

i n  the bushing reaches the  c r i t i e a l  val-ue of 100 b.V/cm. 

termination and el.ectrode pos i t ion ing  mechanism w i l l  r e s t  on a Stack of 

l a rge  porcelaLn stand-off tubes which were obtained from a previous high 

vol tage accel.erator experiment. 

The high vol tage 

Visual. observations w i l l .  be made through windows 11, ma,nu.factu.red. 

by the Ceramaseal Company, 

i s  q u a x t z  t o  minimize thermal.. contract ion,  while the 6 i n .  ou ter  window 

i s  regular  o p t i c a l  g l a s s .  Three windows w i l l .  be i n s t a l l e d  a t  90 degree 

in t e rva l s ,  with provis ion for a f o u r t h  i f  required.. 

‘The 4 i n .  inner window on the helium chamber 

The helium chamber w i l l  be fu r the r  shiel.ded by a copper s h e l l  S 

suspended i n  the vacuum space between the  inner and outer  tanks from the 

l i qu id  ni t rogen ba th  N. Superinsul-ation w i l l  a l s o  be attached t o  t h i s  

s h i e l d .  

It i s  the obJect  of the  program to carry ou:t breakdown nieasure- 

rnents i n  I.iquid helium a,t pressu-res up t o  1.0 atm. The pressure withst<and 

ca lcu la t ions  f o r  t he  i n t e r n a l  p a r t s  of the  bushing a re  given i n  Appendix F .  

Design of  the  1-ow temperature insul-ator C presents  a d i f f i c u l t  problem, 

since t h i s  piece must withstand the  combined forces  of thermal contract ion 

and. the 10 atm pressure of  the  helium beneath it. The design under con- 

s i d e r a t i o n  i s  an inverted spher ica l  d i sh  ].aid up with f ibe rg la s s  c lo th  



and epoxy. Some prel.iminary discussions have taken place with other 

groups a t  t he  laboratory with experience i n  construct ion o f  fiberg]-ass 

re infcrced epoxy s t r u c t u r e s .  

The total .  hea i  l eak  in-Lo the helium i s  expected t o  be of the  

order of 3 or  4 W on the  b a s i s  of ca l cu la t ions  i n  Appendix E .  

resporids t o  a heli.um So i l -o f f  raLe of about 5 cr 6 l i t e r s  per hour. 

t he  to-tal.. capaci ty  of t h e  heli~um space i s  about 250 l i -bers ,  t he re  should 

be no d i f f i c u l t y  i n  keeping the dewar cold f o r  long periods of time wi.thout 

hellii-rn r e t r a n s f e r .  Furthermore, 5.f t he  l i qu id  i s  overpressured s l i g h t l y  

t o  suppress boil.ring, i t s  l a rge  h e a t  capaci ty  w i l l  keep the  temperature 

from r i s i n g  appreci-ably w h t k  measurements aye being performed. 

This cor- 

S ince  

Tksign drawings a r e  complete for the inner and outer vacmm 

tanks and f o r  t he  copper ni t rogen sh ie ld ,  and construct ion of‘ these items 

i s  in progress .  Fabricat ion of t he  vacuum bushing w i l l  begin as soon as 

the  design of t h e  low temperature insul.at,or i s  f i n a l i z e d .  The drawings 

and calcul-ations have been su’ornritted t o  the CRNL Pressure Vessel Heview 

Commit-Lee f o r  approval. 

d )  Hogowski Electrodes 

It i s  des i r ab le  i o  perform breakdown measurements between 

i n f i n i t e  pl.ane e l ec t rodes  because the  elec’cric f i e l d  i s  then uniform and 

calcuI.ated si.mply by t h e  rati-o of voltage i o  gap. However, t he  e l ec t rodes  

must be f i n i t e ,  and 7.f t hz  edges a r e  curvcd too  sharply,  t h e  r e s u l t i n g  

f i e l d  enhancement w i l l  make brealido>ms more l i k e l y  a t  the  edges -thau i n  

t h e  c e n t r a l  irniform f i e l d  regi.on. Maxtre7-1 o r i g i n a l l y  showed that a 

contour of t he  form X / S  = X /S + 2/77 A n ( Y / S )  as d e p i c t e ?  in Fig .  A- ‘7 

w i l l .  give the maximum f i e l d  s t r eng th  i n  the  f l a t  region i n s ide  t h e  XO, 

0 
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Rogowski e lec t rode  contour .  
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as long as -the ga.p i.s l e s s  than 2 S .  El-ectrodes witin such a contour were 

f i r s t  used by Hogowski. 'The s i z e  of t he  electrode i s  determined by the  

value o f  2 S needed to stand o f f  t he  maximum voltage t c  be used. Three 

s e t s  o f  Kogowski e lectrodes 'nave been construe-bed using tape-ccnt ro l l~ed  

machines f o r  maxi-mum vo l t aees  cf 250 kV, j O 0  kV, and 1000 k6'. The l C X X  kV 

el-ectrodes arc: roughly 114 i n .  3.n diameter, while t he  500 kV and 2% kV 

s e t s  a r e  one-half and one-fourth t h i s  s i z e .  The f in i shed  e l ec t rodes  a r e  

shown i n  Fig. A-8. Oiie quest?-on t o  be considered i s  t he  influence of  

tihe grounded dewar wal.1. on the f i e l d  between t h e  e l ec t rodes .  I n  t h e  

1~000 kV c ryos t a t ,  t'ne radi.us of the  inner  wa1.1- i s  2 3  i n . ,  giving a 16- in .  

clearance t o  t h e  edges o f  t he  e l ec t rodes .  Preliminary analog f i e l d  p l o t s  

i nd ica t e  very- l i t t l e  e f f e c t ,  and more exact, f i n i t e  element computer ca l cu la -  

t i o n s  which take account o f  t he  cy l - indr ica l  geometry a re  underway. 

e )  P a r t i a l  Disc'naxge C2tection 

A t  some applied e l e c t r i c  f i e l d  below i t s  ul t imate  breakdown 

s t r eng th ,  a n  i n s u l a t i o n  system usu-ally e x h i b i t s  s m a l l  discharges which do 

not bridge the e n t i r e  d i e l e c t r i c .  These par-tLa?- discharges can occur i n  

s m a l l  c a v i t i e s  or gas bubbles i n  the d i e l - ec t r i c ,  near conductor-dieI.ec-tric 

junct ions,  around. smal-1 s c l i d  inc -us ions  i.n the  d i e l e c t r i c ,  or a t  surface 

a s p e r i t i e s  on conductors which cause local.  fie1.d enhancement. Since these 

discharge:: can be des t ruc t ive  t o  t h e  i n s u l a t i o n  and a r e  i n  any case a 

source of e l e c t r i c a l  loss, measarements o f  t h e i r  magnitude and frequency 

a r e  of g-reat i r i t eyes t .  We have purchased a balanced p a r t i a l  discharge 

de t ec to r  from t'ne J .  G. BiddJ-e Company. 'This instrument ha,s t he  greatest 

s e n s i t i v i t y  of any commercially avail able p a r t i a l  discharge de t ec to r  and 

i s  capable of detec-king discharges as small as 0.03 p C .  J t s  design z l s o  
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siiripl.ifies di.scharge detec’i;ion i n  the  presence o f  e l e c t r i c a l  interf , :  ’1 rp-nce - .  . 
Further de-Lails are  given i n  Appendri-x C. Since the  c i - rcu i t  i s  essent i -a l ly  

a high vol tage capaci-Lance br idge,  i.t; r equi res  t w o  i d e n t i c a l  samples. We 

exTect t o  provide these  by c u t t i n g  the  low voltage e lec t rode  i n t o  t w o  

 equal^ ha lves .  If the halves  a re  well. matched, charge should not bu i ld  

up p r e f e r e n t i a l l y  on ei-Lher s ide ,  and l i L ’ L h 2  f i e l d  d i . s tor t ion  should occur.  

‘The detec tor  w i l l  a l s o  be used for checking t h e  p a r t i a l  discharge l e v e l  

of our power suppl-ies, high vol tage connections, and bushings.  

R f ea tu re  of a l l  p a r t i a l  discharge de t ec to r s  i s  t h a t  they operate 

i n  a. limiked frequency band t o  reduce ex te rna l  noise .  Hence, t‘ne pulse  

shape of a discharge i s  g r e a t l y  d i s t o r t e d  at the  de t ec to r  output .  We 

p lan  t o  o’oserve p a r t i a l  discharge pulses  d i r e c t l y  using a f a s t  osci l loscope 

i n  order t o  obtain information about the  r i s e  time, ampl.Ltude, and durat ion 

o f  the discharges.  

0.8 nsec ri.se time preamplif iers  and 0 . 5  nsec/div time base.  

v i U  a l s o  be use fu l  i n  f u t u r e  impulse t e s t s .  

We have se lec ted  a Tektronix ‘7904 mainfi-ame with 

This scope 

We may f ind  t h a t  h igh - sens i t i v i ty  partial- discharge measiirements 

wi.11 rzq1nj.i-e -that the  apparatus be s e t  up i n  a shieJ.ded Faraday cage. 

An e x i s t i n g  enclosure i s  ava i lab le  f o r  our use.  It was manufactured i n  

1969 by Eri-k A .  Lindgren and Assoc3-ates, Inc .  I-t; has in s ide  dimensions 

of 9 f t  9 i n .  square x ‘7 fL 7 i n .  high and i s  double- isolated with s!;eel 

and copper shields .  ‘The gxarsnteed a t t enua t ion  of t h i s  enclosure i s  

120 dB f o r  15 kIIe - 10,000 MHz e l e c t r i c  f i e l d s  and 15  kRz magnetic f i e l d s ,  

and 30-36 dB f o r  60 IIz magnetic f i e M s .  

t i o n  channe:s a re  t‘nci-oughly f i l t e r e d .  

All el-ectr i -cal  inputs  and ven-ti1.a- 



3. Auxiliary Inves t iga t ions  - 

TJurinp t h i s  reporl, period we real-ized t h a t  i t  i s  convenient t o  

d i s t inguish  between our main experimental program and "aux iEary  inves t igs -  

t i ons  . " 
vslue.;: f o r  the design, f ab r i ca t ion ,  and operation of equipment for our 

msi n exFer i mnrxit a , l  pr ogr am, 

and the  rnwhani(*al s t rength  of design mater ia l ,  f lashover  perforntuce i n  

a i r  and i n  vxxurn, e l e c t r j c  noise production outs ide t h e  actuaL t e s t  

specimen, cas t ing  of epoxy, Yne mechanical performanre of various kinds 

of so l id  d i e l r c t r i c s  undi r  thermal s t r e s s e s ,  and methods oP achieving 

vacuum-tight cryogenic eonaections between assemblies. These invt3s t iga-  

t i o n s  may be qui te  extensive and mist %t times be the p r i n c i y a l  focus of  

the a c t i v i t y .  The a i r  f lashover  experiments mentioned i n  our p x v i o u s  serni- 

annual r e p o r t  fal.1 i n t o  t h i s  category. 

These a u x i l i a r y  inves t iga t ions  are  expected t o  provide num?rir:al 

Such invr k7i Fga t ions may c cnc e rn the d i e  l e  c: t r i c 

During t h i s  repor t  period a simple apparatus was constructed t o  perform 

a u x i l i a r y  t e s t s  on i n s u l a t i o n  i n  concentric geometries (Fig.  A-3). T%e 

th ree  spheres formed the ground electrode and could be ad jus ted  t o  tit 

t i g h t l y  a.round the insul.ation. 'The whole apparatus was mounted i n  the  

f lashover  t e s t  stand and immersed i n  a 4 l i t e r  beaker of trans1:'orrner o i l .  

A short 3 i n .  sample insu la ted  with seven layers  of shrinkable PVC tubing 

successfuLly withstood the ful.1- 130 kV avai lab le  with the  supply, although 

above 100 kV surface f lashovers  of ten  occurred between the  high vol tage 

electrode and grounded spheres.  The sarq le  was a lso  immersed i n  l i qu id  

ni t rogen repeatedly with no f r ac tu r ing .  

Further  auxi3 i a r y  inves t iga t ions  involved preliminary analog f i e l d  

p l o t s  f o r  t h e  high vol tage c ryos t a t .  A photograph of a f in i shed  p l o t  i s  
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shown in Fig. A - 1 0 .  Contours corresponding t o  t he  c ross -sec t iona l  

s t r u c t u r e  of t'ne c ryos t a t  ( c f .  Fig.  A-6 ) were painted on semiconducting 

paper with highly conductive s i l v e r  pa in t ,  and Lhe equ ipo ten t i a l  l i n e s  

deterrflined as discussed i n  Appendix f;. The l i n e s  a r e  1abel.ed with t h e i r  

respec t ive  percentages of the  t o t a l  potential-  d i f f e rence .  These inves t iga-  

t i o n s  allowed us t o  e s t a b l i s h  rough dinensions of' t he  apparatus before  

going t o  more accurate  f i n i t e  element computer ca lcu la t ions  as a l s o  

discussed i n  Appendix G. 

3. Exploratory F q e  riment s 

?n our main experimental progra,m wz a h o  include "exploratory 

experiments" which a re  r e l a t e d  t o  the  u l t imate  objec t ives  of our prograrn 

bu t  which do not incorporate  all. the  f ea tu res  which may eventual ly  be 

des i r ab le .  The objec t  of t hese  experiments i s  t o  i d e n t i f y  problems and 

e s t a b l i s h  experimental. techniques r a t h e r  than t o  provide f i n a l  da ta .  

I'he f i r s t  exploratory tests a t  hemp%& were breakdown measurement,s 

i n  l i q u i d  n i t rogen .  'The a i r  f lashover  t e s t  s tand was modified f o r  these  

experiments by rep lac ing  the  &in .  d i s c  e lec t rodes  with a 2-in.  diameter 

sphe r i ca l  s t e e l  high vol tage  e lec t rode  and a 4- in .  d i ane te r  s t a i n l e s s  

s teel .  ground p lane .  R foam-insulated box w a s  b u i l t  around the  e lec t rodes  

t o  hold l i qu id  n i t rogen .  The high vol tage e lec t rode  was posi t ioned by 

m e m s  of  a screw mechanism and monitored by a d i a l  gauge similar t o  the  

one shown i n  ;+'igs. A-5 and A-11. After  cooling the e lec t rodes  t o  ni t rogen 

temperature, the  zero pos i t i on  was determined by measuring the  resiststnce 

between the  el-ectrodes with an ohmmeter. The high vol tage el-ectrode was 

then backed off t o  the  desired gap. Ten t o  20 breakdowns were made a t  

gaps of 0.010 i n . ,  0.020 in., an& 0 .03O i n .  ~Owing to t h e  Large amount 
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Figure  A-10. Analog plot of r a d i a t i o n  sh ie lds  for vacuum bushing. 
Rogowski e lectrodes a t  bot’ioiri. 



E 

5 



of frozen a i r  and rnoistiire contamination i n  t h i s  arrangement, t he  breakdown 

fieI.ds showed w.de s c a t t e r ,  ranging from a'oout 525 kV/cm t o  600 kV/cm. 

Fublished values of  ac breakdcrm a t  s imi la r  spacings f o r  l i q u i d  nj t rogen 

I 
a t  1 atm a r e  452 kV/cm (50 :iz ac peak) 

bracket ing our values . 
and 696 kV/cm (60 IIz a,c peak),  

We be l i eve  t h a t  -the wide s c a t t e r  i n  our resul-ts was due t o  an 

insul-ating contamination 1-ayer which buj.1.t up on -the electrodes within 

a few hours.  This was i.ndicate3 by the  l a rge  r e s i s t ance  measured between 

the touching electrode:: a f t e r  Lhis time. Hence, t h e  f i e l d  i n  t h e  gzp was 

a f f ec t ed  by t'flese add i t iona l  d i e l e c t r j c  l aye r s  i n  an unpredictab1.e way. 

To prevent t h e  entra-ace of contaminan-ts, we decided t o  construct  a 

seal-ed bushing which could b e  mounted ijl a g l a s s  dewar. Information 

obtained. i n  the previously mentioned a u x i l i a r y  t e s t s  was used til the design 

of t h i s  bushing. The f i r s t  vers ion t e s t e d  was insulated. with si.x 1-ayers 

of PVC shrinka,ble tubing on a 318 i n .  center  e lectrode,  t o  give a t o t a l  

d i a i e - t e r  of 3/4 i n .  and a. length of 48 i n .  

p l e t e  c r y o s t a t .  The i n s u l a t i o n  w a s  covered with a grounded s ing le  layer of 

0.002 i n .  t h i c k  aluminum tape wound between Uie two s-Lress cones. Hence, 

as long as the l i qu id  k v e l  i s  kep'L above tEiz lower cone, no breakdown 

can occur i.n t he  unstressed vayor.  The d i a l  gauge d i r e c t l y  measures t h e  

t r a v e l  of the high vc i t age  e l ec t rode .  ?igure A-5 shows a close-up of 

the  screw mechanism which posi 'iions t h e  electrode,  as described i n  Sec t .  

ii'igures A - l l  and 1-2 show t h e  com- 

I1 .A~-c. 

One t r i a l  run has al; p m s e n t  been made with t h i s  apparatus.  In 

s p i t e  of t h e  successful. e l - e c t r i c a l ~  and cry-ogenic wnxi-l.iary t e s t s  on 2 

short i n s u l a t i o n  sample, the k-ft  bushi.ng cracked during ccoldowi. More 

f 
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Figure A-12.  Exploratory helium c ryos t a t  with dewars. 



a u x i l i a r y  investj igations a r e  underway on other  types of  i n su la t ion .  A t  

present  Stycas’i 2850 FT (b lue)  epoxy i s  the  most a t t r a c t i v e  candidate,  

Inavjing a thermal expansion coeffi-cicnt comparab1.e with most metals. How- 

evey, t h e  PVC bushing remained vacuum-tight during cool..do-m, which 

demonstrates t h a t  -the desigin of the  top  p l a t e  of t h i s  c ryos t a t  was 

s a t i s f a c t o r y .  We expect t h a t  it should soon be possible  t o  obtain 

exploratory breakdown data, j.n cryogenic l i q u i d s  under concli’iions o f  low 

contamination. 

4 .  Future Ac t iv i ty  
-_.- 

‘Yhe change i n  funding l eve l  between FY 1-973 and E’Y 19711 will require  

Accordingly, w e  have a reduction ?Ln our pl.anned a c t i v i t y  during 3-Y 1974. 

chosen t o  de fe r  considerat ion of i.mpulse t e s t i n g  u n t i l  a 1-ater da te .  

Should the  r e s u l t s  of t he  ac and de breakdown tes ts  and the  p a r t i a l  d i . s -  

charge inves t iga t ions  ind ica t e  tliat impulse t e s t s  a t  rei-atively low 

voltage l e v e l s  should be undertaken, then we could b u i l d  a one-stage 

600 kV impulse genera’ior using the  capaci tors  which we have on hand and 

t’ne Yaefely power supply.  

During P Y  19‘74 appreciable additional. work on equipment, a u x i l i a r y  

inves t iga t ions ,  and exploratory experimen’is w i l l  be necessary.  However, 

we expec-L t h a t  t h e  focus of  a c t i v i t y  should s h i f t  over t o  main program 

experiments w-il;h intermediate and high de and ac vol.tages as the  year 

progresses .  Specif ic  t a sks  t o  be accomplished i n  the  vari.ous a reas  a r e  

the  following : 

E qu ipme n t  

1. Construct an improved preliminary bushii-ig. 



c 

Auxi li arv Tmi-e s t, i e  a t; inns 
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We repor t  a cont inuat ion of' the work dfscussed in the  March 1 

semiannual report, on th? study cxf {;he influence of ma te r i a l  vaxiablos on 

ac losses  iri superconductors. 'This work may be c l a s s i f i e d  i n t o  th ree  

mair i  area:: : 

c r i t i c a l  cur ren t  dens i ty ,  ,7 and surface sh ie ld ing  parameter, 011, i n  

t h e  tlisperisions, and 3) construct ion of ac loss measuring equipment. 

I.) niobium-ra6e eart'n. d i spers ion  s tud ie s  , 2) measurement o f  

c'  

1. Niobium-Xare Ear th  Dispersion Studies  

I n  the March 1 repor t  we showed. t h a t  addition; of insol-ub!-e yttrium 

p a r t i c l e s  -to heavi ly  cold-worked (92% red.uction i n  a rea)  niobium marked1.y 

increased the h y s t e r e s i s  of iic magnetization curves.  A s  a measure of this 

h y s t e r e s i s  (and "fl.uxoid pinning") ,  we chose t o  use R t he  rernanent 

magnetization i n  zern applied f i e l d .  

of pure Nb from about 2.0 kG- t o  a maximum o f  3.1.5 kG for Lhe Nb-1.0 a/o Y 

a l l o y .  We now report  the  r.esu:Lts of  anneal.ing treatments on these n'b-Y 

a l l o y s .  

1000, and 1500°C r e spec t ive ly .  

were sealed i n t o  quartz  capsules a t  a pressure  of  l o m 7  t o r r  and heated 

i n  muffle furnaces .  

i n  tantalum element r e s i s t ance  vacuum furnaces i n  dynamic vacuum of b e t t e r  

than  5 x 113 torr at  temperature. Superconducting-normal t r a n s i t i o n  

temperatures ( T  ) were measured on a l l  starnpLes by the induct ive method. 

After am i n i t i a l  decrease i n  'T f o r  the cold-worked Pr0-Y alloys on zinnealing 

a t  600°C (from 7-37' + 0.08 K t o  i.3.29 -i- 0.09 K), t he  T_'s remained constant 

w i t h  amealing temperature. The pure nib.'kluium, hoxever, showed a, s teacly 

K' 

We found t h a t  Y increased the BIi 

The cold-worked samples were annealed for one hour at, 600, 800, 

The samples annealed a t  600 and 800~~: 

The samples annealed a t  1.000 and 1500°C were heated 

-6 

c 

c 

I, 
- - 



decrease with anneal.i.ng temperature from 9.27 - i- 0 .08 T f o r  Llie as-cold 

worked sample t o  9.19 I + 0.01  K f o r  the samp1.e annealed a t  1500 C .  The 

drop i n  'T 

tures must be r e l a t e d  'io t he  decrease i n  d i s loca t ion  dens i ty ,  % . e . ,  

r e s i s t i v i t y .  The continued decrease i n  T i n  pure TJb i s  presumably due 

t o  pick-up of oxygen. Therefore, the use of Y i n  J!Jk serves as a "ge t t e r "  

f o r  oxygen and allows the  DTb matrix t o  remain pure even a f t e r  annealing 

a t  1500 C i n  moders.Le1.y good vacua ("ha.rd" vaciiiim < 10 

t o  e l iminate  oxygen contamination i n  N b ) .  This a l s o  impl.?es t h a t  Y 

dispersions w i l l  help t o  maintain a high K 

0 

0 
f o r  t he  Nb-Y a l loys  on annealing a t  600 C and higher  tempera- 

C 

C 

0 -8 
t o r r  i n  required 

i n  Nb. 
c l  

The r e s u l t s  of de rflagnetization measuremen'ts, a s  values  of B a r e  R' 

presented versus  atomic percen-t Y for t he  var ious annealing temperatures 

i i i  Fig. B - I .  The B values  for the  samples annealed at, 600 and 800 C 

follow the same genera l  p a t t e r n  as  the cold-rrrorked r e s u l t s  wi-th some 

dependence on Y content, and a maximurn i n  B 

a c t u a l l y  shows a h i she r  B f o r  these  'heat t r e a t e d  samples than the  as-cold 

worked condi t ion.  This i s  cons is ten t  w i t h  previous work of o thers  and 

r e f l e c t  t h e  "sharpening" of the  d- is locat ion cell walls, w i t h  a decreased 

d i s loca t ion  dens i ty  i n  the  c e l l  cen ters  and an increased d i s loca t ion  

dens i ty  i n  -Yne c e l l  wal.l.s, which has been found Lo increase  f luxoid  pinning.  

After -the a l loys  have been heated to su f f i c i en t l_y  high temperatures for 

r e c r y s t a l l i z a t i o n  t o  occur (between 8oo0c and l_OOO°C f o r  Nb and. t he  I%-Y 

d i spe r s ions ) , t he  values  of B show very 1 i t t ; l e  dependence on Y content .  

That i s ,  t h e  da ta  f o r  1000°C anneals 

150OoC anneals show l i t t l e  change i n  B 

o 
R 

a t  l . 0  a/o Y .  The pure Nb K 

R 
l 

R 

and, more pronounced, t h e  da ta  for 

from the 0.1. a/o t o  the  2.0 a/o Y R 

samples af'cer a dra,matic increase  from pure Nb.  This p o b t  i s  a l s o  
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i l . l~ustrated.  by p l o t t i n g  13 versus annealing temperature for pure 1% and 

the  varlioiis Nb-Y dispers ions  i n  Fig.  B-2.  In  the  following paragraphs 

w e  sha1.l present  a t e n t a t i v e  explanat ion of t h i s  behavior aided by the 

resul. ts  of o p t i c a l  metallography and t ransmission e l ec t ron  microscopy. 

'Transmission e l ec t ron  microscopy was ca r r i ed  out, on 1/8 i n .  di.ame-ter 

R 

d i scs  spark-machined from the specimen rods, j e t -pol i shed ,  arid e l e c t r o -  

l y t i c a l l y  thinned.  'The t h i n  f o i l s  were observed i n  a Hi tachi  e l ec t ron  

microscope a t  an operat ing vol tage of 200 kV. W i - t h  the  exception of the  

presence of Y p a r t i c l e s ,  the  microstructirres o f  the  cold-worked. sampl-es 

of pure Kb and i;iie 1%-Y d i spers ions  appeared j-dentical-. Th? strucI;ures,  

i l . l .ustrated ii1 Figs .  B-3a and B-3b f o r  pure T;ib and Nb-0.1 a/o Y ,  respec- 

t i v e l y ,  cons is ted  of' t he  " c e l l  s t r u c t u r e "  wi.i;ii dense d i s loca t ion  wal l s  

surroinnding volhmes with a lower d i s loca t ion  dens i ty .  Measurement of 

the  average c e l l  diameter w a s  carr i -ed out for pure Nb, Nb-0.1 a/o Y ,  and 

Nb-2.0 a/o Y .  The r e s u l t s  a r e  l i s t e d  i n  t h e  Tab1.e below. The error was 

taken as  - -1- twice the s tandard devia t ion .  T'hus, with experimental  e r r o r ,  

the  c e l l  s i z e  f o r  pure 141 and the  dispers ions i s  the  same. It was d i f -  

f i c u l t  i o  r e t a i n  the Y p a r t i c l e s  i n  the  f o i l s  during pol i sh ing  f o r  'die 

higher  Y-content a l l o y s  but  p a r t i c l e s  were r e t a ined  i n  the  Wo-0.1 a/o Y 

d i spers ion .  These roughly sphe r i ca l  p a r t i c l e s  had an average diameter 

of 0.50 I + 0.10 kin. For the  Nb-0.1 a/o Y a l l oy ,  with 0 .5  pm p a r t i c l e s ,  

one can ca l cu la t e  t'ne average d is tance  between p a r t i c l e s  knowing the  

vol.ume f r a c t i o n  and voluiiie per p a r t i c l e .  It comes t o  3.3 pm s o  t h a t  on 

average we have 1/2 pm p a r t i c l e s  3-4 pi1 apa r t .  This i s  cons is ten t  with 

t'ne o p t i c a l  metallography. Since t'ne d i s loca t ion  s t r u c t u r e s  a re  similar,  

one must conclude t h a t  the Lncreases i n  B due t o  Y addi t ions a r e  due t o  R 
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Figure R - 2 .  UR, remaent, magnetization vs annealing terperabure 
hoim anneals) f o r  pure Nb and Nb-Y dispersions. 

(one 
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most c1.earl.y i n  Fig.  R-I.. OiLr t e n t a t i v e  conclusion i s  that the  high 

angle g ra in  boundaries a re  c h i e f l y  responsible f o r  flux pinning and 

the  Ti par t ie l -es  not only i n h i b i t  g ra in  growth, thus providing a f i n e  

gra in  s i z e ,  but  increase the  pinning ePfectiveness of the  g ra in  boundaries 

by cos t ing  them with a "film" of Y. 

In  summary, y t t r ium addi t ions  increase t h e  magnetic h y s t e r e s i s  of 

Dk, and maintain i t s  high Tc on amtealing by acbing as a g e t t e r  Tor oxygen. 

The i n s e n s i t i v i t y  t o  Y content of B. of r e c r y s t a l l i z e d  sCmple:; would H 

simpiify production for any large-yeale  appl ica t ion  oz" these  ma te r i a l s .  

We have prepared Nb-Gd d ispers ions  with 0 . 1  a/o Cd, 0.5 a/o Gd, and 

2 
1.0  a/o Gd. A s  our previous work pred ic ted ,  we found no advantage i n  

the  ferromagnetic Cd p a r t i c l e s  as f l v x  pinning s i t e s  over paramagnetic. Y. 

We have c a r r i e d  out de magnetization on Nb-C;d samples as cold-worked and 

annealed a,t 600°C with values  for B 

corresponding Nb-Y d i spers ions .  

similar, b u t  s l i g h t l y  lower, than the  R 

2 .  Measurement of ,T and &I by ac  S u s c e p t i b i l i t y  
C 

The two ma te r i a l  parameters which determine ac lo s ses  i n  superconductors 

above If a r e  J the  c r i t i c a l  cur ren t  densi ty ,  and Di, t h e  surface sh ie ld ing  

parameter.3 

harmonic ana lys i s  method? for ex t r ac t ing  .?' 

ments. Our technique provides a check on whether t h e  assumptions of t he  

c l  c y  
4 

from ac s u s c e p t i b i l i t y  measure- 

We have included AH i n  a recent  re-examination of the  Bean 

C 

model a r e  met i n  a given experiment. We have applied t h i s  technique t o  

the  Nb and Nb-Y samples and have found agreement with the  model, so t h a t  

we have obtained val-ues of J c  and M .  

the  pure Hb and Nb-2.0 a/o Y samples annealed a t  1500OC are presented i n  

$ ig .  U-5. 

d r e s u l t s  vs appl ied f i e l d  f o r  
I: 

The much higher  ,T values f o r  t h e  Nb-2.0 a/o Y sample a r e  c 
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___ i e N b - 2 a t .  7-y 
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lo' k-t 0 Nb 
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1.5 2 .o 2.5 3.0 

H ( k O e )  

Figure €3-5 Critical current dens i ty ,  J,, vs applied field H f o r  pixre 
Nb and Nb-2.0 at. % Y samples annealed one hour a t  1500°C. 
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. 
cons i s t en t  with the above d i f fe rences  i n  I? Val-ues. A peak e f f e c t  i s  

noted. i n  t he  pure JTb. As expected from the ili r e s u l t s ,  tJ vs  Ii cu.rvez 

for t‘ne o ther  ITb-Y a l loys  were s imi l a r  t o  t h a t  f o r  Nti-2.0 a/o W but have 

not  lieen p lo t t ed  i n  Eig. S-g for c l a r i t y .  /$I values  f o r  the above sampies 

a re  pl.otted vs appI.i.ed f i e l d  i n  Fig.  15-6. 

l a r g e r  &-I than the Nb-2.0 a/o Y sample. 

h a d  M val.ues whi.ch suyerimpose on those of ITo-2.0 a/o Y with in  experimental 

e r r o r .  

e. 

E: c 

Here >Je see the  pure 1\Ib has a 

Again, the other  I\su-Y samples 

We nciw have t h e  abi i l i ty  to measure and therefore  separate  the r e l a t i v e  

importame of <J arid nri on ac l o s ses .  We can then compare the  ac I.osses 

cal.cul.ated f rm these  measurements by theore t ica l .  model:; w i t h  Yne ac losses 

we shal l  measure d i r e c t l y  w i t h  ou.1- wattmeter technique. 

c 

3. Construction of sc Loss Measuring Equipment 

Al.1 of the required equi-pment fo r  measuring ac losses  by the e lec t ron ic  

wxbtmeter tecliniyue has now been assembled. This incl.udes : t h e  wattmeter 

which w a s  obtained from t h e  el .ectronics group a t  Brookhaven National. 

Laburstory, an ac power supply cons is t ing  of  a transformer and v a r i x  t o  

enable us  t o  apply up t o  50 A t o  our a x  magnet, the  superconducting solenoid 

( c o i l  constant  = 135 Oe/A) t o  pruovide the  ac magnetic f i e l d ,  and the  sup- 

p o r t  assembly. A photograph of t h i s  equipment i s  given i n  Fig.  3-7. 

Prel iminary c a l i b r a t i o n  checks on the wa,t-tmeter have been run, and the  

ac loss apparatus should soon be operational..  

A t  p resent ,  t h e  program on superconrluc-Ling materia1.s for power 

tra,nsmission w i l l  not be funded i n  FY 1974. Should fiindLng become 



ORNL- QWG 73- 6583 

. 

150 

.--. 100 
u) cn 
3 
U 
Is1 
v 

I 
X 
4 

50 

O 

CON D I T I ON : 
92 T o  R.A. + 1 hr 1500°C 

N b - 2  at.Olo Y 

1.5 2 .o 2.5 
H ( k O e )  

3.0 

F i g u r e  B-6. Surface sh ie ld ing  parameter, AH, vs appl ied  field H for 
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avaAlable we are  now i n  a posi.ti.rjn t o  make an tmportant cont r ibu t ion  t o  

umderstanding Yne relative importance o f  material variables on ac I.osses 

i n  superconductors a-i; fields above ii . We w i l l  have a rather unique s e t  
'2 1 

nf experirnentsl tools asmXiable f'or studying b u l k  f l u  pinning, surface 

effects, and Y k i r  inf luence on ac losses, particu.1arl.y a% fields above 

Ilcl--.the field region of i n t e r e s t  f tx  high T 

s tudied  these  I.ast 8 mont'ns as "model" materia1.s may be pract ical .  mater ia l s  

i f  a conductor based- on PSU is desired.. 

mater iaLs .  The N b - Y  alloy:; c 
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Introduct ion 

Work during this repor-Ling per iod has been i n  two areas :  

1) charac te r iz ing  the  r e s idua l  r e s i s t i v i t y  r a t i o  (RRR) of two batches of  

Cominco zone - re f ined  aluminum arid 2)  producing zone leveled a l loys  of 

gold  i.n aluminum. The r e s u l t s  of t he  f i r s t  a c t i v i t y  shows very  greai; 

s e n s i t i v i t y  of  t he  RIiR t o  s u p p l i e r ' s  quali-Ly control. s ince  two batches 

suppJ.ied t o  ident ical .  spec i f i ca t ions  have RRR's d i f f e r i n g  by a f a c t o r  of  

t h r e e .  This work has also suggested a poss ib le  maximum i n  RH< dependent 

upon annealing condi t ions.  'The second a c t i v i t y  has r e s u l t e d  i n  a s tock 

of a l loys  from which samples can be made t o  study the  p r e c i p i t a t i o n  

hardening behavior of minute q u a n t i t i e s  of  g0l.d ad.ded t o  very high p u r i t y  

aluminum manipula-Lion of t he  impurity dispers ions by means of heat  t r e a t -  

ment. 

for various d ispers ion  s t a t e s  i n  t h e  aluminum gold alLoy system will, 

however, await f'urther funding. 

The objec t ive  to "map out"  the  y i e ld  strength/RKK re l a t ionsh ips  

1. Residual R e s i s t i v i t y  Rat io  of  Cominco Zone-Refined Aluminum 

Zone-refined aluminum, spec i f i ed  t o  have a r e s idua l  r e s i s t i v i t y  r a t i o  

(RRR = P 

Products, Ine. ,  and used t o  prepaye t h e  alloys discussed below i n  Sec t .  2 .  

Our RRR measurements, obtained by means of a four poin t  dc probe technique, 

on this  aluminum, henceforLh known as ba tch  I1 mater ia l ,  a re  sumar i zed  

i n  the  following Table. 

spec i f ied  by Cominco. 'The Table a l s o  i l l u s t r a t e s  how s e n s i t i v e  the  RRR 

i s  t o  hand]-ing and. thermal h i s t o r y  of t he  aluminum. 

/ P  ) equal t o  13,000 - + 1000, w a s  purchased from Cominco 3OOK 4K 

A t  best t he  RRR i s  about 30% lower than t h a t  

. . . . . . . . . . . . 
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T a b l e .  Residual Resis tivj ty R a t i o  o f  Batch I1 Corninco 4luniinum 

...... ..... . . ~ .  I.._. - ..~ - .._. ._ ._ 

Condition o r  Ika t  Treatment 
-. ..... ... ...... ..._I__ HRR 
Temperature 1 7 "  I lrne Re marks 

(OC) ( h r )  

610 1 [Quenched l n t o  Ice-  2800 - + I.?$ 

Brine "sol l i t ion 

As-Pecoived 6165 + 35 

All. specimens wzre 
machined by cen te r l e s s  
g i n d i n g  from the as- 
re ce i.ve d Cominco ingot 
s ec t ion .  ........ 
. ~ _ . . _ _ _ _ .  __ ~ _ . _ _ _ _ . _ _ _ _ c _ _ .  ------.-::.-- .... -.I_..._. ~ . _ _ _ . . .  .... 

We had previcusly (in 1971) made a simi.l.ar purcha.se ci" zone-ref imd 

aluminurn (3R.R >= l3,OCO> from Cominco f o r  another prograin. Reserve 

spec:-mens from tliat l o t  cf aluminum, now identified as ba ich  I s tock,  

machine3 sample Ti-om ba tch  T hail a iiRR of 13,b00--abcut twtce that  of' 

batch  11. Furthermore, heat  h e a t e d  specimens frm, b a ~ h  I reached a 

HBR of 30,C00--about t h ree  times higher  than batch T I .  We conclude t h a t  

our handling and t e s t i n s  procedures aye not  t h e  source of t h e  low RH;: cf 

ba tch  Tiaterial. TheFe r e s u l t s  may suggest, however, the need for 

b e t i e r  q u a l i t y  control cn t h z  p a r t  of 7 , l x  supplic-r. 

Recently, Carapel ia ,  bcss, ard ;e et l r l  reporte3 t h a t  high 
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fcr batch 1: as-swaged Cominco zone-refined aluminum. 
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time that f inds  a re  ava i lab le  t o  continue toward the  goal of discovering 

methods f o r  improving t h e  mechanical y i e l d  s t r eng th  of very high conduct ivi ty  

aluminum while preserving the  high residdual. r e s i s t ance  r a t i o  needed f’or i t s  

use as a normal metal. ccmponent i n  a superconductor composite. Additional 

t a sks  of  i n t e r e s t  which should be explored a re  the  R I B  maximum and the  

quality con t ro l  needed to ensure reproducible production of very high 

parity aluminum and the alloys made from i t .  
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TRAVEL RRPORT - AUSTRIA AND GNRPLW?.' 

W .  E'. Gauster 

P'r.orr, E'ebruary 8 through March 23, 1973, I made a t r i p  t o  Austris 

because of my a c t i v i t i e s  as zn Honorary Professor of Cryoeiectr'ic, lower 

Engineering a t  the  University of Technology i-n Vienna and as :i member of 

t he  Austrian Academy of Sciences.  I used t h i s  opportunity t o  v i s i t  t he  

Univers i t ies  of  Technology i n  Graz and Munich i n  order t o  discuss matters  

of i n t e r e s t  f o r  t he  Cryogenic Die l ec t r i c s  and Superconducting m d  Cryogenic 

Mater ia ls  Technology for Power Transmission program of CRNT,. 

P 

A. JIIGH VOLTAGE INSTITUTE (Versuchs-und vorschungsanstalt  f ir  
Hochspanmngstechnik, Graz ,  ''4AH") (February 20-23, 1-973) 

I had discussions wi th  Alfred T,eschanz, Professor  a t  t h e  Universi ty  

of Technology and Director ,  VAH, and with two of h i s  eo-workers, 

Gerhard P r a x l  and Werner IIorak. The Austrian I n s t i t u t e  of E l e c t r i c a l  

Engineers (Cs ter re ich ischer  Verband der  Elektrotechnik) has a very 

ac t ive  sec t ion  f o r  high vol tage engineering which keeps i n  close contact 

with s imi l a r  organizat ions i n  the  world.' 

voltage l abora to r i e s  i n  Austr ia :  t he  VAH, t he  Elektrotechnische Versuchs- 

Ans ta l t  i n  Vienna, and the  high vol tage labora tory  of the  Flin-Union, L t d .  

There a re  th ree  l a rge  high 

2 

i n  Weiz. 

I n  the  following, I present  a shor t  descr ip t ion  of t h e  VAH. Located 

i n  the main bay of t h a t  laboratory i s  the high vol tage transformer cascade. 



It consists o f  t h r e e  transformers which can produce e i t h e r  1 . 2  MV i n  

single-phase, s e r i e s  connection or  0 .4  MV i n  three-phase connection. 

The cascade i s  energized by a three-machine s e t  (one dc mo-Lor with a 

three-phase synchronous generator for 1-6 2/3 up t o  60 IIz and a sing1.e- 

phase synchronous generator for 1 6  2/3 up t o  lgG 117:). 

operat ion with 1235 kVA i s  possih?.e. 

A t  50 fIz, 5-minui;e 

The dc high volbage source i s  a s lx - s t ep  Greinacher-cascnde which 

i s  operated wi-tli ?GO hz and produces l 5 @ G  W ,  1~0 mA dc with a r i p p l e  of 

l e s s  than 1% a t  f u l l  loa4. 

a s ing le  c i r c u i i  -impulse generetcr.  Another 3.25 bT\I impulse yenera-tor 

i s  movabl-e and can be used fcr cu tdeor  t -s ts .  

This voltage source can be used f o r  energizing 

Cciwixi-free connections can be made t o  a cenbral~ electrode,  to a 

coqensa’keri vcjl;zge d iv ide r  (system ZaengJL), fo a sphere gap with a 

sphere diameter. ;f 2 m,  axd t o  3 vacuum-tight tank wit’n a high vol tage 

bushing Tor t e s t s  i.n o i l ,  i n  compressed gases, and i n  vacuum. 

M~ch care has brzn taken i n  screening the  high vel-tage bay. Seventy- 

J? l i v e  dec ibe l~s  can be reached with frequencies from 0 . 1  MHz up t o  the 

frequencies of t e l e v i s i o n  bands. This i.s achieved by prcviding a F a r d a y  

cage made of wel.ded i ron  shee is ,  1- mm Ynick. Special  contac-i; bands a re  

arranged around. the  metal. gaLe wings. Eelow t h e  bo’ctom of  t he  Faraday 

cage, a network of copper bands ( 5 . 5  m mesh widbh) has been provided. 

These measures ai-e necessary t o  protee- t  the  ovtside from elcc’crorna.gnei;ic 

disturbant:zs and, v i ce  ve r sa ,  -the in s ide  from outside dtst,urbances which 

i s  e s p e c i a l l y  important when pre-hreakdowri experiments are being made. 

I n  mc;t,her bay a current  impulse f a c i l i t y  fs located.  The total 

stored energy o f  four  capaci-tor is:mks i s  LOO k,?. Wi.th i )a raI le l -  co r i i ec t im  



i-iigh '$1 ol tnge  - Fngineiiring 1: : Test and e,qerirnental t,eelvliques f o r  
high voltage a!:, cic, i.mpul.se voltages and. currents, anci switching 
voltages . 
High Voltage Engineering ?I : Dertlan.d i~.pon insu la t ing  systems 5.n 
normal operation and u-nder special circumstances ; electrostatic and 
dynamic  f i e l d  ca l cu la t ions  ; .theories of e l e c t r i c  stmug-th; and the  
inos t imporLmt insulat ing m;a.t;eri.al.s anti insulat ing sy-s t ems a 

.... 
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ti. DJSTITUTE 17GR LOW WJ1W2RATURE RVSEARCH (Anstal t  fcr l ief temperatur-  
f o r  s chung , "ATF ") 

Furthermore, I v i s i t e d  with my old f r i end  D r .  Pe te r  Klaudy, Professor 

of Flectr j -cal  Engineering a t  the University of Technology, Graz, and 

Director  of the  I n s t i t u t e  f o r  Low Temperature Research (whi-ch i s  only 

i n  1-oose connection with 'ihe University o f  Technology afid is sponsored 

payt ly  by various governmental agencies and p a r t l y  by indus t ry ) .  For 

many years ,  Klaudy has been working on homopolar -machines3 and on super- 

conducting power l.i.nes, 

these two f i e l d s .  

4 
and he can rj .ghtly h e  ca l led  a "pioneer" i n  

Ccncerning homopolar machines, a recent; r-nvention of Prof .  Klaudy 

i s  h i s  " l iqu id  metal r o l l  contact"  which, i n  h i s  opinion, w i l l  solve the  

brush problem. K1aud.y showed me a working model and explained it t o  me 

i n  g rea t  d e t a i l .  During a v i s i t  by F r i c  Forsyth of Brookhaven National 

Labora'iory (which Klaudy g r e a t l y  enjoyed),  the  sa,me model. w a s  demonstrated 

and j.s men-tioned i n  Forsy th ' s  t r a v e l  r epor t .  Recently, Klaudy published 

6 
a de t a i l ed  paper on t h i s  subjec t .  

For superconducting cables ,  Klaudy employes f l e x i b l e  corrugated 

metal  tubes developed by -the C-erman cable c o q a n y  "Kabelmetall, IIsnnover. ' I  

H e  t r i e s  t o  ge t  s u f f i c i e n t  means f o r  t e s t i n g  i n  regular  power operation 

a superconducting single-phase cable for 60 kV, 50 m long (manufactured 

i n  cooperation with AEG, Austr ia ;  Kabelmetall, Hnnnover ; and. T,inde, Munich) 

a t  the  el-ectr ic  power plant i n  Voitsberg, S t y r i a .  7 

Concerning h i s  idea  to use an arrangement w i t h  a hard superconductor 

8 
(preferably Nb Sn) as a very fas t  ac t ing  c i r c u i t  breaker  (sw-itching t i m e  

a f e w  mill iseconds,  i . e .  almost one order of magnitude smaller than one 

per iod o f  50 o r  60 cyc les ) ,  Prof. Klaudy thinks t h a t  such a. switch (which 

3 



r e a c t s  when a l a rge  dI /dt  occurs and which does not have t o  " w a i t "  u n t i l  

a l a rge  current  i s  reached) could be successfk l ly  operated with cables 

for l a rge  transmission power; however, he feels t h a t  such a design would 

be too  expensive . 
I w a s  mostly i n t e r e s t e d  i n  the work of  Klaudy's co-worker <JErg Gerhold, 

who f in i shed  h i s  Ph.D. t h e s i s  on t h e  d i e l e c t r i c  breakdown s t rength  of 

l i q u i d  hel.ium i n  197?. I bought tt copy of t h a t  t h e s i s  (323 pages, 71 

f i g u r e s ) ,  and when I s t a r t e d  t o  study it carefblly,  I was imprer;scd by 

t h i s  exper t ly  performed work. 

which are not  mentioned i n  Gerhold's publ ica t ion  i n  Cryogenics .' 
This t h e s i s  contains many i n t e r e s t i n g  d e t a i l s  

Further- 

more, I noticed t h a t  Gerhold's experimental equipment and methods a re  

i n  many respec ts  similar t o  those of H. 5. bleats of Central  E l e c t r i c i t y  

Research Laboratories,  Leatherhead, Surrey, England,10 and it i s  i n t e r e s t i n g  

t o  compare Gerhold's and Meat's r e s u l t s  (see Appendix R) . 

11. MUNICH, TECHNICAL UNTVEIGITY 

On March 21-23, 1973, I v i s i t e d  the  High Voltage I n s t i t u t e  of t h e  

Technical University i n  Munich. Director  of  t h i s  i n s t i t u t e  i s  Professor 

of E l e c t r i c a l  Engineering Hans P r i m  . His i n s t i t u t e  i s  in te rnakional ly  

wel l  known and severa l  of h i s  former s tudents  and co-workers a re  holding 

leading pos i t ions  i n  var ious high voltage i n s t i t u t e s ?  Prof .  Prinz w a s  

chairman of t he  I n t e r n a t i o n a l  Symposium on High Voltage Technology, the  

Technical University,  Munich, March 9-14, 1972. This conference was 

sponsored by the  Verband Deutscher Elektrotechniker  ( "VDE") with the 

cooperation of the B E E  Power Engineering Society,  and Prof. Prinz was 

kind enough t o  present  our laboratory a copy of  the proceedings. 
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Prof. P r i m  also presented me t h e  year ly  repor t s  o f  h i s  i n s t j - t u t e  f o r  

197C, 1971, and 1972; a desc r ip t ion  of tile hiEli vol tage sxperiments which 

a re  p a r t  of the  c ~ r r i c u l u m  o f  the  'i'echnical University,  Munich, i n  t h a t  

f i e l d  (employing p re fab r i ca t ed ,  standardized modules manufaxtiired by 

Messwand1.er-Bau, Barnberg) ; and a col l e c t i o n  of h i s  recent  papers" which 

deal i n  a most i n t e r e s t i n g  way with the  h i s t o r y  of high vol tage engineering, 

star. t ing  with very  e a r l y  experiments wri.th "fric.i;?-on e l e c t r i c i t y ,  " leading 

vp to t h e  most recent  developments ( e . g . ,  l a s e r  Lriggered. high vol tage 

spa rks ) .  

P r o f .  Pr inz introduced me t c  the  i)epu-r;y Direc'ior of h i s  ri.nstitute, 

Or. 2. Wiesinger, who i s  we l l  known for his  extensive inves t iga t ions  on 

1 ightniag p ro tec t ion .  Three o f  h i s  eo-workers presentea me copies of 

t h e i r  doctors  theses  a n d  discussed th2i.r work wi'ih me. 

P, . lJWJS S TF 11\1 BTGU K : " Anf an5 s f e I d s  t &ken und Au s n<t zung s f a c t  or  en 
rotationssymmetrischer Elektroden Anordnungen i n  Luf t" ( "Onset 
F ie ld  Strength and {ff ic ie i lcy Factors of go ia t iona l  Symmetrical 
3 1  ectrode Arrangements i n  A i r " )  

The e f f i c i ency  f a c t o r  'q ( a f t e r  S ~ h w a i g e r ' - ~ )  i s  the r ec ip roca l  value 

of t h e  grad ien t  f a c t o r  g, as  mainly use3 i n  t he  USA l i t e r a t u r e .  T-c i s  

determined by the e l e c t r o s t a t i c  f i e l d  configurai ion without considering 

space charge. Various mathernaii c a l  methods for fi-ading f i e l d  configura- 

t i o n s  a r e  discussed,  and the  author claims t h a t  t he  mekhod of image poin t  

and l i n e  rharges i s  most convenient.  He presents  an ALGOL program for 

t h i s  me'ihod of successive approximations. Numerical results a re  shoTwi 

for Various e1.ectrod.e arrangements (rod and sphere gaps, conica l  electrodes 

and tort). Ti1 order  t o  p red ic t  the  onset f i e l d  s t r eng th  o f  a c e r t a i n  

e lec t rode  arrangement, i t  i.s necessary to introduce a c r i t e r i o n  for the 
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elect;riea,l breaki'loi.m in air i,$T?lT c'n considers  the f i e l d  conf igurz t ion  i n  

the spare betweer, t he  electrodes . Xteinbigler  used the Schu.maniz i n t e g r a l  

coniciition I /in extens ive  s e r i e s  o f  c a r e f u l l y  performed experiments stlow!; 

a very good agreement between theory and cxpcriment . 

4, paper covering the main r e s u l t s  of t he  t h e s i s  has been presentmi 

a t  the I n t e r n a t i o n a l  Symposium on High Voltagil: 'i'echnolobgr, 1.972. 15 

'Tlic matherriatical method used f o r  t h e  determi.nation of the e1ec.i;ri.c 

f ie ld .  eonfi .@rzt ion i.s s imi l a r  t o  that employed 13y S k i n b i g l e r  and 

considered. Various e l ec t rode  and die l -ec t r ic  ai-rangements h a w  bnen 

inves t iga t ed  m d  show a good agreement between theory and experiment,. 

The most i n t e r e s t i n g  resul t  of  Weiss ' work i s  t h e  observat ion and 

c Iear i ieseript  ion of the "E inbett imgs -Rffekt ( "%mbedding E f  f'ect ' I )  . 
When a.n e lec t rode  i s  embedded i n  d i e l e c t r i c s  and t;he angle cy between the 

e l ec t rode  and t'ne d i e l e c t r i c  boundary i s  g rea t e r  than 90 , t h e  electric 0 

f i e l d  :strength a t  the boundary becomes i n f i n i t e .  I n  a similar m y ,  when 

cy < 90°, the field s t r e n g t h  ai; the  boundary i s  zero  ami, f i n a l l y ,  f o r  an 

angle 01 = 90 t'ne f i e l d  s t r eng th  a t  t he  boundary has a f i n i t e  value.  

Variou:; experiments v e r i f y  c lear ly  the exis tence of thi. "embedding 

o 

71%- e f f e c t .  

rc 
Concerning the theses  by Siei-nbigler m d  by Weiss, Compare Appendix i;, 

Sec t .  11. 



C . FK1EDRiCI- I  HF,ILBT,GI'd3U?dK: "DurchLCndverhalten uncl Spannungsaufoau 
mehrs t u f i g e r  Stos sgeneratorcn" ( "Firing Performance and Voltage 
Shape of Mult is tage Impulse Generators ") 

To analyze t h e  f i r i n g  performance and t o  f i n d  the  voltage-time 

funct ions of .the var ious sLages of l a rge  i-mpulse generators  i s  a very 

d i - f f i cu l t  task. Until. a few years  ago, it was bel..ieved t h a t  a good 

agreement between theory and experiment could no-t be expected. H o w  ve r , 16 

very  recent ly ,  s u f f i c i e n t  ikformation about the sparking process became 

ava i l  able and, p re sen t ly ,  a r e f ined  image converter  technique allows 

determination of the  exact, f i r i n g  moments wit'iiout d i s tu rb ing  the  f i r i n g  

process .  Heilbronner succeeded i n  siniplifying the  extremely comylicated 

sys'iem of equivalent  c i r c u i t s  t o  such an ex ten t  t h a t  he could wr i t e  

' i ractable  computer programs. Iie inves t iga ted  the  performance of a f i v e -  

s tage  impulse generator  f o r  1. MV and of a 12-stage generator  for 3 MV, 

and it seems t o  be the  f i r s t  time tha-t  a very  good agreement b e h e e n  

theore t ica l -  p red ic t ion  and experimental  v e r i f i c a t i o n  has been achi eved. 17 

During my v i s i t ,  Dr. HeiYoronner informed me a l s o  about an i n t e r n a t i o n a l  

cooperation i n  t h e  f i e l d  of  the  physics of spark discharges with very  high 

v o l t  ages . 
a working group with t h e  foll-owing p a r t i c i p a n t s  has beeii organ?-zed : 

(United Kj-ngdom), CESI ( I t a l y ) ,  EdF (France) ,  and the  Un ive r s t t i e s  of 

Braunschweig (Germany), Munich (Germany), Padova ( I t a l y ) ,  and Stut ' igar t  

A t  the  Les Renadieres T,abor.atory o f  the E l e c t r i c i t 6  de France, 
18 

CFGB 

(Germany). Breakdown phenomena of  5 m and 10 m rod-plane gaps i n  a i r  

with p o s i t i v e  switching pulses  have been inves t iga ted .  Volta ,ge,  cur ren t ,  

and f i e l d  (a . t  13 po in t s )  a t  the  plane and the  cur ren t  through the  rod 

were measured. Two sing1.e converter  cameras, one image i n t e n s i f i e r  

camera, t w o  s t i l l .  cameras, and two photomul t ip l ie rs  were s i m l ~ t a n c o u s l y  



employed t o  measure the l i g h t  output from the  gap. It was poss ib le  t o  

determine the leader  k n g t h  and velo;.ity o f  the discharge,  the  charge 

i n j e c t e d  i n t o  t'ne gay, and the  Lime dependence of th" f5el.d a t  t he  pl ane . 13 

Fina l ly ,  I discussed with P ro f .  P r i m  various special  problems i n  

connection with our working program a t  ORMI,. P r o f .  P r i m  gave me a copy 

of a paper which deals w i t h  a- rnovab1.e Sb' insu la ted  irrqulse generator 

and another paper on the  subject of high voltage discharges i n  high 

vacuum.21 

20 
I; 

Both publ ica t ions  are not  e a s i l y  ava i lab le  here.  

I ani very gratef'ul t o  Messrs. Leschanz, Klaudy, and P r i m  and t h e i r  

co-workers who did t h e i r  b e s t  to convey t o  me so much information. 
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W. F .  Gauster 

recent ii-tvestigations on the dieLect:ric brnakdowc~ of bel-iurn a-t veyy l.ow 

temperatures . Due t o  the limitation of the avai.la?ik time, t h y  report  

w a s  very :;kiort, iznd it w a s  no t  po:;sibl.e t o  conqarts i n  de.tai.l. 2;he goals ,  

the methds, arid t he  z.esiL.ts of  these inves"t.gations. Also, t h i s  a,ppendix 

d-oes by n.o mems t r y  -to present: a systematic and. tinorough study, but 1 

will. mentj.on Tn a scrneilrkiat more conipehensive way a few h igh l igh t s  of 

G-erhold ' s  and Meatis ' investigations, and L w i l l  p c i n t  cut sever.al details 

which seem t o  be of special i n t e re s t ,  for fu-rther i r ives t igs t ions  w i t h  

similar. gcals.  J, Gerhold ("G") and. al.so I?. .J. Meats ( l'Bl'') ineni;ion -the 

range:; of .i;heir investigations by inclicat-ing I. imits f 'cr the pressure p 

axid. the  temperature T. %"LIT:; i.s shown in Fig. I.. Both axtlior:; cover 

practica1l.y important ranges for. gaseous and :Liquid Low temperature helium, 

however, G exi;end.s the range wit 'h respec t  t o  'l', w'nereit,s M's investigations 



'72 

TABLE 1. 

Voltage (kV) _< 

Electrode Shapes 

F l e  c t rode  Surfaces 

Electrode Mat,erlal 

Helium 

40 

de and ac 

Spherical  (VDE, r = 2.5  em) 

Point-plane 

Cylinder -plane 

Technic a1  Ig  c l e  an 

Rough 

Oxide layer  

Nb 

S'iai-nless s t e e l  

Cu leaded and unleaded 

Technica1.l y c lean  

Contaminated 

65 
dc 

Technically c lean 

---- 
-I-- 

Technic a l l y  c lean  

- - - -  
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P, = 2 . 2 6  a t m .  

RAPJGES OF INVESTIGATION ON 
DIELECTRIC STRENGTH OF GASE 

AND LIOUID HELIUM 

Tc = 5.2 

THE 
:ous 

K 

Figure 1. Ranges of investigations on the dielectric strength of gaseous 
and liquid helium. 



t h e  necess i ty  of removing tine r lectror ies  from the  i n t e r i o r  o f  t he  cryosta'c. 

G cl-a.ims tha t  d could be measured. with an accuracy o f  0.C1 rnm. 

dewars, -the electrodes were supported i n  Perspex mountings wi th  brass - t ie -  

rods without a mechanism f o r  changing the ellec'crode dis tance from outside 

the dewar. The change of a 3 x e d  gap dis tance during cooling from room 

temperature t o  4 .2  ?( was abcut 0.5% and was suppcsed t o  be l e s s  than t h e  

esti.mated maximum e r r o r  of  I.!$ i n  setti.ng the gap (iwhich were subsequently 

checked o p t i c a l l y  i n  a gl-ass-wall- qryosta- t )  . 

In M ' s  

Roth, G and 14, appl~ied the tes ' i  vol tage a t  a r a t e  o f  r i s e  of a few 

1OC V / S ~ C ,  which seeins no'i t o  be c r i t i c a l .  Furthermcre, boLh aut'nors 

,sed s e r i e s  r e s i s t ances  a t  the high voltage s i d e .  M employed a 70 MR 

current  limi-Ling res ' s t ,o r ;  Ci compared teste with 4 MR and wi.th 50 kR 

s e r i e s  r e s t s t a n c e s  and found a f t e r  breakdowns minor differences in t;he 

e lectrode p i t t i n g s .  

M's 10 i n .  dewar designed f o r  lower pressure w a s  used f o r  measuring t h e  

breakdown s t r eng th  of cold gaseous helium wiLh t h e  electrodes arranged j u s  L 

above t h e  l i q u i d  helium l e v e l .  in order to achieve uniform ierrperature 

d i s t r i b u t i o n ,  t h e  electrodes were surroundec) by a copper-mesh cy l inde r .  A 

copper 1-eg attached to the mesh made :ontact w i t h  t'ne l i q u i d  helium. The 

temperature was measured with ca l ib ra t ed  carbon-resistance thermometers. 

With t h i s  arrangement, t he  temperature of t he  gas between the  electrodes 

was er-sily brought t o  the  desired value by punping, and during a s e r i e s  of 

measurements t he  ty-pical~ change of temperahre  w&s only abcut 15 mK. 

M ' s  other c ryos t a t  cciitained a s t a i n l e s s   steel^ pyessure v e s s e l  of 

14 c m  i n t e r n a l  diameter which w a s  i n  contact  with the  helium cf "ne 

c r y ~ ~ t ~ a t  by means of a copper l e g .  Purtherxore, a tube vas k a d i n s  
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I. w i t h  helium densj- t ies  u p  t o  about 1.5 kg/m', Paschen's l .aw i s  
obeyed av-d 'Townsend mechainisms i s  obviously decisive ; 

between 1-5 and about; 60 kg/iii , devis'cion from Pa,schen's Law 
and behavior sirriilar t o  that of ckher compressed gases can be 
oh B erved ; 

3 2 .  

3 .  for densities above t h e  c r i t i c a l  dens i ty  of 67 kg/m', the 

3 
incyease of the d i e l e c t y i c  strength i.s unexpectedly strong 
with an even more rapid r i s e  for densities beyond 100 kg/m . 

Figure 6 of aef. 3 represents n Easchen plot, for gap width:; of 0.5, 

1..07 1. .57  2.5, and 3 nun. 3 3  this way, M shows very nicely that tsitll 
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a t  higher  breakdomi vol tages  (i. e . ,  corresponding t o  l a r g e r  values of 

t he  product, of dens i ty  and gap wid th) .  S T ' S  results with cold gaseous 

helium are  si-milar to t h a t  of M. 

M and a l s o  G eniphasize t 'nat  the breakdown phenomena. i n  b o i l i n g  ( i . e . ,  

s a tu ra t ed )  l i q u i d  helium a re  s i m i l a r  t o  those i n  $he corresponding gas 

s t a t e s  ( s ince  the  breskdown of gas bubbles i s  dominant). 

t h a t  the  frclquerlily used expression f o r  s a tu ra t ed  l i q u i d  helium V = k d  

with 0.9 - I  < n < 1.0 seems t o  have no t h e o r e t i c a l  backing. 

importance i s  t h a t  the value of n = 0.5 which has been der tvzd from 

Fal3ou e t  a l . 5  experirnenis with d - 10 rnrn ("square law") i s  not i n  agree- 

M po in t s  out 

n 
S 

O f  p r a c t i c a l  

ment with these and ot'ner aper imen- ts .  

Furthermore, M inves t iga ted  c a r e f u l l y  the  high dens i ty  1-iquid he?-ium 

breakdown wi-th 50 ~nrn diameter Rogowski e lec t rodes  (made of b r a s s ) ,  with 

d = l mm and temperatures of 4.3, 4 .5 ,  4.6, 4.73, and 5.02 K ( s e e  Ref. 3, 

6 
F ig .  9 ) .  Ba.sed p a r t l y  on Yxasucki's reasonings,  M develops a diagram 

present ing t'ne breakdown vol tage as a func t ion  of t h e  square root  of the  

" t o t a l  bubble pressure .  " He obtains  i n  very good agreement with his  

experimental  da t a  two s t r a i g h t  l i n e  segments, one for t'ne regime below, 

the  o ther  above the c r i t i c a l  p ressure  p the  slope o f  Lhe f i r s t  segment 

being twice that of the second segment. G t oo  i s  i n t e r e s t e d  i n  the  

C '  

physics of the  breakdown phenomena of non-saturated l i qu id  helium, and 

he devotes a de t a i l ed  sec t ion  of h i s  paper t o  a newly developed breakdown 

hypothesis .  7 

1 
I n  h i s  t h e s i s , -  G d iscusses  i n  d e t a i l  the  s t a t i s t i c a l  eva lua t ion  of  

h i s  experiments. Like severa.1 other  observers, he found skewed d i s t r i b u -  

-Lions and used f o r  p l o t t i n g  t h e  assumptions of gaussfan dis t rYout2on of 
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t he  logarithm of the  breakdown vol tage values .  Figure 2 ( i d e n t i c a l  t o  

Fig.  55 of Ref. 1) shows an examp1.e for breakdown i n  non-boiling helium a t  

)+.2 K and 1 atm, with technica l ly  c lean s t a i n l e s s  s t ee  L spherical  electrodes 
+ 

with gap widths of 0.1, 0 .2 ,  0.5 mm. Resides the  mean vaJ.uc, the upper 

:And lower f i e l d  s t rength  va1u.es f o r  cumuI.ative frequencies of 95 and ?$, 

respec t ive ly ,  can be e a s i l y  determined. The resul-t ing curves are  shown 

i n  Ref. 2, Fig.  4 .  This kind of s t a t i s t i c a l  evaluat ion can be s implif ied 

by using t a b l e s  f c r  p l o t t i n g  the cumula t ive  p r o b a b i l i t y  val-ues f o r  

gaussian d i s t r i b u t i o n s  (see Table 2 of t h i s  appendix f o r  the  evaluat ion 
8 

of up t o  15  t e s t  va lues ) .  

O f  appreciable p r a c t i c a l  i n t e r e s t  a r e  G ' s  observations on the  influence 

of t he  mater ia l  and the  condi t ion of t h e  surface of the  e lec t rodes .  In 

addi t ion t o  r e s u l t s  reported i n  Ref. 2, C ' s  d i s s e r t a t i o n  (Ref. 1) contains 

s e v e r a l  i n t e r e s t i n g  observations of t h a t  kind, and I would l i k e  t o  show 

i n  the  following a few h i g h l i g h t s .  The f i r s t  example concerns the  $if- 

ference of t he  e l e c t r i c a l  breakdown performance of t h e  " technica l ly  clean" 

and of very c a r e f u l l y  polished e lec t rodes .  The previously mentioned 

Fig.  4 of Ref. 2 appl-ies t o  t e c h n i c a l l y  c lean s t a i n l e s s  s t e e l  sur faces .  

Figure 3 of t h i s  appendix (Fig. 61. of Ref. 1) represents  the breakdown 

f i e l d  s t rength  as a funct ion of the gap width for carefb l ly  polished 

s t a i n l e s s  s t e e l  e lec t rodes .  The l a t t e r  values a r e  much smaller,  for 

instance the  5% p r o b a b i l i t y  value i s  around one-third(!)  of the cor- 

responding value obtained with technica l ly  c lean sur faces .  Furthermore, 

the s t a t i s t i c a l  s c a t t e r i n g  i s  appreciably reduced. 

Another exmple i s  12's observations with copper e lec t rodes .  He 

compares t e c h n i c a l l y  c lean  surfaces  with surfaces  with oxide layers  
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F’igrre 2. Breakdown voltages in l i q u i d  helium a t  4.2 K and 1. atm with 
technical-ly c1ea.n stainless s t e e l  e?.ectrodes. 
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Figure 3. Breakdown vol tages  i n  l i q u i d  helium at  4.2 K and 1 atm with 
polished s t a i i i l e s s  skee l  electrod-es . 



prodwed by exposing the e l ec t rodes  f o r  a few days t o  'numid a i r .  Figures 

1+ and 5 of t h i s  appendix (corresponding t o  Figs.  65 and 66 of  l?ef. 1.) are 

seI . f -eq lana tory .  

Furthermore, G i nves t iga t ed  t h e  inf luence of various types of 

contaninat ions of .the liquid. helium. Re found c o n t m i n a t i o n  by frozen 

o i l  v,apor ((3 . E . ,  due t o  difi 'usion ilrorn vacuum pumps o r  oi l -sealed 

gasometers) especialljr dangerous. It i s  i n t e r e s t i n g  t o  observe the change 

i n  t'ne s c a t t e r i n g  p a t t e r n s  (Tig.  6 of this append.ix, correspond-ing t o  

F5-g. 75 of Pie?. 1). I n  con t r a s t  t o  uncontaminated 'rzelium, the  cim- 

mulative pi*obabi l i ty  plot; of the ind.iviclual - test  po in t s  show,s c l e a r l y  

"jumps 'I between the  observed 'oreakCloim vol tages .  

I n  conclusion, it cam be s t a t e d  that ckrhold ' s  and Meats publ ica t ions  

are valuable cont r ibu t ions  to t he  experimental  work on the  d i e l e c t r i c  

breakdown of helium at  very low .terrrpera.f;ures. 

c a r e f u l l y  performed, arid seve ra l  r e s u l t s  are of genera l  importance. Ilow- 

ever ,  the  range of test vol tages  and, %Berefore, t h a t  of t he  gap d is tances  

i s  re]-a'civeiy sma1.l.. Meats r e s t r i c t s  himself t o  de t e s t s  ; Gerhold presents ,  

bes ides  de measurements, only a few r e s u l t s  obtained with ac .  Neither of 

t he  -t;Wo authors -published observat ions with impulse vo l t age .  These few 

remarks might be s u f f i c i e n t  t o  show that  it i s  very desirab1.e t o  extend 

the  work of Gerhold and of  Meats t o  more extended regimes and t o  var ious 

other experimental  condi t ions of p rac - t i ca l  importance. 

They a r e  expe r t ly  and 

'The author  acknowledges -valuable discussions with H. 14. Long. 

P 
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During the week of March 19-23, 1 at tended a course at <James G. 13i(3ri!_e 

Coinpany i n  Plymouth Meeting, Pennsylvania, on the theory and pra.cti.ce of 

partial discharge measurement . Biddle  designs and rnanufactumes a I.a.rge 

l i n e  of high vol tage t e s t  equi.pmeni;, and i-ts tecbni.cal  stafi" c o o t a i m  

indiv idua ls  who a re  qual i f ied.  i n  all areas of high vol tage measurement. 

The main l.ectu.rer was E . R. Curd-ts, r e t i r e d  Direc tor  o f  Engineering of% 

the  company and Head of Lhe Riddle Teclinical. School. 

parLicipants i n  t h e  course represented va,rLous e l e c t r i c a l  equipinent 

marmfactxring companies and were i.ntere:rt,eci i n  r o u t b e  p a r t i a l  discharge 

t e s t s  of i n s u l a t i o n  lin production items such as cables ,  connectors,  and 

t ransformers .  A n  e x t r a  b e n e f i t  of t h e  course was the opportuni ty  f o r  

discussions with these  indivichmls . 

Most of tlie I6 

The course consis ted of four  a l l -day  and o m  half-day l e c t u r e  sessic1ns, 

with the  f i n a l  af ternoon being l e f t  f r e e  f o r  pari;icipan-i;s t o  ga in  e,xperience 

i n  operat ing the  equipment themselves. Topics covered included mechanisms 

of pa r t i a l .  discharge,  tech.niques of p a r t i a l  discharge measurement, f a c t o r s  

governing system s e n s i t i v i t y  and system c a l i b r a t i o n ,  methods of over- 

coming external- e l e c t r i c a l  i n t e r f e rence ,  i d e n t i f i c a t i o n  of c h a r a c t e r i s t i c  

partial discharge s igna l s ,  and design cons idera t ions  i n  c o n t r o l l i n g  p a r t i a l  

d i scharge .  After  re turning,  I presented a seminar on t h i s  ma te r i a l  f o r  

the  Cryoelec t r ic  Group. 

A nia,jor motivat ion f o r  tak ing  this  course was t o  consider t h e  var ious 

methods of p a r t i a l  discharge de t ec t ion  i n  order t o  choose the  proper 



instrumeintation f o r  ou r  program. As a re::ul.t, of t hese  considerat ions,  

we have chcsen a bal anccd p a r t i a l  d i scharge  de’iector manufacl ured by 

Riddle. A photograph of‘ the  f r o n t  panel- of this instrument i s  show% en 

i t  i.s basical-ly a high voltage capaci’:acce b r idge .  When tiie two a r m  a re  

properly bal-anceci, p a r t i a l  discharge p-alses cccurring i.n e i t h e r  specimen 

a re  amplified by t h e  ii?teec;or and displ.aye3 on the  external oscil loscope 

and panel meter. However, ex t e rna l  e l e c t r i - c a l  interTerence or  p a r t f a ?  

l ischarges a f f e c t  both arms Pqually and a r e  r e j ec t ed .  This system was 

chosen because o r  like , “ o l l . o ~ i n g  advantages : 

1.. It has the  highest  s e n s i t i v i t y  of any c o m e r c i a l l y  mai l -able  
partial diszharge de t ec to r .  The minimum detectable  discharge 
i s  less t,han 0.03 pC f o r  sample capaci-tames below 10-3 pF’. 

2 .  It inhe ren t ly  r e j e c t s  external. no i se .  Reject ion r a t i o s  of 10,000 
t o  1 are possible  with snia,1_1 samples. 

3. Fxpensive corona-free high vo1”cage coupl.ing capaci iors  a r c  not 
required.  

l+ .  Measurements a t  t e s t  vol tage frecpencies d i fye ren t  from normal 
power frequency ]:lay be riilede. 

The Pollowing disadvantages e x i s t  : 

1 .  Specimens id1ic-h must be grounded on one s ide  cannot be Lested 
i n  tiie balanced mode. 

2 .  Two matched specimens a re  required.  

If grounded specimens misi; be t e s k d ,  a coupling capaci tor  must be obi;ained., 

and the  system i s  operaked a s  a sta,ndard “ s t r a i g h t “  pa rL ia l  discharge 

de t ec to r  by grounding one k g  cf the br idge .  Since th i s  r e s u l t s  i n  a 

c 

drop i n  s e n s i t i v i t y  a m i  the l c s s  of external. noise r e j ec i ion ,  we shal l  
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t r y  to avoid grounded specimens. We expect to d e a l  w i t h  Item 2 by the 

use of a split ground electrode as previously discussed. 

An or~ey has been placed for this equi.pment, and delivery is expected 

i.n ear1.y August. 
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The information we received from EIi-potrcnics ir1cl.u.ded two drtawings, 

"Simplified Schematics for 7350/709/525/105 SR, I '  (reproduced as Figs. 3 

and 5 of t h i s  appendix) , without any e.xplanation eoncerni.ng the upex-atioi? 

of t h i s  .Lest  equi.pmexit. 

p r i n c i p l e s .  

In the fo l lowing ,  I T w i 1 . 1 .  discuss the bas ic  

n 

e 
A v 
T :: 

1 ) '  
- 

2 + J' (wr - - 
wc i 

n 

e 
A v 
- T :: ' i .  

m d . ,  therefore ,  

t he "output voltage ' I  is 

i: 
V 

H 
... ... - I rr,ax 

._ - i t ,  assumes, i n  the case of resonaiice, the value 

r 



Figure  1. Series resonant c i r c u i t  with va r i ab le  inductor .  



With the usua l  designat ion 

LUL 
R 
- -  - Q Y  

t he  r e l a t i o n  

vma,x = $Ve ( 7 )  

i s  obtained. 

2 .  Xipotronics ind-icates tha t  one ac s e r i e s  resonant t e s t  u n i t  can be 

-tuned i n  the  range 

From Eq. ( 2 )  follows for t h e  inductance a t  resonance (with w = 2 T T f  = 1-20 TT 

= 377) 

11,700 Ii - > T, - > 615 H . (9) 

The values  a re  extremely hFgh an4, therefore ,  it i s  not poss ib le  t o  use 

a t e s t  arrangement as shown in Fig.  1. It i s  necessary t o  arrange the 

var iab le  inductor on the  low voltage s ide  of a t raasformer which is 

shown i n  P ig .  2 .  

3. The t u r n  ratio of t h e  transformer i s  n:L. Since we assume an ideal  

transformer (for designat ions see F ig .  2 ) ,  

and I = n I .  1 v = - T J  
s n J ?  S P 

E'or t he  secondary c i r c u i t ,  the  r e l a t i o n  

is val id .  



1 : n  1 s  

Li igure  2. T r a n s f  omcr  co~p1 ed var iab le  indue tor. 



Combining E q s .  (10) afid (ll), we ob ta in  

(12) 

with 

'That; means the vu5ab le  i.ndi~ci;or at the secondary side of the high vol tage 

tramforrrier a c t s  like :-ai irnped-ance on the prirmry side which is n- as 

l a rge .  By a::sumi.ng 8gprqwiai;e value of 11, we can find. a conveni.ent 

range o f  v a h e s  f o r  the impedance of' like inductor at, the  seeonrl.ary s ide 

of the transformer wliicb s a t i s f i e s  the t iming  conclition. 

2 
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A 

wi-th the  resonance condition 

1 
UC - 2 WI:' = - 

Therefore, for s e r i e s  connections cP two equal. u n i t s  with the  

considered value of L', the  range of capac i t ies  f o r  which the  

t raxxforrnzr  can be tuned i s  determined by 

0.0003 PF < c < 0.0057 p~ - 

ins tead  of Fq. (8). Furthermore, 

cu L' 1 v 
- Q 7 J e  ? - Lre Vmax cuc 2 H ' w C  

e 
I_ - .._ - 
max 

? . e . ,  t t ic Q f a c t o r  i s  t h e  same as t 'nat  of one s ingle  u n i t  and 

voltage outyut V ts again the  input  vol tage V times the Q max e 

( l l + j  

(1-6) 

previously 

r e  s onant 

t he  maximum 

f a c t o r .  

Therefore, i n  order  .to produce an output vol tage of TOO kV ins tead  of  

the  output vo l tage  of 350 kV of a s ing le  u n i t ,  it i s  necessary t o  provide 

a maximum exc i t e r  vol tage twice as high as f o r  a s ing le  u n i t .  If the  two 

high vol tage tmnsformers  are each designed for 350 kV, no dariiage w i l l  

occur when the two uni.ts a r e  switched i n  cascade, i . e . ,  when one t r ans -  

former tank i s  connected t o  the  h3.gh vol tage terminal  of the other  tank 

and appropriate  i n su la t ion  t o  ground i s  provided. This operation o f  
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where L i s  the  l a t e n t  hea t  of' Lhe l i q u i d  [ (6 + t&) /L i s  then the  mass of 

l i q u i d  vaporized per  second] and C(T) i s  t he  vapoi- spec.i.fic h e a t .  

helium, CCT) is m a r l y  temperature ind-ependent. 

we have 

For 

Lett ing 6 + go = D so, 

D i s  j u s t  the  r a t i o  of the  t o t a l  hea t  leak t o  Yne conduction hea t  leak.  

Rearranging and in t eg ra t ing  f rom h = 0 t o  Fi, we have 

With no hea t  exchange, t he  s p e c i f i c  heat  term i s  absent and (4) reduces 

t o  ( 1 ) .  From the  form of (4) it  i s  apparent l;ha,t for per fec t  hea t  exchange 

t h e  t o t a l  hea t  leak U s  

i n  the  denominator i s  negl.igible compared t o  C ( T  

values  of T which cont r ibu te  l i t t l e  t o  the  i n t e g r a l .  

approximately inverse ly  pyoport ional  t o  D .  What t h i s  means i s  that  

i s  near ly  independent of  D, s ince  the  L/D term 0 

- 'I' ) except f o r  s m a l l  h 0  

Hence go i s  h 

increasing the nonconductive hea t  l eak  Q decreases the  condiictive hea t  

l eak  so as  t o  keep the  t o t a l  hea t  f l u x  equal  t o  what t h e  conductive hea t  

leak would be f o r  L) = 1. If we l e t  

- cuA/H 
qo - D '  

where CY i s  some constant ,  then  

(5) 



1.0 9 

and 

When 4 equals cuA/fi, D becomes i n f i n i t e ,  the conductive heat  leak becomes 

in s ign i f i can t ,  and the  t o t a l  heat  l e a k  equals 6. 
a given value of QJ we see that the  minimum t o t a l  hea t  leak f o r  a given 

type o f  conductor i s  obtained if A/H can be chosen so  t h a t  aA/H =- Q. 

Smal3.er values of A/H cannot decrease the heat leak below 6, and l a rge r  

values w i l l  give a t o t a l  heat  leak  of olA/H > 6. Of course, mechanical, 

e l e c t r i c a l ,  o r  other  experimental considerat ions may make it  impossible 

t o  choose such a low value of A/H. 

i n t e g r a l  (4) numerically using thermal conduct ivi ty  vs temperature da ta  

for Pyrex glass. 

and C = 5.23 j/gm-deg were used. 

shown i n  Fig.  1, which shows p l o t s  of H/ADc&vs TH f o r  various values of 

t he  parameter D .  Note the  la rge  reduction below t h e  values calculated 

for no hea t  exchange. 

On the other  hand, with 

Sydoriak and Sommers evaluated the 

For 1-iquid helium at T = 4 K, the  values L = 20.62 j / g m  0 

The r e s u l t s  of t h e i r  ca lcu la t ions  a r e  

Since the  la rge  dewar required f o r  the  c r y o e l e c t r i c  program w i l l  be 

constructed of s t a i n l e s s  s t e e l ,  similar ca lcu la t ions  for this  mater ia l  

a r e  of i n t e r e s t .  

have evaluated (4) numerically for D values of 1, 2, and 5. 

of these  ca lcu la t ions  are shown graphica l ly  i n  Fig.  2, which gives the  

total heat  leak D% H/A as a funct ion of TH. 

Using published K(T)  data’ for s t a i n l e s s  steels, we 

The results 
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Referr ing to ?j.g. A-6 of t h i s  r epc r t ,  the  heal; leaks of i n t e r e s t  are 

those down -the ground plane tube and dewar iniier vacuum tank for 15-quid 

nikrogen temperature and dcisn the  high vo!.t,a@-: tube f o r  :room temperature.  

Due t o  the c a r e f c l  use of r ad ia t ion  sh ie ld ixg ,  al.1- r a d h t i v e  hcat le3ks 

should occur from sur faces  at or below l i q u i d  n i t rogen  tenqera ture  and 

can be shown t o  be neg l ig ib l e .  ?ram Fig .  2 assuming t h a t  D = I, the 

conductive hea t  leaks  a re  given by 

The ground tube and inner dewar wall have ins ide  diameters of 4C is. 

and )-I5 5/8 i n . ,  and t h i c h z s s e s  of 3 / 8  i n .  a,nd 3/16 i n . ,  r e spec t ive ly .  

The minimum dis tance  from the  n i t rogen  reservoi r  to the helium level. 

will be a’oout 24 i n .  Hence 

‘The high voltage tube has an  in s ide  diame’izr of 7 3/4 i n .  and a wal -1  

th ickness  o f  1/8 i n .  and reaches room temperature approximately L8 i n .  

above t h e  hel-ium sur face .  Thus 

Since t h e  r i s i n g  vapor colunms of the two heat l eaks  a re  i s o l a t e d  from 



each other by a large vacuzm space, it i.s proper t o  sum the hea.t leaks 

t o  ob ta in  a total of 2.7 W. 

3 o r  4 W. 

Imperfect heat; exchange riight raise t h i s  to 

Similar ca lcu la t ions  for the intermediate voltage cryostat shown in 

Fig. A-L+ of  this report yield a heat leak of  0.106 W, which is again 

almost entirely conductive. 



11.4 

1 .  

2. H. L. Powell  and W. A. Blanpied, "Thermal Conductivity of Metals 

S. G. Sydoriak and EI. S. Sonmers, Rev. Sei. Ins t r .  - 22, 91-5 (1951). 

and Alloys at Low Temperatures," NBS C i rc .  556 (1954). 
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PRESSU3E 

S W .  Schwenterly 

Superconducting cable  designs under cur ren t  considerat ion requi re  

helium pressures  as high as 10 aim, and i+, i s  t h e  objec t  of t h i s  program 

t o  obta in  d i e l e c t r i c  s t r eng th  da t a  i n  l i q u i d  helium up t o  these  pressures .  

Hence, t he  low terflperature end of the la rge  vacl:uun bushing shown i n  Fig.  A-6 

will have t o  withstand an external.. prebsure d i f fe rence  of' 10 a t n  on its 

outer  perimeter without buckling. The dewar and high vol tage tube n~ust 

withstand a s imi l a r  i n t e r n a l  pressure .  At the same time al-L tubes m u s t  

be t h i n  enough t o  keep hea t  leaks dorm i o  a-cceptable va lues .  

me c ryos t a t  p a r t s  having i n t e r n a l  pressure are t h e  46 in. diameter 

inner  dewar jacke t  and i t s  quartz  windows, t h e  8 i n .  diameter high vol tage 

tube,  and t h e  t o r i s p h e r i c a l  heads which form the  dewar bottom and low 

temyerature i n s u l a t o r .  

Sect ion VI11 of the  RSkU Boiler Code (Unfired Pressure Vessels)  

gives several. u se fu l  r e l a t i o n s  for designing vacuum and pressure  equip- 

ment. For c y l i n d r i c a l  s h e l l s ,  pa r .  UA-1. gives a thickness  

PR t =  SF + 0.4 P 

where P i s  t h e  design pressure,  R i s  the  outs ide rad ius ,  S i s  the  maximum 

allowable s t r e s s  i n  t h e  mater ia l ,  and E i s  the j o i n t  e f f i c i ency .  S M E  
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s 1; reng i 'n . 

. .  gl.vii-ig a theoi -e t ics l  breaking pressure zf ?Ti: psi. and a sa fe ty  f a c t o r  cf 

2 3 . e .  

2 



!l%e proposed low temperature i n s u l a t o r  will be a fiberI.gass tori- 

sphe r i ca l  head w i t h  a c r o w  radius  of 40 i n .  

skress valxe f o r  a simi.I.ar material such as G-1.0 gtves S = 3-0,00!) psi., 

(2) then yield:; 

Taking one-third the terisile 

t =: 0.532 i n .  f o r  the i n s u l a t o r .  

~ h c  only pa,rt having ex te rna l  pressure i s  the  4.0 i n .  grou.ntl tu'ne of 

the vacuum insulator. Fxterna,lly presswized. .tubes must be L1~icl~e.r 1;han 

those und-er the sane i n t e r n a l  pressure d.ue t o  the p o s s i b i l i t y  of e r r o r s  

i n  tube roundness i n i t i a t i n g  col.l_aps? i n t o  a rimher of I-o'ues. This nay 

b e  prevented i n  senie cases  by the addi t ion  of stiffening r ings t o  the 

shell. 

Cases of .this type are t r e a t e d  us ing  the char t s  i n  Sec t .  ~1'1, 

Appendix V of the  3oiie.r  Code. F r m  these curves,  one obtains  t h e  

maximum working pressure f o r  var ious va,lu.es of t / ~  and L'/D, w1ier.e 1,' 

i s  the d l s t a x e  between s t i i ' f 'enbg r ings .  

a r e  placer1 t o  g i v e  L'/D = 0.5 and ]_et t = 3/8 i n .   am^ D = 140 3,L.b 

Then Fig. UXA-28.1 for 304 s t a i n l e s s  steel. gives EL value 

Assume -khat s t i f fen i .ng  r ings  

Hence, p = 1x9 psi. 

However, t h e s e  pl.ots a r e  a l s o  constructed to incorporate  a saf'e.t;;y 

f a x t o r  of fou r .  If this i s  dropped t o  three i n  conformity wi-b'ri t h e  

rest of' Yne design, mult iplying Y a i s  presswe by 11./3 gives  1.59 ps i .  
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Further  s tudies  are uilderpTay t o  deternine whether a composite wal l  

will. support t he  pressure l o a d  w i t h  a lower hea t  leak. 



1-21 

1. ASMF: B o i l e r  Code, Sect. VIII, ‘Table !MA-23. 

2. Calculation by J. N. Robinson of Inspection Engineering Etvision, 

OKNL. 









I. 

Solut ions of el e c t r o s t a t i c  and electrodynamic f iel-d pro'ulerris w i t h  

var ious  boundary conditions are of great  pmc1;ical importance 8,s an 

essential  part  of the  physics backgroiind f o r  thc design and operat ion of 

high vol tage equipment. The mathematical forrriula1;ion of t'nese physics 

prublerns uses  t'ne "lJ~placian,  ' I  which can be expressed i n  rectanbrular 

ccovdinates as 

E l e c t r o s t a b i c  field problems -in region:; w i t h  uniform d i e l e c t r i c  constant 

and without space charge lead to "Laplace's equation" 

2 ocp = 0 .  

When space charge rrms t he considered, "loisson's eqi!af;ionl' 

2 
orp = - p  

is required.. For t r a n s i e n t  fields, the "wave equation" 

and, finall.y,? the  "diffusion equation" 
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a re  needed f o r  speci.al cases .  

There i s  a trei?lendux wealth or" books 2nd papers deal ing with f i e l d  

I 
analys5.s from t h e  engi-neer!.ng s tandpoint .  For our purposes, we w i l l  

1Li.s'~ the  Yollowi.ng grcups cf' f i e l d  ana lys i s  : 

1. l ' i e l d s  cf simple geoiiie';ries ( e  .g., f i e l d s  produced by po in t  
and l i n e  cherges, with more advanced f i e l d  anal-ysis me thds ,  
such as the "method of eI-ec-Lric images") . 

2.  Analytic s O 1 ~ . C < . t j ~ i s .  Gne c l a s s i c a l  w8.y i s  tc; nse approprlate 
coordinate systems i n  order  t o  separa te  the  variables and 'GO 

sat?'.sfy specia?. boundary condi t ions.  A sy-stematic trea-Lment 
of Lhese ccordiilate s y s t e m s  i s  Sased on f irst ,  and second 
degree surfs-,es and deal-s writh 11- coordinate systems (rectangul.ar ; 
c i r ~ ~ t  Tar .-, nl1.i.p-L ic - , and parabol ic  - cyl indr  i.c a 1  r cor 3.i-nate s ; 
difi"erent kinds of? spherical- cccrd ina tes ;  e t c  .) .2 Xany two- 
dimensional problems can be solved o y  applying the theory cf 
~ o n ~ l e x  v a r i a b k s  ((a? espec ia l ly  powerful method is -Lhe use 
of c cnf crmal ixappiilg3 ) . 

3. Computational :iethods. due -to t he  modern development of compu'ie-r 
techniques , the computa.tional methods are becoming increas ingly  
important . They a re  replacing I.n many cases a n a l y t i c a l  so lu t i cns  
which were part1.y developed during the  time when "higher hi1c Lions ' I  

ve re  a l rcx2y ta'oulated, however, e l ec t ron ic  computers were n o t  
ye t  avai.!.able 

4. Experimental f i e i d  ana lys i s .  

The following Sec t s .  TI and ITT deal with  Tcpics 3 and 4 1.ist;eci above. 
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. 

The f i r r i t e  d i f fe rence  method i s  8 riumerical technique Tor so lu t ion  

t o  d i f f e r e n t i a l  eyuattons.  

governing d i f f e r e n t i a l  equations wlth ordinary a lgebra ic  equations . 
sinrple example of appl ica t ion  t o  t h e  two-dimensional, Cartesian coordinate,  

d i f f e r e n t i a l  equations follows. i;iven 

The method i s  based on approximating the 

A 

Consider a poin t  i d e n t i f i e d  by ind ices  i,j i n  Fig.  1. with neares t  neighbors 

on g r i d  l ines  i- l-? i+-1, j-1, and j+ l .  The dis tance between point;s h i s  

a l s o  ind ica ted  i n  the  f igu re .  One approximation t o  t'ne d i f fevent ia l  

equation may be wr i t ten ,  

2 V. - Vi 
('0 - 'i,j 3- , j , j - l  

- v  
1- h 2 h4 1 h2 3- h4 

i , j +I. 
-t 

Thus t h e  p o t e n t i a l  a t  f i v e  a d j  acent po in ts  is i n t e r r e l a t e d  a lgebra ic l ly .  

Upon the imposition of knom boundary condition, t he  problem m3,y be solsred 

mrneriea11y. Examples cf t h e  app l i ca t ion  of the  finite difference method 

f o r  high vol tage  equipment a re  contained i n  Refs. 4 and 5, 

references consider t he  problem of mult iple  d i e l e c t r i c s ,  i r r e g u l a r  

geometry, arid va r i ab le  boundary condi-tions in detail and preseiit r e s u l t s  

f o r  several high vol tage devices .  

h e a t  t r a n s f e r  a n d  d i e l - ec t r i c  f i e l d s ,  colripter codes may be used t h a t  have 

been developed f o r  hea t  t r a n s f e r .  

These 

By considering the  ana lom between 

T h e  f i n i t e  d i f fe rence  corriputer code, 
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i; j +I 

i - t -1 ,  j 

Figure 1. F i n i t e  differei ice  g r i d .  
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6 
I!EA-?'DIG JY, f o r  solving problems i n  one, two, ant3 th ree  iiimensions i n  

Cartesian or cy l ind r i ea l  coordinates inay be r ead i ly  used f o r  c s lku la t ion  

of' p o t e n t i a l  f i e l d  problems * 

For highly i r r e g x l a r  bo1indaries a d  geometries not r e a d i l y  represented. 

by combinations of small rec tangles  or  r i g h t  tr iangl-es,  an al.ternate t o  

the finite di f fe rence  procedure is tine f i n i t e  e]!eme:nt, me.thor1. me - f j .~~i i ;e  

e7.ment method t r a n s f o r m  t h e  prcibI.em in physics from one of findlng tine 

so lu t ion  t o  a d i f f e r e n t i a l  equation t,o Ynat  oP Tinding the  solut'ion t o  an 

i n t e g r a l  equati.on. AS a n  exzmp~e, consider Eq. (6). Dnefine a fimctiona.1 

X as 

'The so lu t ion  which niinimizes x i s  equkvalent to the  so lu t ion  of (6) 

subjec t  t o  the same region and boundary condi t ions.  The f i n i t e  element 

methad proceeds by assuming xn i n t e r r e l a t i o n s h i p  between ad j  acent po in ts  

surrounding a c e l l  c a l l e d  an element. The potent ia l -  V wi th in  the  element 

i s  Idependent only on the  p o t e n t i a l  of the corner po in ts  o r  nodes. Since 

the elements adjacent  -to each o ther  share nodes on t h e i r  boundary, 3, 

coupling develops between nodes through the region.  Mathematical de-tails 

of -the f i n i t e  elernent method applied t o  potentiaJ.  f i e l d  problems inay be 

found i n  Ref. 7. At ORNL several. progiwfls a re  ava.il.able f o r  t h e  sol.ution 

of p o t e n t i a l  f i e l d  problems by the f i n i t e  element method. To d.ate a 

Frogran c a l l e d  FE&TS has been u.sed. t o  determine severa l  axisynunetric 

p o t e n t i a l  fie1.d [lis triinutions . 

8 

9 
I n  t'ne design of -tine lOC0 kV dewar, considerat ion nius-t be given 

t o  t h e  'neat leaks by' r ad ia t ion  t o  the regj-on (if the t e s t  sec t ion .  For 



this reason, thermal r ad ia t ion  b a f f l e s  a r e  incorporated wi th in  Vie anmlus  

betweeil t he  outer 20 i n .  radius  cy l inder  ground plane and the  inner  11 i n .  

radius  cy l inder  a t  -the t e s t  voltage p o t e n t i a l .  

acceptance cf a design i s  t h a t  the  po- ' iential  field gradient  not exceed 

One c r i t e r i a  f o r  the  

1-00 kv/cm. 

elements used i n  ana lys t s  and resu-l ts  of equipoten t ia l  contours and f i e i d  

Figures 2-6 present  a t y p i c a l  compukation mesh of f i n i - t e  

grad ien ts  f o r  fou r  co:iiceptual designs.  

One of t h e  c l a s s i c a l  analyt5.cal methods of  p o t e n t i a l  f i e l d  ca l cu la t ion  

i s  c a l l e d  the image method. In t h i s  method a c e r t a i n  space charge c?.is-'iribu- 

t i o n  may be replaced by a poj-n'c or l i n e  charge with equal  charge a t  an 

aypropriate  poj.nt i n  space.  With the  a v a i l a b i l i t y  of d ig i t , a l  computers, 
IC 

t h e  foundation of the image met,l-iod has been used t o  develop computer codes 

11,1.2 
Poi- axisymmetric and plane geometries for potentia,l. f i e l d  calculat i -on.  

'i%e image method reduces the amount of d a t a  required f o r  input  -Lo solve 

a p o t e n t i a l  f i e l d  problem a s  compared t o  t h e  f i n i t e  d i f fe rence  and f i n i t e  

elcnielri methods. It should thus  prove t o  be an exce l l en t  t o o l  for desifin 

purposes. A d i g i t a l  computer code based on t h e  image met'nod ?or axisymmetric 

geometries i s  being developed. 

111. ZXPERIMF,NTAL FIELD ANAT,YSiS 
-.._.I___ _...._. I___ 

There i s  very extended I . i terature cn ezxperimental f i e l d  anal-ysis 

which can be appl ied -Lc the speci-a1 requirements o f  high vol tage 

engineering. Oile group c,f these  publ ica t ions  descr ibes  f i e l d  measure- 

ments on ?ul.l-si.ze or  on models of a c t u a l  'nigh vol tage equipment. l3 

other  group concerns methods f a r  sol.ving such p o t e n t i a l  ui-obleine by nearx 

cf analog corripJ.ters . _n con t r a s t  bo sol.utior?_s 3y di.gii;al c o r r p t e r  methods,  

The 

- 
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analog computer methods can be considered as a special  kind of experimental 

fi~eld analys is .  O f  course, tihe analog computers can b e  used not only f o r  

the ana lys i s  of e1.ectrostati.c f i e l d  d i s t r ibu t ions  but  a l s o  f o r  inves t iga-  

t i o n s  on e l e c t r i c a l  and on hydrodynamic f l o w  pai;.t;erns, on magnetic f i e l d s ,  

on heat  f l o ~ ,  and for various other problems which can be reduced t o  the 

so lu t ions  of boundary problems of Lap1 ace ' s  equation. 

the following summarizing statement:  

types can r ead i ly  be t r ans l a t ed  i n t o  a so lu t ion  f o r  the other  f i e l d  types.  

Ernst  Weber'' makes 

"Any so lu t ion  f o r  one of the f i e l d  

I n  the  experimental inves t iga t ion ,  t h i s  permits wel.come subst i - tut ions i n  

instances where the o r i g i n a l  f i e l d  i s  d i f f i c u l t ,  i f  not iinpossi.bl.e, t o  

explore.  I '  

For genera l  three-dimensional p o t e n t i a l  problems witin unsymmetrical 

arrangements of t h e  e lec t rodes ,  the  e l e c t r o l y t i c  tank i s  th,a only p r a c t i c a l  

vers ion  of an analog computer. Very ear ly ,  t h e  idea was conceived. t o  

apply the e l e c t r o l y t i c  tank also t o  fi-elds with more than one d ie l -ec t r ic .  

1- 5 

16 

For axia,l ly symmetric f i e l d s ,  wedge-shaped e l e c t r o l t y i c  tanks can 

be used. l7 

be employed. 

"three-dimensional" e l ec  bro ly t ic  tank and t o  i n s e r t  h a l f  of t'ne axi-  

For exact measurements, a tank with hyperbolic p r o f i l e  nus t  

18 
However, i n  some cases it i s  more convenient t o  use a 

s p m e t r i c a l  t e s t  object  i n  such a way i n t o  t h e  e3.ectrolyte s o  t h a t  the  

plane cu t  of t he  t e s t  specimen i s  f lu sh  w i t h  tihe e l e c t r o l y t e  surface.  

At the  Thermonuclear Division of ORNL, such an e l e c t r o l y t i c  t ank  has been 

b u i l t  for determining the  e k c t r o s t a t i c  p o t e n t i a l  d i s t r i b u t i o n  around 

t h e  model of an ion  source.  1-9 

Another type of anal.og compui;er i s  represented by r e s i s t o r  networks. 

Selected. carbon-deposited r e s i s t o r s  wTYn high accuracy ( b e t t e r  than 1%) 
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can be employed, and between r e s i s t a n c e  s teps ,  s u f f i c i e n t l y  accurate  

i n t e r p o l a t i o n  res i s tance  d iv iders  can be used so  that very- accura-te 

measurement r e s u l t s  a re  obtained. Another aclvantzge of  r e s i s t o r  networks 

i s  t h a t  boundary conditions e m  he changed- wi.th grea t  ease; t h i s  i s  

important when spec i f ied  f i e l d  configurations have t o  be achieved so  

that  the configurat ion of t he  boundaries must he changed by t r i a l  and 

e r r o r .  

Very exknsive work on such axiai.ly symmetrical r e s i s t a n c e  network 

anal-og coiiiputers has beeE done b y  K .  E .  Wakefield. of "Yroject Matterrborn, I' 

EOW Princeton Pl.asma Physics Laboratory (PPPT,) . A c a r e f u l l y  designed. 

a x i a l l y  syxnnetrical res i s tance  network has been bui1.t a t  t h e  'Thermonuclear 

T)ivision of OSNL. 

20 

21 

For cases where high accuracy i s  not very e s s e n t i a l  and sirrip1.e and 

fas t  work i s  more important, the  "Conc?.uctivc Sheet, Analog Fie ld  P l o t t e r "  

(AFP) i s  a very convenient t o o l .  'The idea of  &n RI:P w a s  f i r s t  conceived 

by G. Kirchhoff i n  1.8!+5. 

a t h i n  metal  sheet  of relative1.y high res i s tance ,  with the current  

intrcduced. by t h i n  metal e lec t rodes  of appropriate shape. The potent  i d  

of any poin t  ai; the surface of the thin m e t d  sheet can be determined by 

touching it with -the t i p  of a " t racer  s t y l u s .  " 

be e a s i l y  drawn i n  Ynis way. Va,ri.ous d i e l e c t r i c s  with different;  d i e l e c t r i c  

constants  E: can be represented. by using f o r  t he  var ious areas  of t he  

t'iiin sheet  d i f f e r e n t  metals with correspcnding resis t iTri ty  ratios. 

examp1.e of the f i e l d  d . i s t r ihu t ion  i n  ai -two-conf!ucf;or cable with i;wo d i f -  

f e r en t  d ie l .ec t r ics  i s  shown i n  Ref. I., p .  184. Su.ch arrangements with 

thin metal shee ts  a re ,  however, e,xpensi.ve and not coiiveniently haxiled; 

22 
H e  considered the  flow of e l e c t r i c i t y  through 

Equipotent ia l  l i n e s  can 

k 

An 



and, therefore ,  metal sheet  AFP aye only used f o r  permanent models fo r  

fieici p l o t t i n g  f o r  educational purposes. 
23 

Present ly ,  the preferred sheet  rnateyj~al for hnP i s  graphi t ized paper, 

"Tel~edeltos, Grade L, I t  a s  beiilg used f o r  recording .j_ns-Lruments and f o r  

facsimile  telegraphing purposes. This conductive f i e l d  p l c t t t n g  paper 

i s  about C.004 ii?. t h i c k  and has a res i s tance  of about 2000 R per  square. 

Electrodes of t he  desi.red shapes a r e  painted with a conductive s i l v e r  

pa in t .  

and rep-resent t he  boundaries witin ?r = const .  

::- 0 can he represented by cu t t i ng  the rim of the  f i e l d  p l o t t i n g  paper i n  

an appropriate shape. By  using a t r a c e r  s ty lus ,  equipoten t ia l  l i n e s  can 

be e a s i l y  deteymined. 

These electrodk areas have a res i s tance  of 1 t o  4 0 per  square 

The boundaries with aV/an 

'There is very extended. l i t e r a t u r e  on "conductive paper AFP. " 

instance,  on pp. 203 and 204 of R e f .  23, 16 references a re  indicated.  

In  our laboratory,  we use a "Conductive paper AFP" manufactured by the  

Sunshine S c i e n t i f i c  Instrument Company ( S S I )  i n  Philadelphia,  Pennsylvania. 

Detai ls  of the  design o f  tha- t  AFP, Model 241, and in s t ruc t ions  concerning 

the use of' t h i s  apparatus can be found i n  i t s  i a sLmct ion  manual.. 

For 

24. 

Our extended and c a r e f u l  work with t h i s  Lype of RFP showed t h a t  f o r  

two-dimensional p o t e n t i a l  problems, we can prepare -the conducting p l o t t i n g  

paper with g rea t  accuracy (drawing el.ectrodes with Conducting s i l v e r  pa in t ,  

cu t t ing  the r i m  of the paper ) .  

and fl.017 l i n e s  using t'ne t r a c i n g  stylus and the potentiometer wit't? s i m i l a i -  

g r ea t  accuracy (about - + 1/2$,). 

and no p o l a r i t y  e f f e c t s  of the measured vol tages  can be observed. However, 

these stakements do not answer the  most important question: How well 

Furthermore, we can t r ace  equiTotentia1 

F ina l ly ,  no d r i f t  of t he  voltage source 
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does the so lu t ion  oh-tained with our analog corrquter tqqroxinate the 

st r i c  t mathhema t i c a1 s o l u t  ion of the p o I; ent i a1 di s t r ib ut ion p r  ob 1 e m  

concerned? As we w i l l  d iscuss  i n  the fellowing, the answer depends 

mainly on the  isotropy of the  p l o t t i n g  paper used. 

i so t ropy  of the " ~ y p e  L Teledel tos  Pzper," p. 10 of Ins t ruc t ion  Ivlztnual 

1~4-1. coni;a.ins t h e  f o ~ . ~ - ~ w i n g  statemen.% : "Mamfacturing i;o1erarices t o  

Which the  conducting p;zper appears t o  be held. r e s u l t  i n  a uniformity (if 

r e s i s t ance  ordinari1.y a.dequat;e to t he  needs of t he  f i e l d  plotter. I n  

c e r t a i n  cases where extreme accuracy i s  required,  srnaJ.1. cor rec t ions  for 

such an iso t ropic  v s r i a t i o n s  i n  r e s i s t ance  as occur i n  perpendicular 

d i r ec t ions  i n  the  p p e r  may be determined and made. 

t o  da t e ,  t he  uniformity of r e s i s t ance  of sa,mpI.c areas has been found t o  

run within from - -1- 376 to I f 8% maximum deviat ion from a m a n  ?ral.ue, with 

t h e  paper showing the low resista-nce values when nieasu.red. ' lengthwise 

of t h e  roll' as compared with the  higher  values obtained when measured 

'crosswise.  ' This anisometric [ s i c  1 property appears t o  be a permanent 

property intrcjduced i n  the processing of the paper, arid ris a l ~ a y s  found 

t o  be or ien ted  s o  t h a t  t he  1.ower r e s i s t ance  value occurs 'wi th '  t h e  I.ength 

of the  roll, arid i n  quadrature t o  t h e  higher  value associated -with ' c ross -  

wise '  measurement. It can be corrected f o r  where necessary by Yne use 

of d i f f e r e n t  s ca l e  factors i n  perpendicular d i r ec t ions . "  

Concerning the  

I n  sarrrple t e s t e d  

In order to t e s t  t'ne anisotropy of t h e  paper, t h e  following measurenients 

were made. From one piece of plokt ing  p p e r ,  a sample (shown in F i g .  7) 

wits c u t .  

1 i n .  wide. The d i r e c t i o n  0-8 i s  "1.engthwise" t o  the paper.  In  t he  

center  one elect .rode with about a 4 i n .  d iane ter  was pain ted  wi-Lt.1 good 

It ctsnsis"i;s of  1.6 "arms," Nos. 0 t o  15, each 1.0 i n .  long and 
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Figure 7. Arrangement f o r  t e s t i n g  the  i so t ropy  o f  Teledel tos  Paper. 



t 

P 

conduc.ting s i l ve r  p a i n t  and 8 t h in  metal wire was avvacged ins ide  near 

the circumference of that electrode in order. .to decrease the  resistance 

of the cenker part. 

e 1.e c tr ode s were pain t  e d . 
On t h e  outs ide end of each arm, 1 in .  x L i n .  

First, we measured the  res i s tance  of "pairs cjf '' i.e., two 

opposite arms were swi-i;clled i n  se r ies .  'The resul-ts of these  measurements 

are shown i n  Table 1. 

Deviation ($1 from 
Aver age Ke s i s  t anc e P a i r  No. Angle ("> 

0 - 8  0 - 6.5 

1 - 9  22.5 - 4.4 
2 - 10 1.15 . - 1.3 
3 - 11 67*5 -1- 3.1 

4 - 12 90. + 5.3 
5 - 13 '1.12.5 1- 5.3 
6 - 14 1.35. + 1.8 
7 - 15 1.57.5 - 3.3 
8 - 0  180. - 6.5 

Pair 0-8 i s  "lengthwise," and pa l r  j-b-12 is l ' c r ~ ~ s w i s e ' '  on the paper r o l l .  

From the  comments of the  i n s t r u c t i o n  manual, it can be expected that p a A i r  

0-8 has the  smal_l.est r e s i s t ance ,  which is a c t u a l l y  .the case. However, 

we notI.ce tha t  pair 4-12 does not have the highest  res i s tance ,  s ince 

the r e s i s t a n c e  of p a i r  5-13 has t'ne same value. The deviat ion oP the  

res i s tances  of t h e  p a i r s  f r o m  the  mean value is sornewhziit smaller t,han 

t h e  maxirmun ta le rance  of + 8% mentioned i n  the i n s t r u c t i o n  rnanm,:L. - 
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Unfortunately,  the  r e s u l t s  become even worse if '  we consider each 

r e s i s t ance  s.Lrfp separa te ly  ( see  Table 2, next page) . 
The smallest  r e s i s t ance  of any s k i p  i s  6. j$ below the average 

resistaai.ce; the l a r g e s t  res iskance i s  9.3% above the average r e s i s t ance ,  

i . e . ,  1-arger -Elan the  + 8% mentioned i n  tine i n s t r u c t i o n  manual. 

s t r i p s  wi-t'n angles l a r g e r  than 1.80 have appreci.ably h igher  r e s i s t ance  

than 'ihe corresponding sk r ips  with angl.es smaller  than 180 . 
r e s i s t ance  values a r e  the  r i g h t  h a l f  of the  p l o t t i n g  paper ( s e e  last; 

%ne 

0 

0 
'The higher 

c c l u m  of Table 2 ) .  Trom these measurement resul- ts  it follows that  the  

statemen'c of t he  in s tme t i -on  manual, "It ( the  an iso t ropic  proper ty)  can 

be corl-ected for where necessary by the 1Jse of  d i t t e r e n t  sea1.e f a c t o r s  

i n  peipendicixlar di . reet ions,"  does not hold a t  l e a s t  f o r  that  roll of 

paper which has been used for our measurements. The hi-gh degree o f  

anisotropy of  the  9lot tTng papcl- i s  r e g r e t t a b l e ,  especia1l.y s ince  the 

tracing accuracy i s  TJery good. In  the  fol-lowlng wi.l.1 discuss  a n  

example o f  Pjndlng the  eqxipoten t ia l s  of a yo ten t j -a l  f i e l d ,  comparing 

ca lcu la ted  values with +,he r e s u l t s  of field pLc'it3.ng. This example ~ j . 1 1  
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1'i.gure 8. Example f o r  comparison of analy t ica l  po ten t ia l  cal culation 
with r e s u l t  of f i e  Id 'plotting . 
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Table 3 shorrs:; the calcula,ted 7J-aJ.ues x, and ?,he values x' (set? 8) 

obtained by m a n s  of' conductive sheet field gl .o t t ing .  As shcmn in 

'Cable 3, the d i f f e rence  between tal-culated and measured values is 

smaller than k$. 

ri: k: 

~atlcul-ated (?.ne ) Measured ( i n .  ) Error 

x = 0.444 

x2 = 0.916 

x3 = 1.417 

1. 

x4 = l.946 

x = 1.428 
5 
x6 = 3.21-0 

x7 = 5.)-180 

X8 = 8.411 

- 1.5 

+ 0.7 
f 2.5 

f 3.5 

+ 2.9 

-1- 3.2 

-f 3 . 2 
+- 2.2 

Despite the f a c t  that t h e  M'P f i e l d .  p lo t t i -ng  system does nut; y i e l d  

as accurate r e s u l t s  as, say., the r e s i s t G r  networks, it i s  widely and 

success fu l ly  used f o r  the following reasons: It is very simple, and it  

i s  a;n exce1I.ent method t o  obtain fast and, w i t h  I5.t;tle e f f o r t  at least., 

semi-qu2ntitative iiifoTmation on corrrpl.ica.tet1 high voltage field d i s t r i b u -  

based on prelirninary f i e l d  sixdies made with m.r "SSL condnctive paper. 
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f i e l d  plotter. 'Then, exac t -quant i ta t ive  resuI.ts have been obtained 

by means of d i g i t a l  coniputer calcuiat , ions ( s e e  Sect. 11 of -i;hi.s appendix).  
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March 1, 1973," ONT\JL-Ti34-4187, May, 1973, P'ig. A-2, p .  27. 

A .  Nussbaurn, Electromagnetic _____c__I Theory f o r  Engineers and S c i e n t i s t s ,  

Prentiee-Ha.l.1, 1-96?, Chap. 2 .  

I-I . S t e  inb ig 1-er , "Anf angs f e  lds ta rken  Und Ausnu t zungs f aktoren Rotation- 

ssymmetrischer Flektrodenanordaungen i n  Luft, " Technische Hochschul..e 

Mciichen, Dissertat , ion,  1.969. 
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K. W .  Sorensen) , John Wiley and Sons, New York, 1.932. 
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See f o r  example, S .  Softky and J .  Jungermann, "E lec t ro ly t i c  Tank 

Neasurements i n  Three Dimensions," Rev. Se i .  I n s t r .  I 23, 306 (1952). 
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probably made by H .  Barkhausen and J .  BrEck, "The Shape of E l e c t r i c  

Fields  i n  Elec t ron  Tubes, Measured i n  t h e  E l e c t r o l y t i c  Trough, 
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H. K. fi'arr and W .  R .  Wi.l.son, "Some Engineering Applications of t he  

E l e c t r o l y t j c  F ie ld  Analyser," 'Trans. ATEE I 70, l 3 O l  (1951). 
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An exce l len t  presenta t ion  with a g rea t  number of references i s :  

E i e l d  Analysis.  Experiniental and Computational Methods, a, s e r i e s  

of  11 lec tu res ,  ed i ted  by D .  Vitkovitch,  D .  Va,nNostrand, Ltd., 

London and New York, 1966. This presenta t ion  has been p a r t l y  used 

i n  wr i t ing  t h i s  repor t .  

I n s t r u c t i o n  Manual IK?~-l, Sunshine S c i e n t i f i c  Instrument Company, 

1810 Grant Avenue, Phi ladelphia ,  Pennsylvania 19115. 

The following and other  examples of p o t e n t i a l  f i e l d  p l o t t i n g  a re  
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ORNL (1973), "A Note on Analog Fie ld  P lo t t i ng ,  P a r t s  1 and 11, I' 

by W. F. Gauster and W. J.  S c h i l l .  
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