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A.  T H E  G E N E R A T I O N  OF  P U L S E D  M A G N E T I C  F I E L D S .

I. INTRODUCTION.

B efo re  going in to  the d isc u ss io n  of the g en e ra tio n  of p u lsed
m ag n etic  f ie ld s , we sh a ll give a s h o r t  sk e tch  of the h is to r ic a l
fram ew o rk  in  which m ag n e tism  and m ag n e ts  develop  1>2'

The r e m a rk  th a t T h ales of M ilete  (ca 600 B . C . )  knew about
n a tu ra l  m ag n e ts  is  a com m onplace and it is  p ro b ab le  th a t he
h as  not been  the f i r s t  to do so .

H ow ever, m ag n e tism  is  d is tin g u ish ed  fro m  su b je c ts  such  as
m ech an ics  in  th a t i ts  d e sc rip tio n  depends s tro n g ly  upon m ic ro 
scop ic  m o d e ls , and it  should  no t be s u rp r is in g  th a t p ro g re s s
h as  been  slow  in a th inking fram ew o rk  b ased  upon o b s e rv a 
tions only. A s u c c e s s fu l a tta c k  is  only p o ss ib le  s ta r t in g  from
the a b s tr a c t  e m p ir ic is m , w hich w as in tro d u ced  by Newton
(1643 -  1727).

The t r a c e s  of th is  ap p ro ach  go back  a s  f a r  a s  P la to  (428
- 347 B . C . )  but in itia lly  the deve lopm en t w ent in  the d ire c tio n
of o b se rv a tio n a l e m p ir ic is m , a s  it  h as  been developed  fu r th e r
by A ris to tle  (384 -  322 B . C . ) .  The line  w hich ev en tu a lly  r e 
su lted  in  N ew ton 's  id eas  h as  been  con tinued  e . g .  by A rc h im e 
des (287 - 212 B . C . )  and H eron  (ca 130 B . C . ) .

In the m id d le  ag es  the A ris to te lia n  id eas  p re v a ile d , although
a lte rn a tiv e  v iew s w ere  p ro m o ted  by R o g e r B acon (1214 -  1284).
In th is  p e r io d  P e te r  P e re g r in u s  (ca 1250) w rote h is  book: "De
m ag n e te " , w hich was an  im p o rta n t s tep  ahead  in  m ag n e tism .
In h is  book he d e s c r ib e d  e x p e rim e n ts  w hich re v e a le d  the r e 
p u ls io n  betw een  like  p o les  and the fa c t th a t a sp lit  m agnet
g ives two new  m ag n e ts . He a lso  m ade som e c o r r e c t  s u g g e s 
tions on a m odel fo r  the e a r th 's  m ag n etic  fie ld .

The change to  a m o re  a b s tr a c t  e m p ir ic is m , w hich c u lm i
n a ted  in N ew ton 's  id e a s , com m enced  with the tra n s la tio n  into
L a tin  of the w orks w ritten  by A rc h im e d es  and H ero n  by
N icho las of C u sa  in  1448.

W illiam  G ilb e rt (1540 -  1603), a  co n te m p o ra ry  of G a lile i
and K ep p le r, took up the id ea s  of P e re g r in u s  and fo rm u la te d
the co n cep ts  of f ie ld  l in e s ,  induction , and m ag n etic  conduc
tiv ity .

H ow ever, in  the nex t two c e n tu r ie s  the p ro g re s s  in m a g n e t
ism  did  not go beyond the d isc o v e ry  of the second  pow er law
of the m ag n e tic  fo rc e s  by John  M ichell (1724 -  1794) and i ts
co n firm a tio n  by C oulom b (1736 - 1806).

The ra p id  p ro g re s s  s ta r te d  with the w ork  by O e rs te d , who
in 1820 pub lish ed  h is  r e s e a r c h  on the m ag n e tic  fie ld  of
c u r r e n ts .  T h is led  to the co n s tru c tio n  of the f i r s t  e le c tro m a g 
n e ts  by S tu rgeon  in  1825. The e le c tro m a g n e t tu rn ed  out to  be
one of the im p o rta n t too ls  fo r  the stu d y  of m ag n e tic  p henom -
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ena . T h ese  too ls  m ade p o ss ib le  p a r t  of the w ork  by F a ra d a y
and W eber.

D uring  the 19th and the f i r s t  p a r t  of the 20th cen tu ry  m o s t
m ag n e ts  w ere  iro n  m ag n e ts . The ran g e  of e ffic ien t u se  of
iro n  m ag n e ts  is  lim ite d  by the sa tu ra tio n  m ag n e tisa tio n  of
iro n  to  about 30 kOe. T he u se  of so leno id  m ag n e ts  was expensive
b ecau se  of the lim ite d  c a p a c it ie s  of the e le c t r ic a l  g e n e ra to rs .

W ith the c o n s tru c tio n  of la rg e  pow er so u rc e s  the developm ent
of m ag n e ts  w ithout iro n  c o re s ,  the so leno id  m ag n e ts , could
be co m m en ced . H ow ever, now the p ro b lem  of obtain ing  the
re q u ire d  am oun ts of en e rg y  was re p la c e d  by the d ifficu lty  of
rem o v in g  the h ea t which is  d is s ip a te d  in  the m agnet co il. In
a  m ag n et co il in which a co n stan t fie ld  is  m ain ta in ed  a ll  pow er
fro m  the pow er so u rc e  is  co n v e rted  in to  h ea t. The am ount of
h ea t is  eq u a l to  J  I 2R dt.

T h re e  lin e s  of ap p ro ach  have been m ade to ob tain  s t i l l
h ig h e r m ag n e tic  f ie ld s .

F i r s t ly  one bu ild s la rg e  in s ta lla tio n s  with su ffic ien t cooling
c a p a c it ie s .  The pow er d is s ip a tio n s  a re  up to 32 MW. Up to
now th is  ap p ro ach  h as  re s u lte d  in  m ag n etic  fie ld s  up to 250 kOe
in sp ac e s  of s e v e ra l  c e n tim e te r s  d ia m e te r  v . T hese  in s ta l la 
tions a re  quite ex p en siv e .

In the second  p lace  one can  red u ce  the r e s is t iv i ty  of the
co n d u c to r m a te r ia l  by cooling  down the m ag n et, the cry o g en ic
m ag n e ts . The m o s t s u c c e s s fu l ap p ro ach  on th is  line is  the
su p erco n d u c tin g  m ag n e t which is  b ased  on the p ro p e r ty  tha t
som e m e ta ls  and a llo y s  ob tain  z e ro  re s is ta n c e  below  a c e r ta in
c r i t ic a l  te m p e ra tu re . R ecen tly  the developm ent of a llo y s  led  to
m a te r ia ls  fo r  m ag n e ts  which a re  able to  su s ta in  c u r re n ts  of
s e v e ra l  hundred  a m p e re s  in  the p re se n c e  of m ag n etic  f ie ld s  of
the o rd e r  of m agnitude of 100 kOe. W ith th ese  m a te r ia ls ,
m ain ly  Nb25% Zr and N b3Sn, one su cc eed s  in  c o n s tru c tin g  m ag 
n e ts  which p roduce  m ag n etic  fie ld s  up to 70 and 150 kOe ,
re s p e c tiv e ly , with l i t t le  o r  no en e rg y  d iss ip a tio n .

T h ird ly  one can  red u ce  the h ea t developm ent by d e c re a s in g
the tim e du rin g  which the m ag n etic  fie ld  is  sw itched  on: the
p u lsed  m ag n e t. In th ese  s h o r t  tim e s  one allow s the m agnet to
h ea t up, and a f te r  the duty cy c le  one w aits u n til the in itia l
te m p e ra tu re  h as  been  re a c h e d  aga in , befo re  one g e n e ra te s
an o th er m ag n e tic  fie ld  p u lse .

In th is  way a re a so n a b le  effic iency  is  re ach e d , which is  the
b e tte r  the s h o r te r  the p u lse  tim e . In the ex p e rim e n ts  which we
sh a ll d e s c r ib e , the e ffic ien cy  a s  defined  in  c h a p te r  II goes up
to 60%. The p u lse  tim e s  v a ry  betw een 10"6 and 1 second , in
our c a se  we have a p u lse  tim e of 2 x 10 "2 second .

W ork on p u lsed  m ag n e ts  was s ta r te d  by K a p itza3,4,5,6^ . In 
itia lly  he w orked with ac cu m u la to r c e lls  and obtained  500 kOe
o ccas io n a lly , but l a te r  he u sed  a m o to r g e n e ra to r  s e t  and
ob tained  320 kOe re g u la r ly .

At p re s e n t  the m o s t freq u en tly  u sed  m ethod is  the d isch a rg e
of a c a p a c ito r  bank.

We sh a ll not go in to  l i te r a tu r e  re fe re n c e s  in m uch d e ta il,
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b ecau se  good re v ie w  a r t ic le s  have been  p u b lish ed  re c e n tly  by
de K le rk  by S trach o v sk ii and K v a r ts o v 8',  and by Kolm  and
F re e m a n

The co il d esig n  depends upon fie ld  s tre n g th  and p u lse  d u ra 
tion . M ost d esig n  d a ta  a re  b ased  on the w ork  by C ham pion  1 \

G en era lly  the m ag n et c o ils  can  be m ade s tro n g e r  if  the p u lse
d u ra tio n  is  sh o rte n e d . We r e f e r  to the s in g le - tu rn  c o ils  co n 
s tru c te d  by F u r th , L ev ine and W aniek 12'  and to  the h e lix  c o ils
c o n s tru c te d  by F o n e r  and Kolm  13,14'. In both c a s e s  the m a te r ia l
h as  been  a b e ry ll iu m -c o p p e r  a lloy .

F o r  p u lse  d u ra tio n s  of m o re  than  a m illise c o n d , w ire-w ound
o r  d isc-w ound  c o ils  have to  be u sed  to  o b ta in  the re q u ire d  s e lf  in 
ductan ce . T his type of co il is  e s s e n tia l ly  w e a k e r  than  the s in g le  -
tu rn  o r  h e lix  type.

If one u s e s  the co il a t ro o m  te m p e ra tu re  the e ffic ien cy  is
r a th e r  p o o r, b ecau se  of the h igh  r e s is t iv i ty  of the m a te r ia ls .
The effic ien cy  can  be im p ro v ed  by im m e rs in g  the co il in  liqu id
n itro g e n  15,16,*7,18,:l9', liq u id  h y d ro g e n 15,20' ,  o r  liq u id  h e l iu m 21' .
H ow ever, to  m ake the gain  in  e ffic ien cy  c o n s id e ra b le , one
h as  to  u se  p u re  m e ta ls  a s  co n d u c to r m a te r ia ls  b ec au se  of
th e ir  low re s id u a l r e s is t iv i ty .  T h is  d e c re a s e s  the co il
s tre n g th . T o  im p ro v e  the s tre n g th , re in fo rc e m e n ts  of n o n 
conducting  m a te r ia ls  have to  be u sed .

The m ax im um  fie ld s  w hich have been  ob ta ined  depend on the
pu lse  d u ra tio n . The s tro n g e s t  m ag n e tic  f ie ld s , a t  p re s e n t  up
to 15 M Oe23' ,  have been  ob ta ined  by the m ethod  of im p lo sio n
c o ils . In th is  m ethod , ch e m ic a l en e rg y  of an ex p lo siv e  m a te 
r i a l  is  co n v e rted  in to  m ag n e tic  e n e rg y 24'. Single tu rn  co ils
have g en e ra te d  up to 1 .6  MOe.

In fig . 1 .1, w hich h as  been  cop ied  from  Kolm  and F re e m a n 8' ,
we have in s e r te d  som e re c e n t  im p ro v em en ts  s in ce  the p u b lic a 
tion of tha t p a p e r  in  1965, ob ta ined  by s e v e ra l  r e s e a r c h  g ro u p s
in the re g io n  betw een 1 0 "3 and 10"1 second  p u lse  d u ra tio n .

H ow ever, the p u lsed  fie ld  m ethod  s u ffe rs  fro m  heavy  d ra w 
backs if app lied  fo r  in s tru m e n ta l  u se  in  e x p e rim e n ta l p h y s ic s .
P henom ena w ith long re la x a tio n  tim e s  canno t be s tu d ied , e .g .
th e rm a l e f fe c ts , and one h as  to be c a re fu l no t to  be confused
by one of the sp u rio u s  e ffec ts  w hich can  be ca u se d  by the
d y n am ica l c h a ra c te r  of the f ie ld , e .g .  eddy c u r r e n ts  in  m e ta ls .
M o reo v er the m ethod  in tro d u c e s  la rg e  d is tu rb a n c e s  w hich l im it
the s e n s itiv ity  in  som e c a s e s .

In th is  th e s is  we d e sc r ib e  the d esig n  and c o n s tru c tio n  of a
p u lsed  m ag n e tic  f ie ld  d ev ice  and som e e x p e rim e n ts  we p e r 
fo rm e d  w ith it .

In p a r t  A (c h a p te rs  I, II, HI, and IV) we g ive, a f te r  a s h o r t
in tro d u c tio n  in  c h a p te r  I, an a n a ly s is  of som e p ro b le m s  we
m et in the co n s tru c tio n  of p u lsed  m ag n e ts  (c h ap te r H). In
c h a p te rs  III and IV the m agnet c o ils  and the c u r re n t  g e n e ra to r
a re  d isc u sse d .

An in tro d u c tio n  to the co n ten ts  of p a r t  B (c h a p te rs  V, VI,
and VII) is  p re s e n te d  in  c h a p te r  V.
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I implosion coils

conducting

icr’ 10"’ icr’ icr' 10 io’ 10’ to7»

Fig. 1 .1. Survey of magnetic fields generated by several methods with some improvements
since 1965®).
O van Itterbeek c .s . incidentally.
O Kapitza-*-*®'®*^).
A  van Itterbeek c .s . W).
V  present work.
O  Gersdorf c . s . “ ) t

The a p p a ra tu s  c o n s is ts  of a  c a p a c ito r  bank of 3 x  10"2 F  and
3 .5  kV, w hich is  s h o r t  c irc u ite d  o v e r  a m ag n e t co il of 1 .3  m H.
We ob tained  m ag n etic  f ie ld s  of h a lf  s in e -w av e  sh ap e , a d u ra tio n
of 20 m s e c , and a m ax im um  fie ld  s tre n g th  of 40 kOe.

The m agnet co il h as  about 250 tu rn s , an in n e r d ia m e te r  which
ra n g e s  betw een 6 and 20 m m , and an o u te r  d ia m e te r  betw een
40 and 90 m m . The len g th  of the u sefu l sp ace  is  about 2 cm .

The m ag n et co il is  im m e rs e d  in  liqu id  n itro g en  to  keep  the
re s is t iv e  lo s s e s  low.

The c a p a c ito rs  a re  s ta n d a rd  p a p e r  c a p a c ito rs  and the co n tro l
c i rc u i ts  p re s e n te d  only those  d iff icu ltie s  which a re  c h a r a c te r 
is t ic  fo r  ex p e rim e n ta l e le c tro n ic s .  They a re  d is c u s se d  in
c h a p te r  IV.

The m ain  p ro b lem  in ob tain ing  high p u lsed  m ag n etic  fie ld s
is  p re s e n te d  by the m ag n e t co il i t s e l f  and the la r g e r  p a r t  of
the d isc u ss io n  is  devoted  to  th is  su b jec t (c h ap te rs  II and III).

In c h a p te r  II we d isc u s s  som e p ro p e r t ie s  of the co il from
a p h y sica l po in t of view , both by th e o re tic a l  and e x p e rim en ta l
a n a ly s is .

In c h a p te r  III we show  w hich type of co m p ro m ise  we m ade
to ach ieve o u r a im s . H ow ever, we in tend  to im p ro v e  the r e 
su lts  by 10 to 25%.

Up to now we co n c en tra te d  on s im p le  c o ils  with sm a ll e x -
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perimental volumes, because they are easy to understand from
a constructional point of view. This type of coil does not need
the total amount of energy which is available, The total amount
of energy is expected to be necessary when using other coil
types, e.g. for microwave experiments, which require larger
experimental spaces.
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I I .  O N  T H E  B E H A V I O U R  O F  P U L S E D  M A G N E T
C O I L S  I N T H E  M I L L I S E C O N D  R A N G E .

Index of symbols.

The n u m b er in d ic a te s  the sec tio n  w here the sym bol is  u sed
fo r the f i r s t  tim e .
B M agnetic induction . (3)
Bbr B re a k  induction . (5)
C C ap ac ity . (2)
D„ O u te r d ia m e te r  of m ag n et co il. (3)
Di In n e r d ia m e te r  of m ag n e t co il. (3)
D A v erag e  d ia m e te r  co n d u c to r w inding m ag n e t co il.

D = i(D u + D j). (3)
E  E n erg y . (3)
E f E n e rg y  of m ag n e tic  fie ld . (3)
E b T h e rm a l en e rg y  lo s s .  (3)
F  M echan ica l fo rc e . (5)
F r R ad ia l fo rc e  com ponent p e r  u n it vo lum e. (5)
F 2 A xial fo rc e  com ponent p e r  u n it vo lum e. (5)
G F a b ry  g e o m e tr ic a l  fa c to r .  (4)
H M agnetic f ie ld  s tre n g th . (4)
I C u rre n t  s tre n g th . (2)
I 0 M axim um  c u r re n t  s tre n g th . (3)
J  C u rre n t  d en s ity . (3)
K S tra y  fa c to r .  (4)
Ï50 C o n stan ts  defined  in  (11.59) and (U, 63). (5)
*•1
L S e lf-in d u c ta n ce . (2)
M C oil m a s s .  (3)
P  M echan ica l p r e s s u r e .  (5)
R R e s is ta n c e . (2)
S S tray  fa c to r  a s  u sed  by C o tti. (4)
T T e m p e ra tu re . (3)
V V oltage. (3)
V0 In itia l vo ltage of c a p a c ito r  bank. (2)
Vm M echan ical p o ten tia l. (5)
W P o w er.

Cp S pecific  h ea t. (3)
f C onducto r c r o s s  se c tio n . (3)
1 L eng th  of m ag n et co il. (4)
n N um ber of tu rn s . (3)
r  R ad ia l v a r ia b le .  (5)
r u O u te r ra d iu s  of m ag n et co il. (5)
r .  In n e r ra d iu s  of m ag n et co il. (4)
t T im e . (2)
t p P u lse  d u ra tio n . (2)
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v V olum e. (5)
z A xial v a r ia b le .  (5)

a Du/Di.  (3)
P 1 /Dj. (4)
r~l r / r j .  (5)
® r C o n stan ts , defined  in  (II, 15)
r\ E ffic ien cy . (3)
© R educed  te m p e ra tu re . (3)
0 P o la r  ang le . (5)
X F il l in g  fa c to r  of m ag n et co il. (4)
A G e o m e tr ica l fa c to r  of in d u c tan ce . (4)
y 0 P e rm e a b ili ty  vacuum . (4)
v P o is s o n 's  m odulus. (5)
p S pecific  m a s s .  (3)
p el S pecific  r e s is t iv i ty .  (3)
<xr R ad ia l s t r e s s  com ponent. (5)
a z A xial s t r e s s  com ponen t. (5)
o t T an g en tia l s t r e s s  com ponent. (5)
t  R educed  tim e . (3)

C om ponents of sh e a r in g  s t r e s s .  (5)

S tr e s s  function . (5)
<|) G e o m e tr ic a l fa c to r  of f ie ld  d is tr ib u tio n . (5)
u  F re q u e n c y  in  ra d ia n s  p e r  second . (2)

§ 1. Introduction.

In th is  c h a p te r  we c o n s id e r  som e a s p e c ts  of the b eh av io u r
of p u lsed  m ag n e ts  o p e ra ted  in  the m illise c o n d  ra n g e . The
cho ice of the p ro b lem s is  d e te rm in e d  by the p ra c t ic a l  d iff i
c u ltie s  w hich we had to  so lve in  d esign ing  o u r m ag n e ts .

A fte r  a p re se n ta tio n  of the lim itin g  fa c to rs  of the m ag n etic
fie ld  g e n e ra te d  by a p u lsed  m ag n e tic  fie ld  dev ice ( § 2) we
an a ly se  the Jou le  lo s s e s  in  the m ag n et co il, u n d er the a s 
sum ption  of a  fixed  inductance L . A s should  be ex p ected  the
co p p er c r o s s  sec tio n  tu rn s  out to be the im p o rtan t quantity ,
to g e th e r w ith the c u r re n t  d en sity . An ex p e rim e n ta l exam ple  of
co il e ffic ien cy  is  g iven . B ecause th is  e ffic ien cy  only d e c r ib e s
the to ta l am ount of m ag n etic  en e rg y  we d isc u s s  in § 4 the
d is tr ib u tio n  of the m ag n etic  en e rg y  in  sp ace  a s  a  function  of
co il g eo m etry .

A n o th er m ain  p ro b lem  in co il d esig n  is  p re s e n te d  by the
L o re n tz  fo rc e s .  (§ 5). The p ro b lem  is  an a ly sed  by the
s ta n d a rd  m ethods of e la s t ic i ty  th eo ry  in a s ta t ic a l  a p p ro a c h 1).
The p ro b lem  of the boundary  co n d itio n s is  co n s id e re d  in  som e
d e ta il . It is  shown th a t in  p ra c t ic a l  co il d esig n  the v a lid ity  of
the s ta n d a rd  ap p ro ach  is  q u estio n ab le . F o r  the type of c o ü
we u sed , we ca lc u la te  the ax ia l and the r a d ia l  s t r a in s  n u m e r-
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ic a lly  and we show  th a t the u su a lly  n eg lec ted  sh e a rin g
s t r e s s e s  a r e  no t alw ays sm a ll .

A s an  exam ple  of a  c a se  w here the s ta n d a rd  ap p ro ach  is
v a lid  we p re s e n t  the m e ch a n ica l a n a ly s is  of a  flux c o n c e n tra 
to r  c o il, w hich, to  o u r know ledge, h a s  not been  p u b lish ed  b e fo re .
(§ 6). A lthough we have no t been  able to  do an  e x p e rim e n ta l
te s t  the r e s u l t s  a g re e  q u a lita tiv e ly  with the ev idence obtained
by o th e r in v e s tig a to rs .

In § 7 we p re s e n t  a  s h o r t  d isc u ss io n  of som e n o n -s ta tio n -
a ry  phenom ena o c c u rr in g  in  p u lsed  m ag n e ts  and of an  e x p e r
im en t we did  on th ese  e ffe c ts .

§ 8 co n ta in s  the ex p e rim e n ta l d a ta  obtained  by the te s tin g  of
a n u m b er of p u lsed  m ag n e t c o ils . T he co il p a r a m e te r s  and the
d e ta ils  of som e c a lc u la tio n s  a re  given in  ap p en d ices .

In th is  c h a p te r  we g e n e ra lly  e x p re s s  the m ag n e tic  induction
in the ra tio n a lis e d  u n it W /m 2 , which is  the m o s t conven ien t
u n it of m ag n e tic  induction  in  a  d isc u ss io n  of tech n ic a l p ro b le m s .
1 W /m 2 = 104 G au ss  w hich is  eq u iv a len t to  104 O e rs te d s .

We c a ll  the a tten tio n  to  the fa c t th a t we take the len g th  of
the co il to  be 1, in  p lace  of the u su a l 21. In ou r opinion the
fa c to r  2 is  r a th e r  a r t i f ic ia l .  It can  be o m itted  w ithout any
change in  the ex is tin g  a n a ly se s .

T hroughout the d isc u ss io n s  the c u r r e n t  d is tr ib u tio n  is  su p 
p o sed  to  be hom ogeneous w ith a  re c ta n g u la r  c r o s s  sec tio n  of
the w inding sp ac e .

§ 2. Principles of the generation of pulsed magnetic fields by
a capacitor bank.
(A lte rn a tiv e  tre a tm e n ts  have been  g iven by C o tti2) and de
K le rk 3,4') .

The g e n e ra tio n  of p u lsed  m ag n e tic  fie ld s  by m ean s  of a
c a p a c ito r  bank is  done in  p r in c ip le  by s h o r t  c irc u itin g  the
c a p a c ito r  o v e r a sm a ll  m ag n e t co il. In o u r in s ta lla t io n s  we
have a c a p a c ito r  bank w ith a cap ac ity  C of 3 x  10‘2 F  and a
m ax im um  vo ltage  V0 of 3 .5  kV, g iv ing a m ax im um  en e rg y
con ten t of 180 k Jo u le . In itia lly  the m ag n et co il is  a t liq u id
n itro g e n  te m p e ra tu re . The m ag n et co il h as  a se lf- in d u c tan ce

capacitor
C r3 * l0 4 JiF
V> 3.5 kV

«witch

pulM  magnet
Lsl 3mH

Fig. II. 1. Basic circuit.
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L of 1 .3  mH and a b o re  of about 12 m m . The m ag n e tic  in 
duction  w hich is  g e n e ra te d  p e r  a m p e re  of c u r re n t  th rough  the
w indings of the co il ra n g e s  betw een 3 x  1 0 '3 and 1 .6  x  10"2
W /m 2A. The sw itch  c o n s is ts  of a  s e t  of ig n itro n s . (fig . II. 1).

If we suppose th a t the c i r c u i t  h a s  an  O hm ic re s is ta n c e  R ,
the c u r re n t  a s  a function  of tim e can  be d e s c r ib e d  by the
fo rm u la  (II. 1),

V0
1 = uh  exp
1 = 0

s in  u t 0 < t < t p

a t  a ll  o th e r  tim e s .
(U-1)

b ecau se  the ig n itro n  does no t p e rm it  the c u r re n t  to r e v e r s e
its  s ig n . H ere  w = i t / t p , t p r e p re s e n ts  the p u lse  d u ra tio n  and
t the tim e v a r ia b le .

u) (II. 2)

RIn o u r c a se  the fa c to r  exp ( - - ^  t) a t t = t p/2  is  0 .8 2 , thus
d e te rm in in g  the r e s is t iv e  lo s s e s  in  a c a s e  w ith co n s tan t te m 
p e r a tu re .  -The shape of the c u r re n t  th rough  the m ag n et co il
and of the vo ltage o v er the m ag n et co il a s  functions of tim e
a re  shown in  fig . II. 2.

t vti

Fig. II. 2. Shape of coil current and voltage.

In a n o n -s ta tio n a ry  c a se  one h as  to c a lc u la te  the te m p e ra tu re
r i s e  of the m ag n e t co il. One can  in s e r t  the r e s u l t  in  equation
(II. 1) to  c a lc u la te  the m ax im um  c u r r e n t  and fro m  the c u r re n t
one can  ca lc u la te  the m ax im um  fie ld . We s h a ll follow  a s lig h tly
d iffe re n t p ro c e d u re .

S ta rtin g  w ith a c e r ta in  am ount of en e rg y  in  the c a p a c ito rs ,
the m ax im um  a tta in ab le  m ag n etic  fie ld  is  d e te rm in e d  by the
follow ing q u a n tit ie s 2*3*4);
a) The fra c tio n  of the c a p a c ito r  en e rg y  w hich is  c o n v e rted  into
m ag n etic  en e rg y .
b) The te m p e ra tu re  of the m ag n e t co il a t  the end of the p u lse .
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The resistivity of the coil causes the dissipation of a certain fraction of energy as heat
and this fraction rises with increasing coil currents. For a certain amount of dissipated
energy the temperature of the coil will rise over the maximum permissible value for the
insulator material in the coil. The araldite which is used in our coils to prevent the
motion of the windings in consequence of the electromagnetic forces limits the temperature
to 400°K.
c) The m e ch a n ica l s tre n g th  of the co il, which d e te rm in e s  the
fie ld  s tre n g th  w h e re  the co il i s  dam aged  by the e le c tro m a g 
n e tic  o r  L o re n tz  fo rc e s .
d) The s t r a y  co e ffic ien t of the co il, w hich d e te rm in e s  the f r a c 
tion  of the m ag n e tic  en e rg y  which is  co n ta in ed  in  the e x p e r i
m e n ta l sp ac e .

T h ese  fo u r  p o in ts  w ill be co n s id e re d  in  the fo llow ing se c tio n s .

§ 3. Final temperature and efficiency.

1. Definition of efficiency.

The fin a l te m p e ra tu re  and the e ffic ien cy  of the sy s te m  a re
co n n ected  c lo se ly  w ith each  o th e r b ecau se  the e ffic ien cy  d e 
te rm in e s  the am ount of en e rg y  w hich is  av a ilab le  fo r  the h e a t
ing of the co il.

To c a lc u la te  the e ffic ien cy  of the sy s tem  we s t a r t  fro m  the
follow ing d efin itio n  of e ffic iency :

The e ffic ien cy  of the sy s te m  is  the f ra c tio n  of the en e rg y
in itia lly  p re s e n t  in  the c a p a c ito r  bank which h a s  been  co n v e rted
in to  m ag n e tic  en e rg y  a t the m axim um  of the m ag n etic  fie ld .

F o r  the m ax im u m  of the m ag n e tic  en e rg y  we put:

^  field (II. 3)

w here L  r e p re s e n ts  the se lf- in d u c tan ce  of the m ag n et co il a t
low  v a lu e s  of the c u r re n t  s tre n g th  and I0 the m axim um  of the
c u r re n t  s tre n g th  th rough  the m ag n et co il. The change of the
se lf- in d u c ta n c e  d u rin g  the p u lse  due to the e lec tro m a g n e tic
fo rc e s  on the co il h as  been  n eg lec ted . O u r e x p e rim e n ts  ind ica te
th a t th is  change of se lf- in d u c tan ce  is  so  sm a ll tha t i t  does not
le ad  to  c o r re c tio n s  which a r e  la rg e  in  co m p ariso n  to  the o v e r 
a ll  a c c u ra c y  w hich can  be ob tained  in the e x p e r im e n ts . The
defin itio n  of e ffic ien cy  is  then  g iven  by:

n (II. 4)

The en e rg y  w hich is  no t co n v e rted  in to  m ag n e tic  en e rg y  is
co n v e rted  in to  h e a t. T h is  o c c u rs  m ain ly  in the co il i ts e lf  if
we a ssu m e  th a t the r e s is ta n c e  of the co il is  high in  c o m p a r i
son  to  the re s is ta n c e  of the o th e r p a r ts  of the c i r c u i t .  In o u r
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c a se  th is  a ssu m p tio n  is  v a lid .

Eh I 2R d t

(11.4) and (II. 5) give fin a lly

i L i ;

— L I 22 A0

ijp  '
- [  i 2r

( n .5 )

( n .6 )

Eh depends on the shape of the c u r r e n t  th rough  the m agnet
co il a s  a  function  of tim e , on the g eo m e try  of the m ag n et co il,
on the sp ec if ic  h e a t, and on the sp ec if ic  r e s is t iv i ty  of the co il
m a te r ia l .

2. Assumptions and numerical data.

We a ssu m e  th a t the shape of the c u r r e n t  a s  a function  of
tim e is:

I = I0 s in  art 0 < t < -£• = tD
\ r  > (H .7 )

1 = 0 t  < 0 and t > —- [(0 J
We a ssu m e  the co il m a te r ia l  to  be co p p e r.

The sp ec if ic  r e s is t iv i ty  of co p p e r pei is  a function  of the
te m p e ra tu re  T , w hich in g e n e ra l  canno t be d e s c r ib e d  by a
s im p le  a n a ly tic a l function  o v er a la rg e  te m p e ra tu re  ra n g e .
H ow ever, betw een 70° K and 600° K, pel (T) can  be re p re s e n te d
as  a  l in e a r  function  of T w ith a re a so n a b le  ac c u ra c y  (fig. II. 3):

Pel = 5 .2  x  1 0 '11 T fim 5'  (H. 8)

The sp ec if ic  h e a t c p(T) of co p p e r is  a function  of te m p e ra 
tu re  w hich in g e n e ra l  canno t be re p re s e n te d  by a s im p le  a n a 
ly tic a l  function  o v er a  la rg e  te m p e ra tu re  ra n g e . H ow ever, it
tu rn s  out to be p o ss ib le  to m ake the follow ing approx im ation :

70 < T < 170° K : c p = 131 + 1 .2 7  T  jo u le /k g  °K
170 < T < 330° K : c p = 284 + 0 .4 2  T jo u le /k g  °K (H. 9)
330 < T < 600° K : cp = 386 + 0 .11  T jo u le /k g  °K

(fig. II. 4)

The n u m e ric a l  ev a lu a tio n  of the p ro b lem  can  be s im p lif ied
by n eg lec tin g  the th ird  te m p e ra tu re  in te rv a l and by ex tend ing
the second  in te rv a l to 400° K, w hich g ives r i s e  to an  e r r o r  of
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« 10"®

Fig.II.3. Specific resistivity of copper as a function of temperature.
X some experimental values.
— approximation (II. 8).

«10s

°K 500400

Fig. II. 4. Approximation to specific heat of copper.
X experimental points (> 330° K solid line).
— approximation.
- - extrapolation of approximation II into region M.
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5% at 400° K.
The specific  m ass  of copper is  considered  to be independent

of tem p era tu re .

pm = 8. 9 x 103 kg m '3 (H. 10)

The pulse tim e is  assum ed  to be 2 x 10 '2 se c . We assum e
that there  is  no heat tra n sp o rt from  the coil to the n itrogen
bath during the pulse .

3. Temperature of the magnet coil.

The energy d issipated  in the m agnet coil a t a tim e t a fte r
the beginning of the field  pulse is  given by:

s
with R = Pel(T)

r R  dt

n  D n

(II. 11)

(H. 12)

H ere D re p re se n ts  the average d iam eter of the tu rn s of the
m agnet coil, n the num ber of tu rn s , and f the c ro s s  section
of the conductor.

The d issipa ted  energy  is  re la ted  to the tem p era tu re  r is e  by

E  = M c p(T) (T - T 0) (H.13)

with M the to ta l m ass  of the m agnet co il and T0 the in itial
tem pera tu re  of the co il. F ro m  (H.13): ^  = M c p(T) .
F ro m  (H. 11), (H. 12) and (H.13):

J - it Dn

f M o

1

J I2 d t 1 (11.14)

In tegrating  (H. 14) from  t ' = 0 to t ' = t and w riting

M = pm JrD nf ; r  = j -  ; c p(T) = c0 + c i T

T  Co
Pel = PoT ; © -------- ; Ö = ---------- ; e =

T0 C i T 0
2

I 0 /  sin  2 jtt
gives (0  -  1) + 6 In 9  = e ---- j r ----------------

f 2 \  2ir

P 0^

2 i ^ u C jT j

(H. 15)

(H. 16)
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If one a s s ig n s  the in d ices  1 and 2 to the sy m b o ls (11.15) fo r
the two te m p e ra tu re  ra n g e s  g iven  above, we have:

2
I o

( 0 X -1 )  + In ©x = Cj—  r  -
s in  2 it t '

(11.17)

re f e r r in g  to T = 77° K, fo r  77 C T 170 K and

( 0 2 -  1) + ^  In  ©2 = e2
f 2

1
( t - T jJ ------ (sin  2 h t  -  s in  2 ^vj)

2 jt
(11.18)

r e f e r r in g  to  T t = 170° K, fo r  170 < T < 400 K, w ith Tj the
re d u ced  t im e s  w hen the  te m p e ra tu re  T x is  re ach e d .

The te m p e ra tu re  of the co il a t the re d u ced  tim ed  t  = j  and
t = 1 a s  a function  of c u r re n t  d en s ity  is  shown in fig. II. 5.

/Tfor X=1

Fig. II. 5. Coil temperature as a function of current density.

4. Energy converted into heat.
If the te m p e ra tu re  of the co il r i s e s  an am ount AT, the th e r 

m a l en e rg y  of the co il r i s e s  an  am ount

A E = M Cp (T) AT (U. 19)

T h is am ount of en e rg y  h as  been  p ro d u ced  by jou le  hea tin g , thus
giving the to ta l am ount of en e rg y  lo s s e s .

In teg ra tin g  o v er the te m p e ra tu re , and r e f e r r in g  to the te m 
p e ra tu re  ra n g e s  g iven  in (II. 9) we have

E j = M [ c 01(T - 77) + c n ( T 2- 772)]

fo r 77 <  T <  170° K, and

( 11. 2 0 )
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E 2 = M [  c 02(T  - 170) + c ^ T 2- 170°)] + E jU fO ) (II. 21)

fo r 170 < T < 400^ K. If one in s e r ts
/y  -4- 1

M = pm TT D i n f (n .2 2 )

w ith a  the r a t io  of the o u te r  d ia m e te r  D u to the in n e r  d ia m e te r
D; of the m ag n et co il, one ob ta ins fin a lly

-------- -—  = [ l8 3 (T  - 77) + 0. 89(T 2 - 772)1 x lO ‘s k J o u le /m m 2
( c r + i jn f  (11.23)

fo r 77 < T <  170° K, and

E 2 E !(170)

(a r+ l)n f  ( a + lJ n f D j
[3 9 9 (T -  170) + 0 .2 9 (T 2 - 1702)]

x lO "5k J o u le /m m 2 (11.24)

fo r  170 <  T < 400^ K. (̂ '+' ^)n fp . a s  a function  of the c u r re n t
d en sity  of the co il is  shown in fig . II. 6. T h is  quan tity  is  an
en e rg y  d is s ip a tio n  p e r  cubic  m ill im e tre .  The co n v e rs io n  of
te m p e ra tu re  to c u r re n t  d en s ity  h as  been  m ade by m ean s  of
fig . II. 5.

Fig. II. 6. Reduced heat dissipation in the magnet coil as a function of the current
density.

The p ic tu re s  II. 5 and II. 6 have a quite g e n e ra l  m ean ing .
Only the in itia l  te m p e ra tu re  of 77° K, the p u lse  d u ra tio n  of 20
m se c  and the co n d u c to r m a te r ia l  co p p e r have been  p re s u p 
posed . M o reo v er they  can  be adap ted  to o th e r fre q u e n c ie s  .
s im p ly  by m u ltip ly in g  the c u r re n t  d en s ity  sc a le  by [2  x  10"2/tp]*
w here t ' r e p re s e n ts  the new  p u lse  tim e . F o r  o th e r in itia l  te rn -
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p e ra tu re s  and co n d u c to r m a te r ia ls  the c u rv e s  have to  be r e 
ca lc u la ted .

5. Efficiency.

If we take in to  accoun t tha t

E = J M c p(T) d T  = ƒ I 2(t) R d t

O

th is  g ives in  com bination  w ith (II. 4)

JLi  t ®0
n = -------5-------------------- r-------------------------------

i  L I5 +  (a + 1) D in f  Ll83 ( T -  77) + 0. 89(T

fo r  77 <  T <  170° K. and

2

(n .2 5 )

772)]x l0 '5
(II. 26)

I t
2 j - ' a 0

Ï )  = ---------------- -------------------:------------------------------------------------------------------------------------------------------------------------------------------------

I  L I 2 + E i ( l 70) + (« + D D jn f [  399(T - 170) + 0 .2 9 (T 2 - 1702) ] x l0 'S
(II. 27)

fo r  170 < T < 400° K.
The effic ien cy  depends upon the g e o m e tr ic a l p ro p e r t ie s  of the

m ag n et co il and canno t be g iven in  a g e n e ra lis e d  p ic tu re . In
fig . II. 7 the e ffic ien cy  is  shown as  a  function of the c u r re n t
d en sity  fo r  D i = 12 m m . a -  5 and n = 200 fo r  som e c ro s s
se c tio n s  of the co n d u c to r.

Fig.U .7. Efficiency as a function of current density.

6. L im iting values.

In fig . II. 8 we have d raw n  the te m p e ra tu re  and en e rg y  c h a r 
a c te r i s t ic s  fo r  two p ra c t ic a l  ex am p les  fo r  a = 5, n = 200 and

= 12 m m .
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F ig .n .8 . Limiting values of the current density.
400°K = maximum admissible temperature of the magnet coil.
180 kj = maximum available energy.

The to tal am ount of energy  at the m axim um  of the pulse
de te rm ines the m axim um  c u rre n t which can run  through the
m agnet co il.

The tem p era tu re  r is e ,  which is  not specific  fo r the type of
coil, lim its  the c u rre n t density  to 3.15 kA /m m 2.

If the m axim um  adm issib le  tem p era tu re  has been reached
before the to tal am ount of energy has been taken from  the c a 
pac ito r bank, as  is  the case  fo r these two exam ples, i t  is  not
possib le  to use the full capac ito r energy  without dam aging the
coil therm ally .

The two lim iting  values, by m axim um  available energy  and
m axim um  adm issib le  tem pera tu re  r is e ,  a re  the sam e if

If this is calcu lated  num erica lly  with the aid of fig. II. 6 and the
values a = 5, n = 200 and Di = 12 m m  one obtains f = 4. 7 m m 2
F o r  o ther values of a,  n, and Di one obtains s ligh tly  d if
fe ren t re s u lts , but the dependence is  not ve ry  strong . F o r
(a + 1) n Dj = 2400 one has f = 5 .2  m m 2 and for
( a +  1) n Dj = 3 x 104 one has f = 4. 0 m m 2.

F ro m  this point of view it seem s to be favourable to make
f very  la rg e  because of the gain in efficiency. However it
tu rns out that la rge  copper c ro s s  sections cause unfavourable
s tra y  fac to rs , so that, in spite of the la rg e  amount of m ag
netic  energy, the m axim um  field is  re la tiv e ly  low. T herefore
we feel that 4 to 5 m m 2 is  a re la tiv e ly  favourable range of
wire c ro s s  sections Tor the chosen coil geom etry  and pulse
tim e.

180 kJ = (iL Ig  + E therm T = 400°K (II. 28)

7. Loss measurement.

E xperim entally  we have determ ined  the lo sse s  by sub trac ting
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the m a g n e tic  en e rg y  a t the m ax im um  of the m ag n e tic  fie ld ,
tL I q, f ro m  the en e rg y  in itia lly  p re s e n t  in  the c a p a c ito r  bank,
|C V g . T o ca lc u la te  the m ag n e tic  en e rg y  we have u sed  the s t a t 
ic  value of the se lf- in d u c tan ce  m e a s u re d  a f te r  the p u lse .

The r e s u l t s  a re  g iven  in  fig . II. 9, to g e th e r with the low  c u r 
re n t  d en sity  p a r t  of the cu rv e  in  fig . II. 6. The p o in ts  a re  from
d iffe re n t c o ils , and a g re e  re a so n a b ly  w ell betw een each  o th e r.

kA/mm3

Fig. II. 9. Comparison of calculated and measured losses.

The c u r re n t  d e n s itie s  have been  c o r re c te d  fo r the e x p e r i
m en ta l p u lse  d u ra tio n . (See §3, sec tio n  4 la s t  p a r a g r a p h .)

The c u rv e , c a lc u la ted  fo r  th e rm a l lo s s e s  only, is  too low,
but re a so n a b ly  good in the re g io n  below  0 .8  k A /m m 2 .

We d e s c r ib e  the d iffe ren c es  to  the follow ing two e ffec ts .
1. The s ta tic  se lf- in d u c tan ce  m ay be s m a l le r  than the s e l f 
inductance a t  the m axim um  of the p u lse . We have not been
ab le to  d e te rm in e  the dynam ic s e lf- in d u c ta n c e , so  we have no good
e s tim a te  of the o rd e r  of m agnitude of the e ffec t. A c ru d e  e s tim a te
can  be ob tained  by o b se rv in g  th a t in  the high fie ld  reg io n  the change
of se lf- in d u c tan ce  cau sed  by a p u lse  can  be a s  high a s  1%, a s  we
have show n by e x p e rim en t. B ecause in  the reg io n  of p la s tic  flow of
the m a te r ia l ,  the e la s t ic  d efo rm atio n  is  not l a r g e r  th an  the p la s tic
d e fo rm atio n , an  u pper l im it  w ill be 1%, w hich only acco u n ts  fo r
the d iffe ren c e  below 0 .8  k A /m m 2.
2. At high fie ld  s tre n g th  o th e r lo s s  so u rc e s  a r e  p re s e n t.

We m en tion  the k in e tic  en e rg y  of the co il m a te r ia l ,  the d e 
fo rm a tio n  en e rg y , both e la s t ic  and p la s tic ,  and fr ic tio n . M ost
of th ese  lo s s e s  a re  co n v e rted  in to  h ea t.



- 2 5 -

T h ese  lo s s e s  canno t be c a lc u la te d  e a s ily ,  b ec au se  they depend
upon the dynam ic p ro p e r t ie s  of the m a te r ia ls ,  w hich a r e  not
known. F ro m  fig . II. 9 we e s tim a te  th e ir  m agnitude to 60 -  100%
of the th e rm a l lo s s e s .  H ow ever, th ese  lo s s e s  a re  n o t a  fu n c
tion  of the c u r re n t  d en s ity , bu t of the fie ld  s tre n g th , and the
g e n e ra lis e d  m odel w hich is  u sed  fo r  e s tim a tin g  the th e rm a l
lo s s e s  b re a k s  down.

The e x p e rim e n ta l e ffic ie n c ie s  of the tc o ils , fro m  w hich the
d a ta  fo r  fig . II. 9 have been ob ta ined , a r e  g iven  in fig . II. 10.
They show  the q u a lita tiv e  b eh av io u r p re d ic te d  by fig . II. 7 but
the q u an tita tiv e  r e s u l t s  a re  lo w er b ecau se  of the ad d itio n a l
lo s s e s ,  d is c u s s e d  above.

%
1 1

60 - XX* x * * * x * * > * Xx

40 - 1 “ 2  °  AD A A -
O Oq

. 3 0

' I
1 O 1_______________I

O Jo 1 3  kA/mmJ

Fig. II. 10. Experimental efficiency for 4 magnet coils.

§ 4. Magnetic fie ld  in the central area o f the magnet coil.

G iven a  c e r ta in  am ount of av a ilab le  m ag n etic  en e rg y , the
m ax im um  fie ld  s tre n g th  which is  a c tu a lly  av a ilab le  in  the c e n 
te r  of the m ag n e t co il is  d e te rm in e d  by the g eo m e try  of the
m agnet co il. U sually  th is  is  taken  in to  c o n s id e ra tio n  by m ean s
of a s t ra y  fa c to r  in  the fo rm u la  fo r  the ca lc u la tio n  of the m a g 
n e tic  f ie ld 2,3,4,8\

In the follow ing d isc u ss io n  we ca lc u la te  the s t r a y  fa c to r  fo r
the c a se  th a t one f ix es  a p r io r i  the se lf- in d u c ta n c e  of the co il,
the in n e r d ia m e te r  of the co il, and the m ax im um  c u r re n t  a -
v a ila b le .

We s t a r t  with the F a b ry  f o r m u l a :

H = G
W. X

Pel ■ r i
(H. 29)

In th is  fo rm u la  H r e p re s e n ts  the m ag n e tic  f ie ld , W the pow 
e r  of the pow er supply , X the f ra c tio n  of the w inding sp ace
filled  w ith co n d u c to r m a te r ia l ,  r ; the in n e r  d ia m e te r  of the
m agnet co il, pel the r e s is t iv i ty  of the co n d u c to r m a te r ia l ,  and
G a g e o m e tr ic a l fa c to r
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G = G(a,/3)
(2ir)̂  /  P a + ( p 2+a 2 ]P

5 \ a - 1 )  l+ ( /3 2+ l  f

= tLli
(n . 30)

w hich h a s  been  tab u la ted  9\  The n u m e ric a l  v a lu e s , given in
re fe re n c e  9), have been  ch o sen  in  su ch  a way th a t in s e r t io n  of
W in w a tts , pel in  ficm , and r t in cm  g ives H in  o e rs te d s .
To change to  a  c o n s is te n t sy s te m  of u n its , e .g .  the MKS u n its ,
one h as  to m u ltip ly  by a  fa c to r , w hich in  the c a se  of MKS
u n its  am oun ts to 10‘6 giving B in  W /m 2, o r  to  10 x  (4 jr)"1 g iv 
ing H in A /m . In the follow ing we u se  B, the m ag n e tic  induc
tion.

F o r  the se lf- in d u c tan ce  of the co il we w r i te 10)

L = n 2ri  A ( a , P ) i (11.31)

H ere  n r e p re s e n ts  the n u m b er of tu rn s  of the m agnet co il
and A (a, ft) a  g e o m e tr ic a l fa c to r  w hich h as  been given g ra p h 
ic a lly  in  re fe re n c e  1®'. The equation  g iv es  L  in  h e n r ie s  if  r t
is  g iven  in  cm . F in a lly , we have

2r?
n = — ( a - l ) |31 (H. 32)

To ca lc u la te  fro m  (II. 29) the m axim um  fie ld  w hich can  be
ob tained  w ith a c a p a c ito r  d isc h a rg e  d ev ice , one h as  to e x p re s s
the m ax im um  pow er W which is  av a ilab le  in  te rm s  of the m ax 
im um  c u r re n t .  F o r  a c e r ta in  c u r re n t  I the pow er W is

W = I 2R (H. 33)

with R the re s is ta n c e  of the m agnet co il.
F ro m  (H. 29), (H. 31), (H. 32), and (H. 33) we obtain

d  T i
---------- ,  K(a,P)
I r ?i

with

G(ar,/3) ["-£ j3(a2-l)" |*
K(o,|3) = -- -------- --------------- h 0

J$(a,P) f i (a- l )

(II. 34)

(H. 35)

In tab le  II. 1 we give K(c, /3) fo r  som e v a lu es  of a  and P.  The
n u m e ric a l  v a lu es  in  tab le  II. 1 a re  c o n s is te n t with MKS u n its
and give the m ag n etic  induction  in  W /m  .

The fo rm u la  (H. 34) is  c o n s is te n t with a s tra ig h tfo rw a rd  way
to ca lc u la te  the m ag n e tic  in d u c tio n 2,3,4\  The m ag n etic  in d u c
tion p e r  u n it volum e in  the m ag n et co il is  equal to the en e rg y
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Table n .i.
K (a, S ) x 10® for MKS units. To obtain oersteds,
multiply by 10’ .

V  6
a  \

1 2 4 8

1.5 30.48 26.07 - . . . —
2 25,14 21.89 16.30 12.02
4 14.02 12.34 10.52 7.68
8 7.11 6.59 5.58 4.40

of the m agnetic fie ld  divided by the inner volum e of the co il
and m ultiplied  by a stray  factor which is  sm a ller  than 1.

B2 L I 2
--------- « -----------S(a,P)
2 « 0 v

B L* ju*
or — = — 3— r ~ 7  S(a,j3). (H. 36)

I

From  (II. 34) and (II. 36) we obtain

iri pi
S(a,P) = ------— K(,a,P) (U. 37)

H owever, the factor K(a,P)  is  s im p ler  to use because the
factor pi  is  already contained in it. F urtherm ore our d eriva
tion has the advantage that, f ir s t ly , the connection is  made
c lea r  between the stray factor and the G factor about which an
exten sive literature e x is ts , and, secondly, because the d er i
vation g ives d irectly  the quantities im portant from  a d esign ers
point of v iew , nam ely, n, L , and f.

Now if  one ch o ses  a co il d iam eter and a co il se lf- in d u c
tance, a table of B / l  as a function of a  and P can be m ade.
It is  m ore p ractica l, how ever, to give in a graph the lin e s  of
constant B / l  as a function of a  and j3, as is  shown in fig . II. 11.

From  a fundamental point of v iew  one should make graphs
of K(a,P),  but in our p ractice we worked with fixed  s e lf - in 
ductance and sem i-fix ed  inner d iam eter. In that ca se  the B / l
p icture is  the one which is  u sed  actually.

From  fig. II. 11 one read ily  determ ines the geom etry of a
co il with a p rescrib ed  induction per am pere. If one has d e
term ined a  and P one can ca lcu late the w ire c r o s s  section  to
be used  from  the equation:

2*rf • . ,

= 7— P(a-1)  Ai (a,P).
L*

f (H. 38)
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Fig.n.11. Electrical coll design, for L = 1.3 mH and^Di = 12 mm.
—. — curves of constant wire cross section in mm ■
------- curves of constant induction per ampere in 10 W/m .

1 W/m2 is equivalent to 10 kOe.

F o r  a  fixed  se lf- in d u c tan ce  and in n e r d ia m e te r  of the m agnet
co il the c u rv e s  of co n s tan t f can  be com puted  from  (II. 38). The
r e s u l ts  a r e  show n in fig. II. 11 too.

Now one h as  fro m  fig . II. 11 a p ra c t ic a l  desig n in g  m ethod  fo r
p u lsed  fie ld  c o i ls .  Once the m axim um  c u r re n t  av a ilab le , the
d e s ire d  m ag n e tic  fie ld , and the d e s ire d  c u r re n t  d en sity  have
been  fixed , one h a s  the fie ld  s tre n g th  p e r  a m p e re  and the w ire
c r o s s  se c tio n . The p o in ts  of in te rs e c tio n  of the B / l  l in e s  and
the f l in e s  give the p o ss ib le  v a lu es  fo r  a  and 0 .

A t th is  po in t we r e c a l l  ou r r e m a rk  m ade in  sec tio n  3, th a t
fro m  a  po in t of v iew  of th e rm a l e ffic ien cy  of the m ag n et co il
it  is  fav o u rab le  to  choose la rg e  w ire  c r o s s  s e c tio n s . F ro m
the r e s u l t s  of the se c tio n s  3 and 4 to g e th e r we conclude that
one shou ld  not ex ceed  the m in im um  w ire  c r o s s  sec tio n  which
is  allow ed by the th e rm a l c o n s id e ra tio n s , b ecau se  th is  r e s u lts
in  u n favourab le  low  v a lu es  fo r the induction  p e r  am p ere  of
co il c u r re n t .

§ 5. Mechanical stress caused by electromagnetic forces in a
time independent case.

If a c u r re n t  flow s th rough  the co n d u c to r tu rn s  of a m agnet
co il, the m ag n e tic  fie ld  g en e ra te d  by the co il w ill e x e r t  a
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fo rce  on the co n d u c to r. A c u r re n t  flow ing tan g en tia lly  and a
hom ogeneous f ie ld  d ire c te d  ax ia lly  give a re s u lta n t  fo rc e  which
is  p u re ly  ra d ia l  and d ire c te d  o u tw ard s. If a m ag n e tic  f ie ld  h as
a  ra d ia l  com ponent th is  r e s u l t s  in  an  ax ia l fo rc e  com ponent
which is  d ire c te d  to  the a x ia l p lane of sy m m e try  of the co il.

Fig. Q. 12. Force distribution in a magnet coil.

In th is  sec tio n  we c a lc u la te  the e le c tro m a g n e tic  fo rc e s  and
the s t r e s s  d is tr ib u tio n  in  the m ag n e t co il and we give an  e s 
tim a te  of the m ag n etic  induction  w hich c a u se s  the s t r e s s e s
to s u rp a s s  the b re a k in g  s t r e s s  of the co il m a te r ia l .

In th is  sec tio n  we only study the tim e independen t p ro b lem .
In the nex t sec tio n  som e re m a rk s  'a re  m ade on the c o n s e 
quences of the fa c t th a t the m e ch a n ica l load ing  of the co il is
a  shock  load ing  and thus s tro n g ly  tim e dependent.

I .  Electromagnetic forces.

The e le c tro m a g n e tic  fo rc e s  a re  e s s e n tia lly  vo lum e fo rc e s .
H ow ever, the tan g en tia l s t r e s s e s  in  the co il m a te r ia l  can  be
ap p ro x im a ted  w ith f a ir  a c c u ra c y  by d e sc r ib in g  the e le c tro m a g 
n e tic  fo rc e s  a s  su rfa c e  fo rc e s  on the in n e r su rfa c e  of the co il.
a .  S u r f a c e  f o r c e s .

The sy s te m  is  d e sc r ib e d  by a th ick -w a lle d  cy lin d e r , which
re p la c e s  the co p p er volum e of the co il, and a m ech an ica l
p re s s u re

C B oP  -  ƒ H d B  = ------  (H. 39)
J  2 u0

on the in n e r su rfa c e  of the co il, w hich re p la c e s  the volum e
fo rc e s .

T h is is  eq u iv a len t to the a ssu m p tio n  th a t in side  the co il a
p r e s s u r i s e d  g as  is  p re s e n t  w ith an en e rg y  d en sity  equal to the
en e rg y  d en sity  of the m ag n e tic  fie ld .
b .  V o l u m e  f o r c e s . 11)

If we have an  in f in ite s im a l co n d u c to r e lem e n t w ith a leng th
dl and a volum e dv, c a r ry in g  a c u r re n t  I, and p laced  in  a
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m agnetic induction field  B, the contribution to the total force
from  this elem en t is

d F  = B ld l  = B J d v . (11.40)

where J rep resen ts  the current density.
We w rite

n I
J = ---- :---------

l ( r u - r j )
(II. 41)

with 1 the length of the m agnet co il and n the number of turns.
F or the induction in the center of the m agnet co il we w riteu)

B 0 = Wo - ^ _ $  (H .42)
1

with $  a geo m etr ica l factor,

P
$  = -------In

a-1

a+  (a2+|32) ^

1+( 1  +/32 )*
(11.43)

F rom  (11.40), (11.41), and (11.42) and the fact that the force
is  the v ector product of B and I ,  we have for the force com 
ponents per unit volum e

B Bz o
F t = ---------------- --

H0( r u- r i ) $
Br Bo

F z = -------------------
ho(ru - r j ) $

(U. 44)

with B represen tin g  the axial com ponent and B r the radial
com ponent of the m agnetic induction at the p lace of the conduc
tor elem ent.

F o r  the com ponents of the m agnetic induction we take from
H ord 11)

Bz ® z (r  = 0)

a - y

a - 1

y = r /r j  1 < y  < a  (11.45)

B r s B 0
1

m j+  m 2 sin  I it
Y -l

a - 1
(II. 46)
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z 1
I B ] —  = —

1 2 B J y = a
= K O

?
m 2—  = K -  K 0

1

(U .47)

B0/ 7-i(a+l)

T hese e x p re s s io n s  have been  v e r if ie d  ex p e rim e n ta lly  by H o rd 11?
We take m j s 0 .213  and m 2 = 0 .1 5 .

2. General problem of the stress distribution.

The s t r e s s  d is tr ib u tio n  in  the m agnet co il i s  d e te rm in e d  by
the g e n e ra l  eq u a tio n s of the th eo ry  of e la s t ic i ty , w hich have
to be so lv ed  u n d er c o n s id e ra tio n  of the a p p ro p r ia te  fo rc e s  and
boundary  cond itions. T h is  ap p ro ach  is  r ig o u ro u s ly  v a lid  up to  those
v a lu es  of the s t r e s s e s  w here a  p la s tic  d e fo rm atio n  of the m a 
te r ia l  beg ins to o c c u r . We e x tra p o la te  the r e s u l ts  to g e t an
e s tim a te  of the b reak in g  po in t of the m ag n et co il u n d e r a s 
sum ption  th a t the changes in  the g eo m e try  and the m ech a n ica l
p ro p e r t ie s  of the co il m a te r ia l  a r e  sm a ll in  c o m p ariso n  with
the v a lu es  in  the e la s t ic  reg io n .

An ex a c t so lu tio n  of the th re e  d im en sio n a l p ro b lem  is  v e ry
co m p lica ted . U sually  a  s im p lify in g  a ssu m p tio n  is  m ad e , r e 
ducing  the p ro b lem  to two s e p a ra te  p ro b le m s , one of p lane
s t r e s s  d e te rm in in g  the ra d ia l  and tan g en tia l s t r e s s e s  and one
of l in e a r  s t r e s s  d e te rm in in g  the ax ia l s t r e s s .  In the two d i
m en s io n a l eq u a tio n s  we im pose the cond ition  fo r p lan e  s t r e s s .

a .  E q u i l i b r i u m  c o n d i t i o n s .
To p re s e rv e  the s ta b ility  of the volum e e lem e n t we re q u ire

the re s u lta n t  fo rce  on the volum e e lem e n t to be z e ro . B ecause
of the sy m m e try  of the p ro b lem  we give the eq u a tio n s in  c y l
in d e r  c o o rd in a te s . The d e r iv a tio n s  a re  s ta n d a rd  and a re  not
re p e a te d  h e r e .  The sy m b o ls o r , <rz, and at r e p re s e n t  the
n o rm a l s t r e s s  com p o n en ts , r rt, t i z ,  and T tz  the sh e a r in g  s t r e s s
com ponen ts. F r is  the ra d ia l  fo rc e  com ponent p e r  u n it vo lum e,
F z the ax ia l fo rc e  com ponent p e r  u n it vo lum e, r  the ra d ia l
c o o rd in a te , z the ax ia l c o o rd in a te , and 8 the p o la r  ang le .
A. Two dim ensions.

I  a -T rt f f r - Ot
r  aë

(11.48)
1 9o;t + 3 r r t
r  90
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In the c a s e  of co m p le te  ax ia l s y m m e try  the d e r iv a tiv e s
with r e s p e c t  to  9 and the sh e a r in g  s t r e s s  T vanish :

| a + £ rj_ £ t + F r = 0 (11.49)

B . T h re e  d im en s io n s .

d a r 1 dTn d r a  crr - o r t
r a d i a l -------1-----------H------------ 1-------------f- F r = 0

8 r r  80 9z r
(U. 50)

ax ia l
1 fiTtz d a z Trz

+ ---------- + ------- + ------ + F z = 0
9r r  99 9z r

9t 1 9crt 9 r (z 2 r a
tan g en tia l ------ H-------------1- ------ + ------- * 0

9 r r  90 9z r

In the c a se  of ax ia l sy m m e try  th e se  equa tions red u ce to

9ar 9Trz (Tj — o t
----- + -------- + ---- -------- + Fr = 0
9r 9z r

aTrz 9ffz Trz
------  + ------ + ------+ F  = 0
9r 9z r

(n . 51)

b .  C o m p a t i b i l i t y  c o n d i t i o n s .
A so lu tion  of the eq u ilib riu m  eq u a tio n s  with boundary  co n d i

tions h as  to be connected  w ith the s t r a in  d is tr ib u tio n  in the
m a te r ia l  by m ean s  of H o o k e 's  law . B ecau se  the s t r a in  com po
n en ts  a r e  no t m u tu a lly  independent th is  cond ition  g ives r i s e  to
an o th e r s e t  of eq u a tio n s, one equation  in  the two d im en sio n al
p ro b lem , s ix  eq u a tio n s  in the th re e  d im en sio n a l one.

In the ca se  of cy lin d e r  sy m m e try  in  th re e  d im en sio n s these
s ix  eq u a tio n s re d u ce  to fo u r .
A . Tw o d im en sio n s  (plane s t r e s s ) .

1 9 ^ 1 d2tf
ar = --------- 1— - — —

r  9 r  r 2 902

92 </>
------- T + F i r9 r 2

(H. 52)
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i d<f> i  a2i

r 2 99 r  8 ra s

2 2 / a F t F r \= - ( l+ I / ) (  -----+ ------) ; V
\  3 r  r

a2 i a i a :
■ + ------- +-

S r2 r  3 r  r 2 302
v e rv o lg  (II. 52)

H ere  v i s  P o is s o n 's  m odu lus, which fo r  co p p e r w ill be taken
to be 0 .3 4 . The f i r s t  th re e  equa tions of the s e t  (II. 52) sa tis fy
the eq u ilib riu m  eq u a tio n s  (II. 48) id en tica lly .

In the ca se  of c y lin d e r sy m m e try  the eq u a tio n s (II. 52) r e 
duce to

„  _ 1 d i
i r  5 r

d2</>
CTt = 8 r 2 + F r r

i  a20 l a2  ̂ l  d<f> / 8 F r F r
---------- + — — --------------- = - (1 + v)  I —  +
r  3 r r 2 3 r 2 r 3 3 r

(II. 53)

B. T h re e  d im en s io n s , c y lin d e r  s y m m e try .

V 2 a ---- - ( a r -  o t) +
1 S ©. 1

1 +v d r 2

2fft +~ ( CTr - a t)
i i  a©.

1+ v r  9r

1 - v

1

1 - v

3Fr F  9 F "
( 2 - v ) ----- + V - L + V —

d r  r  dz

3Fr F r 3F ,

a2©
V CT +

1 + v  dz2

v  / 3 F r F
------ 1 ------+ ------+

v---- + (2 - v) —  + v ------
dr r  dz

dF

1 - v  \  3 r r
-  2 - (II. 54)

2 T rz 1 a ©mv  rr z ---- + ------------
r 2 1 + v  drdz

2 a2 i  a a2
v  = —  + ------- + ------

3 r2 r  d r  3z2

9 m = a i  +  CTt +  CTz

3 F r 3 F 2
---- + -----
3z d r

c .  G e n e r a l  s o l u t i o n .
To find a g e n e ra l so lu tio n  of a s e t  of s im u ltan eo u s  inhom o-

géneous d iffe re n tia l eq u a tio n s, we have to find the g e n e ra l so -
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lu tion  of the hom ogeneous s e t  and add a p a r t ic u la r  so lu tio n  of
the inhom ogeneous s e t .  F o r  the two d im en sio n a l eq ua tions th is
is  re a d ily  p e r fo rm e d  and the r e s u l ts  w ill be g iven  in  p a r t  3.
F i r s t l y  we s h a ll  d is c u ss  the sp ec if ic  d iff icu ltie s  of the th re e  d i
m en s io n a l sy s te m  in a q u a lita tiv e  way.
A . G e n e ra l so lu tio n  of the hom ogeneous eq u a tio n s  in  th re e  d i

m e n s io n s .
It can  be show n1) th a t a  so lu tio n  of the hom ogeneous s e t  of

eq u a tio n s h as  been  found if  we w rite  the s t r e s s e s  in  te rm s  of
a s t r e s s  function  <f> w hich h as  to  obey

V2 V 20 = 0 (II. 55)

with

a  =r

CTz *

Trz =

8

9z

8

9z

8

8z

8

8 r

1 8 A
v V 2 < f > ---------- )

r 8r )
8 2 A

[ 2 - i / ]  --------- )
8z V

[l -i/] V20
8

2 ■ y

(U. 56)

U nfo rtunate ly  th e re  does not e x is t  an ex a c t so lu tion  of (II. 56)
ex cep t in  the fo rm  of an  in fin ite  s e t  of p o ly n o m ia ls . H ow ever,
fo r  som e s e ts  of boundary  cond itions m o s t of the co e ffic ien ts
in  the sum  of p o lynom ia ls  c a n ce l and an ex ac t so lu tio n  can  be
found. H ow ever, if  one im p o ses  p ra c t ic a l  boundary  co nd itions,
an  ap p ro x im a tio n  h as  to be m ade in m o s t c a s e s .
B. P a r t ic u la r  so lu tio n .

T h ere  e x is ts  no g e n e ra l  m ethod  to find a p a r t ic u la r  so lu tion
of the sy s tem  co n s is tin g  of (H. 51) and (H. 54). In som e c a s e s
a so lu tio n  can  be found by t r i a l  and e r r o r ,
d .  B o u n d a r y  c o n d i t i o n s .

The c o r r e c t  boundary  cond itions which have to be im posed
a re  th a t the n o rm a l s t r e s s e s  a re  z e ro  ev e ry w h ere  on the o u te r
su rfa c e  of the co il. In fo rm ula:

(CTr U i

K U , ,

= 0

= 0
( CTẑ z*il

< J»z—il
(H. 57)

In c a se  of p re s e n c e  of sh e a rin g  s t r e s s  a t the boundary  the
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co n d itio n s have to  include them . F u r th e r  one ex p e c ts  the so lu 
tions to have the sy m m e try  of the p ro b lem . Im posing  sy m m e 
try  w ith r e s p e c t  to the p lane z = 0 we see  th a t the la s t  two
boundary  co n d itio n s  a re  id en tic a l. H ow ever, one can  show  tha t
w ith th is  n u m b er of boundary  co n d itio n s one n eed s  a t le a s t
fifth  and sev en th  o rd e r  p o ly n o m ia ls  fo r  <f>. F o r  e a ch  boundary
cond ition  of the type (11.57) and fo r a  po lynom ia l of the n th
d eg ree  one n eed s  n ad ju s tab le  co n s ta n ts  to m ake each  pow er
of r  and z z e ro  on the boundary . The n u m b er of re q u ire d
c o n s tan ts  r i s e s  f a s te r  than  the n u m b er of av a ilab le  co n s tan ts
if  one in c re a s e s  the n u m b er of p o ly n o m ia ls . Only th a t type of
boundary  co n d itio n s w hich m ak es  som e of the p o w ers  co incide
on the boundary  can  be s a tis f ie d .

To avo id  th is  d ifficu lty  u su a lly  one u s e s  S ain t V en an t's  p r in 
c ip le  w hich s ta te s  th a t if  one re p la c e s  the boundary  cond ition
on a p a r t  AS of the boundary  by an o th e r , s ta t ic a l ly  eq u iv a len t,
boundary  cond ition , the s t r e s s  d is tr ib u tio n  changes s ig n ifican tly
only in  d is ta n c e s  fro m  the boundary  which a r e  of the o rd e r  of
m agn itude  of the l in e a r  d im en sio n s  of AS o r  s m a l l e r 13).

A pplying th is  p r in c ip le  one can  re p la c e  the boundary  co n d i
tion  of the type

The in te g ra tio n  re m o v e s  a ll  p o w ers  of z and the n u m b er of
ad ju s tab le  p a r a m e te r s  can  be ch o sen  to s a tis fy  a ll  boundary
co n d itio n s.

H ow ever, the u se  of the p r in c ip le  of S ain t V enant is  ju s tif ie d
only if  the su rfa c e  co n c e rn e d  is  only a sm a ll  p a r t  of the to ta l
su rfa c e  of the body and in  o u r c a se  th is  is  no t so . The d i
m en s io n s  of the m agnet co il a r e  g e n e ra lly  co m p arab le  with the
d im en sio n s  of the s u r fa c e s  w here  the boundary  con d itio n s have
to be app lied .

The only thing one can  do is  to  s l ic e  the co il in to  d is c s  n o r 
m a l to the cy lin d e r  ax is  and so lve the ra d ia l  p ro b lem  u n d er
n eg lec t of the ax ia l fo rc e s .  The sam e  p ro c e d u re  can  be fo llow 
ed fo r  the ax ia l s t r e s s  p ro b le m . H ow ever, b ecau se  ax ia l and
ra d ia l  fo rc e s  a r e  of the sam e  o rd e r  of m agnitude the ju s t if ic a 
tion  of th is  p ro c e d u re  is  by no m ean s  se lf-e v id e n t.

We c a lc u la te  the p lane s t r e s s e s  fo r  th re e  p lane co n fig u ra tio n s
fo r  the p lane z = 0, fo r  the c y lin d e r  p lane r  = r j , and fo r a
p lane 0 is  a co n s tan t. We co m p are  the n u m e ric a l  r e s u l ts  to
obtain  the re la t iv e  m agnitude of the u su a lly  n eg lec ted  fo rce
com p o n en ts. The n u m e ric a l  r e s u l ts  a re  co m p a red  with o u r e x 
p e r im e n ts  on a n u m b er of m ag n et c o ils .

by a  boundary  cond ition  of the type

=  0 (H. 58)
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3. Approximate solution
a .  S o l u t i o n  i n  t h e  p l a n e  z = 0.

S ta rtin g  fro m  the eq u a tio n s  (11.49) and (II. 53) w ith the f i r s t
two of the boundary  cond itions (11.57) we have a s  a so lu tion

' 3 + v  2 + v
------- ( a 2 + 1 ) ----------
v 8 3

a 2 ( a 2-  a )

a 2- 1
+ a

3 + v  2 + v  a^ar2- a)
a 2 H— ‘------

a 2 -1

2 + v

( a 2+ l )  -
2 + v a 2( a 2- a )

a 2- 1

3 + v
a y  - y

(II. 59)

2 + v a 2( a 2- a ) ^  l + 2 v
+ ---------ay

1 +3v

U0{ a - 1)2$

w ith y  = r / r ,  . . . .
a  h as  a  m ax im um  value betw een  y  m 1 and y  = a  and th is

in  t'he c a se  a  = 5 fo r 7  = 1 . 7 .  The m ax im um  value fo r a t is
a lw ays re a c h e d  fo r  y  = 1. .  „

F o r  a n u m e r ic a l  exam ple  we in s e r t  a0 -  4ir x  10 ,B  -  50 W /m  ,
a  = 5 and /3 = 5 and we obtain  (ot )max = 9.31 x  10 N /m  and
(<jr)max= 2. 67 x 108N /m 2 . T h ese  v a lu es  have to be co m p ared
w ith the b re ak in g  s t r e s s  of h a rd -d ra w n  co p p er which is
7 .5  x 108N /m  .
b . S o l u t i o n  i n  t h e  p l a n e  z = 0 f o r  f i n i t e  b o u n d a r y

c o n d i t i o n .
In the c a se  th a t one re in fo rc e s  the m agnet co il a t the o u te r

side  by m ean s  of a w all of som e s tro n g  m a te r ia l ,  one h as  to
change the boundary  cond ition  on the o u te r  su rfa c e  of the co il
and we se t

K ) y=CL
- P. (11.60)

with P  the p r e s s u r e  on the o u te r  su rfa c e  which is  s e t  a s  a
boundary  cond ition . F o rm a lly  th is  boundary  condition  is  not
ex a c t One shou ld  add an o th er s e t  of s im u ltan eo u s  d iffe re n tia l
equa tions w hich d e s c r ib e  the s t r e s s e s  in the re in fo rc in g  m a 
te r ia l  and s e t  aga in  the s t r e s s  a t the o u te r  side  of the r e in 
fo rc in g  w all eq u a l to z e ro . We avoid  th is  co m p lica tio n  by a s -
sum ing  th a t the e la s tic i ty  m odulus of the w all m a te r ia l  is  m uch
la r g e r  than  th a t of the co il m a te r ia l  and th a t the o u te r d im en 
sion  of the m agnet co il does no t change. M o reo v er we ca lcu la te
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the s tr e s s e s  only for the ca se  that the s tr e s s  in the rein forcing
wall is  equal to the breaking s tr e s s  of the wall m a ter ia l. In
that way we ca lcu late the m axim um  s tr e s s  which can occur in
the co il m ateria l. Under the boundary conditions (II. 60) the
solution of the equations (II. 49) and (II. 53) is

C --------- P„ 1 -------] + K
a 2 - i  V yy

3 + v  2 + v a 2(a2- a ) \  2 + v

3+1/ 2+1/
(a2+ 1 ) ---------

8 3

3 + v

or2(o;2-  a )

a 2- 1
+ a

a2 +
y  \  8

,2

a 2-  1
■ a y  -

8

CTt o ~ war2 -  1
P.„ f l + —. I + K„

y

3 + v  2 + v
-------  (a 2 + 1 ) ---------

8

■q,2(q,2_q,)

1 / 3  + V 2 + V  a 2(a2- f f ) \  l+ 2 v
+ — J --------- a 2 ------------------------------1+ ----------

3

1 + 3v

L a 2-1
-+<* +

8 a 2-  1
a y  -

8

Bn
K° " '  /u0( f f - l ) 2 (J> (U. 61)

The s tr e s s  in the wall depends on the p ressu re  on the inner
surface in the follow ing way

1
a = P --------- (II. 62)tw w , '  '

% - 1
with « the ratio  of the outer to the inner d iam eter of the wallWcylin der. F or o ^ = l. 25 th is g ives c tw = 4 P W.

F o r a num erical exam ple we take o'», b re a k 3 8  x 108N /m 2.
(sta in less  s te e l), a = 5, B = 5, y  = 1, 'and v = 0 . 34.  Then
<rr = 0 and crt = 5 .2  x 10®N/m . The amount of reduction in
com parison  with the re su lt under a is  about 40%. F o r  y  = a
the reduction is  about one half of that at y  = 1.
c .  S o l u t i o n  i n  t h e  c y l i n d e r  p l a n e  r = r i#

The problem  is  a problem  in rectangular coordinates z and
0 with only a force p resent in the z d irection . The boundary
conditions are

a  = 0 for z  = ±  5 1z i
and we require that a ll solutions are independent of 0 both to
make the problem  sing le valued and to p reserv e  the axial
sym m etry in the in itia l problem . B ecause of the axial sym m e
try we put t tz = 0. The force Fz is  supposed to be lin ear in
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z. (see  eq u a tio n s (11.44) and (11.46).)

0 .426
-

1) $  r f

The fo rce  can  be d e s c r ib e d  by a p o ten tia l function

V = i  K lZ2

(II. 63)

(II. 64)

U nder th ese  co n d itio n s the s e t  of d if fe re n tia l  eq u a tio n s is

a * z—  +
9V

2 ___
9z 90 3z

9at
__  + 9 r z t

>
 1

CO

II

90 9z 90

f  92 92\ \
----  + 1 (CT,
, 9z2 902 ,/ Z

(II. 65)

(CTZ + (Tj) = -  (1 -  v)
a2v
9 z

92V \

a e 2/
T hese equations can be sa tis fied  by solutions of the type

b 2</>
+ V

90“

92^
CTt + V (II. 66)

9 2fS
Ttz

dzde
with  ̂ sa tisfy in g

.494 ̂  9 9^
+ 2 — r— - + ----r  = - (1 -  v)

90’ 9029z2

92V 92 V
.+

9 0 2 9 z 2
(11.67)

W ith a p p ro p ria te  u se  of the boundary  cond itions one finds
re a d ily

a z = -  j  K 1(12 - 4 z 2)
V  v  a

= J K 1Z

Ttz

(II. 68)
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If we in s e r t  B0 = 50 W /m 2 ,
= 7.11 x  108 N /m 2 fo r  z =
fo r  z = + 5 !,

5 we find (crz )Z " ' w z '  max. 0
2 .4 2  x 10.8 N /m 20 and (o t)t '  max

d .  S o l u t i o n  f o r  t h e  p l a n e  0 = 0 .
A gain we have a p ro b lem  in re c ta n g u la r  c o o rd in a te s , and

the eq u a tio n s  a re

B ecau se  the sy s te m  is  r a th e r  co m p lica ted  if  one c a r r i e s  out
the c a lc u la tio n  fo r the ex a c t fo rc e s ,  we take fo r  the fo rc e  in
the ra d ia l  d ire c tio n  the m ean  value  in  the ra d ia l  d ire c tio n  and
fo r  the fo rce  in  the a x ia l d ire c tio n  the m ean  value  in  the aviai
d ire c tio n , thus m aking  F r independen t of r  and F z independent
of z. The s e t  of equa tions changes in to

with the u se  of the equa tions (11.44), (11.45), and (11.46).
A p a r t ic u la r  so lu tion  can  be found by u s in g  the s t r e s s  fu n c

tion

9a 9 rcz
+ F  = 0

9r 9z

9<tz 3T rz
___ m j + m 2 s in  ir

,ff -  1
(II. 70)

+ CTz)

( a - l ) 2 7 - 1  K0 r 5
r 2 z s in  ir

a- 1 480 l2
+

4

giving

+ F . r (II. 71)
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»V Kor3 1
CT = -------— +  F ZZ ------------- -  J  K0zm i

z 9r2 2 4 12 %

32̂  K 0 tt -1  / y - 1
T = ----------- = -----  m 2 --------  rj COS 1T I ------

rz 9 r 8z 4 TT \ a - l
vervo lg  (11.71)

A general solution can be found by adding a general solution
of the hom ogeneous sy stem . In this ca se  we take the sum of
a polynom ial of the second d egree, one of the third degree
and one of the fifth d egree. U sing the principle of Saint Venant
we take as boundary conditions

J>

dz = 0 for r = r. and r = rr i u
(II. 72)

0 for z  *, ± i  1

A fter som e calcu lation  we get the follow ing resu lt

1 /  z \ 2Ï
° r  = Kor

21/
K „r3 K (r 4-r.4)O O' u 1 '
96 l 2 96(r -r . ) l2u i

(II. 73)

a - 1
Trz = -----  m 2

4

y -1
- 7  K ^ r  + -----Kcz

a - 1/ ’  96

T hese solutions have a sm a ller  degree of accuracy than (II. 59),
(11.61), and (11.68) because of the approxim ations on the fo rces
and the boundary conditions. The num erical r e su lts  have been
com piled  in table II. 2 together with the re su lts  of 3a, b, and
c.

4. Approximation with surface forces and volume force zero.

In this ca se  the equilibrium  conditions reduce to

(II. 74)
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Table II. 2.
Numerical results of stress calculations.

z r °r <̂ t «Z T rz

Plane z = 0 and 0 at 0 1.0 0 9.31 x 108 _ _
boundary (1 3a). 0 1.6 2.67 x 108 - - - - -

Plane z = 0 and finite 0 1.0 0 5.20 X 108 _ _
at outer boundary (S 3b).

Cylindrical plane 0 1.0 __ 0 7.11 x 108
r «  rj (S 3c). ± il 1.0 - - 2.42 x 108 0 —

Plane 6 «  constant 0 1.0 5 x 106 -9 .3  x 106 -2 .9  x 106
(S 3d). 0 1.6 8 X 106 - - - - . .

0 3.0 — — - - -9 .2  x 107
0 5.0 3 x lO1 * - -1 .9  x 106 -5 .8  x 107

i l 1.0 - - - - . . 1 .4  x 109
i l 3 .0 — - - — 1.3 x 109
i l 5 .0 - - — - - 1 .4  x 109

- i i 1.0 — — - - -1 .4  x 109
- i l 3 .0 - - - - — -1 .5  X 109
- i l 5 .0 — - - -1 .5  X 109

and the com patib ility  conditions to

d 3g 2 d 2g 1 dg g
-------—  + ----------------- ------------------ + —  =  0

d r3 r d r2 r3 dr r
(II. 75)

g dg
with (J[ = —  and a t =

r dr

Now the boundary conditions are

or = - P for r = r
i

ct = 0 for
r

■-s ii

With substitution of (11.39) the solution is

1 / < * 2 \  Bo2

*  " o 2 - 1  V ~ y  ~nT0

(n . 76)

(II. 77)
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Both fft and a t have a m axim um  a t y  = 1, the in n e r  su rfa c e  of
the c o il. W ith B 0 = 50 W /m 2 and a  = 5 one o b ta in s  a t = 109N /m 2
and o = 1 .0 8  x  109N /m 2. The r e s u l t  fo r  or does no t ag ree
w ith the so lu tio n  by m ean s  of vo lum e fo rc e s  but the r e s u l t  fo r
a  is  in  r a th e r  c lo se  ag re e m e n t.

5. Average stress.

A lthough the r e s u l t s  of the sec tio n s  3 and 4 fo r  (c^max a re
in r a th e r  c lo se  a g re e m e n t w ith ea ch  o th e r, the a v e ra g e s  of
the s t r e s s e s  o v e r the ra d ia l  co o rd in a te  a re  d iffe ren t.

The a v e rag e  of (II. 59) o v e r y  g iv e s , w ith su b s titu tio n  of the
sam e v a lu es  fo r  B0, a ,  and /3 a s  in  3a and  4- (<rr)av =
= 0 .9 8  x 108N /m 2 and (<xt) av = 6 .4 7  x  108N / m .

The a v e ra g e s  o v er the r e s u l ts  in  sec tio n  4 a re

Bo 1
(or)a v ----------------- --- 2 x  l^ N /r n 2

2 Mo « + 1
« (n . 78)

g "  1
(tft >av = -----° --------= 3 .3  x  108N /m 2

2 m0 a - 1

The l a t te r  r e s u l t  can  be ob ta ined  in  a s tra ig h tfo rw a rd  way
w ithout the u se  of the d iffe re n tia l eq ua tions (II. 74) and (II. 75).

B ecau se  the av e rag e  s t r e s s  in  the m a te r ia l  can  be connected
w ith the to ta l e la s t ic  en e rg y  con ten t, both ap p ro x im a tio n s  lead
to r a th e r  d iffe re n t r e s u l ts  fo r  the e la s t ic  en e rg y  of the s tra in e d
m ag n e t co il.

6. Buckling.

s I /'

] c
I

Fig. n. 13. Buckling of an axially loaded cylindrical shell.

A c y lin d r ic a l  sh e ll w hich is  su b jec ted  to  a u n ifo rm ly  d i s t r ib 
u ted  ax ia l load  w ill show buckling  a t a c e r ta in  value of the
load . (F ig . II. 13). T h is buckling e ffec t w ill show c y lin d ric a l
sy m m e try  14̂  but th is  sy m m etry  m ay be sp o ilt by sm a ll  d ev ia 
tions of the c y lin d ric a l sy m m etry  which a re  in itia lly  p re s e n t
in  the und efo rm ed  s h e ll .  U sually  th is  is  the c a se  in  w ire  wound
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m ag n et c o ils . It can  be shown th a t the m in im a l lo ad  which
c a u se s  buckling  h a s  been re a c h e d  if  the s t r e s s  s u rp a s s e s  ^

if  ocr is  s itu a te d  in  the e la s t ic  re g io n  of the m a te r ia l  and

^  CTcr is  s itu a te d  in  the re g io n  of p la s tic  d e fo rm atio n  of the
m a te r ia l .  H ere  Ee r e p re s e n ts  the e la s t ic i ty  m odu lus of the m a 
te r ia l  and Et the slope of the s t r e s s  s t r a in  c u rv e  a t  o ct.

F o r  co p p e r we u se  the fo rm u la  (II. 80). E e = 12. 5 x  1010N /m 2
and w ith ocr = 10®N/m2, E t = 1 .5  N /m 2, and a  = 1 .1 5  the
equation  is  s a tis f ie d . F o r  a  co il w ith an in n e r  d ia m e te r  of
12 m m  th is  g iv es  a la y e r  th ick n ess  of 1 m m  if  the buckling  of
the in n e r  la y e r  is  s tu d ied . A th ick n ess  of 1 m m  fo r  the in n e r
la y e r  is  a re a so n a b le  value in  p ra c t ic e .

H ow ever, the w indings in  the la y e r  a re  g lued  to g e th e r with
a ra ld i te ,  w ith a  value fo r  E e of 4 x  109N /m 2. E t v a lu e s  of
a ra ld i te  do not ap p e a r  to  be av a ilab le  in  the l i te r a tu r e ,  but
fro m  b reak in g  s t r a in  and e longation  we e s tim a te  a m ean  value
of 8 x  107N /m  . C a lcu la tin g  fro m  th is  a  m ean  slope of the
s t r e s s  s t r a in  c u rv e , we ob ta in  th a t o CI is  s itu a ted  in  the e la s t ic
re g io n  of a ra ld i te .  U sing  (II. 79) we ob ta in  a cr = 5 .5  x  107N / m .
T his value  h as  to be co m p a red  with the flow  s t r e s s  of a ra ld ite
which h as  v a lu es  up to 8 x  107N /m 2.

C o m p ariso n  with the r e s u l ts  of sec tio n  3c show s th a t buckling
is  a p o ss ib le  ca u se  of dam age in  a m ag n e t co il a s  soon as
th e re  is  em pty  sp ace  in  the co il w hich g ives r i s e  to u n su p p o rted
la y e r s .  E m pty  sp ace  alw ays tends to o ccu r by p la s tic  d e fo rm a 
tion  ca u sed  by the fo rc e s  in  ra d ia l  d ire c tio n . The p ra c t ic a l
value of the f ie ld  s tre n g th  w here buckling  o c c u rs  w ill be d e 
te rm in e d  both by the ax ia l s t r e s s  and by the ra d ia l  s t r a in .

In p ra c t ic e  b u ck lin g -lik e  dam age is  freq u en tly  found a t the
in n e r  la y e r  of o u r m ag n e ts . It is  no t p o ss ib le , h ow ever, to
a ttr ib u te  th is  to buckling  unequ ivoca lly , b ecau se  of n o n -s ta tio n -
a ry  e ffe c ts , w hich we sh a ll show  to be ab le  to  c a u se  s im ila r
d e fo rm a tio n s . (§ 7).

§ 6. Mechanical stress caused by electromagnetic forces in a
flux concentrator coil.

2 E e( o - l )
a

(o + l )  [  3(1 - I/2) ]
(H. 79)cr

2 ( o - l )  T E eE t I 1

o + l  3(1 - i /2)
(H. 80)

A flux  conc6n.tr3.tor co il i s  a dev ice  w hich is  us6d  to  re d u ce  the
m ech a n ica l fo rc e s  on the co n d u c to r w indings of a p u lsed  m ag n et
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c o il. The m ain  p a r t  is  a m a ss iv e  c y lin d e r w ith a  s lo t. (F ig . II.
14). In the o u te r  su rfa c e  a  s p i r a l  g roove is  m ad e , in  w hich the
p r im a ry  w indings a re  m ounted  b ecau se  it  is  a f ie ld  f re e  sp ace .
The f ie ld  fro m  the p r im a ry  w indings induces a  c u r r e n t  in  the
c y lin d e r . If the sk in  depth  is  su ffic ien tly  sm a ll the c u r re n t
p a t te rn  is  a s  sk e tch ed  in  fig . II. 14.

Fig. n . 14. Skin layer and current pattern in a flux concentrator coil.
Inset: axial cross section.

«kin layer

The fo rc e s  on the p r im a ry  w indings a re  rem o v ed  and t r a n s 
m itte d  to the c y lin d e r . The fo rc e s  a re  la rg e s t  a t  the s lo t, whose
opposite  s id e s  re p e l  each  o th e r.

F o r  an a n a ly s is  of the e le c tr ic a l  b eh av io u r of the sy s te m  we
r e f e r  to  the p a p e r  by H offm an and S cheu ing15).

The a n a ly s is  of the m ech a n ica l s t r e s s e s  in  a  flux c o n c e n tra to r
co il is  m uch  s im p le r  than  in  a  w ire  wound co il, b ecau se  of
the follow ing re a s o n s .

F ir s t ly ,  in  a flux c o n c e n tra to r  co il the c u r r e n t  is  flowing in
the sk in  la y e r  a t the su rfa c e  of the m a te r ia l .  In the c a se  of
an id ea l co n d u c to r the sk in  la y e r  is  in fin ite s im a lly  thin and the
volum e fo rc e s  in  the c u r re n t  c a r ry in g  la y e r  red u ce  to su rfa ce
fo rc e s  fro m  the point of v iew  of the bulk m a te r ia l .

Secondly  the c u r re n t  d en s ity  is  able to e s ta b lis h  a fo rce  f re e
e q u ilib riu m  w ith r e s p e c t  to ax ia l fo rc e s .  In th is  c a se  the ax ia l
com ponen t of the L o re n tz  fo rce  is  c a n ce lled  by an in c re a s e d
sp ace  ch a rg e  d en s ity  in  the neighbourhood of the sy m m etry
p lane z = 0, and fo r th a t re a s o n  the s lic in g  of the co il in  thin
p la te s  a s  in  § 5 is  ju s tif ie d .

F o r  the g e n e ra l  fo rm a lis m  we r e f e r  to  § 5 and we have as
a s e t  of d if fe re n tia l  equa tions:

3a 1 3rrt

9 r r  30
0 (a)

1 3ot 3 rrt 2 r n
---------- b ------  + ------- = 0
r  90 9 r r

(b) (II. 81)

v 2 v 2 ^  =  0 (c)



- 4 5 -

i  b<f> i a2^
CT = -------- + ------------ (d)

r 9r r 2 802
b 2(/>

= — r  (e) (H.81)ae2

r  30

E q u atio n s (a) and (b) a r e  s a t is f ie d  id e n tic a lly  by  equa tions
(d), (e), and (f), and we have to  so lve  (c) u n d e r  a p p ro p ria te
boundary  co n d itio n s , (fig . II. 15)

Fig. II. 15. Boundary conditions in a flux concentrator coil.

Both s id e s  of the s lo t a re  p re s s e d  a p a r t  in tan g en tia l d ire c tio n
by a fo rce  K t . In the c a se  of the id ea l co n d u c to r we put a s
the boundary  cond ition  fo r  r  = r . :  o r = P r , and fo r  r  = r  :
cxt “ 0.

A pplying S ain t V en an t's  p rin c ip le  we have:

2jr P

(II. 82)

with 1 the leng th  of the co il.
To c a lc u la te  the p r e s s u r e  on the boundary  we w rite

dK r = B zJ d v
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w ith 6 the sk in  depth:

6 = ( |  w h a  )'*

F o r  the sk in  la y e r :

v  = irDj 1 6

Giving:

Fr = B I D j  (U. 83)
B 1

P r = -----  (U. 84)
1

F o r  a  s in g le  tu rn  co il one h as

1

P r =— —  (Ü .85)

F o r  the tan g en tia l fo rc e  one h as

2 I 2 8 Bo2 . r f
K = - u  ------ ( ru - r j )  = ------------------ (a - 1) (II. 86)

D; ho Ds

w ith Ds the w idth of the s lo t.
B ecau se  of the th ird  boundary  cond ition  we t ry  a so lu tio n  of

the type

<t> = f ( r)  s in  i  0 (II. 87)

w hich changes equ a tio n  (II. 81c) in to  a l in e a r  d if fe re n tia l  equa tion
of the C a u c h y -E u le r  type which h a s  a s  a so lu tion

f(r) = A r 3 + C r  + D r  In  r  (11.88)

o r

j£(r, 0) = (A r3 + — + C r  + D r  In r )  s in  £ 9 (11.89)

F ro m  the boundary  co n d itio n s we obtain
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A * -

11
B = 4 2

r i a

29(a2 - l ) r i
o 2 33ar r t

29(a2 - 1)

2 TT P.

K  +

C = ------- r?  (tt2 + l )  K! -
87

D = O (arbitrary choice)

K.

2 jrP

r i
(44a2 +15)2 irPr

87(a2- l )  (U. 90)

K  =
2/3(a2 - l )r f

which have to be substituted into the final solutions:

/ I I  5 B 3 C

4 4 r3 4 r
—  A r --------------- - — I sin  £ 0

6 A r + ■
r *

B
T _  = ■ A r  +■

sin  i  6

co s V 0

(B. 91)

a r and a t have a m in im um  z e ro  a t  a  p lace  d ire c t ly  opposite  of
the s lo t, w here r rt h a s  a m ax im u m , tending to tu rn  both
h a lv es  of the r in g  on th is  po in t.

F o r  a  n u m e ric a l  exam ple  we take a  = 5, /3 = 2 ,  B 0 = 50 W /m 2,
Dj = 12 m m , and D s = 1 m m . The value 2 fo r  /3 h a s  been
chosen  b ecau se  of the trap e zo id  shape of the f lu x -c o n c e n tra to r15̂ .
T h is cho ice  g ives

P r = 1 0 8N /m 2 A = 1 .1  x  10U N /m 3

K t = 1 .3 8  x  107N B = - 8 .21  x  1 0 3 Nm

C = 3. 6 x  1 0 8 N /m

o h as  an  e x tre m a l value fo r  y  = 1 .8 . In fig . II. 16 we have
p lo tted  the so lu tio n s  given in  eq u a tio n s (11.91) a s  functions of
y  fo r  a  = 5, /3 = 2, B0 = 50 W /m 2, D s = 12 m m , and
D = 1 m m .S
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x 10 5

Fig. II. 16. Stress pattern in flux concentrator coil.
a  -  5, 8 = 2, B0 = 50 W /m2 , Dj = 12 mm, and Ds = 1 mm.

<7 r and wt a re  p lo tted  fo r  0 = 7r and T rt fo r  0 = 0. T he shape  of
crt show s tha t fo r  0 /  0 we have , a p a r t  fro m  ra d ia l  p re s s u re
and sh e a rin g  s t r e s s ,  a  bending p ro c e s s .

The in fluence of the fa c to r  s in  i  0 on or should  not be co n 
s id e re d  a s  r e a l i s t i c ,  b ecau se  i t  g iv es  negative  v a lu es  of crr fo r
0 < 0. It is  b rough t in  by the ap p lica tio n  of S ain t V en an t's
p r in c ip le . In o u r opinion it  is  m o re  r e a l i s t ic  to take

K  p r a c t i c a l --------- f  <CTr )calc. d 0  ( I L  9 2 )ff J
0 ^  ......

re s u lt in g  in  av e rag in g  out of the fa c to r  s in ^ 0 .
The n u m e ric a l  r e s u l ts  su g g es t tha t the ra d ia l  fo rce  is  of

l i t t le  in te r e s t  fo r  the o rd e r  of m agnitude of the s t r e s s e s .  In
fac t, su b s titu tio n  of the n u m e ric a l v a lu es  in  A, B, and C show s
tha t the te rm s  w ith Pr a r e  r a th e r  sm a ll. They a re  needed  to
sa tis fy  the boundary  cond ition  on the in n e r  su rfa c e  of the r in g .
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§ 7. D ynam ical e ffec ts .
(F o r  c o n s tru c tio n a l d e ta ils  see  c h a p te r  II I .)

A lthough the b eh av io u r of p u lsed  m ag n e t co ils  can  be d e 
s c r ib e d  by s ta tio n a ry  m ethods to som e ex ten t, one ex p ec ts
tha t the fa c t tha t the fie ld  is  not co n stan t in tim e w ill r e s u l t
in d ev ia tio n s  fro m  the s ta t ic a l  b eh av io u r, re s u lt in g  in  dynam 
ic a l  e f fe c ts . J

In som e e x p e rim e n ts  we o b se rv ed  e ffec ts  which we a s c r ib e
to dynam ic c a u s e s . We s h a ll d e s c r ib e  o u r e x p e rim en t and
som e ex p e rim e n ta l ev idence obtained  by o th e r in v e s tig a to rs
and we sh a ll d is c u s s  the r e s u l ts  from  a d y n am ica l po int of"
v ie  w. ,

The m ag n et co ils  nos. 33, 35, 36, 37, and 38 (Appendix I)
have been  m ade acco rd in g  to about the sam e  design . A ll w ere
p ro v id ed  w ith a s ta in le s s  s te e l  ja c k e t. F ro m  a s ta tic  po in t of
view  one should  not ex p ect m uch  d iffe ren ce  in  b eh av io u r.

We have m ade the co ils  m o re  r ig id  going up fro m  33 to 38,
both by d im in ish in g  the am ount of f ib e rg la s s  and a ra ld ite  and
by sh rin k in g  the co ils  in to  the s te e l  ja c k e ts .  F ro m  a s ta tic
pom t of v iew  one would ex p ec t tha t the m ax im um  a tta in ab le
fie ld  s tre n g th  should  in c re a s e  with in c re a s in g  r ig id ity . H ow ever
me m axim um  fie ld  s tre n g th  d e c re a s e d  with in c re a s in g  r ig id ity .
The co il 33, giv ing 41 W /m  , h as  been d e s tro y e d  by b reak in g
° l  on„eR of.* he c °n^ c tions The co ils  35, 36, 37, and 38, giv ing
3 .6' „ 36' 3?’ and 27 W /m 2, have been  d e s tro y e d  by squeezing
of the s ta in le s s  s te e l  in n e r tube. A p a rt fro m  th ese  c o ils , th is
type of dam age only  o c c u rre d  in  c o ils  w ithout in n e r  re in fo rc in g
tube. The e x p e rim e n ta l ev idence show s th a t in  co ils  with s ta in 
le s s  s te e l  o u te r  re in fo rc e m e n t the inw ard ly  d ire c te d  ra d ia l
fo rc e s  a re  m uch  s tro n g e r  than in  f ib e r -g la s s  re in fo rc e d  co ils
w ithout s ta in le s s  s te e l  ja c k e t.

Van Itte rb e e k , van  D r ie s sc h e , de G rav e , and M yncke 16) have
c o n s tru c te d  p u lsed  m ag n e ts  with an o u te r  d ia m e te r  c o n s id e rab ly
s m a lle r  than the in n e r d ia m e te r  of the s ta in le s s  s te e l  ja c k e t.
The re m a in in g  sp ace  h as  been filled  up with a ra ld i te  and f ib e r
g la s s .  The co il, p ro v id ed  w ith a ra ld i te  and f ib e r  g la s s  h as
been sh ru n k  in to  the s te e l  ja c k e t. T h is  co n s tru c tio n , although
not v e ry  r ig id , re s u lte d  in  a  re p ro d u c ib le  45 W /m 2 peak  in 
duction  and an in c id en ta l 57 W /m 2 peak  induction . The re p o r te d
dam age co n s is te d  of sq u eez in g  of the in n e r tube. The pu lse
d u ra tio n  h as  been  1 m se c .

T hese  r e s u l t s  canno t be exp la in ed  by a s ta tic  th eo ry , f i r s t ly
because  a s ta tic  th eo ry  p re d ic ts  the b e s t r e s u l ts  fro m  the m o s t
r ig id  c o n s tru c tio n , secondly , b ecau se  the d iffe ren ce  in dam age
at the in n e r side  of the co il, w hich depends upon the type of
the o u te r  re in fo rc e m e n t, canno t be u n d ers to o d  fro m  a s ta tic
pom t of view , and th ird ly , because  inw ard ly  d ire c te d  fo rc e s
do not o ccu r, a p a r t  fro m  the buckling e ffec ts , which a re
equally  s tro n g  in  a ll  types of c o ils  a t the sam e c u r re n t  and
fie ld  s tre n g th .
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We p ro p o se  the follow ing dynam ic m ech a n ism .
The co p p e r w indings a re  a c c e le ra te d  by the L o re n tz  fo rc e ,

re s u lt in g  in  a m om entum  w hich is  d ire c te d  o u tw ard s . If the
o u te r  su rfa c e  is  so ft the m om entum  is  a b so rb ed  and if  su ffi
c ie n t dam ping  is  p re s e n t  the k in e tic  en e rg y  is  co n v e rted  in to
h e a t and d e fo rm a tio n  en e rg y  of the o u te r  su r fa c e . If the m o 
m en tum  is  su ffic ien tly  s tro n g , the o u te r  re in fo rc e m e n t te a r s .
If the o u te r  su rfa c e  is  co m p le te ly  r ig id  the m om entum  is  r e 
fle c ted  e la s t ic a lly  and we a re  le f t  w ith an  inw ard ly  d ire c te d
m om entum  w hich tends to sq u eeze  the in n e r tube. A ll m ixed
c a s e s  a re  p o ss ib le , depending upon the dam ping  co e ffic ien ts
of the c o n s tru c tio n  m a te r ia ls .

It is  known th a t m e ta ls  have low dam ping co e ffic ien ts , r e 
su ltin g  in  a  re f le c tio n  of the m om entum  and dam age a t the
in n e r  su rfa c e  fo r a co il w ith co p p e r and s te e l  only a s  c o n s tru c 
tion  m a te r ia ls .

F ro m  the e x p e rim e n ta l ev id en ce , we ex p ec t tha t a ra ld ite  h as
a high dam ping  co e ffic ien t in  the te m p e ra tu re  ra n g e  betw een
80 and 270°K . No ex p e rim e n ta l d a ta  a re  av a ilab le  fro m  l i te r a tu r e
in th is  re g io n  fro m  dam ping  m e a s u re m e n ts .  H ow ever, the
coo ling  down of a ra ld ite  th rough  th is  te m p e ra tu re  ran g e  alw ays
r e s u l t s  in  c ra c k s  in  the a ra ld i te .  T h is  p o ss ib ly  in d ic a te s  a
tra n s it io n , w hich m ig h t be re sp o n s ib le  fo r  the high m ech an ica l
lo s s e s .

§ 8. Comparison with experimental results.

1. Introduction.

To co m p are  the s t r e s s  a n a ly s is  g iven  in  the p re ced in g  p a r 
ag rap h s  w ith e x p e rim e n t, we u sed  the r e s u l ts  ob tained  from
te s ts  on 38 p u lse  m ag n e ts  (app. I). In the p re s e n t  p a ra g ra p h
we w ill g ive an outline of the way in  w hich th ese  r e s u l ts  w ere
ob tained  and a d isc u ss io n  of th ese  r e s u l t s  in  v iew  of the s t r e s s
a n a ly s is . D e ta ils  on the d esig n  and c o n s tru c tio n  of the m agnet
co ils  w ill be g iven  in  c h a p te r  HI.

2. Measuring methods.

The fo llow ing d a ta  on the m ag n e t co ils  a r e  u sed : g eo m e tr ic
d im en sio n s  of co il and re in fo rc in g  la y e r ,  e la s t ic  and p la s tic
p ro p e r t ie s  of m a te r ia ls ,  se lf- in d u c tan ce , m ag n e tic  induction
p e r  a m p e re  of co il c u r re n t ,  and c u r re n t  and m ag n e tic  induction
which cau se  breakdow n of the co il.

The g e o m e tr ic  d im en sio n s have been ob tained  in  a s t r a ig h t
fo rw ard  way. The inductance has been m e a su re d  on an in d u c
tan ce  b rid g e  (b ran d -n am e  D an b rid g e , type U 2 with a p re c is io n
of 2%).
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The e la s t ic  and p la s tic  p ro p e r t ie s  of the m a te r ia ls  have been
obtained  fro m  L an d o lt and B ö rn s te in , ed . 1955, v o lu m es IV a
and b.

F o r  the b reak in g  s t r e s s  of so ft co p p er a t 77°K we take
4 x 108N /m 2, fo r  the b reak in g  s t r e s s  of h a rd d raw n  co p p er a t
77°K we take 7 .5  x 108N /m  , and fo r the b re ak in g  s t r e s s  of
f ib re -g la s s  t is su e  im p reg n a ted  w ith a ra ld ite  (A tlas-B indung)
we0 take 3. 5 x 10°N /rn  a t ro o m  te m p e ra tu re . The value  a t
77 K is  no t known to u s , so  we u se  the ro o m  te m p e ra tu re
v alu e , giv ing a lo w er l im it  of the b reak in g  s t r e s s .  The b reak in g
s t r e s s  of S a u e re ise n  ce m e n t is  no t known to us but we e s tim a te
i t  to be 4 x  108 N /m 2 .

The m ag n etic  induction  p e r  a m p e re  co il c u r r e n t  h as  been
m e a s u re d  in  two ways:
1. M ea su rem en t of the induction  vo ltage upon c u r r e n t  r e v e r s a l
is  m ade by m ean s  of a b a ll is tic  g a lv an o m e te r, and co m p ariso n
w ith a s ta n d a rd  co il. T his p ro c e d u re  h a s  been  u sed  fo r the co ils
up to n u m b er 20.
2. M easu rem en t is  m ade by m ean s  of a  H all d e te c to r  (b ran d -
nam e R adio  F re q u e n c y  L a b o ra to r ie s ,  in s tru m e n t type 1890, p robe
type H B -13470). T h is  way of m e a su re m e n t h as  been  u sed  fo r
the c o ils  fro m  n u m b er 21 u p w ard s . F o r  the co ils  20 to  24
both m eth o d s have been  co m p ared  and the r e s u l ts  w ere  found
to be in  a g re e m e n t w ithin ex p e rim e n ta l e r r o r ,  w hich h as  been
e s tim a te d  to be 3%.

The co il c u r r e n t  h as  been  d e te rm in e d  by m e a su r in g  the v o lt
age o v er a r e s i s to r  of 10 fl, w ith an  inductance le s s  than
10 "9 H, w hich h as  been  connected  in s e r ie s  w ith the m ag n et co il.
A d e sc rip tio n  of the r e s i s to r  w ill be g iven  in  c h a p te r  III.

The s ig n a l is  m e a s u re d  by d isp lay in g  it on an o sc illo sco p e
(b ran d -n am e T ek tro n ix , type 502, dual beam ). The o th e r beam
is  u sed  to d isp lay  the vo ltage o v e r the m ag n et co il, but these
d a ta  have no t been  u sed  fo r q u an tita tiv e  ev a lu a tio n s .

The m ag n e tic  induction  h as  been ob tained  by m u ltip ly in g  the
co il c u r re n t  by the m ag n etic  induction  p e r  a m p e re  of co il
c u r re n t .

A p r io r i  i t  is  no t obvious th a t the m ag n e tic  induction  p e r
am p ere  of co il c u r re n t  should  have the sam e  value a t low  and
a t high v a lu es  of the co il c u r r e n t  b ecau se  of co il d efo rm atio n .
T h e re fo re  in  som e c a s e s  the co il c u r re n t  h as been  co m p ared
with the in te g ra to r  s ig n a l of a p ick -u p  co il w hich is  m ounted
in the c e n te r  of the m ag n et co il. The d iffe ren ce  betw een the
two s ig n a ls  n e v e r  exceded  3%, but the in te g ra te d  s ig n a l of the
p ick -u p  co il tended  to be som ew hat lo w er than  a p u re ly  l in e a r
dependence on the co il c u r re n t  p re d ic ts ,  a s  was expected .
B ecau se  the d iffe ren ce  is  sm a ll in  co m p ariso n  w ith o th er
so u rc e s  of e r r o r ,  it h as  been n eg lec ted  in  p ra c t ic e .

3. Comparison of predictions from plane stress theory.
The c a lc u la tio n s  of the th e o re tic a l  e x p re s s io n s  have been
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given  in  § 5. 3 and § 5 .4 .
The r e s u l t s  a re  g iven  in  fig . II. 17, 11.18, and 11.19 n u m e r 

ica lly . T h is  h as  been  done fo r  so ft co p p e r (u  break = 4 x 108N /m 2)
and fo r  h a rd  d raw n  co p p e r (abreak = 7 .5  x  1 0 8N /m 2). A long the
h o riz o n ta l ax is  e i th e r  a  o r  /3 a re  u sed  a s  v a r ia b le s ,  along the
v e r t ic a l  a x is  the m ag n e tic  induction  w hich c a u se s  cr to ex ceed
O'break

er 2

■0. 1.5

Fig. II. 17. Predicted burst induction as a function of a  and 0 for soft copper.

F ro m  fig . II. 17 it  can  be see n  th a t the add ition  of tu rn s  in
ax ia l d ire c tio n  alw ays g ives an  in c re a s e  in  the c e n tr a l  fie ld ,
how ever s m a ll ,  w h e rea s  the ra d ia l  fo rc e  on the add itiona l
tu rn s  is  re la t iv e ly  sm a ll , so  th a t the m ech an ica l s t r e s s  on the
c e n tr a l  tu rn s  d o es not change ap p rec iab ly .

H ow ever, if  the th ick n ess  of the co il is  sm a ll in  co m p ariso n
with the leng th , the ad d itio n a l fie ld  w ill be sm a ll  and the c u rv e s
tend to a co n s tan t value w ith in c re a s in g  /3.

An in c re a s e  in  a, how ever, w ill no t alw ays give an in c re a s e
in m ax im um  fie ld . In g e n e ra l  an in c re a s e  in  a  g iv es  a  s tro n g e r
w inding package and a s tro n g e r  c e n tr a l  induction  fo r  a  given
c u r re n t  s tre n g th . H ow ever, fo r  sh o r t  co ils  the f ra c tio n  of the
m ag n e tic  en e rg y  in the c e n tr a l  a r e a  d e c re a s e s  ra p id ly , so
th a t one h as  to in c re a s e  the c u r re n t  by a m uch  la r g e r  am ount
than  a  h as  been  in c re a s e d . T h is is  e x p re s s e d  m a th em a tica lly
by m ean s  of the g e o m e tr ic a l fa c to r  0  (app. HI). F ro m  eq.
(H. 40) i t  m ay  be see n  th a t in  th is  way the fo rc e s  in  the co il
in c re a s e  m uch  f a s te r  than  the induction  in  the c e n tr a l  a r e a  and
an optim um  g eo m etry  is  ob tained

In fig . II. 18 the sam e c u rv e s  a s  in  fig . II. 17 a re  p lo tted , to 
g e th e r  w ith the su rfa c e  fo rce  p re d ic tio n  fro m  eq . (II. 77) fo r
y  =  1  •

In each  of the f ig u re s  11.18 a  - e the e x p e rim e n ta l r e s u l ts
a re  in d ica ted  by an a s te r is k .

U sing eq. (11.61) one can  c a lc u la te  a c o r re c tio n  fo r the b u rs t
induction  in the c a se  th a t the co il h as  been  su rro u n d e d  by a
la y e r  of re in fo rc in g  m a te r ia l .  In the c a se  of f ib e r  g la s s  th is



- 53 -

lO 12

surface
— force

hard
hard ~

surface '
for<

surface
force
soft
soft “

surface
force
soft

l O  12

surface force
— —hard
volume force.volume foi

surface fo rce
volume force.

Fig. II. 18. Comparison of predicted burst induction and experimental data.
X  * experimental points.
O * experimental points, corrected for reinforcement in the case of hard copper.
A = experimental points corrected for reinforcement in the case of soft copper.
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c o r re c tio n  is  g e n e ra lly  n o t v e ry  la rg e ,  but in  the c a se  of
s ta in le s s  s te e l  i t  is  c o n s id e ra b le . The c o r re c tio n  h as  been
c a r r ie d  out fo r  h a rd  d raw n  co p p e r and fo r so ft co p p e r.

l O  12 14

10 12l O  12

Fig. II. 19. Histogram giving the number of cases of experimental results being higher or
lower than the theoretical prediction.
a. function of a ,  hard drawn copper.
b. function of a , soft copper.
c. function of B. hard drawn copper.
d. function of B> soft copper.

In fig . II. 19 the r e s u l ts  a r e  co m p ared  w ith the th e o re tic a l
p re d ic tio n . A n o th er co m p ariso n  can  be m ade by ca lcu la tin g
the av e rag e  r e s u l ts ,  both of e x p e rim en t and th eo ry . The av 
e ra g e s  a re  g iven  a t the end of th is  c h a p te r  in  app. III.

The ex p ected  v a lu es  fo r  a r and crz a re  g e n e ra lly  m uch low er
than a  so  th a t an  e x p e rim e n ta l v e r if ic a tio n  of the r e s u l ts  fo r
th ese  s t r e s s  com ponen ts is  no t p o ss ib le . To d isc u ss  the sh ea rin g
s t r e s s  we have p lo tted  the m axim um  sh e a rin g  s t r e s s  fo r  B = 50 W /m z
as  a function  of (3 fo r d iffe re n t v a lu es  of a  in  fig. II. 20. The
a ssu m e d  value of D 4 is  12 m m .

F ro m  fig . II. 20 i t  is  c le a r  th a t the sh e a rin g  s t r e s s e s  a re
bound to dam age the co il only in  the ca se  of v e ry  sm a ll a  and
v e ry  la rg e  0.

F o r  th is  type of m ag n et co il we have no e x p e rim e n ta l data
av a ila b le . M o re o v er, an e x p e rim e n ta l eva lua tion  would be
d ifficu lt, b ecau se  the n o rm a l s t r e s s e s  a re  co n s id e rab le  in  th is
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200
a = i  5

O p

F ig .II. 20. Shearing stress T rz as predicted by theory.
B0 •  50 W /m2; Dj = 12 mm.

d 2  .  .

T rz ■ ----------- ---------|o .0 7 2 x  10' 3 (oc-l) - 0.318 x 10*3 + 2.68 x 1O"30 l
b d (a - l)2 <f 1 J

lim  v  = «o
0-»o
-----= breaking shearing stress for hard drawn copper.
—  * breaking shearing stress for soft copper.

c a se  too.
F o r  a ll o th e r ty p es  of c o ils  the co il w ill be d e s tro y e d  by the

tan g en tia l s t r e s s ,  b e fo re  any dam age by the sh e a r in g  s t r e s s
w ill o cc u r.

4. Discussion and conclusions.

B ecause  of the la rg e  s c a t te r  of ex p e rim e n ta l r e s u l t s  it is
d ifficu lt to m ake a qu an tita tiv e  d ec is io n  about the ap p lica b ility
of the th eo ry . T h is  is  ca u sed  by the fa c t tha t it is  v e ry  d iff i
cu lt to re p ro d u c e  the co ils  ex ac tly  w ithout the ap p lica tio n  of
expensive  in s ta lla tio n s . In o u r c a se  the r e s u l t s  a r e  s tro n g ly
dependent on the ab ility  of the tech n ic ian  and the way in  which
the a ra ld i te  is  handled .

In g e n e ra l  how ever, i t  is  c le a r  fro m  fig . II. 19 th a t the th eo ry
fo r  so ft co p p er g ives r e s u l t s  w hich a r e  g e n e ra lly  too low .

The th e o re tic a l  e x p re s s io n s  fo r  h a rd  d raw n co p p e r a re  m o re
in acco rd an ce  w ith e x p e rim e n t, a lthough s lig h tly  too low.

The av e rag e  b u rs t  induction  a s  found fro m  e x p e rim en t, and
c o r re c te d  fo r re in fo rc e m e n t on the o u te r  s id e , is  2 8 .3  W /m 2
if the c o r re c tio n  is  c a r r ie d  out fo r  h a rd  d raw n  co p p e r, and
26. 2  W /m 2 if  the c o r re c tio n  is  c a r r ie d  out fo r  so ft co p p e r.
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The th eo ry  p re d ic ts  fo r the sam e s e t  of co ils  in  the c a se  of
h a rd  d raw n co p p er an  av e rag e  of 2 5 .7  W /m 2 and in  the ca se
of so ft co p p e r an  av e rag e  of 1 8 .6  W /m 2. The n u m e ric a l  v a lu es
a re  g a th e re d  in  app. I. By consequence the th eo ry  fo r h a rd
draw n co p p er is  10% in e r r o r  and the th eo ry  fo r  so ft co p p er
41%.

H ow ever, av e rag in g  o v er the co ils  1, 36, 37, 38, w here no
f ib re -g la s s  betw een  the la y e r s  of the co il w indings h as  been
app lied , r e s u l t s  in  a th e o re tic a l  p re d ic tio n , w hich is  2.5%  too
low , a ssu m in g  the ap p lica tio n  of h a rd  d raw n co p p e r. (F o r
co n s tru c tio n a l d e ta ils  see  c h a p te r  I I I . )

B ecau se  of the fa c t th a t the ex p e rim e n ta l b u rs t  induction  is
h ig h e r than the p re d ic tio n  by th eo ry  w ithout the assu m p tio n  of
in s ta b il i t ie s ,  i t  is  no t lik e ly  th a t buckling  is  a p r im a ry  cau se
of co il d e s tru c tio n . H ow ever, th is  does n o t exclude the p o s s i 
b ility  th a t once the in n e r  s id e  of the co il is  c r i t ic a l ly  loaded
o r d e fo rm ed  in an a p p ro p ria te  way by the tan g en tia l fo rc e s ,
the dam age w hich is  seen  a f te r  d e s tru c tio n  h as  a buckling like
c h a ra c te r ,  b ecau se  of the s im u ltan eo u s  in fluence of tan g en tia l
and buckling fo rc e s .  In e x p e rim en t, a buckling like dam age is
se e n  in  c a s e s  w here the re in fo rc e m e n t on the in n e r  side  of the
co il is  w eak o r  ab se n t.

S u m m ariz in g  o u r r e s u l ts  we a s s e r t :
1. The im p o rta n t quan tity  fo r a  s t r e s s  an a ly s is  of a p u lse
m ag n e t is  the tan g en tia l s t r e s s  o t. T h is is  in  a g re e m e n t with
the r e s u l t s  by K u zn e tso v 17̂  and H o rd n \  H ow ever, som e of the
ex p e rim e n ta l r e s u l t s  have to be exp la in ed  by a ssu m in g  buckling
of the in n e r su rfa c e  u n d e r the in fluence of the ax ia l s t r e s s
ffz-

F ro m  th eo ry  i t  fo llow s tha t the sh e a rin g  s t r e s s  r rz is  im 
p o rta n t only in  so len o id  shaped  c o ils . O ur e x p e rim e n t was not
su itab le  to te s t  the v a lid ity  of th is  a s s e r t io n .

T he q u an titie s  a r . a t, a z, and r rz can  be ca lc u la ted  w ith  a  p lane
s t r e s s  a n a ly s is . A lthough the th e o re tic a l  v a lid ity  of th is ap p ro x 
im atio n  h as  no t been  p ro v ed , the a g re e m e n t w ith ex p e rim en t
su g g es t i t s  v a lid ity  fo r the ca lc u la tio n  of a .  and ctz. T h is r e 
m a rk  h as  to be taken  w ith the r e s e rv e  of the p o ss ib ility  of
dynam ic e ffec ts .
2. F o r  a ca lc u la tio n  of the s tre n g th  of a p u lse  m ag n et u n d er
the cond itions a s  u sed  in o u r e x p e rim en t, the p lane s t r e s s
a n a ly s is  tends to give r e s u l t s  of the r ig h t o rd e r  of m agnitude,
if one u s e s  the m ech a n ica l co n s tan ts  of h a rd  draw n co p p e r.
The r e s u l t s  tend  to be too low.
3. The re in fo rc e m e n t of a co il w ith a c y lin d e r of s tro n g  m a 
te r ia l  a t the o u te r  side  is  u se fu l. The r e s u l t  is  d e sc r ib e d  in
a  q u an tita tiv e  way by p lane s t r e s s  a n a ly s is .
4. The in s e r t io n  of f ib re -g la s s  betw een the la y e r s  of the co il
s e e m s  to im p ro v e  the re s u lt in g  induction  w ith, on the av e rag e ,
about 6%. H ow ever, the n u m b er of co ils  w ithout f ib re -g la s s  is
r a th e r  too sm a ll to give a sound b a s is  fo r  a q uan tita tive  co n 
c lu sio n .
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5. A m u lti- tu rn  co il, whose w indings a r e  g lued  to g e th e r with
a ra ld i te ,  can  be co n s id e re d  to  be a m a ss iv e  co p p e r cy lin d e r
fro m  a m ech a n ica l po in t of view .
6. D ynam ica l e f fec ts  m ay  be im p o rta n t, and a re  l ik e ly  to  be
m o re  d an g e ro u s fo r  in c re a s in g  r ig id ity  of the co il co n s tru c tio n .
7. By tak ing  a v e ra g e s  o v e r the f i r s t  (1 - 21) and the l a te r
(22 - 38) c o ils  one conc ludes th a t the r e s u l ts  of vacuum  im 
p re g n a ted  co ils  and of co ils  w here the a ra ld ite  is  b ro u g h t in  by
p a in ting  a re  not s ig n ifican tly  d iffe ren t.

H ow ever, by tak ing  the v a r ia n c e  s (defin ition  in  app. Ill) of
b u rs t  f ie ld s  fo r  two s e r ie s  of id en tic a l c o ils , one p a in ted  and
one vacuum  im p reg n a te d , the r e s u l t  tu rn s  out to be 6 .3 0  W /m 2
fo r  the p a in ted  co ils  and 2 .7 4  W /m 2 fo r the vacuum  im p reg n a te d
c o ils . It is  no t allow ed to  equa te  th is  r e s u l t  w ith the s ta n d a rd
d ev ia tion , f i r s t ly  b ecau se  the n u m b er of co ils  in th is  sam p le
is  s m a l le r  than  30, second ly  b ecau se  it canno t be ex p ected
th a t the d is tr ib u tio n  is  n o rm a l. The ca lc u la tio n  h as been  m ade
fo r the c o ils  17, 18, 19, 20, and 23, 24, 25, 26.
8. The fa c t tha t the r e s u l ts  of a  s t r e s s  a n a ly s is  fo r  c o ils  m ade
fro m  h a rd  d raw n co p p e r g iv es  re a so n a b le  r e s u l t s  fo r  e x p e r i 
m en ta l co ils  w hich a r e  m ade fro m  r a th e r  so ft co p p e r w ire  can
be exp la in ed  by a ssu m in g  th a t the co il m a te r ia l  is  s t r e s s  h a r d 
ened  by the fo rc e s  g e n e ra te d  by s u c c e s s iv e  p u lse s  fa r  below
the b reak in g  l im it .  F ro m  ou r e x p e rien ce  it  is  re a so n a b le  to
a ssu m e  th a t in  the c a s e s  th a t a  m ag n e t co il i s  te s te d  with a
te s tin g  p ro g ra m  w hich s t a r t s  w ith in d u ctio n s in the v ic in ity  of
the b reak in g  l im it , the breakdow n o c c u rs  a t induction  v a lu es
w hich a r e  lo w er th an  in  the ca se  of m o re  g rad u a l te s tin g  (co ils
n u m b ers  10 to  14 and 23 to  26).
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APPENDIX I.

(the num bers between brackets re fer  to footnotes)

M echanical and e le c tr ic a l data of experim ental m agnet co ils .

Coil Di
mm

f
mm2

a e «W aw  x 10"®
N /m 2

L
mH

B/I x 103
W /m2A

1 6 0.9  i 5.0 6.0 1.33 4.0 3.60 14.8
2 12 1.0 «i 4.0 5.0 1.07 3 .5 2.92 11.6
4 6 1 .4  x 0 .4 6.7 9.0 1.07 3.5 1.31 15.6
S 6 1 .2  X 0 .6 6.7 9.0 1.07 3 .5 1.60 15.2

10 12 1 .2  x 0.6 2.5 6.0 1.10 3J5 0.53 6.80
11 12 1 .2  x 0.6 2.5 6.0 1.10 3.5 0.60 5.60
12 12 1 .2  x 0.6 2.8 6.0 1.10 3.5 1.10 9.00
13 12 1 .2  x 0.6 2.8 6.0 1.10 3.5 1.10 8.90
14 12 2 .2  x 1.5 5.5 5.5 1.07 3.5 0.68 5.50
IS 12 2 .2  x 1.5 6.0 3.0 1.07 3.5 0.55 5.80
16 12 2 .2  x 1.5 6.0 3.0 1.07 3.5 0.84 6.40
17 12 2 .2  x 1.5 5.8 4 .0 1.07 3.5 0.83 6.00
18 12 2 .2  x 1.5 5.8 4.0 1.07 3.5 1.39 7.50
19 12 2 .2  x 1.5 5.8 4.0 1.07 3 .5 1.27 6.20
20 12 2 .2  x 1.5 6.0 3.8 1.07 3 .5 0.66 3.50
21 12 3 .6  x 1.4 5.5 6.0 1.08 3.5 1.89 6.50
22 80 8.0 X 3.0 2.0 1.0 1.03 3.5 0.96 1.25
23 12 3 .6  x 1 .4 6.0 9.0 1.07 3.5 1.67 5.40
24 12 3 .6  x 1 .4 5.5 9.0 1.08 3 .5 1.19 5.50
25 12 3 .6  x 1 .4 5.5 9.0 1.08 3 .5 1.18 4.80
26 12 3 .6  x 1 .4 5.5 9.0 1.08 3.5 1.64 5.98
27 12 3 .4  x 1.2 5 .2 5 .0 1.08 3.5 1.19 6.00
28 12 5.0 x 0.8 11.0 0.9 1.05 3.5 0.63 3.17
29 12 3 .4  x 1.2 6.2 3.5 1.07 3.5 0.92 5.50
30 12 5 .0  X 0.8 11.0 0 .9 1.05 3 .5 0.61 3.29
31 12 3 .4  x 1.2 6 .2 3.5 1.07 3.5 1.13 5.90
33 12 3 .4  x 1 .2 7.3 2.5 1.25 8.0 0.84 5.65
34 16 3 .4  x 1.2 5.0 5.5 1.08 3.5 3.41 7.13
35 12 3 .6  X 1.4 7.5 3.0 1.25 8.0 0.76 4.80
36 12 3 .4  x 1 .2 6.6 3.3 1.25 8.0 1.06 5.80
37 16 3 .4  x 1.2 6.5 3 .2 1.25 8.0 1.54 6.50
38 20 3 .4  X 1 .2 4.5 2.0 1.25 8.0 1.00 4.80
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*br
kA

Bbr
W /m^

B|,t in W /m 2
corrected for

B|jt  in W /m2
calculated for max. current

density
W f
kA/mm^

type of
reinforcementhard drawn

copper
soft

copper
hard drawn

copper
soft

copper

2.00 29.6 25.3 22.8 28.5 20.6 2.22 cement (1)
2.60 30.0 29.1 28.3 27.4 19.8 2.60 FAP<6) (1)
2.43 38.0 36.9 35.8 29.4 21.5 4.33l10^ iFAP (1)
2.47 37.5 36.4 35.4 29.4 21.5 3.43(10) FAP
4.56 31.0 29.5 28.1 24.6 17.7 6.33<10> FAP
4.10 23.0 21.9 20.9 24.6 17.7 5.69(10) FAP (2)
2.80 25.2 24.0 22.9 25.6 18.2 3 .8 $ lu) FAP (2)
2.92 26.0 24.8 23.6 25.6 18.2 4 .16<10) FAP (2)
5.70 31.4 30.8 29.9 28.5 20.6 1.73 FAP
6.30 38.2 37.1 36.0 23.5 17.2 1.91 FAP
5.50 37.4 36.3 35.3 23.5 17.2 1.67 FAP
4.10 24.0 23.3 22.6 27.2 19.6 1.25 FAP
4.70 35.3 34.3 33 .4 27.2 19.6 1.43 FAP
4.60 28.5 27.7 26.9 27.2 19.6 1.39 FAP
5.80 20.3 19.7 19.2 27.2 19.6 1.76 FAP
5.20 33.8 32.5 31.6 28.7 20.8 1.05 FAP

12.0 15.0 14.7 14.6 16.4 11.8 0.50 FAV*7) (3)
6.30 34.0 32.7 32.1 29.6 21.6 1.26 FAV
5.50 30.3 29.1 28.3 29.6 21.6 1.10 FAV
5.80 27.8 26.7 26.0 29.6 21.6 1.16 FAV
4.70 28.2 27.1 26.4 29.6 21.6 0.94 FAV
5.00 30.0 28.8 28.0 28.1 20.2 1.00 FAV
6.30 20.0 19.6 19.2 15.5 11.1 1.27 FAV (4)
6.10 34.0 33.0 31.7 26.2 18.8 1.34 FAV
7.30 24.0 23.6 23.1 15.5 11.1 1.83 FAV (4)
5.70 33.0 32.0 30.8 26.2 18.8 1.40 FAV
7.20 40.7 32.9 28.7 23.6 17.0 1.76 FAVS(8)
3.70 26.4 25.5 24.7 28.5 20.6 0.90 FAV (5)
7.40 35.6 28.7 25.1 24.8 17.9 1.48 FAVS
6.20 36.0 29.0 25.4 24.6 17.5 1.51 AVSS(9)
5.20 33.8 27.3 23.8 24.6 17.5 1.27 AVSS
5.70 27.4 22.1 19.3 23.4 16.9 1.39 AVSS
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Appendix I, second part.

R ecent c o ils  without strength calcu lations.

Coil
n.

Di
mm mm2

a 6 a w L
mH

B/I
W/m3A

.1 0 '3

B br
W /nT

*br
kA

Jb r
kA/mm2

type
reinf.

D W<16)
mm remarks

39 18.0 3.6x1.4 4.5 2.8 1.25 0.91 4.75 31.8 6.70 1.34 FAVSS(13) 0.5 (5 )
40 12.8 1.2x0.6 4.4 1.0 1.07 1.59 11.0 23.1 2.10 3.00 FAV 0.5 (12)
41 18.0 3.6x1.4 4.5 2.8 1.25 1.01 5.00 32.0 6.40 1.28 FAVSS 0.5
44 18.0 3.2x1.7 4.1 4.5 1.25 1.33 5.67 36.3 6.60 1.21 FAVSS 1.0 (5 )
45 18.0 3.2x1.7 4.1 4.6 1.25 1.34 5.60 41.7 7.45 1.37 FAVSS 1.0 (14)
46 30.0 1.2x0.6 1.4 1.0 1.07 0.78 5.00 14.0 2.75 3.89 FAV 12.0 (12,15)

1) Tested with preliminary installation'*'®).
2) Tested without stress hardening.
3) Tested at room temperature.
4) Disk-wound.
5) Not destroyed. Maximum induction value for safe use of the coil.
6) FAP = fibre-glass tissue + araldite, painted.
7) FAV = fibre-glass tissue + araldite, vacuum impregnated.
8) FAVS = fibre-glass tissue + araldite, vacuum impregnated + stainless steel jacket.
9) AVSS = araldite, vacuum impregnated + stainless steel jacket, shrunk around the coil.*®).

10) The failure of these coils occurred at an experiment with an effective frequency a factor 2 higher
than assumed in Chapter II, S 3, giving a maximum current density of 4 .4  kA/mm . In coils 4 and
5 thermal damage to the araldite could be seen, so that thermal destruction may not be excluded.
Coils 10 to 13 blew up in an explosion which made traces of the cause of the damage unclear.

11) The coil numbers which are omitted refer to coils which have not been tested because of construc
tional errors.

12) Thermal efficiency experiment.
13) FAVSS = fibre-glass + araldite, vacuum impregnated and shrunk in stainless steel jacket.
14) Coil damaged by sqeezing of inner tube with wall thickness of 1 mm. The results from this coil

suggest that there is a possible systematic error by which all field values in this thesis are not more
than 6% too low.

15) Nylon inner tube.
16) Dw = wall thickness inner tube.
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APPENDIX II.

T ables of $  and B br

a. $  as a function of a  and /3.

|3 a  + (a2+ |3 ^
$  = -------  In --------------—r

c*- l  1 +(1 +j3^*

\  0
a \ 1 2 4 6 8

1.5 0.6268 0.8448 0.9560 0.9784 0.9912
2 0.5649 0.7992 0.9368 0.9726 0.9784
4 0.4045 0.6509 0.8458 0.9202 0.9557
5 0.3580 0.5823 0.8012 0.8820 0.9314
6 0.3224 0.5344 0.7587 0.8592 0.9101
8 0.2713 0.4611 0.6841 0.8009 0.8658

12 0.2096 0.3658 0.5722 0.6921 0.7795

b. Bbr as a function of a  and J3 as calcu lated  from  eq
(plane s tr e s s )  in W /m 2, based on crB =4. 1 0 8N / m .

1 2 4 6 8a \

1.5 9.58 11.11 11.82 11.96 12.04
2 11.81 14.05 15.22 15.51 15.55
4 13.41 17.01 19.39 20.23 20.61
5 13.11 16.73 19.62 20.59 21.16
6 12.74 16.41 19.55 20.80 21.41
8 11.97 15.62 19.02 20.58 21.40

12 10.92 14.43 18.05 19.86 21.07

To calcu late B. for another m ateria l strength  ex,! one
/  ctb \ *

m ultiply the num bers above with I----------
\ 4 . 1 0 8/

(U. 33)

(U. 59)

should
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A PPEN D IX  III.

S ta t is t ic a l  c a lc u la tio n s  on c o ils  m en tioned  in A ppendix I.

а. Average.

1 N
B brAV = -  L Bb rl (11.92)

N iml

1. A v erag e  Bbr, c o r re c te d  fo r  h a rd  co p p e r, taken  o v e r a ll  co ils :
28. 3 W /m 2.

2. A v erag e  B br, c o r re c te d  fo r  so ft co p p e r, taken  o v e r a ll co ils :
26. 2 W /m 2.

3. A v erag e  B bt, c a lc u la te d  fo r h a rd  co p p e r, taken  o v e r  a ll co ils
25. 7 W /m 2.

4. A v erag e  Bbr, c a lc u la ted  fo r  so ft co p p e r, taken  o v e r a ll
co ils :

1 8 .6  W /m 2.
5. A v erag e  Bbt, c o r re c te d  fo r  h a rd  co p p e r, taken  o v er a ll

p a in ted  co ils :
2 9 .4  W /m 2.

б. A v erag e  Bbr, c a lc u la ted  fo r h a rd  co p p e r, taken  o v er a ll
p a in ted  co ils :

26. 8 W /m 2.

—br AV corr’ m 1 .097  fo r p a in ted  c o ils .
B  br AV calc.

7. A v erag e  Bbr, c o r re c te d  fo r h a rd  co p p e r, taken  o v e r a ll
im p reg n a te d  co ils :

27. 1 W /m 2.
8. A v erag e  Bbr, c a lc u la te d  fo r  h a rd  co p p e r, taken  o v e r a ll

im p reg n a te d  co ils :
23. 3 W /m 2.

B  br AV corr.

B  br AV calc.

1.092  fo r im p reg n a te d o ils .

We conclude th a t th e re  is  no ev idence  fo r  a d iffe ren ce  in
q u a lity .

b. Variance.
We ca lc u la te  the v a r ia n c e  s fo r  two s e r ie s  of co ils ,

s e r ie s  w ere  com posed  in  such  a  way th a t the co ils  in
w ere  b u ilt acco rd in g  to the sam e m ech an ica l design .

i ï i  ( x i " X a v *

The
a s e r ie s

s
N -  1

(II. 93)
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S e rie s  A: co ils  17, 18, 19, 20; p a in ted .

? B br Av= 26 .6 ; s  = 6 .3 0 .

S e r ie s  B: c o ils  23, 24, 25, 26; vacuum  im p reg n a ted .

> -»  BbrAV = 28 .9 ; s = 2. 74.

c o i l  no ®br corr.

23 3 2 .7
24 ■ 2 9 .1
25 2 6 .7
26 2 7 .1

c o i l  no “ br corr.

17 2 3 .3
18 3 4 .3
19 2 7 .7
20 1 9 .7

We conclude tha t th e re  is  a s ig n ifican t d iffe ren c e  in  s .
U nits of B and s :  W /m 2 .



HI.  P R A C T I C A L  D E S I G N  A N D  C O N S T R U C T I O N  O F
P U L S E D  M A G N E T S .

§ 1. Introduction.

The d es ig n  of a  pu lsed  m agnet is  d e te rm in e d  f i r s t ly  by the
re q u ire m e n ts  w hich have to  be m ade on the m agnetic  fie ld  and
seco n d ly  by the m ech an ica l and e le c t r ic a l  p ro p e rtie s , of the m a 
te r i a l s  av a ila b le  fo r  c o n s tru c tio n  of the m ag n e t.

The re q u ire m e n ts  on the m ag n etic  fie ld  c o n c e rn  the d u ra tio n
of the p u lse , the shape of the pu lse  a s  a function  of tim e , the
m ax im um  m ag n etic  induction  to  be g e n e ra te d , and the hom o
g en e ity  of the m ag n etic  f ie ld . T h ese  re q u ire m e n ts  have to be
fixed by the ex p e rim e n t w hich one w ants to do.

G e n e ra lly  a s h o r t  p u lse  s im p lif ie s  the m ech an ica l p ro b lem .
A p a rt fro m  the s im p lif ic a tio n  a r is in g  fro m  the d y n am ica l b e 
h av io u r a t p u lse  t im e s  of the o rd e r  of 50 /« sec . and le s s ,  a
s h o r t  pu lse  m ean s a  low inductance of the m agnet c o il. One
n eed s a  s m a ll  n u m b er of tu rn s  and the co n d u c to r w ire  can  be
ch o sen  qu ite  so lid .

In our c a s e  we have t p = 20 m s e c . In som e re s p e c ts  the
p ro b lem  can  be handled  q u a s i- s ta t ic a l ly  (ch ap te r  II, § 5), though
dynam ic e f fe c ts , w hich in  th is  c a se  w ork  u n favourab ly , m ay
o ccu r too (ch ap te r II, § 7).

The pu lse  shape  is  d e te rm in e d  co m p le te ly  by the en e rg y
so u rc e  and w ill not be d isc u sse d  h e r e .  The m axim um  m agnetic
induction  is  the m ain  re q u ire m e n t d e te rm in in g  the co il d esig n .
T he th e o re t ic a l  c o n s id e ra tio n s  on th is  su b je c t a re  g iven  in
c h a p te r  II, and the p ra c t ic a l  co n seq u en ces w ill be d is c u s se d  in
the follow ing se c tio n s .

We did not c o n s id e r  any re q u ire m e n ts  on the hom ogeneity  in
a p ra c t ic a l  d es ig n . H ow ever, we m ade a  p re lim in a ry  d esig n
fo r  a  sp li t  c o il  s y s te m . The m ech a n ica l p ro b lem  is  not m uch
d iffe re n t fro m  th a t in s in g le  c o ils , a p a r t  fro m  the fo rc e s  which
the two co ils  e x e r t  on each  o th e r .  The re d u c tio n  of fie ld
s tre n g th  can  be ca lc u la ted  in  a s tra ig h tfo rw a rd  w ay1) .

The re q u ire m e n ts  on the m a te r ia ls  a r e  g e n e ra lly  a good m e 
c h a n ic a l s tre n g th , and a good c o m m e rc ia l  a v a ila b ility . The r e 
s is t iv i ty  of the co n d u c to r m a te r ia l  should be a s  low a s  p o ss ib le ,
the r e s is t iv i ty  of the re in fo rc in g  m a te r ia l  should be high enough
to re d u ce  the fie ld  d is to r t io n  a r is in g  fro m  eddy c u r re n ts  to  an
accep tab le  le v e l. A s a conduc to r m a te r ia l  we u se  co p p er and
fo r  re in fo rc e m e n t a ra ld i te ,  f ib re  g la s s ,  and s ta in le s s  s te e l  1 8 /8 .

F in a lly  we d raw  the a tten tio n  to the fa c t th a t m any of the
c o n s id e ra tio n s  w hich a re  d isc u sse d  in  th is  c h a p te r  w ere  not
qu ite  re a l iz e d , u n til re c e n tly . In the l i s t  of m agnet co ils  (ch ap 
t e r  II, ap p .I)  m any co ils  can  be found w hich a r e  designed  in
a  not qu ite  id e a l w ay.
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§ 2. E lectrical design.

The e le c t r ic a l  d es ig n  is  d isc u sse d  in  c h a p te r  II. We give a
s h o r t  s u m m a ry  and so m e p ra c t ic a l  po in ts h e r e .

The d es ig n  is  d e te rm in e d  by the cho ice  of the c u r re n t  d en s ity
the m axim um  c u r re n t ,  the m ag n etic  induction  p e r  a m p e re  of *
co il c u r re n t ,  and the se lf- in d u c ta n c e .

In g e n e ra l  we fix the se lf- in d u c tan ce  a t  1 .3  m H . In the co n 
s tru c tio n  of the co il we do not s t ic k  v e ry  c lo se ly  to th is  n u m 
b e r .  In p ra c tic e  the inductance v a r ie s  betw een  0 .8  and 1 .3  mH
giving a v a r ia tio n  of 25 % in the pulse d u ra tio n , w hich is  nót
v e ry  s e r io u s  fro m  the point of view  of the e x p e r im e n ts . In
design ing  the co il one h as  to re c o g n ise  th a t the inductance d e 
c r e a s e s  a  c e r ta in  am ount in  cooling  down the co il to  77° K.

The m axim um  c u r re n t  is  d e te rm in e d  by the en e rg y  s o u rc e .
In th is  c a se  it am oun ts to 15 kA. To g e n e ra te  50 W /m 2 one
n eed s an  induction  p e r  a m p e re  of 3 .4  x 10-3 W /m 2A .

T o g e th e r w ith a l im it  of 3 .1 5  k A /m m 2 a r is in g  fro m  th e rm a l
co n s id e ra tio n s  the w ire  c r o s s  se c tio n  should not be le s s  than
4 .7  m m  .

T h ese  d a ta  to g e th e r  w ith fig . II. 11 give an  a r e a  of p o ss ib le
v a lu es  of a and $ to  m ake a  p ra c t ic a l  ch o ice . In g e n e ra l  we
take the com bination  w hich r e s u l t s  in  a  B / l  w hich is  a s  high
a s  p o ss ib le . ' 6

If the in n e r d ia m e te r  of the c o il  is  d iffe re n t fro m  12 m m
the re s u lt in g  B /I  should be m u ltip lied  by a  c o r re c tio n  fa c to r
(e q .I I .  34).

§ 3. Mechanical design.

The m ain  fe a tu re s  of the m ech a n ica l d es ig n  a r e  show n in
fig . III. 1 and fig . III. 2.

The th e o re t ic a l  c o n s id e ra tio n s  connected  w ith the m ech an ica l
d es ig n  have b een  d isc u sse d  in  c h a p te r  II. The d im en sio n s d e 
pend on the re q u ire m e n ts  w hich the e x p e rim e n ts  put on the
g e o m e try  of the in n e r vo lum e.

The re q u ire m e n t th a t the ta i l  of a g la s s  c ry o s ta t  should be
m s e r ta b le  in  the in n e r  volum e of the m agnet co il and the (ex
ce llen t) a b il i t ie s  of the g la s s  b lo w ers  fix the m in im um  in n e r
d ia m e te r  to  12 m m . To im prove the r ig id ity  of the c ry o s ta t
we so m e tim e s  u se  16 m m  fo r the in n e r  d ia m e te r  of the m agnet

The th ick n ess  of the in n e r tube of the m agnet co il h as  to
be added to  th is  n u m b er to g e t the a c tu a l in n e r  d ia m e te r .

F ro m  the c o n s id e ra tio n s  of c h a p te r  II it is  c le a r  th a t it is
no t fav o u rab le  to  u se  sm a ll  v a lu es  of e i th e r  a o r  j3 (see  a lso
c h a p te r II. ap p . I, c o ils  28 and 30).

D uring  the w inding p ro c e s s  the w inding ten s io n  w hich h as to
be e x e rte d  on the co n d u c to r w ire  to  ach iev e  a  tig h t fillin g  of
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Fig.III. 1. Cross section of magnet coil.

D, E —

Fig. III. 2. Expanded view of magnet coil.
Legenda fig.Hl. 1 and in.2.:
A = celoron coil flanges.
B = stainless steel flanges.
C = insulation flange.
D = outer reinforcement glass.
E = inter layer reinforcement glass.
F = brass connector
G = outer reinforcement stainless steel
H = stainless steel inner tube.
I = stainless steel bolts.
K = copper windings.

the w inding volum e c a u se s  the w indings to  s lip  aw ay in ax ia l
d ire c tio n . To p re v en t th is ,  we u se  celoron flanges (A) a t  the
ends of the c o il .  T h ese  flanges s e rv e  a lso  to b a lan ce  the
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bouncing of the w indings cau sed  by the in w ard ly  d ire c te d  ax ia l
fo rce  pu lse F z (see  c h a p te r  II, § 5). In the m o re  re c e n t  d esig n s
w ithout s ta in le s s  s te e l  re in fo rc e m e n t th ese  ce lo ro n  flan g es  w ere
connected  m u tu a lly  by 12 b r a s s  b o lts  a t the o u te r  s id e  of the
co il (co ils  21 to  31, 34), T h ese  b o lts  a r e  not show n in fig . I ll ,  1,

If a  s ta in le s s  s te e l  o u te r  re in fo rc e m e n t is  u sed , the ce lo ro n
flan g es a r e  fixed to  the co il by bo lting  stainless steel flanges
(B) to the s ta in le s s  s te e l  outer cylinder  (G). To in su la te  the
co n d u c to r w ire  betw een  the connectors (F) and the co il p ro p e r
fro m  the s te e l  flan g es an  additional celoron flange (C) is
m ounted a t the co n n ec to r s id e  of the co il.

In m o st co ils  a  reinforcement of fib re  g lass  t is s u e  is  u sed .
It c o n s is ts  of an  o u te r  la y e r  (D) w ith a  th ick n ess  v a ry in g  b e 
tw een 2 and 5 m m  and in te r la y e r  re in fo rc e m e n ts  which have a
th ick n ess  of so m e ten th s  of a m ill im e te r  (E ). The in te r la y e r
re in fo rc e m e n t is  m ounted m ain ly  in  the in n e r p a r t  of the winding
sp a c e .

A ll co ils  a r e  filled  up w ith araldite.
In itia lly  the a ra ld i te  w as pain ted  on the la y e r s  du rin g  the

winding p ro c e s s .  The d isad v an tag e  of th is  p ro c ed u re  is  th a t the
g as  w hich is  d isso lv ed  in  the a ra ld i te  is  tak en  in to  the co il
and c a u se s  o ccas io n a l weak sp o ts , r e s u lt in g  in  le s s  fav o u rab le
p ro p e r t ie s  of the m agnet c o il. The m ax im um  field  v a lu es  of
pain ted  co ils  tend to s c a t te r  s tro n g ly .

A t p re s e n t the a ra ld i te  is  b ro u g h t into the co il by v acu u m -
im p reg n a tio n  (§ 7), giv ing b e t te r  r e s u l t s .

A cco rd in g  to a  s ta tic  th e o ry  the in n e r s id e  of the m agnet
co il does not need any re in fo rc e m e n t ag a in s t e le c tro m a g n e tic
fo rc e s .  A n u m b er of co ils  (n r s .  9-20) have been  wound on a
seg m en ted  winding c o re , w hich could be rem o v ed  a f te r  the
h ard en in g  of the a r a ld i te .  H ow ever, i t  tu rn ed  out th a t w ithout
s ig n ifican t lo w erin g  of the m ax im um  fie ld  the tendency  to
buckling  of the in n e r la y e r  in c re a s e d . B ecau se  of the d an g e r
th is  p re s e n ts  to the c ry o s ta t  we abandoned th is  way of co n 
s tru c tio n . B ecau se  of the m ech an ica l p ro p e r t ie s  of s ta in le s s
s te e l  we u se  th is  m a te r ia l  fo r  the in n e r tu b e . An e s tim a tio n
show s th a t the d e c re a s e  in  m ag n etic  induction  cau sed  by eddy
c u r re n ts  in  the in n e r  tube can  be n eg lec ted . T h is h as  been
co n firm ed  by e x p e r im e n t1) .

If B ' r e p re s e n ts  the lo s s  in  induction  and B the induction
en c lo sed  by the in n e r tube one can  put:

B ' l d w
—  =  u  ---------------- ( I H .  1 )

o ^  ^  steel

w ith d w the th ick n ess  of the s te e l  tube and p ,th e  r e s is t iv i tv
of the tube m a te r ia l .  steel J

H ow ever, the a c tu a l c o r re c tio n  is  m uch le s s  b ecau se  B ' is
dBp ro p o rtio n a l to  —  and is  0 fo r  m axim um  B a p a r t  fro m  a phase.
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c o r re c tio n .  The am ount w hich the phase  d if fe rs  fro m  7r/2  is
abou t u L /R ,  if w L /R  « i t / 2, g iving an  ad d itio n a l fa c to r  of
about:

l d w
»  o u -----------

^  ^  steel

re s u lt in g  in  a c o r re c tio n  of the m axim um  value of B:

B l /  1 d w \ 2
A. = f0r 1 = tflmax 3 Lio------------ ) (HI. 2)

B m ax  V  4  ^  s t e e l /

F o r  d w -  1 m m ; u -  2 irx  25 r a d /s e c ;  1 = 10 cm ; p steei = 8 x 1 ^‘7 Gm
one h as  A j>t> = 9 x  10’6; fo r  d w = 2 m m , A i t _ = 3 . 6 x l 0

In itia lly  the o u te r  re in fo rc e m e n t h as  been  m ade fro m  fib re
g la s s  t i s s u e ,  which tended  to te a r  up a t  high fie ld  s tre n g th s .
W ith m o d e ra te  in n e r tube th ick n ess  no dam age a t the in n e r
sid e  of the co il o c c u r re d .

A fte r  re p la c e m e n t of the o u te r  re in fo rc e m e n t by s ta in le s s
s te e l  the m ax im um  fie ld  did no t in c re a s e ,  and the co ils  b roke
down by dam age a t  the in n e r s id e .

We dec ided  to  keep  the g la s s  re in fo rc e m e n t a t  the o u te r  side
and to  m ount an ad d itio n a l re in fo rc e m e n t of s te e l .  T h is  c o m 
b in a tio n  m ade the b e s t p e rfo rm a n c e  up to  now, w hich is  in  a c 
co rd an ce  w ith 'th e  r e s u l ts  of van I tte rb e e k , van D r ie s sc h e , de
G ra v e , and M yncke2) .

To c a lc u la te  the d e c re a s e  in  m ax im um  induction  cau sed  by
the s ta in le s s  s te e l  o u te r  tube, one h as  to in te g ra te  B o v er the
whole co il v o lu m e. T o g e th e r w ith the phase  c o r re c tio n  one h a s :

A O.t.
B f o r  1 = tB m ax

“ max
=

l 2d 2 /  a2 - 3a + 2\
2— i-----s ( i + “ ------------ )
16P steel« \  3 ( t f - l )  J (HI. 3)

F o r  the shape of B in  the w inding sp ace  we u sed  eq . (11.35)
fo r  z = 0. W ith 1 = 10 cm ; a  = 5; p steei = 8 x 1 0 -7 fi m ; d w = 1 cm ;
u = 2 ir x 25 r a d / s e c  one finds A 0 t = 5 .6  x 10~4, which can  be
n eg lec ted .

The c u r re n t  le a d s  to  the c a p a c ito r  bank a r e  so ld e re d  to co n 
n e c to rs  (F ). The lo w er ends of the 6 m m  co n n e c to rs  a re
th rea d ed  and fitted  into h o les  in  the u p p e r ce lo ro n  co il flange
(A). The co n n e c to rs  p a s s  th rough  h o les  in  the in su la tio n  flange
(C) and the u p p e r s te e l  flange (B). The h o les  in  the s te e l  a re
ch o sen  so w ide, th a t no d an g e r of sp a rk in g  is  p re s e n t .

In o u r e a r l i e r  d esig n s the co n d u c to r w ire  w as p asse d  to the
co n n ec to r th rough  l i tt le  h o les  in  the u p p er co il flange (A). A t
high fie ld s  the in n e r connection  m ade in th is  way tu rn ed  out
to  be a w eak point, and so  we dec ided  to  s p i r a l  the in n e r co n -
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n ec tio n  ou tw ards betw een  the in n e r tube and the co il flange
(fig. III. 3).

Fig.III. 3. Construction of inner electrode.
A = upper coil flange.
F = connector,
t  = current lead.

§ 4. Materials.

A d isc u ss io n  of the cho ice  of the m a te r ia ls  h as  been  p re se n te d
in § 1 of th is  c h a p te r .  H ere  only a  te ch n ic a l sp ec if ic a tio n  of
the m a te r ia ls  a c tu a lly  u sed  is  p re se n te d .

Conductor material: E le c tro ly tic  p u re  co p p e r, s lig h tly  h a r d 
ened by the m an u fac tu rin g  p ro c e s s .  The in su la tio n  m a te r ia l  is
a p o ly v in y lace ta te  v a rn ish , c o m m e rc ia l  nam e d u ro flex , paten ted
by S ch w eizerisch e  Iso la  W erke, B a se l, S w itze rlan d , m an u fac 
tu re d  in  licen ce  by W .S m it T ra n s fo rm a to re n fa b r ie k , N iim egen .
N e th e rlan d s .

Steel'. S ta in le ss  s te e l ,  18 % C r , 8 % N i, re m a in d e r  iro n .
Celoron: C o n s tru c tio n a l in su la to r  m a te r ia l ,  c o n s is tin g  of lin en

tis su e  im p reg n a ted  w ith a  p h eno l-type v a rn is h .
Fibre glass tissue: C o m m e rc ia lly  av a ilab le  in  s e v e ra l  th ic k 

n e s s e s .  The t is su e  w hich we u se  h as  g e n e ra lly  a  f ib re  th ic k 
n e s s  betw een  10 and 13 A t m .  We u se  two t is su e  th ic k n e s se s :
0 .3  and 1 m m . The fo rm e r  is  p re fe r r e d  fo r  u se  a s  in te r la y e r
re in fo rc e m e n t w h e reas  both  can  be u sed  a t  the o u te r  s id e .

A r a ld i te : A  two com ponent v a rn is h .  We u se  a  p ro d u c t of
CIBA, B ase l, S w itzerlan d , nam ed A ra ld ite  D and L an c as t A .
T h is  com bination  h as  b een  ad v ised  to u s by the m a n u fa c tu re r
fo r  vacuum  im p reg n a tio n  a t m o d e ra te  te m p e ra tu re  and fo r
re a so n a b le  s tre n g th  of the  h ard en ed  p ro d u c t. We do not c la im
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th a t th is  is  the b e s t  choice th a t can  be m ade although it  w orks
r a th e r  s a t is fa c to r i ly .  A d isappo in ting  p ro p e r ty  is  the tendency
to c ra c k  a t lo w er te m p e ra tu re s  u n d e r p re s s u r e  and so m etim es
w ithout p re s s u r e  to o . H ow ever, we doubt the p o ss ib ility  fo find
an  im p reg n a tin g  v a rn ish  w ith b e t te r  p ro p e r t ie s  in  th is  re s p e c t ,
b ec au se  of the inhom ogeneity  w hich is  a  g e n e ra l  p ro p e r ty  of
th is  kind of m a te r ia l .

§ 5. Forces on the coil suspension.

If a  m agnet co il g e n e ra te s  a m agnetic  fie ld  w hich is  not p a r 
a l le l  to the e a r th 's  m ag n etic  f ie ld , th e re  w ill be a  to rq u e  ac ting
on the co il tending  to  tu rn  the co il p a ra l le l  to the e a r th 's  m ag 
n e tic  f ie ld . T h is  to rq u e  m u st be ba lanced  by the su sp en sio n  of
the co il.

F o r  each  conduc to r w inding of the co il the to rq u e  is

M j s IBS s in  P  (H I .4)

w ith I the c u r re n t ,  B the e a r th 's  induction , S the su rfa c e  of
the w inding, and P  the angle  betw een  the induction  of the co il
and the induction  of the e a r th .  If the co il is  m ounted v e r tic a lly ,
P  is  the in c lin a tio n  of the e a r th 's  m ag n etic  f ie ld .

In teg ra tin g  o v e r  the co il one h as

Mtot = n  IB  s in  P  ir r^  [ a 2 + a  +1) (III. 5)

w ith  n the nu m b er of tu rn s  and a = D u /Di .
Now we suppose th a t the co il is  suspended  on a  co p p er rod

of re c ta n g u la r  c r o s s  sec tio n , 1 m e te r s  long, h m e te rs  th ick ,
and b m e te rs  w ide.

K K 1

(g . M , =  k I

It1 K

s)
M,~B«arth

Fig.III.4. Forces on the suspension of a coil in the earth's magnetic field.
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F o r s ta tic  eq u ilib riu m  of to rque  ag a in s t = IBS s in  a
second to rq u e  M 2 is  re q u ire d , w hich we im agine to  be m ade
up fro m  fo rc e s  K ac tin g  on the ends of the ro d  (fig . III. 4 ). To
p re s e rv e  eq u ilib riu m  of fo rc e , a  fo rce  K' = K is  re q u ire d  on
both ends of the ro d . A t the u p p er end the fo rc e  K ' is  d e liv e red
by the m ounting b lock  w h e rea s  a t  the lo w er end it h as  to be
d e liv e red  by an  a p p ro p r ia te  bending of the ro d , the dev ia tio n
6 being g iven  by

K l 3
6 ------------  (III. 6)

E h 3 b

The e a r th 's  m ag n etic  fie ld  in  L e id en  is  0 .4 7  x lO^4 W /m 2 and
the in c lin a tio n  is  = 6 6 °5 7 '. W ith E = 12 x 1010 N /m 2; 1 =
1 m ; h = lO -3 m ; b = 10-2 m ; I = 1‘0 3 A; r t = 6 x 10~3 m ; a = 5;
n ■ 200 one ob ta ins

6 = 7 .8  x 10"2 m

In p ra c tic e  the am p litu d e  is  red u ced  by the g ra v ita tio n a l fo rce
on the m agnet c o il. If one w ants to  so lve the d y n am ica l p ro b lem
one h as

E h 3 b
m l 2 + i --------- = M x s in  u  t  (III. 7)

1

fo r a co il of m a ss  m  and a  m om ent h a rm o n ic  in  t im e . The
so lu tio n  is :

M x 1
<t> ----------- -------

m l 2 a*2 - u 2

/ E  h 3 b \ i
w here  ju = ( ---------  ] (III. 9)V m l3 /

is  the m ech an ica l freq u en cy  of the suspended  sy s te m . F o r
u »n:

Mi /  I 1 \
I  ---------- ( —  sin  £<t + —  sin  u  t ) (III. 10)

m l2 \uu u 2 /

W ith E = 12 x 1010 N /m 2 ; h = 1 0 - 3 m ; b = 10"2m ; m  = 1 kg; 1 = 1 m ,
we have n= 1 . 2 .  H ence the l a s t  te rm  can  be om itted  and we
have a co n s id e rab le  re d u c tio n  in  am p litu d e .

The o c c u rre n c e  of th e se  fo rc e s  can  be p rev en ted  by m ounting
the co il e i th e r  p a ra l le l  to the e a r th 's  m ag n etic  fie ld  o r  in  a

u
— sin Mt + sin  ut (III. 8)



- 7 2 -

p a ir  of H elm holtz  co ils  w hich c a n ce l the e a r th 's  m agnetic  fie ld .
Both so lu tio n s tu rn ed  out to  be im p o ssib le  in  p ra c tic e  because
of the e x tre m e  inhom ogeneity  of the lo c a l m agnetic  fie ld , caused
by iro n  in the v ic in ity .

§ 6 . Construction.

A fte r  the m an u fac tu rin g  of the s e p a ra te  p a r ts  the w inding is
done on a  la th e  w ith a s im p le  dev ice  to p rov ide the re q u ire d
w ire  ten s io n .

In itia lly  the co il w as tu rn ed  by hand, but to  im p ro v e  the w ire
ten s io n  we m ade a  d ev ice  to tu rn  the co il w ith  a  v e lo c ity  of
abou t two tu rn s  p e r  m in u te .

It is  of r a th e r  g re a t  im p o rtan ce  th a t the tu rn s  be put a s
re g u la r ly  and a s  c lo se ly  to  each  o th e r a s  p o ss ib le  b ecau se  the
c o il p e rfo rm an c e  depends c r i t ic a l ly  on th is  a s p e c t of the co n 
s tru c tio n  p ro c e s s .  At the ends of the co il the o c c u rre n c e  of
som e open sp ace  cannot be p re v en ted . To p re v en t d ifficu ltie s
w ith  the next la y e r  we fill  up th e se  sp a c e s  w ith p a p e r . P a p e r
is  ch o sen  b ecau se  i t  is  e a s y  a t hand and im p reg n ab le  w ith
a r a ld i te .

The w inding of the f ib re  g la s s  t is su e  is  done by hand.
If no s ta in le s s  s te e l  re in fo rc e m e n t is  p rov ided , the h o les  fo r

the b r a s s  b o lts  a r e  m ade a f te r  co m p le tio n  of the w inding
p ro c e s s .  To m ount the s ta in le s s  s te e l  o u te r  cy lin d e r we used
som e d iffe re n t m eth o d s, w hich up to  now did not lead  to s ig 
n ifican tly  d iffe ren t r e s u lts :
1) . We m ount the u n im p reg n a ted  co il a t  ro o m  te m p e ra tu re  in

the s ta in le s s  s te e l  cy lin d e r and im p reg n a te  the whole a f t e r 
w a rd s .

2 ) . We sh rin k  the u n im p reg n a ted  co il in  the s te e l  cy lin d e r w ith
the co il a t  77°K  and the c y lin d e r a t  373°K , to  g e t a  tig h te r
packed co il by th e rm a l sh rin k , and im p reg n a te  the whole
a f te rw a rd s .

3) . We sh r in k  the im p reg n a ted  co il in  the s te e l  c y lin d e r .
M ethod 3 is  e s s e n tia lly  the m ethod u sed  by van  I tte rb e e k , van

D rie s sc h e , de G ra v e , and M yncke2) who u se  a  co n ica l s ta in le s s
s te e l  ja c k e t, but it  is  s im p le r  fro m  a  co n s tru c tio n a l point of
view  to use a c y lin d r ic a l  ja c k e t. F u r th e rm o re ,  the su p p o rt of
the lo w er c e lo ro n  co il flange is  b e t te r ,  which is  of som e im 
p o rtan ce  b ec au se  we o ften  found b ro k en  ce lo ro n  flan g es  in  n on
su p p o rted  c o ils .  A p p aren tly  c e lo ro n  is  b r i t t le  a t low  te m p e ra 
tu r e s .

§ 7. Impregnation.

A fte r the m ounting of the p a r ts  of the co il, so m e tim e s  with
the excep tion  of the s ta in le s s  s te e l  re in fo rc e m e n t, the co il is
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eith er im pregnated under vacuum with arald ite or com pletely
cast in ara ld ite . The im pregnation apparatus is  shown in
fig . III. 5.

pump

*[ worm oir

A....

warm air

a.c voltage heater

to  manometer

Fig-ID. 5. Apparatus for vacuum impregnation of magnet coils.
A, B, C. D * squeezing valves.

E = filling funnel Lancast A.
F = vacuum hose.
G * filling funnel araldite.
H = evacuation bulb Lancast A.
I = evacuation bulb araldite.
K = o-ring.
L = evacuation chamber coil.
M * casting mould.
N = thermocouple.
O = heater.
P * mounting plate.
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The a p p a ra tu s  is  qu ite  s im p le , and is  b ased  on the way in
w hich vacuum  c a s tin g  is  ach ieved  in  la rg e  in d u s tr ia l  p ro c e s s e s .

The a p p a ra tu s  c o n s is ts  of two g la s s  ev acu a tio n  bu lbs and a
g la s s  ch a m b e r in  w hich the co il is  ev acu ated  and the ca s tin g
is  done. G la ss  is  ch o sen  a s  a  m a te r ia l  b ecau se  it is  ea sy  to
m ake a tho rough ly  vacuum  tig h t a p p a ra tu s  of g la s s ,  b ecau se  it
is  cheap , and b ecau se  a  v isu a l in sp ec tio n  can  be m ad e .

The v a lv es  a r e  d ev ice s  of a  s im p le  type w hich a r e  in  g e n e ra l
u se  in o u r la b o ra to ry .

The co n n e c to rs  betw een  the bu lbs a r e  m ade of vacuum  h o se s .
The com b in atio n  of vacuum  h o se s  and squeez ing  v a lv es  has
been  ch o sen  b ecau se  it p re s e n ts  l i t t le  r i s k  of v a lv es  becom ing
stu ck  w ith a r a ld i te .  In the c a se  th a t i t  should o ccu r n e v e r 
th e le s s ,  the only th ing  th a t n eed s to be done is  to re p la c e  the
p iece  of vacuum  h o se .

D uring  the ev acu a tio n  the p ro c e s s  can  be a c c e le ra te d  by
h ea tin g  the o b jec t. The a ra ld i te  and la n c a s t  a r e  h ea ted  by a
flow of w a rm  a i r  a g a in s t the ev acu a tio n  bulb, the co il is
h ea ted  by an  e le c t r ic a l  hea ting  e lem e n t m ounted in  the ev a c u a 
tion  c h a m b e r. The te m p e ra tu re  is  co n tro lled  by m ean s of a
th e rm o co u p le .

The ev acu atio n  ch a m b e r is  a c c e s s ib le  by re m o v a l of the b ra s s
c o v e r .

A t the beginning of the p ro c e s s  v a lv es  A and B a re  c lo sed ,
the co il is  p laced  in  the  ca s tin g  m ould , and the ca lcu la ted
q u an titie s  of the two com ponen ts a r e  put in  th e ir  re sp e c tiv e
b u lb s . T he co v e r and the v a lv es  C and D a r e  c lo sed  and e v e ry 
th ing  is  ev a cu a ted . G e n e ra lly  a tim e of ten  h o u rs  is  su ffic ien t
fo r the co il, and a  few h o u rs  fo r  the a r a ld i te .  H ow ever, if
f ib re  g la s s  t is su e  h as  b een  u sed  in the co n s tru c tio n  of the co il,
the co il should  be ev acu ated  fo r two d ay s . T h is  is  n e c e s s a ry
b ec au se  in  the m an u fac tu rin g  p ro c e s s  of the  f ib re  g la s s  s ilico n e
g re a s e  is  u sed  w hich does not ad h e re  to  a ra ld i te .  F ib re  g la ss
tis su e  w ithout th is  g re a s e  is  av a ila b le , but in o u r ca se  le s s
re a d ily  th an  the g re a s e d  b ra n d . T he g re a s e  can  a lso  be rem oved
by ev acu a tin g  the s to ck  of f ib re  g la s s  fo r an  a p p ro p ria te  length
of t im e .

The ca s tin g  m ould is  m ade fro m  g la s s  o r  b r a s s ,  depending
on w h e th e r im p reg n a tio n  o r  c a s tin g  is  the in tended p ro c e s s .  In
the c a se  th a t c a s tin g  is  re q u ire d  the in n e r volum e of the co il
is  filled  up w ith  a b r a s s  b a r .  A ll b r a s s  p a r ts  w hich should be
rem o v ed  a f te r  the h ard en in g  p ro c e s s  a r e  co v e red  w ith a la y e r
of s ilico n e  g re a s e .

A fte r  su ffic ie n t ev acu a tio n , valve A is  opened and the la n c a s t
flow s in to  the a r a ld i te .  F o r  good r e s u l ts  a  thorough  m ixing is
re q u ire d , w hich is  ach iev ed  by shak ing  the m ixing  bulb . The
connection  h o se s  to  the m ix ing  bulb should be tak en  long enough
to m ake e a sy  m otion  p o ss ib le .

A fte r  su ffic ie n t m ix ing , valve B is  opened and the m ix tu re
flow s into the ca s tin g  m ould . A fte r  the a ra ld i te  lev e l h as r i s e n
o v er the top of the  co il, the v a lv es  to the vacuum  pum p and
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the m an o m e te r a r e  c lo sed  and a i r  is  ad m itted  by opening valve
C o r D .

The ca s tin g  should be co m pleted  w ith in  five m in u tes  a f te r  the
beginning of the m ix ing , b ecau se  o th e rw ise  the m ix tu re  is  too
v isco u s  to ru n  th rough  the connection  h o se s  and ev e ry th in g  b e 
co m es glued to g e th e r . The o c c u rre n c e  of th is  type of acc id en t
is  p ro m o ted  by in c re a s in g  the te m p e ra tu re  of the m ix tu re . In
th is  connection  one h as  to re a l iz e  th a t the h ard en in g  re a c tio n
is  e x o th e rm ic .

A fte r  the c a s tin g , the co il is  rem o v ed  fro m  the a ra ld i te  bath
(im pregna tion ) o r  tak en  out w ith the ca s tin g  m ould (casting)
and the whole is  p laced  in  a  fu rn ace  and hea ted  fo r  24 h o u rs
a t  90°C . The m ain  p a r t  of the h ard en in g  p ro c e s s  is  com pleted
a f te r  two h o u rs  a t 90°C, but fo r  a  v e ry  thorough  h ard en in g  it
is  reco m m en d ed  th a t the c o il be kept m uch lo n g er a t  an  e lev a ted
te m p e ra tu re .

The c lean in g  of the a p p a ra tu s  d ire c t ly  a f te r  co m p le tio n  of the
p ro c e s s  is  done with a c e to n e . If th is  is  om itted  the a p p a ra tu s
h as  to be th row n  aw ay.

§ 8 . Mounting of the coil in the experimental apparatus.

a . Testing experiment.

The m ounting of the  m agnet c o il in  the e x p e rim e n ta l a r 
ra n g em en t fo r co il te s tin g  is  show n in fig . III. 6a.

The fa c t th a t we ex tend  the e x p e rim e n t freq u en tly  to  the
ex p lo sio n  of the co il p re s e n ts  the re q u ire m e n ts  th a t the
m ounting is  s tro n g , but not r ig id , th a t a l l  p a r ts  a re  cheap  and
ea sy  to m ake, and th a t the m ounting is  c a r r ie d  out in  such  a
way th a t a s  m any  p a r ts  a s  p o ss ib le  can  be de tached  e a s ily
fro m  the ru in s  if th ey  tu rn  out to  be undam aged .

T h e re fo re  we did no t u se  g la s s  d e w a rs , a s  th ey  a r e  u sed  in
the m e a su r in g  a p p a ra tu s ,  but m ade a  cheap  d ew ar of s ty ro fo am
and a  b r a s s  in n e r v e s s e l .

The co il is  su p p o rted  fro m  the bo ttom  of the v e s s e l .  The
c u r re n t  lead s  a r e  a ttach ed  to each  o th e r by m ean s of ce lo ro n
b lo ck s, to w ithstand  the re p u ls iv e  fo rc e s  d u rin g  n o rm a l u s e .
H ow ever, the le a d s  a r e  so  s la c k  th a t an  ex p lo sio n  of the co il
u su a lly  le a v e s  the top con n ectio n s undam aged .

The top connections a r e  b r a s s  b a r s  im bedded  in  p e rsp ex
c re e p  sh ie ld s  and m ounted in  p .v . c .  s h e e t.  A lthough p .v . c .  is
a  su ffic ien tly  good in su la tio n  m a te r ia l  u n d e r n o rm a l co n d itio n s,
the v e r t ic a l  p lan es of the c re e p  sh ie ld s  a r e  re q u ire d  to p re v en t
the fo rm a tio n  of a continuous ice  la y e r  betw een  the co n n e c to rs .
The connections to the c a p a c ito r  bank  a r e  f lex ib le .

In m ost c a s e s  a f te r  a  co il ex p lo sio n , the  b r a s s  liqu id  n i
tro g e n  v e s s e l  and the s ty ro fo am  in su la tio n  v e s s e l  a r e  dam aged
a t  the lo w er end by the expanding n itro g en  v ap o u r. If the e x -
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plosion  is  caused by a short c ircu it, the current lead s are d e
tached from  the celoron  blocks and swept outwards, damaging
the nitrogen v e s s e l  at the upper end. In that c a se , the p .v . c .
mounting plate and the creep  sh ie lds are destroyed too. In case
of exp losion  by rupture c '  the conductor, the upper part of the
insta llation  is  not dam aged.

Fig.m . 6a.

Coil mounting in test cryostat.
A = brass connectors to capacitor bank.
B = insulation for creep currents.
C = p. v. c. mounting plate.
D = mounting frame.
E = copper currents leads.
F = styrofoam vessel.
G = brass nitrogen vessel.
H = celoron reinforcement.
I = liquid nitrogen.
K * coil.
L = coil support.

Fig. IU. 6b.
Coil mounting in measuring cryostat,
a = cover of the liquid helium dewar.
b = coaxial leads measuring system,
c = connector to capacitor bank (dotted),
d * p. v .c . mounting cover of the nitrogen

dewar.
e *= mounting plate,
f = mounting frame,
g = current lead (dotted),
h = liquid helium dewar.
i = celoron suppor of the helium dewar.
k * stainless steel support.
1 = nitrogen dewar.
m -  tail helium dewar.
n «a magnet coil,
o * experimental space,
p -  to helium vapour line,
q = vacuum hose,
r = nitrogen vapour out.
s = liquid nitrogen,
t = liquid helium.
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b . Measuring cryostat.

The m e a su r in g  c ry o s ta t  w ith  the co il m ounted in it is  shown
in fig . III. 6b. The m agnet co il is  m ounted in  a  la rg e  g la s s  liquid
n itro g en  d ew ar and the th in  ta i l  of a  liquid  h e liu m  dew ar is  in 
s e r te d  in  the co il.

In this ca se  every  s tr e s s  exerted  by the co il on the dewar
v e s s e ls  w ill resu lt in damage of the dewar v e s s e ls .

A s to m otion  in  the e a r th 's  m ag n etic  fie ld  we so lved  th is
p ro b lem  by suspend ing  the co il fro m  a  tu b u la r  s te e l  su p p o rt in
w hich the in n e r d ew ar v e s s e l  is  m ounted r a th e r  lo o se ly . Any
m otion  of the co il is  t r a n s f e r r e d  to the d ew ar v e s s e l  by the
su p p o rt and th e re  a r e  no fo rc e s  on the ta i l  of the d ew ar v e s s e l .

The u p p er end of the su p p o rt is  the only p a r t  of the whole
w hich is  r ig id ly  a ttach ed  to  the m ounting f r a m e . The liquid
n itro g en  d ew ar is  m ounted lo o s e ly  by m ean s of a  co rk  su p p o rt
and a  ru b b e r  h o se , which can  take  up v io len t shocks e a s ily .

The c u r re n ts  le a d s  a r e  a ttach ed  to the s te e l  su p p o rt by m ean s
of tu b u la r  p e rsp e x  in s u la to rs .  T h ese  can  be qu ite  th in  w alled
b ecau se  of the high sp ec if ic  b reakdow n vo ltage of p e rsp e x , but
th e ir  su rfa c e  is  ch o sen  so  la rg e  a s  to p re v en t su rfa c e  c re e p
c u r r e n ts .

In p ra c tic e  th is  c o n s tru c tio n  is  su ffic ie n t fo r the p rev en tio n
both  of shocks cau sed  by m o tion  in  the e a r th 's  m ag n etic  fie ld
and of shocks cau sed  by the fo rc e s  w hich the c u r re n t  lead s
e x e r t  on each  o th e r .

No p ro te c tio n  is  p re s e n t  a g a in s t co il ex p lo sio n , b ecau se  th is
would m ake n e c e s s a ry  a  so  heavy  co n s tru c tio n  a s  to red u ce
e ith e r  the e x p e rim e n ta l sp ace  o r  the av a ilab le  m ag n etic  induction
co n s id e ra b ly . In p ra c tic e  the p ro tec tio n  is  en su red  by a c a re fu l
in sp ec tio n  of the  co il p ro p e r t ie s  a f te r  each  p u lse .

§ 9 .  Coil testing.

a .  Introduction.

A fte r  the com ple tion  of a  co il e i th e r  to in v es tig a te  the co il
co n s tru c tio n  o r  fo r  u se  in  a  m e a su r in g  dev ice  the co il p ro p 
e r t ie s  a r e  in sp ec te d .

A co il w hich is  m ade to  in v es tig a te  a  sp ec if ic  c o n s tru c tio n a l
p ro b lem  is  te s te d  u n til the c o il is  d e s tro y e d , w h e reas  a  co il
fo r  u se  in  a m e a su r in g  dev ice  is  te s te d  u n til a  c e r ta in  change
in p ro p e r t ie s  h as  o c c u rre d . T h is  change should be so la rg e  a s
to e n su re  a  c e r ta in  am ount of s t r a in  h a rd en in g . We a ssu m e
th a t in  th a t c a se  the co il p ro p e r t ie s  a r e  im proved  by s t r a in
hard en in g  and th a t fie ld s  up to the in th is  way ex p e rim e n ta lly
fixed m axim um  field  can  be g e n e ra ted  a  la rg e  n u m b er of t im e s
w ithout dam age to the c o il. T h is  a ssu m p tio n  is  co n firm ed  in
p ra c t ic e .
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D uring  the a c tu a l e x p e rim e n ts  the co il p ro p e r t ie s  a r e  checked
v e ry  c a re fu lly  and we s to p  the  e x p e rim e n t, if the  co il tends to
becom e u n s ta b le .

b . Testing method.

The te s t  is  c a r r ie d  out by exposing  the m agnet co il to a  la rg e
n u m b er of p u lse s , w ith  a g ra d u a l in c re a s e  of the peak  c u r re n t .
A fte r  each  pu lse  we w ait u n til te m p e ra tu re  eq u ilib riu m  h as been
re ach e d  ag a in . T hen  we m e a su re  the s e lf- in d u c tan ce  and the
re s is ta n c e  of the m agnet co il.

c .  Measuring method.

1. Self-inductance. M easu rem en t w ith a  D anbridge U 2 in d u c
tan ce  b rid g e  (M axw ell b rid g e); p re c is io n  3 %.
2. Resistance, (fig. III. 7).

current leads

to capacitor bank

to control circuits
capacitor bank

Fig.III.7. Arrangement for resistance measurement of the magnet coil.

In p rin c ip le  one h a s  to u se  a  fo u r po int m ethod b ecau se  of
the low r e s is ta n c e  of the co il, ty p ica lly  20 m fl.

D uring  the g e n e ra tio n  of a  pu lse  the m e a su r in g  dev ice h as
to be d isco n n ec ted  fro m  the c o il .  T h is  is  ach ieved  by m ean s
of a r e la y  w hich is  au to m a tic a lly  opened by the co n tro l sy s tem
of the pu lse  c u r re n t  g e n e ra to r .

The m e a su r in g  lead s  a r e  connected  to the c u r re n t  le a d s  on
the top of the c ry o s ta t .  T h is  in tro d u ce s  an  e r r o r  b ecau se  of
the re s is ta n c e  of the c u r r e n t  le a d s  in  the c ry o s ta t .  T h is  e r r o r
is  of the o rd e r  of s e v e ra l  ten th s  of a m illio h m .

The p re c is io n  is  e s tim a te d  to  be 3 %.
3. Temperature equilibrium. T e m p e ra tu re  eq u ilib riu m  is  a s 
sum ed  to  be re a c h e d  if the co il r e s is ta n c e  re m a in s  co n s tan t.
4 . Current through the magnet coil. In s e r ie s  w ith the m agnet
co il we have connected  a lo w -in d u c tan ce  r e s i s to r  of 10 + 2 %.

The dev ice  is  of a  com m on type, w hich co n ta in s  a sh ee t of
r e s i s to r  m a te r ia ls  (see  fig . III. 8).

The vo ltage o v e r the r e s i s to r  is  fed into one of the b eam s
of a T ek tro n ix  type 502 dual beam  o sc illo sc o p e . The o th e r beam
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!

Fig. III. 8. Low-inductance resistor for the measurement of the coil current.
N.B. Left figure half has been turned over 15° around central axis.
A = central mounting bolt.
B = central current electrode.
C = resistance sheet.
D = current connection to capacitors (earth).
E = insulation of voltage electrodes.
F = central voltage electrode.
G = current connection to magnet coil.
H = circumferential mounting bolts.
I = circumferential current electrode.
K = coaxial connector to oscilloscope.
M = coaxial lead to central voltage electrode.

d isp lay s  the vo ltage o v e r  the m agnet co il, but the vo ltage  d ia 
g ra m  is  not u sed  fo r  q u an tita tiv e  ev a lu a tio n s .
5. Magnetic induction (see  a lso  c h a p te r II, § 8 and c h a p te r  V,
§ 2 ) .  In m o s t c a s e s  the induction  is  c a lc u la ted  fro m  the co il
c u r r e n t .  Some ch eck s by m ean s  of a p ick -u p  co il co n firm ed
the v a lid ity  of th is  ap p ro ach .

d . Results and discussion.

Some ty p ica l r e s u l ts  of the co n tro l m e a su re m e n ts  of s e l f - in 
ductance and re s is ta n c e  of the m agnet co il a r e  show n in fig .
III. 9.

If the g en e ra ted  induction  ap p ro ach e s  20 W /m 2 the re s is ta n c e
and se lf- in d u c tan ce  s t a r t  to change . In g e n e ra l  the b eh av io u r
of the se lf- in d u c tan ce  is  m o re  c o n s is te n t betw een  d iffe ren t
co ils  th an  the b eh av io u r of the r e s is ta n c e .  It o c c u rs  th a t a  co il
exp lodes w ithout any v a r ia tio n  in  r e s is ta n c e  b e fo re .

The change of se lf- in d u c tan ce  w hich le a d s  to  dam age of the
co il is  d iffe re n t fo r  each  type of m agnet c o il .  A change of over
10 % is  u su a lly  d an g e ro u s , bu t does not n e c e s s a r i ly  ind ica te
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□  coil 2 7

A  coil 33

Fig.III.9. a. Change of coil self-inductance in test experiment.
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Fig. III. 9. b. Change of coil resistance in test experiment.

th a t the co il is  a lre a d y  d am ag ed . A change of re s is ta n c e  of
th a t o rd e r  of m agnitude alw ays in d ica te s  th a t heavy  dam age has
b een  done.

If the se lf- in d u c tan ce  fa lls  ag a in  a f te r  a  r i s e  of a  few p e r 
ce n t, th is  in d ica te s  a lm o s t s u re ly  heavy d am ag e .

We in te rp re t  the r i s e  of the se lf- in d u c tan ce  a s  cau sed  by the
in c re a s e  of the av e ra g e  d ia m e te r  of the w indings by s t r a in
cau sed  by the r a d ia l  com ponent of the fo rc e . A ty p ica l co il
fa ilu re  cau sed  by th is  type of s tra in in g  is  te a r in g  up of the
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outer fibre g la ss  re in forcem en t. The d ecrea se  of the s e lf - in 
ductance can be caused by two d ifferent m echanism s:
1) The inner la y ers  are made longer in ax ia l d irection  by

bouncing caused by the ax ia l force, or by turning of the co il
with resp ect to the flanges in the earth 's m agnetic field
(fig . III. 10).

Fig. III. 10. Coil damage by lengthening of the inner layers.

2) B uckling-like com p ression  of the inner la y ers  in the radial
d irection , caused by either bouncing of the radial force or
by actual buckling caused by thé ax ia l fo rce .

The fir s t  type of damage can be excluded by a rigid  axial
construction, the. second type by a strong inner tube. A strong
inner tube, how ever, in crea se s  the danger of short c ircu it of
the inner layer against the inner tube by flow of the insulator
m ateria l.

The num erical re su lts  are given  in chapter II, appendix I.
The num bers of p u lses which have been generated are not given,
because they are strongly  dependent on the way of testing  and
the end which one pursues.

Apart from  co ils  10 to 13 which w ere blown up without strain
hardening, the num bers of p u lses vary from  sev era l tens to
sev e ra l hundreds for m easuring c o ils .

A s a conclusion  one can a s se r t  that the d iscu ssed  construction
resu lts  in magnet c o ils  which can be used in a range up to 35
W /m 2 with occasion a l co ils  up to 40 w / m 2. B ecause of the
sca tter  of the re su lts , m easuring c o ils  up to 35 W /m 2 are
rather sca r ce , but an upper lim it of 30 w/m2 is  a quite r e a 
sonable goal.

The testing  method y ie ld s a m aximum m agnetic induction
which can be generated a quite large number of tim es without
ser io u s d ecrease  of the life tim e of the c o il.
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IV.  A P U L S E D  C U R R E N T  G E N E R A T O R .

§ 1 . Introduction and basic design.

In th is  c h a p te r  we d e sc r ib e  a  pu lsed  c u r re n t  g e n e ra to r  of the
c a p a c ito r  d isc h a rg e  ty p e . The to ta l c ap ac ity  is  3 x 10 2 F  and
the m ax im um  vo ltage 3. 5 kV which g iv es  an  en e rg y  con ten t of
180 k J . T he peak c u r re n t  w hich can  be handled by the sw itch es
is  18 kA. It is  designed  fo r a  pu lse  d u ra tio n  of 20 m se c .

T h is  type of pu lsed  c u r re n t  g e n e ra to r  is  a  v e ry  com m on one
and the p re s e n t  in s ta lla tio n , although r a th e r  la rg e  in  co m p a riso n
w ith  ex is tin g  in s ta lla t io n s  a t  the tim e  of co n s tru c tio n  (1961 -
1964), h as  been  su rp a s s e d  s in ce  th a t tim e  by o th e r ones of a
co m p arab le  d e s ig n 6) .

G e n e ra lly  the o ld e r c a p a c ito r  d isc h a rg e  d ev ice s  have an
e n e rg y  con ten t of l e s s  th an  20 k J .  T h ese  e n e rg ie s  can  be r e 
le a se d  by a sin g le  sw itch , and connection  of a l l  c a p a c ito r  c e lls
d ire c t ly  in  p a r a l le l  p re s e n ts  no d an g e r of ex p lo sio n  in  c a se  of
a s h o r t  c i rc u i t  in  a  c a p a c ito r  c e ll  (fig. IV. I ) 1-2-3-4-5)

Fig.IV. 1. Single unit capacitor bank.

W ith r is in g  en e rg y  co n ten t, the sw itch es  in c re a s e  in  co m 
p lica tio n  and p r ic e .  M o re o v e r, if  the  en e rg y  con ten t is  of the
o rd e r  of 100 k J  o r  m o re , quite heavy ex p lo sio n s m ay o ccu r in
c a se  of a sh o r t  c i rc u i t  in  one of the c a p a c ito rs .

We conclude th a t the c a p a c ito r  bank should be divided into
s m a ll  p a r ts ,  each  p a r t  being  handled by its  own sw itch  (fig.
IV. 2).

i i i i n i r r
i 1 1  i 1 1 1 1 - i  _ )

Fig.IV.2. Multi-unit capacitor bank.

T he p ro b lem  to be so lved  is  the sy n ch ro n isa tio n  of the
sw itc h e s .

A s im ila r  d esig n
by B ra u n e rs re u th e r

The b a s ic  desig n

is  p re se n te d  by the c a p a c ito r  bank d e sc rib e d
, C om be, Hoffm ann, and M o rp u rg o 6>.
of the p re s e n t in s ta lla tio n  is  shown in
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fig . IV. 3 . The num bers of the connections re fer  to the detailed
draw ings, f ig .IV .4  - 10. The total capacity has been divided
into 9 equal p arts. The sw itches are ignitrons, which present
the additional advantage of their r e c tif ie r  p rop erties, reducing
the p ossib ility  of one section  d ischarging rapidly into another
one.

In the follow ing sectio n s the apparatus w ill be considered  in
som e deta il.

Fig. IV. 3. Basic design present installation.
A = magnet coil.
B = main unit.
C -  ignition.
D = charging rectifier.
E = control line.

In the apparatus only one earth  connection is  p resent, which
is  repeated in som e of the detailed draw ings.

§ 2. Main unit and crowbar device.

The m ain unit is  shown in f ig .I V .4 .
The main unit contains 5 cap acitors, each with 650 juF,

3 .5  kV. The capacitors have been made by H aefely, B a se l, Swit
zerland . They are o il-f ille d  paper cap acitors, with one pole
connected to the container.

Each capacitor-unit is  charged by the charging rec tifier  (§ 4)
over a r e s is to r  of 450 n ,  1 kW (R ^ .

The r e s is to r s  R 2 (100 fi) provide the voltage to the com paring
device in the charging r e c tif ie r  (§ 5). R esistan ce has to be in 
serted  to prevent o sc illa tio n s between the main u n its. R, and
H2 together ensure the vanishing of p ossib le voltage d ifferen ces
between the capacitor bank section s after charging.

Each section  can be sw itched off by hand with Sx. The sw itch
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Fig. IV. 4. Main unit and crowbar device.
I j  = Ig ■ PL 5552 A ignitron.
C j = 650 jjF; 3 .5  kV.
M p  M„ = current transformers.
Rj -  450 ft; 1 kW.
R2 = 100 ft; 1 kW.
Rs = 20 ft; 1 kW.
R4 = 1.5 0 ;  2 kW.
Si = section switch
Di = safety relay.
I ,  2|j, 3 = to charging rectifier and other sections.
2 , 5 = to magnet coil.
I I ,  22, 33 = to ignition indication,

Sx has au xiliary contacts in the ignition c ircu its  (§ 3). The
design  is  made in a way to perm it use of any number of s e c 
tions betw een one and nine that one d e s ir e s .

In ca se  of interruption of the m ains voltage for the control
lin e , and in em ergency c a s e s , re la y  D i is  c losed  and the
cap acitors d ischarge over the r e s is to r  R 3 of 2 0 and 1 kW.
During norm al operation Di is  opened.

The unit is  fired  by ignitron Ilt  type PL 5552 A , made by
P h ilip s . The arc voltage is  about 10 volts and the minimum
anode voltage is  about 50 V. The m axim um  current which can
be carried  is  2 kA and the m axim um  voltage which can be
handled is  2 kV.

T his voltage lim it is  determ ined by the voltage which can be
sw itched off and it depends on the d e-ion ization  tim e . The
stationary voltages which can be put between the anode and the
cathode are much h igher.

The min im um tim e during which the arc rem ains stable is
25 m sec , at lea st for high cu rren ts.

To prevent back firing of the ignitrons when operated at
3 .5  kV, one can u se  sev e ra l m ethods (fig . IV. 5).
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Fig. IV. 5a. Coil current for three different crowbar devices.
Fig. IV. 5b. Coil voltage for three different crowbar devices.

---- --- no crowbar.
u = under critical
o * overcritical

cap = capacitor voltage,
tj = ignition time I2.

a .  One p re v en ts  the c a p a c ito rs  fro m  re c h a rg in g  w ith re v e r s e d
sig n  of the vo ltage a f te r  the pu lse by m aking the c i r c u i t  o v e r -
c r i t ic a l ly  dam ped hy a  su ffic ien t co il r e s is ta n c e .  T h is  re d u c e s
the m axim um  co il c u r re n t  by a fa c to r  e and c a u se s  a long ta i l
in  the c u r re n t  c h a r a c te r is t ic ,  m aking  it  exceed  the m axim um
c u r re n t  d u ra tio n  of the ig n itro n s  in the c a se  of a  c i rc u i t  with
Jr\MLC >  2 x 10-2 s e c .
b . The co il is  s h o r t-c ir c u i te d  by an  ig n itro n  w ith a  r e s i s to r  in
s e r ie s  a f te r  the m axim um  of the p u lse . The c u r re n t  th rough  the
ig n itro n  is  ap p ro x im a te ly  eq u a l to  the co il c u r r e n t .
c .  The c a p a c ito rs  a r e  s h o r t -c ir c u i te d  by an  ig n itro n  w ith a
r e s i s to r  in  s e r ie s  a f te r  the m ax im um  of the p u lse . The c u r re n t
th rough  the c ro w b a r ig n itro n  is  a p p ro x im a te ly  eq u a l to  the
c u r re n t  th rough  the p r im a ry  ig n itro n . T h is  is  an  advan tage in
an  a p p a ra tu s  which h as  been  div ided in  s e c tio n s , b ec au se  in
th is  c a se  the c ro w b a r sw itch  can  be kep t a s  sm a ll  a s  the p r i 
m a ry  sw itch .

A fte r  the c lo sin g  of the c ro w b a r sw itch  the b eh av io u r of the
c irc u i ts  b and c is  d e te rm in e d  by the q u a lity  fa c to r  of the d a m 
ped c i r c u i t .  In fig . IV. 5 the b eh av io u r is  show n. The f ra c tio n
of the in v e rse  vo ltage on the p r im a ry  ig n itro n s  (w ithout c ro w b ar)
w hich is  re ta in e d  with c ro w b a r is  d e te rm in e d  by the dam ping
r e s i s t o r .  It is  b e s t  to  m ake the r e s i s t o r  a s  s m a ll  a s  p o ss ib le ,
w ithout runn ing  into an  o v e rc r i t ic a l ly  dam ped c ir c u i t ,  b ecau se
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th is would give the exponential ta il again and the maximum
pulse tim e allowed for the ignitrons would be exceded . From
th is point of view  our 1 .5  ft r e s is to r s  R 4 are som ewhat too
la rg e . The value 0 .6  £2 would be su ffic ien t. The 1 .5  ft r e s i s 
to rs  have resu lted  from  a sligh tly  d ifferent way of reasoning,
which we fe e l to be in correct at p resen t. The crowbar ignitrons
I2 are of type PL 5552 A .

The ignitrons are fired  by p u lses from  the ignition c ircu its
(§ 3), I 2 s ligh tly  after the m aximum of the current pu lse.

To detect failure of an ignitron to fir e , the anode currents
are m easured by the current tran sform ers and M2. The
indication c ircu its  are d escribed  in § 6 .

§ 3. Ignition c ircu its .

The firing of the ignitrons is  achieved by feeding a 10 y s e c . ,
1 kV pulse into the firing electrod e of the ignitron. A ll 18
c ircu it sec tion s im m ediately  connected to the two se ts  of nine
firing e lec tro d es are identica l. They are separated from  the
operating d ev ices  by iso lation  tran sform ers (fig . IV. 6).

The re la y  D 2 is  opened by the m ains sw itch of the charging
r e c t if ie r s , prohibiting ignition during the charging of the c a 
p acitors.

The ignition is  started  by c losin g  re la y  D3, which is  operated
by the control c ircu its  (§ 6). A fter c losin g  D 3 a current flows
through R 17 and R18 from  capacitor C5, ra isin g  the voltage of
the plus pole of Ux by 200 V. T his m akes the grid of thyratron
T x positive and capacitor C 5 d isch arges further over T1 and
the ignitor c ircu it of I3. The network with the inductance L2,
the r e s is to r s  R6, R 7, and the diodes N2 extends the duration
of the ta il of the d ischarge to ensure ignition of I3.

The firing of I3 m akes the cap acitors C2 d ischarge and the
current flow s through the p rim aries of the iso lation  transform 
e r s  M3 (fig . IV. 6b). The induction current in the second aries
of M3 f ir e s  the ignitrons I lf which m akes the main capacitors
d isch arge.

The current pulse through T7 induces a voltage in the cu r 
rent transform er M 4. T his transform er is  connected to a delay
circu it with an adjustable delay tim e, which can be varied b e 
tween 1 and 20 m se c . The delay c ircu it g iv es  a delayed pulse
of 200 V, which m akes the grid of T2 140 V p ositive , and Cq
d isch a rg es . The further procedure is  equal to that in the p r i
m ary circu it described  above, making I2 fire a p reset tim e
after I1#

The damping r e s is to r s  R ga to R gi are n ecessa ry  because w ith
out them the main ignitrons Ix fire  irregu lar ly , probably b e
cause of o sc illa tio n s in the current leads to the magnet co il.
The values of the r e s is to r s  have been determ ined em p ir ica lly .
We suppose the difficulty to be connected with the geom etr ica l
arrangem ent of the capacitor sec tion s side by side in a linear
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t o  primory ci rcuit

Fig. IV. 6. Ignition circuits.
a . Operating circuit.
b . Primary circuit (2x).
c . Secondary circuit (18x).

Ix * I„ = PL 5552 A.
I3 * I4 = PL 5551 A.
T x = T 2 -  PL 5684.
U j = Philips type 1289 voltage
N1 * N2 ■ BY 100.
Mg = transformer 1:1; 3 .5  kV.
Lj — Lg B Lg * 25 jj H,
Cg * Cg ■ Cg = 1 fi F; 1 kV.
Cg = = 100 pF.
Rg = Rg = 0 .5  fi.
R i j  ~  110 k fi •

Rg * Rg = 21 fi.
R^0 * ^11 = 10.0 o .
**12 “ **13 “  15 fi.

unit. = 11 fi.
**15 “ **16 * 10 O.
R n = 40 k o .
R^g * 50 k fi.
Rl8 = **20 * **21 s  *** k fi.
21, 23 = to m ain circuit.
10, 20 > to primary circuit.
8, 9 = to operating circuit.

row, making the d istan ces from  the sec tion s to the co il rather
d ifferent from  each other. T his feeling  is  confirm ed by the fact
that the nearer the sec tion s are to the co il, the higher the
damping m ust be.
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T hese ignition d ev ices been developed in cooperation with
ir  G .H ess  and co -w o rk ers of P h ilip s.

§ 4 . Charging rectifier.

The charging r e c tif ie r  has been designed and constructed by
W. Smit T ransform atorenfabriek, N ijm egen. N etherlands, a c 
cording to our specified  req u irem en ts. We sh a ll not go into
d eta ils of the d esign , but we sh a ll indicate only a few features
which are profitable for u se  in a capacitor bank d ev ice .

A sim plified  design  is  shown in fig . IV. 7.

mains D2

Fig. IV. 7. Charging rectifier.
U, V, W ■ mains power. A * d .c . voltage, unit.
1, 2, 3 * to capacitor bank. B a comparing device.

The c ity  power is  sw itched on by the re lay  D 2 . T ransform er
M 5 transform s the 3 x 380 V a . c .  up to 3 x 3 kV a . c . ,  which
is  rectified  by N s , giving a 4 kV d .c .  vo ltage, which is  sup
plied to the cap acitors.

In s e r ie s  with the secondary co ils  of the transform er M5 the
chokes Mg are connected. The iron co res of these chokes can
be presaturated by a d irect current, supplied by the transform er
M7 via the re c tif ie r s  N4 . The variable transform er M7 is
mounted on the control panel. A high voltage delivered  by M 7
g iv es  a high d . c .  current in M 6, increasin g  the charging cu r
rent to the capacitor bank. The device enables charging with a
constant current, adjusted by M7, between 0 and 9 am p eres.

The voltage fór M7 is  supplied by an apparatus which com 
pares the capacitor voltage in an ind irect way with the voltage
p reset by potentiom eter P 7. If the capacitor voltage approaches
the p reset value, the voltage at the prim ary of M7 d ecrea ses ,
and the im pedance of Mg in c rea se s , which reduces the charging
current to the capacitor bank. When the capacitor voltage has
reached its  p rese t value, re la y  D4 is  operated, and D 2 is
opened by the control line ( § 5 ) .  Pj is  mounted on the control
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p an e l. By m ean s of one a d ju s ts  the re q u ire d  c a p a c ito r
vo ltage b e fo re  ch a rg in g .

T h is  d es ig n  p re v e n ts ,  th a t in a  c a se  th a t the vo ltage on the
c a p a c ito r  bank h as  to be held  co n stan t fo r  som e tim e , the
ch a rg in g  c u r re n t  re q u ire d  to co m p en sa te  the unavoidable lo s s e s ,
g iv es  heavy  d is tu rb a n c e s  on the pow er supp ly , w hich would
p re s e n t h in d ran c es  to neighbouring  e x p e r im e n ts . F u r th e rm o re
the co n tac ts  of r e la y  D2 a r e  sav ed .

§ 5. Control line.

By the te rm  "c o n tro l lin e "  we in d ica te  the  a r r a y  of sw itch es
and r e la y s  w hich in te rc o n n e c ts  the s ta r t in g  push button  on the
co n tro l p an e l and the r e la y  D 3 w hich o p e ra te s  the ign ition
c irc u i ts  (§ 3). M o reo v er it  c o n tro ls  the ch a rg in g  r e c t i f i e r  (§ 4).
The c o n tro l line  is  shown in fig . IV . 8, w ith o m iss io n  of the
le s s  im p o rtan t d e ta i ls ,  e .g .  p ilo t la m p s .

ssov

I----------------J !___________ I

Fig. IV. 8. Control line.
A = electronic timing device. S = switch.
B * camera. SP « push button switch.
C ■ charging control section. D —Q —* coil of relay D10.
D = pulsing control section.

, — . ~li!= contacts of relay D10.
m T iZOj * coil of time relay D10 with 20 seconds retardation.

The follow ing d e s c r ip tio n  is  in  ch ro n o lo g ic a l o rd e r  of c irc u it
o p e ra tio n , and g e n e ra lly  fro m  le f t to r ig h t in  fig . IV . 8.

The pow er fo r  the c o n tro l line  is  supp lied  by the 220 V a . c .
m a in s , and sw itched  on by the m a in s  sw itch  S2.

If S2 is  c lo sed , the re la y  D 5 is  en e rg iz e d , w hich co n tro ls
the c irc u i ts  fo r m e a su r in g  the se lf- in d u c ta n c e  and the re s is ta n c e
of the m agnet co il (§ 6). D 5 can  be sw itched  off by the sw itch

an ^ it  is  p ro tec ted  by the re la y  D 7, w hich is  en e rg ized  if
the c a p a c ito r  bank  is ,  o r  h as  b een , ch a rg ed  o r  is  p u lsed .

The re la y  D 6 sw itch es  on a f te r  60 sec o n d s , p rov ided  D16 and
and S 4 have been  c lo se d . D 13 and S4 re p la c e  sa fe ty  d ev ice s  on
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the flow of cooling w a te r  fo r the ig n itro n s , the c lo sing  of the
en tra n c e  door of the h igh  vo ltage ro o m , and an  em erg en cy
sw itch  on the co n tro l p an e l. The 60 seco n d s have been  in t ro 
duced to  p e rm it  the ca th o d es of the th y ra tro n s  T i and T 2
(fig . IV. 6a) to re a c h  th e ir  p ro p e r  o p e ra tin g  te m p e ra tu re  befo re
the anode vo ltage is  sw itched  on. The cathode h e a te r s  and the
a u x ilia ry  equ ipm ent a r e  connected  to the co n tac t 44.

If D 6 is  c lo sed , the connection  55 p ro v id es  the 1 kV d .c .
supply  of the ig n itio n  c i rc u i ts  (§ 3). The nine p a ra l le l  re la y s
D i a r e  o p e ra ted , p rov ided  th a t the sw itch es  Si have been
c lo se d . We r e c a l l  th a t D x is  the  sa fe ty  re la y  and S i the m ain
sw itch  of the m ain  u n it (§ 2). T h is  d ev ice  e n s u re s  th a t the
c a p a c ito r  se c tio n s  a r e  d isch a rg ed  a u to m a tica lly  if  the m ains
vo ltage v a n ish e s .

D 7 is  the p ro tec tin g  re la y  of the m e a su r in g  c irc u i ts  (§ 6).
It is  only  o p e ra ted  if Dg in the ch a rg in g  co n tro l sec tio n  is
c lo se d . T hen  it holds i ts e l f  independen tly  of D 8, u n til D u  in
the p u lse  c o n tro l se c tio n  is  opened .

The re m a in in g  c o n tro l c i r c u i ts  can  be b locked  by the push
button  sw itch  S P g, p e rm ittin g  one to  in te r ru p t  ch a rg in g  o r  p u lse -
p re p a ra tio n .

T he ch a rg in g  c o n tro l sec tio n  is  p ro tec ted  by the re la y  D 13,
w hich is  o p e ra ted  by the pu lse  c o n tro l se c tio n . In the sam e way
D 8 p ro te c ts  the pu lse  co n tro l se c tio n , p ro h ib itin g  d isc h a rg e  of
the c a p a c ito rs  a s  long a s  the ch a rg in g  r e c t i f ie r  is  o p e ra te d .

By o p e ra tin g  the push button  S P 7 r e la y s  D 2, D8, and Dg a re
c lo se d . D 2 is  the th re e  phase  m ain s  re la y  of the ch arg in g
r e c t i f ie r  (§ 4) and D 9 is  the holding re la y  fo r the ch arg in g  co n 
t ro l  se c tio n . The ch a rg in g  is  te rm in a te d  if D4 in  the ch arg in g
r e c t i f i e r  (§ 4) c lo se s  and o p e ra te s  Dio • The re la y  Dio h as
c o n tac ts  in  the ch a rg in g  co n tro l se c tio n , w hich stop  ch a rg in g ,
and co n tac ts  in  the p u lse  co n tro l se c tio n , w hich s e t  the pu lse
c o n tro l se c tio n  f re e  fo r o p e ra tio n .

The pu lse  co n tro l se c tio n  can  be put into o p e ra tio n  in  two
w ays:
a .  If S 6 h as  been  c lo sed , the pu lse  co n tro l sec tio n  is  put into
o p e ra tio n  a u to m a tica lly  by Dio .
b . If S6 h as  b een  opened, the pu lse  c o n tro l sec tio n  is  put into
o p era tio n  by p re s s in g  the push button  SP8 .

If the pu lse co n tro l sec tio n  is  o p e ra te d , D3, D i 3 , and p u
a re  en e rg iz e d  and the sh u tte r  of the o sc illo sco p e  c a m e ra  is
opened , p rov ided  S 5 h as  b een  c lo se d . D i 3 is  the holding re la y
of the p u lse  co n tro l sec tio n , which p ro te c ts  the ch arg in g  con
t ro l  se c tio n  too . D 3 is  the p u lse  re la y  w hich s t a r t s  the ign ition
pu lse (§ 3). It c lo se s  0 .5  s e c . a f te r  the sw itch ing  on of the
pow er to c irc u m v en t the m ech an ica l s lo w n ess  of the c a m e ra
s h u tte r .

Two seco n d s a f te r  the sw itch ing  on of the pow er, D 14 opens
a l l  co n ta c ts , r e s to r in g  the in itia l  s itu a tio n  and c lo sin g  the
c a m e ra  s h u tte r .  The two seconds p e rm it  one to  take advantage
of the p e r s is ta n c e  of the  t r a c e  on the o sc illo sco p e  s c re e n  fo r
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a brighter photograph without an undue trace in tensity  on the o sc illo sco p e .
Not a ll  functions of the re la y s  have been shown in th is p ictu re. This

accounts for the apparent duplication of som e of the r e la y s , e .g .  D 7 and
D5, D4 , and D 10.

In th is way a com pletely  autom atic control line is  achieved if S6 has
been c lo sed . The control line is  protected against failure of the central
su p p lies. The autom atic p ro cess  can be interrupted if n ece ssa ry . The d e
v ice  is  com pleted by D 15, which is  controlled  by an e lec tro n ic  tim ing d e
v ic e . This is  not d iscu ssed  h ere . The tim ing device c lo se s  D 15 at regular
tim e in terva ls between 30 s e c .  and 45 m inutes, depending on the tim e
required to coo l the m agnet co il down to its  in itia l tem perature after the
pulse.

,§ 6 . Devices for the measurement of circuit characteristics.

To obtain som e inform ation on the behaviour of the co il and the appara
tu s, som e d ev ices have been constructed  in addition to the ordinary voltage
and current m eters  on the charging r e c tif ie r .
a . The m easurem ent of co il voltage and current during the pu lse.
b. The m easurem ent of the anode currents of the ignitrons Ix and 12 by
m eans of a y es  or no indicator.
a . The m easurem ent of the co il voltage and the current (fig . IV. 9) has
been d iscu ssed  to som e extent in chapter III, § 9. In s e r ie s  with the
magnet co il, r e s is to r  R 24 (lO -4 fi) has been mounted. The design  of R24
is  shown in fig . III. 8 .

The voltage over the magnet co il is  m easured by m eans of a 1 : 100
voltage d ivider, com posed of the r e s is to r s  R 22 and R2~ . R 22 is  a s e r ie s
connection of 19 r e s is to r s  of 50 k and 4 r e s is to r s  of 10 k fi w hereas
R23 is  a r e s is to r  of 10 kf i .

In fig . IV. 9 the c ircu its  for the m easurem ent of the re s is ta n ce  and the
self-inductance of the m agnet co il a fter the pulse are shown too. The
drawing is  se lf-exp lan atory . The am pere m eter is  of a com m on 2 % panel-
mount type, the voltm eter is  a P h ilip s GM 2010 e lec tro n ic  voltm eter and
the inductance bridge a Danbridge UB 2. The c ircu its  are protected by the
3 .5  kV iso lated  contacts of D 5 (§ 5).

spio

Fig. IV. 9. Device for the measurement of the coil characteristics.
B = inductance bridge. M = magnet coil.



- 9 2 -

b. The y es  or no indicator to detect the anode current of the
ignitrons Ij and I2 is  shown in fig . IV. 10.

1 1 ( 2 2

G

1.5 V

^ = H f t j

D 1 7

f tMt2 33 4=-
i * _ _ I "l £ — ( S P 1 2

(
I Y Y V V Y  J y

0 l7oD'V H Dl ^ Dn ’, Dt7<° 17s 0 17|,D17|

Fig. IV. 10. Yes or no indicator for anode current ignitrons 1̂  and Ig.
a. Flip-flop and reset.
b. Relay contacts and pilot lamps.

A = cathode lead ignitron. SP = push button switch.
Q = transistor. ® ■ pilot lamp.

The sign a l from  the current tran sform ers and M 2 (§ 2)
is  fed into a flip -flop  c ircu it (fig . IV. 10a). which is  b iased  to
make Q i conductive if SPi2 is  p ressed .

If a p ositive sign a l is  applied to the b a sis  of Qx, with SP12
c lo sed , Q 2 becom es conductive. In the co llec to r  lead of Q2,
the re la y  co il of D17 has been mounted, so  that D 17 is  operated.
By pushing S P 12, Q x b ecom es conductive again and D 17 sw itches
back (rese t) .

The connection of the contacts of the 9 re la y s D 17 for the
Ij ignitrons is  shown in fig . IV. 10b. The se t for the I 2 ignitrons
is  identica l.

In the position  shown, which is  not activated , none of the
lam ps is  lighted . If one of the re la y s  is  operated, a ll  lam ps
are lighted except the one which belongs to the re la y  which
has been operated . T his m eans that if  no ignitron f ir e s  no lamp
is  lighted . However, provided that at le a s t  one ignitron f ir e s ,
the lighted lam ps indicate the failing ign itrons. The condition
that at le a s t  one ignitron should fire  is  not ser io u s , because
failure of a ll  ignitrons is  indicated by no current in the magnet
c o il.

The re la y  c ircu it has been brought to our attention by dr
N. Doble of CERN in G eneva. The flip -flop  c ircu its  have been
constructed  by Standard E lec tr ic , N . V . , Den Haag.
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§ 7. Conclusions.

T he a p p a ra tu s  w hich h as  been  d e sc r ib e d  in  th is  c h a p te r
p ro v id es  a  fu lly  a u to m a tica lly  o p e ra ted  c a p a c ito r  bank pu lse
g e n e ra to r .

T he c ro w b a r dev ice  i s ,  in  c o n tra s t  to com m on p ra c t ic e ,
s lig h tly  u n d e rc r i t ic a l ly  dam ped to p re v en t the exced ing  of the
m axim um  d u ra tio n  of c u r r e n t  flow w hich is  p e rm itte d  by the
ig n itro n s . The c ro w b a r dev ice  h as  been  sp li t  o v e r the ca p a c ito r
bank s e c tio n s .

Up to now we did not t e s t  the a p p a ra tu s  a s  a  whole a t  i ts
fu ll en e rg y .

We te s te d  the c u r re n t  c ap ac ity  of not m o re  than  th re e  se c tio n s
s im u ltan e o u s ly  on an  ex is tin g  4 mH co il w ith a  fie ld  of 22 O e/A
in a b o re  of 8 cm . The m ax im um  c u r re n t  h as  been  2 .1  kA p e r
sec tio n , a t  3 .5  kV c a p a c ito r  v o ltag e , ind icating  su ffic ie n t c u r 
re n t  c a r ry in g  ca p ac ity .

We have co n s tru c te d  a  t e s t  co il of 1 .3  mH (co il 22 in  c h a p te r
II) w hich h as  been  dam aged a t  12 kA with the c a p a c ito r  vo ltage
a t 2. 7 kV. T h is g iv es  an  en e rg y  con ten t of the c a p a c ito r  bank
of 110 k J  and a c u r re n t  p e r  se c tio n  of 1 .3 3  kA.
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B.  S O M E  E X P E R I M E N T S  I N P U L S E D  M A G N E T I C
F I E  L D S

V. M E A S U R E M E N T S  I N  P U L S E D  M A G N E T I C  F I E L D S

§ 1.  Introduction.

In the second  p a r t  of th is  th e s is  we d e s c r ib e  two in v e s tig a 
tio n s  in  pu lsed  m ag n e tic  f ie ld s  and the e x p e rim e n ta l m ethods
u sed  fo r th em . T he m ethods a r e  not e n t ire ly  new , but we hope
th a t we p re s e n t  a  u se fu l a n a ly s is  of th e se  m e th o d s . S pecia l
e m p h as is  is  la id  on the re m o v a l of the heavy  d is tu rb a n c e s  which
a re  in tro d u ced  in  the m e a su r in g  a p p a ra tu s  by the pu lsed  field
i ts e l f .

To give an  idea  of the r e s e a r c h  th a t h as  a lre a d y  been  done
in  pu lsed  m ag n etic  f ie ld s  we p re s e n t in the nex t se c tio n  a  s h o r t
su rv e y  of th is  w ork  w ith  a l i s t  of r e fe re n c e s ,  in  w hich only the
m o st im p o rta n t r e s e a r c h  is  included .

T he re m a in d e r  of th is  c h a p te r  is  devoted  to the a n a ly s is  and
d e s c r ip tio n  of o u r m e a su r in g  a p p a ra tu s .

In the c h a p te rs  VI and VII we give o u r m e a su r in g  r e s u l ts ,
to g e th e r  w ith  a  d isc u s s io n  in  the lig h t of th e o re tic a l  c o n s id e r 
a tio n s , if  th e se  a r e  a v a ila b le .

§ 2 . H istorical survey, containing a short bibliography.

(The re fe re n c e  n u m b ers  in  th is  se c tio n  c o rre sp o n d  to a p 
pendix V. 1).

The s ta r t in g  point of the r e s e a r c h  in  pu lsed  m ag n etic  fie ld s
is  m ark ed  by K ap itza , who s ta r te d  the developm en t of co ils
and c u r re n t  g e n e ra to rs  a s  w e ll. F ro m  the re v ie w  it  w ill a p 
p e a r  th a t he com m enced  r e s e a r c h  on an  am az in g ly  la rg e  nu m 
b e r  of su b je c ts  and som e of h is  r e s u l t s ,  e sp e c ia lly  h is  id eas
on m e a su r in g  m eth o d s, a r e  s t i l l  of in te re s t .

We now give the m o st im p o rtan t in v es tig a tio n s , a r ra n g e d  by
su b je c t.

a .  Measurements of res is tiv ity .

In th is  p a r t  we su m m a riz e  m e a su re m e n ts  of r e s is t iv i ty  and
H all e ffec t on m e ta ls  and se m ic o n d u c to rs . The m ea su r in g  m e 
thod is  g e n e ra lly  a  fou rp o in t m e a su re m e n t, w ith o r  w ithout a
co m p en sa tio n  sch e m e .
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1. M etals.
Since Shoenberg's w ork 1,21 dem onstrated the p o ss ib ilit ie s  of

using pulsed fie ld s for the detection  of the geom etry  of the
F erm i su rface, many m easurem ents on the Shubnikov-de Haas
effect in m etals have been done in pulsed fie ld s . For a rev iew
of data on F erm i su rfa ces see  r e f .3 * * * * 8) and the rev iew  a rtic le  by
Faw cett 6).

The fir s t  m easurem ents on re s is ta n ce  in pulsed fie ld s have
been made by K apitza9*10). T hese m easurem ents have been done
on sing le cry sta ls  of Bi and p o lycrysta lline  sam p les of B i and
a large s e r ie s  of other m eta ls .

The m easurem ents on p o lycrysta lline sam p les have been r e 
peated and extended by O lsen, Lüthi, and C o tti11*12»13*14 **16 * *). One
of their main contributions is  on the sp ec ia l d ifficu lties of eddy
currents and geom etr ica l e ffec ts  which are encountered in the
study of m etals in pulsed m agnetic f ie ld s .

R ecently G ra ss ie16) made som e m easurem ents on Sn and Pb.

2 . Semiconductors.
The m easurem ent of re s is ta n ce  of sem iconductors in pulsed

m agnetic fie ld s is  b a sica lly  m ore sim p le than in the ca se  of
m eta ls , because of the high sp ec ific  re s is ta n ce  of the m a ter ia ls .
H owever, the interpretation  is  d ifficu lt, because of the co m 
p lications which are introduced by the bandstructure.

We m ention the work on n-G e by Z avadskii and F ak idov17,18
by Love, W ei, and D ie s e l19*20), and by Hendrikx 21); the work
on InSb by C ham pness22), on InSb, InAs, and In(Aso.s P b o.2 )
by B raunersreuther, Kuhrt, and L ippm ann23), and on p -B i2T e 3
by Auch and L andw ehr24).

3 . Superconductors.
A number of investigations has been perform ed on the r e s is t 

ive transition  of hard superconductors, a s Nb 25 % Zr and
NbsSn. The m easurem ent is  sim p le , on one hand, because the
effect is  la rg e , and because the sp ec ific  re s is ta n ce  in the n or
m al state is  not very  sm a ll. On the other hand, if  one m easures
the transition  field  as a function of the transport current, large
L orentz fo rces  act upon the sam ple, introducing n o ise .

The transition  field  of Nb3Sn has been m easured by Hart,
Jacobs, Kolbe, and L aw rence25) and by C line, K ropschot, Arp,
and W ilson 26). For m easurem ents on other m ateria ls  we re fer
to the paper by B erlincourt and Hake 27).

H owever, the m easurem ents by D ietrich  and W eyl28) and by
F lipp en 29) on Nb 25 % Zr w ires  and by van der S lu ijs, de Beun,
Z w eers, and de K lerk30) on Nb3Sn ribbon showed that the b e 
haviour of hard superconductors in pulsed m agnetic fie ld s can
d iffer sign ificantly  from  the behaviour in sta tic  f ie ld s . The
work d escribed  in re feren ce30) is  given in chapter VII of th is
th e s is .
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b . Magnetisation.

The f i r s t  m ag n e tisa tio n  m e a su re m e n ts  in pu lsed  m agnetic
fie ld s  have been  m ade by K a p itza31-32*33) by m ean s of a  sp rin g
b a lan c e , b ased  on the fo rce  w hich a m ag n etic  sam p le  e x p e r i 
en c e s  in an  inhom ogeneous m ag n etic  fie ld .

A m o d ern  v e rs io n  of th is  m ethod h as  been  developed  by
S tevenson  34> 35>, who u sed  a  t ra n s d u c e r .  K ap itza stud ied  s e v e ra l
m e ta ls  and gado lin ium  su lp h a te , w hile S tevenson  stud ied  som e
m anganese  com pounds.

1. Metals by the induction method.
A t p re s e n t  the m o st f req u en tly  u sed  m ethod fo r  the m e a s u re 

m ent of m a g n e tisa tio n  in  pu lsed  m ag n etic  f ie ld s  is  the m ethod
w ith co m p en sa ted  c o ils , developed by S hoqnberg1,3) .

S hoenberg  s tu d ied  the de H a as-v an  A lphen e ffec t in  m e ta ls
and m ade the f i r s t  m e a su re m e n ts  on the F e rm i su rfa c e  of Cu,
Ag, and A u. F o r  a  re v ie w  a r t ic le  on the de H a as-v an  A lphen
effec t we r e f e r  to the p a p e rs  by S h o en b erg 2), Kahn and F r e -
d e r ik s e 4) ,  and to r e f e r e n c e 7).

The m any m e a s u re m e n ts  of the de H a as-v an  A lphen e ffec t
which have been  done s in ce  S h o en b erg 's  p io n ee r w ork  we a r -

by m a te r ia l  : B e36) ,  N a 40), M g 37), A l37), K 40), C r 44),
C u 3) , R b 32. 46) ,  A g 3), C d 43), Sn1) , C s 4°. 4H , G d 33), A u3),

2. Compounds by the induction method.
A n o th er fie ld  in  w hich the pu lsed  fie ld  techn ique h as  proved

to be su c c e s s fu l  is  the stu d y  of the m agnetic  b eh av io u r of co m 
pounds. A lthough som e of the m e ta l s tu d ie s  c o n c e rn  the m ag 
n e tic  o rd e r  too 38,44) ,  the com pounds have been  stud ied  m o re
e x ten s iv e ly .

The p io n ee r w ork  h as  b een  done by Ja c o b s , R odbell,
L aw ren ce , K ouvel, and S ilv e r s te in 46"47,48,49,50,51,52) on M nF 2,
M nAs, CoCl2, E u T e, if we fo rg e t fo r  the m om ent about the
o ld e r  w ork  done by F o n e r  (see  se c tio n  c).

S p ecia l r e fe re n c e  should be m ade to  the w ork  done by de
B lo is  53.54) on MnAs w ith a  m in ia tu re  co il tech n iq u e . F in a lly  we
m en tion  the w ork by A lla in , V a r re t ,  and M iéd an -G ro s 55) on
Z n C r2Se4, by A s ti ,  C olom bo, G iud ic i, and L e v ia ld i56) on
BaO. 6 F e 203, and by Z w e e rs , de K le rk , and the p re s e n t au th o r
on C u C l2.2 H 20 57) . The m e a su re m e n ts  d e sc rib e d  in r e fe re n c e 57)
a r e  d is c u s se d  in  m o re  d e ta il  in  c h a p te r  VI of th is  th e s is .

c . Microwave experiments.

In pu lsed  m ag n etic  f ie ld s  the m e a su re m e n ts  in  the m icrow ave
o r  o p tica l ran g e  a r e  e s s e n tia l ly  s im p le r  than  the m e a su re m e n ts  sub a
and b , b ec au se  the n o ise  s p e c tru m , in h e re n t to  pu lsed  m agnetic

ran g e
F e 42),
P b 1*45)
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f ie ld s , does not ex tend  into the m e a su r in g  freq u en cy  ra n g e .
The m icrow ave  m e a su re m e n ts  have been  p io n eered  by F o n e r6),

who h as  done the g r e a te r  p a r t  of the r e s e a r c h  in th is  f ie ld .
H is m ain  o b jec t w as a n tife rro m a g n e tic  re so n an ce  and he was
ab le to  m ake an  e s tim a te  of exchange c o n s ta n ts , w hich a re
too la rg e  to be a tta in ab le  by d . c .  m eth o d s. We m ention  h is
m e a su re m e n ts  on M n F ,49) o r  C r„0  80>, and com pounds co n 
ta in ing  th ese  m a te r ia ls  °8-69-60-61).

A sp ec ia l branch in th is field  is  the excitation  of m a sers bv
pulsed fie ld s 62,63,64,65).

d . Optical experiments.

O ptica l ex p e rim e n ts  w ere  f i r s t  m ade by K ap itza , who stud ied
the Z eem an  e ffec t in pu lsed  f ie ld s 66-67).

The m o re  re c e n t  o p tica l s tu d ie s  co n c e rn  the F a ra d a y -
e f fe c t68» 9 .7<k7i)j bu t th ese  e x p e rim e n ts  a r e  lim ited  to fie ld
m e a su re m e n ts  on ly . To o u r know ledge th e re  a r e  no s u c c e s s fu l
m e a su re m e n ts  of the m agnetic  p ro p e r t ie s  of com pounds by
m ean s of the F a ra d a y  e ffec t up to  now.

e. Field measurement.

A fin a l r e m a rk  should be m ade on the m e a su re m e n t of the
field  s tre n g th  of the pu lsed  m ag n etic  f ie ld . No re fe re n c e s  w ill
be g iven, b ecau se  an  ex ce llen t b ib lio g rap h y  h as  b een  pub lished
re c e n tly  8).

1. Current through the magnet coil.
H = co n s tan t x I con .

The co n stan t is  d e te rm in e d  by a conven tional m ethod a t  low
fie ld  s tre n g th . T h is  m ethod is  s im p le , but it h as the d ra w -b ac k
of being se n s itiv e  to m ech an ica l d e fo rm a tio n  of the m agnet co il
d u rin g  the field  pu lse  and to  eddy c u r re n t  d is to r t io n  of the
m ag n etic  fie ld . H ow ever, o u r ex p e rim e n ts  in d ica te  th a t th is
e r r o r  is  not m o re  th an  a  few p e rc e n t up to 400 kOe.

2. Pick-up coil.
The induction  vo ltage in  a p ick -u p  co il is  in teg ra te d  and

d isp lay ed  on an  o sc illo sc o p e . The p ick -u p  co il is  c a lib ra te d  a t
low fie ld s  ag a in s t a  fie ld  s ta n d a rd . The in s tru m e n ta l  e r r o r  is
a few p e rc e n t l a r g e r  than  in  c a se  1, but the e r r o r s  of c a se  1
a r e  not p re s e n t .  H ow ever, the m ethod is  s e n s itiv e  to  m otion
of the p ick -u p  co il in  the m agnetic  f ie ld . O ur e x p e rim e n ts  in 
d ica te  th a t the m ethod is  eq u iv a len t to the fo rm e r  one.
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3. Physical effects.
Of the p h y s ica l e f fe c ts , com m only  u sed  to m e a su re  d .c .

m ag n etic  f ie ld s , only th e se  w hich a re  l in e a r  w ith the m agnetic
fie ld  a r e  su ita b le . The H all e ffec t and m a g n e to - re s is ta n c e  a re
u n su itab le  a s  long a s  th e ir  l in e a r ity  in the high fie ld  re g io n
h as not been  e s ta b lish e d  by  independent m eth o d s. P ro to n  r e s o 
nance is  excluded  too b ecau se  of the re q u ire m e n ts , w hich the
m ethod im p o ses  on the hom ogeneity  in  sp ace  and tim e  of the
m ag n etic  f ie ld . In p rin c ip le  the second  o b jection  can  be rem o v ed
by u sin g  e le c tro n  sp in  re so n a n c e .

The only  m ethod w hich is  su c c e s s fu l  is  the F a ra d a y  e ffec t
in  q u a r tz , w hich h as  b een  u sed  in  a  n u m b er of c a s e s  (e .g .
re fe re n c e  68<69> 70» 71) ),

§ 3. Noise in pulsed magnetic fie lds.

M e a su re m e n ts  in  pu lsed  m ag n etic  fie ld s  a r e  co m p lica ted  by
n o ise , a s  a r e  a l l  m e a s u re m e n ts .  H ow ever, a p a r t  fro m  the
com m on s o u rc e s  of n o ise  such  a s  so u rc e s  of s ta t i s t ic a l  n o ise ,
v ib ra tio n s  of the bu ild ing , o th e r  m e a su r in g  d e v ice s , and tra f f ic ,
one is  a lso  b o th e red  w ith  so u rc e s  of n o n s ta tis tic a l  n o ise  w hich
a re  in h e re n t to  the p u lsed  m ag n e tic  fie ld . T he m o s t ev iden t
ones a re :
1. N oise g e n e ra ted  by the sw itc h e s .
2. N oise  w hich is  cau sed  by the s h o r t  d u ra tio n  of the pu lsed

m ag n etic  f ie ld .

T he n o ise  w hich is  cau sed  by the sw itch es  is  g e n e ra ted  in  the
beginning , and a f te r  the c lo s in g  of the c ro w b a r. The cau se  is
the j i t t e r  of the ig n itro n s . In g e n e ra l  th is  j i t t e r  c o n s is ts  of
la rg e  n u m b ers  of v e ry  sh a rp  p u ls e s .  B ecau se  the ign ition  tim e
of the ig n itro n s  is  of the o rd e r  of 10 n s e c .,  we e s tim a te  the
b a s ic  freq u en cy  of the j i t t e r  to be la r g e r  than  1 M Hz. T h ese
fre q u e n c ie s  a r e  f a r  ou tside  the freq u en cy  ran g e  of the m easu rin g
a p p a ra tu s  w hich h as  been  u sed  in  o u r in v e s tig a tio n s . In g e n e ra l
the j i t t e r  is  se e n  in the v e ry  beginning  of the m ea su r in g  p erio d ,
p e rh ap s  v ia  a  c a p ac itiv e  coupling of the m a in s . The j i t t e r  no ise
can  be re d u ced  by c a re fu l decoupling  of the m ea su r in g  a p p a ra tu s
fro m  the m a in s , e .g .  v ia  an  iso la tio n  t r a n s f o rm e r .  F o r  an
a n a ly s is  of th is  high freq u en cy  n o ise  we r e f e r  to  a  p ap e r by
M edley, C u rzo n , and D augheney 1̂ .

The s h o r t  d u ra tio n  of the m ag n etic  fie ld  i ts e l f  c a u se s  n o ise
to o . T h is  b eco m es c le a r  if one expands the f ie ld , w hich can
be w ritte n  a s  a function  of tim e  a s :

H„ s in  u t fo r  0 <  t  <  t p
fo r  a l l  o th e r  t
With W = 7T / t  .P

( V . l )
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in  a F o u r ie r  s e r ie s ,  a s su m in g  th a t the fie ld  s ig n a l is  continued
p e r io d ic a lly  in  tim e  w ith a  p e rio d  2 tp. One o b ta in s  re a d ily :

H(t) = H c s in  u t  -  —IT
w cos 2 nut"
L --------------
n*i (2n)2 -1

(V. 2)

T h is  fie ld  is  in tro d u ced  a s  d is tu rb a n c e s  in  the c irc u it :

and the e ffec tiv e  co n trib u tio n  of ea ch  s e r ie s  co e ffic ien t w ill be
2 n u

(2n)2- l  m a^ lnS freq u en c y  te rm s  m o re  im p o rtan t than
in  (V .2 ).

We s h a ll not p ro ceed  w ith the fie ld  d e r iv a tiv e , bu t we suppose
th a t we have a  m e a su r in g  c i r c u i t  w hich is  coupled to  the m agnet
c o il by m ean s  of a  m u tu a l in d u ctan ce  In p ra c tic e  one r e 
d u ces  the in d u ctiv e  s ig n a ls  by connecting  a  second  inductance
M 2 in  s e r ie s  w ith  M j (fig . V. 1). A s f a r  a s  we know th is  a n a ly s is
h as  no t been  pub lish ed  b e fo re .

m 3

Fig. V. 1. Model of a measuring circuit with inductive noise.

We a s su m e  th a t the m e a su r in g  c i r c u i t  is  loaded  by the input
re s is ta n c e  of the m e a su r in g  in s tru m e n t, w ith the com bined
c a p ac ity  of the c a b le s  and the m e a su r in g  in s tru m e n t connected
in  p a r a l le l .

The equ a tio n  fo r  the com plex  c u r re n t  in  the m ea su r in g  c irc u i t
I 2 is :

ƒ 2 (j u L  + z )  ■ j u  (M2 -  M t ) I x (V-4)

with L = L 2 + L>3 and ^  + j u  C.

In p ra c t ic a l  c a s e s  the in d u ctan ce  j u L  is  m uch  s m a l le r  than
z  and the vo ltage  on the input of the m e a su r in g  in s tru m e n t can
be w ritte n :

U = j u (M 2 -  M x) J j  (V .5)

F o r  Iy we su b s titu te  an  e x p re s s io n  of the fo rm  (V .2) w ith the
d . c .  te rm  o m itted :
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U 5 R e  ( [ [ )  = a  M  I 0 — co s u t + -jjr
2 77

o, 2 nu
E ---------sin  2 n u t
n=i (2n)2- l

(V. 6)

T his n oise s ign a l can be rem oved by subtraction of a signal
of the form  (V .4) with the proper am plitude, which we differen
tiate before subtraction . If th is subtraction is  su ccessfu l the
n oise signal is  reduced by a factor a:

Jres.1' a . AM  I,
, * 2 nu

•7T cos u t  H—  E ----------s in 2 n u t
}  77 n»i (2n)2- l

(V .7)

H owever, p ractica l inductances w ill n ever be purely im aginary
and so A M w ill contain a rea l part. It cannot be expected that
the r e a l and the im aginary part can both be com pensated, so
that if  the proportion of the r e a l to the im aginary part is  b,
the resu ltin g  n oise w ill be:

U 2 = b .  AM  I 0
2 n  to

sin  u t + É: E71 n=l (2n)2- l
cos 2 n u t (V. 8)

T his n o ise  can be com pensated partly by subtracting a signal
of the form  (V .2 ), but now the high frequency term s cannot be
com pensated at a ll , and we are le ft with:

res. 2 b . A M I p?
Id

E ------ co s 2 n u t
a*1 2 n -l

(V .9)

F inally  the com pensating sign a ls w ill have a certa in  phase
d ifferen ce, say  tg 6 , which re su lts  in :

U res.3= tg 5 AM  I c

. a, 2 nu
+ -  £

y  (cos u t + b sin  u t) +

* a*1 (2n)2- l
-sin  2 n u t (V .10)

and a s im ila r  term  for (V .9 ). T his term , how ever, is  a second
order contribution, which we om it.

Adding (V .7 ), (V .9) and (V .10) the resid u a l n oise is:

U = AM  I .res. o

+ -  E

u (tg 6 + a) u b tg 6
---------------- co s u t + -------------s in  u t +

jr n=i 2 n -l
co s 2 n u t +

a + tg { « 2 n u
(V . l l )

E
n=l (2n)2 -1

sin  2 n u t



- 1 0 1 -

Q

To make a num erical estim ate we take Io = 5 x l 0  A; L i =
10”2 H; Li2 ~ 10-3 H; k = 0 . 1— » = -M 2 = 10”3 H and we assu m e
AM to be 10“5 H. Further we assum e the com pensations to be
made accurate to 1 %, so a = b = tg 6 = 10“2 . u = 150 r a d /s e c .
The resu ltin g  noise is  (in mV):

U res = 7 5  cos u t + 0 .7 5  sin  u t  + 25 cos 2 u t + 8. 5 cos 4 u t  +

+ 5 co s  6 u t  + --------+ 50 sin  2 u t + 12 sin  4 u t + (V. 12)

+ 9 s in  6 u t  + --------

For a re s is ta n ce  m easuring c ircu it L 2  is  gen era lly  a factor
103 sm a ller , so M i, M2 and AM can be supposed to be lowered
by a factor 30, and the noise is  low ered by the sam e factor.
In p ractice , how ever, it is  m ore difficu lt to achieve good
equality of the inductances in this type of d ev ice s .

In the ca se  that the noise le v e l is  unacceptable, one can gain
a factor 2n in each n oise term  by integrating the sign a l. The
b asic noise signal is  in phase with the m easuring  signal and g ives
no ser io u s d istortion . In p ractica l ca se s  we had m easuring
sign a ls of the order of som e m illiv o lts , a low  frequency noise
of the order of som e parts of a m illivo lt and the high frequency
n oise suppressed  beyond detection  by the o sc illo sco p e . The only
term s which rem ained to be troublesom e w ere the n = 1 and 2
te rm s.

§ 4 . Measuring apparatus.

a . Resistance measurement,3̂

We m easured the change in re s is ta n c e  of a ribbon of su p er
conductive m ateria l. The m ain sign a l was the appearance of
the voltage caused by a current of at le a s t  250 mA over the
res is ta n ce  in the norm al state of 30 m il, though it was d e s ir 
able to detect changes of a few percent of the norm al resista n ce
a s w e ll.

If the ribbon is  mounted p ara lle l to the ax is of the m agnetic
field , no noise signal is  p resen t. It is  not alw ays p ossib le  to
u se  th is configuration and therefore we mounted a not adjustable
dummy sam ple tightly against the m easuring sam ple and the
voltage leads (fig . V. 2). In som e c a se s  th is proved to be su f
fic ien t to reduce the n o ise  to an acceptable le v e l, but in other
c a se s  an extra com pensation has to be added.

At the tim e we had no good e lec tron ic  in tegrators, so we ob
tained the d ifferentiated field  signa l by a pick-up co il placed
in the field  of the m agnet c o il. The u se  of phase shift d ev ices
proved to be u nsatisfactory , because the phase equality which
was attainable with th ese d ev ices  turned out to be in ferior to
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the phase equality which could be obtained by carefu l mounting
of the sam ple and the voltage connections.

The m easuring apparatus is  shown sch em atica lly  in f ig .V .2 .

Fig.V.2. An apparatus for measuring resistance in pulsed magnetic fields,
d .a . = differential amplifier Tektronix 511.
att. * variable attenuator.
CRO ■ Tektronix RM565 with 3A72 plug in.
in * signal proportional to coil current.

b. Magnetisation measurements 4).

We wanted to make a m easurem ent 0 1  the transition s in m ag
n etica lly  ordered m a ter ia ls , by m easuring the su scep tib ility .
The exp erim en ts have been made on MnF2 , M n02 , and
CuC12.2 H 20 .  The resp ectiv e  su scep tib ilitie s  below the N éel
tem perature T^ are:

MnF2 : Xj. = 1 .0 8  x 10"3 (B izette8) ).
M n02 : Xl = 7 . 0  x 10-5 (B izette8) ).
CuC12.2 H 20 : x  ̂= 1 .4 8  x 10"4 (van den Handel c . s . 6)).

The experim ental r e su lts  on CuC12.2 H 20  have been described
in chapter VI. The exp erim en ts on MnF2 and M n02 did not
yield  p ositive r e s u lts .  In § 5 they w ill be sum m arized .

The m easuring method is  analogous to that developed by
Jacobs and L aw rence7) .

Two c o ils  with each n turns are connected in such a way
that Mj = - M2. One of the c o ils  contains the sam ple ( f ig .V .3).

Fig. V.3. Circuit for magnetisation measurements.
d .a. = differential amplifier Tektronix 511.
att. * variable attenuator,
int. * electronic integrator Tektronix 3A8.
CRO * Tektronix RM565 with 3A72 plug in.
in * signal proportional to coil current.
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T he m e a su r in g  s ig n a l is :

E lnd. “ - n x s i f  (V-13)

B ecau se  of the d im en sio n s of the c ry o s ta t ,  S = r  (1 .5  x 10"3 )2 m 2
and -j-p < 4. 5 x 103 W /m 2s e c . T he b e s t  c o ils  we m ade have
n = 3 x 1 0 ,  but m o s t m e a su re m e n ts  have been  m ade w ith n =
= 1 .6  x 103 the w ire  th ick n ess  being  30 um . The se lf- in d u c tan ce
of the  m e a su r in g  co ils  is  abou t 10 m H . The m ea su r in g  s ig n a l
then  is  50 x. V, so fo r  M nF2 50 m V, fo r  MnOs 0 .3 5  mV, and
fo r  CuC 12.2 H 20  8 .5  m V.

The s ig n a l to n o ise  ra tio  is  not v e ry  fa v o u rab le , and in
p ra c tic e  it  tu rn ed  out, th a t the s ig n a ls  w ere  h eav ily  d is tu rb ed
by high freq u en cy  n o ise . T h e re fo re  we in te g ra te d  the s ig n a l.

The sam p le  can  be rem o v ed  fro m  the m e a su r in g  co il when
im m e rse d  in  the liqu id  h e liu m , thus m aking  it p o ss ib le  to m ake
the  in itia l a d ju s tm en ts  a f te r  cooling down the c o il s y s te m . T h is
is  n e c e s s a ry  b ec au se  te m p e ra tu re  ch an g es in fluence AM. S om e
tim e s  re a d ju s tm e n ts  betw een  m e a su r in g  po in ts  have to be m ad e .

The ad ju s tm en t of AM can  be m ade by m oving the co il sy s te m
up and down in  the p u lse  m ag n e t. A fte r  finding the op tim um
p la c e , the c o il sy s te m  is  fix ed , and the re m a in in g  s ig n a l w ith 
out sam p le  is  m in im ized  by ad ju s tin g  the a tte n u a to rs  (fig . V. 3).

In th is  way the m e a su re m e n ts  on MnF2 and CuC12 .2 H 20  could
be m ade e a s ily .  T he m e a su re m e n ts  on MnOz re q u ire d  som e
m o re  a tten tio n , but p roved  to be p o ss ib le .

§ 5. Summary of the measurements on MnF2 and MnO„ .

F o r  the d efin itio n s  of H a_b and H b_p we r e f e r  to c h a p te r  VI,
3 2 .
1. M nF 2. In e x p e rim e n ts  a t liqu id  h e liu m  te m p e ra tu re  we ob 

se rv e d  the H a_b tra n s i t io n  a t  93 kO e, a s  m e a su re d  p re v io u s ly
by Jaco b s  8\  A s e a rc h  fo r  the H ^ p  tra n s i t io n  a t  4 ° K  did
not y ie ld  any r e s u l t  below  300 kO e, a s  had to  be expected
fro m  th e o ry  (Hb_„(0) a s  p re d ic ted  by m o le c u la r  fie ld  th e o ry
-  600 kO e).

2 , M n 0 2. The m ag n e tisa tio n  h as  been  m e a su re d  both a t  liqu id
h e liu m  te m p e ra tu re  and in  the neighbourhood of T N = 84° K.
In n e ith e r  c a se  any tra n s i t io n  h as  b een  d e te c te d . The n e g a 
tive r e s u l t  in  the neighbourhood of T N su g g e s ts , th a t the
cu rv e  of H b_.p(T) r i s e s  sh a rp ly  a s  in  the c a se  of CuC12.2 H 20
(see  c h a p te r  VI), thus m aking a  m e a su re m e n t w ithout a  v e ry
c a re fu l te m p e ra tu re  c o n tro l d iff icu lt. A t T = 0 the tra n s i t io n
field  p re d ic tio n  by m o le c u la r  fie ld  th e o ry  is  of the o rd e r  of
1 M Oe.
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VI.  O N  T H E  T R A N S I T I O N  I N  A M A G N E T I C  F I E L D
F R O M  T H E  A N T I F E R R O M A G N E T I C  T O  T H E
P A R A M A G N E T I C  S T A T E  O F  C u C 1 2 . 2 H 2 0 .

§ 1 . Introduction.

In the p re s e n t  c h a p te r  we d e sc r ib e  and d isc u ss  o b se rv a tio n s
of the tr a n s i t io n  of CuC12.2 H 20  fro m  the an tife rro m a g n e tic
b - s ta te  to  the p a ram ag n e tic  s ta te  in  an  e x te rn a l m ag n etic  f ie ld .

By a n tife rro m a g n e tic  b - s ta te  we ind icate  the s ta te  in  w hich
the s t i l l  a n tife rro m a g n e tic a lly  o rd e re d  sp in s  a r e  d ire c te d  p e r 
p en d icu la rly  to the d ire c tio n  of the m ag n etic  fie ld , th is  in co n 
t r a s t  w ith the  a n tife r ro m a g n e tic  a - s ta te  in w hich the sp in  d i r e c 
tio n  is  p a r a l le l  to  the  ax is  of e a sy  m ag n e tisa tio n  of the c r y s ta l .

The m ag n etic  fie ld  th a t induces the second  o rd e r  t r a n s it io n
fro m  the b - s ta te  to  the p a ram ag n e tic  p - s ta te  is  ca lled  H b__from
now on. The m ag n etic  fie ld  th a t induces the f i r s t  o rd e r  t r a n s i 
tio n  fro m  the a - s ta te  to the b - s ta te  is  ca lled  Ha_b .

The o b se rv a tio n s  have been  obtained  by m e a su r in g  the m ag 
n e tis a tio n  of a CuC12.2 H 20  pow der sam p le  in  a  pu lsed  m agnetic
field  a t co n s tan t te m p e ra tu re .  The m e a su r in g  te m p e ra tu re  ranged
fro m  1°K to  4 .3 °K .

A s h o r t  su rv e y  w ill be g iven of the developm ent of the p h y s
ic s  of a n tife r ro m a g n e tis m  and som e in fo rm atio n  is  p re se n te d
on the  c ry s ta llo g ra p h ic  p ro p e r t ie s  of CuC12.2 H 20 .  The data
have been  found in  the rev iew  a r t ic le s  by N agam iya, Y osida ,
and K ubo1) , P o u lis  and G o r te r 2) ,  A n d e rso n 3-4) and in  the w ork
by U bbink5) and by G ijs m a n 6). T h ese  p a p e rs  co n ta in  d e ta iled
l i te r a tu r e  r e f e r e n c e s .

§ 2 . Historical survey.

A n tife r ro m a g n e tism  is  the o rd e re d  s ta te  of a so lid  in  which
the m ic ro sc o p ic  m ag n e tisa tio n  v e c to rs  of the m ag n etic  ions,
the sp in s , a r e  supposed  to  be d ire c te d  a n tip a ra l le l  to  each
o th e r .  T he a n tife r ro m a g n e tic  o rd e re d  s ta te  d e m o n s tra te s  its
p re se n c e  e .g .  by an o m alie s  in the s u sc e p tib ility  and the sp ec ific
h ea t of the m a te r ia l  though w ithout the o c c u rre n c e  of a  la rg e
m a c ro sc o p ic  m ag n e tisa tio n .

T he m ain  s ta r t in g  po in ts of the developm en t a r e  the p ro p o s 
ition  of the H e ise n b e rg -D ira c  h arn ilto n ian , a t f i r s t  only fo r
f e r ro m a g n e tis m 7*8̂  and the ex p lan a tio n  of the b eh av io u r of
the s u sc e p tib ility  of c e r ta in  m e ta ls  and a llo y s  by m ean s of a
negative  in te rn a l fie ld  in  the W eiss th e o ry  of the m o lecu la r
fie ld  by N é e l9) .

In fa c t, though not in  h is to r ic a l  developm en t, the m o lecu la r
fie ld  th e o ry  is  a c e r ta in  ap p ro x im a tio n  of the H e isen b erg  th eo ry .
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By its  s im p lic ity  N é e l's  theory is  v ery  suitable for a qualitative
descrip tion  of com plicated c a s e s . To the further developm ent
B itter 10)and Van V leck11) contributed the m icroscop ic  and the
sta tis t ic a l interpretations of the m olecular field  m odel. Among
the la ter developm ents we m ention the work on CUCI2 . 2 H2 O
by G orter and H aantjes12) and by G orter and van P esk i T in 
b ergen 13) because of the im portance they have for the present
re sea rch .

For a survey of the a n a lysis  of the H eisenberg m odel we
re fer  to the review  a rtic le  by W alker14) . In the H eisenberg
m odel the behaviour of the spin sy stem  is  ch aracter ised  by its
exc ita tion s. In the long wavelength ca se  the interaction  between
the excitations can be shown to be sm a ll and the problem  can
be handled in term s of a one p article  m odel. The excitations
in the one particle  approxim ation can be considered  a s quasi
p artic les called  spin w aves 14).

The method has been applied to antiferrom agnets by F u-C ho-
P u 15)and  Tyablikov16) for s = The a n a lysis  for higher spin
values has been given by A nderson and C a llen 17) ,  by T ahir-
Kheli and ter  H aar18), by Hewson and ter  H aar19), and by
L in es20) by m eans of G reen function techniques. R ecently
Hewson, ter Haar and L in e s21) adapted the method to CuC12.2H 20
to obtain the exchange constants and the N éel tem perature.
For a rev iew  on the application of the G reen function method
to m agnetic problem s see  the paper by Z ub arev22).

We do not d iscu ss  the Ising m odel, because we fe e l that the
amount of anisotropy p resent in CuC12.2 H 20  is  too sm a ll to
ju stify  the u se of the Ising m odel.

§ 3. Survey of the crystallographic properties of CuCl^.2HgO.

CuC12.2 H 20  crystaH izes in the orthorhom bic sy stem  with a
prim itive unit c e ll .  The S hoenfliess sym bol is  D 7h , the in ter
national sym bol Pm na. The length of the a , b, and c axes
are 7 .39  A , 8 .0 5  A , and 3 .7 3  A r e sp e c tiv e ly .23)

The chlorine ions are situated outside the a -b  plane sy m 
m etrica lly  to the copper ions, the oxygen ions of the water
m olecu les being situated in the a -b  p lane. The position  of the
protons has been determ ined by P o u lis  and H ardem an24) to be
outside the a -b  plane.

In fig . VI. 1 that has been copied from  M arshall25) the
CUCI2 . 2 H2 O unit c e ll  is  shown.

25)Fig. VI. 1. The CuC12.2H20  unit cell. .  Cu o O
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The s u s c e p tib il ity 2 ) and the sp ec if ic  h e a t27̂  of CuC12.2 H 20
show  an  an o m aly  a t  4 .3 3 °K  w h e re a s  m e a su re m e n ts  of n u c le a r
m ag n e tic  re so n a n c e  give ev idence fo r  a n tife rro m a g n e tic  o rd e r
below  4 .3 3 ° K 28>29>.

T he g e n e ra lly  accep ted  p ic tu re  is  one of a n tife rro m a g n e tic
exchange (s * j )  w ith  an  exchange in te g ra l  of the o rd e r  of 10 k B
betw een  n e a re s t  n e ig h b o u rs , along  the c - a x is ,  co o rd in a tio n
n u m b er z^ = 2, and a fe r ro m a g n e tic  exchange w ith an  exchange
in te g ra l  of the o rd e r  of k B betw een  nex t n e a re s t  n e ig h b o u rs ,
in  the a -b  p lane, co o rd in a tio n  n u m b er z 2 = 4 . In th is  way one
h as  a la y e re d  s t ru c tu re  w ith p a r a l le l  sp in s  in s id e  the la y e r  and
a n tip a r a l le l  l a y e r s .  T h is  p ic tu re  h as  to  be ex tended  by a sm a ll
can ting  of the sp in s  in  the c -d ir e c t io n  in such  a w ay th a t the n e t
m a g n e tisa tio n  along  the  c - a x is  re m a in s  z e r o 31) .

T he o rig in  of the exchange betw een  the m ag n etic  C u2+ ions
h as  to be d isc u sse d  in  te rm s  of the wave functions of the
e le c tro n s  of the C u2+ io n s , 3d9 s ta te ,  and of the C l“io n s, 3p6
s ta te ,  by m ean s  of a  su p erex ch an g e  m o d el. We o m it the d e ta ils
of th is  a n a ly s is  w hich be longs to the dom ain  of L igand field
th eo ry .

§ 4 . The molecular field  theory applied to CuCl2. 2H20.

T he g e n e ra lly  u sed  b a s is  fo r  the tre a tm e n t  of m ag n etic  s t r u c 
tu re s  is  the  H e isen b erg  h am ilto n ian :

w ith  g and f n u m b erin g  o v e r a l l  la t t ic e  p o in ts . In th is  fo rm u la
a  -  IJB g L, g L is  the Landé g - fa c to r ,  u B the B ohr m agneton ,
H the e x te rn a l  m ag n etic  fie ld , and Sg the sp in  v e c to r  of the
g - th  la t t ic e  s i te .  H ow ever, the H e isen b erg  h am ilto n ian  i ts e l f
is  an  ap p ro x im a tio n  b ased  on the follow ing a s s u m p tio n s 3):
1) L o ca lised  sp in s .  T h is  m ean s  th a t one h as a  m odel co n sis tin g

of N e le c tro n s  w ith N d iffe re n t o rth o g o n a l s ta te s .  E v e ry
s ta te  a lw ays co n ta in s  one and only one e le c tro n  and it  is
p o ss ib le  to  coun t the s ta te s  ( la ttic e  poin ts) in s tead  of the
e le c tro n s .  T h is  is  only  ju s tif ie d  in  a n on-conducting  m ed ium .

2) The exchange is  betw een  two e le c tro n s .
3) C om ple te  is o tro p y . T h is a s su m p tio n  can  be rem o v ed  to a

c e r ta in  ex ten t by in tro d u c in g  su itab le  an iso tro p y  te r m s .
F o r  a  d e ta iled  d isc u ss io n  of the co n seq u en ces  of th ese  a p 

p ro x im a tio n s  we r e f e r  to the p a p e r  by A n d e rso n 3) .
In the  m o le c u la r  fie ld  th e o ry  the second  righ thand  te rm  in

equ a tio n  (VI. 1) is  ap p ro x im a ted  by re p la c in g  a l l  sp in s  th a t in 
te r a c t  w ith  S» by th e i r  a v e ra g e . The e ffec tiv e  h am ilto n ian  p e r
sp in  can  be w ritten :

H op = - E n H. S g - E  J , . f Sg. S f— -------  8 —  -  s. Ig g.f
(VI. 1)

< S >  2 L  J, <  Sf>  + gL ^  H (VI. 2)
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A short calculation  under assum ption  of Boltzm ann s ta tis t ic s
re su lts  in:

< S g> s B s
/ SH g L̂ B\

W )
(VI. 3)

with B s (x) the B rillou in  function of x . For s = \  we have B^(x) =
= tgh x . T his form alism  has been extended to the ca se  with
orthorhom bic anisotropy by G orter and H aantjes12) for T = 0
and by G orter and van P esk i -  T inbergen13) for T >  0. We su m 
m arise  their re su lts  without a derivation . For the derivations
we re fer  to the orig inal papers.

We assu m e a spin sy stem  with spin s  = \  con sisting  of two
su b lattices 1 and 2 with antiferrom agnetic interaction  between
spins in d ifferent su b lattices and ferrom agnetic interaction  b e
tw een sp ins in the sam e su b lattice . The antiferrom agnetic e x 
change is  represented  by co effic ien ts a  and the ferrom agnetic
exchange by co effic ien ts y .  The exchange field  of the su b 
la ttices  can be written:

# E l = -  <*M2 + y M x

He  ̂* - a M1 + y  M2
(VI. 4)

with M1 and M2 the sublattice m agnetisations.
To obtain an an isotrop ic exchange a  and y  have to be replaced

by ten sors that we assu m e to contain only diagonal term s:
q-j and

Hg  ̂ = - o i M2 + Mj

K2m-aiK+ti K (VI. 5)

The solution  for the' sublattice m agnetisation  lead s to three
stable solutions and the equilibrium  state of the sy stem  is  d e s 
cribed by the solution  that g ives the low est value of the th er
modynamic potential. The three solutions correspond to three
regions in the m agnetic phase d iagram , the antiferrom agnetic
a -s ta te , the antiferrom agnetic b -sta te , and the param agnetic
p -sta te  (fig . VI. 2).

In fig . VI. 2 the drawn cu rves indicate qualitatively  the phase
boundaries as they are predicted by this theory while the dotted
lin es  rep resen t the m athem atical ex tensions of the cu rves that
have no physica l s ign ifican ce . For the m athem atical meaning
of the cu rves we re fer  to the original paper.13)

The boundary between the a -  and b -p hases has been found in
a number of ca se s  26»27 • 28* 29»34) and large parts of the phase
diagram  have been m easured for MnCl2.2 H 20 6̂ , MnBr2 . 2 H2 0  '
(unpublished work by Schelleng and F riedberg mentioned in
r e f . 17)) and C oC l2. 2H 20 42> (§ 6).

The curve that sep arates the b - and the p-phase d eterm ines
Hb (T) and is  given by:
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Fig. VI. 2. Magnetic phase diagram of an orthorhombic antiferromagnet according to Gorter
and Van Peski-Tinbergen1-3) .

H b-p
a x * a y

( x ) ---------- ------------- W'
MX (tty + ry)

(VI. 6 . )

fo r H  || x - a x is ,  w ith

W' = (a x + 7y ) tgh (V I.7)

and k B T N = a x + Tx (VI- 8)
S im ila r  e x p re s s io n s  can  be g iven  fo r  # | |  y -a x is .

T he v a lu es  of ctj and have b een  d e te rm in e d  by su sc e p tib ility
m e a s u re m e n ts .6) . U sing th ese  v a lu es  one ob ta ins:

H v = 210 kOe
H* = 225 kOe (VI. 9)
T* = 7. 64 0 K

The s lo p e s  of Hb_p(T) in  the neighbourhood of T = TN and T =
= 0 a r e  g iven  im p lic itly  by the e x p re s s io n s  (VI. 6) and (V I.7 ).
B ecause it is  not s im p le  to  find an  a n a ly tic a l e x p re s s io n  fo r
Hv_0(T) th a t is  v a lid  o v er the w hole te m p e ra tu re  ran g e  we have
ca lc u la ted  Hb (T) g ra p h ic a lly  and p lo tted  in  fig . VI. 10 (§ 7)
to g e th e r  w ith the r e s u l ts  of the m e a s u re m e n ts .

To e s tim a te  the slope  of the ex p e rim e n ta l cu rv e  in  the n e ig h 
bourhood of T = T n we take  the u su a l s e r ie s  ex p an sio n  fo r
H b__ (T) in  the neighbourhood of T = T N in  the m o le c u la r  fie ld
m odel fo r s =

(VI. 10)

and we v a ry  the exponent of (1 -  ^jr- ) to  find an  o p tim a l ad ap -
ta tio n  to the r e s u l ts  of the m e a s u re m e n ts .

F inally  we ca lc u la te  the slope of the m ag n e tisa tio n  a s  a
function  of the m ag n etic  fie ld  fo r  T = 0 in  the an tife rro m a g n e tic
b -p h a s e . T h is  fo llow s d ire c t ly  fro m  fo rm u la  (14) of r e f e r e n c e 13):

Mx2H x

xl , ,
a x+ a y -  Tx + y y (VI. 11)
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and a  s im ila r  e x p re s s io n  fo r  M y.
It follow s im m e d ia te ly  th a t M x depends l in e a r ly  on H and that

Xjj is  co n s tan t. The sam e ap p lie s  to  x ±, fo r H > Ha_b , giving
a  co n stan t pow der s u sc e p tib ility  x p.

§ 5 .  The Heisenberg antiferromagnet.

We s t a r t  ag a in  fro m  fo rm u la  (VI. 1) and fo r  the a n t ife r ro m a g 
n e tic  ca se  we in tro d u ce  an  e x p lic it s ig n  of the exchange in te g ra l
in  the second  righ thand  te rm  and we ob ta in

H op = - gLMa H L S Z + L J gh s sh (VI. 12)
g 6 g.b 6 6

The m agnetic  fie ld  is  supposed  to  be d ire c te d  in  the z -d ir e c t io n .
The tra n s i t io n  fro m  the p a ram ag n e tic  to  the a n tife rro m a g n e tic

s ta te  can  be defined by o b se rv in g  th a t the sp in  wave freq u en cy
in  the p a ram ag n e tic  s ta te  is  lo w ered  by d e c re a s in g  the e x te rn a l
m agnetic  fie ld  and b eco m es n eg a tiv e . A n ega tive  freq u en cy  g ives
an  in s tab le  s ta te  and a t ra n s i t io n  o c c u r s 17) .  To ca lc u la te  H ^ p tT )
one d e te rm in e s  the sp in  wave en e rg y  sp e c tru m  in the p a r a 
m agnetic  s ta te  th en  find its  m in im um  a s  a  function  of k  and
ob ta in  the m agnetic  fie ld  th a t m ak es th is  m in im um  v an ish . T h is
ap p ro ach  is  only valid  if the sp in  wave concep t is  v a lid  i . e .
a t  r e la t iv e ly  low te m p e r a tu re s .  H ow ever, som e a u th o rs  extend
the c a lc u la tio n s  to  the N éel te m p e ra tu re  in  the ca se  of a n 
t ife r ro m a g n e tic s  a s  CUCI2 . 2 H 2 O w hich have a  low N éel te m 
p e r a tu r e 17*21) .

The sp in  wave e n e rg y  is  g iven  by:

t iu(fe)=juH - S  ( j ( 0 )  - J(fe)) (VI. 13)

w here  J (o ) and J(&) a r e  the F o u r ie r  t r a n s fo rm s  of the exchange
in te ra c tio n . H ow ever, (VI. 13) p re d ic ts  a te m p e ra tu re  in d ep en 
dent Hfc_p . T h is  can  be c o r re c te d  by o b se rv in g  th a t the sp in
wave fre q u e n c ie s  have to  be re n o rm a lis e d  by a fa c to r  R (T ).

•h u (fe) = wH - S [ J(o) - J(fe)] R(T) (VI. 14)

giving

*iHb_p (T) = S [ j(0 ) - J ( fe min )] R(T) (VI. 15)

T h is  show s th a t fro m  a  m e a su re m e n t of H ^p  (T) one ob tains
the b eh av io u r of R(T) and it  would be in te re s tin g  to  d isc u s s
the e x p e rim e n ta lly  obtained te m p e ra tu re  dependence ' of Hb_p (T)
in view  of a  th e o re tic a lly  ca lc u la ted  R (T ). H ow ever, fo r  the
ca se  of CuC1 „ .2 H 20  th is  c a lc u la tio n  se e m s  not to be av a ilab le
in l i te r a tu r e .  The only ca lc u la tio n s  th a t have been  done a re
the low field  an a ly s is  of C u C l2 .2 H 20  by H ew son, t e r  H a a r, and
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L in e s 21) and the c a lc u la tio n  of the non l in e a r  b eh av io u r of x(H)
of E uT e by Jaco b s  and S ilv e r s t e in 30) w hich a g re e s  q u a lita tiv e ly
w ith the b eh av io u r o b serv ed  in  CuC12.2 H 20 .

H ew son, t e r  H aar and L in e s 21) m ade a  fo rm a l a n a ly s is  of the
sp in  h am ilto n ian

The exchange in te g ra ls  a r e  supposed  to  depend only upon the
d is tan ce  betw een  la tt ic e  p o in ts , g counting a l l  la t t ic e  p o in ts .
The f i r s t  righ thand  te rm  is  the Z eem an  te rm , the second r ig h t-
hand te rm  the a n tife r ro m a g n e tic  exchange, the th ird  the f e r r o 
m agnetic  ex ch an g e . The a n tife r ro m a g n e tic  exchange is  supposed
to e x is t  betw een  n e a re s t  n e ig h b o u rs  h and the fe rro m a g n e tic
exchange betw een  next n e a re s t  ne ig h b o u rs  f.

One of the ap p ro x im a tio n s  included is  the o m iss io n  of h ig h e r
o rd e r  te r m s ,  e .g .  b iq u ad ra tic  exchange and the M oriya type
in te r a c t io n 31) . B iq u ad ra tic  exchange is  supposed to  be u n im 
p o rtan t in  CuC12.2 H 20 21) and the influence of the M oriya in 
te ra c t io n  h as  been  show n to be only of im p o rtan ce  below  the
th re sh o ld  field  H a_b32) .  The c h a ra c te r is t ic  a n iso tro p y  in
CuC12.2 H 20  is  accoun ted  fo r by the fe rro m a g n e tic  exchange
te rm . M ag n e to s tric tiv e  e ffec ts  a r e  not allow ed a s  u su a l in th is
type of th e o r ie s .

The c ru c ia l  point in  th is  type of a n a ly s is  is  the ap p ro x im a tio n
w hich is  m ade to so lve the p ro b lem  e x p lic itly . A s to  the
p re d ic tio n s  th a t can  be v e r if ie d  by the p re s e n t r e s e a r c h ,  only
the slope of the Hb_p(T) cu rv e  n e a r  T = T N, Hb_p (0) and the
b eh av io u r of x(H) a r e  im p o rta n t. The slope n e a r  T = TN does
not d iffe r  fro m  the m o le c u la r  fie ld  p re d ic t io n s 17). A sh o r t  c a l 
cu la tio n  b ased  on equation  (VI. 16) g ives

w ith z i  the n u m b er of n e a re s t  n e ig h b o u rs . T h e re fo re  a  m e a s u re 
m ent of H b̂ , (0) v e r if ie s  d ire c t ly  the value of J j .  H ew son, t e r
H a a r, and L in e s 21) ca lc u la te  fro m  su sc e p tib ility  m e a su re m e n ts
J x = 13 .56  k B °K  and J 2 = 1 .7 8  k B °K.

A s to the b eh av io u r of x (H ) we ou tline the ca lc u la tio n  by
Jaco b s  and S ilv e rs te in 30) fo r  E u T e . A s fa r  a s  we know a  c a l 
cu la tio n  fo r CuC12.2 H 20  is  not av a ilab le  in the l i te r a tu r e .

The s u sc e p tib ility  can  be d eriv e d  fro m  the therm o d y n am ic
p o ten tia l

F o r  s = \  the th erm o d y n am ic  p o ten tia l can  be w ritte n  as

g L^ B H f  S t  + £ h J2 (g - f )S g.S f (VI. 16)

/uHb_p (0) = z 1J 1 (VI. 17)

(VI. 18)
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G » -  §  N J  z -  N j u „ g L---------+ i h E ( w  + + u k ) (VI. 19)
2 H b-p *

F ro m  the a n a ly s is  of the a n tife rro m a g n e tic  b - s ta te  of a
H e isen b erg  an tife rro m a g n e t by W ang and C a l le n 33)w e  have:

l i

H u j  = \  z J  (1 + Y k)

w ith y k = z -1 E exp (ifc. 6),  6 sum m ing  o v e r n e a re s t  n e ig h b o u rs .
6

T he d iffe ren tia tio n  of the second  righ thand  te rm  of (VI. 19)
y ie ld s  the m o lecu la r fie ld  p red ic tio n :

i 1 + y (VI. 20)

’X-m.f
N/U3

z J
(V I .21)

The d iffe re n tia tio n  of the sp in  wave co n trib u tio n  g ives:

i  h E
z J

-  H?b-p
r „ ( i  +  i r k)4

- T k U -Y * ) 4

(VI. 22)

F o r  a qu an tita tiv e  ev a lu a tio n  the su m m atio n  o v er k  h a s  to be
c a r r ie d  out. Jaco b s  and S ilv e r s t e in 30) did th is  fo r E uT e and
th e ir  r e s u l t  is  shown in fig . VI. 3.

XH .0

1.2

1.1

IjO
O 0.2 0.4 0 4  0.8 to  H

«b-P

Fig.VI.3. Normalised susceptibility curve for EuTe33) .
experimental -  calculated.

T he d iffe ren c e  betw een  th e o ry  and e x p e rim en t can  be ascribed ,
to m a g n e to s tr ic tiv e  e ffec ts  c f the la s t  p a ra g ra p h s  of the nex t
se c tio n .

In sec tio n  7 we give the ex p e rim e n ta l s u sc e p tib ility  of
CuC12.2 H 20  as  a  function  of the m agnetic  f ie ld .
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§ 6. Review of data on magnetic phase diagrams fo r  some other
antiferromagnetic m aterials.

In th is  se c tio n  we rev iew  som e d a ta  fro m  the l i te r a tu r e  on
m ag n etic  phase  d ia g ra m s  of o th e r a n tife rro m a g n e tic  m a te r ia ls .
We r e s t r i c t  o u rse lv e s  to th o se  m a te r ia ls  the b eh av io u r of which
is  ana logous to th a t show n by CuC12.2 H 20 .

O c casio n a l d a ta  on one o r  som e p o in ts  of the phase  d iag ra m
have been  re p o r te d  fo r m any su b s ta n c e s  m ain ly  in  the  low field
re g io n . The d a ta  on T N o cc u r by f a r  the m o st freq u en tly  and
the r e a d e r  is  r e f e r r e d  to  tab le  w o rk s fo r  th is  su b jec t, e .g .
L andolt und B ö rn s te in  o r  the Handbook of the A m e ric a n  In 
s ti tu te  of P h y s ic s .

The th re sh o ld  field  H a_b h as  been  m easu red  in  M nF 2 1 a p a r t
fro m  the m a te r ia ls  m entioned  below  w h e re a s  da ta  on som e
ch ro m iu m  com pounds a r e  v a ilab le  fro m  re so n an ce  m e a s u re 
m e n ts 35).

The only m a te r ia ls  on w hich su ffic ien t d a ta  a re  av a ilab le  to
c o n s tru c t  phase  d ia g ra m s  a r e  M nCl2 .2 H 20  and M nB r2 .2 H 20 .
On the  low field  re g io n  of the CoC12.6 H 20  phase  d ia g ra m  som e
in fo rm atio n  is  av a ila b le , bu t th e re  se e m s  to be no d e ta iled
ca lc u la tio n  of th is  d ia g ra m .

Fig. VI. 4. Magnetic phase diagram for MnBr2.2H20 .
O Hu quoted by Anderson and Calient?), c v and optical.
A  powder by Schelleng and Friedberg3 ) ,  cv .
□  H±  by Gijsman®), X-
C\ H || by Gijsman®), X-
Q| powder estimated from Gijsman's results. X-
9 powder Henry3? ) , X-

___ molecular field prediction1^ ' .
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In fig . VI. 4 we have com piled  som e o b se rv a tio n s  by G ijsm an  ,
Schelleng and F r ie d b e rg 3®), and H en ry 37) both  fo r  s in g le  c r y s ta ls
and pow der s a m p le s . The m o le c u la r  fie ld  p re d ic tio n , a s  c a l 
cu la ted  in the u su a l w ay fro m  su sc e p tib il ity  m e a s u re m e n ts , h as
been  copied fro m  A n d e rso n  and C allen ^7) fo r  the e x te rn a l field
p a ra l le l  to the ground s ta te  sp in  d ire c tio n  and fro m  G ijsm an  )
fo r the e x te rn a l fie ld  p e rp e n d ic u la r  to  the ground s ta te  sp in
d ire c tio n . The tra n s i t io n  fie ld  H ^ p fo r  the e x te rn a l fie ld  p e r 
p en d icu la r to  the ground s ta te  sp in  d ire c tio n  a t  z e ro  te m p e ra tu re
can  be e s tim a te d  fro m  the s u sc e p tib ility  m e a su re m e n ts  by
Gijsman®) to be 35 kOe (m o lec u la r fie ld  p re d ic tio n ) .

B ecause  even  the pow der tr a n s i t io n  field  H ^.p “  can  be e s t i 
m ated  fro m  the o b se rv a tio n s  to be lo w er th an  the m o lecu la r
field  p re d ic tio n  fo r  the tra n s i t io n  fie ld  H Jip a t  z e ro  te m p e ra tu re
we conclude th a t the p re d ic tio n  of H ^p  (0) by m o le c u la r  field
th e o ry  is  fa r  too high .

The slope of Hb_-(T ) n e a r  to T = T N is  about the sam e  as
th a t p re d ic ted  by the  m o le c u la r  fie ld  th e o ry .

'X . \  » ■
v a A  \

Fig. VI. 5. Magnetic phase diagram for M nC^^HgO.
□  H1 by Gijsman®), X*
A H11 by Gijsman®), X.
A powder Gijsman®). cv.
Ö powder Henry37) , X-
O resonance, quoted by Gijsman®). ||.
9  powder by Voorhoeve and Dokoupil33), cv.

. . . .  molecular field prediction®).
____ molecular field with Gijsman correction.
____ adaptation to the results by Gijsman.



- 118 -

In fig . VI. 5 the o b se rv a tio n s  on M nC l2.4 H 20  by G ijsm a n 6),
H e n r y 37), and V oorhoeve and Dokoupil38)have been  com piled .
The o b se rv a tio n s  fo r Hbi p a g re e  w ith the m o le c u la r  fie ld  p re d ic 
tion , c o r re c te d  by G ijsm a n 6) but both H,» and Hb̂ " d“  tu rn  out
to be lo w er than  the th e o ry  p re d ic ts .  p p

B ecau se  the te m p e ra tu re  ran g e  in w hich m e a su re m e n ts  have
been  re p o r te d  does not extend below  0 .5  T ^  no e x p e rim en ta l
e s tim a te  of the b -p  tr a n s i t io n  fie ld  a t T *0  can  be m ade.

B iq u ad ra tic  exchange h as  been  show n to p lay  an  im p o rtan t
ro le  in  the dependence on the te m p e ra tu re  of the su b la ttic e
m ag n e tisa tio n s  of MnO and N i0 39>. H ow ever, th is  does not
accoun t fo r a l l  d ev ia tio n s fro m  m o le c u la r  field  p re d ic tio n s  and
la tt ic e  d is to r tio n  is  p robab ly  the im p o rta n t fa c to r .  E v idence on
la tt ic e  d is to r tio n  in  a n tife rro m a g n e tic  m a te r ia ls  upon cooling
down th ro u g h  the Né e l te m p e ra tu re  h a s  been  obtained by R odbell,
O sika, and L a w re n c e 40) in  MnO and E uT e by m eans of n eu tro n
d iffra c tio n . T h e ir  r e s u l ts  a r e  shown in  fig . VI. 6.

4 .4 6
rad ia n s  6 .6 0
l O ” '2

O T 100 200 300 O T lOO 200 300 °K

Fig.VI.6. Exchange striction in MnO and EuTe40) .

F o r  E uT e (T jj = 11 K) and C oC l2 (TN = 25°K) Jaco b s  and
S ilv e rs te in 30) m ea su re d  the tra n s i t io n  fie ld  a t 2 .1 °K  and 4 .2 °K
re s p e c tiv e ly  and obtained  75 kOe and 34 kOe re s p e c tiv e ly . They
obtained  the dependence of the s u sc e p tib ility  on the e x te rn a l
m ag n etic  fie ld  and th e ir  r e s u l ts  on E uT e have b een  shown in
fig . VI. 3.

§ 7 Measuring results.

We c a r r ie d  out a m e a su re m e n t of H ^»  a s  a function  of the
te m p e ra tu re  betw een 1°K and 4 .3 ° K  of CuC12.2 H 20 .

The e x p e rim en t c o n s is ted  of m e a su r in g  the m ag n e tisa tio n  of
a c y lin d r ic a l  pow der sam p le  in  a  pu lsed  m agnetic  f ie ld . The
sam p le  w as 5m m  long and had a d ia m e te r  of 3m m . B ecause
of the low s u sc e p tib ility  value  the d em ag n e tis in g  fa c to r  can  be
o m itted . The m e a su r in g  m ethod has been d e sc rib e d  in  c h a p te r
V, § 4 . The to ta l sy s te m a tic  e r r o r  of the e x p e rim e n ta l a r r a n g e 
m ent can  be a ssu m ed  to be le s s  th an  10 %, and the re p ro d u c i
b ility  betw een  d iffe re n t sam p le s  b e t te r  than  a few p e rc e n t. The
p re c is io n  n e a r  TN is  w o rse  b ecau se  of the s te e p  fa ll of the
H b_p (T) c u rv e  n e a r  T N.
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A ty p ica l o sc illo g ra m  show ing the m ag n e tisa tio n  a s  a  function
of the e x te rn a l m ag n etic  fie ld  is  show n in fig . VI. 7.

•aturation" arbitrary units

first sign of
b-p transition

molecular field
prediction

1 OO 2 0 0  kOc

Fig. VI. 7. Oscillogram of the magnetisation of CuC12.2H20  as a function of the external
magnetic field. T = 3°K.

The follow ing c h a ra c te r is t ic s  can  be noted .
1. In the a n tife r ro m a g n e tic  re g io n  the m ag n e tisa tio n  a s  a func

tion  of the m agnetic  fie ld  is  not a s tra ig h t  line  but it  bends
u p w a rd s .

2 . The a -b  tra n s i t io n  cannot be see n  (7 k O e26*). T h is  is  caused
by the fie ld  s c a le  of the e x p e rim e n t. To r e a s s u r e  o u rse lv e s
we d e te rm in e d  it  q u a lita tiv e ly  and found it  indeed a t  about
7 kO e.

3 . When a  c e r ta in  m ag n etic  fie ld  s tre n g th  h as  b een  re ach e d  the
cu rv e  bends and ru n s  a lm o s t h o riz o n ta lly  u n til the m axim um
m ag n etic  fie ld  s tre n g th  h a s  been  re a c h e d . We id en tify  th is
bending point w ith H. and the h o riz o n ta l p a r t  w ith p a r a 
m ag n etic  s a tu ra tio n . "

4 . T he tra n s i t io n  ta k e s  p lace  o v er a c e r ta in  re g io n  and th is
re g io n  we c a ll  t r a n s i t io n  re g io n .

5. The cu rv e  a t fa lling  fie ld  does not co incide  w ith the cu rv e
a t r is in g  field  but i t  is  d isp lace d  in v e r t ic a l  d ire c tio n . The
tra n s it io n  po in ts  in  upw ard  and dow nw ard c u rv e s  a r e  the
sam e w ithin  ex p e rim e n ta l e r r o r .  We a s c r ib e  the d isp lace m e n t
to sp u rio u s  e ffec ts  due to p ick -u p  o r  to m otion  of the s a m 
ple in  the m ag n etic  f ie ld .

F ro m  a ll o sc il lo g ra m s  of the type of fig . VI. 7 we have tak en
the u p p er and lo w er l im its  of the tr a n s i t io n  re g io n  and ind icated
th em  by tr ia n g le s  and c i r c le s  in  fig . VI. 8. The dotted  lin e s  in 
d ica te  the phase  d ia g ra m  a s  we su g g est it f ro m  th ese  o b s e r 
v a tio n s .

F u r th e rm o re  we give in  fig . VI. 8 the m o le c u la r  fie ld  p re d ic 
tio n s fo r  Hx the sp in  d ire c tio n  and fo r H | the sp in  d ire c tio n  a s
w ell a s  som e o b se rv a tio n s  by G ijsm a n 6) and by P o u lis  and
H ard em an  24K

T hrough  the c i r c le s  a  cu rv e  can  be d raw n  th a t fa lls  w ith
r is in g  te m p e ra tu re  and show s a  v e ry  s te e p  d e sc e n t a s  the te rn -
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O T 1 2 3 4  Tn

Fie. VI. 8. Boundaries of the HK „transition region as a function of the temperature.
9  H* by Gljsm an® ^*.
A H1 by Gljsman®), X.

------curve through measuring points by Poulis and H ardem an^', resonace.
O this work, begin transition region.
A this work, end transition region.

----  molecular field prediction with Gijsman correction®'.
----Hjj-p transition curve as suggested from this work.

perature approaches the N éel point indicated by a rectan gle .
The curve that can be drawn through the tr ian gles runs

p ara lle l to the curve through the c ir c le s  at low tem perature
but r is e s  again with r isin g  tem peratures over 3°K.

The c ir c le s  are supposed to rep resen t the transition  field
Hb_p and the tr ian g les the apparent param agnetic saturation
fie ld .

O 1.1 S °K
A 3 .0  °K
0  4 .29  °K

2 0 0  kOc

Fig. VI. 9. Normalised susceptibility as a function of the magnetic field for three dif
ferent temperatures.
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In fig . VI. 9 we p re s e n t  fo r th re e  te m p e ra tu re s  the s u s c e p tib i l
ity  a s  a  function  o f the m ag n etic  fie ld  s tre n g th . The p ic tu re
show s the r i s e  of the su sc e p tib ility  a s  a  consequence of the sp in
wave en e rg y  co n trib u tio n  to  the th e rm o d y n am ic  p o ten tia l. The
c u rv e s  have been  ca lc u la ted  by tak in g  the a v e ra g e s  betw een  r i s 
ing and fa llin g  fie ld  c u rv e s  in p ic tu re s  lik e  f ig . VI. 7. F ro m  the
re s u lta n t  cu rv e  the d if fe re n tia l  su s c e p tib il ity  h as  b een  d e te r m i
ned by g ra p h ic a l d iffe re n tia tio n . T h is  p ro c e d u re  c o r r e c ts  the
sp u rio u s  vo ltage m entioned  in  point 5 of th is  se c tio n  u n d er a s 
su m p tio n  th a t the sp u rio u s  vo ltage is  a n t is y m m e tr ic a l  w ith r e s 
pec t to the m ag n etic  fie ld  m ax im um  in the sam e w ay a s  the
induction  v o ltag e . ...

T h ese  r e s u l ts  have b een  pub lished  p re v io u s ly  .

§ 8. D iscussion.

a .  Quantitive resu lts  fro m  the observations on CuCl2.2H 20 .

F ro m  the r e s u l ts  p re se n te d  in  fig . VI. 8 we e x tra p o la te  the
tra n s i t io n  fie ld  H P f a (T) to find (0) = (150 ± 10) kO e.

The m o lecu la r fie ld  th e o ry  p re d ic ts
H£ p (0) = 210 kO e.

Hb-p (0) = 225 k° e *
H ow ever, if we in s e r t  fo r  ax + -yy the e x p e rim e n ta l value fo r

T n in s tead  of the value  ca lc u la ted  fro m  s u sc e p tib ility  m e a s u re 
m en ts  we obtain

H b-P (°) = 165 k° e
Hxb (0) = 176 kO e.

In th is  way the m o le c u la r  fie ld  p hase  d ia g ra m  is  sca le d  down
both along the H and the T a x is , th is  in  c o n tra s t  to G ijs m a n 's
m ethod in  w hich an  ad hoc te m p e ra tu re  dependen t fa c to r  is  in 
tro d u ced  to c o r r e c t  the te m p e ra tu re  s c a le  o n ly 6) and no c o r 
re c tio n  fo r the H a x is  is  in c lu d ed .

A s t i l  b e t te r  a g re e m e n t is  ob ta ined  by in tro d u cin g  the c o r 
re c tio n  fo r  the sp in  wave co n trib u tio n  to the th e rm o d y n am ic
p o ten tia l w hich we e s tim a te  to  abou t 10 % fro m  the ca lc u la tio n
by Jaco b s  and S ilv e r s te in  3° ) . We ob tain

H{Up (0) = 148 kOe
Hb»p (0) = 1 5 8  kO e.

and th is  y ie ld s  a  pow der t ra n s i t io n  fie ld  w ith in  the l im its  of
ex p e rim e n ta l e r r o r  of o u r o b se rv a tio n s .

By equation  (VI. 17) the  t ra n s i t io n  fie ld  of 150 kOe w ith = 2
g ives an  exchange co n stan t

J x / k B = 10°K

T h is h as  to be co m p ared  w ith the value  d e riv e d  fro m  s u s c e p 
tib ility  m e a s u re m e n ts 21) of 1 3 .5 6 °K  w hich is  s ig n ific an tly  h ig h e r .
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F ro m  the p a ram ag n e tic  C u rie -W e iss  co n stan t one ca lc u la te s  an
exchange co n s tan t of 10 k B°K , by the m o le c u la r  fie ld  fo rm u la .

The slope of the e x p e r im e n ta l  cu rv e  n e a r  T = T N can  be
e s tim a te d  fro m  the ap p ro x im a tio n :

and th is  y ie ld s  a = 0 .3 7  ± 0 .0 5  by g ra p h ic a l a n a ly s is .  If one
tak es  Hg*P (0) in s tead  of HbL"p in the rig h th an d  s id e  of (VI. 23)
one ob ta ins a = 0 .2 9  ± 0 .0 5 . Both r e s u l ts  a r e  in  d isa g re e m e n t
w ith  the m o le c u la r  fie ld  th e o ry .

F ig . VI. 9 show s th a t the b eh av io u r of j  a s  a function  of H and
T is  r a th e r  co m p lica ted . Q u a lita tiv e ly  the low te m p e ra tu re  b e 
h av io u r is  in  a g re e m e n t w ith the b eh av io u r o b se rv ed  in  E uT e
by Jac o b s  and S ilv e rs te in 30' , but the peak value is  h ig h e r . An
a n a ly s is  of the te m p e ra tu re  dependence of the peak value se e m s
not to be av a ilab le

b . Conclusions.

F ro m  the ev idence p re se n te d  in  § 6 and § 7 we conclude th a t
the m o le c u la r  fie ld  th eo ry  g iv es  no s a t is fa c to ry  q uan tita tive
d e s c r ip tio n  of the t ra n s i t io n  fro m  the a n tife rro m a g n e tic  b -s ta te
to the p a ram ag n e tic  s ta te  in  a  m ag n etic  f ie ld , and th a t it is  not
p ro b ab le  th a t the c o r re c tio n  fro m  the sp in  wave co n trib u tio n  to the
th erm o d y n am ic  p o ten tia l w ill be su ffic ie n t to ob tain  the e x p e r i 
m en ta l value fo r  the t ra n s i t io n  f ie ld . T h ese  co n c lu sio n s a re  valid
fo r  th o se  o rth o rh o m b ic  a n tife rro m a g n e ts  w hich have been  studied
su ffic ien tly  ex ten s iv e  to  m ake a  co n c lu sio n  p o ss ib le .

The in ab ility  of the m o le c u la r  fie ld  th e o ry  to give a c o r re c t
d e sc r ip tio n  of o th e r d e ta ils  of the m ag n etic  phase  d ia g ra m  h as
been  d isc u s se d  b efo re  6<17) and the c o r re c tio n  of the te m p e ra tu re
sc a le  by G ijsm an 6) h as been  a  way to  ob ta in  the c o r r e c t  value
of the N éel te m p e ra tu re .

By sca lin g  down the co m p le te  phase  d iag ra m  fo r CuC12 .2 H 20
both  T n and H ^  (0) can  be adap ted  to the e x p e rim e n ta l value
by the u se  of only one sca lin g  p a r a m e te r .  H ow ever, the a g r e e 
m en t fo r  Ha_b (o) is  sp o ilt and the d e ta iled  shape of the d iag ra m
re m a in s  in d is a g re e m e n t w ith the o b se rv a tio n s . At p re s e n t the
sca lin g  down of the phase  d ia g ra m  fo r M nC l2.4 H 20  and fo r
M n B r2.4H2 0  canno t be done in  the sam e  way a s  fo r CuC12.2 H 20
b ec au se  su ffic ien t ex p e rim e n ta l d a ta  see m  not to be a v a ila b le .
H ow ever, a  p r io r i  i t  is  not c le a r  th a t the c o r re c tio n  fo r the
d ev ia tio n s  a t  zei*o m ag n etic  fie ld  and n e a r  the N éel te m p e ra tu re
and fo r  high m ag n etic  fie ld  and a t  z e ro  te m p e ra tu re  can  be
b ased  on the sam e  m ech a n ism .

It is  re m a rk a b le , th a t the exchange co n stan t th a t can  be o b 
ta ined  fro m  o u r p b se rv a tio n s  is  s ig n ifican tly  low er than  the
exchange co n stan t th a t can  be ob tained  fro m  low field  s u s c e p 
tib il i ty  m e a s u re m e n ts .  F o r  an  exp lana tion  we point to the e v i-

( 0 ) 3 ± (  1 (VI. 23)
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dence that many m agnetic substances show changes in the la t
tice  structure at the m agnetic tra n sitio n s. The p o ssib ility  is
not excluded that at high m agnetic field  a s im ila r  la ttice
deform ation occurs as the deform ation that has been shown to
occur at the N éel tem perature in EuTe and MnO40) . H owever,
no theory see m s to be available which d escr ib es  and takes
la ttice  deform ation into account. T hese deform ations should
cause a field  dependence in the exchange constant, and our
observations give som e evidence for th is field  dependence.

To obtain m ore data in connection with these problem s it is
n ece ssa ry  to have at d isp osa l accurate m easurem en ts of the
phase d iagram s and of p ossib le  m agn etostrictive phenomena for
antiferrom agnetic m a ter ia ls . Without further instrum ental d ev e l
opment this is  p ossib le  for M nCl2.4 H 20 ,  MnBr2 .4 H 20 ,  C oC l2,
CoC12.6 H 20  and E uT e. T hese m easurem ents have to be extended
down to about 0 .2  TN to be able to obtain a su ffic ien tly  a c 
curate estim ate of the behaviour at T = 0.
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VII. D A M P I N G  A N D  R E L A X A T I O N  P H E N O M E N A  I N
S O M E  S U P E R C O N D U C T I N G  M A T E R I A L S .

§ 1.  Introduction.

R ecen tly  a n u m b er of p a p e rs  have been  pub lished  abou t the
re s is t iv e  t ra n s i t io n  of type II su p erco n d u c tin g  w ire s  in  pu lsed
m agnetic  f i e l d s .112,3>4’ 5* “) A c o n s id e rab le  dependence upon the
ra te  of change of the m ag n etic  fie ld  h as  b een  o b se rv ed , e s 
p ec ia lly  fo r pu lse d u ra tio n s  of 1 m sec  and le s s .

In th is  c h a p te r  we d e s c r ib e  som e o b se rv a tio n s  of the b e 
h av io u r of N b3Sn rib b o n  and Nb 25 % Z r  w ire  in  pu lsed  m ag n etic
f ie ld s .  P a r t  of the w ork  h as  been  published  p r e v io u s ly 1’2) . In
c o n tra s t  to som e of the p a p e rs  m entioned  above 4-5- ®) the
p re s e n t  d isc u ss io n  c o v e rs  the co m p le te  t ra n s i t io n  up to  the
field  v a lu es  w here  the n o rm a l re s is ta n c e  value  h as  b een  re a c h e d .
F u r th e rm o re  we stud ied  the Nb3Sn on rib b o n  shaped  sa m p le s .

A fte r  a  s h o r t  re v ie w  of som e p ro p e r t ie s  of type II s u p e rc o n 
d u c to rs  and a  d e sc r ip tio n  of the r e s u l ts  obtained both  in  the
p a p e r s 3-4’ 5>6) and in  ou r e x p e rim e n ts  we p ro p o se  a  ten ta tiv e
exp lanation  of the phenom ena.

The m e a su r in g  ap p a ra tu s  h as  b een  d e sc r ib e d  in  c h a p te r  V, § 4 .

§ 2.  A short review of some properties of type II superconduc
tors.

In th is  sec tio n  we only speak  about the p ro p e r t ie s  we need
fo r o u r d is c u ss io n s  in  the l a s t  se c tio n . D e ta iled  re v ie w s  w ith
l i te r a tu r e  re fe re n c e s  have b een  given  a .o .  by de G e n n es7) and
by G oodm an8) .

The c h a ra c te r is t ic  p ro p e r t ie s  of su p erco n d u ctin g  m a te r ia ls
a r e  the d isap p ea ran c e  of the e le c t r ic a l  r e s is ta n c e  below  a
c e r ta in  c r i t i c a l  te m p e ra tu re  T c and the fa c t th a t, w ith the e x 
cep tio n  of the su rfa c e  la y e r ,  no m ag n etic  flux is  p re s e n t  in
the m a te r ia l  fo r  T < Tc and the m ag n etic  fie ld  below  a  c e r ta in
c r i t i c a l  v alue , th a t fo r type II su p e rco n d u c to rs  is  ca lled  H cl.
F o r  N b3Sn T c = 18 °K  and fo r  Nb25 % Z r  Tc = 11 K.

F o r a  type II su p e rco n d u c to r if the e x te rn a l m ag n etic  field
ex ceed s H ci flux s t a r t s  to p e n e tra te  into the m a te r ia l  and if
the e x te rn a l m ag n e tic  fie ld  re a c h e s  a second  c r i t i c a l  value H c2 the
m ag n e tic  flux d en s ity  in sid e  and o u tsid e  the m a te r ia l  is  equal.

If in  a c u r re n t  c a r ry in g  sam p le  of a  type II su p e rco n d u c to r in  an
e x te rn a l m ag n e tic  fie ld  H e < H c2 the t ra n s p o r t  c u r re n t  is  in c re a s e d
above a c e r ta in  c r i t ic a l  value re s is ta n c e  a p p e a rs .

H ow ever, if  the e x te rn a l m ag n etic  fie ld  is  p a r a l le l  to  the su rfa c e
of the m a te r ia l  su rfa c e  su p e rco n d u c tiv ity  can  p e r s is t  to  a  fie ld
s tre n g th  Hc3 = 1 . 6 9  H c2 .

U sually  Hcl is  le s s  th an  1 kO e. H c2 can  be quite la rg e  and
fo r N b3Sn, V3Si, and V3G a it is  re p o r te d  to exceed  200 kO e.
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F o r  H cl <  H e <  H c2 the m ag n etic  flux th a t h a s  p en e tra ted
in to  the m a te r ia l  is  p re s e n t  a s  s m a ll  f i la m e n ts . T h ese  filam en ts
c o n s is t  of a  co re  of n o rm a lly  conducting  m a te r ia l  w ith a d ia 
m e te r  2 5 and a re g io n  ou tside  the c o re  w here  the m agnetic
fie ld  s tre n g th  d ecay s w ith a c h a ra c te r is t ic  leng th  X. The qu an 
t i ty  J; is  ca lle d  the co h e ren c e  leng th  and X the p e n e tra tio n  depth.
T he q u a n titie s  E and X have a f a r  m o re  g e n e ra l im p o rtan ce  in
the th e o ry  of su p e rco n d u c tiv ity  but th is  is  not re le v a n t fo r  the
p re s e n t  c o n s id e ra tio n s . It can  be show n th a t the value of the
flux p e r  filam en t is  a lw ays equa l to

i Q = = 2 x 10”7 G au ss  c m 2. (VII. 1)

If a su p erco n d u c tin g  m a te r ia l  co n ta in s  a  fin ite  n u m b er n of
f ilam en ts  (v o rtex  lin es) p e r  u n it a r e a  it  is  sa id  to  be in  the
m ixed s ta te  o r  v o rtex  s ta te .  T he m agnetic  induction  in sid e  the
su p erco n d u c tin g  m a te r ia l  is  g iven  by

B = n  (VII. 2)

T he v o rte x  l in e s  a r e  a r ra n g e d  in  a  r e g u la r  a r r a y  by  the fo rc e s
th a t th ey  e x e r t  on each  o th e r  and the a r r a y  is  c h a ra c te r is e d
by  a  sp e c if ic  d is tan ce  d.

If a  type II su p e rco n d u c to r is  in  the m ixed s ta te  and the e x 
te rn a l  m ag n etic  fie ld  Hg is  d ire c te d  p e rp e n d ic u la r ly  to the t r a n s 
p o r t  c u r r e n t  I en e rg y  d is s ip a tio n  is  o b se rv e d . The m otion  of
the v o rtex  lin e s  th a t a r e  d riv en  by the tr a n s p o r t  c u r re n t  c a u se s
en e rg y  d is s ip a tio n  by  the c u r re n ts  th a t a r e  induced by the m otion
of the v o rtex  lin e s  in  and a ro u n d  the v o rtex  c o r e s .  T h is  en e rg y
d is s ip a tio n  c a u se s  the m a te r ia l  to becom e re s is t iv e  and th is
re s is ta n c e  can  be o b se rv ed  a s  a vo ltage o v er the  sa m p le .

L a ttic e  d e fec ts  tend to  fix the v o rte x  l in e s .  T h is  m ech an ism
is  ca lled  "p inn ing". If a  t r a n s p o r t  c u r re n t  is  p re s e n t  the v o rtex
lin e s  only m ove if  the d riv in g  fo rc e  ex ceed s  the pinning fo rce
and a  v isco u s  flow r e s u l t s .

If H e H I the v o rte x  l in e s  do no t tend  to m ove and no en e rg y
d is s ip a tio n  o c c u rs  in  a  s ta tio n a ry  c a s e .  We sh a ll  d is c u s s  the
dynam ic c a se  in  se c tio n  6.

S trn ad , H em p stead , and K im 9) stud ied  d iss ip a tio n  phenom ena
in  N b -T a  and P b -In  su p e rco n d u c tin g  sa m p le s  in  the v o rtex  s ta te
and th ey  o b se rv ed  a  dependence of the a p p a re n t r e s is ta n c e  on
the m ag n e tic  fie ld  s tre n g th  th a t could  be d e sc r ib e d  by

p H
— = a -----  (VII. 3)
Pn H c2

up to the tr a n s i t io n  fie ld  and a  sh a rp  sa tu ra tio n  of the r e s i s 
tan ce  a t  the tra n s i t io n  f ie ld . F o r  T /T c = 0 .3 5 , in  N b -T a , a s
= 0. 7. T he m ag n e tic  fie ld  w as d ire c te d  p e rp e n d ic u la r ly  to the
tr a n s p o r t  c u r r e n t .

T hey  show ed th a t a s im ila r  b eh av io u r should be expected
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when the r e s is ta n c e  of the v o rte x  c o re s  is  av e rag e d  o v e r the
to ta l c ro s s  se c tio n  of the su p erco n d u ctin g  m a te r ia l .  T hen

p £2 H
---------- - --------  (VII. 4)
P d 2 H „s n c2

if H 2 is  taken  to be the m ag n etic  fie ld  th a t c a u se s  the v o rtex
lin e s  to  touch .

§ 3. Pulsed fie ld  measurements by other investigators.

P u lsed  fie ld  m e a su re m e n ts  of the r e s is t iv e  tra n s i t io n  in NbgSn
w ire s  have been  re p o r te d  by C line , K ropscho t, A rp , and W il
son4) and by H a rt, J ac o b s , K olbe, and L a w re n c e 3) w hile F lip -
p e n 6) m ak es som e q u a lita tiv e  re m a rk s  abou t m e a su re m e n ts  on
rib b o n  type m a te r ia l .  In a l l  in v es tig a tio n s  h a irp in  sam p le s  have
been  used  w ith H p a ra l le l  to the long d im en sio n  of the h a irp in
(fig . VII. la ) .

C line , K ro p sch o t, A rp , and W ilso n 4) r e p o r t  a m ixed s ta te
re s is ta n c e  in  0. 5 m m  w ire s .  The re s is ta n c e  re m a in s  below  the
n o rm a l value up to fie ld s  w ell above 185 kOe. The f ie ld s  have
a  pu lse  d u ra tio n  of about 20 m s e c . T hey  m e a su re d  w ith pu lsed
c u r re n ts  w ith a pu lse d u ra tio n  th a t w as s h o r t  in  co m p a riso n
with the d u ra tio n  of the fie ld  p u lse . They o b se rv ed  that the sam p le
re m a in ed  sup erco n d u ctin g  up to a fie ld  H0 w here  the f i r s t
m e a su ra b le  r e s is ta n c e  a p p e a re d . In pu lsed  f ie ld s  H was co n 
s id e ra b ly  le s s  than  in  co n stan t f ie ld s .  T hey w ere  not able to
ex tend th e ir  m e a su re m e n ts  to  com ple te  s a tu ra tio n .

H a rt, Jac o b s , K olbe, and L aw ren c e3) m e a su re d  the r e s is t iv e
tra n s i t io n  of 0 .2 5  m m  w ire s .  T h e ir  fie ld  d u ra tio n  w as 18 m s e c . ,
th e ir  m ax im um  field  198 kO e. T hey  o b se rv ed  g ra d u a l o r  sh a rp
tra n s it io n s  in id en tica l e x p e r im e n ts . The g ra d u a l tra n s it io n
tended to o ccu r m o re  freq u en tly  if  the fie ld  r i s e  tim e  w as d e 
c r e a s e d .  T h ese  g ra d u a l t ra n s i t io n s  do not g ive an  a c c u ra te
c r i te r io n  fo r  the fie ld  s tre n g th  H 0 w h ere  the re s is ta n c e  s ta r t s
to be s ig n ifican tly  d iffe re n t fro m  z e ro .  The g ra d u a l t r a n s it io n
looks som ew hat s im ila r  to  o u r o b se rv a tio n s  on rib b o n  type
N b3Sn but the re s is ta n c e  in  the neighbourhood of the t ra n s it io n
field  is  m uch s m a l le r  th an  in  o u r c a s e .  The a u th o rs  do not
r e p o r t  on the s a tu ra tio n  b eh av io u r of the w ire s .

W eyl and D ie tr ic h 5) stud ied  the d e c re a s e  of the m agnetic  fie ld
H 0 th a t c a u se s  a s ig n ific an t re s is ta n c e  in  N b40 % T i, Nb 80 % T i,
and Nb 25 % T i w ith pu lsed  c u r re n ts  a s  weU as  w ith pu lsed  f ie ld s .
The field  r i s e  tim e s  ran g ed  betw een  0 .1 5  and 2 .2  m s e c . T hey
noted a co n s id e rab le  d e c re a s e  of H 0 a t in c re a s in g  field  r a te s .

F lip p e n 6) stud ied  the sam e e ffec t on Nb 25 % Z r  w ire s  but
w ith fie ld  r i s e  tim e s  betw een  10 and 100 psec. He noted  a lso
the d e c re a s e  of the c r i t i c a l  fie ld  fo r  in c re a s in g  fie ld  r a te s .
He m ade som e su g g estio n s on th e rm a l e ffec ts  a s  a c au se  of
the phenom ena, bu t he did not ob ta in  a s a t is fa c to ry  ex p lan a tio n .
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§ 4 . Sample and sample mounting.

T he m e a su re m e n ts  have b een  done on r ib b o n  type Nb3Sn of
m ake Super con and RCA and on w ire  type Nb 25 % Z r  m ake
S upercon . . „
N b ,S n . 1 . S upercon , type N iostan , 3 .1 8  x 75 x 10 m m

(Nb3Sn c r o s s  se c tio n  a s  s ta ted  by the m a n u fa c tu re r) .
T h ick n e ss  of the  c a r r i e r  rib b o n  10-1 m m . T h is  m a 
te r i a l  can  be ob tained  w ith and w ithout co p p e r p la tin g .
M ost of o u r e x p e rim e n ts  have b een  done on co p p er
p la ted  sa m p le s  w ith the co p p e r la y e r  rem o v ed  b e 
tw een  the vo ltage  co n tac ts  by m ean s of a b ra s iv e
p a p e r . To d e te c t co n seq u en ces of the re m o v a l of the
co p p er la y e r  the r e s u l t s  ob tained  w ith o u r s tan d a rd
sp ec im e n  have b een  co m p ared  w ith r e s u l ts  obtained
on co p p e r p la ted  and on n o n -co p p er p la ted  m a te r ia l .

2 . RCA, type R - 60214, 3. 0 x 64 x 10"4 m m 2 (Nb3Sn
c r o s s  se c tio n  a s  s ta ted  by the m a n u fa c tu re r) . T h ick 
n e s s  of the c a r r i e r  r ib b o n  1 0 '1 m m . T h is m a te r ia l
h a s  been  p u rc h ased  w ith  s i lv e r  p la tin g . T he s i lv e r
p la ting  h a s  b een  rem o v ed  betw een  the vo ltage co n 
ta c ts  by m ean s of a b ra s iv e  p a p e r .

Nb 25 % Z r . S upercon , type A 25, 0 .2 5  m m  d ia m e te r .  The m a 
te r i a l  h a s  been  p u rc h ased  w ith co p p e r p la tin g  th a t
h as been  rem o v ed  betw een  the vo ltage co n tac ts  by
e tch in g .

T he N b3Sn sa m p le s  have been  m ounted in  s e v e ra l  a r r a n g e 
m en ts  to d e tec t the in fluence of d iffe re n t o r ie n ta tio n s  of the
tr a n s p o r t  c u r r e n t  w ith r e s p e c t  to  the e x te rn a l m ag n etic  f ie ld ,
(fig . VII. 1)

Fig. VII. 1. Sample shapes.
1. Hairpin: Niostan, RCA. 2. Transverse: Niostan.
3. Longitudinal: RCA. 4. Spiral: Nb 25 °lo Zr.

M ost e x p e rim e n ts  have b een  m ade on the h a irp in  type a r 
ra n g e m e n t. The zigzag  a r ra n g e m e n t is  the b e s t  t r a n s v e r s e
a r ra n g e m e n t we could m ount in o u r 5 m m  c ry o s ta t  ta i l .
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§ 5. Measuring results.

a .  Nb3Sn ribbon.

The tra n s i t io n  h a s  been  m e a su re d  fo r  S upercon  and fo r  RCA
m a te r ia l ,  w ith  c u r r e n t  d e n s itie s  fro m  2 .5 A /m m 2 to  7 .5 x lO 2 A /m m 2,
ca lc u la ted  fo r  the c ro s s  sec tio n  of the su p e rco n d u c tin g  la y e r .
T he p u lsed  fie ld  m ax im um  ran g ed  fro m  10 to 300 kO e, the
te m p e ra tu re s  fro m  1 to  4 .2  °K  and fro m  14 to  17°K .

The m e a su re m e n ts  betw een  14 and 17°K  have b een  re p e a te d
in co n stan t f ie ld s  up to 80 kOe u s in g  the continuous field
so leno id  in  o u r la b o ra to ry 10,11*12) .

In fig . VII. 2a the tra n s i t io n  c u rv e s  in  pu lsed  fie ld s  a r e  g iven
fo r  T * 1 and 4 .2 °K  and fo r  I = 10 A (J  = 250 A /m m 2), in
fig . VII. 2b the tra n s i t io n  c u rv e s  in  pu lsed  and co n stan t f ie ld s
a t  63 A /m m 2 and 14°K.

4 2  °K 1.1 °K

40 kO«

2 0 0  kOc 3 0 0 O H 2 0  4 0  6 0  8 0  lO O  kOe

Fig. VII. 2. Transition curves for NbgSn ribbon.
a. J = 250 A/mm2, T * 1 and 4.2°K and pulsed magnetic field.
b. J * 63 A/mm^, T = 14°K, pulsed(p) and constant(d.c.) magnetic field.

T he n u m e ric a l  v a lu es  a r e  com piled  in  the ta b le s  VII. 1 and
VII. 2 . The v a lu es  in d ica te  the  f ie ld s  w here  a f i r s t  s ig n ifican t
re s is ta n c e  h as  been  m easu red  (H0), w here  10 % of the re s is ta n c e
h as  b een  re c o v e re d  (H10 ), re s p e c t iv e ly  50%  (H 50), and 100%
(Hioo). The v a lu es  have not been  c o r re c te d  fo r  the c a r r i e r
r e s is ta n c e .  A c o r re c tio n  g iv es  th a t fo r  H 10 2 % of the la y e r
re s is ta n c e  h as  been  re c o v e re d  and fo r  H 50 25 %.

The a c c u ra c y  of H 10 is  poo r b ec au se  the cu rv e  in  the slow ly
r is in g  re g io n  fo r low  H is  fla t and s m a ll  changes in  the slope
of the cu rv e  p roduce la rg e  changes in  the tra n s i t io n  f ie ld . F o r
H 50 and Hioo a  10 % a c c u ra c y  can  be a s su m e d .

The r e s u l ts  show  th a t the re m o v a l of the co p p e r la y e r  does
not in fluence the r e s u l ts  up to the fie ld  r a te s  w hich cau se  eddy
c u r re n ts  in  the co p p e r la y e r  to  o b scu re  o th e r  e f fe c ts .

In fig . VII. 3 the te m p e ra tu re  dependence of the s a tu ra tio n  fie ld
is  show n fo r J  = 63 A /m m 2 and J  = 250 A /m m 2 . F o r  c le a r i ty
s tra ig h t  l in e s  th rough  the high te m p e ra tu re  po in ts have been
d raw n .



- 130 -

table  VII. 1

sample H0 «10 h 5o Hioo T W
kOe kOe kOe kOe °K Amp A/mm

supercon
hairpin

0 0 33 36

supercon
copper covered

0 0 28 40 17 2.5 63

supercon
without copper

0 0 25 33

supercon
transverse

0 0 16 26

supercon
hairpin

0 71 88 95

supercon
copper covered

0 69 89 120 14 2.5 63

supercon
without copper

0 0 76 87

supercon
transverse

0 28 71 92

supercon
hairpin

0 92 249 275

supercon
copper covered

1) 1) 1) 1) 4 10 250

supercon
without copper

6 1 2) 91 “

RCA hairpin 142) 85 188 225

supercon
hairpin

0 116 295 320 i . i 10 250

RCA hairpin 0 0 204 231

1) Obscured by eddy current effects.
2) Value 4  0 by a few measuring points, causing the average to de

viate from zero.
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Table VII. 2.

1. NbgSn supercon ribbon

«m T *0 H10 h 50 Hioo

Amp °K kOe kOe kOe kOe

P dc p dc P dc P dc

i 15.5 0 17 35 34 61 42 66 48
2.5 15.5 0 11 32 28 57 37 60 44

1 14 0 38 64 64 93 72 101 81
2.5 14 0 26 71 55 88 65 95 71
5 14 0 15 55 38 86 52 90 64
10 14 0 9 48 23 74 38 81 47

2. Nb 25 %  Zr wire. T = 4.2°K{ Im = 1 A m p.; H is given in kOe.

H0 H10 h 50 H100

p dc p dc p dc p dc
71 74 84 76 89 77 94 82

p = pulsed field value.
dc= constant field value.

O T 5 IO is  ° k

Fig. VII. 3. Temperature dependence of Hioo f°r NbgSn ribbon.

H10 H50 H100
2 .5  A O V D
io a e A a

__ —  straight line through 2 .5  A high tem p, points.
.  ------- straight line through 10 A high tem p, points.
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The re la tive  shape of the transition  curve in a r isin g  field
does not depend strongly  upon the current d en sity . T his e x 
cludes Joule heating by the m easuring current to be important
for H « H10q.

b. Nb25% Z r w ir e .

The transition  has been m easured in pulsed and in constant
fie ld s at 4 . 2 ° K .  The transition  cu rves are shown in fig . VII. 4

O H 20 40 60 80 IOO kOc

Fig. VII.4. Transition curves for Nb25<5iiZr wire at 4.2 K.
p = pulsed field and d .c . = constant field.

The num erical va lues are given  in table VII. 2.
The qualitative behaviour in pulsed and constant fie ld s is  the

sa m e . The low re s is ta n ce  part of the pulsed field  curve is
sm eared  out. H0 in pulsed fie ld s is  s ligh tly  low er than in con
stant fie ld s  th is in agreem ent with ea r lie r  r e s u lt s &>bJ.

From  the m easurem en ts by others and the present author
we obtain the follow ing ev id en ce, part of which has already
been given in the points a and b. „
1. In pulsed m agnetic fie ld s  with ra tes of 10 O e /se c  and m ore,

ribbon type Nb3Sn shows a re s is ta n ce  for a ll  field  stren gths.
H owever, it se e m s  that the RCA m ateria l shows a zero
res is ta n ce  range for J <  125 A /m m 2 and field  ra tes low er
than 107 O e /s e c .

2« In w ire type Nb3 Sn and Nb2 5 %Zr H0 in pulsed fie ld s is
low er than in continuous fie ld s but d iffers from  zero  with
an amount depending upon the field  rate and the m ateria l. •

3 . In ribbon type Nb3Sn in pulsed fie ld s the sharp r ise  in the
res is ta n ce  sta r ts  at a higher field  strength  than in constant
fie ld s . T his is  the ca se  too for Nb2 5 %Zr  w ire but the
d ifference is  much l e s s  than for the ribbon sam ple.

4 t Xn ribbon type Nb3Sn in pulsed fie ld s the field  strength that
m akes the re s is ta n ce  saturate at its  norm al value (H 100 ) is
much higher than in constant f ie ld s . T his is  a lso  the case
for Nb25%Zr w ire but the d ifference is  much le s s  than for
the ribbon sam p le. For NbgSn w ire th is inform ation is  not
ava ilab le.
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5. In pu lsed  fie ld s  N b3Sn rib b o n  type RCA and N b 2 5 % Z r show
ju m p s in  the vo ltage o y er the sam p le  if a  t r a n s p o r t  c u r re n t
is  p re s e n t  and H < H 0 .

6. The phenom ena d e sc r ib e d  in  the po in ts  1 to 5 w ere  not d if
fe re n t fo r the d iffe ren t o r ie n ta tio n s  w ith  re s p e c t  to the m a g 
n e tic  fie ld  th a t we u se d .

7. The p o ss ib ility  of m ea su r in g  p u re ly  inductive p ick  up is
e lim in a ted  by the co m p en sa tio n  loop, d e sc rib e d  in  c h a p te r  V,
§ 4 . The co m p en sa tio n  h as  been  ad ju s ted  to give a z e ro
s ig n a l if  a m agnetic  fie ld  w as g e n e ra ted  w ith  no m e a su r in g
c u r re n t  p re s e n t .

§ 6 . Discussion.

F ro m  the ev idence given in  po in ts  1 to 7 of the p reced in g
sec tio n  we com e to the follow ing a s s e r t io n s .
a .  B ecau se  of the ex c lu s io n  of the  inductive e ffec ts  we m e a su re

a tru e  r e s is ta n c e .  T h is  r e s is ta n c e  a p p e a rs  not to  depend on the
o rie n ta tio n  of the  sam p le  w ith r e s p e c t  to the m ag n etic  f ie ld .
T h is  ex c lu d es the d riv in g  fo rce  on the v o rte x  lin e s  to  be
cau sed  by the t r a n s p o r t  c u r re n t .  We a ssu m e  th a t the d riv in g
fo rc e  th a t is  cau sed  by the eddy c u r re n ts  induced in  the
sam p le  by the r is in g  m ag n etic  fie ld  b r in g s  the sam p le  in  a
re s is t iv e  s ta te .

b . In rib b o n  type N b3Sn in pu lsed  m ag n etic  f ie ld s  a  r e s is ta n c e
is  o b se rv ed  th a t can  be d e sc r ib e d  q u a lita tiv e ly  by equation
(VII. 3). If H c2 is  re p la c e d  by H* w ith H* the fie ld  s tre n g th
w hich m a rk s  the o n se t of the s h a rp  r i s e  in the tra n s i t io n
cu rv e  and if a  c o r re c tio n  is  m ade fo r  the r e s is ta n c e  of the
c a r r i e r  r ib b o n  a  is  about 0 .0 6 .
We cannot m ake a  d ec is io n  on the freq u en cy  dependence of
the phenom enon but the ev idence fro m  the RCA m a te r ia l
(§ 5, point 1) su g g es ts  a c r i t i c a l  value fo r  d H /d t below
w hich a  ran g e  w ithout r e s is ta n c e  is  p re s e n t .  In th is  ran g e
voltage jum ps a r e  o b serv ed  in d ica tin g  d is c re te  changes in
the m a te r ia l .

c . In pu lsed  m ag n etic  fie ld s  in  w ire  m a te r ia ls  Hc is  lo w er th an
in co n stan t fie ld s  4-s-6) . A lthough the s h a rp  r i s e  in  re s is ta n c e
in  rib b o n s and w ire s  s e e m s  to  have the sam e  c h a ra c te r  it
is  not c le a r  w h e th e r H* in rib b o n  type m a te r ia ls  h as  som e
connection  w ith H0 in  w ire  type m a te r ia ls .

d . The s a tu ra tio n  field  H 100 both  in N b3Sn rib b o n  and in  Nb25% Zr
w ire  is  h ig h e r  th an  in  co n stan t f ie ld s  but in  Nb3Sn rib b o n
the re la tiv e  e ffec t is  l a rg e r  than  in  N b25% Z r w ire . We o b 
se rv e d  th a t fo r each  m a te r ia l  the  d u ra tio n  of the sh a rp
tra n s i t io n  is  la rg e ly  independent of the pu lse  h e ig h t. We
noted 3 m sec  fo r the d u ra tio n  of the tra n s i t io n  in the S u p er-
con m a te r ia l ,  2 m sec  in  the RCA m a te r ia l ,  and 0 .5  m sec
in  the N b 2 5 % Z r  w ire .  S om etim es the s a tu ra tio n  of the
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resista n ce  is  reached after the maxim um  of the pulse and
in that ca se  th ese tim es are longer. T his g ives strong
evidence for a relaxation  phenomenon. The quantitative
values should be considered  with som e care because of the
sm a ll interval of field  rates at our d isp osa l.

For a tentative explanation of our observations we consider
the rapidly r isin g  extern al m agnetic fie ld . If an external m ag
netic field  is  p resent outside a p iece of superconducting m ateria l
a sh ielding current flow s at the surface of the sam p le . The
m agnetic field  generated by the sh ie ld ing  current can ce ls  the
m agnetic field  that would be p resent in the in terior of the sam ple
without sh ield ing current. If the current density  exceed s the
c r it ica l current density  the surface la y er  becom es r e s is t iv e
perm itting flux to penetrate into the m ateria l. In a type II
superconductor th is flux penetrates in d iscrete  quantities as
vortex l in e s . In the stationary state without transport current
an equilibrium  density  gradient of vortex  lin es  is  maintained,
due to pinning, keeping the volum e currents corresponding to
th is gradient ju st su b critica l.

For com plete sh ielding the sh ield ing current density Jjj, is
determ ined by the external m agnetic induction B e by

L Ish = BeS

with L the self-in d uctan ce and S the area  of the sh ielding cu r
rent (Ish ) loop. From  this ex p ressio n  one obtains

supposing that the sh ielding currents are running in a surface
layer of th ickness X. For B = 0 .1  w/m2 and X = 10“8 m, we
obtain J sh = 8 x 1012A /m 2, exceding the cr it ica l current den
sity  of Nl>3Sn, J cr, that is  of the order of magnitude of
3 x 109A /m 2 in low m agnetic f ie ld s . So sh ielding is  not m ain
tained and flux flow s into the m ateria l with a v e loc ity  v^.

If the external field  keeps r isin g  rapidly no equilibrium  is
estab lished  and eddy currents cause a flow of vortex lin e s .
The v e lo c ity  of the vortex  lin e s  can be calculated from  the
current density: .

Now we take for the r e s is t iv ity  p that is  generated by the
eddy currents the assum ption  by Strnad. H em pstead, and Kim9)
that it is  proportional to the r e s is t iv ity  of the vortex  co r es ,
averaged over the total c r o ss  section  of the sam p le. The number
of vortex  lin es  is  taken to be the number that would be present
in the m ateria l at a flux density  B in the stationary state (see
section  2).

(VII. 5)

v «f =
PJ
B (VII. 6)
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B $ 2
p = a  -  pn ----- (VI1* 7)

B c2 d

F ro m  (VII. 6) and (VII. 7) we obtain :

v«i = a  pn | c2 (VI1* 8)

It is  p o ss ib le  to  e s tim a te  the v o rte x  line  v e lo c ity  in  o u r e x 
p e r im e n t in  the follow ing w ay. Suppose we have a  rib b o n  sam p le
co n s is tin g  of a  c a r r i e r  rib b o n  of n o rm a lly  conducting  m a te r ia l
w ith a  sup erco n d u ctin g  su rfa c e  la y e r  (fig . VII. 5).

»up«r c o n d u c tin g
layer

Fig. VII. 5. Geometry and field pattern of ribbon sample.
a. geometry ribbon sample.
b. stationary field distribution for Hcl < H e <H c2.
c. assumed response of Hj to square He pulse.

We e s tim a te  the av e ra g e  v o rte x  line v e lo c ity  v^ by equating
the change of flux in  the c a r r i e r  m a te r ia l  to  the flux t r a n s 
p o rted  by the v o rte x  l in e s .

The r e s u l t  w ill be the v e lo c ity  of the v o rte x  lin e s  th a t is
n e c e s s a ry  to m a in ta in  the e q u ilib riu m  field  d is tr ib u tio n .

n  vrf / 1 dB
*° ■ 2 dt

giving
-  JL dB
vd = 2B dt

If B is  h a rm o n ic  w ith freq u en cy  u we ob tain

(VII. 9)

v ^  = | u  1 co tg  u  t  (VII. 10)

F o r  t = 0 th is  e x p re s s io n  d iv e rg e s  but th is  h as  no p h y sica l
sig n ifican ce  b ecau se  a t B = O no v o rte x  lin e s  a r e  p re s e n t .  At
a  re la t iv e ly  low field  la r g e r  th an  the fie ld  w h ere  the f i r s t  v o r 
tex  lin e s  p e n e tra te , e .g .  He = Hmax/400 , and w ith  u = 150 and
1 = 10‘4m  we ob tain  fro m  equ a tio n  (VII. 8) th a t a  c u r re n t  d en 
s ity  of 6 x 109 A /m 2 is  n e c e s s a ry  to m a in ta in  the v o rte x  line
v e lo c ity  of 3 m /s e c .
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F o r  h ig h e r f ie ld s  d e c re a s e s  ra p id ly  but by  the high in itia l
v e lo c itie s  the sam p le  te m p e ra tu re  h as  been  in c re a s e d  and the
h ea t flow to the h e liu m  bath  can  be n eg lec ted  fo r th ese  sh o rt
tim e  s .

We conclude th a t in  o u r c a se  ev e ry w h ere  in  the sam p le  eddy
c u r re n ts  a r e  runn ing  w ith  m o re  th an  the c r i t i c a l  c u r re n t  d en s ity
cau sin g  a  r e s is t iv i ty  and we a ssu m e  th is  r e s is t iv i ty  to  be
p ro p o r tio n a l to  the to ta l r e s is t iv i ty  of the v o rtex  c o r e s 9) .  To
ex p la in  the  o b se rv a tio n s  fro m  o u r m e a su re m e n ts  we assu m e
th a t the t ra n s p o r t  c u r re n t  ex p e rie n c e s  th is  r e s is ta n c e .

In a  rib b o n  sam p le  w ith the g eo m e try  shown in fig . VII. 5
the  v o rte x  lin e  v e lo c ity  is  high ev e ry w h ere  in  the s u p e rc o n 
ducting  la y e r  and if a t r a n s p o r t  c u r re n t  is  p re s e n t a  m a c r o s 
copic r e s is ta n c e  is  o b se rv ed . In o u r ex p e rim e n t we o b se rv e  a
re s is ta n c e

Pn ’ H*

w here  H* r e p re s e n ts  the m ag n etic  fie ld  th a t m a rk s  the onset
of the sh a rp  r i s e  in  the r e s is ta n c e .  T hus we have a  value 0 .0 6
fo r  a  in eq u a tio n  (VII. 7) too .

A p r io r i  it cannot be sa id  how the t ra n s p o r t  c u r re n t  e x p e r ie n 
c e s  r e s is ta n c e  cau sed  by the eddy c u r re n ts  and does not ru n
th rough  su p erco n d u c tin g  sh o r t  c i r c u i ts .  It is  p o ss ib le  to  th ink
of a s m e a r in g  out of the ra p id ly  m oving v o r tic e s  in  such  a  way
th a t 6 % of the co re  re s is ta n c e  is  o b se rv ed .

In a  w ire  sam p le  in  a  ra p id ly  r is in g  e x te rn a l m ag n etic  field
the v o rte x  line  v e lo c ity  in  the in n e r p a r t  of the w ire  is  a lw ays
s m a ll ,  d e c re a s in g  to z e ro  in  the g e o m e tr ic a l  c e n te r  of the w ire .
T hus the r e s is t iv e  su rfa c e  la y e r  is  sh o r t  c irc u ite d  by the in n er
p a r t  of the w ire  and no m ac ro sco p ic  re s is ta n c e  is  o b se rv ed .
The high v o rtex  line v e lo c it ie s  m an ife st th e m se lv e s  by the h ea t
w hich the co rre sp o n d in g  eddy c u r re n ts  p ro d u c e . T h is h ea t m akes
the sam p le  te m p e ra tu re  r i s e  and th is  ex p la in s  the d e c re a s e  of
H0 .

The lo w erin g  of H 0 w ill be a  r is in g  function  of the v o rtex
lin e  v e lo c ity , thus of H"1 d H /d t, by equation  (VII. 9). A c tu a lly
it h as  been  o b serv ed  by F lip p en 6) th a t H 0 is  no t d e c re a se d  by
in c re a s in g  Hmax and thus d H /d t fo r a  co n stan t pu lse  tim e but
only by d e c re a s in g  the pu lse  tim e  i . e .  by in c re a s in g  u) in
equ a tio n  (VII. 10) and th is  is  in  a g re e m e n t w ith the p re se n t
m odel.

We did not m e a su re  the sam p le  te m p e ra tu re  but the te m 
p e ra tu re  r i s e  should be o b se rv a b le . The ap p ea ran ce  of vo ltage
ju m p s (§ 5, point 5) can  a lso  be a ttr ib u te d  to th is  hea ting  e f 
fe c t. It would be of in te re s t  to  m e a su re  the sam p le  te m p e ra tu re
d u rin g  the e x p e rim e n t.

The in c re a s e  of the s a tu ra tio n  field  H iqo can  be a s c r ib e d  to
a re la x a tio n  tim e  r  th a t would be m e a su re d  ex ac tly  if one used
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a  sq u a re  fie ld  pu lse  H e> H c2. The c a r r i e r  sp ace  h as  to be f i l 
led  w ith flux th rough  a m ag n e tica lly  r e s is t iv e  w all g iv ing  ag a in
the f i r s t  o rd e r  d if fe re n tia l equa tion  (VII. 9) and a  re la x a tio n
tim e  (fig . VII. 5c)

t = J —  (VII. 11)

We o b se rv ed  th a t the sh a rp  tra n s i t io n  betw een  H* and H 100
g ives a re la x a tio n  tim e  t of abou t 1 m se c  fo r  S upercon  ribbon ,
giving a  vj of 5 c m /s e c  in the high fie ld  re g io n . T h is  is  in  the
sam e  o rd e r  of m agnitude a s  the v e lo c it ie s  in  the h igh  field
re g io n  d e riv a b le  fro m  equ a tio n  (VII. 10).

T he above m ech an ism  can  a lso  be u sed  to  ex p la in  the g ra d u a l
tra n s i t io n  in  Nb3Sn K unz le r w i r e s 13) a s  o b se rv ed  by H a rt,
Jac o b s , K olbe, and L aw ren c e1 2 3 4) b ecau se  K unz le r w ire s  a lw ays
con ta in  la rg e  am oun ts of n o rm a lly  conducting  m a te r ia l  th a t
a c ts  in  the sam e  w ay a s  the c a r r i e r  m a te r ia l  in our rib b o n
s a m p le s .  H ow ever, the sm e a r in g  out of the tra n s i t io n  in  the
N b 2 5 % Z r w ire  (fig. VII. 4) th a t we o b se rv ed  cannot be u n d e r 
stood in  the sam e  w ay a s  in  the r ib b o n  sa m p le s  b ecau se  N b25% Z r
is  a  hom ogeneous m a te r ia l  and b ecau se  the tra n s i t io n  o c c u rs
when in  the c e n te r  of the w ire  the c r i t i c a l  c u r re n t  d en s ity  is
re a c h e d . E ith e r  the Nb25% Zr w ire  is  not qu ite  hom ogeneous o r
th e re  is  a n o th e r  m ech an ism  p re s e n t  th a t we do no t u n d e rs ta n d .

The above m entioned  r e s is ta n c e  e ffec t should be o b se rv ab le
in an  e x p e rim e n t in  w hich one m e a s u re s  the re s is ta n c e  of a
su p erco n d u c tin g  tube in  an  a . c .  m ag n etic  fie ld  su p e rp o se d  on
a  d .c .  fie ld  su ffic ien tly  high to  b rin g  the sam p le  into the m ixed
s ta te .  It would be of in te re s t  to  stu d y  th is  e ffec t in  m o re  d e ta il
ex p e rim e n ta lly  e .g .  the dependence on the re la t iv e  o rie n ta tio n
of the m ag n etic  fie ld  and the t r a n s p o r t  c u r re n t  in  o rd e r  to
supp ly  d a ta  fo r a th e o re t ic a l  d e s c r ip tio n .

We acknow ledge w ith thanks m r .H .v a n  B eelen  fo r  valuab le
d is c u s s io n s , m r .  W. M e ts e la a r  fo r  co o p e ra tio n  in  the e x p e rim e n ts
in the co n stan t f ie ld s , d r . W . J . H u iskam p fo r  giv ing u s the RCA
rib b o n  m a te r ia l ,  and Supercon , in c . fo r  g iv ing u s  the S upercon
rib b o n  m a te r ia l .
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SAMENVATTING.

In dit proefschrift geven wij een beschrijving van een opstel
ling voor het opwekken van sterke gepulste magneetvelden, en
enige experimenten, die wij in deze magneetvelden hebben ge
daan.

Wij hebben magneetvelden opgewekt met een maximum van
420 kOe in een ruimte van enkele kubieke centim eters. De
vorm van de puls a ls functie van de tijd is  ongeveer een hal
ve sinus met een pulsduur van 20 m sec.

Naast de besturing van een installatie met een energie van
180 kJoule (hoofdstuk IV) vormt de constructie van de magneet -
spoelen een interessant probleem  (hoofdstukken II en III).

Het therm ische gedrag van de pulsmagneten kan vrij goed
kwantitatief beschreven worden, hoewel het opstellen van een
volledige energie-balans voor hoge velden niet m eer mogelijk
is . Bij hoge velden wordt een aanmerkelijk deel van de ener
gie gebruikt voor de elastische en plastische deformatie van
de pulsmagneet. De deformatie is  niet te voorspellen bij ge
brek aan kwantitatieve gegevens over de m echanische eigen
schappen van de spoelm aterialen. Uit de experim entele bepa
ling van het rendement volgt een schatting van de genoemde
deformatie energie (hoofdstuk II, § 2 en 3).

De analyse van de krachten in een pulsmagneet toont aan,
dat een stationaire benadering slechts tot matige veldsterkte
is  toegestaan. Een dem onstratie van dynamische effecten is
gegeven (hoofdstuk II, § 7).

De gebruikelijke berekening van de statische krachten in een
pulsmagneet is  gebaseerd op het behandelen van de randvoor
waarden met het principe van Saint Venant. Wij bespreken de
toepasbaarheid van dit principe bij berekeningen aan m agneet-
spoelen met in de practijk gebruikelijke afmetingen. Wij geven,
door hetzelfde principe op een iets  andere manier te gebruiken,
een analyse, die, behalve met de normale spanningen, die door
gaans uitgerekend worden, ook met de torsiespanning rekening
houdt en het blijkt dat deze in som m ige gevallen niet verwaar
loosbaar is .

In de verkregen magneetvelden onderzochten wij de fa se
overgang van antiferrom agnetism e naar paramagnetisme aan
een poederpreparaat van CuClg. 2 H2O (hoofdstuk Vl) en de w eer-
standsovergang van de harde supergeleider Nb3Sn in handvorm
(hoofdstuk VII).

De resultaten verkregen aan CUCI2 . 2H20-poeder tonen aan,
dat de bestaande berekeningen over CuCl2. 2 H2O en verwante
m aterialen bij deze veldsterkten geen goede benadering van de
verschijnselen geven. Als mogelijke oorzaak geven wij aan,
dat de kristalconstanten onder invloed van het magneetveld zou
den kunnen veranderen, hetgeen aanleiding geeft tot een veld
afhankelijke exchange constante. De waarnemingen geven een
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aanw ijzing ten gunste van deze veldafhankelijkheid.
De v e rsch ijn se len  die wij gem eten hebben in  het Nb3Sn-band

kunnen worden toegeschreven  aan w arm teproductie  en re la x a -
tie -e ffe c ten . Wij geven een eenvoudig m odel aan, dat de v e r
sch ijn se len  kw alitatief goed b esch rijf t. Een bezw aar van het
m odel is , dat het m oeilijk  to t v erge lijkbare  v e rsch ijn se len  in
homogene d raad m ate ria len  kan worden u itgebreid .

Hoofdstuk V geeft een algem een overz ich t van de tot d u sv e rre
ontwikkelde m eetm ethoden in pulsvelden m et een lite ra tu u r  over
zicht en een analyse van de specifieke problem en die optreden
bij het gebru ik  van m eetm ethoden m et lage m eetfrequentie  in
pulsvelden.
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Teneinde te  voldoen aan het verzoek  van de F acu lte it der
Wiskunde en N atuurw etenschappen volgt h ieronder een overzich t
van m ijn studie.

Na de lagere  school in m ijn geboortep laats te  hebben bezocht,
volgde ik het onderw ijs aan het C h ris te lijk  Lyceum te  Zwolle.
Deze periode beëindigde ik  in  1953 m et het afleggen van het
eindexam en gym nasium  0. D aarna studeerde ik  aan de afdeling
Natuurkunde van de Technische Hogeschool te  Delft. Deze s tu 
die werd m ogelijk  gem aakt onder m eer door de hulp van i r .
W. H. Oosten. Het voor het ingen ieurs exam en v e re is te  w eten
schappelijke onderzoek deed ik onder leiding van p ro fe sso r  d r
B. S. B la isse , en wel over de dubbele breking van helium  k r is 
ta llen . Het onderzoek leidde to t een m ededeling op het congres
over de natuurkunde in het gebied van de lage tem p era tu ren ,
dat in 1960 in  Toronto werd gehouden. Gedurende het laa tste
ja a r  van m ijn studie genoot ik  een toelage van het Delfts Hoge
school Fonds.

Sinds 1960 ben ik  aan het K am erlingh Onnes L aborato rium
verbonden gew eest, en wel a ls  w etenschappelijk  m edew erker
van de Stichting voor Fundam enteel Onderzoek van de M aterie .
In deze tijd  co n stru eerd e  ik de in dit p ro efsch rift beschreven
appara tuu r en m aakte ik  een begin m et onderzoekingen m et be
hulp van deze appara tuu r. De s too ts troom genera to r kwam to t
stand in  sam enw erking m et de f irm a 's  N. V. Philips G loeilam 
penfabrieken, te  Eindhoven, N. V. de N ederlandse Siem ens-
m aatschapp ij, te  Den Haag, N. V. W illem Smit T ran sfo rm ato -
ren fab rieken , te  N ijm egen, en N. V. G ebroeders van Swaaij,
te  Den Haag. De laa ts te  f irm a  verzo rgde  het contact m et de
lev eran c ie r van de condensatoren, E .H aefe ly , A .G ., te  B asel.
In het b ijzonder sp reek  ik  m ijn erken telijkheid  u it voor de ad
v iezen , die ik ontving van de h e ren  i r  G .H ess , van Ph ilips,
i r  J . L is se r , van Sm it, en de h e e r  W .A. H ansen, van de R ijks
gebouwendienst .

Het contact m et de f irm a  van Swaaij leidde to t een bezoek
aan de f irm a 's  Haefely te  B asel en O erlikon te  Z urich  over
eventuele aankopen.

Over de re su lta ten  van het w erk heb ik  g e rap p o rtee rd  op de
conferen ties over s te rk e  m agneetvelden in  C am bridge (M ass.)
in 1961, in Oxford in  1963, in  Leuven in  1966 en in  Grenoble
in 1966. Behalve de m ededeling in  Oxford w erden alle  vo o r
drach ten  gepubliceerd . In 1967 w erd een ko rte  m ededeling in
P hysics L e tte rs  gepubliceerd .

Gedurende de cu rcus 1962 -  1963 a s s is te e rd e  ik  d r J. C .V e r-
s te lle  bij de leiding van het e lec tro n isch  p rac ticum . Van 1963
tot 1967 nam  ik een gedeelte van het college van tir D. de K lerk
w aar, over vecto ranalyse en over de toepassing  van de complexe
rekenm ethode bij het an a ly se ren  van eenvoudige w isse ls tro o m -
netw erken. Over de stof nam  ik  ten tam ens af.

Een belangrijke b ijdrage to t het onderzoek vorm de het re g e l
m atig contact m et d r D. de K lerk . Van veel nut w aren ook de
d isc u ss ie s  in  onze w erkgroep, m et nam e m et d r S. H. Goedemoed.
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A s s is te n tie  w erd  v e rle en d  d o o r d r s  H. R . de Beun,, d r s  J .B .U b -
b ink  en de h e re n  M. L e b re t, B .A .Z w e e r s  en A. K. B o erem a ,
can d id a ten  in  de N atuurkunde. De tech n isc h e  m edew erk ing  w erd
gegeven  door de h e re n  J .  D u n sb erg en , T .O o s te rb a a n , P . van Ie -
p e re n  en de hoofden van de w e rk p laa tsen , o n d er wie ik  m et
nam e de h e re n  H. M. N a te r, J .  M. V erb eek  en E . S. P r in s  noem .
Het benodigde g la s w e rk  w erd  v e rv aa rd ig d  o n d er le id ing  van de
h e re n  A. R . B. G e r r i ts e n  en C. J .  van K link, te rw ij l  ook in  het
a lg em een  de m edew erk ing , d ie ik  ondervond van de d am es en
h e re n  van de w eten sch ap p e lijk e , tech n isc h e , a d m in is tra tie v e  en
h u ish o u d e lijk e  s ta f  van h e t K am erlingh  O nnes L ab o ra to riu m  g e 
noem d m o et w orden.

De teken ingen  w erden  v e rz o rg d  d o o r de h e e r  W. F . T e g e la a r .
De en g e lse  te k s t  w erd  g e c o r r ig e e rd  door d r  T. W. S p rig g s en
m evrouw  F . Ja n so n -O o s te rh a g e n .
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STELLINGEN,
behorende bij het p ro efsch rift van J .C .A .v a n  der S luijs.

1. In de a rtik e len  van Kuznetsov en van Hord worden bij de
berekening van de m echanische spanningen in m agneetspoe-
len van gebru ikelijke  afm etingen de gevolgen van de to ep as
sing van het p rincipe van Saint Venant ten  onrechte n iet be
sproken.

A .A .Kuznetsov, Z h.Tekhn.Fiz. 30 (1960), 592.
J.N.Hord, J.Res. Nat. Bur. Stand. 69C (1965), 287.

2. Het verdient aanbeveling in a ra ld ie t en verw ante im preg -
n e e rh a rse n  tu ssen  77° K en kam ertem pera tuu r het dem pings-
gedrag  bij com pressie  te  onderzoeken.

Dit proefschrift, hoofdstuk II.

3. Hoewel het fased iag ram  van CuC12.2H 20 , zoals dit m et de
theorie  van het m o lecu la ire  veld wordt berekend, met be
hulp van één p a ra m e te r  zo kan worden gereduceerd , dat zo
wel het overgangsveld n aar verzadigd param agnetism e bij
tem p era tu u r nul a ls  de Néel tem pera tuu r m et het ex p e ri
m ent overeenkom en, m oet m en betw ijfelen of deze p ro c e 
dure th eo re tisch  kan worden gem otiveerd .

Dit proefschrift, hoofdstuk VI.

4. Het abnorm ale gedrag van supergeleidend niobium -tin  band
in gepulste m agneetvelden m oet aan geom etrische  oorzaken
worden toegeschreven .

R.B.Flippen, Phys.Rev. 137 (1965), A 1822.

5. Het verdient aanbeveling het gedrag  van de ro o ste rco n stan -
ten  van an tiferrom agnetische  stoffen n iet a lleen  a ls  functie
van de tem p era tu u r, m aa r ook a ls  functie van het m agneet
veld te onderzoeken.

D.S.Rodbell, L.M.Osika, and P .E .Lawrence. J.appl.Phys. 36 (1965), 666.

6. Het is  onjuist om in stoffen m et een exchange w isselw erking
die veel g ro te r  is  dan de dipool-dipool w isselw erking aan te
nem en, dat het verloop in de tijd  van de co rre la tie fu n c tie
van de fluctuaties van de spins m et behulp van een G auss-
functie kan worden beschreven .

V.Jaccarino, Magnetism II A, ed. Rado and Suhl (1965), p.335.



7. De vereenvoudigde berekeningen van de v iscosite itscoeffic ien t
van b inaire  gasm engse ls  volgens Strunk, C ustead en Steven
son zijn  n iet a lleen  m inder nauw keurig, m aar ook bew erke
l i jk e r  dan soortgelijke  berekeningen m et behulp van de theo
r ie  van Chapman en Enskog.

M.R. Strunk. W .G.Custead, and G.L. Stevenson, A .I.C h.E .Journal, 1D (1964) ,483.

8. Bij de berekeningen van Raff over de om zetting van energie
van ro ta tie  in  energ ie  van tra n s la tie  in m engsels van wa
te rs to f  en helium  is  aan een belangrijke voorw aarde voor
het zinvol gebruiken van e lec tron ische  rekenm achines niet
voldaan.

L.M.Raff, J.Chem.Phys. 46 (1967), 520.

9. Aangezien de th eo rie  van Löwdin voor de cohesie van a l-
kali-halogeniden u itgaat van een volledige ionogeen k r is -
ta l-m o d e l, is  de toepassing  van deze theo rie  op m agne-
sium -oxyde door C ala is, M ansikka, P e tte rso n  en Vallin
onjuist.

J .L .Calais, K.Mansikka, G.Petterson and J. Vallin, Arkiv fBr Fysik, 34(1967), 361.

10. De grondw ettelijke aansp raak , die een ieder in Nederland
kan m aken op bescherm ing  van persoon  en goederen, wordt
op de openbare weg n iet voldoende gehonoreerd . In v e r
band h ierm ee  verd ien t het aanbeveling het voeren van een
preven tie f g e rich t ve rkeersve ilighe idsbe le id  te  overwegen.

De Grondwet, artikel 4.

11. In som m ige filosofische beschouwingen van natuurkundigen
komen sch ijnbaar ra tionele  begrippen voor, w aarvan de
functie analoog is  aan een van de functies van het godsbe
g rip  in oudere cultuurvorm en.

.P .A .M .Dirac, Scientific American, 208 (1963), 53.

12. In de gevolgtrekkingen, die van B uren m aakt uit zijn  be
toog over de toepassing  van de filosofie van W ittgenstein
op de b ijbe l gebruikt hij som s stilzw ijgend trad itio n ee l-
kerkelijke  argum enten.

P. van Buren, The secular meaning of the gospel, Hfdst. VIII, London, 1965.
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