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ON THE PRECISION OF A SUSCEPTIBILITY APPARATUS AS DEDUCED FROM MEASUREMENTS ON 

SUPERCONDUCTING VANADIUH 
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ABSTRACT 

An apparatus fo r  measurlng s t a t i c  magnetic s u s c e p t i b i l i t i e s ,  based on a sen- 
s i t i v e  (10 -9 N) vacuum microbalance,  has been adapted fo r  measuring magnetlc mo- 
ments of  small superconducting samples ]n small g rad ients  of  low f i e l d s .  Data 
taken on vanadium at  3.2 K can be analysed fo r  sample moments cons is t ing  of  two 
par ts :  an induced one, p ropo r t i ona l  to the f i e l d ;  and a permanent one. The ana- 
lyses of  the data show tha t  fo r  a s ing le  sample on an undisturbed balance the 
r e l a t i v e  p rec is ion  on the forces at  low temperatures can be be t t e r  than 0.04 ".. 
For co i l  pos i t i ons  ranging over 2 cm a good agreement is observed between the 
exper lmental  and the ca lcu la ted  forces by f i t t i n g  fo r  one p r o p o r t i o n a l i t y  
constant .  

INTRODUCTION 

An apparatus fo r  the measurement of  the s t a t i c  magnetic s u s c e p t i b i l i t i e s  of  

small so l i d  samples by the Faraday method has been descr ibed p rev ious ly  ( r e f .  1). 

The s t r i k i n g  par t  o f  the set-up is a vacuum microbalance wi th  a s e n s i t i v i t y  

about 10 -9 N. From th is  balance the sample hangs down in a dewar ( r e f .  2).  The 

sample temperature can be any between 3 and 300 K. A data a c q u i s i t i o n  and pro-  

cessing system is added to the instrument ( r e f .  3).  

The balance measures the force exer ted on a specimen by a non-uniform magne- 

t i c  f i e l d  H. The system is chosen in such a way tha t  the z-component of  the 

force 

F z = ~o m [~.H z + PI dHz/dZ ( i )  

is measured. In equat ion ( i )  u o is the f ree space p e r m e a b i l i t y ,  m the mass of 

the sample,- ,  i t s  s u s c e p t i b i l i t y ,  P i t s  ~ermanent d ipo le  moment, H z the z-compo- 

nent of  the magnetic f i e l d  and dHz/dZ the g rad ien t  of  th i s  f i e l d  component. 

Equation ( i )  shows tha t  the high s e n s i t i v i t y  of  the force de tec to r  a l lows fo r  

measuring small values of  the product m [ , .H z + PI dHz/dZ. At the measurement of  

the magnet izat ion of  superconductors the s u s c e p t i b i l i t y  values are ra ther  high 

but the f i e l d s  and grad ients  are kept low so tha t  in these measurements the f o r -  

ces a lso remain smal l .  The aim of th is  c o n t r i b u t i o n  is to repor t  on the genera- 

t i on  and the measurement of  these low f i e l d s  and on the accuracy obtained wi th  

the apparatus.  
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EXPERIMENTAL 

The sample lays on the balance pan which hangs in the d e w a r t a i l .  At the 

sample place the magnetic f i e l d  and i t s  g r a d i e n t  are generated by a small i r o n -  

less c o i l .  The copper -co i l / samp le -pan  s i t u a t i o n  is drawn in F ig.  1. By screwlng 

up or down the ho lde r ,  the co i l  p o s i t i o n  P can be changed wi th  a r e p r o d u c l b i l i t y  

o f  < 0.02 mm ( r e f .  4) .  The four  h igher  sec t ions ,  each of  125 tu rns ,  are e l e c t r i -  

c a l l y  connected in se r i es .  The f i e l d s  and g rad ien ts  have been ca l cu l a ted  f o r  a 

simple model in which the c o i l  has c y l i n d r i c a l  symmetry and the sample is assu- 

med to be loca ted  on the c y l i n d e r  ax i s .  For symmetry reason H and H are put  x y 
equal to zero.  The z-component o f  the f i e l d  and the g r a d i e n t  is considered to be 

the bare e f f e c t  o f  cu r ren t  r i ngs ,  c a l c u l a b l e  by the B lo t  and Savar t  law. The 

r ings bu i l d  up a simple a r r a y ,  the geometry o f  which is schemat i ca l l y  drawn in 

Fig.  2. B r i e f l y ,  the f i e l d  a t  coo rd ina te  z is  approximated by: 

4 9(8 /13)  13 
= ( I / 2 )  Z Z Z (R + ( j - l ) . b ) 2 / r ~ j k l  ~ • H z (2) 

i = l  j = l  k=l 

w i th :  

r i j k l  = [ (R  + ( j - l ) . b )  2 + ( ( i - l ) . a  + ( k - l ) . c  + l . d )  2 ] 1/2 (3) 

Herein i r e fe rs  to the number o f  the sec t ion  in the c o i l ,  j to the number o f  the 

l a y e r  in the sec t i on ,  k to the number o f  the r i ng  in the l a y e r  and 1 to the a l -  

gebra ic  number o f  steps w i th  length  d, to reach the coo rd ina te  z from z = O. In 

the co i l  the sect ions are measured to be, on the average,  a = 7.567 mm apar t .  In 

the sect ions the l aye rs  are es t imated to be 0.3 mm d i s t a n t  from each o the r  and 

the r ings  in  the layers  are set  to be separated by c = 0.2923 mm. The rad ius of  

the f i r s t  l a y e r ,  a t  m id -w i re ,  is R = 17.15 mm. The c a l c u l a t i o n  is c a r r i e d  out  

w i th  the computer programme CFG01 which a lso approx imates,  f o r  the same chosen 

cu r ren t  i n t e n s i t y  I ,  the g r a d i e n t  o f  the magnetic i nduc t i on  by: 

G z = u ° (Hz-Hz_6)/~ (4) 

w i th  5 = 1 x 10 -5 mm. The programme f u r t h e r  c a l c u l a t e s :  

[~z = ~oHzGz]I (5) 

Normalized func t ions  of  H z, G z and ~z are g iven in  F ig.  3 showing t h e i r  maxima 

to be s i t ua ted  on d i f f e r e n t  z - coo rd i na tes .  

The co i l  cu r ren t  

The cu r ren t  is  fed by a John Fluke 382A constant  cu r ren t  source (CCS in  

Fig.  5).  The cu r ren t  i n t e n s i t y  I is  de f ined by measuring the vo l tage  over  a re -  

ference r e s i s t o r  (see Fig.  4) .  In t h i s  case in which the s u s c e p t i b i l i t y  o f  the 

surroundings can be neg lec ted ,  a constant  sample-versus-co i l  geometry r e s u l t s  in: 
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H = HI.I (6) 

and: 

m = GI . I  (7) 

where H I and G I are p r o p o r t i o n a l i t y  constants the values of which are those of  

H and G ca lcu la ted  fo r  I = i ampere. For the sake of s i m p l i c i t y ,  the subsc r ip t  

z is omi t ted here and in what f o l l ows .  

With the above r e l a t i o n s ,  equat ion ( I )  becomes: 

F = AI 2 + BI (8) 

w i th :  

A = m, .HIG I (9) 

and: 

B = mPG I (10) 

A is p ropor t iona l  to-<.H I ,  the induced moment at  un i t  cur rent  i n t e n s i t y  and B to 

the permanent moment. 

The fo rce ,  exer ted on the vacuum microbalance,  is compensated by the negative 

feed-back cont ro l  system, descr ibed in re f .  5. The output  vo l tage of the system 

is re la ted  to the force by: 

V = ,~.F (11) 

As V i s ,  w i t h i n  close l i m i t s ,  l i n e a r l y  re la ted  to the compensating force and a 

large f r a c t i o n  (> 0.99) of  the force to be measured is compensated, ~ becomes, 

to a good approx imat ion,  the p r o p o r t i o n a l i t y  constant:  

4' = C = 5.14xi0 ÷5 VN - I  12) 

With these re l a t i ons  equat ion ( i )  y i e l d s :  

(V(+) + V(-) ) / (21112C) = A 13) 

(V (+ )  - V ( - ) ) / ( 2 1 1 1 C  ) = B 14) 

(V(+) + V ( - ) ) / ( V ( + )  - V ( - ) )  = A I I I / B  15) 

The signs (+) and ( - )  r e f e r  to the p o l a r i t y  of  the cur ren t .  The p o s s i b i l i t y  of  

revers ing the cur rent  d i r e c t i o n  in the co i l  a l lows fo r  d i f f e r e n t i a t i n g  between 

induced and permanent moment. 

The cur ren t  is chopped, which means tha t  i t  remains 51 seconds "on" and 51 s 

"o f f "  (see re f .  3) .  The reason fo r  chopping is the i n s t a b i l i t y ,  on the long 

term, of the zero po in t  of  the balance. During a s ing le  cycle the z e r o d r i f t  re-  

mains ra ther  smal l .  The zero pos i t i on  at  the "on" per iod ,  t he re fo re ,  can be ca l -  

cu lated to a good approximat ion by i n t e r p o l a t i o n  from the zero po in t  values mea- 

sured dur ing the "o f f "  per iods.  The chopping c i r c u i t  is designed, see Fig.  5, to 
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avoid fas t  t r a n s i e n t  e f f ec t s  fo r  the reason expla ined in r e f .  5. For the same 

reason the cur rent  d i r e c t i o n  is reversed during the " o f f "  per iods .  The chopping 

and revers lng are ca r r l ed  out by Schrack re lays (see Figs. 5-7) .  These are d r i -  

ven by the data lo~ging system to which is re fe r red  in r e f .  5. The dmv lng  c i r -  

cu i t s  are g1~er ~n F~g. 7 in which DL re fers  to contacts which open and close at  

a constant ra te .  The time dlagram of the swi tch ing and the evo lu t i on  of  t~e ab- 

so lute value of the co l l  cu r ren t  are given in Fig.  8. 

The comparison of forces to ~i  

At the comparison of measured forces to ca lcu la ted  ,~1-values, in th is  f i r s t  

approx imat ion,  the dimensions of the sample are not taken in account. The f i e l d s  

and g rad ien ts ,  a t  a l l  places in the sample, are considered to be p r a c t i c a l l y  

equal to t h e i r  value at  the co i l  ax is  at  the nominal z -coord ina te  of  the spec i -  

men. Consequently, the sample should be small but i t s  reduct ion is l i m i t e d  by 

the l i m i t e d  s e n s i t i v i t y  of  the force meter. A compromise consisted in conside- 

r ing  a 0.2 mm th i ck ,  3.0 mm diameter ,  superconducting pure vanadium d isc at  

3.2 K. The d isc  is placed on the balance pan, i t s  plane perpend icu la r  to the 

z -ax i s .  The force measurements, in a f l r s t  exper iment ,  have been ca r r i ed  out at  

co i l  pos i t i ons  P > - 0.2 cm; f o r  co i l  currents in the chopping mode a l t e r n a t i n g  

the cu r ren t  d i r e c t i o n .  From the output  vol tages of the force meter,  the values 

of  A are ca l cu la ted  f o l l ow ing  equat ion (13). The maximum value of  A, fo r  a cer-  

t a i n  cu r ren t  i n t e n s i t y  I ,  is found at  P = + i . i 0  cm. The values of A, gathered 

w i th  the co i l  unchanged at  t h i s  pos i t i on  in a s ing le  day exper iment i . e .  w i th  

one d e w a r - f i l l i n g  of  l i q u i d  hel ium, are p l o t t ed  in Fig.  9 versus the cur ren t  in -  

t e n s i t y .  The data can be analysed as cons is t ing  of  a constant  AI . IO = 4.0752 x 
10 -5 (NA -2) on which a random dev ia t i on  is superposed. The standard d e v l a t i o n ,  

f o r  the resu l t s  taken w i th  a cur ren t  l a rge r  than 0.2 A, is a = 0.0014 x 10 -5 

(NA -2) and the v a r i a t i o n  c o e f f i c i e n t  ~ = 0.035 %. At lower co i l  cu r ren t  i n t e n s i -  

t i e s ,  the dev ia t ions  can be a t t r i b u t e d  to f l u c t u a t i o n s  on the force measurements, 

the unce r ta in t y  being about 1 x 10 -9 N. The over a l l  p rec is ion  on the measure- 

ments which have been ca r r i ed  out on the superconductor at  3.2 K, gives f a i t h  to 

the low temperature force measurements. 

The observat ion tha t  AI . IO is p r a c t i c a l l y  independent on I I I  i nd ica tes  tha t  

the f ac to r  m. X in equat ion (9) is  a sample constant .  Consequently, the q u o t i e n t  

Q = (A/@I) = m.x/~ o (16) 

is  expected to remain constant  too fo r  d i f f e r e n t  co i l  pos i t i ons .  To check th i s  

statement,  another s ing le  day exper iment has been ca r r i ed  out w i th  the co i l  at  

d i f f e r e n t  p o s i t i o n s ,  from P = + 4.30 to P = - 0.20 cm. In the region P < 2.1 cm 

measurements have been performed every 0.1 cm. To become able to locate  more 

p rec i se l y  the maximum of  the f i e l d  by i n t e r p o l a t i o n  the co i l  pos i t i ons  
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P = - 0.175 and P = - 0 .150 cm have been cons idered  nex t .  F i n a l l y  the p o s i t i o n s  

P = + 1.10,  P = + 1.05 and P = + 1.15 cm a l l owed  the l o c a t i o n  o f  the maximum o f  

A a t  Ptop = + 1.10 cm. A l l  36 measurements t h a t  day nave been c a r r i e d  ou t  w l t h  

I l l  = 0.300 A. Par t  o f  the r e s u l t s  i s  p l o t t e d  in  F iq .  10 versus P, l o c a t i n g  the 

maximum o f  the magnet ic  f l e l d  a t  Pmax = - 0.169 cm. From F ig .  1 i t  can be de- 

duced t h a t  the measured P va lues  are r e l a t e d  to  the c a l c u l a t i o n  z - c o o r d i n a t e s  b~ 

z = P + DP (17) 

DP being cons tan t .  With the c a l c u l a t e d  z c o o r d i n a t e  f o r  maximum f i e l d  and w i t h  

Pmax' ob ta ined  from F ig .  10, e q u a t i o n  (17) r e s u ] t s  in  DP = ( -  1.306) - ( -  0 .169)  

= - 1.137 cm. 

The va lue  o f  the q u o t i e n t  Q = ( A / ~ I )  is  expec ted  to be de te rm ined  most p r e c i -  

se l y  f rom data taken a t  Ptop" The two measurements,  which have been c a r r i e d  ou t  

a t  t h i s  c o o r d i n a t e  du r ing  the day,  y i e l d  f o r  Ama x the va lues  4.0676 x 10 -5 and 

4.0775 x 10 -5 (NA -2)  r e s p e c t i v e l y .  The i r  r e l a t i v e  d e v i a t i o n  0.244 % ms about  

seven t imes the ~ -va lue  o f  the fo remen t ioned  e x p e r i m e n t .  The p r o b a b i l i t y  t h a t  

t ~ i s  d e v i a t i o n  i s  due to  a f l u c t u a t i o n  on the b a l a n c e - o u t p u t ,  t h e r e f o r e ,  is  

accepted to be sma l l .  Consequen t l y ,  i t  is  b e l i e v e d  t h a t  the c o i l  m a n i p u l a t i o n s  

always d i s t u r b  the appara tus  in  a c e r t a i n  way and reduce the r e p r o d u c i b i l i t y  o f  

the measurements to  about  0.25 %. This p r e c i s i o n  i s  expec ted  to ho ld  a l so  f o r  

= = - 8.732 x 10 -3 (NmT-2), which f i g u r e  i s  ob- the q u o t i e n t  QI .10 ( A / ¢ I ) 1 . 1 0  

t a l n e d  by d i v i d i n g  the average o f  the va lues  o f  A, measured the l a t t e r  day a t  

P = + 1.10 (+ 0 .03)  cm, by the r e l a t e d  va lue  o f  ¢'i = - 4.664 x 10 -3 T2m-IA -2 

c a l c u l a t e d  f o r  Zdi p = - 0 .06 (± 0 .01)  cm. The u n c e r t a i n t y  on the c o o r d i n a t e s  i s  

due to  the s tep -w ise  g a t h e r i n g  o f  the da ta .  I t  should  be remarked t h a t  the ave-  

rage va lue  A1.10 = 4.0726 x 10 -5 (NA-2) ,  here cons i de red ,  happens to  d e v i a t e  

o n l y  by 0.065 % from the average o f  the f o remen t i oned  e x p e r i m e n t .  

When the q u o t i e n t  remains cons tan t  a t  a l l  c o o r d i n a t e s  then i t s  va lue  shou ld  

be i d e n t i c a l  w i t h  the r a t i o :  

n A ( i _ I ) + A  i APi 
Z 2 

i = i  
R = (18) 

n q~1, ( i_ l )+qb l , i  
Z AP i 

i = l  2 " 

where in  AP i = P i - P ( i _ 1 ) ,  A ° = O, ~1,0 = O, Po = Pmax and where the s u b s c r i p t  i 

r e f e r s  to  the i - t h  measurement in  a l i s t  o f  n measurements which are o rde red  i n  

a way t h a t  the r e l a t e d  P - c o o r d i n a t e s  a lways i nc rease  f o r  i n c r e a s i n g  i .  To c a l c u -  

l a t e  R the computer programme CFG02 has been w r i t t e n .  One p a r t  o f  i t  c a l c u l a t e s ,  

w i t h  Qc' a chosen va lue  f o r  the q u o t i e n t  Q, the ~1 , i  va lue  f o r  each o f  the r e l a -  

ted Pi c o o r d i n a t e s .  I t  f u r t h e r  c a l c u l a t e s  the s tandard  d e v i a t i o n :  



n ~ 1/2 
= [ (g d ) / ( n - l ) ]  

i 
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19) 

where in  the d e v i a t i o n  i s :  

di  = [ (A/Qc)  - +1 ] 1 

The same programme min im izes  the s tandard  r e l a t i v e  d e v l a t i o n  o 
r 

[ ( d o r ) / ( d D P ) l =  0 

w i t h :  

by p u t t i n g :  

20) 

21) 

C, 
r 

and: 

d r , i  

[(!q d 2 .) /(m-1)l  1/2 
r ~ l  

1 

22) 

= [1 - Q c . i i / A l i  (23) 

on the in measurements f o r  which A is  l a r g e r  than Amax/3. The c a l c u l a t i o n  y i e l d e d  

DP = - 1.138 ( t  0 .002)  cm, in  good agreement  w i t h  the va lue  ob ta i ned  f rom the 

match ing o f  the measured - to  the c a l c u l a t e d  - f l e l d  maximum. The programme 

CFG02 a l so  does the summations to  be used in  e q u a t i o n  (18 ) .  The r e s u l t  i s  

R = - 8 .698 x 10 -3 (NmT-2). The i n t r o d u c t i o n  o f  t h i s  R va lue  as the q u o t i e n t  Qc 

< 0 .44 - This f l a u r e  can be cons idered  as an o rde r  i n  the programme y i e l d s  o r _ 

o f  magni tude o f  the expec ted  p r e c i s i o n  on R. The R va lue  d e v i a t e s  by 0.39 ' f rom 

the above ment loned q u o t i e n t  QI . IO"  The agreement  is  r a t h e r  good when i t  is  r e -  

membered t h a t  the r e l a t i v e  p r e c i s i o n  on a s i n g l e  A d e t e r m i n a t l o n  becomes s m a l l e r  

w i t h  the c o i l  p o s i t i o n  more d i s t a n t  f rom P = 1.10 cm. The agreement i n d l c a t e s ,  

because R is  a k ind  o f  an ave rage ,  t h a t  s y s t e m a t i c  d e v i a t i o n s  are s m a l l .  The 

s tandard  d e v i a t l o n  over  the whole spectrum is  o ~ 13 x 10 -6 (T2m- IA -2 ) ,  about  

0 .28 ~ o f  the maximum va lue  o f  !+11. A l though  the smal l  va lue  o f  o i n d i c a t e s  

t h a t  the shape o f  the spectrum o f  A f i t s  n i c e l y  t h a t  o f  ' ; I '  the d e v i a t i o n s ,  

which are g iven  in  F ig .  11, show c o r r e l a t i o n  w i t h  the c o i l  p o s i t i o n  P. The sys-  

t e m a t i c  behav iou r  i n d i c a t e s  the presence o f  a minor  e f f e c t  which has not  been 

cons ide red  in  the model r e l a t i n g  the A- to  e f f e c t i v e  ~ 1 - v a l u e s .  

The compar ison o f  f o r ces  to  GI 

P e r s l s t e n t  c u r r e n t s  have been i n t r o d u c e d  in  the supe rconduc t i ng  d l s c ,  genera-  

t i n g  a magnet ic  d l p o l e .  The terms B, which c o n t a i n  the permanent  d i p o l e ,  have 

been r e l a t e d  to  the c a l c u l a t e d  G l -Va lues  by the same k ind  o f  data f i t t i n g  which 

was used in  the f o r e g o i n g  s e c t i o n .  The p e r s i s t e n t  c u r r e n t s  are induced in  the 

supe rconduc t i ng  d i sc  in  the f o l l o w i n g  way. The c o i l  i s  p laced  a t  P = - 0 .20 cm 

and the c u r r e n t  se t  a t  I = 0 .900 A. The tempera tu re  o f  the vanadium d isc  then ]s 

b rough t  down f rom 7 to  3.0 (± 0 .2 )  K. At  the l a t t e r  t empera tu re  the f o r ce  



60 

measurements have been c a r r i e d  ou t  f o r  c o l l  c u r r e n t s  in  the chopping mode a l t e r -  

na t i ng  the c u r r e n t  d l r e c t l o n .  Immed ia te l y  a f t e r  c o o l i n g  to  3 K a few data  nave 

been taken a t  P = - 0.20 cm w i t h  111 = 0.100 A but  the bu lk  o f  the measurements 

were per formed w i th  I11 = 0.060 A a t  d i f f e r e n t  c o i l  p o s i t i o n s .  The r e l a t e d  B 

f a c t o r s  have been c a l c u l a t e d  f o l l o w l n g  e q u a t i o n  (14 ) .  To p o i n t  ou t  the p e r s i s -  

tence o f  the p e r s i s t e n t  c u r r e n t s ,  one in  two to s i x  measurements has been ca r -  

r i e d  ou t  w i t h  the c o l l  p o s i t i o n e d  a t  P = + 1.40 cm, the p o s l t l o n  f o r  maximum B 

va lue .  The t ime spen t ,  f o r  changing the c o i l  p o s i t l o n  over  r e l a t i v e  l a rge  d l s -  

tances and f o r  a l l o w i n g  the ba lance to  s e t t l e  f o r  a r e l a t i v e  n lah p r e c i s i o n ,  

l~m l ted  the number o f  measurements t h a t  cou ld  be per formed w i t h  one s l n g l e  dewar- 

f i l l l n g  of  l i q u i d  he l i um.  Consequent l y  t h i s  B to  G 1 r e l a t i n g  expe r imen t  concerns 

data taken in  t h ree  days.  Each o f  these days can be seen as a p a r t i a l  expemment  

which s t a r t e d  by c o o l i n g  the dewar and f i l l i n g  the l i q u i d  he l ium v e s s e l .  The 

l i q u i d  he l ium then is pumped o f f  to  reduce i t s  t empera tu re  below 3 K. A f t e r  t h l s  

o p e r a t i o n  the p e r s i s t e n t  c u r r e n t s  are induced in  the sample. The f o r ce  measure-  

ments then are c a r r i e d  ou t .  Three d i f f e r e n t  P va lues  have been measured, one 
max 

on each day:  Pmaxl - 0 .170,  Pmax2 = - 0.173 and Pmax3 - 0.171 cm. The ave-  

rage va lue  Pmax = - 0.171 cm compares we l l  w i t h  the va lue  - 0.169 cm o b t a i n e d  

in the f o r e g o i n g  expe r imen t  f l t t i n g  A to  ~'i" I t  means t h a t ,  f o r  a sample which 

remalns und l s tu rbed  on the ba lance pan, the c o o r d i n a t e  can be r e s e t  to w l t h i n  

0.004 cm. 

At Ptop = 1.40 cm, the B-va lues  are r a t h e r  i n s e n s i t i v e  f o r  smal l  c o i l  d i s p l a -  

cements. The amp l i t udes  o f  B, t h e r e f o r e ,  can be compared to each o t h e r  w i t h o u t  

c o n s l d e r l n g  the f l n e - a d j u s t m e n t  o f  the c o o r d l n a t e s .  The va lues  B1.40 are p l o t t e d  

in  F ig .  12 versus q,  the number i n d l c a t l n g  the q - t h  measurement taken t h a t  day.  

The va lues  can be ana lysed  as c o n s i s t i n g  o f  a cons tan t  main term,  B I .40  = 

- 5.062 x 10 -5 ( ~ A - I ) ,  on which a random d e v i a t i o n  i s  superposed.  The s tandard  

d e v i a t i o n  then is  ,~ = 0.009 x 10 .5 (NA - I )  w i t h  - = 0 .18 - .  When B I .40  i s  d i v i d e d  

by the va lue o f  the maximum g r a d i e n t ,  - 0.4978 Tm-IA - I  c a l c u l a t e d  f o r  z. = 
top  

+ 0 .30 (~ 0 .01)  cm, the  q u o t i e n t  i s  Q (B/G1)1 .40  = 1.0169 x 10 -~ (Nmm-1). This  

f i g u r e ,  i n t r o d u c e d  in t he  c o m p u t e r ,  t h e  programme CFG02 y i e l d s :  1) DP = - 1.138 

(+ 0 .003)  cm in good a g r e e m e n t  w i th  t he  va lue  o b t a i n e d  from t h e  f o r e g o i n g  e x p e -  

r i m e n t ,  and 2) the  va lue  Qc = R = 1.0183 x 10 -4  (HmT -1)  which l e a d  to  a minimum 

s t a n d a r d  r e l a t i v e  d e v i a t i o n  { ~ 0 .32  ~. The s t a n d a r d  d e v i a t i o n  o v e r  t he  whole  
, ^ E 4 - , T m - I A - I  spectrum o f  B i s  ,~ = 9.1 x zu t ) which is  less than 0.19 . o f  the max i -  

mum-gradient  va lue  o f  G I .  The d e v i a t i o n s  d i = [ (B/R)  - Gll i show a s i m i l a r  

a l t houah  less sys tema t l c  c o r r e l a t i o n  w i t h  the c o i l  p o s i t i o n  than t h a t  observed 

a t  the f l t t i n g  o f  A/R to  '~i i n  the f o r e g o i n g  e x p e r i m e n t .  

The co,mparison o f  f o r ces  to  ~ i  and G 1 

The computer programme CFG02 has been w r i t t e n  to  be ab le  to  c a l c u l a t e  e i t h e r  
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A or B d i r e c t l y  from the force measurements at  d i f f e r e n t  P. The input  data,  P, 

I I I ,  V(+) and V ( - ) ,  together  with an i n d l c a t i o n  fo r  the d ipo le  term looked f o r ,  

s ta r t s  the programme to f i t  the ampli tude of the measured term to tha t  of the 

ca lcu la ted  term for  a l l  values in the reglon wherein the ampli tude does not de- 

pend much on the co i l  p o s l t i o n ;  i . e .  p r a c t l c a l l y  between the maximum and the 

maximum d iv ided  by 1.3. The programme then makes the computer ad jus t  DP by 

pu t t lng  Zd I = 0 fo r  the hlgh P region wherein the values of A or B depend ra ther  

s teep ly  on P, i . e .  p r a c t i c a l l y  between the maximum / 1.3 and the maximum / 3. 

Because DP depends on the magnltude of the quo t l en t ,  say Qe' the best f i t  is ob- 

tained by an l t e r a t i v e  process. The resu l t  of th i s  par t  of the programme is the 

s t a r t i n g  po in t  fo r  the former ly  dlscussed par t  in which, wi th Qe = Qc' ~r is 

mlnimized by changing DP and the sums are made fo r  the determinat ion of R. This 

procedure is app l i ed ,  fo r  induced moment in fo rmat ion ,  to the data taken on the 

superconductor conta in lng the r e l a t i v e l y  large permanent d lpo le .  Because i t  con- 

cerns a r e l a t i v e l y  small e f f e c t  the prec is lon  is expected to be ra ther  poor. The 

ca lcu la ted  DP value is by 0.047 cm too negat ive as compared to the value 

obtained by the more precise f i t t i n g  of B to G I .  The m i s f i t  is due to the small 

s ignal to noise r a t i o .  Therefore DP has been kept constant In the programme. 

l, h t h  DP = - 1.137 cm, CFG02 y i e l d s  R = - 8.79 x 10 -3 (NmT -2) wi th e r = 4.8 ' 

and ,j = 1.24 x 10 -4 (T2m-IA -2) which is , 2.7 of the maxlmum of ¢ i "  Tile va- 

lue of R is 1.0 more negat ive than the value obtained in the exper lment,  in 

whicll no permanent d lpo le  has been purposely induced in the disc and in which 

the measurements have been car r ied  out wi th I l l  = 0.300 A. Because the maximum 

force re la ted  to I I i  = 0.300 A is 3.7 x 10 -6 N, which is well  su i ted fo r  belng 

measured by tile balance, the re la ted R value is more prec lse.  With the lower 

cur rent  I l l  = 0.060 A the ma×inlum force only is13.7 x 10 -6 N x (0.060 A / 

0.300 A)~I 0.15 x 10 -6 N. A p rec is ion  of  1.0 " on th is  force means an uncer- 

t a i n t y  on the force of - 1.5 x 10 -9 N. Thls ms p r a c t i c a l l y  the s e n s l t i v i t y  l i m i t  

of tile balance. Consequently, to w l t h i n  the p rec is ion  of  the apparatus in these 

experiments no d i f fe rence  Is revealed in the A value,  whether or not the perma- 

nent d lpo le  was present in the superconducting disc of vanadium. Because the un- 

c e r t a l n t y  1.5 x 10 -9 N is re la ted  to a maxlmum force = 3.0 x 10 -6 N due to the 

permanent d ipo le ,  the p rec ls ion  on the force measurement is 0.05 ' .  This p rec i -  

sion could be achleved because the balance system has been kept undisturbed du- 

r ing the measurements at each z -coo rd lna t i on  po in t .  

The programme CF~102 has been app l i ed ,  fo r  B in fo rmat ion ,  to the data taken on 

tlle dlsc In whlch no permanent d ipo le  had been induced purposely .  Again DP is  

too negat ive,  here by 0.067 cm, i n d i c a t i n g  that  the signal to noise r a t i o  is 

even less than in tile above case. F ix ing DP = - 1.137 cm the programme y i e l d s  
~ IA- I  ) R = - 2.38 x i0 -~ (NmT - I )  wi th e r _~ 7.4 " and ~ = 2.3 x 10 -~ (Tin- which is 

4,7 ' of the value of  the lllaxilllUlll g rad len t  G I .  The R value in th is  case is 
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only - 0.24 % of  t ha t ,  obtained on the disc w i th  the permanent d ipo le  purposely 

induced. The change in sign ind ica tes  tha t  the d i r e c t i o n  of  the p a r a s i t i c  perma- 

nent d ipo le  vector  po in ts  to t h e - z - d i r e c t i o n ,  the d i r e c t i o n  of  the earth magne- 

t i c  f i e l d .  When the trapped f l ux  is p ropor t i ona l  to the f i e l d ,  the generat ing 

p a r a s i t i c  f i e l d  should be ( -  0.24 x 10 -2 x 119 x 10 -2 T =) - 2.9 x 10 -5 T. This 

f i gu re  should be compared to the ear th magnetic f i e l d ,  ~ - 4.5 x 10 -5 T. The 

maximum fo rce ,  due to the permanent p a r a s i t l c  d i po le ,  was 3.6 x 10 -8 N. I t  is 

about i % of the maximum force due to the induced moment. When i t  IS assumed 

tha t  the r e l a t i v e  p rec is ion  on the t o ta l  force is about 0.05 t ,  as in the f o r -  

mer case, then the r e l a t i v e  p rec is ion  on the p a r a s l t i c  permanent moment should 

be about 5 % in good agreement wi th  ~r" 

CONCLUDING REMARKS 

The experiments w i th  the superconducting vanadium disc on the vacuum micro-  

balance reveal t ha t ,  w i th  the descr ibed system, magnet i ca l l y  induced forces on 

the sample can be measured, at  temperatures as low as 3.2 K, w i th  a reproduc i -  

b i l i t y  be t t e r  than 0.04 % when the pos i t i on  of  the f i e l d c o i l  remains unchanged. 

The induced moment parameter A, in th is  case, is independent of  the co i l  cur-  

ren t ,  i n d i c a t i n g  tha t  m.,. is a sample constant .  The in t roduced p e r s i s t e n t  moment, 

measured by the parameter B, remained constant ,  to w i t h i n  one percent ,  dur ing 

the exper iments.  For d i f f e r e n t  co i l  pos i t lons  the values of A are observed to 

be p ropo r t i ona l  to the ca lcu la ted  product of  the f i e l d  times i t s  g rad ien t ;  

these of  B to the g rad ien t .  The p r o p o r t i o n a l i t y  not only ind ica tes  tha t  the 

assumptions on A and B are sound but a lso tha t  the f i e l d  versus z -coo rd ina te ,  

as ca l cu la ted  fo r  the simple co i l  model, are prec ise to w i t h i n  0.5 %. The abso- 

lu te  value of the p r o p o r t i o n a l i t y  constant is not discussed here, f o r  lack of  

space, al though measurements have been car r ied  out which y i e l d  a f i e l d  accuracy 

b e t t e r  than one percent .  
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