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T h i s  note descr ibes a s imples technique f o r  d e t e c t i n g  the  de- 

gree of balance of f i r s t  o r d e r  gradiometers be fo re  connect ing t hem t o  

the  SQUID. The e f f e c t  o f  thermal c y c l i n g  on t h i s  balance i s g i v e n  f o r  

d i f f e r e n t  m a t e r i a i sused i n  t h e  c o n s t r u c t i o n  o f  the  gradiometers.  

Esta nota descreve uma t é c n i c a  s imples para d e t e t a r  o grau de 

balanceamento de grad iômet ros de p r i m e i r a  ordem, antes de conectá - los

ao SQUID. O e f e i t o  de c ic lagens  térmicas nes te  balanceamento é dado pa- 

r a  d i f e r e n t e s  m a t e r i a i s  usados na const rução dos gradiômetros.

I n low l e v e l  magnetic d e t e c t i o n  experiments i n v o l v i n g  s u p e r -  

conduct i  ng quantum i n t e r f e r e n c e  devices (SQUI D ' S )  i t t u r n s  o u t  t o  be ne,- 

cessary t o  o p t i m i z e  the  balance o f  the ex te rna1  p a i r  o f  o p p o s i t e l y  wound 

sensing c o i l s  of the  superconduct ing f l u x  t ransformer,  wound as a g ra-  

diometer i n  o r d e r  t o  s h i e l d  o r  d i s c r i m i n a t e  a g a i n s t  i n t e r f e r e n c e  f r o m  

d i s t a n t  magnetic sources . l  Reported magnet i c  suscept i b i  l i t i e s  and b i o -  

magnetic f i e l d s  measurements have been made us ing  gradiometers balanced 

from 1.5 p a r t s  i n  103 2 9 3  down t o  4 p a r t s  i n  ] o 5 .  To check such ba- 
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s imple ( b u t  l e s s  p rec ise )  and e l a b o r a t e 4  techniques have been 

h t h e  f l u x  t rans fo rmer  a l r e a d y  connected t o  t h e  SQUID. 

I n  t h i s  no te  we propose a s imple and q u i c k  technique t o  check 

ancing, a t  room and low temperatures, be fo re  connect ing t h e f l u x  

t ransformer t o  the  SQUID, and us ing  inst ruments o f  common use i n  rese- 

a r c h  l a b o r a t o r i e s .  The influente o f  thermal c y c l i n g  o n t h e  ba lanc ing  can 

be e a s i l y  fo l l owed and the  choice o f  the  c o n s t r u c t i o n  m a t e r i a l  f o r  the  

former o f  t h e  sensing c o i l s  op t im ized .  



The technique i s  based on the symmetry and great  spa r i a l  ho- 

mogeneity o f  the a x i a l  f i e l d  generated by a Helmholtz c o i l ,  i n  the v i -  

c i n i t y  o f  the cent ra l  p o s i t i o n  ( f o r  an a x i a l  displacement o f  about ' 0% 

o f  the c o i l ' s  rad ius  from the cen t ra l  p o s i t i o n  the corresponding magne- 

t i c  f i e l d  v a r i a t i o n  i s  1.5 par ts  i n  1 0 ~ ) .  

For a f i r s t  order gradiometer l e t  SI and S2 be the e f f e c t i v e  

hor izonta l  areas o f  the two sensing co i  1s having equal number o f  turns 

and B1 and B2 the magnetic induct ion through each c o i l .  I f  we place the 

center o f  a p e r f e c t l y  balanced gradiometer (SI = S2) a t  the cent ra l  po- 

s i t i o n  o f  a Helmholtz c o i l  exc i ted  w i t h  a s inusoidal  generator, t h e r e  

w i l l  be no induced voi tage i n  the gradiometer s ince B- = BP. For an un- 

balanced gradiometer, (S i  # Sp) the zero induced s igna l  ccndi t ion 

w i l l  on ly  be s a t i s f i e d  by d isp lac ing  the gradiometer a c e r t a i n  d istance 

r e l a t i v e  t o  the Helmholtz c o i l ' s  center. Therefore the ax ia l  unbalance 

o f  the gradiometer can be checked by measuring the p o s i t i o n  o f  the gra-  

diometer w i t h  respect t o  the center o f  the Helmholtz c o i l .  We sha l l  see 

tha t  t h i s  displacement i s  considerable even when there i s  a small unba- 

1 ance . 

Def in ing the a x i a l  unbalance by n = I(S1-S2)/Sll, the zero i n -  

duced s igna l  cond i t ion  f o r  a small radius gradiometer placed along the 

ax i s  o f  the Helmholtz c o i l  gives 

where ~ ( z )  i s  the we l l  known expression f o r  the magnetic i n d u c t i o n  a t  

the Helmholtz c o i l ' s  ax is ,  z i s  the p o s i t i o n  o f  the gradiometer's cen- 

t e r  where the zero s ignal  cond i t ion  i s  achieved and d i s  the gradiome-  

t e r ' s  base 1 ine (d istance between the sensing coi  1s). 

The ri(z) f unc t i on  f o r  a gradiometer i n  a Helmholtz c o i l  o f  20 

cm average radius i s  shown i n  Fig.1 (curve A) .  A cor rec t ion  should be in-  

troduced i n  q(z) expression i f  we consider the physical  dirnensions of the 

coi  1s. This i s  done by a s imple i n teg ra t i on  f o r  the fo l l ow ing  c o i  1 d i - 
mensions: 38 cm inner diameter, 42 cm outer  diameter and 2 cm th i ck ,  ob- 
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F i g , l  - Unbalance funct ion (n(z)) versus gradiometers'  

r e l a t i v e  t o  the center  o f  idea l  Helrnholtz c o i l s  (curve 

a x i a l  displacement 

A) an w i t h  correc- 

t ions  due t o  the physical  dirnensions o f  the coi  i s  (curve B) . 

t a in ing  curve B i n  Fig.1. This curve shows the s e n s i t i v i t y  o f  the mezhod, 

as a displacement o f  1 mm which can e a s i l y  be detected, impl ies an unba-. 

lance o f  about 25 ppm. This s e n s i t i v i t y  can be improved using Helmholtz 

c o i l s  o f  greater  radius. Values shown i n  curve B were exper imental ly  con- 

f i rmed i n  the region 1 0 - ~  ri < 10-3 using i n ten t i ona l  l y  unbaianced gra-  
d i ~ m e t e r s . ~  

I n  our measurements we use a Helmholtz c o i l  o f  20 cm mean ra-  

dius, exc i ted  by an audio frequency s inusoidal  generator o f  400 Hz t o  

minimize undesired induct ion  e f f e c t s  inherent t o  h igher frequencies.The 

gradiometer o f  2 cm diameter and w i t h  5 turns/sect ion i s  d isplaced by a 

motor coupled t o  a potentiometer which gives p o s i t i o n  .information. The 

gradiometer's output  i s  connected t o  a reasonable input  s e n s i t i v i t y  am- 

p l i f  i e r  (P.A.R. mod. 124 Lock- in ampl i f  i e r )  . The Dc ampl i f  i e r ' s  output  

and the potentiometer are  connected t o  a X-Y recorder. As the gradiome- 

t e r  i s  mved, we obta in  the output  s igna l  versus pos i t ion .  

A t yp i ca l  curve i s  shown i n  Fig.  2. We can see tha t  a minimum 

i s  detected a t  a displacement frm the center equal t o  3.8 cm.Going back 



t o  Fig.1, we o b t a i n  the  g rad iomete r ' s  unbalance, which i s  about 0.5%. A 

computer generated curve was ob ta ined  f o r  such unbalance us ing  the  c a l -  

c u l a t e d  f i e l d  p r o f i l e  o f  the  Helmhol tz  c o i l ,  which i s  shown a l s o  i n  F ig.  

2. We should emphasize t h a t  due t o  t h e  easy way t h a t  c u r r e n t s  a r e  indu- 

ced i n  the  system, even if we a t tempt  t o  avo id  i t ,  t h e r e  i s  always a r e-  

s i d u a l  s i g n a l  and so a niinimum i s  found ins tead  o f  a ze ro  s i g n a l  p o i n t .  

One o f  t h i  s method's advantages i s  t h a t  one can have a r e a l  

t ime  observa t ion  i f  t h e r e  a r e  any v a r i a t i o n s  i n  the  gradiometer 's  ba-  

lance, when i t  i s  submi t ted t o  d i f f e r e n t  temperature c o n d i t i o n s ,  w i t h  

gradiorneters wound on formers made o f  d i f f e r e n t  rna te r ia l s .  Some o f  the  

r e s u l t s  we ob ta ined  a r e  shownin F i g .  3 where the  gradiometers underwent 

many thermal c y c l  ings (room temperature t o  1 i q u i d  n i  t rogen  temperature)  . 
We see t h a t  w i t h  PVC as i t  underwent these c y c l i n g s ,  the;e i s  a degra- 

d a t i o n  i n  i t s  ba lanc ing;  t e s t s  made w i t h  n y l o n  tubes showed t h a t  the re  

was a l s o  degrada t ion  b u t  the  balance re tu rned  t o  i t s  o r i g i n a l  va lue  a f -  

t e r  some hours a t  room temperature. As a minimum and cons tan t  unbalance 

i s  des i red ,  we developed a f l u x  t rans fo rmer  w i t h  i t s  loops embedded i n  

an a r a l d i  t e  (AV-8, C I  BA) former.  The balance rema ined unchanged a f t e r  

thermal c y c l  ings.  

The au thors  a r e  g r a t e f u l  t o  J.P. von der  Weid f o r  h e l p f u l d l s -  

cussions and advice.  T h i s  work was supported by the governamental agen- 

c i e s :  FINEP and CNPq. 

Fig.2 - Gradiometer's output signal versus axial displacement ... compu- 

118 t e r  generated data, - experimental data. 
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Fig.3 - Thermal cycling balance degradation characteristic of gradiome- 

ters wound on formers o f  PVC and Ara ldi te. 
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