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ABSTRACT 

Formulae for the longitudinal shielding effective- 
ness of thin, closely, spaced concentric cylindri- 
cal shells have been developed and experimentally 
tested. For shields which cannot be oriented, 
or which change their orientation in the ambient 
field, the shielding effectiveness for longitud- 
inal fields is generally the limiting criteria 
and no design formulae have been presented for more 
than two shields. In this paper a general formula 
is given for the longitudinal shielding effective- 
ness of N closed concentric cylinders. The use of 
these equations is demonstrated by application to 
the design of magnetic shields for hydrogen maser 
atomic clocks. Examples of design tradeof fs such 
as size, weight, and material thickness will also 
be discussed. 

Experimental results on three sets of shields 
fabricated by three manufacturers have been ob- 
tained. Two of the sets were designed employing 
the techniques described above. Agreement between 
the experimental results and the design calcu- 
lations is then demonstrated. 

INTRODUCTION 

Shielding of magnetic fields is very important for 
the stable operation of atomic clocks. In the case of a 
hydrogen maser the requiremen for shielding the cavity are 
quite stringent ( A H 10 - tesla). Furthermore, for 
possible spaceborne applications, size and weight become 
added constraints. For these spaceborne applications a 
reliable method is required to accurately estimate the 
shielding effectiveness (ratio of internal to applied magne- 
tic field) of concentric shields so that a design minimizing 
the size and weight of a shield set can be specified. 

Formulae for shielding effectiveness, of open ended 
concentric cylindrical shells of high permeability material 



i.n a transverse magnetic field are readily available. 1-4 
However, no general formulae e ists for sh.ielding longitudi- 
nal fields although M a g e r  4-' has given a relationship 
between transverse and longitudinal shielding effectiveness 
for 1 cylinder (with and without end caps) and estimated a 
relationship for two open concentric cylinders. For shields 
which cannot be oriented, or which change their orientation 
in the ambient field, shielding effectiveness for longi tudi- 
nal fields is generally the limiting criteria. 

The general equation for the longitudinal shielding 
effectiveness G N  of N thin, clo~ely spaced. high permeability 
cylindrical shields is given by 

where 

with 

a n d  
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Here. P .  is the permeability of the ith shield. t is the 
t k ~ c k n e s h  of the individual shields, b. is the radius of the 
i shield, D is the demagnetization fictor of the cylinder, 
L and b are the average length and radii of the shield set, 
and u .  and v are symbols used to generate a recursive 
relatianship. khis formula is valid when 



t / b .  < <  1, S .  .+3 < <  1, g!  > >  1 ,  a n d  1 < L/b  < 8. T h e  
d e v $ l o p m e n t  o t  'f!hls e q u a t i o d ,  a n  e a s y  m e t h o d  of  p i c t o r i a l l y  
r e p r e s e n t i n g  t h e  many terms i n  t h e  r e c u r s i v e  e q u a t i o n  1, a n d  
g e n e r a l i z a t i o n  t o  a r b i t r a r i l y  l a r g e  L / b  r a t i o s  a r e  f o u n d  i n  
r e f e r e n c e  7 .  

D E S I G N  CONSIDERATIONS 

A s h i e l d  s e t  d e s i g n e d  f o r  a s p a c e b o r n e  h y d r o g e n  m a s e r  
m u s t  p r o v i d e  s h i e l d i n g  o v e r  t h e  e n t i r e  c a v i t y  s u c h  t h a t  
t h e  c h a n g i n g  e x t e r n a l  f i e l d  w i l l  n o t  p e r t u r b  t h e  i n t e r n a l  
f i e l d  t o  t h e  e x t e n t  t h a t  t h e  c o n s e q u e n t  f r e q u e n c y  s h i f t  w i l l  
b e  o u t s i d e  t h e  s p e c i f i c a t i o n s  f o r  t h e  m a s e r .  I n  t h i s  s e c t i o n  
t h e  v a r i o u s  p a r a m e t e r s  t h a t  d e t e r m i n e  t h e  o v e r a l l  s h i e l d i n g  
f a c t o r  w i l l  be d i s c u s s e d  i n  t h e  f r a m e w o r k  o f  d e s i g n  f o r  a n  
o p t i m i z e d  s h i e l d  s e t .  

D e s i g n  p a r a m e t e r s  i n  E q s .  1 a r e  t h e  s h i e l d  t h i c k n e s s  
t ,  s h i e l d  s p a c i n g  s i , i  1 a n d  s h i e l d  n u m b e r  N .  T h e  i n n e r  

i s  u s u a l l y  s e l  by t h e  p a r t i c u l a r  a p p l i c a t i o n  a n d  
i s  a p r o p e r t y  o f  t h e  m a t e r i a l .  O p t i m u m  

s h i e l d  s p a c i n g  i s  s e t  by t h e  c o n d i t i o n  

h o w e v e r ,  f o r  c l o s e l y  s p a c e d  s h i e l d s ,  s u c h  o p t i m i z a t i o n  g i v e s  
s l i g h t  i m p r o v e m e n t  o v e r  e q u a l l y  s p a c e d  s h i e l d s ,  a n d  i s  n o t  a 
s i g n i f i c a n t  d e s i g n  c o n s i d e r a t i o n  i n  m o s t  i n s t a n c e s .  

More i m p o r t a n t  o p t i o n s  a r e  t h e  c h o i c e s  b e t w e e n  N ,  t ,  a n d  
bN c o n s i s t e n t  with a r e q u i r e d  s h i e l d i n g  e f f e c t i v e n e s s .  
E q u a t i o n  1 h a s  b e e n  u s e d  t o  g e n e r a t e  a s e t  o f  t a n d  bN 
v a l u e s  f o r  N e q u a l l y  s p a c e d  c l o s e d  s h i e l d s  w i t h  l e n g t h  Ls3b. 
T h e  r e s u l t s  a r e  shown i n  f i g .  1. C h o i c e s  b e t w e e n  b a n d  t 
w i l l  d e p e n d  o n  t h e  p h y s i c a l  l i m i t s  imposed  by a p a N i c u l a r  
s h i e l d i n g  a p p l i c a t i o n .  

O f t e n  i t  i s  i m p o r t a n t  t o  m i n i m i z e  t h e  w e i g h t  ( o r  e q u i v a -  
lently t h e  a m o u n t  o f  m a t e r i a l )  n e c e s s a r y  f o r  a g i v e n  s h i e l d -  
i n g  r e q u i r e m e n t  i . e .  a s h i e l d i n g  e f f e c t i v e n e s s  c r i t e r i a .  T h e  
w e i g h t  o f  a s e t  o f  c l o s e d  c y l i n d r i c a l  s h i e l d s  i s  



where p is the density of the shielding material. For 
Li z 3bi  this equation reduces to 

Using this equation, the weight' was calculated for N equally 
spaced shields as a function of t and b for a given shield- 
ing effectiveness. Figure 2 shows sucg a calculaton f o r  4 
and 5 equally spaced shields where the shielding effective- 
ness criteria are indicated. It is noted that an optimum 
b exists for minimizing the weight. One can make shields 
paysically smaller by reducing bN but the thickness of the 
shields increases rapidly and the weight goes up. Likewise, 
the weight increases if b increases beyond the optimum 
value since the large bN vayues more than offset the reduced 
t values. 

For shielding to very low magnetic fields (10 -lo tesla) 
the initial permeability pho of the material is an important 
material parameter, especially for the innermost shields. 
Since the permeability is a function of the internal induc- 
tion field B inside the material, the value of p will in- 
crease in the outer shields. For high permeability alloys, P 

typically has. a maximum near B 2 2000 gauss which is 
more than 10 times po.. IndZction B inside a cylindrical 
shell is approximately given by 

bHo 
B (gauss) = ( 5 / 2 )  (t) 

where H is the field outside the shield. This relation 
along wi?h the manufacturers published P (B) curve, should be 
used to estimate P of the outermost shield. Additional 
optimization can be obtained if the thickness t is selected 
to achievepm in the outer shield. 

The axial magnetic field profile within a partially 
closed cylindrical set of shields is usually dominated by the 
exponential decay of the extern 1 field as it enters the 
shielded region through the holes. ? 

where x is the axial distance from the center, H is the ex- 
ternal field, L is the average length of the shield!?, 2r is the 



h o l e  d i a m e t e r  i n  t h e  e n d  c a p s ,  a n d  H i  is t h e  i n t e r n a l  f i e l d  
f a r  f r o m  t h e  e n t r a n c e  h o l e s  a s  d e t e r m i n e d  by t h e  s h i e l d i n g  
e f f e c t i v e n e s s ,  GN. T h e  p r o f i l e s  m e a s u r e d  o n  two d i f f e r e n t l y  
d i m e n s i o n e d  m a g n e t i c  s h i e l d s  a n d  3 d i f f e r e n t  h o l e  d i a m e t e r s  
were c o n s i s t e n t l y  f i t  t o  t h i s  e q u a t i o n  u s i n g  t h e  t h e o r e t i c a l  
v a l u e  f o r  k o f  2 . 2 6 .  T h i s  e q u a t i o n  c a n  t h e r e f o r e  be u s e d  t o  
e s t a b l i s h  t h e  minimum l e n g t h  of c l o s e d  m a g n e t i c  s h i e l d s  w i t h  
a c c e s s  h o - l e s  i n  o r d e r  t o  m a i n t a i n  a  s p e c i f i e d  s h i e l d i n g  
e f f e c t i v e n e s s  f o r  a g i v e n  a x i a l  d i s t a n c e  n e a r  t h e  c e n t e r  o f  
t h e  s h i e l d s .  

S H I E L D  ACQUISITION AND E X P E R I M E N T  TESTS 

U s i n g  t h e  a b o v e  c o n s i d e r a t i o n s ,  a  s e t  o f  s h i e l d s  was  
d e s i g n e d  f o r  t h e  N R L  p a s s i v e  h y d r o g e n  m a s e r .  T h e  d e s i g n  
s h i e l d i n g  f a c t o r  u s i n g  t h e  m a n u f a c t u r e r ' s  v a l u e  o f  perme- 
a b i l i t y  was  6 x 1 0 '  o v e r  a  c e n t r a l l y  l o c a t e d  5"  l o n g  r e g i o n  
i n  t h e  s h i e l d .  T h i s  s h i e l d i n g  w o u l d  p r o v i d e  a  m o r e  t h a n  
a d e q u a t e  s a f e t y  m a r g i n  t o  i n s u r e  t h a t  tpf  m a s e r ' s  f r e q u e n c y  
s t a b i l i t y  s p e c i f i c a t i o n  o f  1 p a r t  i n  1 0  wo I d  n o t  be com- -8 p r o m i s e d  by a n  e x t e r n a l  f i e l d  c h a n g e  o f  + 1 0  T ( +  1 g a u s s ) .  
S e v e r a l  s h i e l d  s e t s  c o n f o r m i n g  t o  t h e  f i n a l  d e s i g n  we re  
p u r c h a s e d  f r o m  t w o  d i f f e r e n t  m a n u f a c t u r e r s .  I n  a d d i t i o n ,  a 
l a r g e r  s h i e l d  f o r  a n  S A O  V L G - 1 1  g r o u n d  b a s e d  m a s e r  w a s  
p u r c h a s e d  f r o m  a t h i r d  m a n u f a c t u r e r .  F i g u r e  3 s h o w s  t h e  
s c h e m a t i c  d e s i g n  of  t h e  N R L  d e s i g n e d  s h i e l d s  a l o n g  w i t h  a n  
a c t u a l  p h o t o g r a p h  o f  o n e  s e t .  T h e  m a n u f a c t u r e r s '  q u o t e d  
v a l u e s  w e r e  a p p r o x i m a t e l y  i d e n t i c a l .  S p e c i f i c a t i o n s  o f  
t h e  s h i e l d s  i n c l u d i n g  d i m e n s i o n s  a n d  m a n u f a c t u r e r  a r e  shown 
i n  T a b l e  I .  S h i e l d  s e t  3 w a s  s i g n i f i c a n t l y  l a r g e r  t h a n  s e t s  
1 a n d  2 ,  t h e  e n d  c a p s  w e r e  h e m i s p h e r i c a l  i n s t e a d  o f  c o n i c a l ,  
a n d  t h e  e n t r a n c e  p o r t s  i n  t h e  e n d s  o f  t h e  s h i e l d s  were  
d i f f e r e n t  i n  s i z e  w i t h  no  f l a r e d  e x t e n s i o n s .  

M a g n e t i c  m e a s u r e m e n t s  o f  t h e  s h i e l d s  w e r e  m a d e  i n  a n  
1 1 . 3  m e t e r  d i a m e t e r  B r a u n b e k  c o i l  s y s t e m  a t  t h e  S p a c e c r a f t  
M a g n e t i c  F i e l d  S i t e ,  G o d d a r d  S p a c e  F l i g h t  C e n t e r ,  G r e e n b e l t ,  
M a r y l a n d .  ( s e e  f i g u r e  4 ) .  T h i s  c o i l  s y s t e m  a c t i v e l y  compen- 
s a t e s  f o r  c h a n g e s  i n  t h e  e a r t h ' s  m a g n e t i c  f i e l d  a n d  i s  
c a p a b l e  o f  n u l l i n g  t h e  e a r t h ' s  f i e l d  t o  b e t t e r  t h a n  1 nT o v e r  
a  1 . 3  m e t e r  s p h e r e .  I n  a d d i t i o n ,  t h e  s y s t e m  c a n  a p p l y  a 
f i e l d ,  known t o  a n  a c c u r a c y  o f  1 nT, o v e r  t h i s  vo lume  w i t h  a  
m a g n i t u d e  a s  l a r g e  a s  6 0  P T .  S h i e l d i n g  e f f e c t i v e n e s s  w a s  
d e t e r m i n e d  by i n c r e m e n t a l l y  i n c r e a s i n g  t h e  f i e l d  i n  a s p e c i -  
f i e d  d i r e c t i o n  w h i l e  m o n i t o r i n g  t h e  i n t e r n a l  f i e l d .  B o t h  
l o n g i t u d i n a l  a n d  t r a n s v e r s e  a x i a l  s h i e l d i n g  e f f e c t i v e n e s s  
were d e t e r m i n e d  u s i n g  a f l u x g a t e  m a g n e t o m e t e r  w i t h  a 0 . 1  
nT r e s o l u t i o n .  P r i o r  t o  e a c h  m e a s u r e m e n t ,  t h e  s h i e l d s  wer 
d e p e r m e d  t o  a r e m a n a n t  i n t e r n a l  f i e l d  less t h a n  1 n T .  



In set 1, each individual eld was measured in order 
to arrive at the experimental value. Next the shields 
were sequentially assembled and - providing shield- 
ing effectiveness's for 1,2,3, and 4 nested sets. These 
measurements, in Table I ,  were used to verify the 
equation for G$hOWAso, shown in parenthesis for set 1 are 
the p f  values estirn ted using manufacturers published 
s p  cificatinni. The G% calculations using these estimated 

values are too high y a factor of 2. 

For the second set of shields, p was experimentally 
determined at both high and low induction values for only one 
shield, and the results were assumed t o  apply f o r  the remain- 
der of  the shields (i.e. the shields were not checked for 
material variab lity). Equation 1 was then used to calculate 
the measured G t  and the result was experimentally verified 
(Table I). Again estimated p values for these shields 
using manufacturers specificati ns are shown in pare thesis. 
For this set, the calculated G$ using estimated r f  values 
are almost an order of magnitude too high. 

For the 3rd set of shields only he m a n u f a c t u r e r s  
values were used. The calculated G g  value is almost 

d o u b l e  the experimental value. 

It has been our experience that the p ( B )  value supplied 
by the manufacturer is an upper limit that is not practically 
obtained in fabricated shields. The p ( B )  plots are generated 
by measurements with a permeammeter on a small test piece, 
rather than on a fabricated cylinder in a uniform magnetic 
field. It is not surprising that the permeabilities deter- 
mined by measuring the shielding of cylinders in uniform 
fields are lower than predicted on the basis of the manu- 
facturers graphs. This must be t a k e n  into account when 
designing a shield set either by measuring the ~r o f  3 cy- 
linder or by adding an adequate safety margin to the design 
calculations. 

Figure 5 shows the measured axial field profiles for 
shields 1 and 3. The solid lines represent Eq. 2 for the 
appropriate shield length and hole diameter with k = 2.26. 



CONCLUSION 

F o r m u l a e  presented h e r e  f o r  t h e  s h i e l d i n g  e f f e c t i v e n e s s  
and  t h e  f i e l d  p r o f i l e  of a c l o s e d  s e t  o f  N c o n c e n t r i c  cy- 
l i n d r i c a l  s h i e l d s  with access  h o l e s  c a n  be r e a d i l y  u s e d  t o  
d e s i g n  a n d  o p t i m i z e  m a g n e t i c  s h i e l d s  f o r  s p e c i f i c  a p p l i c -  
a t i o n s .  S u c h  d e s i g n  c o n s i d e r a t  i o n s  h a v e  b e e n  s u c c e s s f u l l y  
e m p l o y e d  i n  t h e  d e v e l o p m e n t  o f  m a g n e t i c  s h i e l d s  f a r  h y d r o g e n  
m a s e r s ,  T h e  l a r g e s t  u n c e r t a i n t y  i n  d e s i g n i n g  m a g n e t i c  
s h i e l d s  r e l a t e s  t o  t h e  v a r i a b i l i t y  o f  q u o t e d  P v a l u e s .  The 
o n l y  c e r t a i n  w a y  t o  o b t a i n  r e l i a b l e  v a l u e s  f o r  p r e c i s e  
s h i e l d i n g  c a l c u l a t i o n s  is t o  a c t u a l l y  m e a s u r e  P f o r  a t  l e a s t  
o n e  s h i e l d .  
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Fig. 5. Axial f i e l d  profiles f o r  shield sets 1 and 3 ( T a b l e  
I). 



Table  I S h i e l d  Parameters 

Set I (a) 

RADl US ( c n j  P ~ R M E ~ I  L I T Y ~ X ~ Q - ~ )  I G , ~  (x  1 0 . ~ 1  G , ~  (xl~-3) 

b4 b3 b2 bl p 4  p 3  p2 PI (USING f = 0.75) EXPf  RIAIENTAL 

9.65 3.5 0.093 
9.65 8.51 3.5 2.9 1.5 
9.65 8.51 7.62 3.5 2.9 2.0 '17 
9.65 8.51 7.62 6.86 3.5 2.9 2.0 2.5 250 

Manufacturer's estimate 9.65 8.51 7.62 6.86 (7.0) (3.5) (2.5) (2.0) (590) 

C-L 

P 
P set 2 tb) 9.65 8.51 7.62 6.86 2.0 1.8 1.7 1.2 50 

Manufacturer's estimate 9.65 8.51 7.62 6.86 (7.0) (3.5) (2.5) (2.0) (590) 

Set 3 tc) 23.88 21.84 20.07 18.54 --- 
Itlanufacturer's estimate 23.88 21.84 20.07 18.54 (10) (5.0) (2.5) (2.0) ( f  00) 

(a) 
Mu Sltield Corp. Malden . Mass. 02148 2.54 cm access hole, 0.051 em wall thickness 

lbl Perfectim Mica Corp. B.n*nvitla, I II. 80106 2.54 crn l m r r  hole, 0.061 cm wall thickness 

Allegheny Ludlurn Brackenridge, Pa. 15014 6.35 crn access hole one end 
4.826 cm access hole other end 
0.081 cm wall thickness 



QUESTIONS AND ANSWERS 

DR. V I C T O R  REINHARDT, NASA Goddard Space F l i g h t  Center: 

I have a few quest ions. F i r s t  o f  a1 1, on your  holes,  I n o t i c e d  t h a t  
you had some l i t t l e  f langes.  D i d  you experiment t o  determine i f  
those f langes improved the  s h i e l d i n g  f a c t o r ?  

MR. WOLF: 

Wel l ,  i t  tu rns  ou t  t h a t  we d i d  experiment w i t h  t h a t .  On our i n i t i a l  
design, we f e l t  these f langes would make a d i f f e rence .  But we had a 
s e t  o f  sh ie lds  f a b r i c a t e d  w i t h o u t  t he  f langes,  and i t  turned ou t  
t h a t  t h e r e  was no d i f f e r e n c e .  

DR, REINHARDT: 

Okay. Another quest ion:  The v a r i a t i o n s  i n  the  1. Did  you f i n d  a 
l o t  o f  v a r i a t i o n  i n  t he  samples from t h e  same manufacturer? 

MR. WOLF: 

We a c t u a l l y  looked a t  t h r e e  manufacturers. The p values o f  two o f  
t he  manufacturers were q u i t e  comparable once the  sh ie lds  were 
annealed t o  t h e i r  bes t  s t a t e .  I n  one case, we had t o  have the  
s h i e l d s  reannealed a second t ime. 

The t h i r d  manufacturer,  t he  p value was about a f a c t o r  o f  two 
lower than t h e  o the r  two, even though the  o r i g i n a l  s p e c i f i c a t i o n s  
were t h e  same. I suspect t h a t  t he re  would be a l a r g e  v a r i a t i o n  i n  
t h e  p t h a t  you cou ld  g e t  from manufacturer t o  manufacturer.  

DR. KEINHARDT: 

No, b u t  w i t h i n  the  same manufacturer,  d i d  you f i n d  rep roduc ib le  p ' s  
i f  you ordered the  same s e t  o f  sh ie lds?  

MR. WOLF: 

Yes. Once t h e  sh ie lds  were p r o p e r l y  annealed, the p e r m e a b i l i t y  was 
q u i t e  constant .  

DR. JACQUES VANIER, Lava1 U n i v e r s i t y :  

F i r s t ,  when you mentioned the  p a r t  i n  1014 t h a t  you requ i red ,  what 
was the f i e l d  f l u c t u a t i o n  you assumed? 

MR. WOLF: 

Okay. I ' m  so r r y ;  I should have mentioned t h a t .  We assumed a f i e l d  
v a r i a t i o n ,  an ex te rna l  f i e l d  v a r i a t i o n ,  o f  f 1 gauss. 



DR. VANIER: 

Okay. What method o f  degaussing these sh ie lds  d i d  you use? Could 
you comment on t h a t ?  

MR. WOLF: 

We t r i e d  many. The best  method was a c t u a l l y  a two fo ld  technique. 
We depermed the outer  sh ie lds  by p lac ing  them i ns i de  a  ten - foo t  
Helmholtz p a i r  and p u t  on an AC f i e l d  o f  30 gauss. And then a f t e r  
t h a t ,  we took a  w i re  and ran i t  through the i ns i de  and p u t  on an AC 
f i e l d  o f  about, again, 30 gauss, s lowly  decreasing the f i e l d .  And 
we d i d  i t  maybe two o r  three times, u n t i l  the i n t e r n a l  f i e l d  was 
less  than we could measure w i t h  our instruments. It was degaussed 
t o  about gauss; a  microgauss. 

DR. VANIER: 

Do you know the frequency o f  the degaussing? 

MR. WOLF: 

Yes. It was 60 cycles. 

DR. GIOVANI BUSCA, Ebauches , Switzerland: 

D id  you f i n d  some problem i n  the j o i n t  o f  the sh ie lds? Normally, 
people say t h a t  the  j o i n t  i s  the  most c r i t i c a l  part o f  the shie lds.  

MR. WOLF: 

Well, i t  tu rns  out  t h a t  we d i d  no t  see any d i f fe rence.  The sh ie lds  
t h a t  we go t  f o r  the SAO-VOG-11 sh ie lds  were welded on one end w i t h  
j u s t  a mechanical j o i n t  on the other. The f a c t  t h a t  we go t  such 
good agreement w i t h  the p r o f i l e  f o r  j u s t  t ak i ng  i n t o  account the 
s ize  o f  the  holes ind ica ted  t h a t  there  wasn' t  very much d i f fe rence  
between the spot-welded j o i n t ,  and j u s t  the  mechanical j o i n t .  




