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Shielding of Low Magnetic Field ~ith Multiple 
Cylindrical Shells 

c * S. M~. Freake and T. L. Thorp 
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and 

Inorganic Materials Research.Division, 
Lawrence Radiation Laboratory, 
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ABSTRACT 

The factors which determine the minimum magnetic 

field inside a set of cyli!}drical shields of high per-

-
meability material are summarized. Using this infor-

mation a three-cylinder system was designed and construe-

ted to screen out the earth's magnetic field inside the 

dewar of a_dilution refrigerator to less than.5 x 10-S Oe. 
' 
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The screening of magnetic fields with high permeability all6ys 

b t . 1 . ·t· t d l-5 has een ex ens1ve y 1nves 1ga e . However, the information 

re~uired to successfully design a screening system is dispersed 

throughout many journals published over a long period of time. In this 

paper we will summarize the factors which limit the lowest field .. 
obtainable and will give details of a system which we have .constructed 

to screen out the earth's field to less than 5 x 10-5 Oe. 

Mumetal (77% Ni, 16% Fe, 5% Cu, 2% Cr by weight) is widely used 

as a screening material because of its high initial permeability 

C- 105) and low coerci vi ty (0. 03 Oe) . After fabrication the metal 

has to undergo a controlled annealing processs, after which it must 

be handled with reasonable care. 

For a cylinder of diameter D, length L, wall thickness d, made 

from material having permeability ~' the shielding factor for transverse 

fields st is given by
4 

(1) 

for ~d » 1, and d/D << 1, where H , H. are the external and internal 
0 1 

fields respectively. The longitudinal shielding factor si is given by4 

I 

Si = 1 + N~d/nD = 1 + (N/n)St (2) 

where N is the demagnetizing factor for an ellipsoid with axial ratio 

L/D. For a.number of coaxial cylinders, the resultant transverse 

shielding factor is5 
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st = slt + s2t + s3t 0 0 0 + rlts2ts3t 0 0 0 

~ (1 - -)(1 
A2 

A2 ] " 
A3). • • (3) 

I 

where Sjt is the shi~lding factor for the jth cylinder given by Eq. (1). 

Aj is the cross-sectional area of the J.th cylinder, d A < A Thus . an . j j+l' 

for cylinders with an extremely small A spactng, St = Is jt, and for 

-....,well-spaced 'cylinders, st =T'Tfs.t(l-:- ?-- )]. This makes it clear that 
li[J j+l 

adequate spacing between the cylinders is necessary for efficient 

shielding. We would expect similar relations to hold for the resultant 

longitudinal screening faCtor. 

The tr.eatment above neglects the penetration of the field at the 

open ends of the cylinders. This fringing field decays approximately 

exponentially2 with distance x into the cylinder~ i.e. for transverse • 

fields 

(4) 

The factors kt (-7.0) and k~ (-4.5) are not dependent on cylinder 

diameter. Thus transverse fields are attenuated by a factor of about 

103 per diameter distance from the end and longitudinal fields by about 

102 • The resultant field in a cylinder is the sum of the fringing 

field and the field determined by the shielding factor. 

The third factor which affects the lowest field obtainable is the 

remanent magnetization of the mumetal. This depends on the history of 

the material and on the dimensions of the cylinder. For a cylinder the 
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effective value of the permeability, ~ , is 3 ~ = 1 + .4 (~ - 1) d/D _ av av 

giving a magnetization Mav = H/N(l + E) where E = rrD/Nd ~- For a 

long thin rod (N <{ 1/~) subjected to a large field the magnetization 

left in the material after reducing the field to zero is aM t' with 
sa • 

a- 1/2. For a finite rod we consider this 'permanent' moment is 

modified by x' H where X' is the differential susceptibility and H. is . ~ 

the demagnetizing field. Thus, 

M = a M t + X' H. sa ~ 

aM sat 
=~=7= 

1+ X'N 

-+ 
Na M t 

and the internal field H. = -NM = - sa 
~ l'+X'N 

For the case when the 

material has not been subjected to a large field, we take a lower value 

than M t" For the Mumetal cylinders we find 
sa 

NaM aE H 
av o H. = - ------- - - ------~ 

~ 1 + X'N (1+ E)2 
('assuming X' ~ x). (5) 

This field can easily be reduced by degaussing the cylinder in situ; that 

is, one applies a sinusoidal magnetic field and steadily reduces its 

amplitude. This process increases the effective permeability by helping 

the realignment of the magnetization in the ambient steady field. It 

is found that both toroidal and solenoidal windings are necessary for 

effective degaussing. 

Finally, it is necessary to insure that the magnetic material is 
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not saturated in the ambient field. This requires the condition 

. -4 
d/D >> H /B = 2 x 10 H , since the saturation flux density B t o sat o sa -

. 3 6 
for Mumetal is 5 x 10 gauss. In practice this condition is easily 

satisfied. Nevertheless, it should be noted that ~ is field dependent; 6 

for example, for fields below the coercivity, -w drops. This should be 

taken into account when using Eqs. (1), ( 2 )", and ( 5) • 

The system that we have constructed was designed to screen out 

the earth's field to less than 5 x 10-5 Oe over a length of 15 em 

inside the 25 em o.d. dewar of a dilution refrigerator. The low fields 

were required for investigations of low temperature superconductors and 

.Josephson effect phenomena. The dimensions of the three cylinders used 

are shown in Table I. The middle cylinder was made shorter than the 

outer to. reduce cost and so that its ends would be screened to a certain 

extent from the external field; the inner cylinder was made shorter .. 
than the middle one for a similar reason. 1/16" sheet Mumetal was 

used in order to give the cylinders sufficient mechanical strength 

that they would not become unannealled with normal handling. A solenoidal 

coil was wound on the middle cylinder and both solenoidal and toro.idal 

coils on the inner. Each coil could produce a field of about 10 Oe at 

60 Hz, which was sufficient to produce the saturation flux density 

in the Mumetal. 
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In Table I we also show the calculated fields at the centers of 

the cylinders due to the shielding effect and due to fringing fields 

in both longitudinal and transYerse external fields of 0.3 Oe. It 

can be seen that in all cases the residual longitudinal field is 

higher than the transverse and we will therefore confine our attention 

to.the experimen~al results for longitudinal fields. 

In Fig. 1 we show the axial field profiles obtained with these 

cylinders. The open inverted triangles, open squares, and open c:i.rc~es 

are results for the inner, middle, and outer cylinders before degaussing. 

Each point represents the mean of the fields measured with the cylinder 

parallel and antiparallel to the external field. These profiles indicate 

limiting fields of about 2.5 mOe, which are ih reasonable agreement 

with the values calculated from Eqs. (3) and (4), and shown in Table I. 

The minimum fields differed by about 1 mOe in.each case for the 

two orientations of the cylinders, indicating the presence of small 

permanent magnetizations. The solid inverted triangles and solid 

squares show the profiles after degaussing the inner and middle cylinders. 

The effective permeability is increased by this process so that 

H(~) is reduced and the limiting field is determined by penetration 
m~n 

of the field from the ends. 

i 
The field profile for the three coaxial cylinders after demag-

netization of the inner two is denoted by the triangles in Fig. 1. The 

field at the center was in the opposite direction to the ambient field 

and has been plotted on the separated section below. Because the inner 

cylinder was in a non-uniform field its magnetization overcompensated 
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the applied field at the center. It was possible to reduce the absolute 

magnitude of the field at the center of the cylinders by passing a 

small steady current through the solenoid wound on the inner cylinder. 

The field profile then obtained is denoted by the open diamonds in 

Fig. 1. 

One would expect to obtain a profile ~imilar tc the latter by 

using the outer cylinder alone and degaussing it. However, changes 

in the external magnetic field would only be screened out by the factor 

of Si = 110. By using three cylinders, the screening of varying fields 

was greatly improved. 

ACKNOWLEDGEMENTS 

This work was performed under the auspices of the U. S. Atomic 

Ene~gy Commission. 

' 



~ 
i 

L 

'~ 

·'1·. 

I.,, 
! ' 
i 

* 

1. 

2. 

3. 

4. 

5. 

-8- UCRL-20398 

REFERENCES 

Present address: Royal Radar Research Establishment, Malvern, 

England. 

W. G. Wadey, Rev. Sci. Instr. 27, 910 (1956). 

A. Mager, Z. Angew. Phys. 23, 381 (1967). 

A. Mager, Elecktrotechn. z. A89, 11 Ci968). 

A. Mager, J. Appl. Phys. 39, 1914 (1968). 

A. K. Thomas, IEEE Trans. on Electromagnetic Compatibility, 

EMC-10, 142 (1968). 

6.. Institute of Physics Handbook, (McGraw-Hill, 1957). 



-9- UCRL-20:398 

. FIGURE CAPTION 

Fig. 1. Longitudinal field profiles on the axes of the cylinders for 

a longitudinal external field of 0.3 Oe. Inner cylinder before 

degaussing V; inner cylinder after degaussing '; middle cylinder 

before degaussing D; middle cylinder after degaussing D; outer 

cylinder (not degaussed) 0; all three cylinders together after 

degaussing the middle and inner cylinders t.; as t. but with, 

current of 80 ]JA in the solenoid wound on the inner cylinder <> . 
Note that the bottom part of the diagram shows fields in the 

opposite direction to_ the external field. 



(1) (1) 
Table I. Ht , H~ 

H(2) H(2) are those 
t ' ~ 

calculated . 
are the/fields at the center of the cylinders determined by the shielding ~ctors, 

determined by fringing fields from the ends of the cylinders. The transverse results 

are for a transverse external field of 0.3 Oe, the longitudinal results for a longitudinal external field 
4 ( 3 ) _ calculated 

of 0.3 Oe, and we have taken~ = 2 x 10 (see Ref. 6). H~ is the internal/field due to remanent magneti-

zation produced by !3. longitudinal external field of 0. 3 Oe, which was. the ambient field in our laboratory. 
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