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s Shleldlng of Low Magnetlc Field *with Multlple
Cylindrical Shells

- | .
S. M. Freake and T. L. Thorp
Department of Physies, University of California
and
Inorganlc Materials Research D1v151on

Lawrerice Radiation Laboratory,
Berkeley, California 94720.

ABSTRACT
‘The factors which determine the minimum magnetic
field inside a set of cylindrical shields of high per-

meability material are summarized. ﬁsing this infor-

. mation a three cyllnder system was de31gned and construc-

ted to: screen out the earth's magnetlc field inside the

dewar of aﬂdilution refrigerator to less than 5 X 10 = Oe.
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The screening of magnetic fields with high permeability alléys
1-5 s

has been extensively invéstigatéd. - waévér, the information
required to suécessfully désign a scrééning systeﬁ is disperséd
throughout many journals published ovér a long period of time. 1In this
papér we will sﬁmmarize the factors which limit the lowest field

L]

obtainable and will give details of a system which we have constructed

> Oe.v

to screen out the earth's field to less than 5 x 10~
Mumétal (7T7% Ni, 16% Fe, 5% Cu, 2% Cr by weight) is widely used
as a screening matérial because of its high initial permeability
(~ 10°) and low coércivity (0.03 Oe). After fabrication the metal
has to undérgo a céntrolléd annéaling processs, after which it must
bé handléd with reasonable care.
-For a cylinder of diaqeter D, length L, wall thickness d, made
from material having pérmeability'u, the shielding factor for transverse
_fields'St is'given'byh

s, = H ,/H, = pa/D, ' (1)

for ud >> 1, and»d/D << 1, where Ho’ Hi are the external and internal

fields respectively. The longitudinal shielding factor.SQ is given byh

)

S, =1+ Nud/mD = 1 + (v/m)s, ' o (2)

L
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 . +[slt52ts3t RN (s A2)(1 AB)...] (3)

vhere S,. is the shielding factor for the jth cyiinder given by Eq. (1),

Jt
AJ is the cross-sectional area of the jth cylinder, and Aj < AJ+1' Thus
for chinders with an extremely small spacfug, St %,Zsjt, and for
. ‘ A '
well-spaced cylinders, S_ ={{|S, (1- J ){. This makes it clear that
_ t Jt Aj+l

adequate spacing between the cylinders is necessary for efficient
shiéidihg.' Wé wbuld.éxpect similaf reiatidns ﬁo hdld for the resultant
longitudinal screéning factor.- | o

The tfeatment'above negléctsnthe penetration of the:fie1d at the
" open ends of the cylinders.( This frihging fieid decays approximately
egﬁqnentially2 with distance x into the cylinder, i.e. for transverse
fields - o
B =HE explxk %/l (1)
The factors k, (~7.0) and k, (;h.S) are not dependenf 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 ﬁhé sum of the_ffinging
field and the field determined by the shielding factor. |

o The third féctdr which affects thé lowest fiéld obtainable is the

remanent magnetiZatidn of the mumétal. This depends on the history of

the material and on the dimehsions of the éylinder. For a cylinder the
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effective value of the permeability, uav’ is3 uav =1 + 4 (p--1).4/D

. giving a magnetiiation Mav = Hé/N(l + €) where € = mD/Nd p. For a

long thin rod (N € 1/p) subjected to a large field the magnetization

with

left in the material after reducing the field to zero is avMsat’

N 4
@ ~ 1/2. For a finite rod we consider this 'permanent' moment is

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

the demagnetizing field. Thus;

M=aM .+ H

sat i
- Dsar
1+ xX'N-
->
No M at
and the internal field Hi = -NM = - ifizéﬁ—-. For the case when the

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

hJ

than Msat' For the Mumetal cylinders we find
Na Mav . O € Ho )
B =-17 X'N T ( 2 (assuming X' =~ x). (5)
1+ €

. 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 proéess 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 satﬁratéd in thé ambiént fiéld: .This requires thé condition
a/D >>-H0/Bsat ; 2 x 'II_O“h H , sincé the saturation fluk &ensity Byt
for Mumetal is 5 % 103 éauss.6 In practicé_this condition is easily
satisfiea. Neverthéless, it should be hoted that ﬂ is field dependent;6
for example, for fields below the coercivity; Y drops. Thié should be
takén into account when using Egqs. (1), (2F, and (5).

Thé systém that wé havé conStructéd was désighéd to scréen out
thé earth's fiéld to/léss than 5 x 'J.O-5 Oé ovér a length of 15 cm
iﬁside the 25 cm 0.d. dewar of“a dilution réfrigerator. Thé 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

eitent 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 handlihg. A solenoidal
coil was wound on the middle cylindef and both solenoidal and toroidal
coils on the inner. Each coil could produce a field of about 10 Oe at

6Q Hz, which was sufficient to produce the saturation flux density

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

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

in both.longitudinal and transvgrsé e#ternal fields of 0.3 Qe. It
égn be seén ﬁhat in all casés the résidual longitudinal field is
highér than thé transversé and we will. thgrefore confine our attention
tq'the éxpérimenpal rgsuits for longitudinal fields.

| In’Fig. 1 we show the axial field profiles obtained with these.
cylinders. The open inverted triaﬁgles, open squares, and open circ;es

are results  for the inner, middle, and ocuter 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 in reasonable agreement
with the values calculated from Egs. (3) and (4), and shown in Table I.

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

two orientatibns of the 6Ylinders, indicating the presence of small

permanent magnetizations. The solid inveried triangles and solid
squares show the profiles after degaussing the inner and middle cylinders.
The effective permeability is increased by this process so that

Hiii is reduced and the limiting field is determined by penetration

of the field from thg ends.

The field profilé for thé three coaxial pylinders thef demag-
netiéation of the inner two is denotéd bf thetriangleéin Fig. 1. The
fiéld at the céntér was in thé opposité direction to the ambient field
and has. been plotfed 6n 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 thé céntef. It was possible to reduce the absolute
magnitude of the field at the center of the cylinders by passing a
small steady currént thfough fhe solenoid wouna on the inner cylinder.
The field ?rofilé then obtaiﬁéd is dénoted by the open diamondé in.
Fig. 1.

Oné would éxpéct to obtain a profile similar tc the latter by
using the outer cylinder alone and degaussing it. Howeve;, changes
in the external magnetic fiéld~would only be screened out by the factor
of Sz = 110. By’usingithree cylinders, the screening of varying fields

. was greatly improved.
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" FIGURE CAPTION

Figf 1. ’Longitudinal field profilés'on the éxes of the cylindérs fo?'
a longitudinal ektérnal fiéld of 0.3 Oé. Inner cylinder before
degaussing V; innér cyliAdér after dégauséing ¥, middle cylinaer
béfore degéussing:D; middlé cylindér gfter degaussing B, outer
~cylinder (not dégauéséd) 0; all threé‘cylinders together after
dégaussing the middle and inner dyiihdérs A; as A but with
current of 80 ﬁA in thé solénoia wound on thé inher cylindér Lo
Noté that the boftom part of the'diégram shows fields in the.

opposite direction to_ the external field.



calculated

Table I. Hil), Hil) are the/fields at the center of the cyllnders determined by the shieldlng ﬂhctors
Hiz)a Hée) are‘those determined by frlnglng fields from the ends of the cyllnders. The transverse results

are for a transverse'external field of 0.3 Oe,}the longitudinal results for & longitudinal external field
(3) : calculated

of 0.3 Oe, and we have taken W = 2 X th (see Ref. 6). Ho”' is the internal/field due to remanent magneti-

_zation produqed by & longltudlnal external field of 0.3 Oe, which was the ambient field in our laboratory.

n R . . e
D L N s, 5, (1) Hél) HEQ) (2) (3)
Cylinder Cylinder Cylinder Demagnet- Transverse . Longit. (uBe) (no€) ! (1ioe) (qu) (qu)
diameter length izing shielding TShleldlng '
(cm.) (cm ) factor factor factor
Outer 29.2 147 0.7 220 " 50 140 }6300 { 0.013} 9 {3900
Middle 27.9 107 1.0 230 70 130 {4100  0.85 ! 130 ! 3100
Inner 26.0 76, 1.4 2ko 110 120 2800 i27 970 ] 2300
O+M+T 1.5x10° 4.5x10° 2 66 | 0.013] 9
)
TABLE I.

86£02~TH0N
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