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MAGNETIC SHIELDING. Fur e A¢meren BD#,

By way of an introduction to this section, a chrupoingical
account of the relevant contributions is probably the best way
to obtain a feeling for the level of understanding existing in
this field in the mid=1970's when this work was initiated.

For the sake of complsteness one should mention that the first
publication c?ncerning magnetic shielding was that of della

(18

) in 1589, Howsver, it reqguired a further thrse

(19)

Porfa
centuries before Rucker in 1894 produced a mathematical
solution for the transverse static shielding of multi-layer
concentric shields. He showed that a much gfeater shielding
factor can be obtained by using two thin concentric layers
separated by an air gap, rather than one layer with twice the
thickness. A little later, in 1899, wills(zu) published his
'simplified' calculations for the transverse static shnielding
of concentric three—layer cylindrical anc spherical magnetic
shields. Since then there have been several publications(21—25)
presenting simplifications and generalisations fcr these
calculations. In 1912 Esmarch(ZG) performed a series of
experiments to investigate the variation of the transverss
static shielding factor with position along the axis of open—
ended multi-layer cylindrical shields. He also studied the
variation with the number of layers, up to a maximum of 63
layers. The next publication, 22 years later, by SChelkunoFF(27)
concerned shielding against alternating electromagnetic fields.
There is then a further gap of 23 years before the discovery

(28)

of any novel effects, when Albach & Voss investigated a
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method of enhancing the magnetic shielding against low frequency
gisturbances, by applying an alternating {(shaking) magnetic
Pisld to the sheild. Then in 1968 mager' 2®) produced the first
discussion of the axial shielding properties for single layer
gylindrical shields and two years later extended his results for
tuo=layer systems(SG). ppart from some specific axperiments
which have used magnetic shields of necessity, (for example: the
stable ocperation of hydrogen masers(31), shielded rnams(32-35),
measurements of the electric(s) and magnaticczﬁ) dipole moments
of the neutron, and scme optical pumping experiments at very
low magnetic fields 113 T(37’38)) this appeared to be the
rstate of the art! up to the mig-1970's.

The rsason that so little progress seems to have been made is
duae to the fact that, until recently, the applications raquir-
ing shielding, (and hers should be included cathode ray tube
shields, photomultiplier tube shields, etc,) have needed a2
level of shielding which was easily and relatively cheaply
abtaipable. However with the inevitable advent of much more
demanding experiments, in particlar tha two in which this group
at the University of Sussex'is invcluedssg) there is now a

need for a deeper understanding of the problem. With the
realization that the success or failure of the proposed EDM
experiment would ultimately depend an the time stability af

the magnetic field, {(not té mention an estimated cost in excess
of £10,000) it was decided that there was insufficent data
available to allow an immediate design of a suitable shielding

assambly. In particular the limited knowledge of the axial

shielding properties of multi-layer eylindrical shields. Hence
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a study of magnetic shielding and its problems was undertaken.,
About the same time a similar study was under way in the Sovist
Unionsdu-as) in preparation for their own £DM experimentgaﬁ’a?)
In this chapter a general review af magnetic shielding is
presented in an effort to remove certain misunderstandings
which seem to be prevalent, The discussion is purposely
restricted to conventional cylindrical magnetic shislding
although a short section on Superconducting shielding is
included at the end. A recursion formula for the calculation
of the transverse static shielding of multi-layer cylindrical
shields is given, which is particularly amenable to numerical
computation and has the added advantage of providing the
shielding factors of each Sub—-assembly before the addition of
the next outer layer, An alternative method for calculating
the axial static shielding factors for multiflayer cylindrical
shields is derived. Finally, an experimental study is
reported, using a prototype four-layer mu-metal shield. The
results from this prototype and from other shields, where data
is available, are compared with theory, particularly with
rQSpﬁct to the axial shielding performance, and a design for a i
full size assembly for the EDM experiment is evaluated,
Although most of the theory is developed ignoring the ferro-
magnetic nature of the shielding material, there are certain
aspects of the behaviour which do require some discussion of
ferromagnetism. With this in mind, in the following section,
same of the more relevant features of Férrumagnetism are
discussed befors proceeding to the general topic of magnetic

ShiElding .



21

Ferromagnetism,

It will be shown later that the shielding factor obtained

for a single layer shield is proportional to its relative
magnetic permeability, p. However, in reality, p is not only
a highly non=linear function of the flux density, Bm, in the
material but is also dependent on the exact magnetic history
of the material. Bearing this in mind it is useful to consider
two features of ferromagnetism,

(a) The normal magnetisation curve and its behaviour around
Bm= Hm- 0, and,

(b) the response of the magnetic state of the material to
cyeclic uariatinns in the external field.

These two features will now be dealt with in turn.

(a) The normal magnetisation curve.

The materials normally used for magnetic shields are those with
the highest permeabilities, and most common amongst these are
the permalloy and mu-metal groups. Ffor the most part the
discussion will be in terms of these materials. In FIG 2-1 are
shown the complete hysteresis loops for (a) 4=7S permalloy, and

(48 p48O) niie

(b) mu-metal., Curve (a) is redrawn from Bozorth
curve (b) is an experimental curve measured as in Appendix A.
The portion OA of each curve (redrawn for the case of mu-metal
in FIG 2+2) is called the normal magnetisation curve, and
describes the variation of Bm and Hm when starting from the
initial state Bm= Hm= 0. The form of this curve near the origin

(29)
is found to be accurately described by the Rayleigh relation:-

W, = PaFe ™ va e
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where 4 is the ipitial relative permeability (see FIG 2-2)

. -Q;: m:*‘& -L ‘

and ¥ is some parameter dependent on the material.

~ .

fquation 2¢1 can be rewritten in terms of the flux density,

8 as:=
m’

- gie

, 4y
b= g+ (] 4 ;ﬁm)%) 202
(2]
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(b) Response to cyclic perturbations.,

FIG 2¢3 shows the response of a sample, originally in the state
Bm= By Hm= H, to a periodic variation in Hrn of amplitude H1.
The response during the first cycle of the perturbation will
~depend on the direction of the initial variation with respect
to Hm’ as can be seen by comparing the response to the varia-
tions OAOBOA and DCOAOB in FIG 23, However after at least one
cycle the magnetic state of the material will follow the minor
loop AB. The slope of the line AB joining the extreme tips of
the minor loop is a measure of the so called incremental
permeability. For a given perturbation amplitude this slope is
almost independent of the value of Hm’ as can be seen in

FIG 2+4(a). 1If on the other hand H_ is kept fixed and the
perturbation amplitude varied the slope of the minor loops will
change as in FIG 2¢4(b). It is found that the slope of thess

(49)

loops is also described by the Rayleigh relation:-

v
po=d(p, + (p12 + i2—£1-Bﬂn)4‘}) 23
(w]

where ABm is now the peak to peak variation in Bm.

Finally, before moving on to the shielding theory, it is worth

-
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examining what happens when a periodic perturbation is applied
and then slowly reduced to zero. Refurning to FIG 2+3, in that
case the minor loop AB gradually collapses to leave the material
in the state corresponding to peoint E. At point E the effective
permaability, Bm/Hm, is much higher than at the ariginal point
0. If the initial amplitude of the perturbation is allowed to
drive the material into saluration im both directions before it
is reduced to zsro the point £, as a function of Hm’ will then
describe the ideal or anhysteretic magnetisation curve., This
curve follows the mid=points of the major hysteresis loop and

is shgwn in FIG 2+5 for the case of ironm.

2+2 Transverse meagnetic shielding.

inn practice the real problem of a fimite closed cylinder in a
uniform magnetic field, 80, as shown in FIG 26, is never

solved, Instead the solution for infipitely long cylinders is
used as this situation is exactly soluble(zu). The assumption
is usually made that the end~caps, to some extent, compensate

(s0)

for the reduced length., Pendlebury has considered this
problem using a method based on flux gathering and reluctance
theory and concludes that feor a single laysr, with length to
radius ratio > 1, deviations from this assumption are likely

to be small. Hence in this section a further solution to the
infinite cylinder situation will be presented which is particu—
larly amenable to numerical coamputatiaon,

; Assuming the relative permeability, p, to be constant throughw

out sach region of ths shielding material (see FIG 2+6{b)) the

equation to be solved is Laplace's equation for the mapnetic

scalar potential, F:-

—18—
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FIG 2¢6(b) : Mmultiple - layer transverse shielding
canfiguration.
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vzﬁ 2 g : 2+ 4
whers H=-v¢ 25

The following boundary conditions must be satisfied at all
boundaries:=

(1) the normal component of B is continucus, and,

(ii) the tangential componsnt of H is continuous.,

Working in cylindrical polar coordinates (e,e,z) the scalar

potential in each region cam be written:-
D
= = & .
jﬁk (Ck€ * e JCes 2+6

and the two boundary conditions are:-

. ag ggk .

: Heasle = H +1 2+7(a)

? kde Ty k+1de T

‘and -jr" g-gk r = -%' gglﬁ‘i - 2¢7(b)
k k k k

where r is the radius of the kth boundary {see FIG 2+6(b)).

In the centre region, for ﬂ1 to remain finite D1= 0 and thus

the magnetic field, 51, in the centre region isi~

~ ] ~
8, = -—}JDC.}(CDSS._e - Sin®&,8) 28

which is a uniform field of magnitude Puc1'




for an n-layer shield the field outside, 3 e will besm

2

= D A
82n+1 = -pa(82n+1~—€12n+1)6055.£

5 . 2+9(a)
+Fn(52n+1 + §2n+1)51n&.§
which for large distances becomes:-—
A . [
Ba-—p0C2n+1(Case.g— 5in®,8) 2:9(b)
which is again a uniform field, of magnitude Pcc2n+1'
The shielding factor, ST, is then defined as:-—
ST = Eo = £:-'2;'1+‘1 2+10(a)
B8 C :
1 1
Putting C1 arbitrarily to 1 this becomesi-
5 = ¢ 2+10(b)
2n+1

The subscript 2n+1 is always odd and supstituting 2+6 into 27

gives, for k odd:=-
it D 1
= — —, — — s
m k m
0 = 2(C r2(1 - l-) + 0 (1 + 1-)) 2-11(b)
k+1 k' k Ho k Ho

where m = (k + 1)}/2 and P, is the relative permesbility of the

th 3 o
m «layer of shielaing material,
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From 2+17 =

. 4 r Z 1
= = -— -
Cpp = 36, ((200 s+ (e )2 =)
i k+1 m
10, (b= N ) e
+ 30, (= Ha—m
k2T P T e

2 2
L y(e2erl )
Pk ke 2+12(b)
1 1
» 0, (207 ap (e )Z(Z-Fm—}lm))

Opyp = 21N

These recursion relations can be greatlysimplified by making
the following two assumptions:i-

(i) p, »1, and,

(ii) t KR .

t is the shielding material thickness and Rm the average radius

t
of the m h-layer given by:-
t t
R r,*t3 =T -3 2413
where k=2m+1 is always odd.

Substituting 2+13 into 2412 and making the above assumptions

yields:-

€ p = C 1+ %ﬁi) + Dk(l‘-'@%?n) 2+14(a)
Dy -ck(l;;',mtRm) +0,(1 - %H? 2+14(b)

For a single layer the shielding factor becomes:i-

= = =
51 C3 1 + 2&1 2+15




In most cases SI:P 1 and the 1 can be ignored,

For a two-layer system equations 2+%4 give:-

5T = C; = (1 + %Ei)cz + (%ﬁ%}D3

2
- Bt o HEE g - (EBy? .
Rl 7 G (OR 218
2 1 12 Z
This can be rTewuritten asi—

sT= sl +5" +5sT (1= En? 2417
2 * 997 Ry

T _ Eqi
where 5i = 2Ri -

This result can be similarly generalised to n-layers:—

n rn=1,n

sT=> sl sy YsalsTna Eiy%
: L .= 1] R
i=0 1,] % J

n—2,n=1,n

T.T.T R..2 B.\2

LYY Sslstsln- Ento - G s
— £ - j
i,y i,k k

51500 ee .5:\(1—(%12)2)(1-(%?2)....(1—{%:11—1)2)

In general the last term is usually dominant, going as Fn, in

whieh case equation 2+18 can be azpproximated by:-

n-1
sT= T sTsT(n = (& ) 2419
ni R.+1
i=1 .
The presencs of the factors {1 - (gi )2) demanstrates clearly
i+
the need for substantial air gaps between layers, first reali-

(19)

sed by Rucker However, as the layers become larger their




R N . 1
individual shielding factors are falling as ;-and hence there
is some optimum arrangement. This turns out(zu’da) to be a

geometric progression in the radii:-

Ri+1 = oCRi 220
although the variation is rather slow., The next guestion to
ask is whether, if the inner and cuter radii are fixed, there
is an optimum number of layers to use. In FIG 2+7{(a) is shoun
a specific example of the variation of g7 with n for a shield
with R1 = Q+5m and Rn = 1e0m. 1mm material is used with a
permeability eof 30,000, Althsugh the curve is beginming to
flatten out there is mo sign af a maximum up to n = 20. The
dotted line would be the shielding obtained with a single solid
layer, The same shielding factor can be achieved using only
four tmm thick layers suitaply arranged, i.e. using only 1% of
the material. In order to see a maximum curve (b) is plotied
for R1 = O+5m and Rn = 0+53m, For n = 20 the first two layers
are then touching. The maximum occurs for n = 14 when the
average separation betwsen layers' is only 2+3 times the thick-
ness, Hence, in practice, for such high permeability materials
the maximum number of layers, between two given radii, will bs
determined by cost rather than by performance. Again the dotted
line in curvs (b) is for a single solid layer.

In view of the results in FIG 2+7 the criginal question can be
Teworded. Given n layers, with a fixed inner radius, what is
the optimum value of & to use in equation 2+20 ? Results of

Calculations along these lines are shown in FIG 2¢3 for the
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specific example of R1 = 0O«dm, t = 1mm, and p = 30,000,
Although these curves illustrate the behaviour in a specific
case, the optimum configuration, in general, will depend on
various parameters, i.e, available material, cost, space, stc.
One important parameter remains to be calculated im this
section, and that is the maximum flux density in the shislding
material of tne outer layer. It is necessary to know this
parameter for two reasona, fFirstly, to allow the permeability
of the material to be estimated from the relevant p=8 curve,
and sscondly, to snable some design parameters regarding
demagnetisation* to be evaluated.

The flux density in the outer layer will bhe virtually unaffect-
ed by the inner layers, and so a single~layer calculation may
be used. Solving 2¢6 and 2+7 explicitly for a single layer of
high permeability material with thickness t and radius R gives
for the trapped flux demsity, Bm:—

B = i:%((? - (%)Z)t:ose.g- (1 + (%)2)5in8.§.) 20 21

This reaches a maximum for & = T/2 when it is completely

azimuthal, and for ¢ = R equals:-
B = = —=g— 2272

From FIG 2¢2(b) it can ba seen that the assumption, made at the

beginning af this section, of a constant permeability through—

#*

See Section 2-86.
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out the shielding material will only be true for Eméé-ﬂ1 T,
In the Earth's field af ~5.1U“5 T this implies %ﬂﬁ?OO and far
layers exceeding this limii some deviatizcns micht be expect-
ed. However, fsr e multi-layer assembly, this would only
zpoly ta the ocuter layer,

Axial maonetic shielding,

Unfortunately no exact solution exists for finite cylindrical
magnetic shields in lonpitudinal fields (see FIG 249)., The
problem must be approeched in = significantly different way
ta that of transverse shielding; in that the axial shielding
factor of a single layer is first determined, usino magnetoe
statics, and then extended to multinle layers by a slasusibi-
1ity arcument.

Sincle-layer axial shieldinc.

in 1968'Mager(29) calculated the axial shislding af 2z closed
cylincer by aporoximasting 1t to an elliosoid with minst and
major axes corresponding o the lenoih and diamsier of the
cylinder,

An alternative magnetostztic spprroach for an sxact cylinder
is presented here and the results will be shown to be in
excellent agreement with those of Mager,

The method separzates into twa parts:

(i) the calculation of the flux demsity distribution at 211
points within the shielding material, and,

(1ii) using this flux density distribution, the field within
the shielded region can b2 found =nd alsz = shielding factor,

The gverall procedure and assumptisns made in each -srt are

outlined belew before presenting the detailed celculzstions,

P et e




FIG 2-9

Single - layer axial magnetic shielding.




(i) Leaving two free parameters, to be determined experiment—
ally, a reasonable model for the flux distribution crossing the
cutside surface of the shielding material is assumed. In the
limit af infipite permeability, none of this flux will cross
the inner surface (i.e. perfect shielding) and the flux density
within the shielding material is then known, excest for a
normalisation factor. This factor cam be found by making the
following observation. Ffor ths case of perfect shielding

{(p = m) the magnetic fisld strength hetwaen the centre points
of tha two enc~caps (due to an effective 'magnetic pole density!
distribution in the shielding material) must exactly cancel
that due to the original unperturbed ambient field. In the
casa of uniform, as well as infinite, permeability, all the
effective magnetic poles will be on the outside surface of the
material and, moreover, will be easily determinable from the
flux crossing this surface, necessarily normally. This then
allows the correct normalisation for the flux density within
the shielding material,

{ii) Having calculated the flux density within the shielding
material, assuming p = m, the field inside the shislded recion
must now be found in the real case of finite permeability,

This is dome by performing the integral Jﬁﬂ.q; around the

closed loop OABC (see FIG 2+3) and assuming tha intermal field
is constant, Again the permeability is assumed uniform,
The calculation will now be presented in detail.

(1) The flux density within the shielaing material.

The magnetic field strength, H(r), at some point r, due to a

surface magnetic pole density distribution, o(r'), is given oy

-2G—



e s s e T s

ST AT e

r—

i

t
¢
g
3
E
9
|
i

e
S

the two following equations:=
H(r) = =V§(r) , 2023

and g(r) = é%[sqgég%lds 224
where #(r) is the magnetic scalar potential at r and the
integration is over the whole surface, S, holding the magnetic
poles, This surface, in the present problem, can be separated
into two regions, the end-caps, and the side-walls.

Dealing first with the end-caps, assuming some distribution,
o(¢), for the surface pole density, the total number of

magnetic poles on each end-cap will be:=

R
B =‘[02ﬂ?0(g)de 225

and the potential at some point, a distance z away, along the

axis due to one end=cap is:=

R
- 2o (el .
ﬁa1 J-U (et ;‘zz)%df 226

Adding in the contribution from the other end-cap the potential

at the centre of each end-cap due to both end-caps is then:-

R
= +4 E— S 5
ﬂe = JDU (o> + Lx)vl}c_(f’)de 227

where L is the length of the shield and + sign is for each

end-cap. At this point some assumption about o (p) must be

-30-
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made, Taking the two limiting cases of a uniform distribution

and one with the same total number ef fpeoles' around the

circumference, 2+27 can be evaluated, for L >R, as:-

Q. 1 1 J
ﬂe il dﬂR((1 * aa3)P T a” C)Sas) 2+ 28
& =
where g = "%ﬂﬁe1(z 0) 2+28{a)
2

and a = L/Rw

The value of the parameter fp will depend on the exact form of
o(¢) and may be determined expsrimentally. Evaluating it for
the two limiting cases above gives 2>8>1.,

Turning now to the side-walls, for a pole distributisn, o(z),

the potential, ﬁs, at the centre of either endecap will be:-

L
ﬁ’ s 4 J ZTTRETZ(Z) > - az 2+ 729
ST dg oamr® o+ 297

and the total number of poles, Ds, isy~

L
Q0 = J, MR- (2)dz 2430
s 0

Choosing the simplest possible form for ¢(z) with a linear

dependence on z and changing sign halfwway along the shield,

at z = /2, gives:=

2z
= 1 _ L& .
a{z) Ub( 3 237

introducing znother free parameter, «, the constant P in

=31~




1
¥
4

T T e ST

231 can be relatad to the average pole density on tha gnd-caps

by 3=

(0]
Ua Eﬁ?ﬂ 2«37

Substituting 232 and 2-31 into 2+29 and evaluating tha integral

gives:-
= 4 =0
By = 2 gme(l, - 1) 2433
_ 2. &
whers I, = In(a + (1 + a%)?) 2+33({a)
and 1= 2((1 + HF o 4 2433(b)
2 E a

The magnetic field strength between the centre points of the

two end-caps is then:-

- vg = 208+ 8)

C 234
Q_K

= ) .

2WRL

i
u

whers K

o

1 1 »
for > @ this must be equal to the ambient magnetic field

strength, Ha’ in the absence of ths shisld, This then gives a

vaiue for De of 2=

q = ZWHLHO 2635
e K

-39




i
i
:
t
¥
|

oy

Expression 235 gives the correct normalisation nseded to
determine the flux demsity in the material,

The flux densify crossing the outer surface can be related to
the surface pole density in the fgllowing way. The suyrface

nols density is defined as:=-
o = N.n 2=36

wuhere M is the magnetisstion at the surfacs and n the unit
normal to the surface. The assumption of infinite permeability
now hes twa effects, Firstly, M becomes equal to 1/pa times
the flux density, 8, inside the material., Secondly, as

ﬁm= 0 all the flux necessarily crosses the surface normally.
Hence the flux density entering the material at any point is
simply eﬁual to Hg times the surface pole demsity at that point.
Under thease conditions the total flux density inside the
material at any point is Mg times the integral of all surface
peles up to that poirt divided by the cross ssctional area at

that point. Of particular interest is the maximum flux density

which will occur at the centre point in the side-walls at

z= L/2 when:—

R /2
8 = -2~H tJ‘UZTl'(DU'(Q)df-ij,D 2TRer (2 )dz

HLo, , @2 :
HUE?E(1 + ) 2+ 37

2

(ii) The flux demsity within the shielded region,

gy aliowing the material permeability to become finite the

-3 D




field strength within the material becomes nonezerg and the
integral J}i.gé = 0 may be performed around the closed loop
0ABC . Using the flux density distribution determined above,
assuming that the internal field strength, Hi, is constant and

that the permeability is uniform, this integral is evaluated

in Appendix A to give:-

1 xa
Oz 73

|

i Ta Dm 2+38
(+ =

whare Bm is given in 237,

The axial shielding facter then follows:-

. - < i S
[ i Sdiaa ot A

SA = 1 + 2K -U—t—)
1 @a, 2R
a(l + — + =2
a 3
= 1 + 2K ST 235
a(1 + i,
.; a 3

e

The term 17 is added to emsure the right limit as a » @, in

which case the assumption that all the Fflux remains in the

shielding material becomses non-—valid, Therefore, once the

parameters o and p have been determined, eguation 2+39 gives

the axial shielding factor for z single~lazyer closed cylindri-

cal shield, 1In the results (Section 2¢8), presented later, the

'surface pole'! distributions are measured and values of «© and
R are calculated as (0«85 + 0+03 and 183 + 0-06 respectively.
R A TR . T A
Using these values the variation of §'/53" (assuming p = p") as
a function of a2 is shown in FIG 2+10 .,

The dotted curve is that

. calculated by Mager(Zg). The close agreement between the two
1 g

different approaches is remarkable. The crosses are sll

e = e AR . e
R L T
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where SA is the total shielding factor, i.e. i-

sh = sfshr o Ly , o
172 L
2
Allowing L2 = L1 the shislding factor appears to vanish. Thus

the formula is not vet completa., Remembering equation 217 for

the transverse case a reasonabls madification suggests itself:=
_ <A A_A L .
5 = 51 + 8, + 5152(1 - L;) 2¢44

This now has all the right limits, E&guation 243 gives the
geometric dependence on the lengths of the nested layers and a
further examination of eguation 218 might suggest the genera-

»*
lisation to :-=

s* = T—s + Zts“s“m - i)

1=D iy jei J

M=2,n=1,n

+ 35 Sspsish(1 - F0 - 1)
j k

i,jrik>] J
n=1 a
. T[‘s 5 (1 - ‘—1 ) 2045
i=1 ;r,-i-"l

This formula, for an n=layer assembly, again has all the right
limits in the event that any of the lengths are made equel to
any other. 1t will be seen later when this formula is compared
with experiment, for some known shielding assemblies, that the

* 103
An article( 03) appeared during the final writing of this work

using a similar generalisation extending the work of Mager® D)




experimental points taken by Mager except the one 2t a = 35
which comes frem this work, If the radius of the shield is
kept fixed the curve in FIG 2170 would 2lsu represent the
variation of SA with the length, L, 2f the cylincder. IF,
conversely, the length is held fixed then FIG 2¢17 shows the
variation of SR with the radius. The quantity 5' is defined
as 5' = C%%ﬁ. Thus in 2 situstion where tha physical con-
straint is such that the length of the shield is fixed then
there exists an optimum value of the radius fe achieve the

highest shielding. From FiG 2+171 this occurs for L/R = Se5,

Multiple~laver axizsl shieldinng,

g method will now be proposed for calculating the axial
shislding performance 2f 2 multi-layer sssemply,

Consider Tirsi & doublew=layer shield where the inner layer is
much smaller than the cuter, 2s in FI5 212, The field, 825

in the absence =f the ianer layer is:-—

3y}

I\)—
w [}s)

[ Y [N

where 52 is the axi=l shislding facter far the outer layer.
If the immer layer is mow introduced this will partizlly

'shott! the path from A to 8 and hence:-

Bil
272
B, = S 2+ 41
2 (L2 - L1)
The field imside the inner shieldg is then:i-
3 3 e
7 s} 7
= i = e 2«47
81 Sﬂ SAP;(T — 1 /L 5 SA
1 7172 “1/
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agreement is reasonable., An alternative approach wsing reluct—
ancg theory proposed by Pendlebury<50) also gives results in
reasonable agreement with 2+45 .,

Due to the different geometrical dependance the optimum arrange-
ment for mulii-layer shielding, with a fixed amount of material,
is no longer a geometrical progression as im the transverse
casea. In FIG 2¢13 is shown the variation of SA for up to 6
layers taking Li+1 = :z:kLi for k=1 to 3. The dotted line gives
the shielding Factor which would bs obtained with a constant
spacing between layers., 0f the values tried k=2 gives the

highest shielding.

Onpen—ended cylinders.

The way in which flux penetrates into an open-ended cylinder
can allow some estimate of the effact of holes in the EMd=Ccaps
of closed cylinders, The problem can be solved gualitatively
for both transverse and axial configuretigns as shown in

FIG 2¢74, The solution in hoth cases begins wiih the gensral
solution for the magnetic scalar potential, @, within the
shiielded region, in cylindrical coordinates {¢58,2) t=

g = Zan(kg)(nkekz+ 8, & % \Cos(ng) 2046

kn k

(a) Iransverse fase,

It is reasonable to expect the internal fiseld to have the same
angular dependence as the external field, i.e. n=1, in which

CasE;m

E-kz)CDSE 2447

K
g = %31(*‘?)(%9 o B

=35
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(a) Transverse case,
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{b) Axiazl case.

FIG 2+14 ; Shielding by openwended cylincers,
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From symmetry the axial field at z=0 must vanish and sno Ak = Bk

and 1w

g = 231(k?)ﬁktosh(kz)ﬁcss 2048
"

Finally, Tor high permeability material both the axial and
azimuthal field components must go to zero at ¢=R and thus
k must be chosen such that Jq(kR) = {J, The transverss field

within the shielded region is then:-

d
8 = —p i =D k3!{kp)A Cosh(kz)Cosé 2449
nde ” (AR A
whars 31(kﬁ) =0,

Keeping only the first term it can be seen that the fisld
penetrates approximately exponentially into the shield and, at

1
the centre of the shield, a shielding -factor, ST can be defined

g ;-

1 .
ST = Ensh(32gsl‘) = exp(1-92a) a1 7= 50

whers a = (/R and 3+83 is the first zero of 31(x).

For a hole in an end-cap this shielding factor will be further
enhanced by the ratio of the field at the hole ta that far away.
(b) Axizl case.

In this case a similar argument holds except that here there is
na angular dependence {(n=0) and the radial field must vanish at

z =0, This gives:=

R e P
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B, = -Ejo(ke)ﬁktcsh(kz) 2051

where k is such that Jo(kﬂ) =0,
The shielding factor in this case is then:—

T o4
SA = Eosh%gaﬁlLQ z exp(1+2a) a»i 2257

In both the transverse and axial cases this leakage field will
be in additicn to that expected from the mormal ghielding

factors and a total effective shielding factor, Sef” is given

by:—

ef f

where the suffixes A and T have been omitted,
The problem of a hole in the sideewall of a shield is morse

complicated as it presents a mixed coordinzte system and no
[ P b

attempt is made here to solve this., However some experimental

resylts on this problem are-presented later (see Section 2¢9),

Real shielding factors,

In practice exactly what is meant by shielding factor is qften
unclear becauss of the non-linear aspects of ferromagnetism.
The difficulty is in decidinmg which permeability is relsvant
to the specific case being studisd, Two situztions are
commonly met:i

(a) shielding against static fields, and,

{(b) shielding against time varying fielcs.




(a) Static shislding,

In this case the shielding factor is defined simply as the
ratio of the external field, far away, to that within the
shigzlded region. for a shield transfered from the furmace to
its working position the permeability will depend, in detail,
on its magnetic bistory, and to define a meaningful shielding
factor some rigid starting conditions must be assumed, There
are two possibilitiessw

(i) The magnetic state of ths material was originaily

5m= Hm= 0, and it is suddenly introduced into an external
uniform field, 80. The maximum flux density in the shielding
material can be calculated from 2+22 ar 2+37 depending on the
orientation. From this the permeability is given by the }J—Bm
relationship of the npermal magnetisation curve, and is non-
linear in Bm‘ The inifial starting conditions 3m= Hm= 0 is
difficult to achieve in reality and a more easily obtained
situation is:-

(ii) B8y suitably cycling the magnetic state of the material,
using a process called demagnetisation {(see Section 2+8), the
material can be left in a magnetic state corresponding to
some point on the anhysteretic magnetisation curve (FIG 2+4),
with a flux density again given by 2422 or 237, In this
case, for wvalues of Bm away from saturation, the permeability
is constant and may be much higher than that in the previous

casg,

(b) Oynamic shielding.

Here again it is necessary to stipulate the working conditions

to be able to define a meaningful quantity and there arz two

o B
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gituations of interest:-

(1) Random guasi-static fluctuaticms.,

Defining the shielding factor as the ratig of the.change in the
external field, ABD, to the change in the internal field, &Bi,
from FIG 2¢3 it can be seen that, depending on the sign ef the
disturbance (i.e. either 0A or OC in FIG 2+3), the shielding
factor can have somewhat different values. Hence in order to
have some consistent definition a guasi-static cyclic variat-
ion is assumsd, wher tha material will follow a miner hysters—
sis loop and the sffective permeability tg usse is ths incre-
mental permeability. This will be dependant on the size of the
perturbation (see equation 2¢3 and FIG 2*4(b}), but essentially
independant of the ambient magnetic field, BD. for the £om
experiment, where the time stability of the shielded fisld is
the impaortant quantity, this is the most important shielding
factor and unless otherwise stated the term snielding factor
will always refer to this guantity in what follows,

(ii) Shielding agaimst periodic variations,

T
This has been studied by other authnrs(27’“a)

and the results
are included here for completeness., This shielding factor is
always higher than that against guasi-static cyelic variations,
FIG 2+15, reproduced from reference (30), shows a typical vari-
ation of a parameter, p, with t/§ where t is the material

3
thickness and § is the skin depth, (e/ﬁpcpf)?. The za.c.
shielding.Factor is then p times the guasi-static shielding
factor of the previous case. For more details the reader is

(30)

referred to the article by Mager and to the earlier work by

Schalkuncff(27). The results of this section are summarised in

-} fam
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Table 2+1, together with some permaability sstimates for mu-
metal assuming a low Flux density within the material,

Demagnetisation,

Demagnetisaticn is the name given to any means of manipulating
the magnetic state of the material onto the anhystarstic curve.
This can be done in three WaYS § =

(a) the most comman means of applying a large alternating
magnetic field to the sample and gradually reducing it to ZeTo,
(b) heating the sample above its Curie temperature (~390°C for
mu-metal) in the ambient field and slowly cooling it to room
temperature, or,

(c} mechanically shocking the sample in the ambient field.
Method (a) is the simplest choice and is usually achieved by
passing an alternating currant through a central conductar
along the axis of the shield(sj). The magnetic field strength

within the material is then:-

H = —=— 2=54
whers NI is the total curremt and R the shield radius,
This field strength must initially be encugh to saturate the
shielding material and must bs allowed to decay to a value less
than that due to the Qathered flux from the ambient field, Fop
a transverss ambient field, B,» this will be (from 2+22) :=

H = =g 2+55

It is interesting to note, from an experimental point of view

=4 B
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this method of demagnetisation is equally effective for both
transverse and longitudinal directions.

Shaking,

'Shaking' is a2 procedure whereby the shielding factsr against
low frequency perturbations can be enhanced by the application
of a suitable a,c, 'shaking? Fiald(za’sz).

In 1967 Cohen(sz) noted that the shielding factor appears to be
enhanced for frequencies both above and below the 'shaking!
frequency, but was unable to explain either convincingly. In
what follows a model is presented which allows an estimation aof
of the enhancement ta be axpected at low freguencies,

For the 'shaking' procedurs to be effective the 'shaking! field
must be large enough that the high pcermeability reqgion of the
magnetisation curve is approached, This is represented in

FIG 2+16 by the hysteresis loop CC'. The tips of this loop lie
on the normal magrnetisation curve and its reflection in he
third quadrant, Oealing first with perturbations at much lower
freguencies than the 'shakingt frequency, consider a change in
the extarmnal field which produces a change 88 in the flux
density in the shislding material. The hysteresis lgop CC!
then becomes DD', as shown in FIG 2+16 by the dotted line. The
effective permeability for this shift is simply eqgual to the
slope of the line joining the extremities CC!' {or DD' for small
AB) of the loop. As long as the ambient static field is not
large encugh to significantly offset the hysteresis loop from
the centre, this slope is given, to a good approximation, by
the permeability calculated from the normal magnetisation curve

at the tip C of the leoop. Using this argument the maximum

=4 P
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enhancament which coculd be expected would be the reatio of the
maximum permeability to fthe initial permeability, and this
would oceur for a 'shaking! field amplitude just sufficient to
reach the turn~cver point on the normal macnetisation curve,
Hence, in the case of then(52) who used 4-79 permalloy, the
maximum enhancement would be ~5 and wowld gccur at H5-& Afm
(from FIG 2+1{a)). In practice he saw an enhancement of 3 at

4 A/m. One of the reasons why he did not achieve a factor of 5
is that he used a short open~ended cylinder and the lesakage
into the ecylinder from the ends {according to equation 2+50)
would certainly have been anough te lower the apparent enhancew
ment significantly. Correcting for this gives an snhancement
of ~de2,

For perturbations at higher freguencies than the 'shaking!?
frequency minor hysteresis loops, such as EE' in FIG 2-16,
would be expected, and hence no enhancement, or suspression, of
the shielding factor would occur. When the perturbing freguen—
cy is comparable toc the 'shaking'! frequency the situation
pbviously becomes more complicated, However, it seems probable
that some enhancement will still occur (albeit to a lesser
exteant) for perturbing frequercies up to, say, a factor of 3
above the 'shaking' freguency. Far a perturbation frequency

?% times the 'shaking’ freguency Cohen saQ art enhancement of
1+5. In fact, on time scales comparable to the 'shaking'
period, some modulation {(or beating) of the apparent shielding
factor may be seen,

In practice 'shaking' fregquencies around 50 Hz have been used.

In the specific case of the EOM shield this could well cause

~£iGm
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problems in itself as the envisaged transition fregueney for
the neutron magnetic resonance will be only 3D Hz,

The prototype magpetic shield,

The motivation for building a prototyps multi-layer shield was
tuofold., Firstly, to test some of the predictians of shielding
theory, and secondly, to provide a magnetically quiet rengien
for testing the sensitive optically pumped rubidium vapour
magnetameter. Thus, shielding factors of 105— 107 were aimed
at, being high enough to provide a sufficiently quiet region
for the magnetometer, but low enough to measure, The length to
radius ratic was chosen to be similar to that thought necessary
for the final assembly, and the length of the inner layer
encugh to accomodate the magnetometer. This resulted in a
4~layer assembly of about % of the size of the final design,

A schematic drawing of the assembly is shown in FIG 2¢17, The
shielding material wsed was 1+57 mm mu-metal, and all other
parts were of aluminium alloy. All the shielding laysrs
consisted of a cylinder with two detachable end-caps., As it is
well known that any siress may be detrimental to the magnetic

praparties(48 pS85FT)

s the design allawed for each cylinder to
be supportsd independently at both ends around the whole af the
inner circumference, This 2llowed for a minimum of stress to
be present in the shielding material with the assembly in the
horizontal position, and also ensured that the weight of each
cylinder was transmitted directly to the supporting frame, and
not via any other cylinder. This alsgo zllowed any gombipation

of layers to be mounted on the main frame, The rig was

assembled vertically and then, if necessary, pivoted zpout

«50=
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point A {see FIC 2+17) into the horizontal position. Hence the
Pour very substantial external struts, The assembled rig is
shown in the vertical positiocn in Plate 1. Alsc visible is
somg of the electronics for the megnetometer, The overall
dimensions of each layer were as follows:=

1, 1530, +530 ; 2. 175, +620 ; 3, «200, =710 ; 4, *225, <800 .
The two numbers are the radius and length respectively in
metres, A constant spacing in both the radial and longitudinal
directions was used to facilitate constructiecn and assembly.
Using these dimensions and assuming a permeability of 30,000,
equations 215, 2+18, 2439, and 2+435 predict, for a perfect
assembly, axial and transverse shielding factors of 1-1.105 and
3-&,106 respectively, There were two other important design
features incorporated in the prototype shield, Ffirstly, there
(53}

appeared to be fwo firms in Englang capable of manufactur—

4
ing the final assembly., Howsver the haat-traatment(s )

of mu-
metal is cruycial to its magnetic properties, and whilst ome of
the firms {Telcon Metals) only had a relatively small hydrogen
furnace but guaranteed a very high permeability { ~50,000), the
other firm had a large hydrogen furnace but could not give any
estimate of the resulting permeability, Hence it was decided
to obtain half of the assembly from aach manufacturer, The
imner and outer layers were ordered from Magnetic Shields,
whilst the middle two, each necessarily in three pieces, were
orderad from Telcon Metals. The inner layer was kept as a
tompletely welded cylincder in order to aveid any oossible in-—

homogeneity problems arising from bad Jjoints., Secondly, it

Was highly probable that in the final zssemtly some of the

-5



Joints would have to be made in the transverse sense and so an
overlap joint was included on the outer leyer in the hope of
gaining some experience in this type of joint. This is clearly
seen in Plate 1. The joints in the middle two layers were in
the longitudinal sense and arranged as shouwn in FIG 2«18, The
dural clamps were machined toc 2 radius matching that of the
mu-metal and homew-made dural bolts were used ( commercial brass
beclts were found to contain too much ferromagnetic impurity and
produced unpredictable results when demagnetising). Qverlaos
on all end-caps were 5 cm,

In order to measure some shielding factors, two large orthogon-
3l sguare coil pairs were constructed around the shield as
shown in FIG 2+19, 0One produced axial fislds and the other
transverse fields., The whole assembly was positioned such

that the Earth's field lay in the vertical plame through the
shield axis, Thus fields could be applied to add or subtract
to either (or both) components of the Earth's field. The
fields produced by each coil pair was calculated using the
Biot=Savart law for each straight section and then summing

over all such sections. Using 6 twurns on each coil and with

14 amps available from the circuit of FIG 220, a maximum field
of -d.10—4 T was achievable, The switch S1 allowed small
variations to be superimposed con ths applied steady field.

The next piece of equipment required was some means of demag
netising the shislds, A field strength > 10 &/m is needed to
saturate mu-metal and so for the outer shield with R = +225 m
BQuation 2+54 implies a tptal curremt >4 amps is required.

This must be allowed to decay to < +8325 amps, assuming

~54-



FIG 2=18 :

FIG 2«19 ;
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Bnﬂr5.10_5 T and p=450,000 is the permeability of mu-metal cn
the anhysteretic magnetisation curve, estimated from FIG 2-1(bi
This corresponds to an attemuation factor 360, Usually the
current is drawn from a2 mains powered circuit operating at

50 Hz, Howsver, as the skin depth in mu-metal is only <32 mm
at 50 Hz (assuming p = 30,000), it was decided to design an
electronic circuit capable of supplying up to 80 amps at a
variable frequency (5 to 60 Hz), and also to control the
demagnetising routine, The final circuit is shown in FIG 2-21,
An internal oscillator decides the fraguency, The rms putput
unitaga is compared to the d,e, ouwtput from an integrator unit,
and an arror voltage is produced which keeps these two voltages
egual by altering the shunt resistance of ap fet transistor
operating as a voltage variable resisteor, If 2 voltage is now
applied to the input of the integrator swch that the integrator
output ramps towards zero, then the rms voliage at the current
output will follow it., The ipitial starting current and the
dacay time could be varied from the front panel. The decay
time was variable from 30 secs to ~10 mins. An attenuation
factor ~6000 was obtained., By far the most critical adjust-
ment necessary was to ensure that thsre was no d.,c. current
present, although by purpcsefully applying scme d.c. bias,
whilst demagnetising, the final maagnetic state of the mu-metal
could be manipulated as required.

Resylts,

This section divides nafurally inte three parts, The first is
concerned with the behaviour of the shielding factors and

comparison with theory for some known shielding assemblies.
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The second part deals with the flux penetration through holes,
field variation along the axis, remnant fields after demagnetm
isation etc., and finally, in the third part, the effect of
clamping Jjoints as shown in FIG 2+18.

(a) Bshaviour of shielding factors,

Thers were four points which seemed worthy of some investiga-
tion under this heading;

{i) the determipation af « and g for use in the single-
layer axial shielding calculations,

(ii) are the multi-layer shielding performances adequately
described by equations 2+18 and 2¢457,

(iii) do the shielding factors vary in agreement with equa—
tion 2+3 as the size of the perturbation amplitude is
changed? , and,

(iv) are the shielding factors really independent of the
ambient field strength, Ha’ as implied by FIG 2+5(a).

(i) Determination of « znd .,

Recalling the argument of Saction 2+3+1, the valus of
depends on the distribution of the 'magnetic pole! surface
density over the end-caps. - For p»1 this is eguivalent to
the distribution of the normal flux density, Bn, aver the
surface of the end-cap, This was easily measured (see FIG
2¢22) using a commercial flat transverse Hall probe {RFL
Universal Gaussmeter Model 3265). The inner layer of the

prototype was used for these measurements and was positioned

in & purely axizal field ~3.1077 1.

Looking at FIG 2+22 the increase in the flux density for

small r is due to a 5+S cm diameter hele at *he centre of the

w58
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end-caps., This would have the effect shown in FIG 2+22(b),
and so an increase would be expected, in fact a direct calcu—
lation shows that the integrated filux density (i,s. the total
flux) contained above the dotted line exactly eguzls that
which would have entered the missing dise, The dotted line
curve is used for the calculation of . Remembering 2+28(a)

the value of A is given by:-

o . 4,

O
R R 8
whers a = J- 2wpar(e)dg = .[ ZH(—ﬂiildg 2#56(a)
u; o Ho
and g = JFH Male)y, - 'JR gzgnigld 2+56(5)
g q 4T e q dPOT{' Q

From the experimental data (see FIG 2-22(a)) it is found:-

pQ = (59941 + 7+4)x107° ueber

and éﬂyoﬂa = (729 &+ 1-d)x10—6 Tm

from which B = 1.83 + 006 2+56(c)

3imilarly the value of @ can be determined from the normal
flux density distributionm along the side—wall of the shiegld,
again keeping a purely axial extermal field, The measured
distribution is shown in FIG 2+23., It was assumed in the
theory that the surfacs 'oole! density distributicn along the

side-walls was linear. Away from the region of the end-cap

.y CTe



overlap {arrowed) this seems to have been a reasonable assump~
tion, The dotted line represents a linear variation of the
surface ‘'pole! density bhaving the same area under the curve,
i.e., the same number of poles, The intercept then gives the
effective vaiue of the distribution at the end-cap, i,s. =
HENCEBI=-

=5
BT, = (702 % 0e2)x107° T

Then @ =‘Wﬂzch/ae which gives, using the value of QB above:~-
@« = 0+85 + 0«03

{ii) Variation of shielding factor with ‘ABO:

in FIG 2+24 are shown the results of some measurements of
this variation for the transverse shielding. They were per—
formed using the outer layer of the prototype shield. The
field variations were applied using the external field coils.
The results were then least-sguares fitted to a curve of the

form {cf equation 2+3) :-

51 = :‘—;(‘t + (1 + CDAI)%) 2+57

where DAI = AB and C = 4\3/(p1pn)2 .

The solid lines in FIG 2+24 represent the 'best fit' curves.
The second (lower) set of data was taken after the shield had
been assembled and disassembled several times and shows a 25:7%

degradation in shielding factors. The perameter J relates the

-51—



average flux density in the shielding material to the HA
reading on the meter of FIG 2+20, and involves thres terms,
These are the relations between the pA reading and the exter—
nal field, the external field to ths maximum flux density in
the material, and the maximum flux density to the average

flux density, such that:
0 = (7+90.107 ) x(Zy ()

whers 2R/t comes from equation 2¢22 and 2/% is the result of

the average of flux density over all angles using 2+21.

For the largest shield, with R = Q225 m an’ t = 1457 mm, this
5

gives D = 1-44,107°, The least-squares fi% “or the upper set

of data then gives:~
(CD) = (3-42 + G°32)x10-3 and p, = 46,550 + 571
Hencea C = 237+3 + 22¢2 and ¥ = G=207 + ~+1264

For the lower set of datas=

1]

(CD) = (2460 + 0+78)x10™" and py = 33,010 + 570

Hence £ = 1804 + S54+1 and ¥ = (Q+087 + 0729
The parameter VY clearly seems to be a funciicn of the initial

permeability, Py

Although it would be untrue to say that equation 2¢37 hKas heen




verified {in that a straight line would alsco give 2 reasocnable
fit to the data), it is fair to say that, over the range of
Al{AB) considered, there is no significant disagreement,

Hence equation 2+57, together with the values of the para-
meters obtained here, will be used to normalise shielding
factors taken using different field changes.

(iii) Multiple~laver shielding_ factors.

In Table 2+2 are shown the measursd and corrssponcing theorew
tical shielding factors feor various known shielding assemblies.
Mmeasurements with the prototype shields were done Dy applying
a knour external field change, in a cyclic manner, and then
measuring the resultant change inside the shlzlded region.

All measurements, unless otherwise stated, were done with a
fluxgate magnetometer (RFL Model 101) with 2 zensitivity of
5.107'° T. unere possible, all values have zeen corrected to
try to allow for the variation in shielding f=:ctor with the
magnitude of the applied field change, as described in the
previous subsection.

The results show a worst case disagreement of a factor of ~3
for the axial shielding performance of Taran's prototype (71),
although his measurement procedure was somewhat dublous. For
his final assembly (T2), on which a different measurement
procedure was used, there is much better agreement. Egth af
Taran's assemblies were run with the cuter enc~cap missing and
sg the two values guoted are for a comolete assembly with all
end-caps and for an assembly without the outer layer. The
real performance would be expected to lie between these two

extremes, The reascnable agreement for these large assemblies

=5l
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Pn : prototype shield layers as designated by n..
GR : Oak Ridge shield as used in references (2) and (3€).

T Taranls gratotype(dv). Note this &- layer assembly only

used 5 endw caps and the two values for Sﬂ(theory) are
for S= layer and 6~ layer assemblies respectively. The
true value would lie somewhere between the tweo,
. (30) s
T2 : Tzran's final assembly « This 5= layer assembly only
had 4 end- caps and so two values are again given for
SA(theory). The guoted permeability for the material of
this shield was 48,000, whereas 52,000 wes claimed for
the crototype, T1.
F : Shield Seloncing ta M. ferte and being used in & parity
(293

violation experiment involwing neutron soin rotation?

EDM ¢ £0M final assembly (see Secticn 210},

* ST(exp) used to sstimate py and hence credict 3..
L

*% o = 20,000 2ssumec,

All theoretical predictions for the orototype are based on the
single layer oerformances, and have been corrected for effects

of the tvpe 2+57.
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is encouraging as thesa provide a reasonable test of the
theory.

Hence it would appear that equations 2+18 and 2¢45 are able to
adequately predict the shielding properties of multi-layer
assemblies. In particular equation 2+45 =zllows, apparently
for the first tima*, an estimation of the axial shielding
performance of multi-layer systems,

(iv) Variation of shielding factars with the steady applied

field magnitude,

These measurements were done by nassing a constant current
through the external field coils in addition to the cyclic
variation. The external field is then the sum of the applied
field and the Carth's field., The inner layer of the prototype
was uysed and the results are shown in FIG 2¢25 (page ¢2) for
both axial and transverse cases, {o significant variation is
seen,

(b) Remnant fields.

On first positioning the inner layer of the prototype assembly
in a constant external field of 0+31.107° T (0+099 & 2-291 x

10—& T axial and transverse respectively) the axial and trans—
verse remnant fields inside at the centre were 1-8.10_7 T and
0-53.10-? T respectively, As the detailed magnetic history af
the shield was naot known, these numbers cannot be relatsd to 2
meaningful shielding factor, The variation of both of these

field components, along part of the length of the shield, on

axis, is shown in FIG 2426 {curves 1 & 2 are the transverse

* See footnote peage 3B,
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and axiél components respectively). The transverse finld was
everywhere parallel to the external transverse field compo-—
nent, The variation of the axial field is attributed to flux
penetration through a 5 cm diamstar hole in each end=Ccag.

This is supported by curve 3 in FIG 2«26 which shaws the axial
field variation after demagnetising. From Section 2+4 tha

variation expected would be:-
B {(z) = B__ + B’exn&EEO 258
a ao a "R

where 8__ is the remnant field given by BG/SA and 5" is the
shielding factor deseribed in Section 2+5(a}(i}, but with an
arbitrary starting condition. Bé is the axial fisld at the
centre of the holes in the end-caps, and k = 27405 is the
first zero of the gZessel function JD(k).

The solid lines an curves 2 & 3 are fitted a2t points z =0

and z = 16 em. These give:i=~
-8 -8 .
B; = 175,10 and 1¢42.170 respectively, and,
-7 o -9 .
Bao = 163,10 and 5+8,10 respectively.,

Extrapolating back to the enc-caps, the field at the centre
of the holes would be 1-2.10_6 T, i.e. 12% of the external
field. The residual field, Bao’ after demagnetisation is
~6.1D—9 T. This would imply a pertmeability -~ 590,300 which

is in reasonable agreement with the previous estimate of

» 450,000 using FIG 2+1(8)., The value of 5; is almost
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independent of the demagnetising procedure {and hence the
affective permeability)., This is again consistent with it
being associated with leakacge through the holes.' Varying the
external field, the ratio BE(D)/BD, after demagnetisation, was
found to be constant at 0-0022. Hence there is a field at Lhe
centre of the shielded regiom due to flux leakage which must
be allowed for in any comparison betueen experimental and
theoretical shielding factors, For the inmer layer this
field, B; = D-DO?&BD, corresponded to an apparent shielding
factor of 697. The relationship between the measured shield-

ing factor and the true ideal shielding factor is:—

1 1 1

—é-exp =3t a7 2459
The corraction turns out to be ~10% and, allowing for this,
the predicted ratis of transverse to axial shielding factars
agrees with experiment to 8%, However, in the analysis of the
shielding performances earlier the measured values were used,
The transverse field, after gemagnetisation, was »—3.10“g Te
However this field was extremely sensitive to any d,c., offsets
in the demagnetising current, and indeed, could be adjusted in
this way to almost any value., The axial remnant field was
fairly insensitive to d.,c, offsets as the demagnetising field

-
is purely azimuthal and hence orthogenal to the axial fluxes.

Thus a d.c. offset does not produce an asymmetry in the way

* It is interesting to note that demagretisation using a
central conductor is egqually effective in both axial and
transverse directians,
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that it does for the tramsverse case, Owing to the highly
sensitive behaviour of the transverse remnant Field component,
all subsequent demagnetisation measurements were daone in the
axial direction., FIG 2+27 shows the variation of the axial
remnant field with some of the demagnetisation parameters,
Between each of the points tha magnetic state of the shield
was cycled to leave it in an undemagnetised state, From the
results the demagnetisation procedure appears to work gver a
largs range aof parameters, 1In particular only 85 A/m (8 amp s
through 10 turns) was reguired.

Following this the tranmsverse flux penetration through holes
in the side—walls of a single~layer shield uas investigated,
In FIG 2+28 are shown the results of such measurements, using
two different sized layers of the prototype shield, each with
two different sized holes. (Curves 1 & 3 are for the smallest
layer (R = 0«15 m) with hole radii, Tys of 1+7 and 143 cm

respectively, Curves 2 & 4 are for the largest layer (R =

04225 m) with the same hole radii. UWithin the shield the flux
appears to penetrate exponentially, Fitting thess portions of
the curves to straight lines gives, for the penetration

constants, K,s assuming a penetration as exp(kie):—

k1 = 14277 + 0+065 and k3 = 0713 + 0-028
kz = 14498 + (0+001 and ka = [J«840 + 0-040

From these results it appears that k scales as 1/rh but seems

almost independent of R, Hence the effective shielaing factor

70



FIG 2«28 : Transverse fisld pemetratism through side
hales,
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for this type of leakage could be rewritten as:=

§ = exp(ﬁ} . 2+60
T
h
where k==1+5,
For the smallest layer of the prototype this would give
5 = 140,000 for the largest hole. This is a negligible
correctien in this work,

(c) Effect of joints.

It can be seen from Table 2+2 that some of the ratios of the
transverse to axial single-layer shislding factors depart
significantly from the factor of 1.8 predicted theoretically,
This was attributed to the presence of jeints inm all but the
first layer. The two middle layers, with longitudinal Joints,
a@s shown in FIG 2+18, suffered reductions of 22% and 31% in
their transverse shislding factors. The outer layer, with a
jeint in the transverse sense, suffered a reduction of 34% in
its axial shielding factor.

A design for the final EOM shield,

In Section 1+2 it was shown that to achieve an EDOM sensitivity
of 5.10-28 m, consistent with the UCN counting statisties, the
absolute field must be stable to better than 10-11 T over each
switching period of the electric field, ~30 s. The experiw
ment will be performed in an applied field, 8, of 198 T,
which means that, parallel and perpendicular to Bg, field
fluctuations must be < 1071 T and < 4,107° T respectively,

The field, Bo’ will be produced tramsversely inside the shisld

(see FIG 1+3) to take advantage of the intrinsically higher

-7 %




shielding factors obtainable in this direction, and, assuming
typical laborzstory ambient field fluctuations '~1O-7 T,
transverse and axial shielding factors of 3’1Dd_and 7 25 are
required respectively. Allowing for posgible improvements in
the available UCN flux, permitting a better E£OM sensitivity,
and a reasonazble safety margin, shielding factors of 105 and
18& in the transverse and axial directions respectively were
aimed at,

Fixipg the ipner and outer radii at 1 m and 2 m respectively,
and assuming a permeability of 40,000 {comparable to the outer
layer of the prototype), a2 S~layer assembly was decided upon

with the following dimensions:—

To 1-000, 14404 ;3 2, 1+156, 14635 ;3 3. 123468, 14934,

4, 1-580, 2+300 ; 5, 1-936, 2+740 .

The ftwo numbers are the diameters and lengths respectively in
metrss, The radii of the three inmer layers were reduced
8lightly, from the aptimum geometrical progressicn, to allow
them to he heat-treated as complete sections., The cylindrical
sections of the outer twa layers were made in as few pieces
as possible to minimise the effects of joints, All layers
have detachable end-caps at both ends. The inner three layers
are in 2 mm thick material while the outer twe are in 1457 mm
material. Assuming a permeability of 40,000 for the thres
inner layers but only 20,000 for the outer two (allowing for

- the joints) , equations 218 and 2445 give shielding factors
of 1-1.105 and 6.10& for the trsnsverse and axial directions,

Measurements on the permeabilities, using the method of



Appendix A, of the individual sections during construction*
gave disappointingly low values as shown in FIG 2+29, Heing
the average permeability values shown in FI§ 2+ 29, which
attempt {5 allow for the effect of joints, the estimates for
the transverss and axial shielding factors become 5.105 and
1-1.104 respectively. Preliminary measurements, using a Tlux—
gate magnetameter, hazve given the real shielding factors as
}105 and {2 * 1)x104.

Due to the overall size of the assembly some consideration was
given to the problem of stresses in the mu-metal lowering its
permeability, 1In reference (49) is found a statement that a
stress of 7-5.10° N/m2 produces a degradation of ~30% in the
permeability of permalloy. Assuming a similar figurs holds
for mu-metal, calculations on the deformation and stresses
induced in horizontal cylinders showed thet, for the inner
layer, which would sag ~ <02 m under its oun wveight, the
actual sag should be keot to less than 2.‘10_4 m. For this
purpose thick dural rings were placed at intervals around the
outside of each layer and provided the main frame assembly
{sse Piate 2).

Holes of 20 cm and 10 cm diameter are required, diazmetrically
opposite, in the centre of the side-wall of each layer to
gllow the entry of the neutron guide tube a&d the high voltage

cable respectively, The effect of these hales can be estima=

ted using equation 2«60 to give:—

* Constructed at Magnetic Shields, Staplehurst, Xent.
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for a single layer of 1¢935 m diameter, The way in which

tHe inmer lsyers enhance this shielding, if a2t z2l1, is not
clear, but sven without any enhancement this shielding factor
is acceptably high.

Superconducting shields.

To achiesve EDM sensitivities much less than 10770 m will
necessitate superconducting shiglding, Twe basic propertiss
of superconductors contribute to their shielding performance.
These are the Meissner effect and zero resistance or infinite
conductivity, The first property relates to the static
shielding and the latter to the dynamic shielding. The tran—
sitisn to the superconducting state results in all magnetic
fiux being excluded from the material. This is the Meissner
affect and for z tlosed superconcucting shell should provide a
field free reoion inside the shell., However, in practice, due
to impurities, dislocations, etc., the Meissnper effect is
never complete, Several tricks may be used to overcome this
problem, such as, mu-matal outer layer{s}, nested superconduc-
ting shields cooled sequencially from the outside inwards,
spinning the shield as it is cooled to convert static fields
to dynamic fields, and ocpening ocut originally folded supercon-
docting 'sacks',

Dynamic field changes are shielded by induced surface currents

flowing in & layver ~-500 R thick, Any varying fields penetrate

expanentially so that as long as the shield is several times




thicker than ~ 300 R the shielding should he extremely hiagh
for a single layer,

Recent reviews of Superconducting shielding are given in
articles by Hamilton(ss).

For the EDM experiment an vpen—ended cylinder may be preferred
to @ closed shell as a closed snhell greatly enhances the field

inhomogeneities of any internally generated fields (see

Appendix A).
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Appendix A

(a) Permeability measurements,

These were done using a standard magnetic induction techni-ue,
Three ccils were wound around the samole as shown in FIZ A1,
The first was for demagnetising, the second as a drive cail,
and the third the pick-uo coil, The voltage inmcduged im &he

pick-up Ccoil is simply:—

VU oz w f== Al

dg
dt

where N is the number of turns, The flux, #, is related to

the current, i, in the drive ceil Dy r—
ni
=5 &

where n is the number of drive turns and 3 the reluctance af

the magnetic circuit which is given bDyi-

R=j~1—qdl az
1 H

where 1 is the flux gath. Measurements were done essantially
at d.c, by manually switching the current, i. The voltage,

Vy was then integrated to givesw

| nNi
= B . 4
Uc Vdt = A

Two shapes of most interest were cviindrical shells znd ence

€zps with holes in the centres, The reluctances of Shese twa
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FIG A1 : Magnetic circuit Por permeacility measuyrsments.
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FIG A2 : Rectangular sample dimensions,
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FIG A3 : Single layer shield,
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snapes are;-—

2R
! 8 m———
R (cyld) HEL

1 = g}..r 1
R!(end-cap) pt(ln(ﬂ/r1)~+lZ§J

where T, is the hole radius in the centre of the end=cap, and.

1 is the skirt length. The permeability has been assumed
constant throwughout the material,
A third shape which was ysad was =z rectanqular section with a

hole at same position (see FIG 42), 1In this Caae(ma):_

o
i ¥ 2 e N
Rt = oo 3 iﬂosech(mzb}Sinh(“w;b_d))Sinh(-—-—-m:y)Sin =

2pt m=1
%3]
(b) Axial shielcing = Relationshin Getween 5, _and Jaset
Consider FIG A3, Around the lonp CASC &
j{i.dl = A7
A B C
ar J_i—_l.dl +J‘_}_-!_.dl +J_*i.dl = HL A8
i A 3
wherse Hi is assumed constant along 0OC.
Taking o(r) = o for the enc-caps givesi—
A C De
H.dl = H.dl = o A9
J,rj_ 4[-5“ dwpoyt
Similarly with o(1) = o (1= 21/1) for the side-walls :-
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FIG A4

: Variation
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with 2 for a aingle layer,



3 0 =z
j, Hedl = o———(1 + E2y 413

Thus:=—

Q

2
B Ta
Hs 2Tfp0pti_(1 tat =) AT

Combining this with 235 and 2437 givesi=

i _(1+ 2+ c::az/S)

H s a(1 + xa/2}

a1z

Using o = 0-85 this is plotted as a functian of a in FIZ A4,

(c) Shielded solenoid calculations.

The problem is to ealculate the field aroduced by a eoil
enclosed Dy a2 magnetic shield as shown in FIGQ 317,
Solutioms will be found both far ccnventional and supercon-—
ducting shislids,

(1) Conventignal shielding.

Adding three extra terms to thase used by Hansonm and Piokin

(reference (17)) the vector ootential can be written- 9%) ..

AF=AZ=‘D

A13

Ay = ;(AHI;‘(RQ) *+ 8 Ki(ke))Cos(kz + ¥ )Sin(nf+ 4) +£.e?_+%+ He

Symmetry reduires that A;ﬁ # Aﬂ{ﬁ), and hence n = Jn = 3, and

also that Xk = 0. The vectar sotential then becomes:-
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F,z 3

Ay = %(AkI1(kQ) +8,K,(kg))Cos(kz) +~%-+~é1 +H, 0

Ay = ‘kZEkI‘I(RQ)Ccs(kz) +H,Q

ebba
At4

¢<a

From these the radial magnatic field component, ae, isi=

roL;"

8, = ka(ﬂkI1(ke) +8 K, (lg))Sin(kz) -

8, = %kaI,I(kE)Sin(kz)

e>e
AR5

g<a

With high permeability materizl the flux wiil enter the

material normally and hence for z T h 8, = 9, which implies

k = aM/h and F, = 3. Similarly for ¢ = b 3, = 0, which

imolies A I (kb) = 38 ¥ {(kb) and H, = 0, This givesi-
k' Ko 1

Ro(kbe)
3, = gknkmcos(kz}

mn
i

%kaIo{kg)Cos(kz) * o,

&)

! ! = Y71 1 - 1 ' PR
vhere Qg(kst) Ko(ks,-o(at) .ID(KS)KU(Kt_ .

Continuity of Aﬂ across @ = a further gives:-

LD
]

%kckﬁo(kbe) I, (ka)Cos(kz)

1]
1]

| 3
i kaﬂq(kba)Ig(me,Cos(kz) d-2H2
f = K I “ (&t} .
where q1(kst) kc(ks)_1{kt) + ID(RS)JT(At, .
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g<a
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From A17:=

- + 1
= — = = ]
2 (g=2") - 58,(¢g=a") EE:;CkIg(kb,Cos{kz) + 2, A3
AlsQ:i-
3 (g=a ) 3_{( 227) = 4 w £z <
LA=3 ) -« 5 (k=2 ) PNt -c £z £cC
A13
= 0 c<lz\<h
where N is the number of turns per unmit length and I the
gurrent, Selving A18 and A19 far Ck Jives:-
2p NIz
Ck = iE_TEEY n{ke) A20(a)
= 94 = £
and CG = 2H2 = ngIh . AZ0(B)
Thus finally:= B =wnt/r
c a ! (kq)
Ez(g,z) = P E‘ = %; kba}?*TT“Tnln(kC)LOS(kZ) ¢ <&
a21(a)
. s . (s50)
which agrees with that guoted by Salling s and,
I (kg)
Ee(e,z) = 2p NIz IE:R (kba) Sln(kc)SLn(kz) g <a
A21( B}

(ii) Supercencducting shielcing

Starting with the same vector sotentizl, 413, the prablem can

be solved in exactly the same way except that khe boundary
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conditions at z = ¥ h ang ¢ = b beccmas-
8 (gsIh) = 8 (b,z) =0
z

Tha fimal results =2re then:-

ke)
Bz(g,z) = —2p MI— E:b fkab) kb):Ln(kc)Cos(az)

I (k?z
5 (@s2) = "ZP NP—EE:S kab)I (kb)zln(kc)Sln(xz)

whers S}(kst) = I1(RS)K1(kt) - K1(ks)I1(kt)

and k = (m+3) /h ,
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