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The effects of errors in the placement of return windings
and errors of construction in reluctance pole magnets are
discussed. It is found that the perturbation of the field
by a misplaced winding in a reluctance pole magnet 1is
smaller than the perturbation occurring in a conventional
magnet with pole-face windings largely because the windings
are moved back from the median plane by the thickness of
the reluctance pole. The perturbation of the field due to
an error in construction of the reluctance pole can, how-

ever, be quite serious.
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I. INTRODUCTION
1 -
Nielsen has recently proposed a magnet structure involving the

introduction of a suitable reluctance path for the return of the gap
<) \'v_\\mw

[V L\%

flux. The proposal seems to have two advantages. ij

Firstly, the reluctance pole magnet can be =0 de-

. . . A;s*f\\nw*ﬁ A
signed that some or all of the return winding (hain WY
cam be lumped so that a thick coil of distributed

return winding is avoided. Secondly, the reluc-

tance pole will partially shield the gap from
errors in the winding of the distributed return
coil. How much shielding is provided by the Fig., 1
reluctance pole is one point to be investigated
in this report.
The reluctance pole envisioned by Nielsen would be made up of
iron with the spacing and thickness of the laminae adjusted 0 as
to have a suitable permeability to flux in the radial direction. The
construction of such a reluctance pole would seem to be a rather delicate
matter and one would like to know how serious is the perturbation of
the field produced by an error in the construction of the reluctance
pole - an error sﬁch as a displacement of a lamina or a deviation of
the spacing of the laminae from the design value. This point will
also be discussed in this report.

Winding Error with Iron Shield:

2
As Kerst has pointed out the displacement of a wire carrying
a current I from a radius R to R + AR is equivalent to the intro-
duction of a current-I at R and a current +I at R + AR. The problem

now is to what extent does the reluctance pole shield the gap from the
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perturbing field due to this current pair? This problem arises in
another correction. Kerst has suggested that in order to reduce the
effect of winding errors in a conventional magnet a thin sheet of
iron, fully saturated so that its permeability is low, can be intro-
duced below the face coils.

To determine the extent to which the reluctance pole or the
saturated iron sheet will shield gap from a perturbing field due
to winding errors let us first consider an infinite slab of uniform

thickness T and permeability V\ . A wire carrying a current CB is

located in air a distance S above the T on % 5 x
. 4L tt
slab. Denote the region above the slab I
% ain

by I, the slab itself by II and the
region below the slab by III. \

Fig. 2

- Y -~ b
The vector potential A, where B = V x A, canbe chosen to have

only one non-vanishing component, the z-component, which will be

I1 e ) . II I
denoted by AI, A .and AIII in the three regions. A and A 11 can
have no singularities in their respective regions while the only

singularity that AI can have within region I is at x =y = 0.

II 111
Furthermore AI, A , A satisfy the boundary conditions
T T x X
) = Au ?—B—. — ?——A_ 01 =S
A D] r'}\a - ’}\8 2 a b (l)
x 3 LAY S
A = A 5 'H‘TB— - —S , O\t \az 5+t -

These conditions define A uniquely.
This problem can readily be solved by the method of images. We

first determine the location of the images. Weshall have
h g

A= - %L(x"-v\o’) - LZ%I‘-_ ﬁw(xﬂfg-éf]‘)

where %q is an image current located at x = 0, y = d;
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Similarly aF - _% c? M(**fa“’\ii]v) >

g . 4 V)
-3 k(B8 )
The restriction on the locations of the singularities in thece functions

imply that I %« 4 4

5%
d:25 ; d.<s o 4 >StT ;4G <S5+t

It is clear that in order to satisfy the boundary conditionz at y = s we

must include in AII, corresponding to the term %h(i‘*-ﬂé—é{]; } in AI
a term involving an image at 4. where
- 4.7 = [s- &7
so that
either Jﬁ = 28~ Ai or Jf = Ai_ . (2a,b)
In a similar fashion one finds
either Aﬁ,z(ﬁt)-ﬁ or AIE s cﬁf . (3a,b)

The location of the images can now be determined. Corresponding to
the current at y = 0 it follows from Eq. (2b) that for region II there
will be an image at y = O. From the occurrence of this image it follows
from Egs. (2a) and (3b) that for région I there can be an image at
y = 2s and for region III an image at y = 0. Corresponding to this
latter image the use of Eg. (3a) indicates an image for region II
at y = 2(s + t). Now using successively Eqs. (2b), (2a), (3b), (3a)

one obtains the following sets of images:

- 1

4 w od wE 2SS+ im ) MmO, lye - J

ke t 21,2,

% m of % =2s+m ; m=I4, J
o.v\& ‘a'—l"\'t s W = O)-l,vl).. 5

-

qu "t 3- 2"“1 Py w=?e, ")—13"”’ *
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Thus we obtain

AT = - ‘(39»(#-0- *e;) -?%g %tm Ran (*"*ra"-‘"“t—)») y

N

Aﬁ' 3_“?2 oi"‘ 3,*(&*&..19 -’LY\-tT)_:Z‘;Q 02_“ N (v."'d« [’6‘? ’L'r\ﬂu))

(4)
£ :fz' o o (4 B o)

Application of the boundary condition yields the following equations:
T =
% N %o = gba )
T L
\*L%" %o\ = ﬂbo ,
‘-1 o

1
L L SN T
T T T k"""*&o
ISR T L

(1S < i
%-M-— = %"y\‘ * %M-\'\ )
) -

The solution of the first two equations is

V-
< 2
(Rl
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The remaining equations can now be solved for succescively larger

values of n with the following result:

T =1 " ’
Y w) C'L*w 4 . Mxo

LT
‘;:"'»‘ Q\-rr) —\—}}}-% ’ ’

k\'\y- Q.‘.),) QV

3]

\1

Region III (the gap) is the region of interest. There one obtains
= ( ) " (& QLS
= R+ - M
A (y¥ Sm C%,:E‘ \f}x .ﬂu [;Q y

2N
and 4 . o4 ($=f§
\6“ __L. ® X e ln + -t}v '
= 22; s
H‘@ N H)ﬁ\v (\ nEe 9 [vh
If (=-—"t‘ ) is small this is a rapidly converging sum. If, for

\-1-)"
o
example, = 10 then ( Tf\; )" 4 2/3 and the leading term in Hy s
LS
approximately l/3(“ﬂ5¥3; ) where fs:siF? is the y component of

the field due to an unshielded current of magnitude q. Note that this
leading term is independent of t so that no appreciable improvement
in the effectiveness of the slab as a shield can be obtained merely
by thickening it. In the case of é reluctance pole, however, there
is an advantage in having it thick due to the fact that the windings
are moved farther away from the gap.

Kerst's suggestion shield poses a slightly‘different problem
from the one that has been solved in the foregoing in tha t the

displaced wire is backed by iron as shown in the sketch.
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In this case one obtains, for the vertical component rr LSS
> > %
of the magnetic field below the slab, [
L=p \W R
(,.*t) l?
H\% %\ %" Z ‘I?'-l-[ \-A-M."Cj" * 2
* n=e \ Fig. 3

The terms of the sum alternate in sign. If they are taken in pairs

one obtains a rapidly converging sum of positive terms. By considering

only the leading pair of terms we obtain

\’\«a > {,‘.E'\" %%ﬁ &\F*\\ ICITTLE A %

If r~= 10 and t <<« y this becomes
> = (%L:y
ﬁar 3 \x S

the quantity in parentheses being the field due to the wire backed by

iron in the absence of the shield. Curiously, if x ¢< y and g < &t
the field is enhanced by the presence of the shield.

Winding Errors in Reluctance Pole Magnets

The reluctance pole made up of laminae of 1iron may be expected
to differ from the preceding problem partly because of the presence of
an iron shield above the reluctance pole (which would have only a
small effect if the shield is as far as a gap width away from the
reluctance pole) but largely because of the tensor character of the
permeability of the reluctance pole.

Let us consider the same geometrical arrangement shown in Fig. 2
assuming, however, that the permeability of the slab to flux parallel
to the x-axis is Y, and the permeability to flux parallel to the
y-axis is \x% . A situation approximating the reluctance pole arises
if ‘*} is allowed to approach infinity while )*x is of order 10,

The distinction between this case and the isotpic case arises
out of the fact that within the slab the curl of E‘is not zero,

- 7 -
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~but rather o
Vﬁ-ﬁ =0 = V“‘( t;ES,'f + .#;53% \ > .
Therefore the differential equation satisfied by A within the slab is
> -
Kqﬁ+ﬁ:3¢%:a |

The boundary conditions that A must satisfy are the same as the condi-
tions stated in Eqgs. (1) save for the replacement of P by /*k .

This problem can also be solved by the method of images. 1In
place of Im( 4 ( T )»- ) in the expression for the vector
potential within the slab one must use J&v(rax*+TL‘(§»)S' ) or,
more conveniently for the consideration of large values of r*ég
AM— (% + ﬁ;— [%y-él ).

The analy51s now parallels that for the isotropic case. One finds

that the images are located as follows:

Region I: %M_ o1 4 =25+ amKt Mz o, i, 2y

J

Region II: ob, . o % - vl '0*7'“‘“3 M=o, =lymby e

b v“‘[suﬂwwﬂ M,
Region III: 5
P~ o 4 3 g (= daamRt o W R T

where W = .
‘l—;:‘ts

The vector potential in the three regions is then
= —QVQA(WUQ) Z, %«m. &M(" ¥ [3-"15 ’M'“Z\)
=_§_e\<,\9,.‘(x N 5 (-9 ranke) 9. 2‘_ ob INCSITE s(m@—‘»“ﬂ\

LS

AI = -“z:o QV_M ),\N(x‘».,.[%,t(\-\o-n.vmt] 3
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If the boundary conditions are now applied the resulting equations
are exactly like Eq. (5) except that rh is replaced by

I = v

F'= " 7 W=ty

and the solutions will of course be the same but for this substitution.

) 'w € -t 2
a‘-* © \-\}3 (‘#‘ - &"L\**v (‘*I““) (8

and we obtain - (&-g‘ 2N
ﬂ %7(' a Z g f\(-'tz\)'-x\-nm&j‘ '
Q‘*r‘) nso ¥ & P

Our major interest is in the value of H in thi@ limit of large

4
Vg. or small K . Note that as X approaches zero the sum tends to

Thus

infinity but is multiplied by ® so that the result iﬁ indeterminate.
. a -

To get an estimate of " replace ( :* =) bye ™ (the smaller

the value of ¥ , the smaller is the error made in this substitution]).

Then, neglectlng K as compared w1th l and r& we obtain

%
iy 4% R g TTW*'X
% ?m

where we have put v=wK ., If we set

Wt = ht-'UB +2t O

this becomes ! é;:?) e =R U
* L, v
u> —
e P * 1:& S b '
-t

®

For small x, such that %2>\ , the 1 in the denominator of the

integrand can be ignored and by puttlng —<X_u = z we obtain

Q@ 24X ( oA -j **t
ev
Q?f) zt-ﬂ

(et aly-t)

RS I (54:)
@%ﬁ €\” {u‘fﬂu)eg m -+ E ( ) .
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2. (4-1)
For small values of the first term is dominayfl, the exponential

™
integral going to infinity only logarithmically as y-t approaches
zero. (The value of r,T for the reluctance pole iz of the order

of 50.) Thus, for small x,

S 4q %

H\ ~ rvt (% "-t/)

This result can be compared with the field due to an unshielded
wire,-{?f- (for x<<6)° A fairer comparison, however, is with the
field due to a wire backed by iron at a distance y-t from the wire,

for this is the situation when a winding is misplaced in a conventional

magnet. This field,when x << y, is approximately

H% x s

D)
so that £
My o o4t
My Wt

“thus if Y;t: 50 and y-t = 5 the perturbation of the field by the
winding error in the magnet with the reluctance pole is about one-
tenth as great as the perturbation in the conventional magnet. It
should be emphasized, however, that this benefit is conferred not by
the ability of the reluctance pole to shield out perturbing fields but
rather by the fact that the return windings are moved back from the
median plane by the thickness of the reluctance pole as compared with
a conventional magnet with the same gap.

Reluctance Error in Reluctance Pole Magnets

Consider a scaling structure for which t, the thickness of the
reluctance pole i1s proportional to the radius, t =t,€ , and the

permeability is a constant, vw . The permeability is given by
Lo ¥~
e Wk WAy,

"

where w, = distance between iron laminae,

u

W, = width of a lamina. - 10 =



MURA-262
Internal

If one of the laminae had a thickness w,+% the effect would be
like having, in a continuous medium, the permeability changed from

r. to r over a width J,+w, where

Vo ke N N i——;;
- k3 T nmna—— - . i
TF T T R I Wk W, r' 8 Uit ey

If one of the non-magnetic spaces had a thickness w,+i s the equivalent

permeability over a width w,+W, would be given by

LSy *% \',.1 1} ‘
r oS+ S+ vs‘wf .,r\.“g W -nr..) }kc N Wy ( ro

Since o ™ to , the latter is clearly the more serious perturbation.

One error that would seem likely to arise is the displacement of
a block of laminations d cm. wide. This leads to an increase in the
space between a pair of laminae at one point and a decrease in the
spacing at a point d cm. sway.

If, between R and R + (hrl + \52) the permeability of the
reluctance pole differs from its design value, rn , then the potential
drop occuring in the distance W', + W 5 differs from its design

value, ¥, , by the amount
Q* Qﬁr\ *d-\p

o= w (s - R

where'BL is the flux density within the reluctance pole. For'ﬁtwe
can use the flux density in the unperturbed structure. If oy o+ \»Tz
is sufficiently small so that B, does not change appreciably in the

distance then

U-'\)&:g;(?‘—-‘\:’ (J.-\'J-;,)'
B is given by
R

. - A C
B (R) Rtimm}ra

- 11 -
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where H 1is the field in the gap and L is the leakage fieid, that is,
the field above the reluctance pole. For a scaling structure L is

proportional to H. If we put
L=l W= o™ "t:“:-‘f

then "3
O+ o) H, R

BR) = )

and consequently Ly (1) (W.*WQ Qk
Ve oy = (y»" po) wolisn) ’ :

The effect of such a perturbation of the permeability is roughly

equivalent to that of a pair of currents straddling the reluctance

pole as shown in Fig. #. The magnitude of the current U (in emu)

. . Qi

is given by [T LT T T
@ -3

Q.*_a() (U’\*&3
Lo\

‘m\.-’ ‘0-\;)___ (r }“’) o (\"*1) HQK . Fig. 4.

If the error in the permeability is due to the spacing of two laminae

differing by Y from the design value, then, inserting the appropriate
-

rv

(VETIR Y

value of (% ), we obtain
r

sto")(l‘f‘oly H RK
= ﬁ—?t. (k‘\’ Z) ® .

r

If a block of laminae of width d is shifted a distance S then,
in effect, two pairs of currents appear as shidgn

in Fig. 5, one pair at the position of the

.

increased spacing and one pair at the position ’Q’L oL
{
of the decreased spacing. The current L has ‘ Q) l \<% !
o L -t
approximately the same magnitude at both — 4 —
positions if H does not change appreciably
in the distance d. Fig. 5.

- 12 -
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To get some notion of how bad the effect of such construction
errors might be let us use some representative numbers. Put
}3:&5 (if fe= 10 then with t,= .05 the reluctance pole is 5 cm.
thick at 1 m. radius, which is reasonable), }x,z 10, < = 1,

W, = 10% ocersteds, k = 8. Then

4w oo D
so that an effective current of about 3 emu appears for each .1 mm.
deviation of the spacing from its correct value.

The perturbing field due to such an array of currents can be
estimated using the results found earlier for the field due to a
current in the presence of a slab with permeability }*, in the direction
perpendicular to the laminations and permeability Pz(approximately
infinite) in the direction parallel to the laminations. It turns
out that one is not far off if one considers only the lower pair of
currents (the currents that effectively appear on the gap side of
the reluctance pole) and treats them as though they were backed by
iron of infinite permeability. One can then make an immediate com-
parison between the effectso such a construction efror in a re-
luctance pole and a winding error, such as Kerst has considered, in
a conventional magnet. In the latter case, if a band of windings
of width d is shifted by % then a current pair appears on the

surface of the pole, the magnitude of each current being given by

kR UG
= S

where R is the radius at which the winding error occurs and H and G

WL we

are, respectively, the vertical component of the field and the width

3

of the gap at the radius R. 1In this case if = .1, k =8, and H = 10

Al

oersteds then
ur, % 200 3

1

so that an effective current of about .65 emu appears for each .. mm.

- 13 =
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displacement of the wires. Thus the tolerances for the spacing of the
laminae of the reluctance pole must be about five times as stringent
as the tolerances for the spacing of the windings of a conventional
magnet.

Superimposed on, and partially compensating, the effect of the
perturbation of the permeability is the change in the apparent density
of the backwindings on the reluctance pole due to the variation of the
spacing of the laminae. This effect, which is nearly equivalent to a
displacement of the backwindings, is, in any case, no more serious
than the displacement of backwindings in a conventional magnet and
is, in fact, as we have seen, less serious because of the greater
distance of the windings from the median plane. The compensation of
the large effect of the permeability perturbation will therefore be
slight.

Erratum for MURA Report 249

In MURA-249 Kerst has pointed out the relation between a class of
reluctance pole structures and eigenpoles. In his expression for the
potential V (where E = -YV ) within the reluctance pole, Eq. (5),
the quantity V, appears as a coefficient. This is not the same as
the V, appearing in his Egq. (1), the expression for the potential
in air. If we replace the former V, by a V; then the correct
expression for the permeabilityof the reluctance pole contains as
a factor ‘46 . This factor should appear in Kerst's Eq. (7).

o

One can determine VVQ from the condition of continuity of the

-
normal component of 8 . Thus

3 )\‘W - 4 \.\Itl\. XO\! \
¢ 0o Y%
’:'._Eh..g 9"5’; 5
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and one obtains
P ,hmg) A
¢
V, f o (e | H?K_”(u‘:@) - Qe (o EQ‘.*\(wo)
V° :‘GP“*‘(Q'”G') ?k“(mdl) - p—“i'—g-' ol Q\g \(ﬁtn .(’)
Quplere) ™ -T-¢ ,
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