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Accuracy of Expressions for the Magnetic Field of a
Ring Head

B. K. Middleton, Member, IEEEM. M. Aziz, and J. J. MilesMember, IEEE

Abstract—The Fourier method used by Fan has produced a rep-
resentation of the field of a semi-infinite pole head consisting of a
simple analytical approximation (Karlgvist field) plus an infinite
series of correction terms. A method is developed in this paper by

TABLE |
HARMONIC COEFFICIENT VALUES FOR
DIFFERENTVALUES OF f FOR THE RUIGROK APPROXIMATION

which other approximations to head fields have their infinite se- n ALVs CalVo C/Ve CilVe
ries of correction terms evaluated to make them exact. Expressions £=0.5 £=0.555172513 | £=0.662652495
with only one correction term produced by Ruigrok and Szczech 7508615717731 | 0.01068617573 | 0.00000000000 | 0.02081743072
et al.are studied, and enhancement of them is shown to offer accu-
rate approximations to the exact head fields. 2 | 0.02915024465 | -0.00590791419 | -0.00203942074 | 0.00549667982
. ) ) 3 | -0.01525421892 | 0.00397291346 | 0.00185129504 | -0.00228176865
Index Terms—Magnetic recording, recording heads.
4 170.00956249954 | -0.00294154050 | -0.00155847153 | 0.00113584527
5 | -0.00668032954 | 0.00230759905 | 0.00131582583 | -0.00061621897
. INTRODUCTION 6 | 0.00496516208 | -0.00188187028 | -0.00112633432 | 0.00034550351
HE MAGNETIC potential produced by a record head with ~7 | -0.00386089655 | 0.00157808099 | 0.00097791687 | -0.00019124553
infinitely wide and deep pole faces has been calculate 8 | 0.00310357777 | -0.00135148081 | -0.00085988726 | 0.00009777197
exactly by Fan [1]. When the poles have infinite permeability "9 | -0.00255905083 | 0.00117663802 | 0.00076441892 | -0.00003861322
they become equipotential surfaces with the potential variatio 7o [ 0.00215301133 | -0.00103807694 | -0.00068595622 | 0.00000000000
along the facesy(= 0) and across the gap given by 11| -0.00184115674 | 0.00092586524 | 0.00062053813 | 0.00003573018
(—V,, < —g/2 (1a) 12 | 0.00159585983 | -0.00083335012 | -0.00056529888 | -0.00004311600
oy oo 13 [ -0.00139902807 | 0.00075591636 | 0.00051812896 | 0.00005490218
% x4 Z A, 14 | 0.00123839761 | -0.00069026700 | -0.00047744846 | -0.00006286278
o(z, 0) = g n=1 15 | -0.00110540014 | 0.00063398742 | 0.00044205465 | 0.00006815598
. 2nw
) Sm( z), —g/2<x<g/2 (1b) 16 | 0.00099389255 | -0.00058527087 | -0.00041101804 | -0.00007156113
g 17 | -0.00089937094 | 0.00054274007 | 0.00038361029 | 0.00007361416
LV, z>g/2 (1c) 18| 0.00081846814 | -0.00050532779 | -0.00035925350 | -0.00007469037
. . 19| -0.00074862316 | 0.00047219502 | 0.00033748381 | 0.00007505678
whereg is the gap lengthy, = NI/2 whereN is the head TOOEETRSEA O 000HEESE | 00003 779
coil turns and is the write current. The normalized coefficients 31792502 | -0.00007490595

A, /V, in (1) were determined exactly in [2] and are given in

Table I. The firsttermin (1b), which represents a linear variation
of the potential between the pole pieces, was used by Karlgvist
[3] to produce a widely used approximation to the field below Ruigrok [4] has suggested an approximation to the exact
the head. In this sense, (1b) represents an approximation tofiead field in a semi-infinite pole head. It consists of half of the
exact potential variation to which is added a series of correctiggarlqvist head field plus half of that produced by a thin head
terms. for which an exact derivation is possible [5], [6]. Translating

In this paper, better analytical approximations than the linegifat proposition into a potential variation alopg= 0 gives
one, which lead to closed form expressions for the fields below
the heads, are considered and a method is produced that allows N 2V, 2V 12
the determination of the corresponding correction terms. The ole, 0) = (f) g r+d-5 x o <?> @
magnitudes of the correction terms are used to gauge the accu-
racy of the approximations and to further improve their accMheref has been introduced for reasons that will become clear
racies. The result is simple expressions that approximate d@fer, butin this instance takes the value of 1/2. To male 0)
ficiently closely to the head fields for most if not all practicafXact, correction terms with coefficients, are added in the

purposes. style of (1b) to give
2V, . <2$>
Sin e
w g

s 2
+ E C,, sin <_7;7r a:) .
n=1

Il. THE RUIGROK APPROXIMATION

2V,
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From Mallinson [5] 1.0 ' ' ' ' y
2 2 2 > 2 —— Fan /
= gin™? <—$> =—z+ Z Al sin <ﬁ a:) 0.8} | ——— Ruigrok .
g g g n=1 S  e—— Szezech et al.
2] < 1g/2] @) Jeosf =055 .
N _ = $=0.809
where the coefficientst! are given exactly by [5] %
2 T 04f .
A, = — Jo(nr) ®)
nmw
and J, is the Bessel function of the first kind. Substitution of 0.2f .
(4) into (3) yields
2‘/0 o0 ) 2 0 L i 1 I
o(z,0) = =2 a+y  [Vo(1-f)AL+C,] sm(ﬂ x) . (6) 0 01 02 03 0.4 05
g n=1 g x/g
By matching (1b) and (6), it can be shown that
C A Fig. 1. The potential variation in the gap region for the Ruigrok
“n _ n (1 _ f)Al (7) and the Szczechet al. approximations and the exact Fan calculations
Vv, Vv, nt (f =0.555, K =0.835, L = 0.0433, M = 0.52).

Table | shows the values oi,,/V, andC,,/V, forn = 1 to
n = 20 for three different values of. The value of 0.5 is that

suggested by Ruigrok [4], and this leads to a reduction in the 4 [9/2 = Ina
/ tanh™ <—> -sin<— a:) dx

where the coefficient®,, were found by integrating

magnitudes of all of the correction terms when they are com- B, =
pared with those of Fan. Clearly, the Ruigrok approximation .
(f = 0.5) is significantly closer to the exact field than is thd® 9Ve

9 Jz=0

Karlqvist expression and its improved accuracy is thus verified, _ =1 .~ ., -1

The other two trial values of are chosen to maké; = 0 and g)" Conw {2(=1)" tanh ™ (1/(2M) + cos(2nmM)

Cio = 0, respectively, and this is done by settifiy to zero X [Ci(nm(2M —1))—Ci(nw(2M + 1))] + sin(2n7 M)
and solving (7) forf. The correction terms fof = 0.555- - - x [Si(nm(2M —1)) = Si(nm(2M + 1))]}. (10)

are smaller than fof = 0.5, and therefore, the corresponding

potentials and fields are even more accurate. This is indicatetand Si are the cosine and sine integrals, respectively. It can
in Fig. 1, where the potential in the gap region according to (9§ Seen that the Fourier coefficients in (10) are dependent on
with f = 0.555 is compared to the exact potential variation adl® Parameten/. M was initially specified by Szczeatt al.
cording to Fan (1b). The other value ffin Table I, is used as {0 P€ equal to 0.512. In the following calculations, a value for
an example to illustrate that the valuesjoan be selected to 4 €qual to 0.52 (in agreement with the fittings of Iverson and

make any particular coefficiertt, equal to zero should that peStubbs [9]) will be used as it was found that this value offers
the lowest values of the correction terms and, hence, the closest

required. ootV g
approximation to the exact solution.
lIl. THE SzczECH et al. APPROXIMATION Equation (9) can be written in the form
Szczectet al. [7], [8] have proposed an alternative approxi- o(z, 0) ~ 2V z+ 2Vo o(KS—1)
mation for the fields of a head following experiments on a large- g -
scale experimental model [7]. The corresponding head surface I 2LSYV, Z B. sin 2nm . (11)
potential is M —~ "
oz, 0) ~ 2K5V, 4+ 2LSV, tanh—t <i> where the second term can be expanded into a Fourier series
7 9 My and a series of correction terms with coefficie}s/V, can be
—g/2<z<g/2 (8) @dded to make the potential exact. Then

whereK, L, andM are constants obtained by fitting and these o(z, 0) = 2vo T+ 2V, Z
were found to be equal to 0.835, 0.0433, and 0.512, respectively.

n=1
S is a scale factor to cater for the difference between the surface LS (-1)" CL
field, as defined by Szczeddt al. (H, = H,(0, 0)) and the {M By === (K5 - 1)+ 7}
deep-gap field H, = NI/g). Using the Fourier sine series o ¢
expansion ofanh !, (8) can be written as X Sin<— a:) . (12)
g
o(z, 0) ~ 2K 5V, x+ 2Lj\§vo Z B, Sin<2”_7r x) Matching (12) to the Fan potential in (1b), it can be shown that
g — g L
n= C An LS (=1
L=—-2|—B,———(KS5-1)]. 13
—g/2<x<g/2 9) v, V, [M ¢ )} (13)
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TABLE 1l 1.0 T T T
HARMONIC COEFFICIENT VALUES FORDIFFERENTVALUES OF S FOR THE Fan
SzczecHet al. APPROXIMATION (K = 0.835, L = 0.0433, M = 0.52) 08k Ruigrok 4
- ~—— Ruj,
o, A A P L Szczech et al. |
n AV, .
=0.83 $=0.808816182 | S=0.797857425 =
1 |-0.08615711721 | -0.01737017376 | 0.00000000000 | 0.00934789995 =~ 0.4 7]
(]
2 | 0.02915024465 | 0.00926654034 | 0.00014193729 | -0.00476854187 =) 02k
Ll 2 —
3 1 -0.01525421892 | -0.00712775589 | -0.00091280763 | 0.00243181721 = /\ /«\
4 | 0.00959249954 | 0.00593991911 | 0.00122038799 | -0.00131946598 0 A\/
5 | -0.00668032954 | -0.00511606338 | -0.00130908264 | 0.00073967494 \/ \/
6 | 0.00496516208 | 0.00449297987 | 0.00130150642 | -0.00041601091 02r 7
7 | -0.00386089655 | -0.00400018532 | -0.00125217356 | 0.00022669127 04 ) , ,
8 | 0.00310357777 | 0.00359924099 | 0.00118606217 | -0.00011260959 "0 2 4 6 8
9 [ -0.00255909083 | -0.00326632182 | -0.00111497406 | 0.00004279119 g/
10 | 0.00215301133 | 0.00298549060 | 0.00104453891 [ 0.00000000000
Fig. 2. Gap loss functions for Fan, Ruigrok with= 0.555 and Szczeclet
11 | -0.00184115674 | -0.00274553997 | -0.00097737399 | -0.00002582112 al. with 5 = 0.809(K = 0.835, L = 0.0433, M = 0.52).
12 | 0.00159585983 | 0.00253830219 | 0.00091458445 | 0.00004076758
131 -0.00139902807 | -0.00235766061 | -0.00085650681 | -0.00004864871 The surface field of Szczedt al. is given by [7]
14 | 0.00123839761 | 0.00219893382 | 0.00080308987 | 0.00005190512
15 1 -0.00110540014 | -0.00205847372 | -0.00075409444 | -0.00005213215 Ha;(x 0) ~ 2K5V, 2L5Vog _ g/2 <r< g/2
I 2 2 — —
16 | 0.00099389255 | 0.00193339361 | 0.00070919945 | 0.00005038943 g (Mg)? —=
17 | -0.00089937094 | -0.00182137886 | -0.00066805831 | -0.00004738950 which has a Fourier transform [4]
18 | 0.00081846814 | 0.00172055180 | 0.00063032835 | 0.00004361576 .
H,(k, 0) sin(kg/2) LS
19 1 -0.00074862316 | -0.00162937342 | -0.00059568549 | -0.00003939794 T ~KS ﬁ + M Cos(kgM )
20 | 0.00068785821 [ 0.00154657060 | 0.00056383076 | 0.00003496133 ( g / )

X {oz(% (M + 1)) - cfz(%" (2M — 1))}

Values of C} /V, are shown in Table Il for the values = . (kg
0.0433, M =/ 0.52, and S = 0.83, as given by Szczecht +sin(kgM) [SL <7 (@M + 1)>
al. It can be seen that the correction terms are larger than and (kg
decay more slowly than those of the Ruigrok expression. How- — 5i <7 (2M — 1))} } .
ever, withL, = 0.0433, M = 0.52, andS = 0.8088. .-, the
correction terms are of little significance and the correspondingThese gap-loss terms are plotted in Fig. 2 fos 0.555 and
fields and potentials are very good approximations to the exakt.= 0.0433, M = 0.52, and 5 = 0.809. Their closeness to
This is demonstrated in Fig. 1. one another and to the exact result of Fan is obvious even as far
In a similar way to the calculation in the previous section, it i8S the seventh gap-null. In view of this and the smallness of the
possible to select values 6fto makeC: = 0 by solving (13). correction terms needed to make these modified Ruigrok and
In this way, whenl = 0.0433, M = 0.52, andS = 0.7978 --- Szczeclet al. expressions exact, it is clear that they are accu-
C1, = 0 and the other values @i} are as shown in Table II.  rate enough for use in all but the most critical of applications.
The implication is that corresponding field expressions given by
Ruigrok [6], but withf = 0.555, and by Szczecht al.[7] with

) ) K =0.835, L =0.0433, M = 0.52, and.S = 0.809 are sulffi-
To further substantiate the claims about the accuracy madedgnﬂy accurate for all practical purposes.

the previous sections, the gap-loss functions for the various po-
tentials are calculated and compared with the exact value from
Fan. The gap-loss function is obtained from the Fourier trans- o . )
form of the head surface field and for the Fan distribution is [10] The paper has shown that it is possible to take approxima-
tions to head fields or potential variations in the region of a head
H,(k,0) sin(kg/2) n <k5i) i gap and add and evaluate an infinite series of correction terms
NI (kg/2) 2 that would make them exact. Further, it has been shown that by
taking steps to reduce the correction terms, more accurate ap-
n(=1)"(4,/V)sin(kg/2) proximations to the exact fields can be obtained. The method
[(kg/2)? — (nm)?] has been used to show that the field expressions of Ruigrok
whereas for the Ruigrok approximation of (2), it is [4], [6], [10 nd Szczeckt al, which contain only one correction term, are
H,(k,0) sin(kg/2)
N~ g )

(16)

IV. GAP-LOSSFUNCTIONS AND HEAD FIELDS

V. CONCLUSION

n=1

(14)

ery good approximations to the exact head fields, but that with
minor modifications, they become extremely close to the exact

+ (1= )Jolkg/2). (15)  poad fields.
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