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Abstract

An analytical expression for the mutual inductance for long coaxial helical conductors or
solenoids is derived on the basis of Neumann’s formula for the whole range from 0 to oo of the
pitch length, including the cases of the mutual inductance of long concentric closely wound
helical solenoids and that of long parallel thin conductors as two extreme cases. In addition, an
approximate expression for the self-inductance for a long helical round conductor is obtained.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The inductance calculation of helical conductors or coils
has been studied analytically and numerically, using the
integral expression for the vector potential of an infinitely
long helical conductor [1-3]. Then, the analytical
expression for the intrinsic principal term of the mutual
inductance of long coaxial thin helical conductors was
obtained; however, the analytical expression for the self-
inductance was not obtained [1]. Then, numerical
calculation of the integral expression for inductance was
used for the analysis of the current distribution of a twisted
superconducting multifilamentary composite which consists of
many superconducting helical conductors [4]. However, the
numerical method of calculating the integral expression needed
a long time for calculating the inductance matrix of the circuit
equation.

In this paper, the full analytical expression for the mutual
inductance of long coaxial helical thin conductors is again
studied using Neumann’s formula. Then, the approximate
expression for the self-inductance for a long helical round
conductor is studied using the summation of external and
internal inductances. The external inductance of a helical
conductor is calculated as approximately the mean of the
mutual inductances of the filament at the inner or outer edge of
the conductor and the central filament. In this paper, the terms
‘helical conductor’, ‘helical coil” and ‘solenoid’ are used with
the same meaning. In particular, ‘helical conductor’ is used to
emphasize an unclosed loop, like for the straight conductor.

0953-2048/08/015011+11$30.00

2. Mutual inductance of long coaxial helical thin
conductors

2.1. Derivation using Neumann’s formula

A multipole expansion for a helical current which is obtained
by the Fourier expansion of a periodic delta function can be
used with Neumann’s formula. Then, the mutual inductance
between two long coaxial helical thin conductors of winding
radius ry and twist pitch length [; (=27 /k;), passing through
(r1, 91,z = 0) of the circular cylindrical coordinate, r, and
I, (=2m/ky), passing through (7, 92,z = 0) as shown
in figure 1, can be obtained using Neumann’s formula, as
follows:

I //Ildsl IzdSz /Lo 1
2= 4n L 51 — 52| 4 LD

2 2
X / // [j1(O1, 21)r1dB1dzy - j2(62, 22)r2dBrdzs]
o JoJo Jo

x [r}+r} 4 (z1 — 22)* = 2riracos(8) — 6172 (1)

With the condition / > r, (>ry), the above integration
can be performed analytically, like the derivation of the vector
potential of an infinitely long helical current [2, 3]. As shown
in figure 2, the geometrical relations between two coaxial

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Two coaxial helical conductors of winding radius r; and
pitch length [, (=27 /k,), and winding radius r, and pitch length

[, (=27 / k). In this paper, the mutual inductance of two long coaxial
helical conductors is only discussed under the condition [ >> r,.

cylindrical currents can be expressed as follows:

1= =2
0, = sin(8; — 6,7, + cos() — 62)6,
L (@)
6, =0
F=F

Then, the numerator of equation (1), namely, the term
related to the current density, can be expressed as follows:

J161.21) - 202, 22) = jo(61,21) 26, 22)
+ Jo (01, 21) jo, (02, 22) cos(6 — 62) 3)
where the current densities j.(f,z) and jy(0,z) can be

expressed as follows:
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Figure 2. Cross-sectional view of two coaxial helical conductors of
winding radii r; and r;.

where k (=k; or k) is the twist pitch parameter. From
equation (1), the mutual inductance can be calculated as

follows:
Ly =L+ Lz (6)
Ho 1
Lip,= ">
12.2 4 (27‘[)27'17‘2
2 1 2 1
x / / / / [r1 dO; dzir, d6; dz;]
o Jo Jo Jo
x [(z1 — 22)* + 1] + 15 — 2rirpcos () — 62)]7'/*
o0
X {1 + 2Zcos[m(91 — o1 —kiz1)]
m=1
o0
+2 Z cos[n(6r — g2 — kazo)]
n=1
o0 o0
+ 42 Zcos m(0; — @1 — kiz1)]
m=1 n=1
x cos[n(6, — @2 — kzzz)]} )
o kika
Lizg=— 5
4 2m)

2 2
/ / / / [cos(8; — 6>)r; d; dz 72 A6, dzs]

x [(z1 — 22)* + 1} + 1} —2riracos(6) — 6,)]71/2

x{l + ZZCOS[W(91 — @1 —kiz1)]

m=1

+2 Z cos[n(6r — @2 — kazo)]

n=1
+ 42 Zcos m(0; — 1 — ki1z1)]
m=1 n=
x cos[n(6, — ¢y — kzZQ)]}. (8)

By the following replacement of the integration variables
and the twist parameters:
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=6 —0 z=l 7'=2l—z , ,
e =%/ 8z, z)dzdz
0 = 0, or 6, =0 J7'=z
z=0 pz'=2l4+z
i=2—20 +1 g(z,7))dzd?
=—1 J7=—z
7= z1+ 22 ) ] =l p=2l-z
) hitk ZE/zo . g(z,2)dzd?
“ 2 =l p7=2l—z
ki —ky +3 / g(—z,z)dzdZ
kg = , =0 Jz'=z
2 =l p=2l—
I
the above integration for 6 and 6, can be reduced as follows: =3 /70 /L {8(z,2) + g(—z,2)}dzdZ. (14
/27r /27: f < cos 0, } cos 6, ) d6, do, Furthermore, as the term containing sin(n6) in equation (12)
sin@; | ' | sin6, cancels out, as shown below, equations (7) and (8) can be

0=2r p0'=27 / reduced as follows:
/ / cosO 1 1eosO L) yoder (10 1o
0 sin @ sin@ Lip,=——
2(2m)3

/27‘[ /271/ /21 4 dede/dzdzr

r +r 4+ 72 —2riracos @

By the following simple identity:

m cos @ 2 cos @
[Te({So ) [ o faor=o av
the following common part of the integrand of equations (7)
and (8) can be simplified with the cancellation of the term

{l + 258 (ky, k) Zcos n(p1 — ¢2)] cos(nd) cos(nkz)}

n=1

(15)
B / By .
containing cos #" and sin 0’, as follows: okikarira
0 120 =~y
' 2(2m)3
o 2;%5[’"(91 —o kel /2” /2” /1 /21—1 cos 0dfde'dzdz’
X
o o Jo Jo 24,24 2
+ZZcos[n(92 — @y — kyz2)] : \/Vl +ry 4z —2rirpcos6
n=1 S
o o x{l +25(k1,k2)2005[n(<p1 — @)l
+4) > coslm(6r — o1 —kizi)] n=
m=1 n=1
x cos[n(0, — @2 — kaz2)] x cos(n6) COS(nkZ)}' (o
S1+2 i { cos[n{ (@1 — @) + kaz'}] The first term of equation (15) can be calculated on the
oy condition that [ > ry, as follows:
x {cos(nf) cos(nk,z) + sin(nd) sin(nk,z)} o /‘2” /2” /‘Z=l /Z’ZZIZ dode’dzdz’
. _ ’ . —3
+ sinln{(pr = ¢2) + kaz }1isin(n6) cos(nkaz) 2(2m) \/zz+r12+r22—2r1r2 cosf
— cos(nf) sin(nk,z)}}. (12)
2 2(1 — z)dAdz
As aresult, roughly, the second term has a non-zero value only =3 (27”2
for k; = ka (=k), as follows: \/z +ri 413 = 2riry cosf
o I’LOZ 2 2 2
— 1+ 28(ki, k2) ;{cos[n((pl — ¢)){cos(nb) cos(nkz) ~ Gy /0 {m 21— In \/rl +r3=2rr 0039—1} do
. . . _ l / 2w o 1 n
+ sin(nf) sin(nkz)} + sin[n(g; — ¢2)] _ ,U«_o(ln 20— 1 Ho . / {ln o Z I (r_,)
x {sin(nf) cos(nkz) — cos(n@) sin(nkz)}}, 27 (27)* Jo ~n\n
= [ 21
st gy ~ 11 ki=k) (13) x cosne} do = L° (m— - 1) . a7
0 (kb #k). 2w\
In addition, the above integration for z; and z, can be reduced The ‘ﬁ'rst term of equation (16) can be calculated on the
condition that [ >> r,, as follows:
as follows:
I Mokikorir
/ / f(z1,22) dzy dza 2(2m)3
2 2 '=2l—z / /
I N
L ﬁ zdz! o Jo Jz 224 rf+r; —2rirycos6
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kik [ [ manipulation of equations (19) and (20), the following relation
~ M/ {ln 21 ln\/r12+r2 2rirp cos 6 1}
0

(2m)? is used [5, 6]:
pokikariral 0 dc
xcos0df = === % = Ko@f)  a>0, Ref>0. (2I)
0 +x
2 00 1 r n ’8
x /0 Inr; - Z n (g) cosnd ¢ cos do The addition theorem for Bessel functions is also used [6]:
n=1
(o]
_ pokikoriral /2” i 1 (n " Ko (nk r? +r3 — 2ryry cos 9) = Z L, (nkr)) K, (nkry)
(27[)2 0 w1 P\ m=—00
cos{(n+1)0}+ cos{(n—1)0} 4 — uolk L x cos(m8). (22)
x 2 T 4n zr‘ Furthermore, the condition [ >> r is used as follows:

The second term of equation (15) with k; = k, (=k), can be
calculated as follows:

(18) /Z =l cos(nkz)(l — z)dz

r1 +r2 4+ z2 —2rirycos b

. B /Z =l cos(nkz)dz
: =
2(2m) \/r +r 472 — 2riracos
2 p2m I=2-2 0o5(nB) cos(nkz) d6 do’dzdz’
y =l cos(nkz)zdz
0 Jo Je= \/r12+r22+z2—2r1r2C089
=

rP+r3 + 22 —2rrycos 0

Mo /‘2” /’ cos(nf) cos(nkz)(l — z) dodz

. i=00 cos(nkz)dz

(2m) \/rlz+r22+zz—21’1"20059 /

o . \/rl—i—r + 72 —2r;rycosf
~ _02 / Ko (nk\/rl2 + rz2 — 2riry cos 9)
2m)* Jo - / cos(nkz) dz
M()l 2 o =0
x cos(nf)de = (27)?2 A {mzoo Ln(nkery) Kip (nkr2) =Ky <nk ri +r3 — 2rir, cos 9) . (23)
x cos(mo) } cos(nf)df = M—Olzzn L, (nkr\) K, (nkry) As aresult, the analytical expression for the mutual inductance
(2m) is obtained as follows:

ol
= —1I,(nkr)) K, (nkry). 19 [ 21

57 (k) Ky (nkr2) a9 ol <1n_ _ >+5(k1,k2)— Z[ (nkr) K, (nkr»)

r

Similarly, the second term of equation (16) with k| = k, (=k),
. [

can be calculated as follows: x cos[n(gs — g1)] + M—Oklkzrlz +8(ky, kz)—kzrlrz

wok?rir 4 27

207y XS Uit (k) Ko 1 (k) + Ly (nkry) Ko (nkr)

v pom pr=l pr=21— =1
/ / / / [ cos(nb) cos() x cos[n(pz — @1)]. (24)

x cos(nkz) dodo’ dzd ] r1 + r2 22 — 2r1r) cos 9]71/2 As two extreme cases of ki, ko, — oo and k|, ko, — 0
110! (or k — 0) of equation (24), two limiting extreme mutual
R kzrlrz < r¥ +r? —2ryry cos 9) inductances for two parallel straight thin conductors and two
472 . .
solenoids can be obtained as follows:
x cos(nf) cos 6 df = —kzr P 1( 2 I &
42" lim lez“_°(1n—_1)+“—°Z{hmln(nkrl)
o 00 kyky—0 2 r T A= k=0
x / > Lu(nkry) Ky, (nkrs) cos(md) 110l
0 | x K, (nkr)} cos[n(gr — ¢1)] = —(ln 2A-1 -
T
o cos(n + 1)6 + cos(n — 1)0 40 wol S 1 ()"
2 x Inry + —Z — | cosin(gz — ¢1)]
; T o= 2n \r
Ho
= “—k*riro{ L1 (nkry) K,y (nkrs)
4 ol 21
+ L1 (k) Koy (nkr)). 20 = |\ -1
. . . : ri +ry —2rirpcos(@2 — ¢1)
It is shown that the term containing sin(nf) in
equation (12) cancels out, through the replacement cos(n6) _ MOZ In 2 1 (25)
by sin(n6) in equations (19) and (20). In the mathematical 2 ri2
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k] k7*>00
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,uo <ln — — 1> + uonlnznrlzl

where rj, is the distance between two points, (ry, 91,z =
0) and (r2,¢2,z = 0) in cylindrical coordinates, and
ny (=1/1;) and n, (=1/1;) are the turn numbers per unit
length of the inner and outer solenoids, respectively. In the
mathematical manipulation of equations (25) and (26), the
following asymptotic forms of the modified Bessel functions
are used [7]:

(26)

. 1 (nkri\" (n=D!/ 2 \"

lim 7, K = —

lim 1k K, akry = () S (2
_ 1 r " (27)
C2n \n

llm I, (nkr)) K, (nkry) = llm ek —nkr,

(rkr) Kn(nker2) = «/27mkr] 2nkr

— . 7efnk(r2*l’]) — 0. (28)

= lim
k—o00 2nk. /rir;

2.2. Derivation using the vector potential of an infinitely long
helical thin conductor

The mutual inductance of long coaxial helical conductors has
been discussed, using the vector potential of an infinitely long
helical thin conductor [1]. Generally, the mutual inductance
L, for two parallel long straight conductors of length [ with
arbitrary conductor boundary can be expressed, using the
geometrical mean distance (g.m.d.) Rj,, as follows [8-10]:

1/ 2 I 110
L, =K <ln— - 1) - “—"(1 2A—1) — —1an2
2 R]2
(29)
InRp = —— / / Inr,dS, dS, (30)
Lo = XL o — 1) 31)
2
!
Lins = 2SRy, (32)
27

where S| and S, are the cross-sectional areas of each of
the conductors and ry, is the distance between two parallel
filaments within each conductor.

Then, we can formally decompose the inductance L,
into two terms, i.e. the common term L., and the intrinsic
principal term Lj,,, related to the g.m.d. The subscript
r is used in equation (32), as the intrinsic principal term
has been called ‘the reduced inductance’ [1]. This formal
decomposition can also be applied for a helical conductor,
as shown in equation (24). As equations (31) and (32) do
not satisfy the requirement that the argument of the logarithm
should be dimensionless, they should be thought of as formal
expressions. However, equation (30) originally presented by
Maxwell has been widely used as the defining equation for the
g.m.d. [8-10].

The vector potential due to an infinitely long straight
conductor parallel to the z axis passing through some point

(r =a, 0 = @) at the z = 0 plane can be expressed in circular
cylindrical coordinates as follows:

wol i \/az +r2 —2ar cos(6 — @)
— 1In

AZ(rvesz):_
C
1 1 1
= M rﬁ:-’il o+ 2% Ine 33)
2 c 2

where rj; is the dlstance between (a, ) and (r,6), and
c is an arbitrary constant with the dimension of length,
needed to make the argument of the logarithm dimensionless.
Furthermore, for a helical thin conductor carrying the current
I, with a pitch length [, (=27 / k), passing through some point
(r = a,0 = @) at the z = 0 plane, the vector potential at
the general point (r, 6, z) can be expressed with an arbitrary
constant ¢ in circular cylindrical coordinates as follows [2, 3]:
forr < a,

2]
wol
—5ka )y {Kusi(nka) s (nkr)

n=1

- K,l,l(nka)l,,,l(nkr)} sin[n(@ — ¢ — kz)]

An(r,0,2) =

ol ol | o
Ap(r,0,2) = Ekr + gka Z{K"'H (nka)

n=1

(34)
X L1 (nkr) + Ku—i(nka) I, (nkr)}
x cos[n(@ — ¢ — kz)]
I I &
A 0.2 = =25 %+ BN K nka) I, (nkr)
2 T
x cos[n(@ — ¢ — kz)]
and forr > a,
ol | &
Ar(r,0,2) = == —ka ;{IHI (nka) K1 (nkr)
— Li_1(nka)K, i (nkr)} sin[n(6 — ¢ — kz)]
wol , a? J
Ao(r.0.2) = L2k =+ 5xka D (b (nke)
=1
(35)
X Kyy1(nkr) + I, (nka) K, (nkr)}
x cos[n(@ — ¢ — kz)]
A 0,7 =2l T +“—°IZI (nka) K, (nkr)
Z k) ) 2
x cos[n(@ — ¢ — kz)].
The asymptotic form of the vector potential, equa-

tions (34) and (35), for a helical thin conductor coincides with
equation (33) for a straight thin conductor on k — 0 [1].

Then, it can be thought that the intrinsic principal
term Ly, of the mutual inductance of two long straight
conductors at distance d can be formally obtained from the
vector potential without an arbitrary constant ¢ for an infinitely
long straight conductor from equations (29) and (30), as
follows:

L12,st,r Mo

Mo
=2 mrndr = =2
I 2l J, MREET T

(36)
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As an extension, it is expected that the intrinsic principal
term L, of the mutual inductance of two long coaxial helical
conductors of winding radius r; and twist pitch parameter
ki (=2m/1), and winding radius r, and twist pitch parameter
ky, (=2m/l,), as shown in figure 1, can be expressed as
follows [1]:

L12,r 1

1
= — A krz,z)d
; ”{/0 (r2, 2 + kaz, 2) dz

kol )
+ / Ag (rz,(p2+9,—>r2d9}
0 ka

where A, (r,0,z) and Agy(r,60,z) are the vector potential
without an arbitrary constant ¢ for an infinitely long helical
conductor passing through (r, ¢;,z = 0). The twist pitch
length I, of equation (32) in [1] is correctly replaced by the
whole length / in equation (37). Then, the intrinsic principal
term of the mutual inductance of two long helical conductors
can be obtained as follows:

Lo, I

o0
Mo 0
o=t — ; I, (nkyr) K, (nkyr3)

(37

% (cos[n(@s — o) ey + kikar? + 22k ikorir
4 27

oo
Y {1 (ki) K1 (nkira) + Ly (nkyry)

n=1

x Ky—1(nkira) }cos[n(@z — o1)])av (38)

where

<COS[n(§02 - (pl)]>uv

1 l
_ _/ cos[n{(@s — @1) + (ks — ki)z}] dz
0

l
Lk ky — ki
=l ) < [n{(wz—¢1)+ o 9” do
= 8(ky, k2, 1, @2, n, 1) cos[n(pr — ¢1)
sin[n (ks — k)]
n(ky — k)l
sin[n(p2 — ¢1)] (cos[n(ky — k1)l] — 1)
cos[n(pz — ¢1)] n(ky — k)l
lim  8(ky, ko, @1, 92,n,01) =1

(ka—k1)—0
lim  &(ki, k2, o1, 92,n,1) =0.

(ky—ky)[—00

S(ki, ko, @1, 02,0,1) =

(39)

As a result, it is shown that equation (38) is identical to
equation (24), except for the common term.

3. Rigorous calculation of the self-inductance

3.1. Mutual inductance of long helical conductors

The mutual inductance Ljys of two coaxial helical thin
conductors of finite cross-section with uniform helical current
density can be expressed using a double surface integral, as

follows: 1
L - dA; dA;
12,5 SlS /] /2 l 12 1 2

where S; and S, are the cross-sectional areas of each of the
conductors. In this paper, the self-inductance of a long helical

(40)

Figure 3. Two coaxial helical tape conductors with thin arcuate
cross-sections.

conductor is rigorously or approximately calculated, using the
above expression. In this paper, only a helical conductor with
uniform helical current density is discussed. In addition, except
for the common term, the integral expression for equation (40)
is equivalent to equations (30) and (37) of [1].

3.2. Self-inductance of a long helical thin tape conductor

For a special case of helical tape conductors with thin arcuate
cross-section, as shown in figure 3, the self-inductance and
mutual inductance can be rigorously obtained, as shown
below. This result is useful for the inductance calculation
for a superconducting power cable which consists of tape
conductors wound on a circular cylinder.  The mutual
inductance Lj . of two coaxial helical tape conductors
with thin arcuate cross-section with the same pitch length
I, (=27 /k) and the same axial length /, located at (ry, ¢, &
Ap/2z = 0) and (2, ¢p = A@/2z = 0), can be easily
calculated from equations (24) and (40) for r; < r; as follows:
1

rAeirAp;

P1=0,+A¢ /2 P2=pp+Ap /2
X / X/ Liory deiry dgy
V1=0a—N¢1/2 Yr=gp—Np2/2

ol ol =
=—|Ilh— -1 - I, (nkr)) K, (nk
- <n >+ A0 Ap Z{ (nkr\) K, (nkrs)

L12,arc =

n=1
4 . .
X 3 cos[n(gp — @q)] sin(nAgp;) sin(nAgy)

+ —Olkzr2 + pol

M 2

1 —k ryrp
4 27 Ap1 Aps
oo

Y i1 (nkry) Ky (nkra) + Ly (nkry) Ky (nkr2))

n=I1

4
X3 cos[n(gp — @a)] sin(nAgy) sin(nAg;)}. (41)

In particular, the self-inductance L 4 of a helical tape
conductor with a thin arcuate cross-section is expressed as
follows:

ol
L]l,arc = E (ln

4 0 tol 5 5 ol 2.2
X =8 A —k ———k
2 S A+ R S a2 i

21

r

pol

1 —_— I,(nkr) K, (nk

)—i— T (Bo)? ; (nkry) Ky (nkry)
o

XD et (k) Koy (nkry) + Ly (nkr) Koy (nkr)
n=1

4 .,
X — sin (nAgy). 42)
n
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Figure 4. Contour plot of r x Ay (r, z) and the vector plot of the
magnetic field due to the annular ring of a circular conductor with
ring radius » = 100 mm and conductor radius a = 50 mm.

Then, it is confirmed that the above self-inductance with
Ag@) = 2w, is equal to the well-known expression for a closely
wound solenoid, as shown in equation (26) with r; = r, and
ny = njp.

4. Approximate calculation of the self-inductance

4.1. Self-inductance of an annular ring

The approximate expression for the self-inductance of an
annular ring has been investigated since Kirchhoff and
Maxwell, using the analytical expression for the mutual
inductance of two concentric circular rings [8, 9, 11]. One
simple approximate method is to calculate the self-inductances
as the sum of the external and internal inductances. A helical
conductor is geometrically intermediate between a straight
conductor (k = 0) and a stack of annular rings (k = 00).
Therefore, if an approximate method is valid for both a straight
conductor and an annular ring, it is expected that this method
is also valid for a helical conductor. The self-inductance L of
a long straight round conductor is rigorously expressed as the
sum of the external and internal inductances [8—11].

The magnetic energy of the annular ring of a circular
conductor can be expressed as follows:

E=1Lr = %/ JjoAs(r, z)r dr dz (43)
N

where Ay (r, z) is the azimuthal vector potential in the circular
cylindrical coordinate system at radius 7 and the axial distance
z from the z = 0 plane due to a filamentary circle at the z = 0
plane with radius a. The azimuthal vector potential and the
related modulus k, are expressed as follows:

wol |a k>
Ae(r,z)=kln\/;{< _§>K(ka)_E(ka)} (44)

dar

L —
Coat+r)t+?

where K (k,) and E(k,) are the complete elliptic integrals of
first and second kinds with modulus k,. In addition, the mutual

(45)

Figure 5. Self-inductance versus ring radius from 55 to 500 mm, for
the annular ring of a circular conductor with radius @ = 50 mm,
together with the numerically and analytically calculated results.

inductance of two coaxial filamentary circles with radii r; and
12, and distances between centres z4, are expressed as follows:

2 2
M(ry, r2, za) = pos/T112 {(k__km) K(km)_k_E(km)}
(46)

4
rra (47)

k= —————.
" (r 4 )+ 23
From equations (43) and (44), the self-inductance of the
annular ring of a circular conductor can be numerically
calculated.

For the self-inductance of the annular ring of a circular
conductor with ring radius r and conductor radius a,
the following expressions have been typically obtained by
Kirchhoff, Rayleigh and Niven as follows [8, 9, 11, 12]:

8r
L = por <10g — - 1.75) (48)
a

a? 8r a’
L_uor{(l—i-@)log;—i-m—l.ﬁ}. (49)
Equation (48) given by Kirchhoff can be obtained as the sum
of the external and internal inductances by using equation (46)
for the mutual inductance of the filamentary circular ring at
the inner edge and the central circular ring as the external
inductance [9, 11]. On the other hand, equation (49) has
been more accurately obtained using a double surface integral
equivalent to equation (40) for an expanded form of the mutual
inductance of equation (46), given by Rayleigh and Niven [12].
In addition, the self-inductance can be calculated from the
mean of two extreme mutual inductances, of the filamentary
ring at the inner edge of radius » —a and the central filamentary
ring of radius r, and of the filamentary ring at the outer edge
of radius r 4 a and the central filamentary ring. Then, the self-
inductance of the annular ring can be calculated as follows:

Loy+ Lo  M@,r—a,004+ M@, r+a,0)
2 B 2

Lean =

Mol

+ 4
where L) and Ly are the self-inductances calculated from
the mutual inductance of the filamentary ring at the inner edge
of radius r — a or at the outer edge of radius r + a, and the

central filamentary ring of radius r, respectively.

(50)
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Figure 6. Self-inductance versus ring radius from 55 to 80 mm, for
the annular ring of a circular conductor with conductor radius
a = 50 mm.

A contour plot of ¥ x Agy(r, z) and the vector plot of the
magnetic field due to the annular ring of a circular conductor
with ring radius » = 100 mm and conductor radius a = 50 mm
are shown in figure 4. The ring radius dependence of the self-
inductance for the annular ring of a circular conductor with
conductor radius @ = 50 mm is shown in figures 5 and 6. In
figures 5 and 6, the numerical calculation using equation (43)
and the analytical calculations using equation (48), the formula
of Kirchhoff, and equation (49), the formula of Rayleigh and
Niven, and using equation (50) for the simple mean are plotted,
together with the calculated results for Ly and L) which are
plotted as dashed lines. From figure 5, it is seen that every
analytical calculation has a good agreement with the numerical
calculation for the large ring radius. From figure 6 for the small
ring radius, it is shown that the approximation with the simple
mean has a good agreement with the numerical calculation.
However, equation (49), the formula of Rayleigh and Niven,
is better than equation (50), the approximation of the simple
mean.

In this paper, this calculation method with the simple mean
is applied for the self-inductance of a helical conductor, as
shown below.

4.2. Self-inductance of a helical conductor

If the external inductance L. is approximated by the
mean of two extreme mutual inductances of the inner
helical filament located at (r — a, ¢,z = 0) and the
central helical filament of the conductor passing through
(r,¢,z = 0), and the outer helical filament passing
through (r 4+ a, ¢,z = 0) and the central helical
filament is taken, the self-inductance of a thin helical
conductor can be calculated, using equation (24) as
follows:

_ Loy+Loy  Ley+Lery

L ,u()l <1 21 l)
= = n—————
2 2 2 Jr(r +a)

4 Ml > {Kukr) L, (nk(r — @)) + K, (nk(r + a))

2
[
V1 k22

n=1
— a)2 + rz} + M_
8

x L(nkr)} + “—f:kz{(r

kzr(r a) Z{Kn+1(nkr)ln+1(nk(r —a))

n=1

+ K (nkr) L, (nk(r —a))}+ kzr(r—i-a)

X Z{Kn+1(nk(r + a) lny1(nkr) + Ky (nk(r + a))

x I,_1(nkr)} (51

where the internal inductance L; of a helical conductor can be
calculated from the magnetic energy within the helical con-
ductor, taking account of the length along the conductor, as

follows:
/12 2
/’LOI lp +(27TV) Mol\/i

L=2Y" 1+ k2r?

52
8 Iy 8 62

where the cross-sectional shape perpendicular to the central
axis of the helical conductor is always assumed as
circular.

In the limit of k¥ — 0 (or [, — o00), the above
self-inductance becomes that of a long straight conductor as
follows:

ol 21 ol o
lim L = In— — 1 — 1 K, (nk
lim zn<“¢m )’LG ;ki‘%{ (nkr)

x I,(nk(r —a)) + K, (nk(r + a))I,(nkr)} + M—Ol

[
Kol (l —+1In )
r+a

(2 )
S 2r U JSr(r+a) 4
(53)

/ / 20 3
4 K Mot Mol mE_2)
87 2w a 4
On the other hand, in another limit, kK — oo (or [, — 0), the
self-inductance per unit length becomes the following result for
r>a:

ol 21 pol 5 2 2
lim In— — 1 —k —
k1—>0 2n<n ey )+8n {r —a) +r7}
l 21
~ B <1 - 1) + pon?mri. (54)
271 r

As a result, it is shown that equation (54) is equal to
equation (42) for Ag; = 2m, i.e. the self-inductance of a long
closely wound solenoid.

4.3. Self-inductance of a helical conductor or a solenoid as a
closed loop

The inductance of a solenoid is discussed as that of a
closed loop in most textbooks on classical electromagnetism.
However, as mentioned above, it is reasonable to treat a twisted
superconductor, e.g. a superconducting multifilamentary
conductor, as a parallel circuit of unclosed helical conductors.
Then, the self-inductance calculation for an unclosed helical
conductor and a closed helical conductor (or solenoid with
return conductor) must be distinguished.

Then, the self-inductance per unit length Lcjoseqa/! of an
infinitely long solenoid of winding radius r and conductor
radius a with the return conductor as a closed loop is calculated
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Figure 7. Whole integral path of C;, C,, C;, and C, for the magnetic
flux enclosed in one period of a closed solenoid, which is not
identical to the substantial integral path C; for an unclosed solenoid
or helical conductor.

for a closed path of C (=C; 4+ C, + C3 + C4), as shown in

figure 7, as follows:
L+L <I>+Li_ 1%2 dq+Li
Wl Tl T

! A i)+ L
_lpI ‘3 l
1
:—{ A, (r —a,0,z2)dz

Lclosed

5~

1

lp
/ e(r—a,G,Z)(r—a)d9—/ AZ(O,O,z)dz}
0

= ,uo kzr(r —a)z Knp1(nkr) 1,1 (nk(r — a))

L;
! n=1

+ K1 (nkr)L,— (nk(r — a))}

+

V14 k22 (55)

In the limit of k — oo (or [, — 0), the self-inductance per unit
length becomes the following result for » > a:

o0
Mo Mo
— K, (nkr)IL,(nk(r — —
+ - ’?:1 (nkr)I,(nk(r —a)) + S

. Lclosed
lim —— =

@kzr(r —a)~ y,onzn'rz.

56
k—o00 [ 4 ( )

On the other hand, L joseq/! for another limit, k — 0 (or
[, — ©0), has no meaning, because the central axis loses the
meaning in the limit of k — 0 (or /, — 00). Then, this means
that the self-inductance of a straight conductor cannot be
discussed by means of the calculation of the magnetic flux of
the closed loop. It is thought that an unclosed helical conductor
actually produces extra magnetic flux, which does not pass
through the closed loop formed by C = C; 4+ C, + C3 + Cy.
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Figure 8. Pitch length dependence of self-inductance per unit length,
L/1, versus [, for a long helical conductor of winding radius 10 mm,
and conductor radius 0.5 mm.

The above calculated result obtained using equation (56) is
well known as the self-inductance of a solenoid, but it is
different from that of the unclosed helical conductor, as shown
by equation (54). Furthermore, the self-inductance of a closed
long solenoid consisting of a helical conductor with a return
straight thin conductor at the z axis as shown in figure 7 can
be also obtained, using equations (51), (53) and (24), with the
equivalent result of equation (55).

5. Calculated results

For the circuit system consisting of a superconducting
composite and a return conductor, the circuit equation for the
transport current or the shielding current under the external
field in a long superconductor is generally described without
the length dependence due to the cancellation of the common
term [1, 4, 13].

For the calculated results shown below, the intrinsic
principal term L, is concentrated on, and it is presented
without the subscript 1.

5.1. A single helical conductor

The result calculated using equation (51) for the self-
inductance of a helical conductor with the radius ¢ = 0.5 mm
and the winding radius » = 10 mm, is shown in figure 8§,
together with the conventional approximate self-inductance of
the solenoid as a closed loop, L/ ~ pon’mr? = pomr?/12,
shown as a dashed line with the results shown as circular
points, which were numerically calculated using equation (40).
In this calculation, the analytical expressions up to the first
hundred terms (n = 100) in equation (51) and up to the first
fifty terms (n = 50) in the numerical integral calculation of
equation (40) are taken into account. The same calculation of
the self-inductance is plotted for the twist pitch parameter k in
figure 9. It is shown that the agreement between the analytical
and numerical calculations is quite good on both plots. The
lower and upper dashed curves in figure 9 are calculated results
for Ly and L) of equation (51), respectively. Then, it is
shown that the mean of Ly and L) is much better than L)
or Ly as well as an annular ring.
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Figure 9. Pitch parameter dependence of self-inductance per unit
length, L/, versus k, for the same conductor as for figure 8.

Figure 10. Schematic view of a twisted bifilar lead of a round
conductor.

5.2. A helical bifilar lead

For a twisted bifilar lead, as shown in figures 10 and 11, with
diameters of 0.49 mm, and distances of 0.84 mm, the self-
inductance, Ly, of a twisted bifilar lead can be calculated
as Ly 2(L — M) from the self-inductance, L, of each
helical conductor and the mutual inductance, M, of the two
helical conductors [1, 14]. The twist pitch dependences of
the self-inductance, L, of a twisted bifilar lead and the self-
and mutual inductances of helical conductors are shown in
figure 12, with good agreement between the analytical and
numerical calculations. The lower and upper dashed curves
for the self-inductance are also calculated results, for Ly and
L), respectively. In addition, the mutual inductance is simply
calculated using equation (24) instead of equation (40).

5.3. A twisted superconducting ‘6 around 1’ strand cable

For a twisted superconducting 6 around 1 strand cable, the
twist pitch dependence of the self- and mutual inductances

10

Loci of
conductor's center k=3.14 rad/mm
k=2 rad/mm

k=0 rad/mm

Cross section of
conductor

Figure 11. Cross-section at z = 0 perpendicular to the z axis for a
helical bifilar lead of a round conductor, with k = 0, 2, and
3.14 rad mm~'.
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Figure 12. Twist dependence of the self- and mutual inductance L,
M of each helical conductor, and the self-inductance
Ly, = 2(L — M) of a twisted bifilar lead.

of the strands of the twisted 6 around 1 strand cable have
been calculated [1]. On the condition that the cross-sectional
shape perpendicular to the helical central axis of the peripheral
conductor is not circular except for k = 0, the agreement
between the results, analytically calculated using equation (51)
and numerically calculated using equation (40) was poor. The
numerical calculation has been made taking account of the k
dependence of the cross-sectional shape. Then, it is implied
that equation (51) is not valid for a non-round conductor.

6. Conclusion

The full analytical expression for the mutual inductance of
two coaxial long helical thin conductors for the whole range
from 0 to oo of the pitch length was obtained from a modified
form of Neumann’s formula. It is shown that the expression
obtained is equal to the intrinsic principal term of the mutual
inductance previously obtained from the vector potential due
to an infinitely long helical conductor, except for the common
term. Then, the analytical expression for the self-inductance



Supercond. Sci. Technol. 21 (2008) 015011

T Tominaka

for a long helical round conductor was studied on the basis
of the summation of the external and internal inductances.
In addition, the external inductance of a helical conductor
was calculated as the mean of the mutual inductances of the
filament at the inner or outer edges of conductor and the central
filament. It was confirmed that the results obtained by the
approximate calculation show a good agreement with those
obtained by the numerically calculation for a single helical
round conductor.
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