7

Axial field configurations

In this chapter, we consider field configurations that have an axial field component.
In straight channels, these fields are azimuthally symmetric around the system axis
and only have axial and radial components. The basic example of this type of
configuration is the closed circular current loop. Combinations of current loops can
be used to produce desired axial field profiles. The current loop can also be
extended axially to generate an ideal sheet solenoid. We conclude the chapter
with a discussion of bent solenoids. When the bent channel forms a closed ring,
we obtain the toroid configuration.

7.1 Circular current loop

We recall from Equation 1.18 that the on-axis field of a circular current loop with
radius a is

pola’

= ——————2751 (7.1)
2{a? —}—23}3/2

where /s the current in the loop and z, is the distance of the observation point along
the z axis from the plane of the loop. We now consider the determination of the
vector potential in the case when the observation point P is not restricted to lie
along the z axis, as shown in Figure 7.1. We define a coordinate system where the
x axis lies directly below the observation point P. By symmetry, the vector potential
only has a ¢ component and cannot depend on the azimuthal coordinate ¢.
The vector potential is given by

ol [ds
Aslp.2) ="2 4T

165
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ds
X

Figure 7.1 Current loop geometry.

An arbitrary element of current has the Cartesian coordinates (a cos ¢, a sin ¢, 0), so

1/2
R= {(p —acos ¢)” + (asin ¢)° —i—zz}
= {p? + a* — 2ap cos ¢ +zz}1/2.

The contribution from a current element at ¢ makes the same contribution to the
vector potential as the element at —¢. In addition, the contribution of each of these
elements to the vector potential at P is proportional to cos ¢. Therefore we can write

ol ™ cos ¢
Ay(p,z) :—J a
’ 2n o{pz—i—az—2apcos</75—i-zz}1/2

d.

Making the substitutions

¢ =m+20
cos ¢ = —1 + 2sin? 6,

we can write the vector potential as

2.d6.

 Hpla 0 2sin%0 — 1
1/2

Ay(p,2) =
2% )2 {p? + a2 + 22 — 2ap(2sin0 — 1)}

The integral is symmetric in #, so we can translate the limits of integration. After
rearranging the terms in the denominator, we get

do.

tola
A¢(p,z) = (;T

J’fﬁ 2sin’0 — 1
0 {(a+p) +22—dap sinz@}l/2
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Define

4ap

Then we have

do

Ay(p.2) = Hold k J”/Z 2sin’0 — 1
TR Vw1 - pesiney "

tola k

T +4ap

(7.3)

21, — L,
where!

I = do

J”/Z sin’0
o {1-— kzsinzﬁ}l/2

K(k) — E(k)
k2

and’
J~7T/2 1
0 {1 — k2sin’6}
K(k).

The function K (k) is the complete elliptic integral of the first kind and E(k) is the
complete elliptic integral of the second kind.? Substituting back into Equation 7.3,

I, do

1/2

we find
uola  k 2 2
A =— ——1)K(k) —=SE(k
0.2 =1 (5 )k - 00,
which can be written in the form [1, 2]

A5(p,2) :’;Llf \/g [(1 —%2>K(k) —E(k)} (7.4)

"' GR8.112.5. 2 GR8.112.1. * Properties of complete elliptic integrals are discussed in Appendix F.
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The components of the magnetic field in cylindrical coordinates are

_ 04y
P bz
By =0
1 0
B, =- —(p4
pap(/) 0)

In order to evaluate these field components, we need the derivatives of the para-
meter & defined in Equation 7.2. We have [1]

%_ zk3
oz dap

g (7.5)
ok kBB

o 20 4p 4a

We also need the derivatives® of the complete elliptic integrals K (k) and E(k) with
respect to their parameter k.

ok__E K
ok k (1—k*) k
(7.6)
OF E K
ok k k°
Evaluating the derivatives together with a lot of algebra,” we find that [1, 2]
)i 2, 202
B, = ";L z - [—K(k) +L2+22 E(k)] (7.7)
" pllatp) +22) (a=p) +2z
and
I 1 22 2
B. = ’“;L o K+ L E(k)] . (18)
T {(a+p) +27) (a=p) +2

In the limit p — 0, &> = 0 and the elliptic integrals in Equation 7.8 equal 7/2. Then
it is straightforward to show that B, approaches Equation 7.1 for the axial field on
the axis. Using I’Hopital’s rule and the series expansions

4 GR8.123.2,4. ° A computer algebra program is really useful here!
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E(k)zz_zk2+...

28
K(k)ﬁg+7§[k2+---,

it is also possible to show that Equation 7.7 for B, approaches 0 on the axis, as it
should.

In the preceding derivation, we have gone through a standard approach of
calculating the vector potential and taking its derivatives to find the field compo-
nents. We have done this to illustrate several useful mathematical properties
involving the use of elliptic integrals. We should note, however, that it is possible
in this case to solve the Biot-Savart equation for the fields directly since the
required integrals are known.[3]

Besides the solution given here in terms of K(k) and E(k) and cylindrical
coordinates, the problem of the circular current loop has been solved using
a number of alternative methods. The vector potential for the circular loop can be
written in terms of Bessel functions as [4]

00
Ay(p,2) = "O?I“J Ji(ka) J, (kp) e =1 dk. (7.9)
0

For some applications, it is more convenient to solve for the vector potential of the
current loop in spherical coordinates. Spherical solutions for the vector potential
and field have also been given in terms of elliptic integrals.[5, 6] However in
spherical coordinates, it is sometimes more natural to expand the solutions in
Legendre functions. The vector potential for the current loop for » < @ is given in
this case as [1]

[ si n
Ay(r,0) — £ Zsm—a <£> P! (cos a) P!(cos 0), (7.10)

where P! is an associated Legendre function and a is the polar angle of the loop. For
r > a, the radial factor in this equation must be replaced with

a\ n+1

()
This type of expansion makes it easier to show that the field of the current
loop approaches that for a magnetic dipole in the limit when » >> a. It is

also possible to solve for the field components directly from Maxwell’s
equations.[7]
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A,bd)

ds

Figure 7.2 Mutual inductance of two current loops.

Example 7.1: mutual inductance of two coaxial current loops

Consider two coaxial current loops separated by a distance d, as shown in Figure 7.2.
The mutual inductance between the two loops is the flux intercepted by loop 2 for
a given current in loop 1. Thus we have

R

:—J 51(b,d) dss.

M=_2
L

The vector potential for loop 1 at points along loop 2 can be found using Equation 7.4

a.) =2 L (1= )k - )],

where &% follows from Equation 7.2.

4ab
(a+b)> +d

Since the value of 4, is constant for all the points on loop 2, the mutual inductance
is [8]

M:uO\/ZzZK%—k)K(k) —%E(k)} (7.11)

7.2 Radial expansion of the on-axis magnetic field

Consider a longitudinal distribution of azimuthally symmetric current sources. It is
useful in some cases to express the off-axis values of the magnetic field as
a function of the magnetic field along the system axis of the current distribution.
This could be used, for example, to synthesize some desirable field distribution or
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for rapid optimization of current source parameters. We begin by assuming we have
a scalar potential

Q= poVm

that does not depend on the coordinate ¢ and can be written as the power series

o0

Qp,z) = Z cnl(z) p".

n=0

We demand that Q satisfy Laplace’s equation in the region from the axis up to the
location of the closest coil

ViQ =0,

where the Laplacian operator is given in cylindrical coordinates by
1
V=300 9) +3

Substituting the series for Q into Laplace’s equation and bringing the operator
inside the summation sign, we get

ch

0
2 n—2 n _
g n[cnnp +p e =0.

In order to satisfy this relation, we need to get cancellations between the ¢, terms of
order n and second derivative terms two orders higher than n. Therefore let us
demand that
2
2 n n 0 Cn
Cpia(n+2 =—p" —-.

n+2( ) P P 022
Making the substitution n—n — 2, we can write the coefficient in terms of the
recursion relation

1 62cn,2

Cp=——

n2 022’

n>2. (7.12)

We know that the radial component of the magnetic field has to vanish on the axis
of the system. Since
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we find that
—B, =c + 20 p43c3p? +---

Therefore, we must have ¢; = 0, and since Equation 7.12 relates ¢; to all the
higher odd terms, the series expansion for 2 can only contain even terms. Thus Q
has the form

Qp,2) =3 eanlz) p,
n=0

where
62” o
_1 n
(=1)" =
2%(nl)?

Cz,,(Z) = (713)

The numerical factors in the coefficient can be checked by comparing the values
from Equation 7.13 with the values from recursively using Equation 7.12. Define
the magnetic field on the system axis as

oQ 6Co
B = BZ 07 = — — —_— e —
O -
Then the off-axis axial field component is [9]
~ (=1)" By ,
B.(p,z) = " 7.14
(p ) ;ZZn(n!)Z Oz2n P ( )
and the off-axis radial field component is
- (—1)n+1 82n+130 2n+1
Bp(p,z) - Zzszrln!(n +1)! Oz2n+1 p ’ (7.15)

n=0

In cases involving loops and solenoids, where the on-axis fields are known
analytically, it is possible using this method to achieve high accuracy in computing
the field out to radial distances ~70% of the coil radius.[9]

7.3 Zonal harmonic expansions

The solution of Laplace’s equation in spherical coordinates for azimuthally sym-
metric current distributions can be expressed as a series of zonal harmonic
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Figure 7.3 Geometry for zonal harmonic calculations.

functions.[10, 11] Computations of magnetic fields using these expansions can be
faster than calculations using elliptic integrals. In addition, the harmonic expansion
allows easier optimization, where, for example, we can get better field quality by
eliminating leading error terms in the series.

Consider the spherical coordinate system shown in Figure 7.3. The z axis is the
polar axis of symmetry. We choose a source point z, along the z axis as the origin of
the coordinate system. We define a central region extending from the origin to
aradius r, that is the shortest distance to the edge of any current element. We define
the remote region to extend from the radius 7., which is the longest distance from
the origin to any part of a current element, to infinity. The zonal harmonic expan-
sion can be written as convergent series for < 7. and for > r,. The expansion for
a given source point is divergent in the region r. < r < r,.. However, it is possible
to extend the region of validity by moving the source point. The conductors are
azimuthally symmetric around the z axis. The field point F is defined to have the
spherical coordinates » and 6.

The magnetic scalar potential ' = V,, is a solution of Laplace’s equation. Let us
define u = cos 6. The zonal harmonic solution in the central region is

Vzié%ﬁ&@%
n=0

where P,(u) is the Legendre polynomial® of order n. We choose to write the
coefficients ¢, in the following manner in order to simplify the expressions for
the magnetic field.

Ccoy — V(Z())l
h=———— B, n>0.
uon !

© Some important properties of Legendre functions are discussed in Appendix D.
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The unknown quantities are now contained in the coefficients B, which are called the
source terms for the central region. These quantities will be related later to the fields
produced by various current elements, such as circular loops. An important feature of
the zonal harmonic method is that the source terms for a given z, only depend on the
coordinates of the current source. Thus once the source terms have been calculated,
they can be used repeatedly in the series expansions for different field points.

With these definitions, V in the central region is written as [10]

y= v -y B (1) )

Ho 55

In order to compute the cylindrical components of the magnetic field, we first make
use of the following relations from Figure 7.3.

r=Jp? + (- z)

O.r =u
0,1 = sin 0

and

The axial component of the field is

B.=r, i%[ﬂ’ P, (u) <1 — ”2> + Py (u)n ! u} ,

n
n:ll’li"c r

where P, is the derivative of P, with respect to its argument u. The quantity in
square brackets is

(1= 7P, (u) (1 — ) + nuPy (u)).
We can use the recursion relation for Legendre polynomials’

(1 —u?) P, = nP,_ | — unP, (7.16)

7 GR 8.914.2.
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to write
[]= r”flnP,,_l(u).

Substituting back into the equation for B,, we find

0 n—1
r
B. = 23271 <r—) Py (u).

Changing the index to m = n — 1, the axial field in the central region can be written as

B. = iBfn (%)um(u). (7.17)

Following a similar procedure, the transverse field component in the central region is

0 BC— B )
=r, Znn—rg‘ [ 'sin @ (—uP, + nP,)].

Using the recursion relation [12]

nP, =uP, — P, _,

and shifting the series index again, we find the transverse field in the central region is

= —sin 6 im—l—l < )’” L (10). (7.18)

In the remote region, we write the scalar potential in the form

B’ n+1
V = Vy(keo) + "’Z () P,

o n—+1

The axial field is

_ By (2 ooy
B. = ;Hl(r) [PL(1 = u?) — Py (n+ 1)),

Using the recursion relation Equation 7.16 and shifting the series index, we find the
axial field component in the remote region is

B. = iBfn (ﬁ)m+lpm(u). (7.19)
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The transverse field component in the remote region is

© pr

Bp:_z - (Q -

- r)n sin @ [—uP, — (n+ 1)P,].
n=1

Using the recursion relation [13]

(n+1)P, =P, —uP,

and shifting the series index, we find that the transverse field component in the
remote region is

) =B ryrtl
B, =sin 0 ;; (7) P (u). (7.20)
Now that we have determined the series representations of the field components
in the central and remote regions, we turn to the calculation of the source terms.
Consider a field point on the z axis in the central region with z > z,. In this case,
0=0,p=0,u=1,and r = z — z,. From Equation 7.17, we have

0

Bo(z) = B.(0,2) = S Lo

n

n
2 (z—1z,)".

When n =0 and z = z,, we see that the coefficient
B = B.(0,z,)

is the axial magnetic field at the source point. The Taylor series around the point
Zg is

00

Bo(z) = Zl d"By

| n
= n! dz

(z—2z,)".

(7.21)
Comparing the two series for By, we find that [11]

7 d"B,
B="c )
" onl dzt (20)

(7.22)
Suppose that the current source is a circular loop, as shown in Figure 7.4. For

a current loop, we have r. = r, = r;. From Equation 7.1, the axial field at the field
point F is

tolp]
By(z) = ; d; . (7.23)
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Figure 7.4 Source terms for a circular current loop.

Define { = z — z,. From the law of cosines, we have

d:\/r%+(2—2 rpCug.

We make use of the following series expansion for Legendre polynomials®

1 o0
—_— = h' P,(u),
V1+h*—2hu ; )

where 4 < 1. Differentiating both sides of this equation with respect to u, we find

w2 ;h” o (7.24)
In the central region, let
h= £ <1,
rL

so that

d=r;\/1+h*—2hug.

Using Equation 7.24, we find that

8 GR 8.921.
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Substituting this into Equation 7.23 and comparing with the general series expan-
sion Equation 7.17 for the case of a field point on the axis, we can conclude that the
source term for the circular loop in the central region is [11]

e Molp]
B = Sr{’%@“- (7.25)

Note that this expression does not depend on any parameters of a field point.
We follow an analogous procedure in the remote region to find that

Bl‘ — lLlOIp124 P/

= P ) (7.26)

7.4 Multiple coil configurations

Combinations of current loops are often used to create regions of space with some
desired magnetic properties. We can generalize the current source as a “small” coil
with N turns, provided the size of the coil is small compared with the separation
between the coils. In this case, we replace the loop current / in the field equations with
the product NI. The classic example of a multiple coil configuration is the Helmholtz
pair, where two coils are used to create a region of approximately uniform field.

Consider the arrangement of two coaxial current loops shown in Figure 7.5.
The two loops are perpendicular to the z axis and have the same radius ¢ and the
same current /. The axial field of each loop is given by Equation 7.1. In a coordinate
system with the origin midway between the coils, the axial field of the two loops
can be written

1l @
2

B.(0,z) = F(z), (7.27)

where
_ 1 B 1
(@+b-27" (@+0b+27)

F(z) (7.28)

32"
In the Helmbholtz configuration, the spacing 2b between the coils equals the radius
a of the coils. The field of a Helmholtz pair at the origin is

tol 8
B.(0,0) =H00 2
0= 5V5 (7.29)

~0.7155 *o!
a
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®r P ®T
a* """""" b """"" lgh EEEEEEE b -------- >

0 z -
X X

Figure 7.5 A two-coil configuration.

The axial field between the coils falls off slowly with z. At the center of the current
loops the field is

a ol 1 1
BZ(O,—):—— | +—
2 a 2[ +\/§
~0.6768 "o |
a

In the vicinity of the origin, the axial field can be expanded in the Taylor series,
Equation 7.21. The field uniformity is determined by the leading-order terms in this
expansion. Because of the symmetry of the coil arrangement, all the odd power
terms in the series have to vanish. The virtue of the Helmholtz configuration is that
the second derivative term in the expansion also vanishes. Thus the leading
correction in the Taylor series is the fourth order term, which is proportional to

o*B ol

—Z~_198 .
oz* a’

Thus in the vicinity of the origin, the axial field is [14]

a

Vi 4
B(0,z) ~ *! [0.7155 ~0.825 (5> 4 ] . (7.30)
a

The field at any point off the axis can be found by using the elliptic integral
solutions for the current loop given in Equations 7.7 and 7.8.[15] In the plane
midway between the coils, the field only has an axial component because of
symmetry. Defining the scaled radius u = p/a, the elliptic integral parameter is

B 16u
4+ 8u+5
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P
S |a
0 .
€ ----- »| Z
a/2
SR I &7
Figure 7.6 Helmholtz coil configuration.
and the axial field is
20l 1 3 —4?
B.(u,0) = K(k) +—————E(k)]|.
(,0) ma 4u*+8u+5 ()+4u2—8u+5 (%)

By numerically evaluating this expression, the field is found to be quite uniform in the
vicinity of the axis.[16] It falls off to 99.93% of the on-axis value at a radius of 0.2a.

The Helmbholtz pair arrangement has the geometric property that the two coils lie
on the surface of a sphere, as illustrated in Figure 7.6. For this configuration, we have

tan = 2
sin 0 = g,
,
so the radius of the sphere is
r=— 2 __~1118a.

~ sin(tan~12)

The Helmholtz pair also has interesting asymptotic behavior.[17] Expanding the
on-axis field in powers of a/z, the field at large distance is given by

Ia*>  3ula?
Bz(o,z)z“°Z3 + "2025 (40 — a?) + -

The leading term is the magnetic dipole term. However, the next term in the series
vanishes under the Helmholtz condition a = 2b.

An inverse Helmholtz pair has the currents in the two coils flowing in opposite
directions. In this case, the field at the origin vanishes, and the leading multipole
term is the field gradient. The optimum gradient for fixed radius « is [18]
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b\éb/el

L,

Figure 7.7 Maxwell tricoil configuration.

B, 48 ol
dz 255 a>

~ 0.8587 1L
a

If practical constraints demand it, other gradient optimizations are possible for
fixed spacing b or for fixed radius r* = a*> + b*.[19]

The classic design using three coils is the Maxwell tricoil, shown in Figure 7.7.
The tricoil has a pair of identical coils and a third coil with larger radius in the
symmetry plane between the coil pair. The three coils all lie on the surface of
a sphere. This design improves on the field quality from the Helmholtz pair by also
making the fourth-order term in the Taylor series vanish. Thus the first correction
term is sixth-order. Maxwell’s solution is

4
a=4/zR
7
3
= /=R
7
I 49[
e

The magnetic field at the origin is
tol
Bz ) = 5
(0,0) =60 R

An improved three coil design with three circular coils of the same radius has
a larger uniform field region than Maxwell’s design.[15] Another sixth-order
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A

p

B8,

-L/2 t L/2

Figure 7.8 Sheet model of a solenoid.

design used three square coils.[20] An exhaustive study of multi-coil systems using
the methods of zonal harmonics has identified many uniform and gradient field
configurations with higher-order error corrections.[21]

7.5 Sheet model for the solenoid

We consider here the field from a solenoid in the approximation that the radial
thickness of the solenoid coil can be neglected. We assume that the sheet conductor
is composed of circular current loops that are extended in the axial direction for the
length L of the solenoid, as shown in Figure 7.8. We compute the on-axis field at the
location z of a finite length solenoid by integrating the field of a current loop

L/2

5.0, = |

pola®
~L/2 2{a2 t(z— t)2}

3/2;1a’t,

where # is the number of turns per unit length. Performing the integration’ gives

z+L/2 z—L/2

:,uonl B
@+ G129 (@4 G-1/2%)

B.(0,z) >

1/2] . (131

This can be written in the form
74
B.(0,2) == (cos B, —cos ). (7.32)

where f; are the angles subtended at location z on the axis of the solenoid to the outer
edges of the two ends of the current sheet. The field in the center of the solenoid is

° GR 2.264.5.
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B.(0,0) = pgn I (7.33)

L
VI? +4a®
In the limit of an infinitely long current sheet, this expression reduces to the field of
an ideal solenoid, Equation 1.28.

B, =pynl.

There is a close connection between the derivatives of the on-axis solenoid field
and the on-axis fields of the current loops at the ends of the solenoid.[9, 10] In the
coordinate system in Figure 7.8,

dBSalenoid 0 L L
zd—(J) =n [Bf""” (0, z+ 5) - B (0,2 - 5)] (7.34)
z

The off-axis expansion method discussed in Section 7.2 can be used in conjunction
with Equation 7.34 to find the field of a sheet solenoid.[9]

We turn next to calculating the field of a solenoid at any point, including points
off the symmetry axis. We will perform a direct calculation of the field using the
Biot-Savart equation

- =
—= Mol dl x R

dB =—
4r  R3

Consider the solenoid geometry shown in Figure 7.9. Because of the azimuthal
symmetry of the current, the field is also azimuthally symmetric. Thus for

R

Figure 7.9 Geometry of the sheet solenoid.
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mathematical simplicity, we are free to choose the field point F to lie directly above
the x axis. The distance from the source current element to the field point is
R=(@p—acos¢g)x—asing i+ (z—2)%, (7.35)

while the current element is

.
dl = —asin ¢’ d¢’ x +acos ¢' d¢' 7. (7.36)

We first compute the axial component of the field. Taking the z component of the
cross-product in the Biot-Savart equation, we find that the ¢’ dependence only
involves terms in cos ¢'. Thus symmetric current elements with respect to the x axis
make identical contributions to the integral. We have

B, —tala r/z Jﬂ a—peos ¢ 3 & dy
e )il {a®+p?> —2apcos ¢ + (z—2)*}

E(a —peos ¢') I dyf,

_ Hol'a
2

where I’ is the sheet current density,

L/2 dz
-
-1)2{e—2 zZ +2*}

32
and we define
e=a*+p? —2apcos ¢ +2*. (7.37)

Define the distances from the observation point to the two ends of the solenoids in
terms of the new variables

L
21=—5-2z
L
zy) = E — Z.
After doing the integration, we get'’
]11 = 2 Q(Zl),

(e — 22){a® + p*> — 2apcos ¢’ +z§}1/2

19 GR 2.264.5.
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7.5 Sheet model for the solenoid 185

where we use the symbol Q here as a shorthand notation that means a second term
similar to the first, but with L replaced by —L, i.e., the other end of the solenoid.
Then we have

uol'a J” a—p cos ¢’ 2z ,
Bz = d¢ - Q(Zl).
2 Jo (@® + p* — 2apcos ¢') {@ + p* + 22 — 2ap cos ¢/}1/2
Change the integration variable using
cos¢g = —1+2x°
2 7.38
d¢ = — dx. (7.38)
V1—x2
This gives
Culla [t a+p—2px? 2 p
o T [(a+p)*— 4apx?] 2, 2 n 12 2 x—fa).
0 P PX=] {(a+p) "+ z5 — 4apx?} l—x
We can put the integral into a standard form by defining
PR L. - 7.39
2
(@a+p)” +2
and
4
n=—d=> (7.40)
(@+p)
We find that
wol'a z
Bz: 0 5 5 12 [(a+p) Hz-Zp]Ig,]—Q(Zl),
ma+p) {(a+p) +23}
where'!
I ! dx
27 2 252 2\11/2
0(1 —nx?){(1 —kx?) (1 —x?)}
= II(k, —n).

The function I1(k, n) is the complete elliptic integral of the third kind. The other
integral is

' GR 8.111.4.
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1 x2
b= Jo (1= n){(1 — k2x2) (1 — x2)} 72 o

This can be evaluated by writing it in the form

1 (! 1 —m?—1

I =~ 2 2,2 2 1/2dx
nJo(1—nx*){(1—-kx*)(1-x2)}
1 1

= K(k) — - I(k,n),

where!?

! dx
Kk = L {(1 = k22) (1 =2}/ (=0

Substituting, we find that the axial field of the solenoid is [22]

el az

T (a+p){(atp)?+2)"

a—p

B.
2a

[K(k) + 2P ik, —n) — K(k))] — Q).

(7.42)

Selecting instead the x component of the cross-product in the Biot-Savart
equation, the transverse component of the solenoid field is

3 _,uol’ar/z J” (z—2) cos ¢
=
2n 0 {a®+p*> —2apcos ¢ + (z —2)*}
]/ T
:ﬂoz aJ cos ¢z} — 1y d¢'.

T Jo

dz d¢’
12 32 ¢

The integral over Z' involves the integral I; that we have already considered and the
integral'?

L/2 7
]I4 == J 32 dZ’
-12{e—2 zZ +7*}
zL
e "
_ 2 - Q(-L),

12
I 2
(e —zz){a2 +p? —2 apcos ¢ + <§_Z> }

2. GR8.111.2and 8.112.1. ' GR 2.264.6.
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7.5 Sheet model for the solenoid 187
where e was defined in Equation 7.37. Substituting these back into the equation for

B, and simplifying, we get

1/ T /
Bp :luO aJ COS¢ 1/2 d¢/_Q<Zl)
2w Jo {a? + p? + 22 — 2ap cos ¢'}

Making the change of variable in Equation 7.38, we find

B

., dx — Q(zy)

_ml'a 1 Jl 2 — 1
T fatp)P 2o {1 - ra) (1 -5}
_ pol'a 1

5 1 [2 HS _K(k)] _Q(Z])v
T Ala+p) +3}

/2

where k2 was defined in Equation 7.39. The remaining integral is'*

HS = x2 dx
Jo {(1 = k2x2) (1 —x2)}'/2
K(k) — E(k)
ko

Substituting and simplifying, we find the transverse component of the solenoid
field is [22]

1/2
5 ol {(atp) +23}

= 5 2(K(k) = E(k)) = RK(K)] = Q(z1).  (7:43)

Equations 7.42 and 7.43 are exact solutions for the sheet solenoid that are valid
for all points in space, except for observation points at the same radius as the
current sheet. For an arbitrary field point with the cylindrical coordinates (p, ¢, z),
we can write the Cartesian values of the transverse field as

By = B,cos ¢ = B, ol
p

(7.44)

B,=B,sing=8,7.

p

An alternate solution for the field components has also been given in terms of
related functions known as generalized complete elliptic integrals.[23]

The vector potential for the sheet solenoid may also be expressed exactly in

terms of elliptic integrals [22, 24] as

4 GR 3.153.5.
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Figure 7.10 The dependence of B; on p at the center of a solenoid with L =20 cm,
a=10cm,!" = 10° A/m.

A ="0 2  (Gakp) +2) ) — )

47
(a— ,0)2 (7.45)
(I(k,n) — K(k)) | — Q(z1),

{la+p) +23)

1/2

where k and n are given by Equations 7.39 and 7.40, respectively. The vector
potential and field for the sheet solenoid may also be expressed as sums of Bessel-
Laplace integrals [25, 26] or in terms of modified Bessel functions.[27]

Example 7.2: radial dependence of the axial solenoid field

Let us examine the dependence of B, on p at the center of a sample solenoid.
The results from using Equation 7.42 are shown in Figure 7.10. Note the reversal
of the field direction at the radius of the sheet.

Example 7.3: mutual inductance and axial force between a solenoid and a loop
Once the vector potential and the field components for the circular current loop and
the sheet solenoid are known, the mutual inductance between a solenoid and a current
loop can be computed as

o, 1
M(S,L) = TSL :ISJA¢(S) dl
27mp
= £ 44(),
N

where the symbols S and L refer to the solenoid and the loop.
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7.6 Block model for the solenoid 189

Assume the current is flowing in the same direction in the loop and in the solenoid.
The axial force acting on a current loop due to the magnetic field from the solenoid is

—_— — 2n
F(S,L) = ILJ a; x B(S) = —ILL p,B,(S) df

= 2xlp;B,(S),

where the minus sign indicates that the force tries to pull the loop and the solenoid
together.

7.6 Block model for the solenoid

In cases where the accuracy of the field calculated from the sheet model for the
solenoid is inadequate, it may be necessary to take into account the radial thickness
of the coils. Consider the cross-section of a block solenoid shown in Figure 7.11,
where the coil extends from an inner radius « to an outer radius 5. We can find the
on-axis axial field by integrating Equation 7.31 for the field due to a current sheet

o, =1l =i
a{rX+ (z+L/2)"}

7 7 dr— Q(-L),

where again Q is used as a shorthand for the expression in the first term with
L replaced by —L. Performing the integral,'” we find for points along the symmetry
axis
2 2,1/2
b+{b-+(z+L/2)"}
1/2
a+{a+(z+L/27})"

B.(0,z) = ’I%J{(z +L/2) In

} —Q(-L). (7.46)

The axial field at the center of the solenoid is

J L
Mo In

B.(0,0) == (7.47)

b+ {p?+12/4}"°
a+{a®+12/4}'?|

The off-axis field from the block solenoid is usually treated by summing over the
fields from a set of current sheets, using one of the methods we have previously
discussed. For example, the block conductor may be simulated using a radial
distribution of current sheets expressed in elliptic integrals.[22] It is also possible
to express the thick solenoid field in terms of a radial expansion of the on-axis field,
[9] as a series of zonal harmonics,[10, 11, 21] or in terms of Bessel-Laplace integrals.

15 GR2.271.5.
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p

-L/2 L/2

Figure 7.11 Block model of a solenoid.

[25, 26, 28] The good field region calculated for a solenoid from a properly designed
block conductor is frequently larger than that for a sheet solenoid.[21]

The flux leaving a solenoid travels outside and returns through the opposite end.
As a result, the fringe field on the outside of the solenoid can be quite significant.
If the fringe field is unacceptable, it can be reduced by adding supplemental bucking
coils or by using iron shielding. Figure 7.12 shows a POISSON model for the
magnetic field in a typical solenoid. The figure shows 1/4 of a plane projection
through the solenoid. The vertical axis is the centerline of the solenoid. The field is
symmetric on both sides of the vertical axis and both sides of the horizontal axis.
The program used Dirichlet boundary conditions on the left, right, and top borders,
and Neumann boundary conditions on the bottom border. The figure on the left
shows the field from just the coil, while the figure on the right illustrates the reduction
in the exterior field from adding a cylindrical iron return yoke. The current in the coil
was the same for both figures.

7.7 Bent solenoid

So far we have been considering configurations where current loops or solenoids
have been symmetrically configured along a straight axis. In the cylindrical coordi-
nate system we have been using, the current has been azimuthally symmetric along ¢,
the system axis has been along z, and the magnetic field only has components along p
and z. We now generalize this to consider configurations where a solenoid, for
example, is bent to follow a circular axis. The magnetic field of a bent solenoid
channel is conveniently defined in terms of a rotating coordinate system that follows
some reference curve, as shown in Figure 7.13. In the curvilinear description of
orthogonal coordinate systems,[29] changes in the values of the coordinates
(u1, uy, us3) are related to the distance element by
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() (b)

180 — 180 — ! : : :
160 — 160 —
140 — 140 —
120 — 120 —
100 100 —
80 80 —
60 — 60 —
40 — 40 +
20 — 20 —

(S : ; ; ; T 0 - = T T

0 20 40 60 80 100 0 20 40 60 80 100

Figure 7.12 Magnetic field of a solenoid coil (left); field for a coil surrounded by
an iron return path (right).

Figure 7.13 Frenet-Serret coordinate system.

2 2.2 2.2 2.2

where (h1, hy, h3) are a set of scale factors. In the Frenet-Serret coordinate system
considered here,[30, 31] the reference curve is a circle and the origin of the unit
vectors moves along the circle. The unit vector s is in the bending plane and tangent
to the circle. The unit vector 7 is in the bending plane and perpendicular to s.
The unit vector v is perpendicular to the bending plane. The curvilinear scale
factors are
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where p is the radius of curvature.

We can approximate the scalar potential in the magnet aperture in terms of
a power series. To compute the first-order fields, we must include second-order
terms in the potential,

V =tV = Voo + Vior + Vorv + Vaor® + Viirv + Vop* .

We also include terms in the potential that allow for the possibility of superimposed
transverse fields. The gradient of V'is defined as

1
VV:E?rV?—i—h— o5V s+0,Vv.

Thus the magnetic field components are

—B, = Vig+ 2Vyr+ Viiv
—B, = Vo1 + Viir+2Vpv

By~ — (Viy + Vigr + Vi, v+ Vagr* + Vi 1mv + V2,

~
hs
where primes indicate derivatives with respect to s. Recalling the midplane expan-
sions of the transverse field components given in Equation 4.9, we can associate the
potential terms with the multipole field coefficients'®

Vor = =By

Vio = 4,

Vin=-5B,
2V5o = A».

Thus to the first-order, the field components are

B.~ —A—Ayr+Bv

B, 2B +Byr—2 Vypv (7.48)

1
B, ~ — (bs —All V—{—Bll V),
hy

16 In the case where a charged particle has to follow the reference path in the horizontal plane, we must have the
horizontal dipole field 4;(s) = 0.
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7.8 Toroid 193
where we identify the on-axis component of the axial field as
by = =V

and assume the transverse dipole fields can vary with s.

At this point, we still have one unidentified potential term V), in Equation 7.48,
so we demand that the field components also satisfy the divergence relation
V'? = 0. In the coordinates discussed here, this can be written as

1 1
. Or(hsB,) + . O4Bs + 0,B, = 0.

Inserting the field components from Equation 7.48 and using

we find the constraint

1
—Az——Al—Z V02+b;:0
P

Thus the first-order vertical field component is
;A
B, ~Bi+Byr—|b,———A4 |v. (7.49)
p

If no superimposed transverse fields are present, the first-order axial field in the
bent channel is

Bs = bs - bs- (750)

It is also possible to define an expansion for the field that makes use of “curved
multipoles™ that directly correspond to the solution of Laplace’s equation in the
curved coordinate system.[32]

7.8 Toroid

When the bent solenoid channel is extended to form a closed circular ring, we have
a toroid, as shown in Figure 7.14. The current loops from the solenoid are centered
on the circular system axis and the plane of the loops lie in the p-z plane.
The direction of the unit vectors p and &5 depend on the azimuthal location around
the toroid. Since the coils are closer together on the side nearer to the center of
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¢

>

-
N

Figure 7.14 Geometry of the toroid from above.

curvature, we expect that the field inside the bent solenoid will have a gradient with
respect to the system axis, in agreement with Equation 7.50.

Because of the symmetry of the configuration, all of the field components must
be independent of the azimuthal angle ¢. Let the mean radius of the toroid equal
b and the radius of the current loops equal a. Then a simple application of
the Ampére law on the midplane (z = 0) shows that By = 0 for p < b — a and for
p > b+ a since no net current is enclosed in a circular path in those regions.
However, applying the Ampére law on a circular path on the midplane, we find
the field inside the toroid is

_ N1

B
T 2mp

(7.51)

where N is the number of conductor turns around the circumference and p is the
radius of the path. This shows that the field varies like 1/p inside the toroid.

A cross-section of the toroid at some azimuthal angle ¢ is shown in Figure 7.15a.
The angle o gives the location of an element of the current loop. The current
element has the Cartesian coordinates

x; = (b+a cos a) cos ¢
vi=(b+a cosa) sin ¢
z; = asin a

and the directions

dl, = a sin a cos ¢ do
dl, = a sin a sin ¢ da
dl, = —a cos a da.
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(a) (b)

dl

Figure 7.15 (a) Cross-section of the toroid at the azimuthal location ¢; (b) location
of the field observation point F.

The location of the field observation point (p, 0, z) is shown in Figure 7.15b. The
resulting distance vector is

R = [p — (b+acos a)cos ¢p|x — (b+acos a)sin ¢y + (z — asin a) z.

Applying the Biot-Savart law to any point inside the toroid shows that B, and B,
vanish. It follows that the field inside the toroid has to have the form

B = By(p,z).

The analytic results for B4 are complicated [33] expressions defined in terms of
integrals of elliptic integrals. Alternatively, one could examine the field inside the
toroid by evaluating one of the integrals in terms of complete elliptic integrals and
performing the other integral numerically.
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