4

Conductor-dominant transverse fields

In this chapter, we consider transverse field configurations that can be approxi-
mated as uniform along the z axis. We begin by considering the general form
of the solutions to the magnetostatic equations in two dimensions. We next treat
the fields produced by line currents, current sheets, and current blocks. We
find that multipole errors are introduced when we approximate ideal current
distributions with practical conductor configurations. The shapes of the fields
discussed here are primarily determined by the location of the conductors.
Any iron that may be present only acts to enhance the strength of the field in
the magnet aperture. A high-field accelerator magnet is one example of
a magnet that produces fields of this type. We conclude with a brief discussion
of superconductors and 3D conductor configurations used at the end of these
magnets.

4.1 General solution to the Laplace equation in two dimensions

The two-dimensional Laplace’s equation in the polar coordinates » and € is
15(8V)+162V 0 4.1
— 0,(r 0, = =0. .
r r2 0

This is identical with the first two terms in Equation 3.39, so the solutions for the
radial and azimuthal dependence of the potential follow from Equations 3.43, 3.44,
3.46, and 3.47. Thus the general solution for Laplace’s equation in polar coordi-
nates has the form

V(r,0) = (Cot” + Dyr™") (Eqcos nf + Fysin nf) + (Colnr + Do) (Eq + Fo).

n=1

4.2)

71
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72 Conductor-dominant transverse fields

Example 4.1: vector potential inside a magnet aperture

The aperture of a magnet is the open area enclosed by the coils. We consider here the
general form for the magnetic field in a magnet aperture. We use a polar coordinate
system with the origin inside the aperture and let the variable V' in Equation 4.2 refer
to the z component of the vector potential. In addition, we assume that there are no
external fields present outside the magnet and no current filaments inside the aperture.
In this case, we can ignore the n = 0 terms in Equation 4.2. Since the potential must be
finite at » = 0, we must have all the coefficients D, = 0. Thus the vector potential
inside the aperture has the form

0

A:(r,0) = Cy 1" (Eycos nf + F,sin nf). (4.3)
n=1
The magnetic field is given by
— — 1 A
B(r,0) =V x A =7—0pd, — 0 0,A4;. (4.4)
r

Evaluating the radial field component, we find

B,(r,0) =Y _ Cy 1"~ [~E, nsin n6 + F, ncos n6). (4.5)

n=1

Defining the new coefficients

Ay =—n C, F,
' o (4.6)
B,=—-n C, E,,
the radial field inside the magnet aperture can be written as
B,(r,0) = Z #"~1(—A4,c0s n + B,sin nb). (4.7)
n=1

The coefficients 4, and B,, describe the multipole field content of the transverse field.!
Returning to Equation 4.4, the azimuthal field component is

By(r,0) = —Z C, n " '[E,cos nf + F,sin nf).

n=1

' Caveat emptor. The reader should be aware that a number of different definitions are used in the literature to
describe the multipole content of a transverse field.

https://doi.org/10.1017/9781009291156.005 Published online by Cambridge University Press


https://doi.org/10.1017/9781009291156.005

4.1 General solution to the Laplace equation in two dimensions 73

Using Equation 4.6, the azimuthal field in the magnet aperture is

By(r,0) = Z 7"~ (4,sin n + B,cos no). (4.8)

n=1
On the midplane of the magnet (9= 0, » = x), B, and B, are given by power series in x

—Bx(x) = —Br(x, 0) = A, + Arx +A3x2 —+ .-

B

(4.9)
(x) = By(x,0) = By + Box + Byx® + - --

Example 4.2: scalar potential inside a magnet aperture

We again begin by considering the general form of the solution of Laplace’s equation
in polar coordinates given in Equation 4.2. We then specialize to the case for a region
containing » = 0 and obtain an equation analogous to Equation 4.3.

o Vim(r,0) = Z G, (H,cos nf + I,sin nb). (4.10)

n=1
The magnetic field is given by

an - > luO an

- A~
B(r,@):—,uOVVm:—r,uoﬁ ey

Thus the radial field is
B, ==Y nG, 1" (Hycos nf + I,sin nf). 4.11)

n=1

The field components calculated from this potential must equal the same quantities
calculated from the vector potential. We can make B, have the same form as
Equation 4.5 if we demand that

—n Gnl_In =n CnFn = —A4,
-nGl,=-nC,E, =B,.

Thus we identify

I
|
-

Gy
H,
1
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74 Conductor-dominant transverse fields

The scalar potential inside the aperture is then given by?

1o Vn(r,0) =~ C, 1" (Eysin n — F,cos nf). (4.12)

n=1
The resulting magnetic field components are still given by Equations 4.7 and 4.8.
If the field in some region is known, for example through calculations or
measurements, then the multipole field coefficients can be determined using

Fourier analysis. Multiplying both sides of Equation 4.8 by cos m# and integrating
around a circular path, we have

21 0
J By(r,0) cosmOdf="> r"'[4, 1) + B, L],
0 n=1

where for m > 1 and n > 1 the integrals have the values®

2w
I, = J sin nf cos m6 df = 0 (4.13)
0

and

21
I, = J cos n6 cos mO df = w o,,,
0

) (4.14)
= J sin n@ sin mé d6.
0
Thus we find one set of multipole field components is given by
1 21
B, = i Jo By(r,0) cos nf do. (4.15)

Likewise, we can multiply Equation 4.8 with sin m6@ and find the other set of
multipole components is

1 2m
A, = J By(r, 0) sin n) do. (4.16)
0

2 We will see in the next chapter that this relationship between the vector and scalar potentials follows directly
from the Cauchy-Riemann equations.
* CRC 497, 502.
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A similar analysis using Equation 4.7 for the radial component of the field gives

1 21
B, =—— J B,(r,0) sin n6 do 4.17)
' 0
and
~1 21
A, = : J B,(r,0) cos nf de. (4.18)
T 0

The strength of the multipole fields provides a measure of the field quality.
Limits on the field uniformity are imposed by the application that needs the
magnetic field. The presence of harmonics of the desired field limits the size of
the useful magnet aperture. Sometimes, when examining the field quality of
a magnet, it is more useful to examine the relative magnitude of the multipole
coefficients with respect to the coefficient for the desired multipole. Thus for
a dipole design, for example, one could calculate the dimensionless quantities

where ry is a reference radius, typically ~2/3 of the magnet aperture.

The boundary conditions for the vector potential in polar coordinates at some
radius 7, can be determined from the boundary conditions on the magnetic field.
From the condition on the normal component of B, we have

B£1)=B£2)
1 o4V 1 4@

rp 06 _Fb 06 ’

From this relation, we know that 4?) can differ from 4() by at most a constant,
which we can ignore since constants are removed when we take derivatives to
obtain the field. Thus we have

AP (ry,0) = 4V (14, 6). (4.19)
From the boundary condition on H,
HY —HY =K

we have

e e S L LA R B8 LAALEY (4.20)
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Figure 4.1 Geometry of a line current.

4.2 Harmonic expansion for a line current

Consider a line current perpendicular to the x-y plane, as shown in Figure 4.1.
The vector potential for a line current was given in Equation 3.8

A(r,0) = _u 1n(5>, (4.21)

where the distance from the line current at (a, ¢) to the observation point P located
at (1, 0) is given by

R= {(r cos 6 — a cos ¢)* + (rsin @ — a sin ¢)2}1/2 (4.22)

and 7 is some constant reference radius for the two-dimensional potential. We look
for a harmonic expansion for 4.. When r > a we extract a factor of 7% from the
logarithm and find that

2
In(R) = % In(+?) + % ln[l +Z 2% cos (9—¢)}
I r
Writing the cosine in terms of complex exponentials gives

2
In(R) =In(r)+ % In|l + g _2i0-9) _ 2 pit0-9)
2o r

= In(r) + % [ln(l — ge[(e_"’)) + ln(l - ge_‘w_@)} :
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4.2 Harmonic expansion for a line current 77

Using the series expansion for In(1 4 x) for x < 1, we find

In(R) = In(r) —g cos (0 — ¢) — % (%)2 cos [2(0 — ¢)] + - --

n

—In(r) — i% (%) cos [r(0 — )]

n=1 r

Thus the vector potential for the line current when » > a is [1]

Ar,0) = i) + 42 3! (g) cos [n(6— ¢)] 4.23)

2w n
n=1

plus a constant term involving 7. The expansion of InR for the case » < a can be
done in a similar manner by first extracting a factor of * from the argument of the
logarithm. This results in the vector potential

[¢e) 1 n

A.(r,0) = —'u—lln(a) —|—'U—IZ— (2) cos [n(0 — ¢)]. (4.24)

2w 2w “—'n

Example 4.3: line current in circular iron cavity

Consider a line current at radius « inside the circular aperture of a piece of iron with radius
R, as shown in Figure 4.2. We know from Equations 4.23 and 4.24 that the contribution to
the total vector potential from the line current has different expansions depending on
whether 7 is greater than or lesser than the radius @ of the line current. Similarly, the field
induced in the iron has different expressions depending on whether 7 is greater than or
smaller than the radius R of the opening in the iron.[2, 3] The induced vector potential
must have the general form given in Equation 4.2. To match the field from the line current
at the boundaries, the induced field must have the same angular dependence as the line
current. The induced field must also be finite at » = 0 and at » — 0. Let k = [ /27 and
® = 0 — ¢. Then the total vector potential in the region (1) with » < a is

®)
1 @

T

Figure 4.2 Quarter section of a line current in a circular iron cavity.

https://doi.org/10.1017/9781009291156.005 Published online by Cambridge University Press


https://doi.org/10.1017/9781009291156.005

78 Conductor-dominant transverse fields

A = —ppk In(a +,uok2 ( ) COS nw +,uoz C, r''cos nw.

n=1

In the region (2) with a < r < R between the line current and the iron boundary, the
vector potential is

ay' -
A = —upk In(r —l—,uokz (—) COS nw —f—,uoz C, r''cos nw.
r
n=1
Lastly, in the region (3) with » > R inside the iron, the vector potential is

Az = —ukln(r) +u kz (%) coS nw ~|—uz D, r"cos nw,
n=1

where 1t = p, 1, is the assumed constant permeability of the iron. We determine the
unknown coefficients C, and D, by demanding continuity of

1
B, = — 0pA.
r
1
Hy=—— 0,4,
7
at the surface » = R of the iron.
wk

k
Ho aannfl +#0Cn Rnfl _~" aannfl +,an anfl
n n
—C, R ' =D, R .

This gives two equations in two unknowns, which can be solved to give,

P e
Tn Rty
Do kbt to

nooptuy

In the region inside the radius a of the line current, the vector potential can be
expressed as

n

Ay = —Hl 1) +/‘Llf: % (g) [1 ta (%)2} cos nw,  (4.25)
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where
_H T
o= .
H+ o

The term in brackets shows the enhancement factor due to the iron. For points inside
the iron, the solution is

Ay = %Ir [—ln(r) + ; % (g) (1—a) cos nw] . (4.26)

We are now in a position to relate the solution of the previous example with the
method of images for a circular boundary that we discussed in Section 2.7. For the
region interior to the filament, » < a, the vector potential can be written in the form

wol ol = 1 (r)” Ul=1 ,a
Ay = 20 PooN™ 2 (2 fooN~ 2 o2 (427
1 o n(a)+2n;n p cosna)+2n;n ’Jllcosna) (4.27)
where
R2
ry = —.
a

Comparing with Equation 4.24, the first two terms give the potential for the true
line current at 7 = a. Since in magnetostatics constant terms in the potential have no
physical effects, we can arbitrarily add to the potential a constant term

Then this term plus the last term in Equation 4.27 give the potential for a line current
at 71 with current a 1. Thus the vector potential in region (1) can be written as

Ay =Arc(a) +adie(r),

where A; ¢ is the vector potential for a line current. For the region inside the iron,
r> R, let us define

[)’zl—a:ﬂ.
M o

Then Equation 4.26 can be rewritten in the form

M| ~ S l(z)"
AZ3_27[ Inr+f Inr—f Inr+p ;n p cos nw | .
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80 Conductor-dominant transverse fields

Using Equation 4.23 for the vector potential of a line current, we find

A :’3—1 [—(1 -p) lnr—l—ﬁ(—lnr—l—i:l(g)ncos nw)]
T cn\r
=ad;c(0) + B Arc(a).

We see that the coefficients a and £ are the same as those for the image currents in
Equations 2.27-2.30.

4.3 Field for a current sheet

Consider a conductor in the form of an infinitely thin sheet that is uniform in the
z direction, as shown in Figure 4.3. Assume here that the current also flows in the
z direction. From the Biot-Savart law for a current sheet, Equation 1.13, we have

K xR
?—“OJX ds

4z R3

Assume the observation point P is in the x-y plane, as shown in Figure 4.4.

We have

- dl,

=— 2z
K ds
p*=r+a* —2racos (0 —¢)
R2:p2—|—22
dS = ds dz,

vy}

z

Figure 4.3 Current sheet with cross-section along the curve C and extending
infinitely along the z direction.
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A y
K
a
p
%) )

N

r [ ]

P

Figure 4.4 Sheet geometry.

where a = a(s), ¢ = #(s) and s is the arclength around the sheet. The vector
p is the distance between the current element and the field point in the x-y plane.

Thus
© A — .
B (r0) :/“‘_OJK(S) J ix(p+zz) o
4r o {p? + 2
:Z—;’JK(S) I(p) 2 x 7 ds,
where*
°° dz 2
-] A *29

Thus we find that the field from the current sheet is given by

— . ﬂ_o Z X 7
B(r,0) = ZEJK(S) — ds. (4.29)

It will also be useful to have an expression for the vector potential of a current
sheet. Assuming the sheet is composed of parallel line currents and using
Equation 4.21, we have

A(r,0) = — 'u—OJK(s)ln (pﬁ) ds. (4.30)

0

4 GR2.2715.
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82 Conductor-dominant transverse fields

For the case of a circular sheet with constant radius a,

ds=adp
_dl d¢ lﬂ
d¢ ds  a d¢’

The field due to the circular sheet is

— 2 dl z x
B(r,0) = ”OJ i pzp dg 431)

and the vector potential is

4,
A.(r, 0) :—”—OJ da 1n<pﬁ> dg. (4.32)

Example 4.4: field between two parallel, straight current sheets

Consider the two parallel current sheets shown in Figure 4.5. The current, which is
uniform along y, flows into the page on the sheet on the right and returns back out
of the page on the sheet on the left. The field observation point P is at (x,,),).
We have

P =0 —x) X+ =)D

K — dl

dy’

y
K D\ ® K
p

TP,y

(0] X

-a a

Figure 4.5 Parallel current sheets.
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Applying Equation 4.29, the field can be written as

?xo, Y :'u—OKOO _(XO_a)j}_(yo_J’)ff (xo‘f‘a)f/—(yo—y)fcd'
) = Jw[ (xo—a)2+(yo—y)2+(xo+a)2+(yo—y)2 g

All the current elements on both sheets give positive B, because the magnitude of x,
is smaller than a. Thus we can write

B, =22 K [(a—x,) T + (a+x,) L],

27

where®
o (tp—a) 4+ (o —y)*  a—X
o (o +a) 4+ (o —y)*  at+x

Thus the vertical field between the sheets is

dl
B, = 1, o (4.33)

This is, as expected, twice the field we found for a single sheet in Equation 1.17 and
independent of the location of the observation point. In a similar manner, we find

0
B, =22 Kyoly — Iz — y,Ip + Iy,
P b’l 3 = Yol2 4]

where

” y
H3 = J dy
—o0 (xo - a)2 + (yo _y)2

and I is a similar integral with x, + a in the denominator. If we let D represent the
denominator, then®

]I3 =% ln[D](:OOO +yo]11-
Using I’Hopital’s rule, we can show that the first term vanishes, and find that

L=y 1[4
H4 = Yo I[z.

> GR2.172. °® GR2.175.1.
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84 Conductor-dominant transverse fields

Substituting back in, we find that the horizontal field between the sheets
vanishes.

B, =0.

Thus there is a pure dipole field in the region between the current sheets.

4.4 Ideal multipole current sheet

Assume we have a circular current sheet with radius ¢ and with azimuthal current
density in the z direction given by

3—; = Iy cos m¢,
where [ is the current flowing at the midplane (¢ = 0). We obtain the vector
potential for the sheet by integrating the weighted distribution of the vector
potential for a line current. Let us first consider the case where the observation
point (7, 0) has » < a. Using Equation 4.24 for the line current and ignoring the
constant term, the vector potential for the multipole sheet is

A, = /l_loil (Z)n r” cos m¢ cos [n(0 — ¢)] do.

2nn:1n a’ )y

Expanding the integrand and using Equations 4.13 and 4.14, the integral has the

value
: cos m¢ cos [n(0 — ¢)| dp = 0 if m#n (4.34)
0 |\ mwcosmb ifm=n’ :
Therefore the vector potential for 7 < a is [4]
IUIO 7\ m
A(r,0) =10 (—) cos mé (4.35)
2m \a
and the components of the magnetic field are
] m—1
B,(r,6) = —’% (f) sin mé
a \a
(4.36)

[ m—1
B,(r,0) = —'l;—;) (2) cos mé.
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In the case of a dipole distribution (m = 1),

i
B, = B,sin 0 + Bycos 0 = —%
a

B, = B,cos @ — Bgsin 8 =0

showing that the cos & angular distribution also produces a pure vertical field in the
magnet aperture.

For the case when > a, we use Equation 4.23 for the vector potential of the line
current and obtain

o= 10 "cos m g 4S9 [ cos mg cos 0 - g .
0

2w 1 n 0

The first integral vanishes over a complete circle and the second integral can again
be evaluated using Equation 4.34. Thus the vector potential of the multipole sheet
for the region r> a is

] m
A(r,0) =*0° (9) cos mé 4.37)
2m \r
and the magnetic field is
I m
B,(r,0) = —#% Z—H sin mé
. " (4.38)
Mo
B,(r,0) = = T ©OS me.

Example 4.5: cos m0 sheet in circular iron cavity

Consider a circular cos m6 sheet with radius @ inside a symmetric circular iron cavity
with radius R. We first solve the boundary value problem using vector potentials. There
are two vector potentials for the sheet, depending on whether 7 is smaller than or greater
than @, and two vector potentials for the image effects in the iron, depending on whether
ris smaller than or greater than R. The angular dependence of the image effects must also
use the cosine term in Equation 4.2 and only the 7™ term in the summation in order to
match the boundary conditions. This introduces two unknown coefficients, C and D, and
requires that the total vector potential for the three regions be given as

I m

A = Holo (i) cos m + C ¥"cos m0O
2m \a

o tolo

Ay =
2 2m

(€>mcos mb + C r"cos mO
-

1 m
Az = #o (E> cos ml + D r~"cos mb.
2m \r
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86 Conductor-dominant transverse fields

To determine the values for C and D, we demand that B, and Hy are continuous across
the iron boundary.

I m ] m
M(%) -l-CmRm:'lQ(g) +DmR™

2 2 \R

R" R™™
C—=-D—.

Ho K

Solving these two equations, we find that the unknown coefficients are

_ _tolo @yw—ﬂo
2mR"

R/ e+
p= M4yt
2mR ™ \R) pu+pu,

Using these values, the vector potential is now known in the three regions. The effect
of the iron can be summarized by defining the iron enhancement factor

W — 1 (a)Zm
S ay" 439
o +ﬂer AV (4.39)

which agrees with the enhancement factor from Equation 4.25. We can write the
vector potential inside the magnet aperture as

I
Azl (7", Q) = M (Z

2m \a

)mam cos mé. (4.40)

The corresponding field components inside the aperture are

I m—1
B,(r,0) = —’l% (Z> ay sin mo
a (4.41)

I m—1
B,(r,0) = —'l% (Z> Oy cOS mb.
a a

The iron enhancement factor in Equation 4.39 ignores any saturation effects
in the iron. When saturation becomes significant, the enhancement factor for the
dipole field is decreased. In addition, the saturation of the iron does not occur
uniformly. This causes changes in the field from the azimuthal distribution of
the enhanced currents, leading to sextupole and higher multipole errors in the
field in the magnet aperture. Fortunately, there are techniques, such as modify-
ing the iron shape, which can be used to adjust the value of B3 at a fixed
operating current.[5]
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Example 4.6: cos m# sheet in circular iron cavity using the scalar potential

It is instructive to use an alternative method of solving the preceding boundary
value problem. In this case, we will use the scalar potential and take into account
the presence of the current sheet through the addition of another pair of boundary
conditions. Unlike the previous example, the unknown coefficients here take into
account both the field from the sheet and the field from the images in the iron.
We know from the boundary condition across a current sheet, Equation 2.23, that
the angular dependence of the current must match the angular dependence of
the fields on either side of the sheet. Since the fields are given by the derivative
of the potential and the current goes like cos m#, this implies that we must use
the sine term in Equation 4.2 for the potential. Thus the scalar potentials for the three
regions are

Vi1 = A "sin m0@
Vip = (B + Cr™") sin m6

Vs = D r~"sin mé.

The boundary conditions at the sheet are

Aa"=Ba"—-Ca™
—mBa"+Ca™)+mA a" =1,

while the boundary conditions at the iron surface are
—1y(BR" —CR™)=uDR™
BR"+CR™=DR™.

Solving the four equations for the four unknowns, we find

Iy

A =
2ma™

_ loa”  pu—py
2mR2™ e+ g
I() a”

2m

C =

_ ,uolo a”
m(u+ )

Evaluating the field components inside the magnet aperture, we again obtain
Equation 4.41.
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4.5 Multipole dependence on the current distribution

We next seek to determine how the multipole fields in a magnet aperture are related
to the current distribution on a circular current sheet.
Recall that the vector potential for a line current at (a, ¢) is

A.(r,0) = ,u_[i: ! (f>mcos [m(60 — ¢)].

C2n £=m\a
The corresponding azimuthal field component is
ul r"
Bo(r,0) = ——>» — 0—¢). 4.42
o(r,0) mZ — cos [m(0— )] (4.42)

From Equation 4.15, the contribution to the normal multipole is

1 2
B, = J By(r, ) cos n0 db

T 1
' 0

ﬂ[ o0 1 JZﬂ'
=——=>) — 0— 0do .
2 2, cos [m(6 — ¢)] cos n

Expanding the cosine and integrating, we find

] 1
— ;? P T COS M Oy
Im:l (4.43)
u

2na”

Bn =

cos ng .

For a current sheet, we can generalize this by integrating over the current
distribution.

2m
u dl
B, =— — dg. 4.44

2ra” JO d¢ cos ng d¢ (444)

We can find the skew multipoles in a similar manner using Equation 4.16.

2
u dl .
A, =— — . 4.4
n P L 9 sin n¢g d¢ (4.45)

As the name suggests, a multipole field is characterized by the number of poles it
has around the circumference of the sheet. Every magnet has an equal number of
positive and negative poles. We use the index N to refer to the design number of pole
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normal skew
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Figure 4.6 Multipole symmetries for dipoles (m = 1) and quadrupoles (m = 2).
N and S indicate the north and south poles of the magnet. Plus and minus signs
indicate the direction of the current.

pairs in the multipole magnet. Thus N= 1 refers to a dipole magnet because it has one
pair of poles, N =2 to a quadrupole, etc. The current in the magnet goes in opposite
directions on the adjacent sides of a pole, as shown in Figure 4.6. This corresponds to
the way these coils are usually wound, with the cable bending around the pole and
returning in the opposite direction. As we can see from Equations 4.44 and 4.45, the
multipole coefficients are weighted sums of the current distribution. The B,, coeffi-
cients are referred to as the normal multipoles. They are largest when the magnitude
of the current reaches a maximum on the midplane. The 4,, coefficients are referred
to as the skew multipoles, which are largest when the current changes sign at the
midplane. The field in a skew multipole of order N has the same pattern as the normal
multipole rotated by #/2N. For example, a normal dipole has a vertical field, while
a skew dipole has a horizontal field.
Consider the current distribution for an ideal multipole of order N given by

dl

d_¢ = Iy cos N¢.
The normal multipole coefficient for a complete angular distribution is
tolo (%
B, =— J cos N¢ cos n¢ dg.
2w a” ¢,
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From Equation 4.14, this vanishes unless n = N, in which case

_Holo

By = .
N 2aV

Similarly, Equation 4.13 shows that all the 4, coefficients vanish for this current
distribution. The multipole coefficients are constructed such that they uniquely
identify the symmetry of the current distribution. Likewise, an ideal current dis-
tribution of the form

d[—l in N¢
dg_ 0°

is uniquely associated with the skew multipole 4.

Example 4.7: quadrupole field
The coefficient for a quadrupole field corresponds to N = 2. The current density is
given by

dl

d_¢ = Iy cos 2¢.

Thus

¢
tolo 2
B, = 2¢) d
> T Ll cos”(2¢) d¢

Holo

T o242

4.6 Approximate multipole configurations

The idealized multipole current configurations discussed previously require
a continuously varying distribution of current around the entire circumference.
On the other hand, actual magnets are typically constructed from multiple layers of
cables with uniform current density. Thus it is important to develop methods for
approximating the desired multipole distribution, such that it produces the max-
imum amount of the desired multipole and still meets the required field quality for
the magnet. To illustrate this, we consider here the design of a normal dipole
magnet using circular current sheet sectors with constant current density.
We know that the idealized current distribution for a dipole goes like cos 6.
The simplest approximation to a cos @ distribution is to put constant current sectors
in each of the four quadrants, as shown in Figure 4.7. The multipole fields result
from the sum of the contributions of the four sheets.
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b, K

-, - ¢

L -0,
e+, s,

Figure 4.7 Dipole approximation.

ﬂol ¢, T—¢, T+, =4
27a A T—¢, T+, —¢,

Let S( ) = sin( ). Then B, can be written as the sum of eight sine terms.

B 2/7;;)12" [S<n¢2) a S(n¢1) - S(”” - n¢1) + S(mr — n¢2)

—S(nz + ng,) + S(nz + nd,) — S(ng,) + S(ng,) |.

B, =

If n is even, the terms in the brackets cancel, so B, = 0. For odd values of n, we get

2u0]
B, = — "% [sin ng, — sin ng,]. (4.46)
mna"

A similar calculation shows that 4,, = 0 for both odd and even values of n. Thus the
allowed harmonics for this current configuration are just the B, for odd values of n.

In addition to the desired harmonic B, that represents the dipole, the approxima-
tion of the ideal multipole distribution above introduces other harmonics, which
represent errors to the desired field. The dominant allowed error here is the
sextupole term Bs. The angle ¢, is typically set as close to 0 as possible in order
to maximize the dipole strength. The angle ¢, can then be used to remove the
sextupole component from the field. Since

I .
B3>~ — —— sin 3¢,,

we can eliminate the sextupole term by setting ¢, = 7/3. Removing other allowed
higher harmonics from the field requires additional degrees of freedom. A number
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of coil configurations have been proposed to approximate a cos € distribution.[6]
For example, a second current sector can be added in each quadrant that is
separated from the first sector by a non-conducting spacer, or sectors could be
added at different radii.[7] In principle, these additional sectors could also have
independent currents. A two-layer design with spacers is described in Section 11.6.

The allowed harmonics for any multipole of order N follow from the requirement
that the direction of the current is in opposite directions on either side of a pole.
The first pole is located at

T
b=on
Referring to Figure 4.7, the current distributions on the opposite sides of the
pole are
dl dil
—(B) = ——(4),
dg dg
where

T T
= 2 _ = — — .
f=2o5-0=5-9

To get a net contribution to a normal multipole of order »

B, x j—;(gﬁ) cos ng

from the current on both sides of the pole, the cosine function must also change sign.

cos {n (]\17 — ¢>} = —Cos ng

nw b+ si nwo 5 p
COsS — Ccos 1 sin — sin n¢ = —cos ng.
N N
This requires that
nm 1
cos — = —
N
. nmw
sin — = 0.
N

The sine equation requires that #/N is an integer, while the more restrictive cosine
relation demands that #/N is an odd integer. Thus the allowed B, must have

n=N2m+1), m=0,1,2, - (4.47)
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Table 4.1 Multipole symmetries [8]

Symmetry Normal multipoles Skew multipoles  Example

Up-down symmetric all4,=0 Normal dipole
Up-down antisymmetric all B,=0 Skew dipole
Left-right symmetric B, =0 forodd n A,=0forevenn Normal quadrupole

Left-right antisymmetric ~ B,=0forevenn A4,=0foroddn  Normal dipole

A similar argument shows that the allowed skew multipoles also satisfy
Equation 4.47.

The symmetry of the current distribution is directly related to the allowed
harmonics. Let K(¢) = dI/d¢, for example, and assume the current distribution
is up-down symmetric, so that

Then the skew multipoles are

Ay = = [ 1K) sin g+ K(=9) sin (-] ds

2ra ),

T
= 2’;‘; L K(¢)[sin ng — sin ng] d¢ = 0.
Thus the fact that the dipole approximation had 4,, = 0 follows from the up-down
symmetry of the current distribution that we used. The consequences of some other
symmetries for current distributions are listed in Table 4.1. These symmetries are
inevitably violated to some extent in building an actual magnet and this leads to the
presence of “nonallowed” multipoles in the fields. Random errors in the construc-
tion of the magnet can introduce values for any multipole.[9] If these nondesired
multipoles exceed their tolerances, they must be removed by modifications in the
manufacturing process or by introducing correction coils.

4.7 Field for a block conductor

Block conductors, which have a finite area in the x-y plane, are the most realistic
approximation to actual conductors in two dimensions. We again consider the case
where the conductor is infinitely long in the z direction and where the currents only
flow along z. From the Biot-Savart law Equation 1.14, we have

7 xR
X
F-lp[f it

 4rx R3
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Figure 4.8 Current block geometry.

Assume an observation point P is located at (r, #) in the x-y plane and the current
element is at (@, ¢), as shown in Figure 4.8. Let the vector p be the distance between
the current element and the field point in the x-y plane and let ¢ be the current
density in the conductor. Then we have

— A
J =0z

?z?—i—z%
dV =dS dz.

Thus B can be written as

where [(p) is given by Equation 4.28. We find that the field from the current block is
given by

B (r,0)

Mo [ 2x P
=—|o ds. (4.48)

2 p?

The vector potential for a current block can be found by integrating the vector
potential for the line current, Equation 4.21, over the area of the block.

A(r,0) = — ’22 J oln <£> ds. (4.49)

T U
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N

Figure 4.9 Overlapping circular cylindrical conductors.

Example 4.8: overlapping circular conductors

Imagine we have two circular cylindrical conductors with constant current density
flowing in opposite directions. We know from Equation 1.27 that the field inside the
conductor is

_ teJp

By 5

Suppose we overlap the two conductors with the centers displaced along the x axis at
¢ and —c, as shown in Figure 4.9. The field at some arbitrary point P in the overlap
region is the sum of the fields from the two conductors. From the geometry in the
figure, we see that [10]

J
B, = ‘% [—rsin 65 + rysin 6)] = 0

J J
B, = ’L% [r1cos 6 — rycos 03] = ,u% 2c,

where 2c¢ is the separation between the centers of the two circles. Thus the field in the
overlap region is a pure dipole. The strength of the field is proportional to the separation
between the circles. In the region where the two coils overlap, the net current is zero.
Thus the conductor in the overlap region can be removed without affecting the field there.

Next we examine the coil thickness ¢ as a function of the azimuthal angle ¢, as
shown in Figure 4.10. The coil thickness at some angle ¢ is the distance between the
points P and P,. Point P; is determined by the intersection of circle 1

(x+e) +)*=d
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A Yy

\4

Figure 4.10 Conductor thickness for overlapping circle configuration.

with the straight line

y =xtan ¢ = mx.

We find that

—c + \/612 — m2c2 + m2a?
X1 = 1+m2 .

Point P, is determined by the intersection of circle 2

(x—c)? +y* = d?

with the straight line. We find that the expression for x; is the same as the one for xy,
except that the first term in the numerator is +c instead of —c. Thus we have
2c
1 + tan? ¢
Ay =y, —y; = Ax tan ¢.

Ax=x) —x1 =

The resulting thickness of the conductor is
2 2
1(¢) =/ (Ax)" + (Ay)
= 2c cos ¢.

Thus the overlapping circular conductors represent another form of a cosine current
distribution. Quadrupole fields can be designed in the same manner using over-
lapping elliptical conductors.[8]
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A

y

Figure 4.11 Annular current block.

Example 4.9: on-axis field of an annular sector with constant current density
Consider the annular sector conductor shown in Figure 4.11. For a field point on the
axis we have

P =—acos$x —asingy.

Then Equation 4.48 gives

B (0,0) =

_Mjazrzéx(acosqﬁ)?%—a sin¢j/)ad¢da

2
2w a; J¢, a

ar ¢2
:_/;L(TJ J (cos ¢y —sin ¢ x) d¢ da.
T
1

ap

Thus the on-axis field of the annular sector is

5(0,0) = =22 (az — a1)[(sin ¢, — sin ¢,)7 + (cos ¢, — cos ¢)5].
(4.50)

We see that the field for the case of constant current density is directly proportional to
the radial thickness of the conductor.

Example 4.10: field due to a rectangular conductor
Consider a rectangular conductor with constant current density o in the z direction, as
shown in Figure 4.12. We substitute

—

pr=X—x)X+Wo—y)y
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A

Yy
° P(xo’yO)
B E
cCil— 1 ’
a b %
Figure 4.12 Rectangular conductor.
into Equation 4.48 and find that

2 (-t ()

Looking at B, we have

B, =2 r Jd (X0 —x) dx dy.
2w L )e (o — 2+ (0 —p)°

Integrating first over x, we evaluate’

. (xo — x)

B, x2) = L R
= 3 Inl(x, 97 + O~
Then integrating over y, we find®
V2
b@hnﬂszhw%—af+o@—wﬂ@

_ {_O’o—y)ln[(xo— a)*+ (o= ¥)°]+ 2 — ¥) —25(x0— @) tan_l[u]}yz

s(xo—a)]), 7

where s = #1. In order to get a physical solution, we need to choose s = +1 when
X, > a and s = —1 when x, < a. This is equivalent to taking the absolute value of
(x, — @). Thus we can write B,, as

7 GR2.175.1. % GR2.733.1.
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o
B, = _% (e, d,b) = Tx(c,d, a)]

_ _/M{ (Yo =€) In[(x, = b)* + (v, — ©)] + 2, — B| tan”" Li :Z\]

4
Yo—d
o — b

— (yo —d) In[(x, — b)* + (v, — d)*] — 2|x, — b| tan”" [

— (o —¢) Inf(x, — a)* + (v — )] — 2lx, — a] tan”" [yo - ]

lxo — al

+ (v = d) In[(x, —a)* + (v, = d)’] + 2}x, — ] tan”" [yo - d} }

X, — al
From the symmetry of Equation 4.51, we see that the result for B, is the negative of
the result for B, with the substitutions

Xy
Xo)o

(a,b)(c,d).

Thus B, is given by

B =7 { (v, a) (s, — @ + 0 — @]+ 2, — ] ! [ 220

- (= 8) Tl(s, = B + 0o — @] = 2, — ] ! [ 2=

~ (xo—a) (o —a)* + (5 — )] = 2ly, — ] tan”" Lﬁi - ﬂ

| xe—0
+ (% — b) In[(x, — b)* + (yo — ¢)°] + 2|y — c| tan”! Lyg cd }
> —

Using these expressions for the field, we show in Figure 4.13 a scan of the vertical
field component along the x axis for a square conductor centered at the origin.
The calculation using these equations fails when the observation point is located at
one of the four corners of the rectangle.

We can find the multipoles produced by an annular sector conductor block
analogously to the procedure used for current sheets in Section 4.5. The normal
multipoles are given by

B, — _ﬁﬂJ(a,qﬁ) = "0 tadp. (4.52)

2 n—1
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Figure 4.13 Vertical field from a square conductor with sides of length 2 centered
at the origin.

The skew multipoles can be found in a similar manner and are given by

4, =~ ”J(a,qﬁ) S ng o dg. (4.53)

2 a1

4.8 Ideal multipole current block

Consider an annular current block with a pure multipole current density J.
We assume that the block is composed of a radial distribution of ideal multipole
current sheets extending from a; to a,. We find the vector potential for the block by
integrating the potential for a multipole sheet. The current density in the block is
assumed to be proportional to cos md¢.

There are three cases, depending on the radius of the field observation point 7.

Casel: r<a
The vector potential, Equation 4.35, for the ideal multipole sheet is

] m
Az (r,0) = 'g—n: (2) cos m0.

Then the vector potential for the current block is
a) m

(2) a da.

A.(r,0) = g—lnj cos m@J

ap
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For m # 2, this can be written as

-m+2 _ _—m+2
A:(r,0) :';inj r"'cos mf <%> (4.54)
When m = 2, we have
2
A, =" 0520 1n <a—2> . (4.55)
4 a

Case2: r>ap
When the observation point is always larger than the radius of any of the multipole
sheets, we use Equation 4.37 for the vector potential of the ideal multipole sheets.

' m
Az (r,0) = % (E) cos m0.

7

The vector potential of the current block is

ay
0 cos m@J a’ ada.
rm

ai

A,(r,0) =

Evaluating the integrals, we have

B ,UJO . ag1+2 _ arln+2
A.(r,0) = o | cOS mo p——) . (4.56)

Case3: a <r<a
In the third case, where the observation point can be inside the current block, we
must break the radial integration into two parts, depending on the relative positions
of r and the multipole sheet.

as

A.(r,0) = 'thi cos mO [r_mj a"da + r’"J
m

7

a—m+l d(l:| )

ap

Evaluating the integrals, we have for m # 2,

,,.m+2 o m+2
A, = 'Lzlé cos mb [r_’" <7a1 > + "

—m—+2 —m—+2
a, —r
- . 4.57
m m+2 ( —m + 2 >] (4.57)
For the case m = 2, we have instead

A, = ”‘% cos 20 [rz (ﬁi) 172 (“%)} . (4.58)

https://doi.org/10.1017/9781009291156.005 Published online by Cambridge University Press


https://doi.org/10.1017/9781009291156.005

102 Conductor-dominant transverse fields

B, [T]

-4

-6

'8 T T T T T T
0.0 0.1 02 0.3 04
r [m]

Figure 4.14 Radial scan of the vertical component of the magnetic field of an ideal
dipole (m =1, a; = 0.2 m, a = 0.3 m, Jy = 100 A/mm?).

The components of the magnetic field in each of these regions is easily com-
puted from these vector potentials. Figure 4.14 shows a radial scan of the
vertical component of the magnetic field along the midplane for an ideal dipole.
The current block extends from 0.2 m to 0.3 m in this example. The field is
constant and purely vertical inside the aperture, as expected. The field changes
direction inside the current block. The strength of the field slowly falls off
outside the block.

4.9 Field from a magnetized body

Let us consider the field intensity outside a magnetized body.” We saw from
Equation 3.32 that the scalar potential for a magnetic body is

1 M R
_ ) 1
Vm—4nJ V.

In the two-dimensional case, let us assume M only has x and y components.
The scalar potential is

1 / * Rx / / * Ry / 4
Vm:EJ[MwaF dz +MyJwF dz dS,

 We will consider H inside a magnetized body in Chapter 9.

https://doi.org/10.1017/9781009291156.005 Published online by Cambridge University Press


https://doi.org/10.1017/9781009291156.005

4.9 Field from a magnetized body 103
where R, = x — X/, etc. Define the transverse distance in the plane with z = 0 as
P =R X+R, .

The integrals over 2’ are'’

r R 1/ _p J - dz’ 2R,
_ iz = X —_— =,
R o {2 +2,2}3/2 P>

Then the two-dimensional potential is given by

—
1 (M-p
V= [ L as'. (4.59)
2r) p
The two-dimensional field is
1 M-
ﬁmz——vj L s

2z p

Using the vector relation B.2,
., = N — — _ _ —
V(0 L) 3 x (V1 B) + L (v 3 + (3 9) 5
P P P

+ (/% : v)ﬁ. (4.60)

The gradient operator only acts on unprimed coordinates, so the second and fourth

terms on the right-hand side vanish.
In the first term, we have using Equation B.6

o1 1
pr—zzp—2Vx7~l—V(p—2>x7. (4.61)

The first term here vanishes because p is radial and so its curl vanishes. In the
second term
1 ) 1 . 1
W) o (z) +ra3)

Thus the cross-product of the last two factors in Equation 4.61 is 0, and the second
term also vanishes.

19 GR2.271.5.
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Thus only the third term in Equation 4.60 survives and we have

— 1 g ?
H, = ——J(M/ V)L as'. (4.62)

— 1 o D
H,=—— |10/ 6. (L) +m 0,( 2| as'.
27[” <p2>+ g y(ﬁ)]

Writing out the vector p in terms of its x and y components, taking the derivatives,
combining terms, and dropping the primes, we find that the two-dimensional field
from an iron element is given by

H, = —IJ [M M p) 7] ds. (4.63)

4.10 Superconductors

High-field magnets are usually energized using superconducting cables. In the
superconducting state, the resistivity vanishes, so a large current can flow through
the magnet coils without losing power due to Joule heating. In a superconducting
material, attractive forces between pairs of electrons are transmitted through
vibrations in the material lattice.[11] The operating conditions for superconductiv-
ity lie below the surface of a three-dimensional space of temperature, magnetic
field, and current density. The limiting values on each of the three axes are called
the critical values. When the superconductor is not in the superconducting state, it
is said to be in the normal state. There are several classes of superconducting
materials. Type [ materials exhibit the Meissner effect, where any external magnetic
field is excluded from the interior of the superconductor. A magnetization is
generated in the superconductor that just cancels the external field. This remains
true as the external field is increased until it reaches the critical field H.. Type I
superconductors are perfect diamagnetic materials.

Some alloys of intermetallic compounds form what are called type II super-
conductors. Two important examples are NbTi and Nb3;Sn. The critical current
density for these materials at 4 K is shown as a function of the magnetic flux density
in Figure 4.15.[12] NbTi is a useful material for fields up to ~9 T at 4 K, whereas
Nb;Sn can be used up to ~22 T. These materials have two critical magnetic fields,
H.; and Hg;, which can be much larger than H.,. For H < H;, the material
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Figure 4.15 Engineering current density at 4 K as a function of the magnetic field.

completely excludes the external flux and it behaves like a type I superconductor.
For H,; < H < Hgy, flux begins to penetrate into the material and the magnitude of
the magnetization begins to fall, but electrically it still has zero resistivity.
The magnetic flux enters the superconductor in the form of discrete, quantized
flux lines known as fluxoids. The field still vanishes in the material surrounding the
fluxoids. The fluxoids can move because of Lorentz forces, creating heat. To stop
the fluxoids from moving, inhomogeneities known as pinning centers must be
introduced into the lattice. Finally when H > H,, the material returns to the
normal state.

Magnets with superconducting cables must deal with the problem of persistent
currents.[13] As the current in the magnet is ramped up or down, eddy currents"!
are induced in the superconductor. These induced shielding currents produce a field
that opposes the change in the field caused by the magnet’s power supply. Because
of the lack of resistance in a superconductor, the decay times for the induced
currents are very long. The persistent currents produce undesired sextupole and
higher multipoles that can be particularly significant at low field values.

4.11 End fields

Although this chapter has mainly been concerned with transverse fields that are
uniform along the z direction, real currents exist as closed loops, so we must
comment on what happens at the end of this type of magnet. At the ends of
a dipole, the conductor on one side of a pole must bend in such a way that it returns

' Eddy currents will be discussed in more detail in Section 10.4.
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in the opposite direction at the symmetrical location on the other side of the pole.
There are several standard end configurations. If the aperture in the end regions
does not need to be open, the simplest configuration is the racetrack coil.[10]
The coil bends around an arc, maintaining the same vertical position as the coils in
the straight part of the magnet. The bedstead end bends the conductors by 90° as
quickly as possible and then crosses over the pole at a fixed z location. This
configuration does keep a clear aperture in the end regions, but the sharp bend in
the conductor may not be acceptable for mechanical reasons. Another type of end
that maintains a clear aperture is the saddle end.[10] In this case, the conductor
turns cross over the pole following an arc that is spread out over z. The magnetic
design of real coil ends is usually done numerically using the Biot-Savart equation.

The end turns introduce additional multipole contributions to the field of
a magnet. However, it is possible to define a new set of multipole coefficients
defined in terms of the field components integrated along the axis of the magnet.
Flux theorems have been developed that can relate these integrated multipoles to
the geometry of the end turns.[14] The z locations where the cross-over for various
conductors begin can be adjusted using spacers to help balance the integrated
multipoles in the magnet.[15]
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