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1 INTRODUCTION

The expressions for the magnetic flux enclosed by various coils in helical dipoles are derived for the
analysis of the multipole contents.[1,2,3]

2 ANALYTICAL EXPRESSION FOR THE MAGNETIC FIELD OF HELICAL
DIPOLES

2.1 European Definition

The interior magnetic field of helical dipole coil with an infinite length can be described as follows, [4]
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2.2 American Definition

With the following replacement for Eq.(1), the expression for the American definition can be obtained,
[2,3]
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resulting in the following expression,
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. Egs.(1) and (3) are equivalent through the relation between the multipole coefficients. In this article,

Eq.(1) is utilized for the expressions for the magnetic flux enclosed by various coils in helical dipoles.

A



3 ANALYTICAL EXPRESSIONS FOR THE MAGNETIC FLUX ENCLOSED BY
VARIOUS COILS IN HELICAL DIPOLES

3.1 Radial Coil
3.1.1 Coil with the radius. Ar=1, - 1, an length, Az=z, - 7/

The angular magnetic flux, ®y(0), at the angle 0, enclosed by the general radial coil with the radius, Ar
=1, - 1, and the length, Az = z, - z, in the helical dipole can be expressed as follows,
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3.1.2_Coil with the radius. Ar =r,_and the length, Az

The angular magnetic flux, @,(6), at the angle 6, enclosed by the radial coil withr, =1, r,=0and z; = -
Az/2 and z, = Az/2, as shown in Fig.1, in the helical dipole can be expressed as follows,
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3.1.3 Coil with the radius. r,. the spanned angle. A8 =gt and the length. Az

The angular magnetic flux, ®y(8), at the angle 0, enclosed by the radial coil withr,=r,, ;=0 and z, = -
Az/2, z, = Az/2, and the spanned angle, A8=m, as shown in Fig.2, in the helical dipole can also be
expressed as follows,
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3.2 Tangential-like Coil

3.2.1 Coil with the radius, r, the spanned angle. A8 =6, - 8, and the length, Az

The radial magnetic flux, ®,(8), at the angle 0, enclosed by the general tangential coil with the radius,
I,, the spanned angle, A@ = 6, - 0, and the length, z; = -Az/2 and z, = Az/2 in the helical dipole can be
expressed as follows, N
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3.2.2 _Coil with the radius. r,, the spanned angle. A8 == and the length. Az (Dipole Winding)
The radial magnetic flux, @«(0), at the angle 8, enclosed by the dipole winding with the radius, r,, z; = -

Az/2, 7, = Az/2, and the spanned angle, A8 = &, as shown in Fig.3 in the helical dipole can be
expressed as follows,
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Then, the factor of the n dependence for @,(8), S(n), can be introduced as follows,
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As a result, the relative sensitivity of the 2n-pole magnetic flux for the dipole flux, Fs, can be expressed
as follows,

F, = @;
S(DI, (12)

3.2.3 Coil with the radius. r.. the spanned angle. A9 =7/12 and the length. Az (Tangential Winding)
The radial magnetic flux, ®(0), at the angle 6, enclosed by the tangential winding with the radius, r, z,
= -Az/2, z, = Az/2, and the spanned angle, A@ = ®/12, as shown in Fig.4 in the helical dipole can be
expressed as follows,

(3/8)



.’

A2 0+13n24
D(6) = j f Be(rc,0,z) 1. d6 dz
Aaf2

6+11n/24

= Brer(k) 10 Z n! [ ]n {k reIni(nkre) -In(nk rc)} X

TIo

Az po+l3m2e
J J {-an(k) cos (n(G -k z)) + ba(k) sin (n(B -k z))}dedz
8

A2z Jeslin2d . (13)

resulting in the following expression,
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Then, the factor of the n dependence for ®,(8), S(n), can also be expressed as follows,
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3.2.4 Coil with the radius, r. the spanned angle. A8 = =/2 X 2 and the length. Az (Quadrupole
Winding)

The radial magnetic flux, ®(6), at the angle 0, enclosed by the quadrupole winding with the radius, r,
z, = -Az/2, z, = Az/2, and the spanned angle, AO = /2 X 2, as shown in Fig.5 in the helical dipole can
be expressed as follows,
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As a result, the radial magnetic flux,®(8), can be expressed as follows,
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Then, the factor of the n dependence for ®(6), S(n), can also be expressed,
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the Eq.(20) can be introduced in order to avoid S(1) =0,

S(y= [n 2 ] (ke Tok ) - Tk ) 1) sim (8 & s A2

o @1)

3.3 Comparison of the Relative Sensitivity among Different Windings

Due to the existence of axial field, B, in helical dipoles, the enclosed magnetic fluxes of the radial coil
shown in Fig.2 and the dipole winding with the spanned angle, &, shown in Fig.3 are different, whereas
those are same in the 2D dipole. The relative sensitivity, F,, among dipole, tangential, and quadrupole
windings of the tangential-like coil are compared for the following values, in Table 1 and Fig.6,

reference radius : 1, = 31 mm,

twist pitch of helical dipole : k = 2n/2.4 (rad/m) = 150.0 (deg/m),
radius of rotating coil : r, = 27.4 mm, and

length of rotating coil : Az =9 in. = 228.6 mm.

These values are typical ones for each winding of the rotating coil utilized for the magnetw field
measurement of the prototype helical dipole magnet.

4 CONCLUSION

The expression for the magnetic flux enclosed in various coils are obtained, emphasizing the rotating
coils utilized for the magnetic measurement of the prototype helical dipole.
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Fig.1l Radial coil #1.

Fig.2 Radial coil #2.

Fig.3 Dipole winding with opening angle .
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Fig.5 Quadrupole winding with the opening angle n/2 x 2.
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Table 1 Sensitivity factors for the helical magnetic flux enclosed by dipole,
tangential, quadrupocle windings.

n pole Dipole Tangential Quadrupole
1 dipole 1. 1. 0

2 quadrupole o . 0.839 0.598

3 sextupole 0.231 0.677 0

4 octupole 0 0.524 0

5 decapole 0.083 0.387 0

6 dodecapole 0 0.27 0.0706
7 l4-pole 0.0288 0.175 0

8 l6-pole 0 0.102 0

9 18-pole 0.00684 0.0484 0

10 20-pole 0 0.0124 0.00238
11 22-pole 0.00124 0.00939 0

12 24-pole 0 0.0205 0

13 26-pole 0.00316 0.024 0

14 28-pole 0 0.0227 0.00433
15 30-pole 0.00266 0.0188 0

0.
—+— D.W
0.
9]
2 * T.W
0. :
0. - Q.W.

Harmonic number

Fig.6 Harmonic dependence of sensitivity factors for the helical magnetic flux
enclosed by dipole, tangential, quadrupole windings.
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