¢ Brookhaven

National Laboratory
BNL-103699-2014-TECH
AGS/RHIC/SN 074;:BNL-103699-2014-IR

Field Distributions of the Slotted Helical Dipole Prototypes with the Half and
Full-Length

T. Tominaka

July 1998

Collider Accelerator Department
Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC)

Notice: This technical note has been authored by employees of Brookhaven Science Associates, LLC under
Contract No.DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the technical
note for publication acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this technical note, or allow others to do so, for
United States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



o\ QW\Q‘"\\

Alternating Gradient Synchrotron Department
Relativistic Heavy Ion Collider Project
BROOKHAVEN NATIONAL LABORATORY
Upton, New York 11973

Spin Note

AGS/RHIC/SN No. 074

Field Distriubutions of the Slotted Helical Dipole Prototypes
With the Half and Full-Length

Toshiharu Tominaka/ RIKEN

July 22, 1998




Field Distributions of the Slotted Helical Dipole Prototypes
- with the Half and Full-Length

T. Tominaka, M. Okamura, and T. Katayama*

The Institute of Physical and Chemical Research (RIKEN), Japan,
*Center for Nuclear Study, School of Science, University of Tokyo, Japan,

July 22, 1998

1 INTRODUCTION

The analytically and numerically calculated and measured results of the magnetic field at the center of the
slotted helical dipole prototypes with the half and full-length are compared graphically in this report. In
addition, the helical multipole fields are also presented, with the comparison for the 2-dimensional (2D)
multipoles.

2 SLOTTED HELICAL DIPOLE PROTOTYPE WITH THE HALF-LENGTH

The cross section of the slotted helical dipole prototype with the half-length is shown in Fig. 1. Each
black dot corresponds to a superconducting strand used as a conductor. The analytically and numerically
calculated and measured results of the multipoles are listed in Table 1. The deviation for the intensity of
the reference field on the analytical calculation comes from the coil length and relative permeability of the
infinity. The measured results are those by the tangential coil.[1] The difference between the calculated
and measured results is partly due to a few missing wires occurred on the coil winding stage.[2]
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Fig. 1. Cross section of the half-length helical dipole prototype.

Table 1. Helical multipole coefficients (10) for the half-length helical dipole prototype,
at I =200 A, together with the helical reference field.

n Pole bn bn bn/an

(analytical cal.) | (TOSCA) (measured)
(Bref) [T] 2.81 2.71 2.72
2 quadrupole 1.2 - 0.41
3 sextupole - 49.3 -52.4 - 63.2 - 0.26
4 octupole 2.3 0.03
5 decapole 5.5 6.0 9.7 2.4
6 dodecapole - 0.54 -1.2
7 14 - pole 0.29 0.29 3.3 7.3
8 16 - pole 0.51 - 4.0
9 18 - pole - 7.6 -7.8 - 19.7 1.6
10 20 - pole 20.5 6.9



2.1 Result of Analytical Calculation

The magnetic field of the helical dipole can be calculated analytically from the summation for the field
contribution of all 1728 (= 864 X 2) turns or 864 sets of four helical line currents with dipole
symmetry.[3] In this calculation, the effect of the iron yoke is approximately calculated with the method
of image currents, with the assumption of the helical image current similar with the case of the straight
current. The relative permeability of iron yoke with the inner diameter of 168.9 mm (= 6.651 inches) is
assumed to be infinite. 3D and contour plots of the vertical field component, B,, derived (or synthesized)
from the analytical calculation up to 18-pole at I = 200 A, listed in Table 1, are shown in Fig. 2. The
required good field region is the interior of the circle of r = 31 mm, shown by the dotted circle in the
contour plot of Fig. 2.
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Fig. 2. 3D and contour plots of B, of the half-length helical dipole
with I = 200 A, (analytical calculation).

2.2 Result of Numerical Calculation

The magnetic field of the helical dipole is calculated numerically with TOSCA.[4] Numerically calculated
.- 3D and contour plots of B, of the half-length helical dipole at I = 200 A, are shown in Fig. 3. The
multipole contents derived from this field distribution is listed in Table 1
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Fig. 3. 3D and contour plots of B, of the half-length helical dipole prototype
at the center with I = 200 A, (TOSCA).

2.3 Result of Field Measurement

The magnetic field of the helical dipole was measured by the rotating coil.[1] 3D and contour plots of B,
derived from the measured multipoles up to 20-pole at I = 200 A listed in Table 1, are shown in Fig. 4.
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Fig. 4. 3D and contour plots of B, of the half-length helical dipole prototype
with I = 200 A, (measured).

3 SLOTTED HELICAL DIPOLE PROTOTYPE WITH THE FULL-LENGTH

The cross section of the slotted helical dipole prototype with the full-length, which is modified or
optimized with the removal of the outermost layer from blocks nearest to the pole of the prototype with
the half-length, is shown in Fig. 5.
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Fig. 5. Cross section of the full-length helical dipole prototype.

Table 2. Helical multipole coefficients (10) for the full-length helical dipole prototype,
together with the transport current and reference field.

n Pole bn bn bn
(analytical cal)  (TOSCA) (TOSCA)

Current [A] 300 300 83

(Bref) [T] 4.15 3.88 1.19

3 sextupole 6.2 3.7 6.0

5 decapole -0.34 -2.6 0.40

7 14 - pole -0.84 -1.0 -0.32

9 18 - pole -7.4 - 8.1 -7.1

3.1 Result of Analytical Calculation

Analytically calculated 3D and contour plots of B, of the full-length helical dipole with 840 (= 864 - 24)
sets of four helical line currents at I = 300 A, are shown in Fig. 6.
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Fig. 6. 3D and contour plots of B, of the full-length helical dipole prototype
' with I = 300 A, (analytical calculation).

3.2 Result of Numerical Calculation

3.2.1 At the Low Current of 87 A
Numerically calculated 3D and contour plots of By, at I = 87 A, are shown in Fig. 7.
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Fig. 7. 3D and contour plots of B, of the full-length helical dipole prototype
at the center with I = 87 A, (TOSCA).

3.2.2 At the High Current of 300 A
Numerically calculated 3D and contour plots of By, at I =300 A, are shown in Fig. 8.
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Fig. 8. 3D and contour plots of B, of the full-length helical dipole prototype
at the center with I = 300 A, (TOSCA).
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4 MULTIPOLE FIELDS

4.1 Helical Multipole Fields

The interior magnetic field of helical dipole coil can be expressed in the following form of the multipole
expansion,[5, 6]

Bi(1,0,2) = Bret(k) 10 21 n! [n Er ]"k I(n k 1) {-an(k) cos (n(8 - k 2)) + bu(k) sin (n( - k 2)))
n= 0

Be(r,8,z) = Bret(k) 10 i n! [ﬁ]ﬂll(%—kﬂ {an(k) sin (n(0 - k 2)) + bu(k) cos (n(® - k z))}
n= 0

Bu(1,8,2) = Bret(k) 10 2{ -k n! [n lfr ]nln(n k 1) {an(k) sin (n(® - k 2)) + bu(k) cos (n(6 - k z))}
n= 0

(D

where k = 2r/L is a twist pitch, L is the length of the 27 rotation, and B«(k) is the (k dependent)
reference field, which is the transverse field at the beam axis, B, (k) = By(r=0). As a result, the
distribution of the y-directional transverse field, B,, can be also expressed as follows,

By(1,02=0) =Brek) 3, bu(k) 10 n![ 2
n

]n{k I;,(n k1) sin n6 sin © + @ cos nf cos 6}
n=1,3,5

o

oo

=Brik) Y, ba(k) Ma(k,1,8)
n=1,3.5,.. ()]
where

Mi(k,r,0) = 1o n! [ ﬂk I’n(n k) sin n6 sin 6 + M cos n6 cos 6

nkro (3)
The helical multipole fields for By, M,(k,r,8) forn =1, 3, 5, ..., are plotted in Figs. 9 - 13, for k =
2n/2.4 (rad/m), and 1o = 31 mm. The magnetic field of the helical dipole as shown in Figs. 2 - 4 and 6 -
8 is the superposition of the helical multipole fields shown in Figs. 9 - 13.
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Fig. 9. 3D and contour plots of the helical dipole field, M, (k,r,8), for B,.
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Fig. 10. 3D and contour plots of the helical sextapole field, M,(k,r,0), for B
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Fig. 11. 3D and contour plots of the helical decapole field, M;(k,r,8), for B,.
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Fig. 12. 3D and contour plots of the helical 14-pole field, M,(k,r,8), for B,.
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Fig. 13. 3D and contour plots of the helical 18-pole field, My(k,r,0), for B,.

4.2 Comparison with 2D Multipole Fields
Generally, the magnetic field of 2D or straight dipole magnet can be expressed as the multipole
expansion,

M s

Bi(1,0) = Bres P2 [%]"'1 {-an cos 0@ + by sin n6}
_ T n-1 :
Be(1,6) = Brer ; [ro] {an sin n® + by cos n6)} @

n
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Then, it results that the asymptotic form for k—0 (L—) of By 1,4(r,6,2=0) of Eq.(2) for helical dipole
magnets is equal to B, ,4(r,8,z=0) for 2-dimensional dipole magnets,

=3

limk—50 [ Byhelix(r,8,2=0)] = By,24(r,8) = Bret Y ba (fo—)n-lcos [(@-1)8]
n=1,3.5,..

(3

The angular dependence for the helical multipole components, M (k) forn=1,3 and 5 atr = 1, (=31 mm)
are shown in Figs. 14 - 16 for three different twist pitch of k = 0, 21/2.4 and 2r/2.4 X 5 [rad/m].
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Fig. 14. Angular dependence of the helical dipole component, M;(k), atr =1, = 31 mm
for k = 0 (black), 2n/2.4 (dark gray), and 2n/2.4 % 5 [rad/m] (light gray).
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Fig. 15. Angular dependence of the helical sextupole component, M(k), at r =1, = 31 mm

for k = 0 (black), 2/2.4 (dark gray), and 2%/2.4 X 5 [rad/m] (light gray).
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Fig. 16. Angular dependence of the helical decapole component, Ms(k), atr =1y = 31 mm

for k = 0 (black), 2n/2.4 (dark gray), and 27/2.4 x 5 [rad/m] (light gray).

In Figs. 15 and 16, two plots for k = 0 and 21t/2.4 are almost same. It is realized that the major difference
between the helical and 2D dipole magnets comes from dipole component with b, = 1 for the small higher
multipole coefficients of b, = O(10™*). In order to get the circular homogeneous region for B,, 8.2 x 10*
is the most favorable as the helical sextupole coefficient, for k = 27t/2.4 (rad/m).[6] It comes from the
compensation with the helical sextupole for the non uniform distribution of the helical dipole component.
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5 CONCLUSION

The analytically and numerically calculated and measured field distribution for the slotted helical dipole
magnets with the half and full-length are compared graphically with good agreement. It is also realized
that the field distribution is expressed by the superposition of the helical multipole fields deformed from
the 2D fields. In addition, it seems that the multipole contents up to 20-pole is needed for the description
of the interior field within r = 31 mm for the slotted helical dipole prototype with the full-length.
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