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Abstract

With the collaboration between Brookhaven National Lal
(BNL) and RIKEN, the helical dipole magnets ignder
construction for RHIC spin project.[1] It i®quiredthat (3)
the deflection of beam is negligible in thehelical

dipoles.[2] The relation between the rotation angle in te addition, B(z) can bedefined as arodd function from
helical dipole and the cancellation of the integral ofthe symmetry for the magnet center, z=0, wheredtpele
transverse fieldlong the beam axis imvestigated.[3-5] field is in the y-direction with §z=0) = B, and B(z=0) =

[B0@)cosp (@)iz= [B(2)dz =0
 B(#(2)sing(2)dz = ~[ B,()dz =0

Then, with thederivedoptimization method, the optima

length of the full-length helical dipoles isbtained from
the measured field of the half-length prototype.

1 A DEFINITION OF THE EFFECTIVE
ROTATION ANGLE FOR HELICAL
DIPOLES

As a natural extension of theffective magnetic length
with the replacement of the axial coordinate z byphase
angle ¢ of dipole, theeffective magnetic rotatiorangle
A can be defined as follows,

do,
dz
(D)

where B(¢) is the amplitude of the dipoléeld at the
angled(z) with the definition of¢(z=0) = 0, and B, =
B,(¢=0) = B,(z=0) is the amplitude of dipoldield at the
center, and L is the effective magnetic length.
According tothis definition, it means that theagnetic
field of the regionrwhere @/dz = 0doesnot contribute to
the effective magnetic rotation angle.

2 RELATION BETWEEN THE
ROTATION ANGLE AND THE
CANCELLATION OF THE TRANSVERSE
INTEGRATED FIELD

In general, the cancellation of the integral of tiedd
component Bfor the arbitrary direction with the anglg
for the y axis, can be expressed as follows,

[B.(2dz= [B(¢(2))cosl# () ~9.)dz =0

1 _1 do . _
Af =5 [BOIY =5 [B(2) 5 dz=

)

| 0. Therefore, the integral of thedirectional field B can

be always chosen to lzero for everysymmetric helical
dipole. Then, it results that the cancellation of the
integral of the y-directional field Bis essential for that of
the integrated field for the arbitrary direction.

2.1 Optimization of Rotation Angle

The optimal length or rotation angle of helical dipoles can
be calculated for the following general field distribution,

do

Eﬁl(z) =B(z=0)=8,

HB(z-2)=B,M(z~-2), ¢ =¢(z-z), 2z <z=<z

=k, 0<z<z

. (4)

where the function of z-z b(z-z) describesthe z
dependence of the normalized dipole fieldd ¢(z-z,) also
describes the phase angle of dipole in the end regions.
The following equation isrequired tomeet thecondition
of the zero integrated transverse field,

= _[:‘* cos(kz)dz + fo “B(z-32)c0d¢(z-3) +kg]dz=0
5)
Then, the optimal half length, 2of the helical body

portion can be calculatedumerically from the following
equation,

IO “b(z-2z,)codp(z-7,) +ka|dz = -2, n(kkze)
(6)

For the various cases, the optimal rotation angles for the
cancellation of the transverse integrated field can be
calculatedwith the deviation from # for the general
cases, as listed in Table 1.[5]

Then, it can be verified that the cancellation of the integral

of B, for the arbitrary direction is equivalent those for
two transverse directions, x and y directions,
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Table 1: Optimal rotation angles for the cancellation of 3.5
the transverse integrated field for various cases. [ref.5] 3 F ,ﬁ
2.5 7 \
Case Helical End* Rotation £, \
body* angle s J \
#a k (no end) il o / \
#b K k, = const. = k 2 o A
#e k k, = constz k £211 0.5 f )
#d k k. # const. #2110 et | L]
-0.6 -0.4 -0.2 O 0.2 0.4 0.6 0.8
z (m
*) k : constant phase rotating rate of dipole in the body
**) k. : phase rotating rate of dipole in the ends 75 T
:g 50
3 MEASURED RESULTS OF THE HALF- = 28
LENGTH PROTOTYPE _—
For the half-length prototype, the dependence of the §’25
amplitude B(z) and the phase angléz) of the dipolefield g% )
was obtainedfrom the magnetic field measuremensith -75 __w,,f'"

the Hall probe at I=105 Aand 220 A, as shown in -0.6 -0.4 -0.2 0
Fig.1.[6-8] In these figures, theentralposition z = 0 of z
the magnet is defined as the midglaint for themagnetic ) ,
length.  Thedifference ofthe magnetic structures in bothFig- 1: The amplitude Bz) andthe phasep(z) of dipole
of non-lead (the left side ifig.1) and lead ends isot so &long the beam axis at 1=220 A for thwlf-length
large. prototype.

The rotation anglesalculatedfrom Eq.(1) forthe helical
body and endpotions arelisted in Table 2. In Table 2,
A [body], Ad [non-I], andA¢ [lead] mean thecalculated
rotation angles for the helical bodgndthe non-lead, and
lead end portion.

0.2 0.4 0.6 0.8
(m

Table 2: Comparison between the calculated rotation
angles of the half-length prototype (#1 & #2) and the
optimized full-length helical dipole (#3 & #4)

In addition, due to the thermal contraction of helical Half k Ad Ad Ad Ad
dipole, the phase rotatingate of the dipoldield of the or [body] [non-l] [lead] [total]
helical body portion (- 0.4 m < z < + 0.4 m), k ¢/dk Full (deg/m)  (deg) (deg) (dg) (de)
deviated from the design value at room temperature of 1581) H  150.7 120.3 22.7 23.6 166.6
deg/m, as shown in #and #2 ofTable 2. Themeasured (105 A)
results are almost consistent to k =124 x (1 - #2) H 1504 120.4 23.0 23.4 166.8
0.00415)} = 150.6 (deg/m)expectedfrom the thermal (220 A)
contraction of Al coil bobbin of 0.415 % from the room #3) F 150.6 301.2 23.4 23.4 348.0
temperature to 4.2 K. (Sym.)
#4) F 150.6 301.2 23.0 23.4 3476
4 CALCULATION FOR A HELICAL (non-S)

MAGNET WITH FULL LENGTH

On the assumption of the symmetric magnstrtcture
with identical coil endsthat both ends have the same
measured fieldlistribution of thelead end at | =220 A,

the length of the halbody z was numerically optimized
from Eq.(6) with the calculationarror of about 2x 10°

Tm for the integral of B obtaining z = 1.000 m. This
means that the helicddody portion of the prototype
magnet from z = - 0.4 m to + 0.4 m, shoulddiengated

ireach plot.

In these figures, black dot&re shown atevery 5.0 mm
along the beam axis for the indication of the relation
betweenthe same z positions
comparison between the integrals of the magniid
between two cases, the symmetiwds(#3) andthe non-
symmetricends(#4) in Table 2, is compiled in Table 3.
Especially, the integrated value of 8r the direction with

The

by (1.000 - 0.4 2 = 1.200 m for that of the optimal the angle$, = + 30 degree idisted, together with those

full-length magnet. This result was almesjuivalent to
other optimization calculations.[3,4]

Furthermore, the non-symmetric full-size helicipole
can be composeflom this optimal helicabody and the
different ends, as #4 in Table 1. Tiweld distribution for
B, = 4.0 T of this non-symmetric full-lengthelical
dipole are shown in Figs.2-5.

3165

of B,, and

B, in Table 3.

It results that theeviation
from zero ofthe transverse integrated field beconaeger
for the non-symmetric dipole.
seek the better optimal length for the non-symmetnae
with the modification of Egs.(4)-(6).

It will be also possible to
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Fig. 2: The amplitude B(z) andthe phase anglé(z) of

Table 3: The integrated values of the transverse field
along the beam axis.

Case Int. of B, Int.of B, Int. of B,
[¢ = 30°]
(Tm) (Tm) (Tm)
#3) 0 =0 =0
Symmetric
#4) Non- +1.5x10°  +5.8x10*  -2.5x10*
symmetric

5 CONCLUSION

The definition of theeffective rotation angle for helical
dipoles is proposed, similarly with tredfective magnetic
length. From the relatiobetweenthe effective rotation
angle and the cancellation of the transverse integrated field,
it results that the rotation angle of helical dipolbijch
meets the condition of the cancellation of thensverse
integrated field, generally deviates from 2

the dipole field along the beam axis of optimal full-lengtin general, the rotation of the dipole field Specifiedonly

helical dipole with different ends.
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Fig. 3: 3D plot of the dipole field along the beam.
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Fig. 4. B along the beam axis.
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Fig. 5. Plot of (B, B,) along the beam axis.

by the rotation of the coil in the helicabdy region. On
the other handthe field rotation in theendregion is not
specified only by the rotation of the coil, but aldepends
on the end structure of the iron yoke, etc.

It is shown that the length of the helical dipoken be
optimized for themeasured(or known) ends with the

derivedoptimization method. Iraddition, it is revealed
that the integrated transverse fields for helical dipolis

the non-symmetriends become largéhan that with the
symmetric ends.
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