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NUMERICAL OPTIMIZATION OF ACTIVELY SCREENED
SC MAGNETS COIL GEOMETRIES

A.V.Fedorov, I.A.Shelaev

This work is concerned with numerical optimization of actively screened SC magnets coil.
An additional SC coil is suggested to shield stray fields. This SC coil only slightly increases
the superconductor volume but drastically reduces the total magnet weight and its cost, and
permits one to avoid such unpleasant features of the cold yoke as an additional energy losses
due to steel magnetization in a pulse mode and nonlinearities with steel saturation at high
fields. We consider analytically the field of a shielded magnet and show how the volume of
superconductor should be increased to get a complete active shielding. The design of SC coil
geometries is performed by solving the optimization problem. Some results of actively
screened dipole coil optimization are presented.

The investigation has been performed at the Laboratory of Computing Techniques and
Automation, JINR.

YuciieHHOE MOAETHPOBaHHE OOMOTKH aKTHBHO
sKpannpoBanHbix CII-MarnuTon

A.B.®eoopos, H.A.lllenaes

[IpoBoaMTCA YHCIEHHOE MOAEIMPOBAHHE AKTHBHO 3KpaHUpOBaHHBIX CIl1-MaruuTos. s ok-
PaHHPOBKHM MOJIA BHE MarHUTa HCMOJb3yeTcs aononHutenbHad CII-o6MoTka. JaHHas ofMoTKa
TI03BOJMIET CYWIECTBEHHO YMEHBUIMTD BEC MATHHTA H €10 CTOMMOCTDb M H3G€XaTh 110Teph IHEPIHH
¥ HEJIMHEMHOCTEH B MarHUTHOM TIO/IE BCIEACTBHE HACBIEHHS (leppOMArHeTHKA IPH CHIIBHBIX
NOJAX. AHATMTHYECKH HCCIIEyeTcs BO3MOXHOCTb IIONHON 9KPAHMPOBKH MArHMTHOIO MOMA C
HOMOUIbI0 BBEAECHHA NONOMHUTENIbHON 0OMOTKM. PeanbHas reoMeTpus OOMOTKM INONyuyeHa
MyTeM pelleHHs 3alaud  yCJIOBHOH ONTHMHM3AaUMH. [IpeacTaBieHB pesynbTaTHl MoO-
IOENHPOBAHHA.

PaGota BunonHeHa B JlaGopaTOpHH BRIMHCIHTENBHOM TEXHHKH M aBToMaTH3aunn OHSH.

1. Introduction*

In modern SC magnets the field strength and its quality are determined by a SC coil
and its shape. Nevertheless, a cold steel yoke constitutes 80% and more of the magnet
weight which significantly increases the magnet cost and time of its cool-down and warm-

*This work was supported by the RFBR under Grant No.95-01-01467a
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up [1]. The steel yoke increases the magnet field only by 20—25%, and its main role is to
shield stray fields. This task can be successfully resolved by an additional SC coil that only
slightly increases the superconductor volume, but drastically reduces the total magnet
weight and its cost, and permits one to avoid such unpleasant features of the cold yoke as
an additional energy losses due to steel magnetization in a pulse mode and nonlinearities
with steel saturation at high fields. »

We consider analytically the field of a shielded magnet and show how the volume of
superconductor should be increased to get a complete active shielding. The design of SC
coil geometries requires solving the sophisticated optimization problem [2]. We present
some results of actively screened dipole coil optimization.

2. Ideal Screened Fields

Dipole and quadrupole fields required in high energy accelerators are produced by SC
coils of two shapes [3]: overlapping ellipses and cos 0 for a dipole field and crossed ellipses
or cos 28 for a quadrupole one which provide ideal fields. Let us consider an elliptical
conductor with axes a, b and a current density j immersed into a bigger or screening one
with axes a, bs and a current density J - The magnetic field outside this pair of conductors

is equal to [4]
jab

jab s's’s
B _=p z + .
out "0
z+\/zz—c‘2 z+‘/zz—cf

This equation shows that the outside field is zero if the following two conditions are
fulfilled

jab=—j a b (2.1)

ss s’

c=c._ . 2.2)

s

Eq. (2.2) means that the total currents in both conductors are the same but of opposite
directions, and from (2.3) it follows that the focuses of both elliptical conductors coincide.
Now suppose that

as=ka and k> 1.

Then according to Eq. (2.2) and (2.3), we find
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The last approximation is valid if a = b and k >> 1. This pair of screened conductors is used
below to construct ideal screened fields.

If we now take another pair of similar conductors with as opposite currents as before
and overlap (or cross) them, we shall get an ideal dipole (quadrupole) magnet without stray
fields. Then the dipole field of the screened magnet is equal to

s~ a+b

“oﬂ”[ a+b

_Km+aﬁ=%ﬂ—m’33=0

The gradient G inside the screened quadrupole lens equals

.a-b b (a+b \? |_
Gs_—u01a+b[1—kbs(as+bs] i|_G(1—g)'

Here dimensionless values of h and g show how much the field and gradient of screened
magnets differ from the same value of unscreened coils. Evidently, a minimal value of k is
1+s/a, where s is a distance between centres of the coil pairs. If we choose larger k, then
there will be enough a current free space between screening conductors and a main coil to
place there force collars that constrain coil motion to negligible levels. The area S of the
main dipole coil is equal to

2 2
S=2ab| arcsin — + —— 1-“‘—2 =2bs| 1-—— |.
2a 4a 24a

The total current in this coil or its ampere-turns Jw are then Iw =§. From this equation and
equation (2.3) it follows that the same value for the screening coil Iw_is

w =—. (2.4)

The field strength at the screening coil is very low, and so the critical current density in it
is 3—5 times higher than in the main coil. Therefore, the total additional volume of the
superconductor in this coil needed for a complete screening is of the order of 10% of the
superconductor in the main coil if k is equal to 2.5 and more.

A SC volume needed to screen a quadrupole lens is even lower. The cross section area
S, of its main coil equals
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1-¢ E) ¢ 2
Sm—Zab[arccos 2—e2-4 =3 1-¢°,

where e =ca”! is the coil ellipticity. The area of the screening coil is

or almost the same as the main coil area. Therefore, Eq.(2.4) in the case of a quadrupole
takes the form

w =—L“-'.

It reflects the fact that a field outside a dipole drops with a distance r as r2; and outside a

quadrupole, as 3. So the additional SC volume for screening a quadrupole is lower than
in the case of a dipole.

3. Dipole with Shielding Coil

The determination of real screened dipole coil geometries is performed in two steps.
First, we design the main coil to produce 5T magnetic field with low multipole content.
Then kept constant the geometry of main coil we design the shielding coil to screen the
field outside the magnet.

Let us consider in cylindrical coordinates r, 8, z, 0<6 5125, M infinitely long straight

conductors. Dipole symmetries are implied. Cross section of these conductors has angular
positions ¢, —A  and @ +A , radial positions R and R, m=1,..M. Let

r* <min (R]'"), r 2 max (Rz"'), then for r<r* magnetic field B *(r, ) inside the aperture due

to currents j_ in conductors is described by muitipole expansion

B*(r.0)= B +zB+=_B [1+2 a 2u91:|

n=1

M
=—ngz (R =R )smA cos @,
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Magnetic field B ~(r, 8) outside the magnet is described for r>r~ by

2n-1

B7(r,0)=B +iB = Y, a5 &
=1

M m 2n+1 m 2n+1
Sl 1 (P vl _ A y
L A " ml | r

xsin (2n-1) Am cos(2n—-1) P,

The main coil geometries design is considered as an optimization problem with
objectives:
* main dipole field of 5T,

*  minimization of multipole field — a ,n=1.,N*.

2n
For dipole with shielding coil we add the objective of

*  minimization of outside magnetic field —a, ,n=1,..,N".
The design variables for this optimization problem are ?, A”l s jm ,m=1,..., M.
Optimization was carried out by NAG Fortran Library routine EO4UPF for M =6,

N*=N"=4. Geometric parameters of the coil and obtained values of designed variables
are presented in Table 1. Table 2 gives the multipole field content for this coil.

Magnetic flux lines and screening effects are depicted in Fig.1. Figure 2 represents total
additional volume of superconductor needed for shielding coil (S) (in per cent of main coil

J
superconductor volume) in dependence on current density ratio — and on coils radius
m

R
ratio =~ .
R
m .
The results above show that SC dipole magnet with low stray fields can be constructed
in two-dimensional case. The total additional volume of the superconductor is well

described by the formulae

3

R.J
S =

m
e R
s

S,

m

S

s

where S is the main coil superconductor volume.
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Table 1. Actively screened dipole coil parameters

\m 1 2 3 4 5 6
A (rad) 0.514 0.098 0.252 0.063 0.366 0.124
@ (rad) 0514 1.210 0.252 0.666 0.366 1.030
- R1 (mm) 25 25 35.5 355 100 100
Rz (mm) 35 35 45.5 45.5 101 101
j (A/mm?) 470 470 470 470 1053 1053

Table 2. Multipole fleld content for actively screened dipole

2n a3 x10% r=15mm a2 x 10, r=120 mm
2 1.0066 0.0083
4 0.0006 0.0000
6 - .0002 - .0032
8 0.0000 0.0024
10 0.3920 29.6644
12 - 3395 13.7798

To optimize coil ends, 3D magnetic field calculations were carried out. Obtained early
coil geometries are used in calculations.

Magnetic field due to current j in coil Qc is described by Biot Savart law

Ho 1 |
= "I ijRd.Q.

To calculate B we approximate the domain Q_by tetrahedral elements with plane faces.

Current density j is assumed to be a constant vector within the element. Then the evaluation
of integral over the domain Q_ is reduced to summation of integrals over elementary

tetrahedrons. Last integrals are evaluated analytically. The magnet coil consist of straight
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Fig.l. Magnetic field flux lines and screening effects for actively screened
dipole

Fig.2. Additional volume of superconductor for actively screened dipole
(in per cent of main coil superconductor volume). kl= 8/ Sp

k2=j/jm
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Fig.3. Magnetic field uniformity along the axis of actively
screened dipole

Fig.4. Stray fields in coil end region
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Table 3. Actively screened dipole coil ends parameters

\m 1 2 3 4 5 6
dm (cm) 100. 92. 100. 100. 96. 96.
Ol 1. 1. 1. 1. 0.4 04

Table 4. Peak field in actively screened dipole coil blocks

\m 1 2 3 4 5 6

IBl (D) 5.82 548 2.62 395 1.75 173

parts specified by its lengthd , m=1, .., M and coil ends specified by its ellipticity a._,
m=1, .., M. Straight parts and ellipticity of shielding coil blocks are the design variables
for coil ends optimization. Two partially contradictory objectives are imposed

* to remain the field uniformity on z axis inside the magnet,

« to screen field outside the magnet.

Field uniformity inside the magnet and magnetic field on median plane outside the
magnet are depicted on Figs.3 and 4 for parameters d, , o from Table 3. Table 4 gives the

coil blocks peak field.

As it was expected a priori the screening on the magnet end is not so complete than in
2D case but field level is lower than one from the ends of main coil.

4. Conclusions

The results presented here show that wholly screened ironless SC dipoles and
quadrupoles may be constructed and successfully used in high energy accelerators. SC
magnets of this type are five times lighter per unit length and have two times and more
smaller dimensions. It means that the cost of magnet operation could be decreased due to
reduced cooling power.

Moreover, these magnets may be used in a collider when two magnets are placed in
one cryostat side by side or «two-in-one». The fringing fields of one magnet lower than
5Gs will not disturb the field in the neighbour one. To reach this value it needs to place
axes of both magnets at a distance of 4.5—5 radius of the aperture.
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