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2D Magnetic Design and Optimization of a 88-mm
Aperture 15 T Dipole for NED

Nikolai Schwerg, Christine Vollinger, Arnaud Devred, and Daniel Leroy

Abstract—The Next European Dipole (NED) activity supported
by the European Union aims at the development of a high-perfor-
mance NbzSn conductor (J. = 1500 A/mm2 @15T,4.2K)in
collaboration with European industry and at the design of a high-
field dipole magnet making use of this conductor. In the frame-
work of the NED collaboration which coordinates the activity of
several institutes, CERN has contributed to the electromagnetic de-
sign study of a cos —6, layer-type superconducting dipole with an
88 mm aperture that is able to reach 15 T at 4.2 K. Part of the
optimization process was dedicated to the reduction of the mul-
tipole coefficients so as to improve field quality while keeping an
efficient peak-field to main-field ratio. In this paper, we present the
optimization of the coil cross-section and of the shape of the iron
yoke to reduce saturation-induced field errors during ramp. The
effects of persistent magnetization currents are also estimated and
different methods to compensate persistent-current-induced field
distortions are presented.

Index Terms—High field dipole magnet, iron yoke saturation,
Nb;3Sn, persistent magnetization currents.

1. INTRODUCTION

N the framework of the EU-funded Coordinated Acceler-
I ator Research in Europe (CARE) project, the Next Euro-
pean Dipole (NED) activity is dedicated to the development of
a high-field dipole magnet using NbsSn conductors [1]. Part of
the NED activity, which is shared among several collaborating
institutes, is a design study of different possible dipole configu-
rations able to reach 15 T at quench [2].

In this paper, the results of the electromagnetic design
study for the cos —f, layer-type dipole are presented [3]. The
studied dipole is an 88-mm large-bore, single-aperture dipole
surrounded by an iron yoke. It relies on specifications for the
Nbg3Sn strand and the Rutherford-type cable, as well as on ma-
terial properties, salient dimensions and maximum allowable
stress agreed upon by the NED collaboration [1]-[4].

All calculations are carried out by means of the CERN field
computation program ROXIE [5] using the intersecting-ellipse
model for the simulation of persistent-current-induced field er-
rors [6]. The field quality in the aperture is described in terms
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Fig. 1. Optimized coil cross-section with radially aligned conductors (after
re-optimization including the elliptical iron yoke). The numbers represent the
block numbers.

of normalized harmonic coefficients according to:
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where B, (z,y) and B,(z,y) are the horizontal and vertical
field components, Bi.¢ the main field component at the refer-
ence radius rog and b, and a, the normal and skew harmonic
coefficients.

Starting from the results of the preliminary design study pre-
sented in [4], the coil cross-section was optimized with respect
to field quality and conductor alignment. The iron yoke was
shaped in order to minimize the influence of the iron satura-
tion on the relative multipole field errors during ramp. In addi-
tion, a study of different methods for the compensation of per-
sistent-current-induced field errors was carried out.

II. GEOMETRY

A. Coil Cross-Section

The cable specifications for the cos —6, layer-type NED de-
sign are: a keystone angle of 0.44°, a width of 26 mm and an
average thickness of 2.275 mm. The cable width is of the same
order of magnitude as the aperture diameter of 88 mm. Hence,
the electromagnetic design for NED has to satisfy stringent re-
quirements on conductor placement. In order to facilitate the
winding and improve the conductor support, we aimed to put
the conductors in a radial position. For this purpose, the abso-
lute value of the difference between the mean inclination angle

1051-8223/$25.00 © 2007 IEEE
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Fig. 2. Cross-section of the optimized elliptical iron yoke.

TABLE I
SALIENT PARAMETER OF NED MAGNET CROSS-SECTION
Quantity Value Unit
Reference radius r, for field errors 29 mm
Aperture radius 74 44 mm
Inner yoke semi minor axis by; 1254 mm
Inner yoke semi major axis ay; 138.6 mm
Outer yoke radius ry, 475.4 mm

TABLE II
SALIENT ELECTROMAGNETIC PROPERTIES AT HIGH FIELD (8.5% MARGIN ON
THE LOAD LINE)

Quantity Value Unit
Maximum energization current 26670 A
Main field B, 13.31 T
Peak field on conductor Byeax 13.75 T
Peak field / main field 1.032 -
Energization current at quench 29440 A
Peak field at quench 15.00 T

TABLE III
RELATIVE MULTIPOLE FIELD ERRORS (UNITS @ 29 mm) AT HIGH FIELD (8.5%
MARGIN ON THE LOAD LINE)

bs bs by by by bi3 bis
-0.02 0.06 0.08 1.70 2.69 -0.05 -0.18

and the mean positioning angle is summed block-wise and used
as objective for the optimization. Consequently, in the resulting
cross-section as shown in Fig. 1, all conductor blocks are radi-
ally aligned, with the exception of block 5.

B. Iron Yoke

We observed strong iron saturation effects with varying en-
ergization currents due to the high magnetic field and the prox-
imity of the iron yoke. A partial compensation could be reached
with an iron yoke with elliptical inner contour, that gives a re-
duction of the amount of iron material in the area where satura-
tion starts first [7]. This allows a steering of the field variation
during ramp up, especially for b3 and b5, with only small losses
in main field strength. The iron geometry is illustrated in Fig. 2
whereas Table I shows salient parameters.

The electromagnetic properties of the optimized cross-sec-
tion at high field (8.5% margin on the load line) and at quench
field are shown in Table II.

The relative multipole errors at high field are presented in
Table I1I. These exhibit extremely small values for all multipoles
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Fig. 3. Multipole variation due to iron saturation for the initial circular and the
final elliptical iron yoke.
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Fig. 4. Critical current density function as used for the calculation of the per-

sistent-current-induced field errors.
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Fig. 5. Persistent-current-induced field errors without any compensation.

except bg and b1; which are acceptable but stayed in the order
of 1 to 3 units and could not be further reduced by design. Fig. 3
shows the variation of the multipole errors versus energization
current for both the circular iron yoke with an inner radius of
125.4 mm and for the elliptical yoke. (Superconductor magne-
tization effects are not considered.) The total variation of b3 was
reduced from 16.1 to 5.4 units and the variation of b5 from 0.59
to 0.51 units. The elliptical yoke is used as final design.

III. PERSISTENT-CURRENT-INDUCED FIELD ERRORS

The calculation of the persistent-current-induced field errors
relies on an estimation of the critical current density of the NED
strand. However, measurement data became available only very
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Fig. 6. Sensitivity of the multipole errors b3 (left) and b5 (right) on additional
ferromagnetic elements.

recently [8]. Therefore, we took the measurement data of a sim-
ilar strand [9] that was scaled and fitted according to the NED
cable specifications as shown in Fig. 4 [10].

All geometry intrinsic multipole field errors show a large vari-
ation and a hysteresis, especially for the low order ones such as
bs and b5. The variation of the multipoles b3 to bg versus ener-
gization current are shown in Fig. 5.

The major goal was reducing the variation of the lower-order
multipole field errors during ramp in a way that would cause
only a small reduction of the main field and little deterioration
on the higher order multipole field errors.

A. Passive Compensation Methods

Ferromagnetic materials exhibit a magnetization behavior of
opposite sign compared to that of superconductors. When the
material starts to saturate its relative contribution decreases. By
adding ferromagnetic elements to the cross-section, the field
error at low energization can be compensated without influ-
encing the field quality at higher levels. This concept was pro-
posed in [11] and studied in detail by others also (e.g. [12]).
Therefore, the field errors that stem from the coil cross-section
layout, the iron yoke and the additional ferromagnetic elements
are designed such that they present the inverse behavior of the
persistent-current-induced field errors on the up ramp.

The most efficient positions for these ferromagnetic elements
can be found by simulating the influence of a thin permeable rod.
The magnetic momentum per unit length, m/_,, of a thin rod in
an average local field, By, is given by

Hrod/po — 1
miod = 7Tr20d = /i a4 Bloc (1)

where i,0q denotes the permeability and 7,,q the radius of the
rod. Taking into account the same symmetries as for the magnet
itself, only odd normal multipoles are induced. The resulting
multipole field components are [6]

n—1
Mo Tq

n
2 P(7)L+1

AB, = [mpo sin(ngo) — mgeo cos(ngo)]  (2)

where 1y denotes the reference radius, (pg, ¢o) the position
of the rod and m,o as well as mgyo denote the components of
the magnetic momentum in the local orthonormal coordinate
system (pg, ¢o, z). Equation (2) enables the computation of the
influence of a thin ferromagnetic rod based on the magnetic field
inside the magnet’s cross-section.

In Fig. 6, this is demonstrated for the presented coil cross-sec-
tion but with a circular iron yoke. The white areas indicate posi-
tions of positive contribution, i.e. where the A B, normalized to
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Fig. 7. Compensation of persistent-current-induced field errors by means of
ferromagnetic shims inside the cable.
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Fig. 8. Compensation of persistent-current-induced field errors by means of a
ferromagnetic sector placed on the cold bore tube.

the overall maximum is positive, and the black areas show neg-
ative contribution. Since b3 and b; have to be influenced in op-
posite directions, i.e. b3 lifted up whereas b5 reduced the sector
between around 45° to 60° seems to be very promising.

1) Ferromagnetic Shims Inside the Cable: Similar to [13] a
ferromagnetic shim of 20 mm width and 0.1 mm thickness is in-
serted between the two strand layers of the Rutherford-type ca-
bles. Since the same cable is used for the inner and outer layer of
the NED magnet, the only free parameter is the shim thickness.

As shown in Fig. 7, the relative multipole error b3 is lifted
up by approximately 40 units and well compensates the orig-
inal variation. The effect on b5 is much less pronounced and in
addition goes in the wrong direction (deterioration). The effect
on b7 and by is very small.

The effect of ferromagnetic shims inside the cable was
studied for the LHC main bending magnets in [14], but there
it was found to be too strong. It was further assumed that for
a cable with thicker strands and thus higher magnetization the
method would work better what is well supported by our re-
sults. Nevertheless, the method of ferromagnetic compensation
shims inside the cables is not considered, because it shows only
limited steering possibilities, the permeable material is stress
sensitive and the deformation of the shims during cabling,
winding and operation is unknown.

2) Ferromagnetic Shims on the Cold Bore Tube: A ferro-
magnetic sector is placed on the so-called cold bore tube (CBT)
whose outer radius is assumed to be of 42 mm. Here, the opti-
mization process has 3 free parameters: the angular position, the
angular extension and the thickness. In good agreement with the
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Fig. 9. Compensation of persistent-current-induced field errors by means of
shims on wedges.

analytical estimations, the best results are obtained for a shim of
0.507 mm thickness extending between 41.73° and 60.96°.

This method works well for the compensation of bs, but b5 is
only partially compensated for values above 3 kA (Fig. 8).

By increasing the distance of the ferromagnetic sector to the
magnet center, the influence on the higher order multipole errors
could be decreased. Therefore simulations with a ferromagnetic
sector on the coil protection sheet between coil and collar were
carried out but showed only a very small overall effect (only
10%).

3) Ferromagnetic Shims on Wedges: In the preliminary de-
sign study, the compensation of persistent-current-induced field
errors was studied by means of ferromagnetic wedges replacing
the non-magnetic copper wedges [4]. The study showed a very
strong effect on b3, much larger than necessary for the com-
pensation. By reducing the size of the ferromagnetic part of the
wedge, the saturation starts earlier and the overall effect can be
reduced. For the design presented here, this is done by shims
on one of the broad surfaces of the wedge. The presented com-
pensation relies on two 26-mm-wide shims with different thick-
nesses, one placed in the inner layer and the other in the outer
layer (as shown in Fig. 9). The inner layer shim is situated on
top of block 5 and is 0.7 mm thick whereas the shim in the outer
layer is on top of block 2 and is 1.5 mm thick.

The simulated multipole errors for the compensation with the
two specified shims are shown in Fig. 9. It can be seen that the
variation of b3 is strongly reduced. Also, the variation of b5 is
decreased and even slightly over compensated. The variations
of b7 and bg have been amplified [3].

B. Active Compensation Method

Since the superconductor magnetization is the strongest in re-
gions of the coil cross-section with low values of magnetic in-
duction, the overall effect can be reduced if the field is locally
enhanced by additional conductors or by conductors powered
independently. Although this solution is not practical, Fig. 10
presents as an exercise preliminary results obtained in the case
where the outer layer mid plane conductor is independently
powered at a higher current. While the energization current is
ramped from O to 10 kA, in the midplane conductor an addi-
tional current is down ramped from 3 kA to 0. From simulation
results, this method shows a remarkable reduction of the hys-
teresis width in bs.
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Fig. 10. Compensation of persistent-current-induced field errors by means of
active elements. Here the individual powering of the first conductor.

IV. CONCLUSION

The cos —#6, layer-type dipole for NED has been re-op-
timized to improve geometric multipole coefficients. Its
conductor blocks assume close to radial positions and its el-
liptical yoke enables a significant reduction of the saturation
effects. The expected persistent-current-induced field errors of
the NED cable have been simulated and it has been shown that
the superconductor magnetization effects can be reduced by
additional ferromagnetic shims on the wedges. The design is
now used as reference design 2 for NED.
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