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The lay-out of the blocks has been chosen to gatisf
following conditions:

* Minimize the stresses on the conductor (“congtanimeter”
condition);

* Reduce the integral values of sextupole and deeapol

 Control the peak-field on the conductor.
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Averaged harmonics in
symmetric coil-endih air™
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b, = jB dz = 063units

b5coil -end _

with :
B,=4.5T, Az=300mm

IB dz = 004 units
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The influence of the yoke on the peak-field an@gdssis important.

Three yoke configurations have been considered:

1. Full yoke e
2. Yoke with inser

3. Short yoke

Vector Fiel
\ Vecor s

Vector Fields ﬂ

[softere fox eleoiromupnetic de
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The peak field on conductor depends on the geornoéthe yoke.

e Yoke inner & outer radius 93 mm & 213 mm,
e non-linear iron of OPERA, stack = 1

| = 8720 A (no current grading in cond.)

e Coil-end betweerz =0 andz= 195 mm

Long yoke Short yoke
Yoke up to z=206 mm No yoke from z=0
2-D Full yoke | Collar insert No yoke in
analysis up r=133 mm + coil-end
end-cap (6 mm)
Beakoncond. (T) | 4.87 4.96 4.57 4.59
T, (K) 5.73 5.69 5.89 5.88
L, (Mmm) - 125.0 106.5 100.7
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A further decrease of ~0.07 T in peak field cammb&ined
Inserting another spacer in coil-end between thke Zthd 34th
conductors.

But the gain in field does not justify the comptgxncrease.

The choice between the configurations “short yoke'yoke with
Insert” has to be determined by the requirements of:

e l0oSses
e stray field

 harmonic contents
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STUDY OF THE LOSSES

The losses due to the eddy currents in the lanoinatf the
collar and of the yoke can be evaluated easihphe straight
part of the magnet with a 2-D analysis.

The 2-D magnetic fiel@ has only components parallel to the
lamination.

The eddy currents have componemgnly parallel to the
lamination AND have simple symmetries along thekhess.
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Lamination Z

The RMS current density (averaged on the lamindaharkness
As) can be evaluated analytically with a “1-D anadysi

34, 069, s = 5 5, BOOES

where the magnetic field is approximated to the magneto-static
field (the field perturbation due to eddy curreistaeglected).
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As consequence the volumetric losses in the lamimatan be
calculated easily:

1 .
Pe, (X, Y)=p [ﬂ[‘] B//]As—RMS}2 = @ B(X, Y)ZASZ

This simplified 1-D model has been validated bymplete 3-D
description of the collar, with ELEKTRA-3D

P, = j 1 Basds O P, (ELEKTRA)| =23 mW/m

Collar area IO
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Plot of the eddy current pattern, in a full 3-D description of the
collar with the true lamination thickness.

Vector Fields %

software for eleciromagnetio
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In thecoil end, there is also thecomponent of the fiel@ (in
addition to the parallel components of the fieldhjch produces
additional eddy currentsgg;in thex andy directions.

If the B, varies smoothly irz-direction, we can assundg IS
constant in the lamination thickness:

1 aaBZ As<<1 :> Jgo(X, Y, 2) = constantin As
Z

«
>/ A
7’

v

Lamination
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Consequently thd; ,can be calculated with ELEKTRA 3-D,
assuminginstead of lamination, an anisotropic material with
electrical conductivity:

EXS7

0, = %) with p=p_ .= p.., =5300'Qm
o,=0

.

"

If we are Interested to the to the power densithenlamination
pAs-av(X’y) :

pAs—av.(X’ y) = 10 |:ﬂ[‘]tot ]As—RMS}2 = 10 |:ﬂ[‘]BD T ‘]B// ]As—RMS}2
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Lamination Z

{[JBD r ‘]B//]AS—RMS}Z :i I[JBD W JB//]ZdZ :is I[JBDZ r 2‘]BD EDB// t ‘]B//Z dZ:
As

JJBD d +— JJB// dZ {[JBD]AS RMS} {[‘JB//]As—RMS}2
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The power:

1 .
Pas-av (% Y) = Pgy (X, Y) + Pgo (X, Y) = 125 B, (X, y)?As® + p g, (X, Y)*

So the losses can be calculated “easily” in alléin@nated regions
without the necessity of modeling each single lamination.

It is possible just to add the two powers!
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Case ofyoke with insert

eld Point Local Coordinates
Global

Vector Fields

softwars for sleckomagnstio design
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Yokewith insert

UNITS
Length

Field Point

Local = Global

Vector Fields

softeare for eleolomegnstio design

Field modulusB (colours) and its direction (arrows) @ 4.5 T during
ramp-up
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Farce
Emengy

Field Point Local I}

Local = Global

Vector Fields E

software for eleolomegnetie design

Power densityg,(X,y,2 @ 4.5 T, during ramp-up [W/F/#h
(power peak: 0.64 W/
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Yokewith insert

12/01t/2007 12:11:43 - e [UNITS
L ; - Length
WERFER

FI_I[I_:I:E
Energy

Vector Fields

softeare for eleckomegnstio design

Power densityg (X,y,2) @ 4.5 T, during ramp-up [W/#h
(power peak: 260 W/
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Vector Fields ﬁ

software for eleviromagnetio design

Field modulusB (colours) and its direction (arrows) @ 4.5 T during
ramp-up
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Short yoke

-1.922951E+000

\r’ef:tor F!elds Ei@“*f

soflware for edeokomagnetio

Bzcomponent @ 4.5 T during ramp-up  [Tesla]
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8.322191E-007

M ilioied
Power densityg (X,y,2) @ 4.5 T, during ramp-up [W/#h
(power peak: 792 W/
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Summary of losses for eddy currents in collar &eok

- No-electrical insulation between collar-yoke

e Short yoke
e Yoke with insert - Electrical insulation between collar-yoke

In straight section (mW/m) In each coil end (mW) In the 3.8 m dipole (mW) In the 7.6 m dipole (mW)
Short yoke | Yoke with insgrt Short yoke | Yoke with insgrt Short yoke | Yoke with insgrt Short yoke || Yoke with insgrt
Bo (T)) noins. ins. || noins. ins| noins. ing noins. ins.oims.i ins. | noins ins.| noins. ins noins. ing.

collar | 15 2.3 2.3 2.3 2.3 0.2 0.2 0.3 0.3 9.1 9.1 9.2 9.2 178 i 178 | 178 i 17.8
P 3.0 2.3 2.3 2.3 2.3 0.2 0.2 0.3 0.3 9.1 9.1 9.2 9.2 178 | 178 | 178 i 17.8
Bl 45 2.2 2.2 2.2 2.2 0.3 0.3 0.3 0.3 9.0 9.0 9.0 9.0 175 i 175 | 175 i 175

Collar | 15 0.0 0.0 0.0 0.0 1854 : 139.6 | 100.0 : 73.9 | 370.8 | 279.2 || 200.0 ; 147.8 | 370.8 { 279.2 || 200.0 | 147.8
3.0 0.0 0.0 0.0 0.0 3515 1244 || 1336 ;| 62.6 | 703.0 { 248.8 | 267.2 { 125.3 | 703.0 | 248.8 | 267.2 ; 125.3
4.5 0.0 0.0 0.0 0.0 379.0 i 79.0 | 1043 ; 37.3 | 758.0 ;: 158.0 | 208.6 i 74.6 | 758.0 : 158.0 | 208.6 ; 74.6

Yoke 15 20.0 20.0 18.7 18.7 0.0 0.0 1.0 1.0 76.0 76.0 73.1 73.1 | 152.0 { 152.0 || 144.0 | 144.0
3.0 20.9 20.9 19.5 19.5 0.0 0.0 1.3 13 79.5 79.5 76.7 76.7 | 159.0 { 159.0 || 150.9 i 150.9
4.5 20.0 20.0 20.0 20.0 0.0 0.0 1.4 1.4 76.0 76.0 78.8 78.8 ] 152.0 i 152.0 || 154.8 | 154.8

Yoke 15 0.0 0.0 0.0 0.0 90.0 76.4 37.2 255 | 180.0 ; 1528 | 74.4 51.0 | 180.0 ;{ 152.8 || 74.4 51.0
3.0 0.0 0.0 0.0 0.0 ]1140.6:1003.2| 185.2 i 113.2 | 2281.2;2006.4| 370.4 i 226.3 | 2281.2 2006.4| 370.4 | 2263
4.5 0.0 0.0 0.0 0.0 |4612.0:4386.4] 467.0 | 292.6 | 9224.0:8772.8| 933.9 | 585:2 | 9224.0: 8772.8| 933.9 85.

TOTAL| 3.0 23.2 23.2 21.8 21.8 |1492.3{1127.8| 320.3 | 177.3 | 3073 i 2344 723 437 3161 | 2432 806 520
4.5 22.2 22.2 22.2 22.2 |4991.3:{4465.7|| 573.0 i 331.6 | 10067 i 9016 | 1230 748 ]/10151 9100 | 1315 832

15 | 223 | 223 | 2.0 | 21.0 | 2756 | 216.2 | 1385 | 1007 | 636 & 517 | 357 (281 721 | 602 | 436 | 361

N ~
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In conclusion, in order to limit the losses, thagticable
solution is Yoke with insert”

Bo (T) | In 3.8 mlong dipole (mW)| In 7.6 m long dipole (mW)
1.5 280+ 360 360+ 440
3.0 440+ 720 520+ 810
4.5 750+ 1250 830+ 1320

Losses for eddy currents in laminations during rampp

The variablility depends by the electric contactesn
collar laminations with yoke laminations.
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Losses In the coil-end conductors:

250t/ 2007 10053 T

_________________

4.0306581E+001

Vector Fields B4

softvare for eleckomagnetlo design =

Power density in conductors @ 4.5 T, during ramp-up [W/m?]

(persistent currents and inter-filament coupling enits due tdransverse field)
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The power integrated in each coil-end gives thiefahg losses:

P

coil —end

=220mwW [ 1.1W/m

(Bo=4.5T, losses due to persistent & inter-filament cawgptiurrents iriransverse field

The contribution due to the inter-strand coupkogrents can be
estimated to a +10%

The contribution due to the persistent currentsHeparallel
component of thefield is < ~ +50%

(see M. Wilson, Superconducting Magnets, p. 164)
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The total losses in conductor in the 2-D sectian ar

P.C 2.6Wm

(Bo=4.5 T, inter-strand coupling current losses inclyded

Consequently theotal specific losses in coil-ends are a fraction
(70%) of losses in the straight section.

=360mwW L[ 1.8W/m

(Bo=4.5 T, inter-strand coupling current losses incljded

P

coil —end
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No-symmetric coil-end lay out

3d asg asymmetric (endspacer design - connection side)

07/10/30 11:09
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3d asg asymmetric (endspacer design - connection side)
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3d asg asymmetric (endspacer design - connection side)

0710/30 11:09
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Conclusions;

» The design of coil-ends has been carried out.

* The integral value of b3 and b5 harmonics in coil emdslow
(calculated in air).

» The peak field in colil end is significally lower than2peak field
with ashort or long with insert yoke

» The geometry of the yoke in coil-end with collar-indeas to
preferred respect to the short-yoke, to reduce thesoL3thefree
benefits:

v much lower stray field:;
v much lower harmonic perturbation from eddy currents.

 The losses In conductors and laminations have beanaistil.
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Total losses in the magnet during ramp-up at 1 T/s

In straight section (W/m) In each coil end (W)
Bo (T) Conductor Collar eddy Yoke eddy Beamtube Yoke hyst. [Conductor Collar eddy Yoke eddy Beam tube Yoke hyst.
1.50 4.500 0.002 0.019 1.000 1.330 0.630 0.074 0.027 0.195 0.259
3.00 3.300 0.002 0.020 1.000 1.330 0.462 0.063 0.114 0.195 0.259
4.50 2.600 0.002 0.020 1.000 1.330 0.364 0.038 0.294 0.195 0.259
Bo (T) In the 3.8 m long dipole (W) | Inthe 7.6 m long dipole (W)

1.5 28.4 54.4

3.0 23.7 45.1

4.5 21.1 39.9
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ConclusionScontinued)
Future analysis to refine the calculation:

» Optimize the thickness of yoke in the ends (respmepeak-field
and losses)

 Calculate the influence of yoke saturation in¢bé&-ends on the
harmonics (from a preliminary analysis the influeme moderate).
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