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Dipole

« Twin aperture design, magnetically coupled [1], [2], [3] N IA EB i 1;\"; ,
. . | (1] . t 1] )
« Simple, pure, cost effective \ &8 ‘ 3 ‘} 1‘ ; } |/

\
| |
84 mm |
]

* Low power consumption (50% w.r.t. separate magnets)

« 300 mm inter-beam distance shared between vacuum Hee
chamber size, SR absorbers, busbars and yoke return leg

« DC operation, compatible with solid iron yoke construction,

Magnetic model cross-section (CDR), B, max = 57 mT
but alternatives are possible

Btrength, 45.6 GeV-182.5 GeV mT 14.1-56.6
. . . . . lagnetic length m 21.94/23.94
* Twin air-cooled aluminium busbar considered in CDR to be wnnber of wnits per ring 2900
reviewed (SR in mid_plane) > see D. Ag ug”a talk Aperture (horizontal x vertical) mm 130 x &4
(Good field region (GFR) in horizontal plane mm 10
[Field quality I GER (10t counting quadrupole term) 0 =1
[Central field mT 57
[Expected by at 10 mm 107" ~3
[Expected higher order harmonics at 10 mm 10~ il
faximum operating current kA 1.9
[FTaximium current density LY 070 |l
umber of busbars per side 2
Resistance per unit length (twin magnet) #Q/m 22.7
laximum power per unit length (twin magnet) W/m 164
laximum total power. 81.0 km (interconnections included) MW 133 |
nter-heam distance mm 300
ron mass per unit length kg/m 219
Aluminium mass per unit length kg/m 19.9

Prototype 1m-long, single busbar “coil”, measurements reported in [4] Parameters (CDR) [1]
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| 500 mm N

Quadrupole

« Twin aperture design, magnetically coupled [1], [2], [3]

* Only 2 racetrack coils for 8 poles, out of mid-plane (SR)

500 mm

» Top-bottom assembly via non-magnetic central spacer

» Equilibrium of parallel flux distribution between horizontal and
vertical field lines controlled by central gap height (adjustable
with end shims on prototype

« ~10x higher flux density than in dipoles; water-cooled coil
(optimization of dipole filling factor) :

0 08T &
Magnetic model (CDR), G, max = 10 T/m,|B ¢ i, 0.42 T

Maximum gradient T/m 10.0
Magnetic length m 3.1
Number of twin units per ring 2900
Aperture diameter mm 84
Radius for good field region mm 10
Field quality in GFR (not counting dip. term) 104 =~1
Maximum operating current A 474
Maximum current density A/mm” 2.1 I
[ Number ol turis T X 30
Resistance per twin magnet mf) 33.3
Inductance per twin magnet mH 81
Magdimum power per twin macpet KW T4
Maximum power, 2900 units (with 5% cable losses) MW 22.6
TOLL 111aSS Per 1agne kg
Copper mass per magnet (two coils) kg 820

Prototype 1m-long Parameters (CDR)
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Quadrupole magnetic axis shift

Magnetic measurements performed on 1-m prototype [4]

* ~0.4 mm shift for each aperture between low and high fields
* Mismatch MM vs. FEM (3D) at low fields not completely explained

=>» To be further investigated

DIPOLE AND SEXTUPOLE COMPONENTS IN THE TWIN QUADRUPOLE 1 1 1
0.8
LA Xerr [mm] b3 [10* @ 10 mm)]
(A] AP1 AP2 FEM AP1 AP2 FEM 0.6
25 0.75 075 0.17 13.1 -144 579

50 0.22 -0.23 0.17 34.7 -35.4 -57.9
100 -0.07 0.07 0.17 46.6 -46.6 -58.0
150 -0.17 0.16 0.17 50.9 -50.9 -58.2
200 -0.22 0.22 0.18 53.5 -53.6 -59.0

—e— AXAPL MM
spg0  ——AXAPZ MM

Magnetic axis shift [mm)]
[=]

250 -0.29 0.27 0.22 578 -57.2 -62.5
-02 AXAPZ FEM
200 -0.23 0.22 0.18 53.1 =533 -59.0
150 -0.18 0.17 0.17 51.0 -50.6 -58.2 04
100 -0.10 0.09 0.17 46.9 -46.9 -58.0
50 0.15 0.16 0.17 35.7 352 -57.9 08
25 0.59 -0.59 0.17 15.9 -14.9 -57.9 05
The simulation results are for AP2, as % of the magnet is modeled; furthermore, no
hysteretic behavior is considered in the BH curve. -1

Current [A]

Measured magnetic axis shift and [b3 Magnetic axis shift
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Quad magnetic axis shift mitigation

500 mm |

» Active compensation with trim coil (busbars) in spacer
- needs 4% of main coil ampere-turns (~800 Al) to
recover 0.4 mm at highest field (182.5 GeV)

- b3 change significant and uncorrelated

=>» Solution not viable

20

500 mm
15
W CDR
hi M Central trim coil
w10
=
=
-~ 5
c
O
o l T T bn
3 b4 b5 b6 b7 bE b9 blD bll bl2 bl3 bld
-5 : Y.
1.6T

Normalized harmonics (FEM 2D) 0 08T
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300 mm

Sextupole

» Classical design as first approach for CDR

+ Fits in 300 mm inter-beam distance, compatible with
individual magnets for each beam

* Busy cross section, current and flux densities at
upper values

* Vacuum chamber winglets and SR absorbers

integration issue with coils on mid-plane 0 7 osT 16T
Magnetic model (CDR), S, max = 807 T/m2| Byye o 1.17 T |

» Cross section could be relaxed with 3 fold symmetry

Maxtimum strength, B” T/m? 807.0
Magnetic length m 1.4
. . . . pe . Number of units per rin, 208x4 =832 (Z, W
=>» Design to be reviewed with updated specifications e e (H, t.%)

Number of families per ring 208 (Z, W)
292 (H, tt)

Aperture diameter mm 76

Radius for good field region (GFR) mm 10

Field quality in GFR 10! =11

Ampere turns A 6270

Current density A/mm? 7.8

AMaximum power per sigle magnet at 182.5 GeV KW 15.5

Average power per single magnet at 182.5 GeV. kW 4.4

Total power at 182.5 GeV (4672 units) MW 20.5

Parameters (CDR)
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IP1

n n 101.5
Field tapering
%:E 1005
& 100
« Energy saw-tooth effect needs to be mitigated to limit g e85
losses § oo
& 9853
* Field tunability variable with energy, up to £1.2% at 182.5 5 o8
GeV [1] E 97.5
«  Grouped every 4 FODO in present layout o
Options:
Adjusted c Q
System
parameter

Pole end shims

II\Aagneticlength

Mo powering

Mo tunability

Resolution
R

Magnetic field Trim windings

Tunability

Powering

Use for corrections

Impact on quadrupoles

) . . Trim converters
Main coil powering

Mo trim windings

Tunability

Meeds access to main coil
individual turns

current A
Shunt resistors

Mo powering

Mo adjustability

Temperature dependance

E nomn

E Bl
E B2

25 50 73 100

RF 1 P2 RF 2 IP1

D cum (km)

Beam energy along ring at 182.5 GeV

* Needs to be modified at each energy phase

» Needs calibration for each phase with
magnetic measurements at production and
strong QA system over machine lifetime

» 360 length variants for 4 FODO grouping
- For dipoles, lengths range of ~ 30 cm for 24 m

Integrated field Separate correctors

Use for corrections

Dimensioning

Space in layout

- For quads, lengths range of ~ 37 mm for 3.1 m
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Field tapering

« Energy saw-tooth effect needs to be mitigated to limit

losses

* Field tunability variable with energy, up to £1.2% at 182.5

GeV [1]

*  Grouped every 4 FODO in present layout

Options:

1015
101
1005
100

295
a9
985
a8
975
a7

Fraction of nominal energy (%)

IP1

Adjusted

System
parameter

O

&)

Magnetic length Pole end shims

Mo powering

Mo tunability

Resolution

Trim windings

Ilﬂagneticfield

Tunability

Use for corrections
- - -

) . . Trim converters
Main coil powering

Mo trim windings

Powering —
Impact on gquadrupoles

Meeds access to main coil

Tunability

individual turns

current A
Shunt resistors

Mo powering

Mo adjustability

E nomn

E Bl
E B2
25 50

73 100

RF 1 P2 RF 2 IP1

D cum (km)

Beam energy along ring at 182.5 GeV

» Tunability can be used for other corrections,
e.g. horizontal orbit correction for dipoles on
main bendings (limitations for feedback system)

* Impact on quadrupole axis shift and b3 (see next
slides)

» Trim windings can be made simple and cheap
to produce

Temperature dependance

Integrated field Separate correctors

Use for corrections

Dimensioning

Space in layout
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Field tapering

« Energy saw-tooth effect needs to be mitigated to limit

losses

* Field tunability variable with energy, up to £1.2% at 182.5

GeV [1]

*  Grouped every 4 FODO in present layout

Options:

Design of the FCC-ee collider magnets, J. Bauche et al., TE-MSC

1015
101
1005
100
295
a9
985
a8
975
a7

Fraction of nominal energy (%)

IP1

Adjusted
parameter

System

O

&)

Magnetic length

Pole end shims

Mo powering

Mo tunability

Resolution

Magnetic field

Trim windings

Tunability

Powering

Use for corrections

Impact on quadrupoles

Main coil powering
current

Trim converters

Shunt resistors

Mo trim windings

Mo powering

Meeds access to main coil

Mo adjustability

Temperature dependance

Integrated field

Separate correctors

Use for corrections

Dimensioning

Space in layout

E nomn

E Bl
E B2

25 50 73 100

RF 1 P2 RF 2 IP1

D cum (km)

Beam energy along ring at 182.5 GeV

Mostly for dipole as access to conductors of
each aperture is needed

Can be made efficiently with symmetry thanks
to powering by sectors (see D. Aguglia’s talk)
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n n . 101.5
Field tapering
%" 1005
& 100
* Energy saw-tooth effect needs to be mitigated to limit £ 905 ———
losses g 9 E nom
& 9853
* Field tunability variable with energy, up to £1.2% at 182.5 5 o8 EBL
GeV [1] E o7s E B2
«  Grouped every 4 FODO in present layout - - - - 100
IF1 RF 1 P2 RF 2 IF1
OQUOnS D cum (km)
_ Beam energy along ring at 182.5 GeV
Adjusted c Q
System
parameter
Magnetic length Pole end shims Mo powering No tunability

Resolution

Tunability Powering
Use for corrections |Impact on quadrupoles

Magnetic field Trim windings

Mo trim windings |MNeeds access to main coil

Trim converters

Main coil powering Tunability individual turns .
* The cheapest! (for dipoles only)
current Shunt resistors Mo powerin ~o adjustability
P & Temperature dependanc » Precision and stability to be assessed

Dimensioning - Needs powering by sectors for symmetric

Space in layout correction

Integrated field Separate correctors |Use for corrections
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n n 101.5
Field tapering
%:E 1005
& 100
« Energy saw-tooth effect needs to be mitigated to limit g e85
losses § oo
& 9853
* Field tunability variable with energy, up to £1.2% at 182.5 5 o8
GeV [1] E 97.5
«  Grouped every 4 FODO in present layout 7
IF1
Options:
Adjusted c Q
System
parameter

Magnetic length

Pole end shims

Mo powering

Mo tunability

Resolution

Magnetic field

Trim windings

Tunability

Powering

Use for corrections

Impact on quadrupoles

Main coil powering
current

Trim converters

Mo trim windings

Tunability

Meeds access to main coil

individual turns

Shunt resistors

Mo powering

Mo adjustability

25 50 73

RF 1 P2 RF 2

D cum (km)

Beam energy along ring at 182.5 GeV

E nomn

E Bl
E B2

100

IP1

» For dipoles, probably ~10x higher strength
needed than classical H orbit correctors
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Trim coils / trimmed busbar current

Dipole field tapering

Needed on each aperture for individual aperture trimming '
Can be made in single turn like the main busbars (see D. ‘

Aguglia’s presentation)

One single branch per aperture is possible (top or bottom), with
marginal impact on field quality

No cross-talk between apertures (trim effect only on concerned Current polarities in main and trim conductors
aperture)

Effect of trim coils or trimmed current on main busbar is identical

5

T 4 ;

T B No trim

=3

E W Top-right trim

E 2

=

= 1

o

& 0 [ 1 | ——— bn

- -1 b2 bd b5 b6 b7

& Component: BMOD

c -2 0.0 0.75 15

= —_ | I _—
-3

Normalized harmonics (FEM 2D) Flux density and field lines with trims activated
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Quadrupole field tapering

Trim coils

=10 mm (1E-4)

bnfb2 @ R

Needed on each aperture for individual aperture trimming
One single branch (top or bottom) per aperture not possible
Gradient trim effect only on concerned aperture

Significant cross-talk : both magnetic axes shift up to 0.2 mm @ 1.2%
dB in same direction, even when single aperture trim is activated

b, significantly affected in both apertures with same polarity

14

[y
P

B No trim, Right AP

=
=

Mo trim, Left &P

= o |

Both trims, Left AP

B Right tim only, Right AP

%]

| M Both trims, Right AP

=

- - Right trim only, Left AP
b3 bd b5 b6 b7 bB b9 k10

Normalized harmonics (FEM 2D)

Design of the FCC-ee collider magnets, J. Bauche et al., TE-MSC

I T

Current polarities in main and trim conductors

Flux density and field lines, trims activated
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Investigation on coupling

Tentative to decouple yokes

« Attempt to reduce flux crossing between apertures
» Coupling due to proximity of open apertures
» Effect reduces with aperture separation, but doesn’t disappear

* Magnetic axis shift 3 mm for 300 mm vs. 1.5 mm for 500 mm
inter-beam
20

] —— — S ——

b4 b5 b6 b7 bE b9 D10

-40 mCDR

10 mm (1E-4)

-60 W Decoupled 300 mm

-ED M Decoupled 500 mm

-100

bn/b2 @ R

-120 Ll I
-140 \ (& =

Normalized harmonics (FEM 2D) Decoupled yoes, no trims activated, 500 mm inter-beam
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Alternative design

Compensation of inner/outer asymmetry

« Chamfer on outer sides to limit flux leakage
* Magnetic axis shift and b, mitigated but not suppressed
* To be checked with 3D simulations

10
. B
T
= &
‘E‘ B CDR, No trim
E 4 W CDR, Both trims
=
e 3 B Alternat. Design, No tAim
&
o . M Alternat. Design, Both trim
e 0 4™ - =TT e -
E Fﬂbﬂl b5 bt b7y bE bS5 b1D

Normalized harmonics (FEM 2D) Alternative design, trims activated
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Mitigation of field errors and orbit correction

+ Systematic linear b, in dipoles

—> could be compensated by arc quadrupoles
* Magnetic axis shift in quadrupoles

-> could be compensated by dipole trims

* by in quadrupoles

—> could be compensated by the sextupoles?
* Dipole trims

- could be used for horizontal orbit correction, but limitations for
connecting to a fast feedback system

* Horizontal and vertical orbit as well as skew quadrupoles
correctors

- can be integrated in sextupoles with trim coils [5], [6]
... but the sextupole strength or length may need to be reviewed (@) Horiz. Steering; (b) Vert. steering; (c) Skew quad.
Sextupole trim coils in ALBA and SESAME
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Prospects for the Magnet Work Package

Continue with magnet designs optimization.

Address associated technicalities (e.g. optimal unit length of the dipole magnets,
mechanical design of the interconnections, integration, etc.)

Address large series manufacturing challenges

Project and Work Breakdown Structures preparation; definition of the magnet work
package

- Opportunities for collaborations! E.g. prototype manufacturing
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Conclusions

Low consumption and cost efficient twin aperture magnet designs have been proposed
for the FCC-ee

Various solutions to accommodate the field tapering exist, they have to be evaluated
based on needed functionality and cost

Some further optimization is needed to address the remaining open points — quadrupole
magnetic axis shift, sextupole cross-section, field quality

The orbit correction strategy needs to be defined to get the magnet specifications
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Thank you for your attention!

Questions?



