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Magnet type Bore radius, mm Field at radius, T Eff. length, m Qty
Quad QDO 35 5.6 2.5 2

Sextupole SDO 88 4.0 3.8 2
Quad QF1 10 0.68 2.0 2

Sextupole SF1 112 212 3.8 2
SeptumQEX1A 113 1.33 3.0 2
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Conductor Options

Superconductor critical currents
for 100 m length capable material

—@- = Nb-Ti: Example of Best Industrial Scale Heat Treated
Composites ~1990 (compilation)

—@—— Nb-Ti(Fe): 1.9 K, Full-scale multifilamentary billet for
FNAL/LHC (OS-STG) ASC'98

gy Nb-44wt.%Ti-15wt.%Ta: at 1.8 K, monofil. high field
optimized, unpubl. Lee et al. (UW-ASC) ‘96

— [ - Nb-37Ti-22Ta: at 2.05 K, 210 fil. strand, 400 h total HT,
Chernyi et al. (Kharkov), ASC2000

= /== Nb,Sn: Bronze route VAC 62000 filament, non-Cu
0.1pW-m 1.8 K J., VAC/NHMFL data courtesy M. Thoener.

—{}— Nb,Sn: Non-Cu J, Internal Sn OI-ST RRP #6555-A, 0.8mm,
LTSW 2002

———— Nb,Al: Nb stabilized 2-stage JR process (Hitachi, TML-
NRIM,IMR-TU), Fukuda et al. ICMC/ICEC '96

——@— Nb,Al: JAERI strand for ITER TF coll
Bi-2212: non-Ag J,, 427 fil. round wire, Ag/SC=3

10,000 e
A/mm? At 4.2 K Unless
Nb-Ti Otherwise Stated
|
Nb:le,SI’l Internal Sn 9912 Round Wire
1| 1000 A/mm?
1,000 =
: TN
: : AN
: X
; : | NbaAl \)
BENERHERE
F ) i )
X i * :
100 0 +—n : © (%
1 |  Nb-Ti-t R
@ b ¢ T~
: 0 P A
= : P © 1.8K
o i L. NbsSn
I \ : C Bronze Process
= i - : A,
Z | : Z
10 —t— —
0 5 10 15 20 25 30

ILC IR Workshop, October 19, 2006

Applied Field, T

Gian Luca Sabbi

(Hasegawa ASC2000+MT17-2001)
=—fl— Bi 2223: Rolled 85 Fil. Tape (AmSC) B||, UW'6/96
m——ge— Bi 2223: Rolled 85 Fil. Tape (AmSC) B|_, UW'6/96
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RDR approach (Vancouver)

* IR magnets designs are based on 1.9K NbTi technology
developed for first-generation LHC IR

* Preliminary analysis (VI. Kashikhin & A. Zlobin) indicates that
LHC-IR type 70-mm NbTI quadrupole magnet design (MQXB)
IS adequate to meet QDO requirements

» Sextupole preliminary design (V1. Kashikhin) is also derived
from MQXB experience and parameters (strand/cable,
mechanical support concept etc) and meets specs
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Reference Quad Design: LHC MQXB

Features/Parameters

e Aperture 70 mm
* NbTi @ 1.9K
» Self-supporting collar
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Coil inner diameter 70 mm
Magnetic length 55m
Operating temperature 19K
Nomunal gradient 215 T/m
Nominal current 11950 A
Cold bore diameter OD/ID 66.5/62.9 mm
Peak field in coil 79T

Quench field 02T

Stored energy 1360 kJ
Inductance 19.1 mH

Quench protection

Quench heaters,
two independent circuits

Cable width, cable 1/2
Mid-thickness, cable 1/2
Keystone angle, cable 1/2
No of strands, cable 1/2

Strand diameter, cable 1/2
Cu/SC Ratio, cable 1/2

Filament diameter. cable 1/2

Je- cable 1/2 (42 K and 5 T)
Mass

15.4/15.4 mm
1.456/1.146 mm
1.079/0.707 deg.
37/46

0.808/0.650 mm
1.3/1.8

6/6 pm

2750/2750 A/mm?2
5700 ke
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QDO Design (VI.

Kashikhin)

Parameter Unit Value
Grom T/m 160.0
lhom KA 8.8
B, nom T 6.3
B, ¢(lnom) T 9.9
Field margin T 3.6

There is 0.9 T field margin assuming 2.7 T detector’s background field
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Large aperture sextupole (VI. Kashikhin)

Shell type coil sextupole with cold iron

Design close to LHC IR Quadrupoles

Coil ampere-turns 343 KA
Current 7 kA
Calculated strength 519.2 T/m?
Coil maximum field 6.2T
Iron core field (max) 38T
Field energy 376 kd/m
Lorentz force, Fx 56.5 t/m
Lorentz force, Fy -83.2 t/m
Number of turns 22(inner) + 27(outer)
NbTi Superconducting cable LHC IR inner
JcatB=5T,4.2 2750 A/mm?
Strand diameter 0.808 mm
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Open Issues for NbTi approach

* Required aperture has increased in later versions of the optics

« Additional bore space may be needed for corrector coils

» Peak colil fields will increase when detailed 3D effects,
Interaction with solenoid and anti-solenoid are considered

= It appears that NbTi design margins are sufficient to take
these effects into account, but detailed analysis is needed

* More detailed calculations of magnetic center motion (SC
magnetization, Lorentz forces, mechanics, iron saturation and
hysteresis, etc)

= present estimate is 1-5 um magnetic center stability

= need to develop correctors, optimize magnet movers for
larger magnet weight/size
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Alternative approach using Nb,Sn

 LARP R&D status: first Technology Quad (TQ) achieved ~200 T/m in 90
mm aperture; second TQ ready for test; third TQ under fabrication

 After optimization, Technology Quads should provide up to 250 T/m

 LARP R&D Goal: 300 T/m in 90 mm aperture for High-Gradient Quad
(HQ) by 2009

* Nb,;Sn quad development also underway at CEA, with ILC-relevant features

Potential advantages: gradient/bore/length; thermal margin; 4.2K operation
Note: specify/evaluate SC quads based on aperture & gradient, not pole field
Typical gradients for Nb,Sn should be 200-250 T/m in 90 mm bore

(without taking into account solenoidal field)

Issues:

 Support structure designs for high-performance, brittle conductor presently
require large transverse size

» Effect of persistent currents on magnetic center stability

« Uncertainties in performance limits and cost
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L2 High Gradient Quads for LARP

LARP

Goal: investigate viability of NbESn quads for the LHC luminosity upgrade

1. Capability to deliver predictable and reproducible performance:

TQ (Technology Quads, 2005-07) D=90mm,L=1m, G, ,>200 T/m
2. Capability to scale-up the magnet length:

LQ (Long Quadrupoles, 2008-09) D=90mm,L=4m, G,,,,> 200 T/m
3. Capability to reach high gradients in large apertures:

HQ (High Gradient Quads, 2008-09) D =90 mm,L=1m, G,,,, > 250 T/m

Oct 25, 2005 Type Length Gradient  Aperture| FY05 FYO06 FY07 FY08 FY09
[m] [T/m] [mm]
MODEL MAGNETS
Technology Quad (TQ) cos(26) 1 > 200 90 3N+1R  2N+1R
Long Quad (LQ) cos(20) 4 > 200 90 1N 1N
High Gradient Quad (HQ) | cos(26) 1 > 250 90 2N
SUPPORTING R&D Peak Field [T]
Sub-scale Quad (SQ) block 0.3 10-11 110 IN+1R  IN+1R  1N+1R g\
Short Racetrack (SR) block 0.3 10-12 N/A 1N 1N N
Long Racetrack (LR) block 4 10-12 N/A 2N+1R
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50 HQ Design Issues

LARP

Conductor: - strand (optimal design, critical current at high field)
- cable (limits on maximum width & keystone angle)

Magnetic: - number of layers (cable design, winding issues)
- use of wedges, conductor grading, end field optimization

Mechanical: - collar-based vs. shell-based structure
- structure and coil alignment
- end axial support

Integration: - coordination with model magnet, supporting R&D
- coordination with IR magnets study
- fabrication, cost and schedule considerations
- target parameters, design features, R&D plan
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Coll Geometries

Parameter Cos26 (2L) Cos20 (4L) Block (2L) Racetrack (4L)
Gss (T/m) (*) 245 265 230 234

bs, 10,14, 18 @ 22 mm < 0.05 < 0.05 < 0.05 <0.07
Inductance (mH/m) 4.9 23.7 4.8 14.2
J.,9 (A/mm?2) 1.5 1.4 1.5 1.5

SC area (cm?) 46.5 48.5 47.8 51.4

(*) Je (12T, 4.2K) = 2.4 kKA/mm2 and T = 1.9 K; actual yoke geometry; 90 mm aperture at the main quadrupole axes
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%0 Field Quality

LARP

 All designs have same colil aperture on the magnetic mid-planes (X & y axis)
e Resulting design harmonics are within 0.07 units (22 mm reference radius)
« Fabrication tolerances will dominate with respect to design harmonics:

Random error simulation ( £50 um) MQXB vers. 3.2 (17 mm)

10 3 n <b,>+ b, <a, >+ da,
1 = Normal_second generation
1 <« Skew_second generation 3 000 + 166 000 + 134
1 E o Normal_first generation 4 0.00 + 1.25 0.00 + 1.29
@ 3 + Skew_first generation
£ 1 5 0.00 £ 0.65 0.00 £ 0.65
= 014
% 1 " 6 0.21 +£0.97 -0.03+0.19
7 oo ‘ 7 0.00 +0.12 0.00 £ 0.10
8 0.00+0.08 0.00 £ 0.05
0.001 - — e . . e 9 0.00+0.04 0.00+0.04
2 3 4 5 51 7 8 9 10 11
H . 10 -0.01+0.04 0.00 £0.04
armonic order

* Field quality and bore components (absorbers etc.) determine useful aperture
 Using same coil aperture on the magnetic mid-planes is ok for comparison
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® Cross-Section Analysis and Selection

LARP

Pre-conditions for comparison:

e Same current density. How to account for cabling/stress degradation

» Strand parameters (diameter, cu/sc): consistent (same) and practical
 Cable parameters (no. str., angle, compact.): consistent (same) & approved
* Iron yoke: same distance from coil and magnetic properties

Criteria for comparison:

e Maximum gradient

e Coll stress distributions

» Practicality, cost and schedule: strand procurement, use of TQ tooling (colls)
 Winding/Fabrication issues: minimum radii, spacer design, radial placement
« Complications vs. R&D interest/features

e Coil volume, Quench protection, Field quality, ...
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Reference cross-sections
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Conductor and Cable Parameters

LARP
Parameter Unit HQ1 HQ?2
Inner Outer Inner Outer
Strand diameter mm 0.7 0.7 0.85 0.7
Cu/non-Cu ratio 0.87 0.87 0.87 0.87
No. strands 27 27 23 27
Cable width (bare) mm 10.05 10.05 10.05 10.05
Mid-thickness (bare) mm 1.26 1.26 1.54 1.26
Keystone angle deg 1.0 1.13 1.40 1.13
Insulation thickness mm 0.125 0.125 0.125 0.125
No. turns/octant 34 52 32 38
Conductor area/octant cm? 35.3 54.0 41.8 39.5
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Performance Parameters

Parameter Symbol Unit HQ1 HQ2
Short sample gradient” Gss T/m 308 317
Short sample current” lss kA 10.7 12.6
Coil peak field Bk (Iss) T 15.6 15.8
Copper current density Jeu (lss) kKA/mm?  22/22  2.1/2.6
Inductance L (lss) mH/m 24.5 18.0
Stored energy U (lss) MJ/m 1.3 1.4
Lorentz force/octant (r) Fr (Iss) MN/m 1.7 1.7
Lorentz force/octant (0) Fo (Iss) MN/m -6.0 -6.1
Average coil stress () oo (lss) MPa 150 152
Dodecapole (22.5 mm) bs -0.2 0.0
10-pole (22.5 mm) D10 -0.05 -0.92

(*) Assuming J(12 T, 4.2 K) = 3.0 kKA/mm?; operating temperature To,=1.9K
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Coll Stresses

AN proT NO. 1 ANSYS 10.0
NODAL SOLUTTON PIOT NO. 1
STEP=1 NODAL SOLUTION
SUB =1 STEP=1
TIME=1 SUB =1
sy (AVG) TIME=1
RSYS=1 5Y (2VG)
PowerGraphics RSYs=1 .
DMK =.824E-04 AVRES=Mat
SMN =—.227E+09 DMX =.857E—04
S . 888E107 Sy = 178E409

2 176E+0¢ =.108E
— T o 178409
— R — R
= B

- . 182E+ mm C-28%E
B -lss7E+08 B _1791E+08
1 —.593F+08
= E -
- — - To8E:08

Nominal field

Nominal field

LORENTZ STRESS AT 300 TESLA/METER (MPA)
Coil ANSYS (Fig 3) Mid-plane stress: X Fe/(layer width)
Design L1&2 L3&4 L1 L2 L3 L4
HQ1 176 167 139 98 179 150
HQ2 178 131 148 143 159 114

ILC IR Workshop, October 19, 2006 Gian Luca Sabbi 19



LARP

Mechanical Structures

Stress Relief Slot
in inner pole

Key

Control
Spacer

TQC

» Stainless steel collars and skin
 Control spacers to limit pre-load
» End support plates, no pre-load
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Yoke Pad

e

Shell Key

Axial rod Filler

TQS

* Aluminum shell over iron yoke
» Assembly with bladders and keys
» Aluminum rods for axial pre-load
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Coil End Optimization

i

i

Lo Casakmdes
gy L QLR
Lol 24T o Dl 2002

Offsets, mm - = BE“",T
- ~ - -+ FRE ‘Et El - ~ - -+
M|l = | =@ =2 | a2 | 3RS = = - ]
oo =] = ==] P - = = == =
13.96 13.43 13.47 13.10
9| 380 | 371 | 355 | 328 | 328 | 974 | (-1.50) | (-2.03) (-0.67) (-1.04)
[-9.7%] |[[-13.1%] | [-4.7%] | [-7.3%]
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Saturation Effects

Yoke OR varies

TF(1)ITF 280(0)
be, 10™

| |
0.88 H—A-240mMmM|— — — —1— — — — — — — >, | |
-0-220mm ! | |
8200 mm | | 1 i |
o~ 180mm ! ——10 mm| ! ! |
0.84 T | | I | | |
—A—5mm | | | |
0 2 4 6 8 10 12 0.8 ; ; ; ;

T M W s M D R D W 1 0 DN MO M)

1.2

——35mm

Assumptions for preliminary magnetic optimization:

* Yoke OD 250 mm
* Coil-yoke distance 10 mm
* Non linear B-H curve

TF(1)/TF35(0)
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Racetrack Quadrupoles

Main features:

» Two double-layer racetracks/quadrant
* (One) flat cable, simple coil ends

« Same structure/assembly concept

* No conductor at the midplane

e Minimum end radius 12 mm

» Separation of high field/stress points

Design Issues:

 Bore plate support requirements
* Design of the mid-plane wedge

Results:
* Viable alternative with good potential
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Short Sample Gradient [ T/m ]

Quadrupole Designs for the LHC |
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Summary

o Large bore 2 mrad IR superconducting magnets appear to be feasible
« Further analysis, R&D and prototyping are needed to refine the
performance expectations and cost estimation

Next steps:

 NbTI: detailed 3D magnetic and mechanical analysis (including effect
of anti-solenoid, corrector package, possibly larger aperture, liner)

* NDb,Sn: develop coil and structure designs tailored to the specific
needs of ILC: focus on magnetic center positioning and small
transverse size, relax requirements on higher harmonics, design for
required aperture and gradient, interaction with detector solenoid

* Need to perform self consistent calculations (backgrounds, heat loads)

 Installation & maintenance procedures (combined detector/magnets)
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