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Presentation Outline
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1. Magnet requirements

2. Technical background: large bore, high field Nb,Sn dipole
development for HEP and FES

» Recent design studies and TFD approach
Performance targets and optimization strategy

Design status: magnetic, mechanical, quench protection
Conductor and cable development

Engineering design and coil fabrication infrastructure

Test facility interfaces
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Project Execution Plan: specifications, WBS, development and
fabrication approach, schedule and milestones

9. Summary
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Magnet Requirements

Two main sources:

 HEPdipo study (EDIPO upgrade at PSl)
* US user survey

Key US input on applied magnetic field (§2)

 “Highest possible field”: 215 T with
Nb,Sn at 1.9 K

Test well geometry:

e Aperture: minimum 140x90 (HxV) mm
(150x100 mm preferred) with
superimposed round 106 mm diam.

e Uniform (1%) length: 0.6-1 m

Superimposed AC field and fast-ramped
background field are not a priority
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Technical Background

* The Test Facility Dipole design is based on studies and development of large aperture,
high field dipoles over the past 15+ years:

LARP studies of HL-LHC “Dipole First” IR (LBNL/FNAL/BNL, 2003-04)
EFTA Dipole (EDIPO) Design Study (EFDA/CEA/CRPP/FZK/LBNL, 2004-06)
LD1 magnet design (2009-12) at LBNL

FRESCA2 magnet development (CERN/CEA/EuCARD, 2010-2018)
HEPdipo design study (CERN/PSI/F4E/LBNL, 2017+)

vk w e

* We are taking full advantage of these efforts and experience to accelerate the TFD
development and decrease risk in a broad range of areas, in particular:

» Winding layout and parameters (LARP, EFDA, LD1/HD, FRESCA2, HEPdipo)
» Coil tooling, parts, and fabrication process (FRESCA2, LD/HD)
» Magnetic, mechanical, protection analysis and validation (FRESCA2, HEPdipo)

* However, while building on this experience we are also optimizing the design to reflect
the specific TFD requirements, in particular the higher field target
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LD1 Design at LBNL

» Several proposals for high field cable/insert
testing presented to GARD over the years

e LD1 proposal was presented in 2009
and received strong support various
HEP and AFRD Reviews

e Rectangular bore (144 x 94 mm) for insert
coil testing and fusion cable compatibility

* Block-coil design was selected because of
the rectangular bore and synergies with
Coil 2
layer 2

the ongoing HD2 model development Stznices S

(cable, coil design, fabrication processes) ﬁiLTQTi‘Sn<—: Coil2
* Received start-up funding from ARRA in Ize“r:

2010 but no follow-up funding 31:;712?2/-1'%@
* Focus on large coil infrastructure (reaction smimess/-_!.fy‘iﬂ

oven, potting chamber) which now enables réhf:n'pl e

fabrication of TFD at LBNL S /_\Ironpole

* Also performed magnet design, procured sleclspacer
some components (cable, structure) Ref. P. Ferracin et al., IEEE TASC 22(2), 2012

":hli'h! EOC, January 7, 2021 G. Sabbi — TFD Design, Status and Plan s BCMT @

BERKELEY LAB

BERKELEY CENTER FOR MAGNET TECHNOLOGY



FRESCAZ2 Design

EuCARD-REP-2010-002

Goal: upgrade of FRESCA facility at CERN o
7~ EUCARD

* Round bore 100+ mm diameter and 13+ T field ~

European Coordination for Accelerator Research and Development

Detailed analysis of cos@and block design options:

* Historical review (in particular D20 and HD2)

* Optimization, analysis and comparison of magnetic EuCARD-HFM dipole model design
. _ options
and mechanical performance based on realistic and
consistent (two double-layers) designs of each type EuCARD-HFM, MPWG (CERN/CEA) et al

- i ; 28 October 2010
- oY lf{f!;/‘l--'—'-‘-~ m e .
- e " By aze= 14187 e I / .
-t r P B S i) - ! Buazx=1457T
= i '| / ’ / ), = s I * Buask=1579T
waz o
= . Algosgace 161K I <
1. IS -0 | at42K:1-13/1457 = 10.8%
el rrr '( T AA2K 1-13/141883% - o I at19K:1-13/1579=17.7%
ke i ‘ l- At19K 1-13/1537 = 15.4% T Iy o S
som . s Prt oy ATienraoce 2
5255 lugeasr T34 KA ]
- : ¥ ; aa- - ! T Nog-s7= 131 KA
ara e
= "
3041 v A=1086 P ]
] rvy [ A= 1055
- =
e Yy 'm0 O ; - ;
- KRR bg=0.0 = om | ; e The research leading to these results has received funding from the European Commission
: 2
' ' 1 :, 11.35 oms : T : by=0.0 under the FP7 Research Infrastructures project EuCARD, grant agreement no. 227579,
i By =01
11 1
! Ewesr= 3.8 MI/m [ Y Ergesr= 3.6MYm
i s 180 L=422mHjm v w0 L=414 mH/m
Fi. 10 Baseine blockoss setion (s guarter shown) P - S e This work is part of Equ\RD.Work Pac!(age. 7 Super-cond}lctmg High Field Magnets for
The field in the coilis camputed for a 13 T hare field. The feld In the coll s computerd for » 13 T biore fild higher luminosities and energies.

The electronic version of this EUCARD Publication is available via the EuCARD web site

e (Qualitative comparison: magnetic/mechanical aspects,
. . . <http://cern.ch/eucards or on the CERN Document Server at the following URL:
end geometry, tooling parts and fabrication i e T

EuCARD-REP-2010-002

* Block type layout was selected citing advantages in o Pt Wotig G

Mélanie Devaux-Bruchon®, Maria Durante', Mikko Ka(ppinena, Frangois Kircher', Pierre Manil’, Attilio
Milanese”, Luc Oberli®, Juan Carlos Perer’, Jean-Michel Rifflet’, Gijs de Rijk’, Francoise Rondeaux’, Ezio

design and fabrication

*CEA Sociay/IRFU/SACM
“CEA Sociay/IRFLYSIS
CERN/TE/MSC
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FRESCAZ2 Fabrication and Test Results

* Coil winding: CEA
* Coil reaction and impregnation, magnet
assembly and test: CERN

’/
Ky
Assembly
Assembly | Preload | Field Comments a PO
14 P
FRESCA2a Coil 3401: splice damage | |
(2/2017) 137 12271 and QH failure _E 13 F :
FRESCA2b Coil 3401 replaced by | = i o4
o 12 | NN
(8/17) 13T | 1337 2403 E MXX
FRESCA2c Full re-assembly and I
(4/18) 157 1461 Pre-load increase 10 b L , P
0 5 10 15 20 25

Quench number

« FRESCAZ2 provides a solid basis for TFD design approach, performance expectations, coil
tooling and fabrication processes

>
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HEPdipo Conceptual Design Study (2018)

« The EDIPO magnet was irreversibly damaged in Graded (A, =64 cm?)
2017 due to an unprotected quench. The facility i
infrastructure was not damaged

A collaboration of PSI, CERN, F4E and LBNL was

established to study a replacement of EDIPO with ™ gfgggggg E
a higher field target (14-15 T vs. 12.4 T) I it
 Two main options were considered, both cases rmmes @ E

used a racetrack (block/saddle) coil layout with
either an upgraded CICC or Rutherford cable

e Based on FRESCAZ2 design choice and further
supported by rectangular vs. round bore

Field increase for CICC was found to be limited

Both a graded and non-graded Rutherford cable
option were considered: non-graded option was
preferred to lower risk

Reference: P. Bruzzone et al., “Conceptual Design of a Large Aperture Dipole for Testing of
Cables and Insert Coils at High Field”, IEEE TASC Vol. 28, No. 3, April 2018, Art. # 4005505
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BERKELEY LAB

TFD Design Targets and Approach

Field: 16 T design target with ~¥15% margin on the load line at 1.9 K
* Users are interested in the highest possible field, reflected in guidance
* Setting a 16 T goal helps fully optimize the design

* A conservative pre-load target (e.g. 14 T) will be implemented in the first assembly
cycle and optimized as needed based on test results

* 15Tis used as reference for operation

Coil layout: block-type, non-graded coil

* Block-coil follows from EDIPO/LD1/FRESCA2 studies, FRESCA2 performance
demonstration, and rectangular bore

* Non-graded coil can reach 16 T at <85% SSL (1.9K) with less development time/risk

* Field quality at the ~20 unit level for consistent comparison of options

Coil engineering, parts, tooling and fabrication procedures will be based on
FRESCA2 experience

Larger/rectangular aperture and higher field leads to a different design
optimization relative to FRESCA?2

 Mechanical performance is the main driver and determines the detailed design of the
coil geometry, bore structure, inter-coil spacers etc.

71N
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TFD Design Overview

*  Wire: highest J /I_desired: focus on RRP 162/169 under development for FCC

* Cable: target 44 strands, 1.1 mm; alternative 48 strands, 1 mm as a backup option
following FRESCA2 and HD/LD experience

e Coil layout: a non-graded coil layout was selected over graded coil after comparing
performance potential and fabrication challenges

 Quench Protection: energy extraction can provide safe magnet discharge after a
guench in terms of voltages and hot spot temperatures

 Mechanical optimization resulted in safe coil stresses at all steps with 16 T preload
and strict criteria on allowed tension at the pole

 Two non-graded block coil layouts - “LD” and “FRESCA2” - were compared and the LD
layout was selected

* Bore structural design meets aperture requirements but further optimization will be
performed taking into account user feedback

* CAD models are consistent with dimensional/weight limits agreed upon with the test
facility.

 Alength reduction may be allowed by design optimization and user requirements

71N
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Magnetic Design

Strand parameters Cable parameters (*) Coil layout and field map
Parameter Value - A 7 Value - B ¥ Parameter Value LD _Style - Shifted Brnoa [T]
Wire Diameter [mm] 1.1 1.1 Number of Strands 44 Tl .056453
Cu to non-Cu ratio 0.9 1.17 Cable Width * 26.2 mm ! }ayer ¥ ‘ 1.88543
Wire Architecture RRP 162/169 | RRP 108/127 Cable Thickness T 1.95 mm i :;:::
Co [AT/mm?] 235520 222800 Insulation Thickness 0.15 mm .
& 1.0 1.0 + 9.20115
Teo* [K] 17.0 17.0 After heat treatment. i3 6964
Beoao* [T] . 30.0 29.3 (*) selected for the conceptual design L. S5
Cabling Degradation [%] 5 5 S . . 14.6879

optimization. A cross-section iteration

16.5169

T FCC development wire. will be performed with final parameters
* Values scaled from the 0.85 mm HL-LHC MQXF wire to

1.1 diameter. imi
a 1.1 mm diameter. Short sample limit

Performance parameters at 16 T = 1500 F e ot ]
gt — Peak Field

Parameter Shifted Aligned § 1950 —A— HiLumi 1.1 ]
Operating Current [15.6 kA | 15.5 kA = e —¥— FCC Dev. Wire
Short Sample Current 19.2 kA 19.1 kA o [ ¢ Short Sample Limit
Load Line Margin 81.0% 1000 - Gpangfiog Pri
Max Field (coil 1) 165T 165T
Max Field (coil 2) 16.1 T 16.0T 750 |
Stored Energy (per quadrant) 1.8 MJ/m [
Total Fx (inner) 6.3 MN/m 6.3 MN/m 500 F
Total Fy (inner) 2.7 MN/m -1.8 MN/m —————————
Total Fx (outer) 10.0 MN/m 9.6 MN/m 250 i O s i
Total Fy (OU{BFJ "6-9 MNJ"]T[ -?.6 MN.-"m 14 ].G 18 20

Field quality: < 0.2% at 50 mm radius Field [T]

D. Arbelaez, P. Ferracin, D. Martins Araujo, 1. Pong, G. Vallone et al.
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Quench Protection Analysis

Quench protection study parameters: Current decay, energy extraction and hot spot temperature
* Analysis performed with STEAM-LEDET o Currents in the ystem -
*  Current: 15.5 kA e |
* Detection + validation time: 15 ms e oeams | 20
* Voltage limit: £1 kV with symmetric ground - g | 220 T
e Dump resistor: 130 mQ (2 kV) =75 mQ (1 kV) & £ 20 — T
i H ; S 5000 £ | LT o L=
*  Options with and without CLIQ x 8150 | [ omn,ai
* CLIQ parameters: 40 mF, 600 V (AUP unit) i Sl
* No Quench Heaters ¥ e 7smanoaua
e’ L A L ‘ 0.7 08 09 1 11 1
Time, t 3] Cu/NCu
Conductor parameters:
Case Energy Energy Energyin
extracted [%] | extracted [MJ] | magnet [MJ]
Material Nb;Sn 130 mQ, CLIQ 65 7.6 4.4
Strand diameter 1.1 mm 130 mQ, no CLIQ 72 8.4 36
Number of strands 44
75 mQ, CLIQ 40 4.7 7.3
Bare width 26.2 mm
- 75 mQ, no CLIQ 48 5.6 6.4
Bare heigth 1.95 mm
Insulation thickness 0.145 mm — Hot Spot Peak voltage to
RRR 100 Temperature [K] ground [kV]
Only 130 mQ dum fer 173 1
Cu/NCu | 0.8 (min)—1.17 (max) Dy 30ma dump(refenence)
C, forJ, (Summersfit) | 255230 AT/mm? E0 % A0 mECLID 159 2
Reverse CLIQ polarities 171 1

D. Arbelaez, V. Marinozzi, E. Ravaioli et al.
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Mechanical Design

Design features to control the coil stress:

Aluminum
*  Key position defined to limit the max. Shell
tension at the pole/coil interface -
. . . v\\\ Tron
e Al bronze rail with Al shim N Yoke
* Inner and outer coil individually shimmed .
* 30 mm radius of the inner pole and G10 ‘*1::\
shim above the pole Shoel
KE\Y\\\\

* Reduces stress in the pole

* Limits the pole bending, reducing
the tension ‘spikes’ at the pole/coil ;rgﬂ
* May be reduced with further design o

optimization Steel
/ . Pusher

.
N
150 mm / ~G10

4 <
y - /ﬁ% sh i‘ﬂl\

Iron-.
Pole

94 mm o= 'lEDEmrn
Steel
Spacer

100 mm

e 144 mm | ] ~

Al
Nb,Sn . e Steel
Coils steel Tatl =P Key

Fail

HEPdipo

o=112mm
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Mechanical Analysis (2D)

Using stringent design criteria on maximum pole-coil tension and material limits

“FRESCA2” “LD”

DT |

Cool-down 16 T

| Cool-down

* Maxstress at R.T.: 128 MPa * Maxstress at R.T.: 128 MPa

* Max stress at cold: 168 MPa * Max stress at cold: 145 MPa

* Maxstress at 16 T, in high field region: 122 MPa Max stress at 16 T, in high field region: 131 MPa
e Maxstressat 16 T, in low field region: 173 MPa Max stress at 16 T, in low field region: 166 MPa

D. Martins Araujo, G. Vallone et al.

-~

f\l ' EOC, January 7, 2021 G. Sabbi — TFD Design, Status and Plan uw BCMT 'ﬁ

BERKELEY LAB

BERKELEY CENTER FOR MAGNET TECHNOLOGY



3D Design and Analysis

3D Design and Components Contact pressure at coil/pole (16 T)
— 100 — . .
d: =0 Inner - 1i =0~ Outer - 2i
2 g =~ Inner - 1m =A= OQuter - 2m
— 70 == Inner - 1t == Outer - 2t 7
@
Iron Yoke 5 e i
% 50
Al Shell Vertical Pad d: 25 N
0 4
—25 7
Titanium Pole . | ; . i i
e e g0 025 050 075 1.00
Steel Rod . ;
ool Pusher Distance along the path [m]
Steel+G10 G10 Shim
Spacers Steel .
o Efid Shoes Coil stress at 16 T Contact pressure at center (2D, 16 T)
eel Wedge
Fressure [MPa]
I -
T ja 0
. — e "
3D Field = -2
| =
B 3575400 = g
B sa00 =
=

* Magnetic length: 1.7 m
* Field homogeneity: <1% over 1 m

D. Martins Araujo, G. Vallone et al.
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Conceptual Design Review Feedback (6/20)

Requirements and interfaces

e Clarify magnet and facility requirements and get stakeholder approval

Conductor and cable:

* Some preference for higher sub-element design for stability in large diameter wire
* Consider a cable with more strands (48 vs 44) and a smaller wire (1 mmvs. 1.1 mm)

Magnet design:

* Alternatives have been properly considered and selected design minimizes risk

* Main elements of the design fully endorsed by the committee: block coil, non-graded
layout, shell-based structure

* Consider increased margin to quench (conductor properties and magnetic design)
* Consider increased shell thickness for margin (relative to using LD1 shell)
* Include CLIQ protection system for added robustness and redundancy

Design tools, resources and collaboration:

* Team expertise and analysis capabilities are fully adequate

* Continue strong collaboration with FRESCA2/HEPdipo teams and US conductor Labs
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CDR follow-up and recent progress

Interfaces between magnet and facility:

* Focus on quench protection analysis, mechanical interfaces between magnet and
cryostat, design optimization to control magnetic forces due to fringe fields

Conductor and cable:

* Protection analysis results allow to confirm selection of the 169 sub-element design
e Received 3 km of 169 strand from CERN for preliminary cabling studies

* Development cable run completed and characterization effort starting

* Started procurement of ~200 kg of strand for first practice coil

Magnet design

* Use of 169 conductor with 0.9 copper ratio allows to increase margin to quench by
about 3%, addressing review recommendation without increasing coil volume

Project planning:

e Revised development plan and schedule to reflect post-CDR baseline

* |In progress: budget revision to match the updated plan
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Cable Development

e First TFD cable run (“development cable”) was completed in November 2020

* Using 3 km of RRP 108/127 wire procured by LBNL, and 3 km of 162/169 wire
procured by CERN (sufficient for about 60 m of cable for each type)

Nominal cabling parameters Parameter ranges considered
Parameter Unit Value Parameter Unit Min Max
Number fo strands 44 Number of strands 43 44
Width mm 26.0 Cable width mm 257 26.3
Thickness mm 19 Cable thickness mm 1.85 2.05
Keystone angle 0 Transposition pitch mm 125 185
Transposition pitch mm 155 Planetary ratio -1:1 0
Planetary ratio =571

» 108/127 used for initial feedback and broader exploration of parameter space
* Tests performed: residual twist, winding properties, micrographs

— &

* Four longer sections with different width and thickness made with 162/169
D. Arbelaez, R. Hafalia, H. Higley, D. Martins Araujo, I. Pong, M. Naus et al.
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Conductor and Cable: Next Steps

Sample distribution for cable 1302 (162/169 wire) Cable characterization plan
Sample ID Total length  Dimensions LBNL  FNAL CERN Test LBNL A FNAL NHMFL CERN
Unit [m] [mm] [m] [m] [m] Coil winding, bending profile X X
1302-A 20 1.93x 25.9 7.5 2.5 10 Micrographs X X
1302-B 15 1.91x 25.9 5 2.5 7.5 Expansion after reaction X X
1302-C 10 1.91x26.1 3.5 2.5 4 Insulation (braiding) X X
1302-D 10 1.89x 26.1 3.5 2.5 4 10-stacks X X
.. . lc @ 4.2 K (RS+XS, HT1+HT2) X X
Virgin strand samples for reference (162/169 wire) RRR (RS4XS, HTL+HT2) X X
Sample length Number of samples lc @ 1.9 K (RS+XS, HT1+HT2) X X
[m] Total LBNL FNAL NHMFL CERN Is @ 1.9K (XS, HT1+HT2) X X
2.5 44 18 8 10 8 Strain sensitivity (HT1+HT2) X

* We expect to complete the cable characterization by the end of March
* Followed by external review of conductor specification for production orders

* In the meantime, a specification has been developed (based on CERN FCC) and
internally approved for the “prototype” cable (full length, final parameters)

* Procurement of 200 kg of wire for prototype cable has started (issued solicitation,
order not yet placed)

* Prototype cable will be used for first practice coil

>
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Engineering Design and Coil Tooling

2.95m

[IENT
125531
W12l L0ADiNG RODS

* Preliminary CAD models are being implemented
in support of magnet design and test facility
interfaces

e Upgrade coil winding infrastructure to allow
transverse mounting of the baseplate

* Re-commissioning of reaction oven and potting
tooling in a new location may be required

SCALE 18

w1
12132, 141
YOKE-STACK TIE RoB

1211
13225.481

CEA winding setup | -Y,C:'z S . D. Arbelaez, R. Hafalia et al.
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Test Facility Interfaces and Specifications

. High Field Vertical Magnet Test | poe o P0021€8 1o Dijscussions between LBNL and FNAL teams are ongoing as the
* : ;g'%';;ﬂ Facility (VMTF) Date: 6/4/2020 . HF e
£ ' FNAL-LBNL Interface Document | ™% ¢ design of magnet and facility is in progress
(Mechs: - . . . o .
(Bfochanies) *  Mechanical interfaces (magnet dimensions, weight,
supports)
. Electrical interfaces (powering, instrumentation,
protection)
* Interface document is capturing current status and will evolve
’¥h in a formal agreement as the design matures and is finalized
FERMILAB Table 1 HFVMTEF Dimensions
APS-TD HEVMTF | VMTF (for Reference)
Magnet Sector LHe vessel — ID of upper part (above lambda plate) 57.118 in 28 in
LHe vessel — ID of lower part (below lambda plate) 55.118 in 28 in
Sidearm HX — OD of bellows 8in 6.8 in
7 T F 20
HFVMTF 80K shle]'d _OD 70 in 39 in
FNAL-LBNL Mechanical Interface Document i s e Lot =
S : Vacuum vessel top plate feet — bolt circle (BC) diameter 85in 54 in
Vacuum vessel top plate - OD 87 in 56 in
Prepared by: Organization Contact
Codmom Sylvesies, Mothanical Engiooer for T i;ﬂﬁ;%& Distance between LHe vessel centerline and sidearm HX centerline TBD 18.88 in
‘j‘hl“_;"fff I;“,‘\-"“"“ Frigert _ _ Distance between LHe vessel centerline and centerline of 80 K TBD 4.06 in
viewed a pproved by: Oirganization Contact 3!
G. Velew ENAUAPS. | sclev @fashgox shield and vacuum vessel
Reviewed and Approved by: Drg;miz:liun ?a“mlcl ==
LPER | Table 2 Magnet Parameters — Interface by the Cryostat
: . y Approved Approved by
Specification Value by FNAL LENL
Magnet Shell Outer Diameter not larger than 1.3m yes yes
Total Magnet Length 3 See Note Preliminary
20 2 and 3
Total Magnet Weight 20000 kg yes Preliminary
Magnet Stored Energy 20 MJ Under Preliminary
discussion

Thiy documens is ancoruralled when prineed. The currens version is mainrained in Team Cener.
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Preliminary Project Execution Plan

. A preliminary project execution plan was submitted to DOE

. Following the guidelines and structure for 413.3b projects

. DOE feedback: ok but simplify in some areas to allow more
flexibility in project execution and reduce cost (e.g. key
performance parameters, financial reporting, management

structure)
Table 1. Preliminary Key Performance Parameters and Design Parameters
System Parameter KPP
Threshold Objective
Cold mass Central field 15T@ 19K I6T@10K
Cold mass E;;dﬁxeld ty ( eI <1% at 40 mm radius | <0.1% at 40 mm radius
Cold mass Length of 1% uniform field 70 cm 100 cm
Cold mass Length of 0.1% uniform field I5cm 30 cm
System Parameter Design Value or Range
Cold mass Operating Current 20 kA
Cold mass Weight <25t
Cold mass Stored energyat 15T =20 MT
Test well () H{_:nzontal aperture af vertical 144 mm
rmud-plane
¥ Vertical aperiure at honizontal
Test well (%) mid-plane 106 mm

(*) Note: the test well transverse profile is optimized for both structural suppert and compatibility with
test sample geometry. A preliminary profile is shown in Fig. 1. Further optimization at the round comers
is expected in conjunction with the magnet mechamical analysis.

- 150 mm -

— T
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T 144 mm
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Preliminary Work Breakdown Structure

WBS WBS Title WWBS Description
11 Project Management Provide labor resources for Project Management, Engineering, Project Controls, Fance, ES&H, Quality, Risk, and Procurement.
12 Test facility integration Define mechanical and electrical interfaces between magnet and test facility to ensure a successful qualification test, followed by final installation and operation
. and coordination in the high field test facility.
Evaluation of design alternatives for wire, cable, coil geometry, and mechanical structure. Fabrication of prototype cables using representative strand, and selection
13 Preliminary Design of the cable and magnet parameters to achieve an optimal balance of performance, cost and schedule. Preliminary magnetic, mechanical and protection analysis to
ensure that the key parameters are within established limuts so that that target performance can be achieved.
Based on the conceptual design, refine all details of the coil and structure, and the magnet assembly plan. Transition from physics models (e g TOSCA, ANSYS
14 Engineering design etc.) to engneering CAD models to be used as a basis for the design and procurement of mdividual parts and tooling, and to define the magnet assembly process
ensuring its viability at each step. Engineering design (e.g. drawing packages) of components not mcluded
= W M= B Develop and approve specification of wire design and performance requirements. Place contracts for wire procurement, including tests to be performed by the
15 rocu.r‘:.'men t vendor prior to shipping. Monitor wire production and address any issues that might arise. Evaluate results of vendor’s test, approve shipping, and receive wire.
P Performung additional verification and optinization of electromagnetic properties at LBNL, m particular Ic and RRR. Specify coil heat treatment schedule.
Cable Fabrication, Fabricate cable for two copper coils, two practice coils, four production coils and two spare coils. Depending on wire piece length, multiple cable ULs may be
1.6 characterization and combined 1n a single run. Task activities include strand mapping based on available mventory, re-spooling and mounting, cabling run and QC. Cable msulation 15
insulation expected to be performed by an external vendor. A fiberglass braid will be installed on the cable following established processed for Nb3Sn cables.
Design and procurement of parts for the fabrication of 10 coils (five inner double-layers and five outer double-layers). Coil parts include poles, base and top plates,
end wedges, side rails, layer transition and splice supports, consumable materials (ground insulation, binder, and epoxy), instrumentation (traces, voltage taps,
strain gauges, wiring). This task mcludes engineering drawings and specifications, placing contracts, monitoring production, analysis of qualification tests prior to
17 Coil Parts, Materials, and | shippmg, performing additional qualification tests on receiving, and storing prior to coil production. Design and procurement of winding tooling. This task includes
: Tooling engineering design/drawings and component specifications; placing contracts; monitoring production; analysis of qualification tests prior to shipping; additional
qualification tests on delivery, and tooling assembly at LBNL. Design and procurement of reaction/impregnation tooling. This task includes engineering drawings
and specification, placing contracts, monitoring production, analysis of qualification tests prior to shipping, additional qualification tests on delivery, and tooling
assembly at LBNL.
Fabricate two copper coils, two practice coils, four production coils and two spare coils. Major steps are winding, curing, reaction impregnation and instrumentation.
1.8 Coil Fabrication The copper/practice coils will further develop the winding and impregnation procedure but focus on the reaction process in particular provisions for cotl dimensional
changes and avoiding any damage to the conductor. The production and spare coils will focus on product uniformity and detailed QA at all steps.
Procurement of structure components (shell, yoke, masters, pads, axial support components, keys, strain gauges and wires). This task includes engineering drawings
19 Structure Fabrication and | and specifications, placing contracts. monitorng production. analysis of qualification tests prior to shippmg, additional qualification tests on delivery. Pre-assembly
i Pre-assembly of laminations to be performed at either the vendor or LBNL. Install strain gauges on shell: perform shell-yoke sub-assembly. Procure dummy coil pack, msert in
structure, pre-load and perform a cool-down test. Analysis of results.
Magnet assembly and Planning and supervision of the magnet vertical tests to be performed at Fermilab, and analysis of the test results in collaboration with the Fermlab team. Support
1.10 el : st : P
shipping of the final mstallation m the high field facility
= Planning and supervision of the magnet vertical tests to be performed at Fermulab, and analysis of the test results in collaboration with the Fernulab team. Support
L1L | Mageetqusification of the final installation in the high field facility
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Magnet Development and Fabrication Plan

* The TFD plan follows the approach used in similar high field magnet programs
and projects (e.g. LARP/QXF, FRESCA2)

* In particular, significant resources are allocated to magnet development and
production phase has built-in “scope” contingency to mitigate risk

* Development (~46% of total project cost):
* Conceptual design and analysis
* C(Cable development and characterization
* Nb;Sn practice coils

* A magnet assembly and cool-down using instrumented aluminum coils to
verify design calculations and strain gauge instrumentation

*  Production (~36% of total project cost)
* Caoll fabrication (two inner and two outer), magnet assembly and test
* Scope contingency (~18% of total project cost, ~51% of production cost):

* One set of spare coils (one inner and one outer double-layer)

* Two complete cycles of assembly and vertical test to allow for an adjustment
of pre-load and/or replacing one or two coils with spares.
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Magnet Schedule
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Magnet specifications, performance targets and test facility interfaces have been
defined and documented

* Some key design parameters (e.g. magnet length) still need to be finalized with
user/EOB feedback and detailed engineering design and optimization

We are taking full advantage of the extensive technical background provided by
previous design and development of large aperture, high field Nb;Sn dipoles

* Analysis and comparison of different design options
e Design of coil parts, tooling, and fabrication processes
* Support structure

Building on this past work, we have been able to make further improvements in
critical areas, particularly regarding coil stress

* 16T pre-load under strict design criteria on allowed tension
* <150 MPa at cool-down (near pole); < 170 MPa at 16 T (in the low field area)
First cabling run completed and characterization effort starting

Design is sufficiently advanced to support detailed project plan, schedule and cost
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