Updated, 2022-9-22

Summary and Discussions

Superconducting Detector Magnet Workshop
for
Future Colliders & Physics Experiments

Co-chairs : Matthias Mentink (CERN) and Toru Ogitsu (KEK)
Local Organizing Committee: Nikkie Deelen and Connie Potter (CERN)
Program Committee: Benoit Cure (CERN), Lionel Quettier (CEA), Renuka Rajput-Ghoshal (JLab),

Vadim Kashikhin (Fermilab), Ken-ichi Sasaki (KEK), Yasuhiro Makida (KEK), and
Akira Yamamoto (Chair, KEK/CERN)

Summarized and discussed, on 14 Sept. 2022

https://indico.cern.ch/e/sdmw



https://indico.cern.ch/e/sdmw

Executive Summary (1/3)

« Superconducting Detector Magnet Workshop organized by CERN and KEK, hosted at CERN
* in hybrid format, with 90 participants (57 on-site, 33 online) from 36 institutes and companies,
« opening with the welcome address given by Prof. J. Mnich, CERN'’s Director of Research and Computing.
« Aiming at : :
- Addressing the issue of commercial availability of Al-stabilized superconductor technology for future
superconducting detector magnets,

+ Informing the community of on-going and future projects, to exchange ideas, concepts, best practices,
and to advance superconducting detector magnet technology, and fostering collaboration,

« Bringing together the physics community, the magnet designers and the industry to exchange
about the future needs and efforts to be achieved in research and development to build the next magnet

generations of the Future Colliders and Beyond Collider Physics Experiments developed by collaborative
Institutes.

« Understanding the industrial capacities and their availabilities, with the foreseen prospects and plans,
with presentations made by representatives of industry working on all aspects of superconducting detector
magnet were invited.



Executive Summary (2/2)

Agenda:

® Report from Projects: EIC, ALICE-3, ILC-ILD, -SID, CLIC, FCC-ee, FCC-hh for colliders, and BabylAXO, MadMax,
Mu2e, Comet, AMS100 for beyond collider physics

® Reports from Industry: Furukawa E., Toly E., Techmeta, Hitachi, Toshiba, Mitsubishi E., Bilfinger-Noel., ASG, Sigma-
Phi,
® Discussions: Advanced SC for detector magnets, Al-stabilized SC w/ EBW/Soldering, CICC, HTS?
Outlook:
® Al-stabilized superconductor/magnet technology needs to be resumed,
® Industrial cooperation anticipated and strongly encouraged, in particular,
® “Co-extrusion technology” of Al-stabilizer and NbTi/Cu-conductor to be resumed and widely available, and

® “Hybrid-structure technology” by using electron beam welding (EBW) or by other approaches, to maximize the
performance of Al-stabilized SC (Ni or Cu/Mg doped) combined with ultimately high-strength Al-alloy structure.

® Laboratory’s leading effort will be very important to advance the technology to be openly transferred to the industry.

Remarks:

® |t will be important to investigate/seek for backup solutions such as soldering technology of NbTi/Cu conductor with Cu
stabilizer, Cu-coated Al-stabilizer, and/or CICC. In long-term future,

® Al-stab. HTS stabilized will provide important potential in specific detector magnet applications.
® The next workshop will be planned to be held in 1 ~ 2 years, based on the R&D advances expected.



Some Background for the Workshop:
SnowMass White Paper Submission
T

P | I‘Xl\/ > physics > arXiv:2203.07799 Help | Advanced S

Physics > Instrumentation and Detectors

[Submitted on 15 Mar 2022]
Superconducting detector magnets for high energy physics

Matthias Mentink, Ken—-ichi Sasaki, Benoit Cure, Nikkie Deelen, Alexey Dudarev, Mitsushi Abe, Masami lio, Yasuhiro
Makida, Takahiro Okamura, Toru Ogitsu, Naoyuki Sumi, Akira Yamamoto, Makoto Yoshida, Hiromi linuma

Various superconducting detector solenoids for particle physics have been developed in the world. The key technology is the
aluminum-stabilized superconducting conductor for almost all the detector magnets in particle physics experiments. With
the progress of the conductor, the coil fabrication technology has progressed as well, such as the inner coil winding
technique, indirect cooling, transparent vacuum vessel, quench protection scheme using pure aluminum strips and so on.
The detector solenoids design study is in progress for future big projects in Japan and Europe, that is, ILC, FCC and CLIC,
based on the technologies established over many years. The combination of good mechanical properties and keeping a high
RRR is a key point for the development of Al-stabilized conductor. The present concern for the detector solenoid
development is to have been gradually losing the key technologies and experiences, because large-scale detector magnets
with Al-stabilized conductor has not been fabricated after the success of CMS and ATLAS-CS in LHC. Complementary efforts
are needed to resume an equivalent level of expertise, to extend the effort on research and to develop these technologies
and apply them to future detector magnet projects. Especially, further effort is necessary for the industrial technology of Al-
stabilized superconductor production. The worldwide collaboration with relevant institutes and industries will be critically
important to re-realize and validate the required performances. Some detector solenoids for mid-scale experiment wound
with conventional copper—stabilized Nb-Ti conductor require precise control of magnetic field distribution. The development
efforts are on—going in terms of the magnetic field design technology with high precision simulation, coil fabrication
technology and control method of magnetic field distribution.

Comments: 35 pages, 35 figures, 8 tables, contribution to Snowmass 2021
Subjects: Instrumentation and Detectors (physics.ins—det); Accelerator Physics (physics.acc—ph)
Cite as: arXiv:2203.07799 [physics.ins—det]

(or arXiv:2203.07799v1 [physics.ins—det] for this version)




@ Historical experiences of the ATLAS and CMS magnet projects

Very large superconducting detector magnet projects!

* Time-scale for engineering design and validation effort, the
construction, and the commissioning: More than 15 years
each

* Production of components (conductor, coils, support
structure, etc) in industry, and subsequent assembly at
CERN

* Designed, constructed, commissioned, and maintained with
strong support from multiple institutes:

* ATLAS: CEA-Irfu, KEK, INFN-LASA, RAL, NIKHEF, JINR-
Dubna, IHEP-Protvino, ITAM Novosibirsk, CERN

e CMS: CEA-Irfu, ETH Zurich, INFN Genoa, University of
Wisconsin, Fermilab, ITEP Moscow, CERN

Important lessons:

* For large superconducting detector magnets a long-term
strategy is needed

* The historical importance of collaboration is evident

Field lines of
the solenoidal \
magnetic field

ATLAS
Superconducting magnets

Superconducting Solenoid

Superconducting Detector Magnet Workshop, 12/9/22



Report of the Workshop

Agenda:

Day 1, Report from Projects:
® EIC, ALICE-3, ILC-ILD, -SID, CLIC, FCC-ee, FCC-hh for colliders, and
® BabylAXO, MadMax, Mu2e, Comet, AMS100 for beyond collider physics

Day 2, Reports from Industry:
® Furukawa E., Toly E., Techmeta,
® Hitachi, Toshiba, Mitsubishi E., Bilfinger-Noel., ASG, Sigma-Phi,

Day 3, Discussions:

® Advanced SC for detector magnets,
® Al-stabilized SC w/ EBW/Soldering, CICC, HTS/MgB, ?



Day 1: Reports from Project Plans and Requirements

Subject / Project

Welcome Address

Opening Address
Program Overview
The Electron-lon Collider (EIC)

International Linear Collider —ILD (ILC-ILD)

International Linear Collider - SiD (ILC-SiD)
Compact Linear Collider (CLiC)

Leptron Future Circular Collider (FCC-ee)
Hadron Future Circular Collider (FCC-hh)
Circular Electron Positron Collider (CEPC)

A Large lon Collider Experiment 3 (ALICE-3)
Muon to Electron (Mu2e)

Muon Experiments in Japan

antiProton ANihilation at DArmstadt (PANDA)
Baby International Axion Observatory (BabylAXO)
MAgnetized Disc & Mirror Axion eXp. (MADMAX)

Alpha Magnetic Spectrometer 100 (AMS-100)

Physics and Computing)

M. Mentink (CERN), T. Ogitsu (KEK)

A. Yamamoto (KEK-CERN)
R. Rajput-Ghoshal (JLab)

K. Buesser (DESY),
Y. Makida (KEK)

T. Markiewicz (SLAC)

B. Cure (CERN)

N. Deelen (CERN)

M. Mentink (CERN)

F. Ning (IHEP)

W. Riegler (CERN)

M. Lamm (Fermilab)

K. Sasaki and M. Yoshida (KEK)
L. Schmitt (GSI-Helmholtzzenter)
U. Schneekloth (DESY)

W. A. Maksoud (CEA)

T. Mulder (CERN),
S. Schael (Rheinish Westfaeli...)

Presented by

J. J. Mnich, (CERN Director for

EIC ALICE-3 ILC-ILD -SiD CLIC

AMS100 7

BabylAXO,



Future Colliders Proposed

from LDG Accelerator R&D Report, CERN 2022-001

SPS fixed target

Other fixed target; FAIR (hep) ALICE 3 FCC-hh

Bellell LHCb (= LS4) ECC-eh
ALICE LS3 EIC FCC-ee Muon Collider
PIP-II/DUNE/Hyper-K LHeC ILC cLc Plasma Collider

COMET, Mu2e <2030 2030-2035 2035-2040 2040-2045 > 2045

| 2007 ~ 2022 >
Other phys. Experiments: Mu2e, G-2 (fnal), Comet, G-2)J-Parc), BabyAXIO, AXIO (desy)
FCC-ee/CEPC ~100km .. 6
« Colliders: ILC, CLIC, FCC-ee, -hh, -eh, )| A e

3
roen CERC ~100 km

EIC, MC, and others (CEPC, SPPS, ...)

Non-Colliders; Panda, Muon Beam Experiments, ="

Axion-Observatory (BabylAXO), and others ( ....) ~o WD CLONCRET MM | LOSTESLSMUM

P A 13.4 km

Others ?




The Electron-lon collider

Detector Detector
solenoid #1 solenoid #2

Warm bore diameter [m] 2.8 3.2

Cold mass length [m] 3.5 3.6

Magnetic field in the centre [T] 2.0 3.0

Stored magnetic energy [MJ] 46 ~150
Magnet parameters

Presentation by R. Rajput-Ghoshal (Jefferson Lab)

For the Electron-lon Collider project to be hosted at BNL, with
full project finalization foreseen by 2034

Two superconducting detector solenoids, for two interaction
points:

« #1:2 T in solenoid with a 2.8 meter warm bore diameter and
a 3.5 meter cold mass length

 #2:3 T in solenoid with a 3.2 meter warm bore and a 3.6
meter cold mass length

Conductor:

e Solenoid #1, initial preference for reinforced aluminum-
stabilized Nb-Ti/Cu, but copper-stabilized conductor can
work as well

« Solenoid #2, a reinforced aluminum-stabilized Nb-Ti/Cu
conductor is foreseen

mmmmmmmmmmmmmm
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hadronic calorimeters
ToF, DIRC,

e/m calorimeters ‘ MPG & MAPS trackers ‘ RICH detectors

Detector solenoid #2



International Linear Collider, ILC-ILD

Detector
solenoid
Warm bore diameter [m] 6.9
Cold mass length [m] 7.35

Magnetic field in the centre [T] 4.0
Stored magnetic energy [MJ] 2300

Magnet parameters

66:

BeamCal

LumiCal FTD/SIT

ILC-ILD detector featuring a 4 T
superconducting solenoid

« Presentations by K. Buesser (DESY) and Y. Makida (KEK)

« Forthe International Linear Collider project, proposed to be hosted in Japan

« Featuring a superconducting solenoid, with 4 T over a 6.9 m warm bore diameter, and a
7.35 m cold mass length, stored magnetic energy of 2300 M)J

« With optional “Detector-Integrated-Dipole” coil wound on top of the solenoid

« Conductor: Foresees to use a reinforced aluminum-stabilized Nb-Ti/Cu conductor

10



International Linear Collider, ILC-SiD

Detector
solenoid

Warm bore diameter [m] 5.2
Cold mass length [m] 5.6
Magnetic field in the centre [T] 5.0
Stored magnetic energy [MJ] 1590
Magnet parameters

ILC-SiD detector featuring a 5 T
superconducting solenoid

« Presentation by T. Markiewicz (SLAC)

« Forthe International Linear Collider project, proposed to be hosted in Japan

« Featuring a superconducting solenoid, with 5 T over a 5.2 m warm bore diameter, and a
5.6 m cold mass length, stored magnetic energy of 1590 MJ

« Conductor: Proposal to use a reinforced aluminum-stabilized Nb-Ti/Cu conductor with
same dimensions as was used for CMS

11



Compact Linear Collider (CLiC)

Detector
solenoid

Warm bore diameter [

Cold mass length [m]
Magnetic field in the centre [T]
Stored magnetic energy [MJ]

Magnet parameters

7.8
4.0
2400

return yoke (Fe)
with muon-ID
detectors

superconducting
solenoid, 4 Tesla

fine grained (PFA)
calorimetry, 1+ 7.5A,
Si-W ECAL, Sc-FE HCAL

forward region with
compact forward
calorimeters

silicon tracker,
(large pixels / short
strips)

Note: final beam ultra low-mass
focusing is outside vertex detector,
the detector ~25 pum pixels

114 m

CLiC detector featuring a 4 T
superconducting solenoid

« Presentation by B. Cure (CERN)
« Forthe Compact Linear Collider linear collider, proposed to be hosted at CERN
 Large superconducting solenoid, with 4 T over a 7.0 m warm bore diameter, and a 7.8 m
cold mass length, stored magnetic energy of 2400 MJ
« Conductor: Foresees to use a reinforced aluminum-stabilized Nb-Ti/Cu conductor

12



FCC-ee: IDEA and CLD

e o S sneroia> [
Warm bore diameter [m] 8.0 4.0
Cold mass length [m] 7.0 5.8
Magnetic field in the centre [T] 2.0 2.0 Calorimete
Stored magnetic energy [MJ] 600 170 r volume
Magnet parameters e —
« Presentation by N. Deelen (CERN) CLD detector, featuringa 2 T

- For the FCC-ee project, proposed to be hosted at CERN, solenoid

with operation foreseen to start in 2045, featuring
electron-position collisions
« Two solenoid types (For “IDEA” and “CLD”) detectors
« One solenoid, featuring 2 T over a free bore of 8.0
meters, and a cold mass length of 7.0 meters, no
transparency requirement
« One solenoid, featuring 2 T over a free bore of 4.0
meters, and a cold mass length of 5.8 meters, with -
transparency requirement IDEA detector, featuring a
« Conductor: Reinforced aluminum-stabilized Nb-Ti/Cu transparent 2 T solenoid
conductor

Solenoid
cryostat




FCC- h h Muon  Main Solenoid HCAL E _Muon chambers
: . absorber o e ) AN
_ Detector solenoid #1 | Detector solenoid #2 1 L B

Warm bore diameter [m] 10 5.2
Cold mass length [m] 19 3.4
Magnetic field in the centre [T] 4.0 3.2 .
Stored magnetic energy [MJ] 13800 ‘
Vacuum vessel Tracker Forward
Mag/']ef ,Da/’ amez‘e/’ S Tube Radiation shield Solenoid

FCC-hh detector, featuring three 4

« Presentation by M. Mentink (CERN) T supercondueting solenoids

» For the FCC-hh project, proposed to be hosted at CERN,
with operation foreseen to start in 2070, featuring hadron-
hadron collisions

« Featuring three superconducting solenoids in close
proximity, where the two forward solenoids enhanced
bending power for high pseudo-rapidity particles

« Main solenoid, warm bore: 10 meters, cold mass
length 19 meters

 Forward solenoids, warm bore: 5.2 meters, cold mass 0 4 8 12 16
length: 3.4 meters Axial position Z [m]

« Conductor: Requires very large reinforced aluminum- Magnetic configuration
stabilized Nb-Ti/Cu conductors

A

SR

llLlL“‘,‘
I N Y
PEERL AN
RN

AN SRR

\
\
|

Radial position R [m]

20
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CEPC
e  etector solonad |

Warm bore diameter [m] ~6.8
Cold mass length [m] 7.6
Magnetic field in the centre [T] 3
Stored magnetic energy [MJ] 1300
Magnet parameters

« Presentation by N. Feipeng (IHEP)
« Forthe Circular Electron-Position Collider project,
proposed to be hosted in China
e Featuring multiple proposed superconducting
detector magnets, including an IDEA-Ilike transparent
solenoid, and a large 3 T solenoid with return yoke
» Reinforced aluminum-stabilized conductor R&D
ongoing (~foreseen for another 3 years)
« Featuring both LTS (=Nb-Ti) and HTS (=ReBCO)
conductor research
 In collaboration with Chinese industry (Wuxi Toly
Electric Works)

End-caps Barrel yoke

=== E—1E——e1
I s

4400

3600

1810

Tracking volume

e ]
6983 5863 4143 2350 o(IP)
3 T solenoid with return yoke for

CFPr

IDEA concept
(also proposed for FCC-ee)

2T Magnet
Preshower (n-RWELL)

Silicon wrapper
Dual-readout calorimeter

Yoke + Muon (p-RWELL)

Si Pixel Vertex

IDEA-Iike detector concept for CEPC,
featuring a transparent 2 T
superconducting solenoid

15



Alice-3
—

Warm bore diameter [m]

Cold mass length [m] 7.5

Magnetic field in the centre [T] 2

Stored magnetic energy [MJ] 130
Magnet parameters

« Presentation by W. Riegler (CERN)

« Planned to be installed by LS4 (which is currently
foreseen to start in 2033)

e Featuring a superconducting solenoid, with 2 T in the
center and additional windings at the end to augment
bending power for high-pseudo-rapidity particles

« Also featuring a forward (superconducting) dipole

« Conductor: Proposal to use a reinforced aluminum-
stabilized conductor

Superconducting g|cH
magnet system

Muon
absorber

Muon
chambers

L soNC N
/ Suﬁad{Magnetlc flux gensity n’o‘rm"ﬁ') \ / / /
/Arrow V’o};m}Magneﬂc flux densﬁy)ana.l‘ﬁ‘amﬁ

Magnetic fleld configuration
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Mu2e

Production Transport | Detector
solenoid solenoid solenoid

Production Detector

Solenoid Solenoid

(0‘0“5
Warm bore diameter [m] \ - oo / 2
Cold mass length [m] 4 13 10 S - ﬁ
Magnetic field in the center [T] 25-4.6 2-25 1-2
Magnet parameters

Magnet layout of the MuZe
o experiment

« Presentation by M. Lamm (Fermi-lab)

e MuZe experiment, to be hosted at Fermi-lab, for studying
charged Lepton Flavor Violation to probe physics beyond the
Standard Model

« Construction is on-going, and commissioning is foreseen to
start in 2025

e Featuring three solenoids: Production solenoid, transport
solenoid, and detector solenoid

« Conductor: Aluminum-stabilized Nb-Ti/Cu conductor
technology, previously received from industry when it was still
commercially available

TS outer

A ssemb/y at F ermi /ab

17



COMET and J-PARC g-2/EDM

\\\\\

LHe transfer tube

Superconducting solenoids for v d ]
COMET Muon storage solenoid for J-PARC g-
« Presentation by K. Sasaki (KEK) 2/EDM

COMET experiment for muon physics at KEK
 Featuring several superconducting solenoids
« Construction currently underway, with magnet commissioning foreseen by
2024
J-PARC g-2/EDM
 Featuring a superconducting muon storage solenoid
 Design on-going, with physics run foreseen by 2027, pending approval and
funding
Conductor: Nb-Ti single wire conductors (relatively small magnets)

18



The PANDA detector

Target spectrometer
solenoid

View from top Solenoid Dipole
Target Spectrometer Forward Spectrometer

Instrumented Luminosity
Yoke Detector

Warm bore diameter [m] 1.8 i
Cold mass length [m] ~3.1 ||||
Magnetic field in the centre [T] 2 o
Stored magnetic energy [MJ] 22 Hie . = ‘ e 3
Magnet parameters Forward Trackers  F-TOF

The PANDA detector layout

« Presentation by L. Schmitt (GSI)

« For fixed-target anti-matter physics at FAIR, foreseen to start operation by 2029

« With strong involvement of various Russian institutes, including the Budker Institute of
Nuclear Physics

« Featuring a 2 T superconducting solenoid, with a stored magnetic energy of 22 MJ

« Conductor: Aluminum-stabilized Nb-Ti/Cu conductor technology, under development
through a R&D effort by Russian institutes and industry (BINP, VNIINM Bochvar, VNIIKP,
SARKO)

19



BabylAXO

Superconducting coil

N cetecta i War
Warm bore diameter [m] 2x 0.7
Cold mass length [m] 11 5:
Magnetic field in the centre [T] 2.0 : . \\T
Stored magnetic energy [MJ] 40 \\Sﬂi)}y//;’/; ‘S}m‘d&aié’ /
Magnet parameters T

Magnetic field in cross-
section

« Presentation by U. Schneekloth (DESY)

« BabylAXO detector, for studying axions emanating from
the sun

 Featuring a superconducting common-coil dipole with a
2 T transverse magnetic field in two 0.7 meter warm
bores of 11 meters length

« Conductor: Featuring an aluminum-stabilized Nb-Ti/Cu Common-coil dipole, with counter-
conductor flowing current in two

superconducting race-track coils

20



MadMax
[ Detecordipols

Warm bore diameter [m] 1.35

Cold mass length [m] ~4

Magnetic field in the centre [T] 9.0

Stored magnetic energy [MJ] 480
Magnet parameters

« Presentation by W. Maksoud (CEA)

« MadMax superconducting dipole for Axion physics,
proposed to be hosted at DESY

« Superconducting dipole featuring a high magnetic field
(9 T) over a 1.35 m bore, under development in a
collaboration between CEA and Bilfinger Noell

« Conductor: Reinforced copper-based Nb-Ti cable-in-
conduit (CICC) technology

« Operation at 1.9 K (superfluid helium), featuring both
helium inside the conductor and in the surrounding bath

-

CEA MadMAX team

21



AMS-100

Detector Compensatio
solenoid n solenoid

Warm bore diameter [m] 4 8

Cold mass length [m] 6 1.5

Magnetic field in the centre [T] 0.5 0.5

Stored magnetic energy [MJ] 14.3
Magnet parameters

Presentation by T. Mulder (CERN)

To be hosted at Lagrange-point 2, for probing high energy
cosmic rays, in particular anti-protons and anti-deuterons
(proposal by RWTH Aachen University)

Featuring a compensated ultra-transparent superconducting
solenoid

Cooled by back-ground thermal radiation to space, with
operation at 50-60 K (Main solenoid) and 30 K
(Compensation solenoid)

Conductor technology: Reinforced aluminum-stabilized HTS- -- EPFL @ UNIVERSITE
based conductor, currently under development

AMS-100 demonstrator coil, developed at
RWTH Aachen university

22



J-PARC MLF 2nd Target station

12mm wide tape
/ 30pm thick Hastelloy

5um thick Copper Plating
4um thick Solder Plating

Capture Solenoid

E_| |
? Wesiloled ' t et ol § EZEEEL%’S&? ltuh?lif cach
o W - = __\"4" i 12mm Aluminum:.l.limm thick
Ll - mam \NP‘_ oll? Solder Plating: 4um each
................. FSONNSIY Production AN
| EERiEIE Target N TS Tave

30um thick Hastelloy
5um thick Copper Plating
4um thick Solder Plating

Proposed HTS-based solenoid Proposed conductor concept

« Presentation by T. Ogitsu (KEK), on 3" day

« Proposed for the J-PARC MLF 2 Target Station, for a variety of applications,
including muon spectroscopy, muon clairvoyance, muSR, muon physics

 Featuring a superconducting solenoid exposed to heavy neutron radiation

 Proposal:
« To utilize an HTS-based ReBCO aluminum-stabilized conductor

« Foroperation at 20 K for combined cryogenic operation with the Neutron
Moderator

23



Overview
| Eperiments | Ste | B[N | SieidxLiml | Note | Fabriction Expected |

Colliders

Others

EIC-Detector
ILC-ILD
ILC-SiD
CLIC-ILD
CLIC-SiD
CLIC
FCC-ee IDEA
FCC-ee CLD
FCC-hh
ALICE-3
M2e
Muon-g-2
COMET
Muon-g-2
BabylAXO
IAXO
Panda

Madmax

BNL
Japan
Japan
CERN
CERN
CERN
CERN
CERN
CERN
CERN

Fermilab
Fermilab
J-PARC
J-PARC
DESY
DESY

GSI

DESY

1.5~3
4

N BN N R oo

5~25
1.473

2.5~3.2x85
6.88 X 7.35
5X5
6.8 X 8.3
5.4X6.5
7X8.3
4.2 X6.0
74X7.4
10 X 20
3x7.5
1.5X4
0.09 X 14.22 = 1
1.3X 1.6
0.66 X 0.33
0.7 X 10
5X 25
1.8x3.1
1.35x1.2

Solenoid
Solenoid
Solenoid
Solenoid
Solenoid
Solenoid
Solenoid
Solenoid
Solenoid
Solenoid
Production
Storage solenoid
Capture Sol.
Solenoid
D. Racetrack
Toroid
Solenoid

Dipole

Courtesy: Y. Makida

2025 ~
2030 ~
2030 ~
2035 ~
2035 ~
2035 ~
2035 ~
2035 ~
2060 ~
2027 ~
Under construction
Reuse after BNL
Under const.
2025 ~
TBD
TBD
TBD
TBD
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Aluminum-stabilized Nb-Ti/Cu conductor types

- Aluminum Alloy
B High Strength Pure Aluminum

Pure Aluminum

Courtesy: Y. Makida

10 mem I NbTi/Cu cable
W I
Biallog I m m MIE I . .
CELLO TOP: ALEPH CLEON ATLASCS ATLAS ECT ILD (ILC) SIDgRG) i A o cuc FCC-hh Main FCC-hh Forward
s “Nm DELPH ZEUS sm[ ATLAS 87
Pioneer Future
Site Fabrication
Expected

Collider EIC-Detector BNL 1.5~3 25~3.2x85 457 2025 ~

ILC-ILD Japan 4 6.88 X 7.35 2300 2030 ~

ILC-SiD Japan 5 5X5 1400 2030 ~

CLICdet CERN 4 7X83 2320 2035 ~

FCC-ee IDEA CERN 2 42X6.0 170 2035 ~

FCC-ee CLD CERN 2 74XT74 600 2035~

FCC-hh CERN 4 10X 20 13800 2040 ~

Others  BabylAXO DESY 2 0.7X10 38 Racetrack

25



Day 1 Reports from Projects: Summary

Subject / Project

Welcome Address

Opening Address
Program Overview
The Electron-lon Collider (EIC)

International Linear Collider —ILD (ILC-ILD)

International Linear Collider - SiD (ILC-SiD)
Compact Linear Collider (CLiC)

Leptron Future Circular Collider (FCC-ee)
Hadron Future Circular Collider (FCC-hh)
Circular Electron Positron Collider (CEPC)

A Large lon Collider Experiment 3 (ALICE-3)
Muon to Electron (Mu2e)

Muon Experiments in Japan

antiProton ANihilation at DArmstadt (PANDA)
Baby International Axion Observatory (BabylAXO)
MAgnetized Disc & Mirror Axion eXp. (MADMAX)

Alpha Magnetic Spectrometer 100 (AMS-100)

Presented by

J. J. Mnich, (CERN Director for
Physics and Computing)

M. Mentink (CERN), T. Ogitsu (KEK)
A. Yamamoto (KEK-CERN)
. Rajput-Ghoshal (JLab)

. Buesser (DESY),
. Makida (KEK)

R
K

Y

T. Markiewicz (SLAC)
B. Cure (CERN)

N. Deelen (CERN)

M. Mentink (CERN)
F. Ning (IHEP)

W. Riegler (CERN)

M. Lamm (Fermilab)

K. Sasaki and M. Yoshida (KEK)
L. Schmitt (GSI-Helmholtzzenter)
U. Schneekloth (DESY)

W. A. Maksoud (CEA)

T. Mulder (CERN),
S. Schael (Rheinish Westfaeli...)

The most of projects:

CELLO

Assuming to Al-stabilized superconductor (SC) to be
available:

Expecting the Al-stabilized SC technology to be urgently
resumed.

I Auminum Alloy

[ High strength Pure Aluminu m
omm [ pure Aluminum

[ nbTi/Cu cable

il mimlmllil.l

TOPAZ  ALEPH  CLEOI SDC  ATLASCS ATLASECT  CMS. 1LD (1LC)
VENUS  DELPHI  ZEUS BELLE ATLAS BT

SID(ILC) \DEA o cLc FCC-hh Main FCC-hh Forward

Present

EIC and Madmax:

EIC: planning to use Cu-stabilized superconductor, in
case of the Al-stabilized SC not be available within time.

Madmax: planning to use Cu-based CICC superconductor

after their extensive investigation showed that other
conductor types are presently not commercially available

1080088
+0.2 Cuwiapping

~
o R-3mm 2y 5
10.3 mm £
- conper
—

EIC Madmax
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Day 2: Reports from Industry, Experience and Prospect

Reports from 10 (+3) leading companies (according to agenda order):

O » Furukawa Electric, Japan: .............................. Al-Stabilized NbTi Conductor for Detector Solenoid at Furukawa
O > European Industrial Status on superconductor manufacturing ................ introduced by A. Ballarino (CERN)
O > Wuxi Toly Electric Works Co.,Ltd., China: ..............ccceevvevuneennn... Development of Al-stabilized superconductor
O » Techmeta, France: ...........c.ccoven.... Continuous EB-Welding of the reinforcements of the CMS Superconductor
(O » Status Report on Co-extrusion Facilities in Europe for Detector Magnet SC .... Introduced by B. Cure (CERN)
» Hitachi, Ltd., Japan: ........................... Development of Superconducting Magnets for Accelerators in Hitachi
» Toshiba Energy Systems & Solutions Corporation, Japan: ................ Superconducting Technology in Toshiba
» Mitsubishi Electric corporation, Japan: .................cocoiiiiiiiinns Manufacturing of Superconducting Magnet
> Bilfinger Noell, Germany: ... Presentation of the activity in the field of SC magnets
» ASG Superconductors, Italy: ....................cooeel Superconducting detector magnets at ASG Superconductors
» SAES Group, Italy: ... Fabrication of the High Order Corrector Magnets for Hi-Lumi LHC
P SIgMAPNE, FranCe: .. .o e Sigmaphi presentation

o Presenting past or on-going development and manufacturing capacities :
O <€ Highlighted _ N
- Superconductor (with Al or Cu stabilizer),

- Coil winding and magnet assembly, including cryostating,

- Specific technology. 27
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Furukawa Electric

History of Al-stabilized NbTi conductor at FEC fFuruxawn

ELECTRIC

Report from

Furukawa Electric

European Industrial SC manufacturing
Wuxi Toly Electric

Co-extrusion Machine manufacturing

TECHMETA
Hitachi

Toshiba

Mitsubishi Electric

Bilfinger Noel
ASG

SAES RIAL
Sigma-Phi

MgB2
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. Oving
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. Takami

. Horii

. Revilak
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. Santini

. Forest

. Musenich (INFN)

+FEC has many experiences for producing Al-stabilized NbTi conductors.
*FEC had contributed many detector solenoid projects.

Dim. of
. . NbTi No. of | Stranded - Quantity
Project Lab. | Completion Strand | strands Cable Stabilizer | Conductor (m)
(mm)
Mu2e PS FNAL 2016 1.47 30 2.3*23.7 Ali-Ni 5.6*30 10,720 Subsidiary
Mu2e DS FNAL 2015 1.47 12 2.3*7.9 Al 5.3*20.1 9,900 ﬁ
SMES R&D Cail NIFS 2004 0.823 8 1.55* Al 5.8 14,000 @
SRC Main Coil RIKEN 2000 1.15 10 2.15* Al-Ni 8*15 77,680 In house
ATLAS Thl'_"H%°'e"°'d forl  kex 1998 1.22 12 2374 | AN 4.2*30 6,500
SRC Trim Model Coil RIKEN 1997 1.25 Al-Zn 2.9*3.6 4,600
SRC Main Model Coil RIKEN 1997 1.25 10 2.35* Al-Zn 8*15 15,400
BESS KEK 1996 0.77 Al 1.2*1.8 7,000
SDC Prototype SSC KEK 1993 1.277 10 Al-Zn-Si | 4.37*43.8 6,000 NoT Conductor
NbTi Conductor
TOPAZ KEK 1983 1.8*3.3 Al 3.6*18 2,300
Alminum wire
s . . FURUKAW
Al-stabilized NbTi conductor production ELEC}R'fB/—‘
= Schematic view of
Typical production Lines is as follows, Corglfoll;';ning :/naﬁhdi/ne
ps://bwe.co.uk/conkla
NbTi Conductor
—
Q Cooling  Cold [Cleaning ‘ -
Work -
Al Wire
pay off Cleaning heating Combining
* RRR
mutch, soil, dirt, dint - Strength ([ Auminum Wire ]

) ' s e
Temp. Line speed (duration), ) . Bonding between Al Stabilizer and NbTi Conductor

Cold work ratio + Dimensional Accuracy NbTi ) (Oxygen Free Copper) High Purity Additives
« Surface quality (Defect free : burr, blister, scratch...) Aluminum Ni, Zn, Ce...
« NbTi conductor displacement in the conductor (tilt, position)
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Manufacturer of Nb-Ti Wire — Bruker

s

F. Laukien, Eucas 2017

aiGen

Bruker EAS/OST NbTi-based

« Different types of round
and rectangular Nb-Ti
wires, bare or insulated
(braided or varnish)

* Bruker production for
LHC: Nb-Ti wire for MB
and MQ and for other
magnets (LHC Type 5 a

and Type 6 wire for = -,
insertion q_}_]adrugoles&, g pos
cable for ATLAS, BSCC! W .

2223 HTS for current
leads

10°

i YO0
Aaay

NbTi (N

156 (Aimm] @ 42K

Manufacturer of Nb-Ti Wire - Luvata
Luvata USA/Luvata Pori (EU) LUWTA

- Enameled monolithic Koms
wires in round and e D L
rectangular

< configurations

|_ * Wire-in-channel or
cable-in-channel

S integrated conductors

j * Luvata Pori

J production for LHC:

1/8 of MB+MQ Nb-Ti

Other non-European Manufacturers of Nb-Ti Wire

outer cables/wire

* SuperCon (USA)

* TVEL (Russia) — Production at Chepetsky Mechanical Plant (Glazov)
* KAT (Korea)

* Furukawa, Jastec, Hitachi (Japan)

* Supercon (USA)

* WST (China)

Thanks to MRI and NMR applications, Nb-Ti wire production is
maintained at the industrial level

Rutherford cabling in industry

Rutherford cabling machines at:

* Brugg, Switzerland, 40-strand;

* Tratos cavi, Italy, > 60-strand (recent installation);
* Furukawa, Japan

* New England Wire Technology, USA, 36-strand

* ASIPP, Hefei, China

A “sufficiently” large project — with medium term definition of production
requirements — could attract again interest of industry.
R&D on novel cables (superconductor/layout) is more effective at the laboratory level.
Series production (if sufficiently large) can be industrialized.
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Furukawa Electric H. Sakamoto
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NbTi:

* NbTi/Cu wire manufacturers:
* Bruker, Luvata (Europe)
* TVEL (Russia)
* KAT (Korea)
» Furukawa, Jastec, Hitachi (Japan)
* Supercon (USA) - WST (China)

Excellent electrical and mechanical properties
+ Assembled in different cable configurations
* Usedinmagnetsupto ~9T@42Kandupto~10T @ 1.9K

» available at affordable price Reference cost: ~ 1 Euro/kA m*
*before the recent increase of cost of raw materials

+ Thanks to MRl and NMR applications, Nb-Ti wire production is
maintained at the industrial level

Nb3Sn:

* A complex material: used only when field requirements reach
performance limits of Nb-Ti

» Production by several manufacturers for HL-LHC and ITER.
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Al Co-extrusion Technology under development

Al-stabilized superconductor
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Pre-processing equipment

Extrusion wheel diameter/mm Rod diameter/mm Cable thickness/mm Cable width/mm
400

2*%9.5~12 3.0~30.0

Extrusion machine

10.0~70.0 8

Al-stabilized superconductor

Rutherford cable Al-stabilized NbTi/Cu superconductor

O Kilometer length al-stabilized superconductor
» Length:1490m,1517m,1550m
> Dimension: 4.7*15mm

. Sakamoto

. Ballariono (CERN)

. Chao bl

. Cure (CERN) (FRAET

. Oving 2y

. Semba

. Takami

. Horii e

. Revilak

. Pellecchia Future Potential:
. Santini Secondary Extrusion
Forest Study in Progress
. Musenich (INFN)

B
T

—

O The process of secondary extrusion
» The first time with high-purity aluminum: 10*33mm
» The second time with aluminum alloy: 22*56mm

O Doped aluminum alloy materials
» Goals: high mechanical strength, high RRR value
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Companies that performed coextrusion for the LHC

detector magnets

ATLAS Conductors:

Barrel and End cap toroids:

4—
¢ VAC Vacuumschmelze , Hydro aluminium (Seneffe, B) (later EAS). Facility closed in 2014.
* Alcatel Cable Suisse (later Nexans). Facility dismantled (2022). Expert left company in 2016.

No more contact or information available.

Central Solenoid: (Japan)

* Furukawa Electric Co. Ltd, @ = = = = = = = = = = = = = = = = — — _-——

* Hitachi Cable Co. Ltd.

Ref: H. H. J. Kate, "ATLAS superconducting toroids and solenoid," in IEEE Transactions on Applied Superconductivity, vol. — -
-

15, no. 2, pp. 1267-1270, June 2005, doi: 10.1109/TASC.2005.849560.

—
——
-/

—

CMS Conductor: 4= -

* Alcatel Cable Suisse (later Nexans). Facility dismantled (2022). Expert left company in 2016.
Ref: B. Blau et al., "The CMS conductor," in IEEE Transactions on Applied Superconductivity, vol. 12, no. 1, pp. 345-348,

March 2002, doi: 10.1109/TASC.2002.1018416.

—
-
-

\TLAS ATLAS  ATLAS CMS
cs ECTs BT.

Al-Stabilized
NbTi Conductor

NbTi Conductor

Alminum wire

Schematic view of

conforming machine
https://bwe.co.uk/conklad/

Conclusion

Status of communication to date

Investigation on other potential suppliers:

About the Conklad™ process: machinery for cladding or %’B WE
sheathing wires and cables with aluminium (e.g. cladding copper
wire with aluminium).

/Commercialized by BWE Ltd, UK (formerly Babcock Wire Equipment)

BWE Ltd is a British engineering company specialising in continuous rotary extrusion (CRE) machines for
many different applications and cold pressure welding machines for the cable and wire industry.

This company owns the registered names Conform™, Conklad™ and SheathEx™ together with a number
of critically important patents associated with the processes and their development.

In 1976 the Company was awarded the first licence to develop, manufacture and supply Conform™
Continuous Rotary Extrusion Machines, by the inventors, the United Kingdom Atomic Energy Authority.

In the 1980’s BWE pi d the develop of cladding and sh using the Conform continuous
rotary extrusion (CRE) method. This work led to the introduction of Conklad™, which has become the

industry standard for many applications. Source: bwe.co.uk
. . gl /

= Looking for coextrusion facilities in industry, available for prototyping and
production, according to the schedules of the various project.

= No new manufacturer identified yet, references are needed.

= Alternative solutions have to be looked at, with dedicated studies and

prototyping.
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Co-extrusion
Machine Availability in Industry
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European companies that did the coextrusion of Al stabilized

superconductors stopped the activity or even closed definitevely (e.g.
ATLAS and CMS conductors).

Two ways of cladding SC Rutherford cable with aluminum:
> Schloemann extrusion process (billet-on-billet

)
> nform™ cladding pracess = Conklad™ pro continuous
Conkla machinery m%rﬁ)ufacturer n Lﬂuropg ; (WsE( UP% )

> Contacted by CERN Detector Magnet Team.

« Further contacts CERN-BWE to discuss
about feasibility and prototyping.

« Looking for coextrusion facilities in
industry available for prototyping and
production. :

Source:
bwe.co.uk
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CMS project - SDM Workshop - CERN — 12th-14th Sept 2022 ©

SUPERCONDUCTOR INSERT & REINFORCEMENT "

CMS project - SDM Workshop - CERN — 12th-14th Sept 2022 ©

CMS project - SDM Workshop - CERN — 12th-14th Sept 2022 ©
TECHMETA
I PURE AL INSERT & AL ALLOY REINFORCEMENT .

[

TECHMETA

Eyineriy

+ Simultaneous double Electron Beam weld of 2.55km length > OK
+ Soft soldering back-up solution
+ Alloy co-extrusion > Temperature Critical for Superconductor > NOK

+ Simultaneous machining > +/- 50pm thickness tolerance

6082 Al Aloy Reinforcemen 32 strands 0128 10,005

CMS project - SDM Workshop - CERN — 12th-14th Sept 2022©

TECHMETA TECHMETA
EB-WELDING PRODUCTION LINE SET-UP N ity TIME LINE " gty
- 1999 > Order May 3th
+ 1999-2000 > Realisation of equipment
Machining EB-Welding Initial 3 coils S .
Cleaning ~ Cooling Straighteners 200103 > % co’i’lzn(;)fd2_55km 1 toot el with ETHZ
Dimension Checking Us Checking Cleaners No retreatment of complete coil
No major incident
. e [T n el - + 2003.. > TECHMETA: Cristal Globe Award 2003 from CERN/CM
-_ = — —= Sy e > CMS - Succesfull assembly of High field coil
A + 2003..2022 > TECHMETA's developments and skills:
; ETHZ V. . Improved Flash management
R Improved Beam generation & guidance
\\\\ High speed seam tracking
Overall control system Tl - Ultra sonic testing . ;
2 ‘~\\>~CMS - Succesfull use of high field coil
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Hitachi, Toshiba, and Mitsubishi (JP):
Detector Magnets experienced

Report from Presented by

Coil Winding

. CDF @ FNAL " o
Furukawa Electric H. Sakamoto Pt v antactrd i o MERIESISMBISS GLAMNSaloroH
g -~ = Auminmstabiized [ineing SciiSTo I isyer solenot
. f ing Solenoid d
Industrial SC manufacturing  A. Ballarino e o AL TEVATRON Numbor o wms 1080 -
- used in proton-antiproton Current 5000 A Superconducting Wire
(CERN) - ] colision experiments Contal Field 30T
Wuxi Toly Electric Y. Zhao o7
Co-extrusion manufacturing B. C/Lir,e/(CERN) DO for FNAL
TECHMETA P Oving Tevatron (a) SC Combined Functiod
| Magnet For Neutrino
- beam line @J-PARC
Hitachi o T. Semba
e >
Toshiba o ---- 5 Takami I \
! “
Mitsubishi Electric o __  H. Horii . |
________ Belle for KEK B Factory .
. P =T Rutherford cable
Bilfinger Noel P. Revilak ~"----____ 1995 2000
ASG A. Pellecchia ~ TTTte-- (b)Final focus SC
__________ Magnet, QCS-L/R
SAES RIAL c. santnic  TTeea @SuperKEKB
---- > | LB uf 3w
Sigma-Phi F. Forest el
MgB2 (INFN-ASG) R. Musenich

®Rutherford cable

SC monolith

(c) Pion Capture

Solenoid @COMET

N -

CS Cold mass

(d) VENUS@TRISTAN

®Al-stabilized
conductor
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Bilfinger-Noel, ASG, SAES-RIAL, Sigma-Phi (Eu)
Detector & Accelerator Magnets experienced
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Y. Zhao
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S. Takami .-~

-
-

H.’Heﬁi’

- -

--” P. Revilak

-
-
-
-

R. Musenich

-

Qudnpole S 0700 0401 353
Setwpole NS 0064 0163 2
Octpole NS 0046 0145 206
Decapole NS 0026 0145 173
Dodecspole N 0086 0469 144 7.
Dodecapole S 0017 0099 144

09 s«

ign, prototyping and testing. Serial
INFN which has rather the mission
Hamental research.

Superconducting Solenoid P2 for Gutenberg Univ. Mainz

NbTi— 725 A —0.7T — Cryostat OD 3309 mm x L 3840 - Aperture 2400 mm
Helium bath - Coils & cryostat weight 15 tons
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INFN-Genova / ASG Cooperation

MgB, for future Space Magnets
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SR2S

Space Radiation

EU FP7 project to study superconducting shields
to protect astronauts from space radiation

Superconducting Shield

Conductor: Titanium clad MgB, tape + Aluminium strip

t of SR2S conductor prot

Ti/MgB, ratio 2.7/1.

Ti-MgB, tape  copper plated

75 um thick insulation. 1.10 .
Total conductor cross section: 9.25 mm? 062] [EE——
Average mass density : 3000 kg/m3. i
4395
v

during copper Ti-MgB, tape
plating

ww g0

SEM2_4537

Cu-Ti-MgB, tape
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Feasibility o_f Al-stabilized superconductor production based on the
experience integrated in past 20 years:
Furukawa Electric H. Sakamoto
European Industrial SC manufacturing A. Ballariono (CERN) }\‘
Wuxi Toly Electric Y. Chao * NbTi/Cu SC & Cable production: multiple companies available
Co-extrusion Machine manufacturing B. Cure (CERN) \‘ » SC strand: Fufukawa, Luvata, Bruker ...?
TECHMETA P. Oving i “ « Cable: Furukawa, CERN, LBNL, and ...?
<
Hitachi 1= SCIT ) '|‘ « Co-extrusion of AlI-NbTI/Cu: a company getting active
Toshiba S. Takami “ * Most of industrial facilities have been closed/dismantled, However,
Mitsubishi Electric H. Horii \ « Toly E. (in China) active in development for the CEPC detector solenoid..
Bilfinger Noel P Revilak ‘| « The technology needs to be widely available.
, 1 - Lab’s leadership to be important
ASG A. Pellecchia |*
SAES RIAL C. Santini + Reinforcing EBW Work: a company keeping technology
Sigma-Phi F Forest « The technology well established at TECHMETA ( in France).
_ « The production facility may be re-established under appropriate coordination
MgB2 R. Musenich (INFN)
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Day 3: Strategic Discussions for Future

I ==

Advanced Al-stabilize SC : Part 1 S. Sgobba
Advanced Al-stabilize SC : Part 2 B. Cure
Summary of Al-stabilize SC requirements Y. Makida
Comment from Furukawa H. Sakamoto
Comment and Advice on EBW work from P. Oving
TECHMETA

Comments on alternate technology: C. Berriaud
Soldering

Discusssion on alternate technology: CICC N. Mltchell
Discussion on HTS T. Ogtsu
Progress in Al-stabilized HTS A. Vaskuri
Challenge of HTS for Future Accelerator A. Ballarino
Magnets

General Discussions A. Yamamoto
Closing Remark T. Ogitsu

Al-stabilized SC:
* No industrial production available, as current status,

* Development to be resumed
* Urgent requests from EIC, BabylAXO, ...

» Laboratory-Industry cooperation inevitable. For
+ Co-extrusion + EBW technology and/or
+ Soldering technology as backup

Alternate SC:
« CICC

* It may be applicable in most detector solenoid
design, if no request of “transparency”.

» A proposal to apply CICC to ILC-SiD, with no
request for "transparency.

+ Itis Important to study the feasibility, and to learn
experiences integrated in the ITER project.
+ HTS
* HTS application proposed by AMS-100,
+ The feasibility to be investigated.
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Context: next generation HEP detector magnet

Next detector magnets for collider and non-collider experiments (list non-exhaustive):

* Thin coils within the calorimeter volume, as transparent as possible for particles.
* Large coils with high stored energy and magnetic forces

All future coils need the use of aluminum reinforced conductors.

High purity aluminum stabilizer alone cannot be used (yield strength ~ 30MPa at 4K)

Accelerator Detector B [T] | Rm] | Lim] | I [kA] | E [GJ] comment
( LHC CNMS 4 3 13 20 2.7 scaling up )
LHC ATLAS 2 1.2 5.3 7.8 0.04 scaling

solenoid up
FCC-ee CLD 2 3.7 74 | 20-30 0.5 scaling up
[Ch8-1] IDEA 2 2:1 6 20 0.2 ultra light
CLIC CLIC-detector 4 3.5 7.8 20 2.5 scaling up
[Ch8-2]
FCC-hh main 4 5 19 30 12.5 new scaling
[Ch8-3] solenoid up
forward 4 2.6 34 30 0.4 scaling up
solenoid
IAXO 8 coil toroid 2.5 | 8x0.6 | 22 10 0.7 new toroid
[Ch8-4]
MadMax dipole 9 1:3 6.9 25 0.6 large volume
[Ch8-5

Table 8.1: Examples of magnets for future experiments that represent the engineering
and R&D challenges. The dimensions and fields refer to the free bore. The magnets for

ATLAS and CMS are given for reference. Source ECFA DRD Roadmap 2021
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Others

Collider EIC-Detector 1
ILC-ILD Japan 4
ILC-SiD Japan 5
CLICdet CERN 4
FCC-ee IDEA CERN 2
FCC-ee CLD CERN 2
FCC-hh CERN 4
BabylAXO DESY 2

10mm

CELLO TOPAZ ALEPH  CLEOII SDC  ATLASCS
OF

VENUS  DELPHI  ZEUS BELLE ATLAS BT

il mmimlill

5~3 25~32x85 457 Cu only 2025 ~
6.88 X 7.35 2300 2030 ~
5X5 1400 2030 ~
7X83 2320 2035 ~
42X6.0 170 2035 ~
74X74 600 2035 ~
10 X 20 13800 2040 ~
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Tailored Structural Material
Solutions for Large-Scale
Superconducting Magnets

operating at the most extreme.
cryogenic conditions

Stefanie Langeslag

Ph. D. thesis, 28th May, 2020, University of Twente,
The Netherlands

ISBN: 978-94-028-2052-2

— Reinforced aluminum stabilized NbTi/Cu superconductor.

Baseline designs of future large magnet detectors benefit from the previous
manufacturing breakthroughs of the CMS solenoid and the Atlas Central Solenoid (CS).

High purity aluminium stabilizer

+ Electron beam welded aluminum alloy profiles

b/ ATLAS-CS like:
High strength stabilizer

+ Cold working

¢/ both a and b: [

'ure Aluminum

CLICdet: a large conductor a b c
— 3 baseline options:

[ High Strength Pure/Aluminum

High strength stab. + cold work + EBW (Al alloy section
may be smaller than in option a)

1600

RRRVS Ry, B

1400

|

|

|

|

|

|

|

|
0 ®
0 20 40 60 80 100 120 140
Ry [MPa

RRR plotted against R, 2, for the various cold-worked states, at both room
temperature and 4.2 K. Notice the large increase in R,0.2 at 4.2 K compared

to room temperature.

1 Aluminum Alloy

2Drolled (R
2[f-rolled (Ryaz @

» GR.T.)

12 K)
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Equivalent yield strength /MPa
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force (MPa) Y.S. RRR
ATLAS- | Uniform | Ni-0.1% 110 MPa | 146 MPa | 590
CS Al
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nBess P

CMS

( ATLAS CS
Sgobba et al. (MT-19)
400 800 1200 1600
RRR




Day 3: Strategic Discussions
Swbiest [ Seeaker QOO

Advanced Al-stabilize SC : Part 1
Advanced Al-stabilize SC : Part 2
Summary of Al-stabilize SC requirements
Comment from Furukawa

Comment and Advice from TECHMETA

Comments on alternate technology:
Soldering

Discusssion on alternate technology: CICC
Discussion on HTS
Progress in Al-stabilized HTS

Challenge of HTS for Future Accelerator
Magnets

General Discussions

Closing Remark

S. Sgobba
B. Cure

Y. Makida

H. Sakamoto
P. Oving

C. Berriaud

N. Mitchell
T. Ogtsu
A. Vaskuri

A. Ballarino

A. Yamamoto

T. Ogitsu

FURUKRAWA
ELECTRIC
ltems Co-extrusion cicC wIC
- Detector Fusion (ITER) MRI etc
Combining Process Outside Outside? In house ?
- . o AT Conduit ? Cu-clad high purity Al ?
Stabilizer high purity Al-Ni Al wire 2 Cu ?
Ic X X X
\ . High purity Al ?
9
RRR X High purity Al ? Cu?
Strength Cold work ? ?
Bonding Diffusion ? Soldering
Dimension Drawing Conduit Channel
Surface Defect
All Rights Reserved, Copyright® FURUKAWA ELECTRIC CO., LTD. 2022 3
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Al-stabilized NbTi conductor production scheme -

URUKRAWA
ELECTRIC

(_ Oxygen Free Copper ] |

NbTi

“

Wire Design

Ic, AC loss, Cu ratio

[

NbTi Strand )

©

Inhouse (

|
NbTi Colnductor )

) High Purity Aluminum ) (Additives (Ni, Zn, Ce...)|

(__ Aluminu

m Ingot

Vendor (_ Alumin

im Wire

}

1

Strength

ALNi /Al

Al

b) AL0.5wt%Ni Alloy

?7?

Co-extrusion/Combining

Schloemann’s type Extruder
Conforming Machine

‘ Al-Stabilized NbTi Condutor ]
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SUMMARY

6

Conditions:
Al stabilised SC production

A" BFroau DPFOe ()

Single Coordinator
Centralisation of information
(CMS 3Years)

Longterm schedule
ILD 2-3Years

CLIC 2-3Years
Disponibility
Shift of date

TECHMET

Lpieerig

2025-2030 2030-2035

FCC-ee
IDEA ¢ip
ml -
cMs SID(ILC)

99

##: Demand (ton) cus
210

Optimisation of geometry for optimal weld parameters

Study to define maximum size for industrial production

Futur projects - SDM Workshop - CERN — 12th - 14th Sept 2022 ©

Al stabilised Superconductor

ique multi-product EB-welding
'

Cost reduction
Y

Wble product quali

OUR EB SOLUTIONS MEET ALL YOUR CHALLENGES
E X

5;«»'1':”/);'4'
achuretios
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Reliable Al Soldering Technology
to be advanced with Cu-coated Al technology

FIRST LARGE TRANSPARENT MAGNET

One of the first aluminum soldered conductor 1979
for a solenoid of 1.5 T ( @= 1.6 m, length 4 Mgz

CONDUCTOR EXAMPLES

6+1 in Channel
( Not crimping!)

(a) (b)
Fig.6 - a) Complete conduct: i

mp conductor Cu deposit or
direct

b) Enlargement : |
i | soldering?

1- SnPb solder,
2- electroplated copper layer,
3- aluminium, y

Cello Conductor CERN workshop- 12-14/09/2022

HLD conductor
(CuNi2% clad)

HTS! CERN workshop- 12-14/09/2022

ISSUES

b Electrodeposition:
One, we get Al,O; filaments up to 2 cm due to
material (toxic) use in the flux and the
presence of humidity...

Soft soldering:
Presence of flux in the remaining bubbles.
Large possibility of oxidation: black spot,
yellow, green, white ...
Local backup solution is need in case of lake
of soldering. :
“Poor” bonding quality (~25 MPa) but not so Commercil coper olad wire
different than pure Al. Thermal contraction Crimped Wire In Channel
Al./Cu gives already 10 MPa.

COPPER CLAD WIRE

An alternative more industrial method is to
place a coper aluminum cylinder
and to draw
With a large section reduction the oxidation is
dilute on the wire surface and good bounding
is obtain.

Cladding process can also be continuous:
welding tube around wire.

CERN workshop— 12-14/09/2022
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CICC Appplications in HEP Detector Magnet?

Conclusions 1

HEP Application 1: 4/ stabilised low(ish) field for transparent applications

_ How CIcc COULD PERFORM 'mprove.mem ced
conduction-cooled Al-
stabilized Cond/Coil?

Conductor fabrication tooling:
availability and cost (including
strands)

Manufacturing process of the
magnet (coil winding)

Operational performance of the
conductor

High-voltage sustainability

Cooling scheme during pre-
cooling and in steady state

Physical envelope including
cooling path and joints of
conductors

Quench protection

Tooling (cabling and jacketing) can be simple (easy to make complicated
too....) using standard manufacturing sub-steps, tooling available. Much
flexibility to adapt composition with materials

Conventional, CICC has more flexibility to choose X sections and aspect
ratio. Even locked hexagonal shape! And X section can vary (with joints)
Normally more stable than Rutherford cable due to He, more resistant to
local damage. Issue is what is required, HEP generally low disturbance

W&(R)&I route would be conventional insulation. More scope for more
insulation with convection cooling, scope for shaped conductors to reduce
insulation loads

CICC could have very low in-channel flow and be substantially conduction
cooled, or use intermediate He inlets to increase convection cooling

Cooling paths can be separated from electrical paths which allows design
flexibility. Experience (ITER CS Nb3Sn) on very compact in line joints

Fast discharge based similar, probably higher internal propagation with
convective cooling. Maybe more scope to embed quench triggers in cable

Yes

Maybe more
compact

Maybe

More complex, likely
better performing

More complex,
likely better
performing

Advantage: Stability because of Direct He contact
Issue: Cooling system complexity
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REBCO coated conductor

» High temperature margin (T.=93 K)

i - Conduction cooling operation in

5 the temperature range of 20 K
Share 20K refrigerator with Neutron

Moderator

Helium blanket chamber

Helium refrigerator
Expansion turbine
Compressor|, )

AP

I (A/4mm)
H
"

X
150 = L S ¥
°

Capture Solenoid :[ﬂsﬂ’

=1.6 m

_SEam_—
Production
Target

(m

Al Stabilized HTS by Clad Metal

HTS Tape

12mm wide tape

30um thick Hastelloy
/ 5um thick Copper Plating

4um thick Solder Plating

Copper Clad Aluminum

—___ Copper: 60um thick each
Aluminum: 1.1 mm thick
Solder Plating: 4um each

HTS Tape
12mm wide tape
30um thick Hastelloy

5um thick Copper Plating
4um thick Solder Plating

001 23 4.5 67 8 90 m 23 wdS 6

o C o] Hea
0K Cold evaporator i

Pumgy i e l
ey (1 orics type
noater
Orthopars
ydrogen

fow == Aydrogen.flow

comeors, g

Al-stabilized HTS applications in Future

Neutron source station

Helium Refrigerator for J-PARC

4 _ ' MLF Neutron Moderator: 20K 6kW
fhiogen et Moderators

Thermal Conductivity of Aluminium

Copper Clad [ Copper |
Aluminum
Width (in) 0.125 - 25.000

Thickness (in) ~ 0.005-0.120
Outer layer ratio % 5% - 30%
Corematerial  Alumalloy
ayer material  Copper alloy

4y i

Material Ratio
Thickness: ~1.3mm
Aluminum: ~85% (2.7)
Copper: ~10% (8.9)
Hastelloy: ~5% (8.9)
Av. Density:= 3.6 g/cm?3

Solutions

Operation Condition

Field: 3T

Temperature: 30K
Operation Current: 1200A
Margin: ~50%

Current Density: ~77 A/mm?

AMS-100

g F T ]
£ 6000F Field=35Tesla
A —RAR=2000 1
> 3
£ 50005

g

3 4

2

8

2 X

E

2 2

£

Current conductor layout:

- Stack of twenty 12 mm wide HTS tapes, 25 um < %2 -
Substrate of 5 um of stabilizer Stack o SC tapes \I w2 /

- HTS stack s soldered to tin-coated aluminum (6110 g s
series) conductor stabilizer. i

- Conductor closed by welded cap. o

- Conductor thickness of 3.7 mm. 1 -

- Outer surface anodized to provide turn-to-turn =~ S L 22 "
insulation.
Shorting turns by (EB / laser) point welding.
— - 1mm?weldprovidesa tum-to-tur resistance of about 3e-5 0.
FO=——C———— - AMS-100->1250 mm” pertun (10% of the circumference) covered
T=——O———C—  withpointwelds of 1 mm?->=10 hours.
———
- Provides mechanical strength and provids path
A - shorts are within the envelope of the conductor pack.
shors - Tonbe tested and to be demonstrated.

« It can be made with some compromise
« Use copper clad (add some copper: increase density..)
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» Advantages of HTS compared to LTS
Higher current densities
Higher magnetic fields

Higher operating temperatures
(reduced cooling costs)

« Why stabilizer? Why aluminium?
To protect superconductor during a quench

Current and stored magnetic energy is
redistributed to aluminium (that heats up)

Aluminium has low density and therefore
high transparency to particle radiation

copper connectors

HTS cable soldered to™

Aluminium-stabilized HTS cable

REBCO tape
(Rare-Earth Barium
Copper Oxide)

[ .
HTS cable sample where
HTS tapes have been soldered
to copper coated aluminium profile

L

First sample that was measured in LN, at 77 K 0 100 200 300 400 500 600 700 800

Current / A
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e

J (A/mm’)

10*

10°

10° |

Total magnet length (m)

Nb-Ti N b3Sn
| % "REBCO Conductor
YBCO SuperOx!
”"“B"I’J:;'."Z:.’."JS i REBCO conductor:
* Excellent electrical performance - no need to further increase Jc
pe—¢ pi2212B.0ST * React & Wind technology
50 bar OP, nGimat powders * Produced by several manufacturers
e L e ,
PRI Superfiwer. o Ral
P——< Bi2223 Sumitomo
B // tape surface
B L tape surface
MgB, ASG
HLLHCHnk Nb-Ti Nb,Sn B-OST
optimized for low fields LHC dipole mp’ma/u7
and High Field MRI HL-LHC - 11 T dipole S e s s wnn
b H @a2k
0 2 4 6 8 10 12 14 16 18 20 22 24 HTSéthe o>nly1%h_|9|ce for
B(T) « T-op >~30K
100000 | Development of robust and . 1 . .
cost-efficient processes High Field Magnet Program - R&D Objectives
LHC
10000 Robust NbSn Phase 1: 2022 -2027
1000 Phase 2: 2027 -2034
100 HL-LHC QXF\& :
HL-LHC 11T Study feasibility of 20 T dipoles
10
Ultimate Nb;Sn :
1 Fresca2 Exploration of
MDPCT1 v HTS new concepts
0.1 and technologies
' 10 15 20 25

Bore field (T)

European Strategy
Update

Laboratory Directors Group
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Outlook:
® Al-stabilized superconductor/magnet technology needs to be resumed,
® Industrial cooperation anticipated and strongly encouraged, in particular,
® “Co-extrusion technology” of Al-stabilizer and NbTi/Cu-conductor to be resumed and widely available, and

® “Hybrid-structure technology” by using electron beam welding (EBW) or by other approaches, to maximize the
performance of Al-stabilized SC (Ni or Cu/Mg doped) combined with ultimately high-strength Al-alloy structure.

® |Laboratory’s leading effort will be very important to advance the technology to be openly transferred to the industry.

Remarks:

® Seek for common SC and magnet design concept, even part, for cost-effective development, as possible as we
can

® Seek for worldwide cooperation among laboratory and industry

® [t will be important to investigate/seek for backup solutions such as soldering/friction-welding technology of
NbTi/Cu conductor with Cu stabilizer, Cu-coated Al-stabilizer, and/or CICC. In long-term future,

® Al-stab. HTS stabilized will provide important potential in specific detector magnet applications.
® The next workshop will be planned to be held in 1 ~ 2 years, based on the R&D advances expected.



Outcome from the Workshop (1/2) D

We have looked into the possible approach for Al-stabilized Superconductor production, for each step:

* Production of NbTi/Cu Rutherford Cable
» Industrial availability: Multiple companies (+ Institutes)

+ Co-extrusion of Al-stabilized SC cable

» Laborabory availability:
> to be launched for leading R&D/Prototyping and knowledge transfer

» Industrial availability: Toly Electric (‘single’ as of today)

« Assembly with Aluminum alloy for reinforcement:
» EBW Industrial availability - Techmeta
» Soldering = to be further investigated (as back-up)
> Friction welding - to be investigated (no past experience with continuous welding of Al-stab SC )



Outcome from the Workshop (2/2) 2

Discussions for Future

Alternate Options as backup:
« CICC : NbTi + SUS/AI jacket
» Benefit: He flow in Conductor Jacket contributes to "Stability”

» Complexity: Sophisticated Cooling channels and connections, pre-cooling in parallel,
etc

Future Extension:
« HTS + soldering of Aluminum stabilizer
» Cooperation with Accelerator High Field Magnet R&D program ?



Conclusion

What we need to resume / do next ?

Investigate multiple approaches for Al-stabilized SC
» Cooperation with industry
» NDbTi/Cu cable, Al-co-extrusion, Assembly with Al-reinforcement
» Cost-effective approach need to be seriously investigated
* Laboratory own effort, in particular on
> Al-coextrusion facility and own R&D for leading technology advances

Seek for common SC and magnet design concept, even part, for cost-effective development,
Seek for worldwide cooperation among laboratories and industry

Figure out Next meeting / workshop opportunity

« Based on sufficient progress, hopefully within 1 ~ 2 years to be held in Japan or the US, according the
progress in the detector magnet technology advances.



Conclusion s )

Superconducting Detector Magnet Experts joined for a few days.

Following fruitful exchanges, experts now sharing a common understanding of the situation on the
manufacture of detector magnets in the world.

Plans for resuming advanced R&D/prototyping (in view of production) with common approach to
be drafted and proposed to Institute managements.

Special Thanks for Nikkie Deelen and Connie Potter, for the WS coordination !



Summary of the Workshop to be presented

at EP Seminar and Colloquia, Friday, 23 September
by Benoit Cure, Matthias Mentink

https://indico.cern.ch/event/1200637/

Detector Seminar

Summary of the Workshop on Superconducting Detector Magnets

 Benoit Cu

RN)

Friday 23 Sept 2022, 11:00 — 12:00 Europe/Zurich
@ 40/S2-D01 - Salle Dirac (CERN)

Description

@

Organised by

Videoconference
Webcast

Contact

A '‘Superconducting Detector Magnets Workshop' took place at CERN from September 12-14, 2022, bringing together the physics community,
magnet designers and industry with the purpose to exchange about the future needs and efforts to be achieved in research and development in
order to build the next magnet generations for Future Colliders and Beyond Collider Physics Experiments.

The industrial capacities and their availabilities, with the foreseen prospects and plans, were addressed and representatives of industry working
on all aspects of superconducting detector magnets were given. A topic of particular importance addressed was the availability of aluminium-
stabilized Nb-Ti/Cu conductors.

The workshop provided a forum for the exchange of ideas, concepts, and best practices, to advance on superconducting detector magnet
technologies and to foster collaboration.

In the seminar the key points coming out from the workshop will be summarised.

&’ Superconducting D...

Burkhard Schmidt (EP-DT)

‘S Detector Seminar - 23 September v
@ There is a live webcast for this event

B ep-seminars.colloquia@cern.ch
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1960 1970

1980 1990
Year

2000 2010 202

History of Detector Solenoids

Experiment Laboratory R (m) B (T) I (kA) X (Xo) E/M (kJ/kg) E (MJ) Year
PLUTO DESY 0.75 2.2 1.3 4.0 2.3 4.1 1972
ISR point 1 CERN 0.85 1.5 2 1.1 1.8 3.0 1977
CELLO Saclay/DESY 0.85 1.5 3 0.6 5.0 7.0 1978
PEP4/TPC LBL/SLAC 1.1 1.5 2.27 0.83 7.6 11 1983
CDF KEK/FNAL 1.5 1.6 5 0.84 5.4 30 1984
TOPAZ KEK 1.45 1.2 3.65 0.70 4.3 19 1984
VENUS KEK 1.75 0.75 4 0.52 2.8 11.7 1985
AMY KEK 1.2 3 5 N/A N/A 40 1985
CLEO-II Cornell 1.55 1.5 3.3 2.5 3.7 25 1988
ALEPH Saclay /CERN 2.75 1.5 5 2.0 5.5 136 1987
DELPHI RAL/CERN 2.8 1.2 5 1.7 4.2 110 1988
ZEUS INFN/DESY 1.5 1.8 5 0.9 5.2 10.5 1988
H1 RAL/DESY 2.8 1.2 5 1.8 4.8 120 1990
BESS KEK 0.5 1.2 0.38 0.2 6.6 0.25 1990
WASA KEK/Uppsala 0.25 1.3 0.9 0.18 6 0.12 1996
BABAR INFN/SLAC 1.5 1.5 6.83 0.5 N/A 27 1997
DO FNAL 0.6 2.0 4.85 0.9 3.7 5.6 1998
BELLE KEK 1.8 1.5 4.16 N/A 5.3 37 1998
ATLAS-CS KEK/CERN 1.25 2.0 7.8 0.66 7.1 38 2001
BESS-polar KEK 0.45 1.0 0.48 0.156 9.2 0.34 2005
CMS CMS/CERN 3.0 4.0 19.5 N/A 12 2600 2007
BESIII IHEP (China) 1.45 1.0 5 N/A 2.6 9.5 2008
CMD-3 BINP 0.35 1.5 1 0.085 8.2 0.31 2009

COMET (KEK) --- under construction,
Mu2e (Fermilab) --- under construction, Al-stab SC in same time

AL-stab. SCin 2013-2015
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